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Abstract 
 

In high-grade ‘starry-sky’ non-Hodgkin’s lymphoma (NHL), particularly Burkitt’s 

lymphoma (BL), large numbers of apoptotic tumour cells are engulfed by infiltrating 

tumour-associated macrophages (TAM). In situ studies suggest that in starry-sky 

TAM in a xenograft model of BL various tumour-promoting, trophic, angiogenic, 

tissue remodelling, and anti-inflammatory pathways are activated. Furthermore, 

apoptotic cells have been shown to activate expression of tumour-promoting matrix 

metalloproteinases in macrophages. This work investigates the hypothesis that 

apoptotic cells or factors released from apoptotic cells induce additional aspects of 

the starry-sky TAM signature, which serve to promote tumour growth.  

 

Macrophages at different stages of maturation, cultured in vitro in the presence of 

large numbers of apoptotic cells, were shown to differ in phenotype, giving 

credibility to the hypothesis. Less mature mouse bone marrow-derived macrophages 

(BMDM) were better at migrating towards apoptotic cells, whereas mature BMDM 

were better at phagocytosing them. Lactoferrin, which is released from cells 

undergoing apoptosis and inhibits the migration of neutrophils, was selected as a 

candidate mediator in the activation of macrophages by apoptotic cells. Lactoferrin 

was shown to bind viable human and murine monocytes and macrophages, however 

only high concentrations, which are unlikely to be physiologically or clinically 

relevant, were found to affect expression of starry-sky TAM genes or reduce 

classically-activated macrophage cytotoxicity.  

 

The direct effect of apoptotic cells on macrophage activation was assessed. Mature 

BMDM were not used for these studies as their development in vitro in a highly 

apoptotic environment was judged likely to bias their activation state toward that of 

TAM, therefore macrophages were first classically-activated with IFN-γ and LPS. 

This reduced the expression of many starry-sky TAM genes, including several genes 

associated with responses to apoptotic cells. However, classical activation did not 

inhibit apoptotic cell engulfment, but rather enhanced it. Co-culture with apoptotic 

cells, but not viable cells, increased the gene expression of Gas6, Mrc1, Cd36, 



 V 

Timp2, and Pparg, and the latter was dependent on direct interaction with 

macrophages rather than factors released from apoptotic cells. Furthermore, 

classically-activated macrophages were found to induce apoptosis in lymphoma 

cells, and although pre-co-culture of the macrophages with apoptotic cells did not 

reduce their ability to induce apoptosis, it enhanced tumour cell growth.  

 

Macrophage deficiency of IL-4Rα or galectin-3 did not affect classically-activated 

macrophage responses to apoptotic cells. However, classical activation of galectin-3 

deficient macrophages appeared to restore the decreased ability of galectin-3 

deficient, untreated macrophages to phagocytose apoptotic cells. 

 

Because of the unique new method of laser-capture microdissection by which starry-

sky TAM signatures were established, direct comparisons with expression databases 

of tissue and in vitro cultured macrophages were not possible, but indirect 

comparisons suggest starry-sky TAM activation reflects the activation phenotype of 

a mixture of tissue macrophages. Furthermore, it highlighted phagocytosis as one of 

the most important pathways activated by starry-sky TAM.  

 

Together the results presented here suggest apoptotic lymphoma cells can shape 

TAM activation signatures in starry-sky NHL, even when macrophages are pre-

activated to induce apoptosis in lymphoma cells. This is important when considering 

the consequences of anti-cancer therapies that induce apoptosis or aim to redirect 

phagocyte activation.  
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Lay Summary 
 

Although it may seem counter-intuitive, high rates of tumour cell apoptosis (cell 

suicide) are observed in many rapidly growing tumours. This is often accompanied 

by pronounced infiltration of the tumours by macrophages (multifunctional cells 

which can reduce inflammatory responses by engulfing dying cells). These features 

are clinically important as they are associated with a poor prognosis. Recent studies 

in mouse experimental models of lymphoma, which share these characteristics, have 

shown that the tumour-associated macrophages reduce inflammation and support 

tumour growth. This project investigated whether apoptotic lymphoma cells or 

factors released from them could provide the biochemical signals that induce these 

properties in tumour-associated macrophages. In support of this, macrophages that 

were cultured in vitro in the presence of apoptotic cells were shown to change their 

characteristics. Immature macrophages were better at moving towards attractive 

biochemical signals, but after they matured they were better at engulfing apoptotic 

cells. Lactoferrin, a protein released from apoptotic cells, was selected as a candidate 

factor that could induce these changes in macrophages. Although lactoferrin was 

shown to bind to macrophages, only high concentrations, which were unlikely to be 

physiologically or clinically relevant in the tumour, were found to affect macrophage 

activation. Therefore the direct effect of apoptotic cells on macrophages was 

assessed. Macrophages were first activated to become pro-inflammatory and capable 

of inducing cell death in tumour cells. Co-culture with apoptotic, but not viable 

tumour cells, reduced pro-inflammatory responses and induced tumour supportive 

pathways in macrophages. Furthermore, macrophages that had been co-cultured in 

direct contact with apoptotic cells supported tumour cell growth. Furthermore, 

comparison of gene activity in macrophages taken from tumours and normal tissues 

showed that proficiency for engulfment of apoptotic cells distinguished those 

associated with tumours. Together these results suggest that apoptotic cells can direct 

the pattern of activation of tumour-associated macrophages to favour tumour growth, 

even when the macrophages are initially stimulated to kill tumour cells. These 

findings are important when considering the consequences of anti-cancer therapies 

that induce apoptosis or aim to re-direct phagocyte activation.  
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Chapter 1 Introduction 
 

1.1 Burkitt’s Lymphoma 

Burkitt’s Lymphoma (BL) is a highly aggressive mature B-cell neoplasm. It makes 

up 40% of non-Hodgkin lymphomas (NHL) in youth under the age of 20. It presents 

as a rapidly enlarging mass, most commonly at extranodal sites. Three clinical 

variants have been described, an endemic, sporadic, and human immunodeficiency 

virus (HIV)-associated form. The endemic form was first described by Denis Burkitt 

in Uganda in 1958 (whom it was named after), and predominantly affects young 

children in equatorial Africa. It is still the commonest NHL in childhood across 

Africa, and occurs at an incidence of 40-50 per million children (Walusansa et al., 

2012; Molyneux et al., 2012), with boys being affected twice as often as girls 

(Molyneux et al., 2012). It is usually associated with Epstein-Barr virus (EBV) 

infection (more than 95% of cases), and the tumours are largely localized to the jaw, 

facial bones, kidneys, or abdominal region (Bornkamm, 2009; Ondrejka and Hsi, 

2015). The sporadic type is less geographically defined, and its geographical 

distribution includes North America and Europe. It occurs most commonly in 

children between 3 and 12 years of age and is 3.5 times more common in boys. It 

accounts 30-40% of childhood non-Hodgkin lymphomas in North America and 

Europe, and 1-2% of adult lymphomas (Molyneux et al., 2012). The sporadic form 

mostly presents with abdominal or bone marrow involvement in immunocompetent 

children, and less than a quarter of the cases show manifestations in the head or neck 

(Wang et al., 1992; Ondrejka and Hsi, 2015). The third type is immunodeficiency-

related, and is known for its association with HIV (Molyneux et al., 2012).  

 

1.1.1 Characteristics  

The cell of origin in BL is controversial, with some arguing it is a germinal center B-

cell and others believing it originates from a memory B cell (Molyneux et al., 2012). 

The rate of cell division in BL is among the highest of any human tumour, and is 

reflected by the presence of numerous mitotic figures. Ki-67 staining, a cell cycle-

specific marker, shows that typically more than 95% of the tumour cells are 
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progressing through the cell cycle. Additionally, BL presents with high levels of 

apoptotic cells, which are rapidly phagocytosed by tingible body macrophages. This 

leads to the characteristic “starry sky” appearance of haematoxylin and eosin (H&E) 

staining of histological sections of BL, where scattered, lightly stained phagocytic 

macrophages stand out from the background of dark blue stained tumour cells (Hecht 

and Aster, 2000; Molyneux et al., 2012; Ondrejka and Hsi, 2015). The tumour cells 

usually express the B-cell-specific markers CD19 (Cluster of Differentiation 19), 

CD20, immunoglobulin (Ig) M, κ or λ light chain, as well as low to intermediate 

levels of CD10/CALLA (common acute lymphoblastic leukaemia antigen) (Hecht 

and Aster, 2000; Ondrejka and Hsi, 2015).  

 

1.1.2 Mechanism 

1.1.2.1 c-Myc translocation 

All BL cases are characterised by the translocation of the c-myc gene (8q24) to the 

immunoglobulin heavy-chain region (14q32) (in 80% of cases), the kappa light-chain 

gene (2p11) (15% of cases), or lambda-chain gene (22q11). c-myc translocation is 

usually demonstrated by fluorescence in situ hybridisation (FISH) (Hecht and Aster, 

2000; Ondrejka and Hsi, 2015), although it is not a specific marker for BL, as c-myc 

rearrangements are sometimes observed in large B-cell lymphoma, lymphoblastic 

lymphoma, a subset of very aggressive transformed follicular lymphomas, and a 

fraction of late-stage multiple myeloma (Hecht and Aster, 2000). The proximity of 

the translocated c-myc gene to the enhancer elements of one of the immunoglobulin 

genes leads to c-myc dysregulation and results in high levels of c-Myc mRNA and 

protein expression (ar-Rushdi et al., 1983; Hayday et al., 1984; Molyneux et al., 

2012). Another gene that is mutated in 30% of BL cases is the tumour suppressor 

gene p53 (Gaidano et al., 1991). Mutation of p53 is thought to be a late event during 

BL progression and may be induced by c-Myc overexpression, as c-Myc can induce 

p53-dependent apoptosis (Gutierrez et al., 1997) .  

 

c-Myc encodes a basic helix-loop-helix (bHLH) transcription factor that plays an 

important role in cellular homeostasis. Among c-Myc targets are genes that encode 
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proteins that regulate cell growth, division, death, metabolism, adhesion, and 

motility, which are all important in cellular transformation. These effects of c-Myc 

are in agreement with the pathological picture of BL, as BL also exhibits high rates 

of growth, apoptosis and metabolism (Hecht and Aster, 2000).  

 

1.1.2.2 Epstein-Barr Virus 

EBV is a ubiquitous gamma herpesvirus that is present in over 95% of the human 

population and establishes a seemingly harmless latent infection in B cells (Brady et 

al., 2008). Although the mechanism linking EBV infection to BL remains 

undiscovered, several observations suggest EBV infection can cause endemic 

Burkitt’s lymphoma, including the finding that infection of EBV precedes 

tumourigenesis (Neri et al., 1991), the ability of EBV to induce immortalisation of B 

cells in vitro, and high EBV antibody titres before disease development (Geser et al., 

1982). One proposed function of EBV in endemic BL is that EBV gene expression of 

nuclear antigens and membrane proteins can block apoptosis of B cells that have 

acquired a c-myc translocation (Molyneux et al., 2012). Additionally, EBV has been 

shown to induce DNA damage to infected cells, promote genomic instability, and 

dysregulate telomere functions (Kamranvar et al., 2007), which may drive 

tumourigenesis.  

 

1.1.2.3 Other factors 

The incidence of endemic BL in Africa has long been linked to the prevalence of 

malaria. Several studies suggest that malaria can interact with EBV-infected B cells, 

which can dysregulate EBV persistence and immunity in children. Malaria signalling 

through toll-like receptor 9 has been shown to induce activation of cytidine 

deaminase, which can induce immunoglobulin-c-myc translocations. Normal B cells 

will undergo apoptosis upon c-Myc overexpression, but EBV latent proteins’ anti-

apoptotic functions might allow B cells to tolerate c-myc translocations, leading to 

malignancy (Molyneux et al., 2012).  
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Additionally, HIV infection has been associated with BL, and may affect B cells 

through chronic B cell activation and dysregulation of activation-induced cytidine 

deaminase. Impaired immune surveillance could promote survival of B cells that 

have acquired chromosomal rearrangements induced by cytidine deaminase 

overexpression (Molyneux et al., 2012).  

 

1.1.3 Treatment and outcome 

Management of BL depends on the clinical stage of disease. Localised disease that 

can be completely removed surgically is usually accompanied with two cycles of 

moderately intensive chemotherapy. Dose and intensity of chemotherapy are 

increased for children with residual or later stage disease, or with central nervous 

system (CNS) and bone-marrow involvement. Chemotherapy regimens may include 

a combination of cyclophosphamide, vincristine, prednisolone, and doxorubicin, and 

methotrexate for high-dose treatments. These treatments are highly toxic, and initial 

tumour lysis is possible, but nowadays greatly reduced by the use of urate oxidase. 

Advanced supportive care is needed to care for patients. In low-income countries 

supportive care is not always sufficient, and to avoid treatment-related mortality, the 

intensity of treatment is determined by the amount of available supportive care and 

the child’s tolerance of chemotherapy (Molyneux et al., 2012).  

 

The outcome for sporadic BL in high-income countries is good, with an overall cure 

rate of 90%. However, if relapse occurs, prognosis is poor. In low-income countries, 

treatment failure is higher because of lower-dose treatment, incomplete treatment, 

treatment-related mortality, and late presentation (Molyneux et al., 2012).  

 

 

1.2 Macrophages 

Macrophage in Greek means “big eater” (makros “large” and phagos “to eat”). 

Macrophages were first described by Ilya Ilyich Mechnikov, a Russian 

bacteriologist, in the late nineteenth century, and named for their ability to take up 

microorganisms. Macrophages are found in virtually all tissues, and play critical 
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roles in innate immunity, as well as the initiation of adaptive immunity by recruiting 

lymphocytes. Furthermore, they play a critical role in development, homeostasis, and 

tissue repair (Gordon, 2007; Nathan, 2008; Hart et al., 2008; Wynn et al., 2013).  

 

1.2.1 Origin 

In embryonic vertebrates, macrophages are first detected in the yolk sac, the site of 

primitive haematopoiesis in embryos, at the late head-fold stage (embryonic day (e) 

7.5), where they are derived directly from mesenchymal progenitor cells (Hume, 

2006; Lichanska and Hume, 2000; Shepard and Zon, 2000; Wynn et al., 2013). They 

can be identified by morphological characteristics, as well as expression of 

macrophage markers including colony stimulating factor 1 receptor (CSF1R), 

CD11b, and mannose receptor, and have been shown to phagocytose dying cells 

(Hughes and Gordon, 1998; Gordon and Taylor, 2005; Hume, 2006). However, they 

are distinct from macrophages in adult vertebrates; yolk sac macrophages lack 

expression of the surface marker F4/80 and the key macrophage transcriptional 

regulator PU.1 (Lichanska and Hume, 2000; Hume, 2006). Distribution of these 

primitive macrophages across the embryo has mostly been studied in zebrafish, 

where cells, because of zebrafish’s transparency, can be more easily followed. These 

studies have shown that macrophage precursors in the yolk sac differentiate and then 

emigrate to the head mesenchyme and its circulation (Herbomel et al., 1999).  

 

Haematopoietic progenitor cells from the yolk sac then populate the primitive liver, 

which becomes the first site of haematopoiesis. After e11, macrophages that have 

differentiated from monocytic progenitor cells are found throughout the embryo (Rae 

et al., 2007; Lichanska et al., 1999; Dzierzak et al., 1998; Wynn et al., 2013). 

Macrophages derived from the liver share more similarities with the macrophages 

observed in adults, and the cells express F4/80, macrophage scavenger receptor 

(MSR) and low levels of lysozyme, and PU.1 (Morris et al., 1991; Faust et al., 1994; 

Lichanska et al., 1999). The number of macrophages continues to increase at this 

stage, and they are found in all developing organs and tissues, including, e.g. kidney, 

brain, and lungs, and may make up 10 to 15% of total cells in many organs 

(Lichanska and Hume, 2000; Camp and Martin, 1996; Sorokin et al., 1992). These 
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cells have been shown to be actively involved in phagocytosis of dying cells, which 

is most obviously shown at the development of the interdigital zone in the 

developing footpad (Hopkinson-Woolley et al., 1994).  

 

After birth, the bony structures are formed and the bone marrow becomes the main 

site of haematopoiesis (van Furth et al., 1972; Pollard, 2009; Wynn et al., 2013). 

Monocytes originate in the bone marrow from a common myeloid progenitor that is 

shared with neutrophils, and they are then released into the peripheral blood, where 

they circulate before entering tissue where they can develop into either macrophages 

or dendritic cells (Volkman and Gowans, 1965; Gordon and Taylor, 2005). 

Peripheral blood monocytes show morphological heterogeneity, such as variability of 

size, granularity, and nuclear morphology. Subpopulations are defined by the 

differential expression of markers such as CD14, CD16 (FcγRIII), CD64 (FcγRI) 

(Gordon and Taylor, 2005), angiopoietin-1 receptor (TIE2) (Qian and Pollard, 2010), 

and, in mice, Ly6c (Gordon and Taylor, 2005). This heterogeneity suggests different 

physiological activities of monocyte subsets and precise roles have been studied, but 

remain largely unclear and may be dependent on the microenvironment. Ly6c+ 

inflammatory monocytes appear to be recruited only to sites of infections or injury, 

whereas Ly6c- monocytes may be patrolling monocytes that act to maintain vessel 

integrity and to detect pathogens (Wynn et al., 2013).  

 

Until recently, monocytes were thought to replenish tissue macrophage populations. 

However, recent findings have shown that in T helper 2 (TH2)-related pathologies, 

tissue macrophages were shown to undergo rapid in situ proliferation, which was 

controlled by interleukin 4 (IL-4) (Jenkins et al., 2011). Furthermore, yolk sac-

derived macrophages have been shown to persist in adult mice in several tissues, 

including liver Kupffer cells, and microglia (Schulz et al., 2012; Ginhoux et al., 

2010). Langerhans cells were found to be of both yolk sac and fetal liver origin 

(Hoeffel et al., 2012). This suggests that in addition to monocyte recruitment, 

macrophage populations may be replenished by tissue macrophage proliferation, and 

the balance between both methods may depend on the tissue and microenvironment.   
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Regardless of their origin, almost all macrophages are regulated by CSF1R, and its 

expression is required for differentiation into macrophages. CSF1R is the cognate 

receptor for colony stimulating factor 1 (CSF1), which in addition to the 

differentiation of macrophages from progenitors, also controls their proliferation and 

viability in vitro. Additionally, granulocyte-macrophage colony-stimulating factor 

(GM-CSF) and interleukin 3 (IL-3) have been shown to induce the differentiation of 

monocytes into macrophages in vitro (Pollard, 2009; Hume and MacDonald, 2012; 

Wynn et al., 2013) 

 

1.2.2 Macrophage activation 

Macrophages are very versatile, plastic cells that can adopt a wide variety of 

functional programmes. Which programme is activated depends on the 

environmental signals present in the macrophage’s microenvironment. Each 

activation programme is characterized by the expression of certain receptors and 

chemokine and cytokine production, which influences the effector function of the 

macrophage (Mantovani et al., 2004a; Wynn et al., 2013; Sica and Mantovani, 

2012). Traditionally, macrophages have been classified into classically activated 

macrophages (or M1), which is induced by interferon gamma (IFN-γ) and 

lipopolysaccharide (LPS) stimulation, and alternatively activated macrophages (M2), 

activated by IL-4 and IL-13. However, this is a simplistic presentation, and a whole 

spectrum of macrophages exists, which may have characteristics of either M1 or M2 

or both (Mantovani et al., 2002; Wynn et al., 2013). Transcription profiling of 

resident macrophages for the ‘Immunological Genome Project’ has shown that there 

are many unique classes of macrophages (Gautier et al., 2012). Here the main 

characteristics and functions of classically-activated and alternatively-activated 

macrophages, as well as the various activations associated with tumour-associated 

macrophages are discussed. The role of apoptotic cell interaction on macrophage 

activation will be discussed in section 1.3.2. 
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1.2.2.1 Classically-activated macrophages 

The term ‘classically-activated’ macrophage has been used to describe macrophages 

that are produced during cell-mediated immune responses. Classically-activated 

macrophages can be induced by IFN-γ alone, or in combination with microbial 

stimuli, e.g. LPS, and results in a macrophage that has enhanced inflammatory, 

microbicidal and tumouricidal capacity, and secretes high levels of pro-inflammatory 

cytokines and mediators. IFN-γ can be produced by innate natural killer (NK) cells, 

which can produce IFN-γ in response to stress and infections, or by adaptive immune 

cells, in particular T helper 1 (TH1) cells (Mosser and Edwards, 2008; Mantovani et 

al., 2004b). Alternatively, tumour necrosis factor α (TNFα) or recognition of other 

pathogen-associated molecular patterns (PAMPs), such as lipoproteins, dsRNA, 

lipoteichoic acid, or endogenous danger signals such as heat shock proteins, can 

induce a classical activation profile. Classically-activated macrophages typically 

produce high levels of TNFα, IL-6, IL-12, and in humans also IL-23, and low levels 

of IL-10 (Van Ginderachter et al., 2006; Sica et al., 2008b; Verreck et al., 2004; 

Urban et al., 1986). IL-12 and IL-23 are strong promotors of TH1 and TH17 cells that 

can drive inflammatory responses (Sica and Mantovani, 2012). LPS activation of 

monocytes or macrophages results in the NF-κB-mediated (nuclear factor of kappa 

light polypeptide gene enhancer in B cells 1) transcription of inflammatory 

cytokines, including chemokine (C-X-C motif) ligands (CXCL) 1, 2, 3, 5, 8, 9, and 

10, and chemokine (C-C motif) ligands (CCL) 2, 3, 4, 5, 11, 17, and 22. These 

chemokines amplify delayed-type hypersensitivity (DTH) reactions and resistance to 

intracellular pathogens and tumours (Richmond, 2002; Mantovani et al., 2004b). 

Furthermore, IFN-γ stimulates Toll-like receptor 4 (TLR4) expression (Bosisio et al., 

2002). 

 

Classically-activated macrophages exert anti-proliferative and cytotoxic activities 

that can lead to the killing of bacteria and tumour cells. These effects are a result of 

their ability to secrete reactive nitrogen and oxygen species (e.g. nitric oxide (NO), 

peroxynitrite, hydrogen peroxide, and superoxide) and pro-inflammatory cytokines 

(TNFα, IL-1β) (Van Ginderachter et al., 2006; Sica et al., 2008b). Nitric oxide is 

produced when LPS and IFN-γ-stimulated macrophages are induced to express an 
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inducible form of the enzyme nitric oxide synthase (iNOS), which causes the 

metabolism of L-arginine to NO and L-citrulline. NO is highly unstable and 

decomposes into other nitrogen oxides such as nitrite (NO2
-) and nitrate (NO3

-) or in 

the presence of superoxide anion to the potent oxidizing agent peroxynitrite (ONOO-

) (Jorens et al., 1995). These nitrogen oxides are major effector molecules with 

bactericidal (Murray and Nathan, 1999) and tumouricidal properties (Jorens et al., 

1995; Hibbs et al., 1988; Higuchi et al., 1990; Keller et al., 1990). E.g. nitric oxide 

from macrophages was shown to induce apoptosis in P815 cells in in vitro co-

cultures, which could be inhibited by a specific inhibitor of NO synthase (Cui et al., 

1994). NO-induced apoptosis is thought to be a consequence of NO-induced DNA 

damage (Nguyen et al., 1992; Messmer et al., 1994), and mice deficient in iNOS are 

incapable of inhibiting lymphoma cell replication (MacMicking et al., 1995). 

Reactive oxygen intermediates (ROIs) are generated by the respiratory burst of 

monocytes and macrophages in the response to ligand-receptor interactions, and are 

involved in both antibody-dependent and independent macrophage cytotoxicity 

(Martin and Edwards, 1993; Aliprantis et al., 1996). IFN-γ stimulation of 

macrophages can induce apoptosis of various tumour cells, including P815 

mastocytoma cells and L929 fibroblasts, which was shown by DNA laddering (Cui 

et al., 1994). Apoptosis induction could be inhibited by an anti-TNFα neutralizing 

antibody (Urban et al., 1986; Higuchi et al., 1990; Feinman et al., 1987). 

Furthermore, IL-1β has been shown to be cytotoxic to a human melanoma cell line, 

and was shown to induce apoptosis in murine thymoma cells (Onozaki et al., 1985; 

Fratelli et al., 1995). Finally, macrophages can be cytotoxic to tumour cells via the 

interaction of Fcγ receptors on macrophages with the Fc domain of antibodies bound 

to cells, so-called antibody-dependent cellular cytotoxicity (ADCC) (Adams and 

Hamilton, 1984).  

 

1.2.2.2 Alternatively-activated macrophages 

‘Alternatively-activated’ macrophages are strictly defined as those activated by the 

interleukins IL-4 and IL-13, but related phenotypes may also be derived by 

stimulation with IL-10, glucocorticoid hormones, prostaglandin E2 (PGE2) and 

transforming growth factor-β (TGF-β) (Sica et al., 2008a; Varin and Gordon, 2009). 
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IL-4 and IL-13 are produced in TH2-type responses, including allergic, cellular and 

humoral responses to parasites and extracellular pathogens (Van Ginderachter et al., 

2006; Gordon, 2003). IL-4 and IL-13 signal through the IL-4 receptor α chain (IL-

4Rα), which has been shown to lead to macrophage proliferation (Jenkins et al., 

2013). IL-4 causes inhibition of the expression of pro-inflammatory cytokines 

produced by classically activated macrophages, such as TNFα (Cheung et al., 1990; 

Bonder et al., 1998) and stimulates the production of anti-inflammatory cytokines, 

including IL-10, IL-1 receptor antagonist (Fenton et al., 1992) and type II IL-1 decoy 

receptor (Mantovani et al., 2002; 2004a). Additionally, IL-13 inhibits production of 

IL-1, IL-6, and TNFα. Furthermore, IL-4 and Il-10 inhibit induction of the 

chemokines CXCL9 and CXCL10, and instead induce CCL18, CCL22, and CCL24. 

This causes a change in T cell adaptive immunity from a TH1 type response to one 

characterized by an influx of naïve T cells and TH2 or regulatory T cells (Tregs), 

which suppress immune responses (Mantovani et al., 2002; Sica et al., 2008a; 

Gordon, 2003). Furthermore, IL-4 and IL-13-polarized macrophages often show an 

increase in the expression of mannose receptor (CD206), scavenger receptor 

(MSR1), and major histocompatibility complex (MHC) class II molecules, which 

stimulate endocytosis and antigen presentation (Doyle et al., 1994; Gordon, 2003; 

Stein et al., 1992). Additionally, the effector function of alternatively activated 

macrophages is characterized by scavenging debris, promotion of wound healing, 

angiogenesis, and tissue remodelling and repair (Mantovani et al., 2002; Sica et al., 

2008a; Duff et al., 2007; Mantovani et al., 2004b; Kreider et al., 2007).  

 

In contrast to classically-activated macrophages, in the presence of IL-4 and IL-13 

no iNOS is induced, and L-arginine is metabolised by arginase-1, which results in 

the production of L-ornithine (Hesse et al., 2001). This reduces the production of 

NO, and together with reduced levels of TNFα and IL-1, IL-4 or IL-13-activated 

macrophages are less cytotoxic (Chang et al., 2001; Mantovani et al., 2004b).  

 

1.2.2.3 Tumour-associated macrophages 

Tumour-associated macrophages (TAM) are found among the stromal cells of many 

cancers including breast (Mukhtar et al., 2012; Mahmoud et al., 2012), lung 
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(Montuenga and Pio, 2007), pancreatic (Mielgo and Schmid, 2013), hepatocellular 

carcinomas (Flecken and Sarobe, 2015), and non-Hodgkin lymphoma, e.g. diffuse 

large B-cell lymphoma (Wada et al., 2011), Hodgkin’s lymphoma (Steidl et al., 

2010). In the majority of cancers, TAM have been associated with poor prognosis 

(Leek et al., 1996; Campbell et al., 2011; Salvesen and Akslen, 1999; Ni et al., 

2015), although for some tumours they indicate good prognosis (Shimura et al., 

2000). Furthermore, TAM have been shown to be required for efficient metastasis of 

breast cancer in a murine model (Qian et al., 2009). Originally thought mainly to be 

recruited as monocytes from the blood, macrophages have recently been shown to 

proliferate in various tissues (Jenkins et al., 2011), and also in the tumour 

microenvironment of both humans (Campbell et al., 2011) and mice (Ford et al., 

2015). 

 

TAM activation is dependent on the tumour and other cells in the tumour stroma, but 

in general they have been shown to resemble alternatively-activated macrophages 

more than classically-activated macrophages, especially in established tumours 

(Wynn et al., 2013). Both in the primary and metastatic sites, TAM appear to adopt a 

pro-tumour phenotype (Biswas et al., 2013). TAM have been found to suppress the 

production of the pro-inflammatory cytokines TNF-α, and the interleukins IL-1, IL-

6, and IL-12, which leads to suppression of T cell responses (Coussens et al., 2013; 

Qian and Pollard, 2010). In contrast, the production of anti-inflammatory factors has 

been shown to be increased, including IL-10, TGF-β, CCL18, and CCL22 (Sica et 

al., 2000; Mantovani et al., 2002; Allavena et al., 2008; Sica et al., 2008a). TAM 

express high levels of mannose receptor and scavenger receptor (Allavena et al., 

2010; Biswas et al., 2006). Moreover, TAM have been shown to promote 

angiogenesis, tumour cell growth, matrix remodelling, and metastasis (Qian and 

Pollard, 2010; Noy and Pollard, 2014), through the expression of molecules 

including epidermal growth factor (EGF), members of the fibroblast growth factor 

(FGF) family, TGF-β, platelet-derived growth factor (PDGF), insulin-like growth 

factor 1 (IGF-1), matrix metalloproteinases (MMPs), cathepsins, and vascular 

endothelial growth factor (VEGF) (Mantovani et al., 2002; Sica et al., 2008a; 

Pollard, 2004; Leek and Harris, 2002; O'Sullivan et al., 1993; Burgess, 1989; Ogden 
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et al., 2005; Sica et al., 2000; Ford et al., 2015; Wynn et al., 2013). Studies of both 

murine and human tumours have shown that TAM are poor producers of NO, as well 

as ROIs (Dinapoli et al., 1996; Klimp et al., 2001). Furthermore, TAM are poor 

antigen presenting cells (Mantovani et al., 1992).  

 

 

1.3 Apoptosis 

Unwanted cell populations are removed from multicellular organisms in a regulated 

fashion via the process of apoptosis (Henson and Hume, 2006; Nagata et al., 2010). 

Examples of unwanted cells include excess cells generated during development, such 

as cells removed to generate interdigital spaces in the mammalian footplate 

(Hopkinson-Woolley et al., 1994) or developing thymocytes, cells infected with 

intracellular bacteria or viruses, and cells irreparably damaged by cytotoxic agents. 

Rapid removal of these cells is necessary to maintain homeostasis and to prevent 

autoimmunity and pathogen burden. It is estimated that one million cells undergo 

apoptosis every second in adult humans (Ravichandran, 2010). Removal occurs via 

the recognition and engulfment and degradation by phagocytes, especially 

professional phagocytes such as macrophages (detailed in section 1.3.2.3). In 

contrast to phagocytosis of bacteria, clearance of apoptotic cells does not initiate an 

immune response.  

 

1.3.1 Characteristics and mechanisms 

The term apoptosis was first coined by Kerr, Wyllie, and Currie to describe a 

mechanism of active, controlled cell death (Kerr et al., 1972). Morphological 

characteristics of apoptosis include cell membrane blebbing, cell shrinkage, 

chromatin condensation, and DNA fragmentation. Later, exposure of the 

phospholipid phosphatidylserine (PS) on the outer membrane was described as a 

hallmark feature of apoptosis. Most of these events are initiated as a result of 

caspase-mediated cleavage of proteins (Martin et al., 1996; Kothakota et al., 1997; 

Coleman et al., 2001; Sebbagh et al., 2001; Ura et al., 2001; Thiede et al., 2005). In 

viable cells, caspases are normally present as inactive precursor enzymes, with little 
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or no protease activity, but during apoptosis these caspases get activated and 

orchestrate the dismantling of cellular structures, disruption of cellular metabolism, 

inactivation of cell-death inhibitory proteins, and activation of additional destructive 

enzymes (Adrain and Martin, 2001). Currently, three main pathways of apoptosis 

have been established in mammals, which all lead to the activation of the major 

effector caspases, caspase-3, caspase-6, and caspase-7. These are the intrinsic, 

extrinsic and granzyme-B mediated pathways. 

 

The intrinsic pathway is, as its name suggests, mediated by signalling from within 

the cell. It is initiated by stimuli that evoke cell stress or (DNA) damage, such as 

cytotoxic drugs, heat shock, or ionizing radiation, which lead to the accumulation of 

danger signals in the cells. When the danger signals exceed the pro-survival signals, 

this leads to mitochondrial outer membrane permeabilization (Liu et al., 1996). The 

permeability of the outer mitochondrial membrane is controlled by members of the 

Bcl-2 family, which include both pro-apoptotic (including Bax, Bak, and Bcl-2-

homology (BH)-3-only proteins Bid, Bad, and Bim) and anti-apoptotic proteins (such 

as Bcl-2 and Bcl-xL), which can generate survival or death signals, respectively 

(Green and Reed, 1998; Skommer et al., 2010; Moldoveanu et al., 2013). 

Permeabilization of the mitochondrial outer membrane results in the release of 

mitochondrial components, most importantly cytochrome c, into the cytosol. 

Cytochrome c can form, together with apoptosis protease-activating factor-1 (Apaf-

1), deoxyadenosine triphosphate (dATP), and pro-caspase-9, a caspase-activating 

complex also called the apoptosome (Liu et al., 1996; Acehan et al., 2002). This 

complex activates caspase-9, which can then in turn activate the downstream effector 

caspases (Zou et al., 1999; Creagh et al., 2003; Taylor et al., 2008).  

 

In the extrinsic pathway, extracellular death ligands, including Fas ligand or TNFα, 

bind to transmembrane death receptors of the tumour necrosis factor receptor 

superfamily, which then causes the recruitment of adapter proteins such as Fas-

associated death domain protein (FADD) to the internal side of the receptors 

(Ashkenazi and Dixit, 1998; Muzio et al., 1996). This leads to the recruitment, 

accumulation and activation of caspase-8, which can then activate effector caspases, 
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leading to substrate proteolysis and cell death. Or if lower levels of caspase-8 are 

activated, protease-8-mediated proteolysis of Bid can activate the intrinsic pathway 

by promoting mitochondrial cytochrome c release (Scaffidi et al., 1998; Luo et al., 

1998; Li et al., 1998; Creagh et al., 2003).  

 

Another pathway that leads to apoptosis is the granzyme B-initiated caspase-

activation pathway and is one of the pathways used by cytotoxic T cells and NK cells 

to induce apoptosis in virally infected and tumour cell targets (Froelich et al., 1998). 

It involves the release of cytolytic granules that contain a variety of enzymes that can 

provoke apoptosis in their target cells. One of the proteins in the granules is perforin, 

a pore-forming protein that is thought to facilitate the delivery of other granule 

components into the target cells. The other main component of the granules is 

granzyme B, a serine protease that can cleave caspase-3, thereby triggering apoptosis 

(Darmon et al., 1996; Creagh et al., 2003).  

 

1.3.2 Apoptotic cell clearance 

In vivo, most apoptotic cells are found within the cytoplasm of intact cells, as they 

are rapidly phagocytosed (Kerr et al., 1972; Surh and Sprent, 1994; Mochizuki et al., 

1996; Schrijvers, 2005). Phagocytosis is the engulfment and internalization of larger 

particles, including bacteria and dead/dying cells, followed by their processing 

within a membrane-bound vesicle, called the phagosome (Ravichandran and Lorenz, 

2007). The principal phagocytes of apoptotic cells are macrophages, immature 

dendritic cells, and neutrophils (Lacy-Hulbert, 2009; Hochreiter-Hufford and 

Ravichandran, 2013), which e.g. clear dead and dying cells in tissues such as the 

spleen (during or after an immune response) or the thymus (during T-lymphocyte 

development). However, other, non-professional phagocytes, including fibroblasts 

(Hall et al., 1994), epithelial cells (Juncadella et al., 2013), mesenchymal cells 

(Wood et al., 2000), and stem cells (Charrière et al., 2006) are also suggested to be 

capable of clearing apoptotic cells.  

 

Clearance of apoptotic cells is initiated by the attraction of phagocytes to the 

apoptotic cells through the release of ‘find-me’ signals, followed by the recognition 
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of apoptotic cells through ‘eat-me’ signals displayed on the apoptotic cell. These 

interactions result in the engulfment and degradation (removal) of the apoptotic cells 

and anti-inflammatory signalling by the phagocytes. Many pathways in these 

processes have been described, and below are detailed the most important ones for 

the phagocytosis of apoptotic cells by macrophages. 

 

1.3.2.1 Chemoattraction: find-me signals 

Various studies have shown that apoptotic cells are capable of providing migratory 

cues to phagocytes. These ‘find-me’ signals (Gregory and Pound, 2010) establish a 

chemotactic gradient that stimulates the migration of phagocytes to the apoptotic 

cell. Signalling factors found to be released from apoptotic cells that can effect the 

migration of macrophages to apoptotic cells, include the nucleotides adenosine 

triphosphate (ATP) and uridine triphosphate (UTP) (Elliott et al., 2009; Chekeni et 

al., 2010), the lipids lysophosphatidylcholine (LPC) (Lauber et al., 2003) and 

sphingosine-1-phosphate (S1P) (Gude et al., 2008), as well as the proteins fractalkine 

(Truman et al., 2008) and monocyte chemotactic protein (MCP-1 or CCL2) (Kobara 

et al., 2008). Release of ATP and UTP is mediated via the pannexin channels, which 

are opened during apoptosis by caspase-dependent cleavage of their carboxy-

terminal tail (Chekeni et al., 2010). Sensing of nucleotides appears to occur via the 

P2Y2 receptor on monocytes (Elliott et al., 2009). Nucleotides are readily degraded 

by extracellular nucleotidases, so they are more likely to serve as short-range find me 

signals (Hochreiter-Hufford and Ravichandran, 2013). LPC release is dependent on 

caspase-3, and recognition of LPC is thought to occur via the G-protein-coupled 

receptor G2A (Peter et al., 2008). Released fractalkine is sensed via chemokine (C-

X3-C motif) receptor 1 (CX3CR1), which directs macrophages to the dying targets. 

Fractalkine release is associated with microvesicle release from apoptotic cells, 

which may support prolonged biological activity and increase the effective range 

over which it can signal (Truman et al., 2008). 

 

In addition to find-me signalling, some of these factors may serve an additional role 

in the context of apoptotic cell clearance. ATP released by apoptotic cells has been 

shown to increase binding of apoptotic cells to macrophages (Marques-Da-Silva et 
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al., 2011). Furthermore, fractalkine was found to cause the expression of milk fat 

globule epidermal growth factor (MFG-E8) on macrophages, which leads to 

enhanced apoptotic cell clearance (Miksa et al., 2007), as MFG-E8 is a bridging 

molecule that facilitates recognition of apoptotic cells by phagocytes (described 

below). Find-me signals may also influence non-immunogenic responses to apoptotic 

cells. S1P has been shown to enhance secretion of IL-10 and PGE2 by tumour 

macrophages (Weigert et al., 2007; Johann et al., 2008) and fractalkine has been 

shown to stimulate pro-survival and growth-promoting effects (Boehme et al., 2000; 

White et al., 2010).  

 

LPC, S1P and nucleotides are known to also stimulate neutrophil chemotaxis (Chen 

et al., 2006; Florey and Haskard, 2009). However, phagocytosis of apoptotic cells is 

generally recognised as a non-immunogenic, non-inflammatory process, with 

minimal, if any, neutrophil recruitment (Savill, 1997; Savill et al., 2002). The protein 

lactoferrin, found to be released from apoptotic cells, has been shown to inhibit the 

migration of neutrophils both in vitro and in vivo, but not macrophages (Bournazou 

et al., 2009). It has been suggested that lactoferrin may be a ‘keep-out’ signal and 

that the ‘decision’ to migrate or not is dependent on a balance between positive ‘find-

me’ signals, and negative ‘keep-out’ signals (Gregory and Pound, 2011; Gregory et 

al., 2011). 

 

1.3.2.2 Recognition:  ‘Eat-me’ signals 

Once in the proximity of the dying cell, phagocytes must recognise apoptotic cells 

and distinguish them from viable cells. Viable cells prevent their unwanted removal, 

whereas apoptotic cells undergo changes that allow them to be recognised and 

phagocytosed effectively. These ‘eat-me’ signals displayed by apoptotic cells are 

recognised by phagocytic receptors, either directly, or through soluble bridging 

molecules that connect the phagocytic receptors and the eat-me signals on apoptotic 

cells. There are many different molecules and receptors at play at the apoptotic cell-

phagocyte synapse, and although they may vary between different cells or tissues, 

this redundancy reflects the importance of clearance of apoptotic cells.  
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Eat-me signals include changes in the glycosylation of surface proteins or changes in 

surface charge (Kinchen and Ravichandran, 2007), binding of serum proteins to the 

apoptotic cell, including thrombospondin and complement C1q (Ravichandran and 

Lorenz, 2007), the exposure of intracellular proteins such as calreticulin and annexin 

I (Arur et al., 2003; Gardai et al., 2005; Obeid et al., 2007), expression of 

intercellular adhesion molecule 3 (ICAM-3) and low-density lipoprotein (LDL)-like 

moiety (Moffatt et al., 1999; Fadok et al., 1998b; Schlegel et al., 1999). However, 

probably the most important of these changes is the translocation of the phospholipid 

phosphatidylserine (PS) from the inner to the outer membrane and its recognition by 

phagocyte receptors appears to be one of the most important mechanisms in 

clearance (Grimsley and Ravichandran, 2003; Fadok et al., 2001b). In viable cells, 

PS is kept on the inner leaflet of the lipid bilayer via ATP-dependent translocases 

(Balasubramanian and Schroit, 2003). In apoptotic cells, PS becomes exposed on the 

outer leaflet of the lipid bilayer, which recent reports suggest is dependent on caspase 

activity (Segawa et al., 2014). Calreticulin and annexin I co-localize with PS on the 

surface of apoptotic cells and enhance the uptake of targets by phagocytes (Arur et 

al., 2003; Gardai et al., 2005). 

 

Numerous receptors are expressed on the surface of phagocytic cells that recognize 

these eat-me signals. Phosphatidylserine can either be directly recognized by PS-

recognition receptors, which include BAI-1 (brain-specific angiogenesis inhibitor 1), 

TIM-4 (T cell immunoglobulin mucin 4), and Stabilin-2 (Miyanishi et al., 2007; Park 

et al., 2007; 2008a; Kobayashi et al., 2007; Park et al., 2008b), or indirect 

mechanisms that require bridging molecules. The latter include Tyro-3, Axl, and 

Mer, which bind PS via Gas6 and protein S, and several αvβ3/5 integrins, which bind 

MFG-E8 (milk fat globule epidermal growth factor 8) (Hanayama et al., 2002; Scott 

et al., 2001; Savill et al., 1990; Nakano et al., 1997; Nagata et al., 2010). Other 

receptors for apoptotic cells include CD36, which in conjunction with the integrins 

αvβ3 and αvβ5 binds thrombospondin (Savill et al., 1992), low density lipoprotein 

receptor-related protein 1 (LRP1/CD91), which binds complement C1q in 

conjunction with calreticulin (Ogden et al., 2001), CD14, which binds ICAM3 
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(Devitt et al., 1998), the scavenger receptors that bind oxidized low-density 

lipoprotein (LDL) (Gordon, 1999).  

 

Other ways by which phagocytes can distinguish apoptotic cells from viable cells is 

through the display of ‘don’t eat-me’ signals on the surface of viable cells. These 

include CD47 (or integrin-associated protein), recognised by its cognate receptor 

SIRPα (Oldenborg et al., 2000). CD47 inhibits engulfment, even in the presence of 

PS (Tsai and Discher, 2008). CD47 expression is down-regulated or suppressed 

during apoptosis, thereby allowing clearance. Many leukaemias, lymphomas and 

solid tumours have up-regulated expression of CD47, which protects them from 

being phagocytosed (Jaiswal et al., 2009; Majeti et al., 2009; Chao et al., 2011; 

Willingham et al., 2012; Chao et al., 2010).  Blocking of CD47 expression by 

tumour cells using anti-CD47 antibodies has been shown to increase macrophages 

phagocytosis of tumour cells, and results in reduced tumour burden in various 

murine models (Willingham et al., 2012; Edris et al., 2012). In a xenograft murine 

model of NHL, anti-CD47 antibodies in combination with rituximab led to 

eradication of the tumour (Chao et al., 2010).  Currently, anti-CD47 antibody 

treatment is being tested in a phase I clinical trial of patients with solid tumours 

(Weiskopf and Weissman, 2015). Another don’t-eat-me signal that has been 

identified is CD31 (Brown et al., 2002), but it has not been studied extensively. 

 

1.3.2.3 Removal: Engulfment and processing 

Binding of apoptotic cells to phagocyte receptors initiates signalling events that lead 

to the activation of guanosine triphosphatases (GTPases) and subsequent cytoskeletal 

organization of the phagocyte membrane, which allows corpse internalization (Albert 

et al., 2000; Gumienny et al., 2001). Known GTPases associated with cytoskeletal 

signalling include RhoA, Cdc42, and Rac. Loss or suppression of RhoA results in 

increased engulfment of apoptotic cells (Tosello-Trampont et al., 2003; Nakaya et 

al., 2006). Activated RhoA increases the kinase activity of Rho-associated protein 

kinase (ROCK), which in turn mediates phosphorylation of myosin light chain 

(MLC), which promotes cell contraction. This likely inhibits the extension of 

pseudopods and phagocytic cup formation necessary in the early stages of 
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engulfment (Riento and Ridley, 2003). In contrast, Rac activation enhances 

engulfment, as its activation leads to Arp2/3 activation, actin polymerization, and 

cytoskeletal rearrangement via the Scar/WAVE complex (Miki et al., 1998; 

Castellano et al., 2000).  

 

Following internalization, the apoptotic cell is contained within a membrane-bound 

compartment named the phagosome. These phagosomes become increasingly acidic, 

and eventually fuse with lysosomes that contain the digestive enzymes required for 

degradation of the apoptotic cell (Kinchen and Ravichandran, 2008). After fusion 

with the lysosomal network, acidic proteases and nucleases get activated and the 

apoptotic cell targets are degraded.  

 

Acidification occurs in two stages. The first, early stage, results in a small drop in 

pH, and is not very well understood (Hackam et al., 1997). In the second stage, V-

type ATPases (ATP-hydrolysis-driven proton pumps) are trafficked to the 

phagosome to acidify its contents, through ATP hydrolysis and transporting H+ 

across the phagosomal membrane (Beyenbach, 2006). Acidification is essential 

during phagosome maturation. Only when the pH is low enough, the cathepsin 

family of acidic proteases becomes activated and the phagocytosed particle can begin 

to be degraded (Lennon-Dumenil et al., 2002). Further studies to unravel phagosome 

maturation are under way, but Rab GTPases, in particular RAB-5 and RAB-7, appear 

to be important as part of a fusion pore that allows contact with other membrane-

bound organelles, which potentially may allow for entry points for vesicles to deposit 

lysosomal proteases, or function as nodes for recycling proteins back to the plasma 

membrane (McBride et al., 1999; Vieira et al., 2003; Kinchen et al., 2008). 

 

1.3.2.4 Consequences of apoptotic cell clearance 

Timely and adequate clearance of apoptotic cells prevents the release of potentially 

toxic or immunogenic intracellular contents from the dying cell. This is in contrast to 

necrotic cell death, where unregulated release of dead cell material can induce 

inflammatory responses (Fadok et al., 2001a; Taylor et al., 2008). Thus, one of the 

key functions of rapid clearance of apoptotic cells is to prevent an immunogenic 
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response as a result of uncleared dead cell material. However, if apoptotic cells are 

not cleared, they lose their membrane integrity and then become necrotic (a process 

described as ‘secondary necrosis’). The intracellular contents of necrotic, permeable 

cells, in particular intracellular antigens and DNA, are thought to cause an 

inflammatory response and may cause autoimmune disorders, such as systemic lupus 

erythematosus (SLE) (Kawane et al., 2003; Napirei et al., 2000). Initial experiments 

where excess apoptotic cells were added to mice, or PS-mediated apoptotic cell 

uptake was inhibited by masking PS with an MFG-E8 mutant, were shown to 

produce hallmarks of autoimmunity, including autoantibody production and IgG 

deposition in the glomeruli (Mevorach et al., 1998; Asano et al., 2004). Additionally, 

various mouse models with genetic defects in PS-mediated recognition have 

confirmed that inefficient clearance of apoptotic cells can result in autoimmunity 

(Botto et al., 1998; Scott et al., 2001; Cohen et al., 2002; Hanayama et al., 2004; 

Rodriguez-Manzanet et al., 2010).  

 

However, in addition to preventing an immune response against the immunogenic 

dead cell contents, the engulfment and clearance of apoptotic cells results in the 

suppression of pro-inflammatory mediators by phagocytes, as well as the production 

of anti-inflammatory mediators. Recognition and phagocytosis of apoptotic cells has 

been found to suppress pro-inflammatory cytokine release in vitro, including IL-6, 

IL-8, IL-12, and TNFα (Voll et al., 1997; Fadok et al., 1998a). In addition, 

engulfment of apoptotic cells by macrophages has been found to activate 

downstream signalling pathways that cause the up-regulation and secretion of IL-10, 

TGF-β, platelet activating factor, and prostaglandins (Voll et al., 1997; Fadok et al., 

1998a; McDonald et al., 1999; Ogden et al., 2005). IL-10 and TGF-β can induce 

differentiation of regulatory T-cells and T helper 2 cells that are important in the 

prevention of an inflammatory response (Green et al., 2009). 
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1.4 Lactoferrin 

1.4.1 Structure 

Lactoferrin is a 80-kDa glycoprotein that is a component of many mammalian body 

fluids and secretions, including milk and colostrum, saliva, tears, semen, vaginal 

fluids, nasal and bronchial secretions, bile, gastrointestinal fluids, urine and plasma 

(García-Montoya et al., 2012; Baker and Baker, 2009). Additionally, lactoferrin is 

found concentrated in the secondary granules of neutrophils (Baggiolini et al., 1970). 

Its concentration is highly variable depending on the location and may range from 

~1-2 mg/ml in mature milk or ~7 mg/ml in colostrum to 20-1500 ng/ml in blood 

plasma (Levay and Viljoen, 1995; Steijns and van Hooijdonk, 2000). 

 

Lactoferrin is highly conserved among species. Human lactoferrin shares 95-98% 

sequence identity with chimpanzee lactoferrin and 70-74% with lactoferrins of other 

species, including pig, horse, cow, and goat (Baker and Baker, 2005). Lactoferrin is 

part of the transferrin family of proteins and its protein sequence has approximately 

60% similarity with human serum transferrin (Metz-Boutigue et al., 1984; Wally and 

Buchanan, 2007).  

 

The polypeptide is folded in two globular lobes, representing its N- and C-terminal 

halves, which are referred to as the N-lobe and the C-lobe, and are linked by a short 

α-helix. Each lobe consists of an α-helix and β-pleated sheet structure with two 

domains (Haridas et al., 1995; García-Montoya et al., 2012). The N-terminal of 

lactoferrin is highly positively charged (Bellamy et al., 1992). Each lobe can bind a 

metal atom in synergy with a carbonate ion (CO3
2-). Lactoferrin has a very high 

affinity for iron (Fe3+) ions (Kd ≈ 10-20 M) (Baker et al., 2003) , but can also bind 

other metals with lower affinity, including Cu2+, Zn2+, and Mn2+ (Baker and Baker, 

2005). It can reversibly bind Fe3+, and can thus exist either free of Fe3+ (apo-Lf) or 

associated with Fe3+ (holo-Lf). Apo-Lf has an open conformation, while holo-Lf is a 

closed molecule that is more resistant to proteolysis (Wally and Buchanan, 2007).  
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1.4.2 Function 

Lactoferrin is a pleiotropic molecule and its properties include anti-microbial and 

anti-inflammatory functions, as well as activity as a growth factor and it has been 

shown to inhibit tumour development and metastasis (Baker and Baker, 2005; 

García-Montoya et al., 2012). Many of the proposed functions of Lf, apart from its 

iron binding activity, depend on its surface properties. Lactoferrin’s highly positively 

charged domain is likely to be a major factor in its ability to bind, perhaps 

indiscriminately, to many different cell types and anionic molecules (Baker and 

Baker, 2005).  

 

Lactoferrin’s antimicrobial properties were discovered first and are most widely 

studied. Its antimicrobial activity is mainly driven by two mechanisms. The first 

involves iron sequestration at sites of infection, which deprives microorganisms of 

iron, thereby inhibiting bacterial growth and down-regulating bacterial expression of 

virulence factors (Arnold et al., 1977). E.g. lactoferrin has been shown to inhibit the 

growth of E. coli, and the effect was abolished by saturating lactoferrin with iron 

(Bullen et al., 1972). An important function of this appears to be in the protection of 

newborns through lactation. Milk offers the transfer of lactoferrin that can act by 

controlling free iron in the gut, thereby limiting microbial pathogenesis (García-

Montoya et al., 2012). The second mechanism by which lactoferrin’s anti-microbial 

activity is executed is through the interaction of lactoferrin with the infectious 

microorganism. Its cationic domain can interact with lipopolysaccharide (LPS) on 

Gram-negative bacteria, which causes changes in the permeability of the cell surface, 

leading to cell lysis (Ellison et al., 1988). Additionally, lactoferrin has been shown to 

enhance phagocytosis of S. aureus by mammary gland secretory cells (phagocytes) 

through opsonisation by lactoferrin (Kai et al., 2002). 

 

In addition to lactoferrin’s antibacterial functions, lactoferrin also has known 

antiviral, antifungal, and antiparasitic functions (Weinberg, 1994; Cirioni et al., 

2000; García-Montoya et al., 2012). Its antiviral functions are thought to be mediated 

through blocking of glycosaminoglycan viral receptors, thereby inhibiting contact 

between virus and host cell, and preventing infection (van der Strate et al., 2001). 
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Lactoferrin’s antifungal activities are mediated through altering the permeability of 

the cell surface, as well as through Fe3+ sequestration (Wakabayashi et al., 2009; 

Kuipers et al., 1999; Lupetti et al., 2008).  

 

High concentrations of lactoferrin (>100µg/ml) have been shown to promote the 

release of various pro-inflammatory factors, including nitric oxide, TNFα, IL-1β, IL-

6, and nitrite by macrophages (Son et al., 2002; Sorimachi et al., 1997; Mattsby-

Baltzer et al., 1996; Crouch et al., 1992). Furthermore, lactoferrin has been shown to 

increase IL-8 release from human polymorphonuclear leukocytes (Shinoda et al., 

1996).  

 

In addition to the role of lactoferrin in infection, it also has key anti-inflammatory 

properties. Lactoferrin can modulate cytokine release by leukocytes. Bovine 

lactoferrin has been shown to reduce colitis in a rat model, and this was correlated 

with significant increases in IL-4 and IL-10 in the colon (Togawa et al., 2002), 

whereas reductions in TNFα, IL-1β, and IL-6 were observed (Togawa et al., 2002). 

Furthermore, pre-treatment with bovine lactoferrin has been shown to reduce TNFα 

and IL-6 serum levels in LPS-injected mice (Machnicki et al., 1993). This may be 

mediated through monocytes and macrophages, as lactoferrin was shown in vitro to 

suppress the synthesis of pro-inflammatory cytokines, including TNFα, IL-1β, and 

IL-6, by these cells following LPS stimulation (Crouch et al., 1992; Mattsby-Baltzer 

et al., 1996; Håversen et al., 2002). Additionally, human lactoferrin has been shown 

to reduce both mRNA and protein expression of IL-8 induced by the E. coli/sCD14 

complex in human umbilical vein endothelial cells, and it prevented IL-8 binding to 

the proteoglycan heparin (Elass, 2002). Lactoferrin can inhibit LPS-induced 

expression of endothelial-leukocyte adhesion molecule 1 (E-selectin) and 

intercellular adhesion protein 1 (ICAM-1) on endothelial cells by interaction with 

LPS and soluble CD14 (Baveye et al., 2000). Furthermore, lactoferrin has been 

shown to inhibit the migration of neutrophils and eosinophils (Bournazou et al., 

2009; 2010). 
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Lactoferrin has been shown to enhance the toxicity of NK cells against 

haematopoietic and breast epithelial cell lines in vitro, whereas high concentrations 

of lactoferrin appear to be toxic to the NK cells and inhibit cytotoxicity (Damiens et 

al., 1998). Furthermore, lactoferrin has been shown to enhance antibody-dependent 

cellular cytotoxicity of adherent monocytes (Nishiya and Horwitz, 1982). 

 

In addition to its anti-inflammatory abilities, lactoferrin has been shown to stimulate 

growth of various mammalian cells (Huang et al., 2008) and it was found to be an 

essential growth factor for lymphocytic cell lines in vitro in serum-free medium 

(Hashizume et al., 1983). Holo-recombinant human lactoferrin (holo-rhLf) has been 

shown to stimulate keratinocyte proliferation, which could be blocked by mitogen-

activated protein kinase (MAPK) 1 inhibitor. Holo-rhLf also showed strong 

promoting effects on keratinocyte migration. Under starving conditions, the addition 

of holo-rhLf was found to increase cell viability and inhibition of apoptosis. 

Furthermore, holo-rhLf increased the rate of wound re-epithelialization in swine 

second-degree burn wounds in vivo (Tang et al., 2010b).  

 

Lactoferrin has also been shown to stimulate proliferation and differentiation of 

osteoblast cells, and to decrease their sensitivity for apoptosis (Grey et al., 2006; 

Cornish et al., 2004). This results in bone growth in vivo, through endocytosis and 

activation of p42/44 MAP kinases (Naot et al., 2005). Furthermore, a rice-derived 

recombinant human lactoferrin has been reported to stimulate fibroblast proliferation, 

migration, and sustaining cell survival (Tang et al., 2010a). Additionally, lactoferrin 

can also affect angiogenesis, and induces mRNA expression and increases protein 

levels of VEGF and fibroblast growth factor-2 (Nakajima et al., 2011). 

 

1.4.3 Lactoferrin and cancer 

Lactoferrin has been detected in various tumours, including Hodgkin and Burkitt’s 

lymphoma (Hoffer et al., 1979), endometrial adenocarcinomas (Walmer et al., 1995), 

sporadic renal cell carcinomas (Giuffrè et al., 2007), and in neoplastic bone tissue 

(Ieni et al., 2009). 
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Injections of lactoferrin into tumours has been shown to inhibit tumour growth in a 

murine model of fibrosarcoma, and to reduce lung metastasis (Bezault et al., 1994). 

Furthermore, oral administration of lactoferrin has been shown to inhibit growth of 

squamous cell carcinoma and to potentiate chemotherapy in a murine model 

(Varadhachary et al., 2004) and to decrease tumour growth rates in a phase I trial of 

patients with advanced solid tumours (Hayes et al., 2005). This may be mediated 

through increased immunomodulatory activity, as oral administration of bovine 

lactoferrin has been shown to increase numbers of CD4+ and CD8+ T cells and NK 

cells in the blood of mice implanted with colon carcinoma cells, and increases in the 

levels of IL-18, IFN-γ and caspase-1 (Wang et al., 2000).  

 

Furthermore, lactoferrin has been associated with inducing apoptosis in tumours. 

Lactoferricin, an active peptide derived from lactoferrin containing its cationic 

domain, can induce apoptosis in Jurkat T-leukaemia cells, which was most likely the 

result of lactoferricin-induced cell membrane damage, and further disruption of the 

mitochondrial membranes by internalized lactoferricin (Mader et al., 2007). 

Furthermore, it has been suggested that lactoferrin can inhibit Akt activation and 

modulates its downstream proteins phosphorylation leading to apoptosis of human 

stomach cancer cells (Xu et al., 2010).  

 

Additionally, lactoferrin has been shown to inhibit angiogenesis in rats, which may 

be mediated through suppression of VEGF (Norrby et al., 2001). This was also 

observed in mice, where oral administration of bovine lactoferrin reduced expression 

of VEGF and decreased the expression of pro-inflammatory cytokines, including 

TNFα and IL-6, and anti-inflammatory cytokines IL-4 and IL-10, which suppressed 

the formation of tumours (Tung et al., 2013). 

 

1.4.4 Lactoferrin receptors 

Because of its high capacity to bind proteins and membranes through its cationic N-

terminal, it is difficult to identify lactoferrin receptors. Nonetheless, lactoferrin-

specific receptors have been identified on leukocytes and macrophages, platelets, on 

bacteria, and in the gastrointestinal tract.  
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A receptor for lactoferrin has been described on the membranes of human foetal 

intestinal brush-border membranes. Competitive binding studies demonstrated 

specific binding of human lactoferrin. Little binding of bovine lactoferrin or human 

transferrin occurred (Kawakami and Lönnerdal, 1991). Furthermore, the existence of 

a specific receptor for lactoferrin has been suggested on mouse peritoneal cells and 

in particular on macrophages (Van Snick and Masson, 1976).  

 

In the liver, lactoferrin has been shown to bind both heparan sulphate proteoglycans 

(HSPG), as well as the low-density lipoprotein receptor-related protein (LRP). In 

mutant CHO cells, lacking HSPG, the level of binding of labelled lactoferrin was 

reduced by ~50%, and heparinase treatment decreased binding by ~40%. Similarly, 

ligand blocking of LRP inhibited labelled lactoferrin degradation by ~60% (Ji and 

Mahley, 1994). Lactoferrin has also been shown to bind to two members of the low-

density lipoprotein receptor family, low-density lipoprotein receptor-related proteins 

1 (LRP1) and 2 (LRP2) on osteoblasts. Inhibition of LRP1/2 or antibody-blocking 

prevented endocytosis of lactoferrin and abrogated lactoferrin-induced p42/44 

MAPK signalling and mitogenesis (Grey, 2004). Furthermore, LRP1 has been 

associated with lactoferrin binding to human keratinocytes (Tang et al., 2010b).  

 

A lactoferrin receptor has also been described on platelets, where concentrations of 

lactoferrin as low as 5nM could inhibit platelet aggregation (Leveugle et al., 1993). 

Additionally, lactoferrin was shown to bind to eosinophils as determined by flow 

cytometry (Thomas et al., 2002). Scatchard analysis of THP-1 cells differentiated 

into macrophages also indicated that both high and low affinity receptor sites (Kd = 

0.57x10-6 and 3.7x10-6 M, respectively) are present on these cells (Eda et al., 1996).  

 

Lactoferrin has also been shown to bind to leukaemia cells. Lactoferrin binding sites 

were found to be distinct and unrelated to transferrin receptors on K562 cells. 

However, since other polycationic proteins, e.g. protamine, could inhibit lactoferrin 

binding to K562 cells, electrostatic forces may be responsible for lactoferrin binding 

to leukaemic cells (Yamada et al., 1987).   
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Lactoferrin is known to chelate LPS and has been shown to bind soluble CD14 with 

high affinity, as well as bind the CD14-LPS complex (Baveye et al., 2000). These 

findings suggest that CD14, a 55-kDa glycoprotein expressed by macrophages, may 

also be a receptor for lactoferrin.  

 

1.5 Aims of the project 

Massive apoptotic cell death is observed in many malignant tumours, including 

‘starry-sky’ Burkitt’s lymphoma. Despite such high rates of apoptosis, these tumours 

continue to grow rapidly, and apoptosis has been found to correlate with aggressive 

disease in NHL and many other malignancies (Ohbu et al., 1995; Leoncini et al., 

1993; Naresh et al., 2001; Sun et al., 2006; Jalalinadoushan et al., 2004). Free 

apoptotic cells are rarely observed in tumours, but are rapidly engulfed by tumour-

associated macrophages. Accumulation of TAM is generally associated with poor 

prognosis in many cancers, and TAM have been shown to promote anti-

inflammatory responses, angiogenesis, tissue remodelling, and metastasis (section 

1.2.2.3).  

 

Recently, in our laboratory, the in situ molecular signature of starry-sky TAM was 

generated (Ford et al., 2015; Petrova, 2012). Transcription profiles of micro-

dissected starry-sky tumour-associated macrophages (TAM) were obtained from a 

xenograft model of BL by laser capture of the macrophages. As controls, tingible-

body macrophages from the germinal centres of activated lymphoma nodes (GCM) 

and resident tissue macrophages from resting lymph nodes (LNM) were acquired in 

the same way. Many genes were up- or down-regulated between TAM and either 

GCM or LNM. The published findings show that multiple pro-tumour pathways 

were activated in starry-sky TAM, including transcripts encoding matrix 

remodelling, lipid metabolism, and growth factors, as well as transcripts associated 

with phagocytosis functions. Selected transcripts of genes that are up-regulated in 

starry-sky TAM compared to GCM associated with reparatory and pro-tumour 

macrophage responses are shown in Table 1.1. Table 1.2 shows selected transcripts 
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of genes associated with macrophage responses to apoptotic cells that were up-

regulated in starry-sky TAM (Ford et al., 2015). 

 

As engulfment of apoptotic cells by macrophages has been found to suppress pro-

inflammatory signalling, induce anti-inflammatory signalling, and up-regulate 

various growth factors (see section 1.3.2.4.), it was hypothesised that apoptotic 

lymphoma cells, either through the release of signalling molecules, or through direct 

interaction with macrophages, can promote lymphomagenesis by the accumulation 

and activation of macrophages that are anti-inflammatory, immunosuppressive, and 

promote tumour growth.  

 

In order to address this hypothesis, research presented in Chapters 3 and 4 of this 

thesis was aimed to address whether lactoferrin (Chapter 3), which is released from 

apoptotic cells (Bournazou et al., 2009), or apoptotic cells, by a different mechanism, 

(Chapter 4) can attract monocytes and macrophages and activate them to a starry-sky 

TAM phenotype. Chemoattraction to lactoferrin was measured by a series of Boyden 

chamber experiments. The ability of lactoferrin or apoptotic cells to activate a starry-

sky TAM phenotype was assessed in a series of in vitro co-culture experiments. 

Unstimulated or classically-activated macrophages were stimulated with lactoferrin 

or apoptotic cells, and qPCR was used to evaluate gene expression. Expression of 

selected starry-sky TAM-upregulated genes, as presented in Table 1.1 and Table 1.2, 

were assessed as a measure of starry-sky TAM activation. Additionally, gene 

expression of pro-inflammatory cytokines was assessed. 

 

Research presented in Chapter 5 aimed to determine the effect of apoptotic cell 

interaction with classically-activated macrophages on tumour cell growth. This was 

assessed in a series of in vitro cytotoxicity assays. Finally, Chapter 6 shows research 

that aimed to compare the gene expression profile of starry-sky TAM to a dataset of 

tissue and in vitro cultured macrophages, to further the understanding of the 

underlying biological and molecular pathways involved in starry-sky TAM.  
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Gene Protein Fold change P value 

Mrc1 Mannose receptor, C type 1 (CD206) 38.2 < 0.0001 

Anpep Alanyl (membrane) aminopeptidase 

(CD13) 

23.1 < 0.0001 

Gpnmb Glycoprotein (transmembrane) NMB 

(osteoactivin) 

10 0.0006 

Plau Urokinase plasminogen activator 7.1 0.0001 

Ctsd Cathepsin D 6.4 0.0008 

Ctsb Cathepsin B 5.8 0.0001 

Fn1 fibronectin 5.7 0.0090 

Timp2 Tissue inhibitor of metalloproteinase 

2 

5.7 0.0002 

Ctsl Cathepsin L 5.4 0.0010 

Hmox1 Heme oxygenase (decycling) 1 5.2 0.0019 

Psap prosaposin 4.2 0.0010 

Mmp3 Matrix metalloproteinase 3 4 0.0407 

Mmp12 Matrix metalloproteinase 12 3.5 0.0447 

Mmp2 Matrix metalloproteinase 2 3 0.0007 

Igf1 Insulin-like growth factor 1 2.7 0.0001 

Sepp1 Selenoprotein P plasma 1 2.7 0.0005 

Emp1 Epithelial membrane protein 1 2.3 0.0002 

Pdgfc Platelet derived growth factor CC 2.3 0.0080 

Ctss Cathepsin S 2.1 0.0006 

Lamp2 Lysosomal associated membrane 

protein 2 

2 0.0002 

Ccl2 Chemokine (C-C motif) ligand 2 2 0.0114 

 
Table 1.1 – Selected transcripts up-regulated by starry-sky TAM compared with GCM 
of genes associated with reparatory and pro-tumour macrophage responses.  
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Gene Protein Fold change P value 

Msr1 Macrophage scavenger receptor 

(CD204) 

17 < 0.0001 

Lrp1 LDL receptor-related protein (CD91) 8.4 < 0.0001 

Mertk c-Mer tyrosine kinase 7.5 < 0.0001 

Cd36 CD36 scavenger receptor 5.9 0.0038 

Cd93 CD93 receptor 5.9 0.0016 

Lgals3 Galectin 3 5.2 < 0.0001 

Abca1 ATP-binding cassette transporter 5.2 < 0.0001 

Pparg Peroxisome proliferator activated 

receptor gamma 

4.1 0.0012 

Axl AXL receptor tyrosine kinase 3.9 0.0020 

Trem2 Triggering receptor expressed on 

myeloid cells 2 

3.5 < 0.0001 

Gas6 Growth arrest specific 6 2.7 0.0058 

Tgfb1 Transforming growth factor beta 1 2.3 0.0048 

 
Table 1.2 – Selected transcripts up-regulated by starry-sky TAM compared with GCM 
of genes associated with macrophage responses to apoptotic cells.  
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Chapter 2 Materials and Methods 
 

2.1. Cells 

2.1.1. Isolation and culture of primary cells 

2.1.1.1. Cultivation of mouse bone marrow-derived macrophages (BMDM) 

Healthy mice (BALB/c, C57BL/6, C57BL/6 IL-4Rα KO, C57BL/6 GAL3KO) were 

euthanized and femurs were removed by dissection. The bones were cleaned in 

ethanol and placed into Phosphate Buffered Saline (PBS; Life Technologies, Paisley, 

UK) in a sterile hood. The ends of the bones were cut off and the bone marrow was 

flushed with complete RPMI medium (Gibco RPMI 1640 (Life Technologies) 

supplemented with 10% foetal bovine serum (FBS; Biosera Ltd. Ringmer, UK), 

2mM L-glutamine (Life Technologies), 100U/ml penicillin and 100µg/ml 

streptomycin (PAA Laboratories Ltd)) using a 20ml syringe (BD Bioscience, 

Oxford, UK) and a 26-gauge needle (BD Bioscience) into a 50ml conical tube (BD 

Bioscience). Chunks of bone marrow were then broken up by drawing the cells up 

and down through a 23-gauge needle (BD Bioscience), avoiding the creation of 

bubbles. Cells were centrifuged at 350 x g for 5 minutes at room temperature and the 

supernatant discarded. Cells were resuspended in 15ml complete RPMI medium 

supplemented with 100ng/ml recombinant human CSF1 (rhCSF1; R&D Systems, 

Abington, UK) and added to 100mm square Petri dishes (Sterilin) and cultured at 

37˚C, 5% CO2. On day 4, 10 ml complete RPMI medium supplemented with 

100ng/ml rhCSF1 was added to the cells. Alternatively, when indicated, BMDM 

were cultured in X-VIVO-10 medium (Lonza, Basel, Switzerland), supplemented 

with 2mM L-glutamine, 100U/ml penicillin, 100µg/ml streptomycin and 100ng/ml 

rhCSF1. On day 7 or 8, matured BMDM were detached by spraying the cells with a 

19-gauge needle and 20ml syringe. Cells were counted and used for experiments. 

Approximately 5-15 million BMDMs were harvested per dish. 
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2.1.1.2. Isolation of human blood leukocytes 

Human leukocytes were isolated from the peripheral blood of healthy volunteers who 

provided written consent (Lothian Research Ethics Committee approvals no. 

08/S1103/38). Peripheral venous blood was drawn from an antecubital vein, 

transferred to polypropylene tubes containing 3.8% (w/v) sodium citrate (Sigma-

Aldrich, Dorset, UK) and gently mixed for anticoagulation. Blood was centrifuged at 

350 x g for 20 minutes (min) to separate platelet rich plasma (PRP) from the cellular 

components. PRP was transferred to sterile glass tubes containing 40mM CaCl2 

(Sigma-Aldrich) and incubated at 37˚C for 2 hours until a clot formed. Autologous 

serum was then incubated for 45 min at 56˚C to heat-inactivate complement, 

followed by centrifugation at 2000 x g for 10 min to remove any precipitate. 

Autologous serum was then stored at 4˚C and used as required in the culture of 

monocytes. The cellular components of the blood were then resuspended in Dextran 

(Pharmacia, Buckinghamshire, UK; final concentration 0.6% (w/v)) and left to stand 

undisturbed for 15-30 min to allow sedimentation of erythrocytes. The leukocyte-

rich upper-layer was collected and the cells were gently resuspended in 0.9% Saline 

(Baxter, Northampton, UK) and pelleted at 350 x g for 6 min at 20˚C. In the 

meantime, three different concentrations of Percoll (50%, 63% and 73%) were 

prepared from the stock (Pharmacia) in phosphate buffered saline (PBS, Ca2+/Mg2+-

free). 3ml 63% Percoll was carefully layered over 3ml 73% Percoll in a conical 15ml 

polypropylene tube. The leukocyte pellet was resuspended in 3ml of 50% Percoll and 

was layered on top of the gradient. Following a 20-min centrifugation at 700 x g at 

20˚C, mononuclear leukocytes were harvested from the 50%/63% interface, and the 

polymorphonuclear leukocytes (PMN) from the 63%/73% interface and washed 

twice in PBS (200 x g, 5min at 20˚C). PMN were systemically analysed by cytospin 

and Quick-Diff stain (Reagena Ltd, Toivala, Finland), and neutrophils represented > 

95% of the population. The cells were used directly for assays. Mononuclear 

phagocytes were resuspended at 4x106 cells/ml in serum-free Iscove’s Modified 

Dulbecco’s Medium (IMDM; Life Technologies) containing 100U/ml penicillin, 

100µg/ml streptomycine, and 2mM glutamine (IMDM + P/S + L-glut) and incubated 

for 1 hour at 37˚C, 5% CO2. The medium and any non-adherent cells were then 

removed. Fresh IMDM + P/S + L-glut, supplemented with 10% heat-inactivated 
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autologous serum, was added and the cells were matured for 7 days to generate 

human monocyte-derived macrophages (HMDM).  

 

2.1.2. Culture of cell lines 

2.1.2.1. Human Burkitt’s lymphoma cell lines 

The human (EBV-negative) BL cell lines BL2 and BL2-bcl2 (BL2 cells stably 

transfected with Bcl2 to suppress apoptosis) (Wang et al., 1996) were cultured in 

suspension in 50% X-VIVO medium (50% Gibco RPMI 1640, 50% X-VIVO 20 

medium (Lonza), supplemented with 50 U/ml penicillin and 50µg/ml streptomycin) 

at 37˚C, 5% CO2. 

 

2.1.2.2. Mouse Burkitt’s lymphoma-like cell line 

λ-MYC (MycEd1) cells were derived from λ-MYC transgenic mice by Dr. J. Pound 

and cultured in suspension at 37°C, 5% CO2, in 45% Dulbecco’s Modified Eagle 

Medium (DMEM (high glucose); Life Technologies), 45% IMDM, supplemented 

with 10% hybridoma selected foetal calf serum (FCS; PAA Laboratories Ltd), 2mM 

L-glutamine, 25µM 2-mercaptoethanol (Life Technologies), 100 units/ml penicillin, 

and 100µg/ml streptomycin.  

 

2.1.2.3. Human monocyte-like cell lines  

THP-1 cells were cultured at 37˚C, 5% CO2, in RPMI medium supplemented with 

10% Fetal Bovine Serum (FBS), 2mM glutamine, 100 units/ml penicillin, and 

100µg/ml streptomycin. MonoMac6 cells were cultured in the same medium, further 

supplemented with 1x non-essential amino acids (PAA Laboratories Ltd) and OPI 

media supplement HYBRI-MAX (containing final working concentrations of 1mM 

oxaloacetate, 0.45 mM pyruvate, and 0.2 U/ml insulin; Sigma-Aldrich) 

 

2.1.2.4. Human myelogenous leukaemia cell line 

K562 cells were cultured at 37˚C, 5% CO2, in complete RPMI medium. 
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2.1.2.5. Culture of embryonic-stem cell derived macrophages (ESDM) 

Murine embryonic stem cell line E14, derived from the 129/Sv mouse strain was 

cultured in ESC cell culture medium GMEMSR (Glasgow’s Modified Eagle Medium 

(GMEM), supplemented with 10% (v/v) FBS, 1% (v/v) non-essential amino acids, 

2mM L-glutamine, 1mM sodium pyruvate (Life Technologies), 0.1mM 2-

mercaptoethanol, 100U/ml leukaemia inhibitory factor (LIF; R&D Systems)) at 

37˚C, 5% CO2. Embryonic stem cells (ESC) were seeded at 1x106 cells/10ml media 

in gelatinized T25 cm2 flasks and were passaged when the cells were confluent. At 

the start of the macrophage differentiation procedure (day 0), 6x105 trypsin-

dissociated E14 ESC were seeded in ESDMDiff (GMEM supplemented with 10% 

(v/v) FBS (pre-screened for optimal haematopoietic differentiation (Jackson et al., 

2010)), 1% (v/v) non-essential amino acids, 2mM L-glutamine, 1mM sodium 

pyruvate, 0.1mM 2-mercaptoethanol, 1ng/ml IL-3 (Stem Cell Technologies, 

Grenoble, France)) in 95 mm bacteriological-grade round Petri dishes and formed 

various sized embryonic bodies (EB) over the next few days. To prevent adherence 

of larger aggregates, EB were transferred to new Petri dishes on day 4 and day 6, and 

on day 8 they were transferred to a 95 mm round gelatin-coated tissue culture dish. 

EB adhered to the tissue culture plastic and over the next few days started to release 

non-adherent macrophage precursor cells into the medium. At day 10 the non-

adherent cells were harvested, centrifuged and resuspended in 20mL ESDMCult 

(GMEM containing 10% (v/v) FBS (pre-screened for optimal haematopoietic 

differentiation), 1% (v/v) non-essential amino acids, 2mM L-glutamine, 1mM 

sodium pyruvate, 0.1mM 2-mercaptoethanol, 15% (v/v) L929 CM, 100U/ml 

penicillin, 100µg/ml streptomycin) and plated onto 95 mm round bacteriological 

Petri dishes. Cells adhered to the plastic and proliferated into CD68, CD11b, and 

F4/80-positive cells (Zhuang et al., 2012) and were cultured for 2-6 days, as 

indicated. 10ml ESDMDiff culture medium was added to the original EB plates, and 

every 2 days after that, up to a total number of 20 days, non-adherent macrophage-

like cells were harvested and cultured in the same way.  
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2.1.2.6. Culture of L929 cells and production of L929 cell-conditioned 

medium 

The mouse lung fibroblast line L929 (Burgess, Metcalf et al. 1985) expresses high 

concentrations of CSF1 and is widely used as a source of CSF1. L929 cells were 

thawed and cultured in L929 cell culture medium (D-MEM: F12 with Glutamax 

(Life Technologies) supplemented with 10% FCS (Biosera Ltd), 100 U/ml penicillin 

(PAA Laboratories Ltd), and 100µg/ml streptomycin (PAA Laboratories Ltd). Cells 

were passed every 3 to 4 days when confluent using trypsin/EDTA to detach the 

cells. To harvest conditioned medium, cells were cultured for 3 additional days after 

they become confluent. Supernatant was collected from the adherent monolayer of 

cells and filtered through a 0.22µm membrane (Merck Millipore, Livingston, UK) to 

remove cell debris, and stored at -20˚C.  

 

2.2. Animal Models 
All animal procedures and husbandry were performed under a license from the UK 

Home Office according to regulations described in the Animals (Scientific 

Procedures) Act 1986. BL2 and BL2-bcl2 cells were resuspended in Hanks’ 

Balanced Salt Solution (HBSS, PAA Laboratories Ltd, Yeovil, UK; w/o Ca2+/Mg2+) 

and 10x106 cells were injected subcutaneously into the right flank of 6-8 week-old 

BALB/c SCID mice (injection volume 200µl). The diameter of the developing 

tumour was measured daily in two dimensions using callipers. When tumours grew 

larger than 12mm in either dimension, the mice were humanely sacrificed and 

tumours were excised, snap-frozen in liquid nitrogen and stored at -80˚C until further 

processed.   

 

2.3. Detachment of ESDM and BMDM for flow cytometry 
Cell culture medium was removed from the dishes and macrophages were washed 

twice with Hanks’ Balanced Salt Solution (HBSS, w/o Ca2+/Mg2/phenol red; PAA 

Laboratories Ltd) and incubated in detachment buffer (Hanks BSS supplemented 

with 5mM EDTA (Fisher Scientific Ltd, Loughborough, UK) and 0.2% w/v low-
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endotoxin bovine serum albumin (BSA, PAA) at 4˚C for 20 min before being 

detached by gentle scraping using a Cell Lifter (Corning, Ewloe, UK).  

 

2.4. Induction and evaluation of apoptosis 

2.4.1. Induction of apoptosis by UV-irradiation 
Apoptosis was induced by exposing BL2 or λ-MYC cells in 50% X-VIVO medium 

to 100mJ/cm2 of UVB light (17 minutes) using the UVIcab CV006 minicabinet 

(UVItec Limited, Cambridge, UK). Following exposure to UVB, cells were returned 

to the incubator (37˚C, 5% CO2) for 2 (λ-MYC cells) or 3 hours (BL2 cells) before 

being used in in vitro macrophage-tumour cell co-cultures or cytotoxicity assays. For 

interaction and phagocytosis assays, the UVB-irradiated cells were returned to the 

incubator (37˚C, 5% CO2) for 20 hours before being used. 

2.4.2. Induction of apoptosis by cold-shock 
BL2 cells were harvested, washed once in serum-free RPMI 1640 (Gibco’s RPMI 

1640 supplemented with 100 U/ml penicillin, 100µg/ml streptomycin, and 2mM L-

glutamine) and resuspended at 5x106 v cells/ml in HypoThermosol (BioLife 

Solutions, Bothell, WA, USA) in a polypropylene tube  (BD Bioscience) and 

incubated at 4˚C for 18 hours. Cells were then washed twice in serum-free RPMI 

1640 and resuspended at 2x106 cells/ml in ESDMCult medium and cultured for 90 

min at 37˚C, 5% CO2 to allow apoptosis to occur.  

 

2.4.3. Induction of apoptosis by high-density stress 
BL2 cells were harvested, washed twice with PBS and once with serum-free RPMI 

medium. Cells were then resuspended in serum-free RPMI medium at 100x106 

cells/mL and cultured at 37˚C for 1 hour. After 1 hour, cells were harvested and 

supernatant was collected by sequential centrifugation (both at 4˚C) at 400 x g for 5 

min to remove cells, and at 870 x g for 10 min to remove cell debris. High-density 

culture under these conditions triggers synchronous apoptosis in 40-50% of BL2 

cells (Zhuang et al., 2012).  
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2.4.4. Assessment of apoptosis by Annexin V/Propidium iodide staining 
2x105 cells were washed once in 2ml PBS, then resuspended in 100µl Annexin V 

Binding Buffer (AxV-BB; 140mM NaCl (Fisher Scientific), 10mM HEPES (Sigma-

Aldrich), 2.5mM CaCl2 (Sigma-Aldrich)) and incubated at 4˚C for 15 min with 1µl 

Annexin V Alexa Fluor-488 (Life Technologies). 300µl AxV-BB was added and 

Annexin V binding was analysed by flow cytometry and compared to unstained 

controls. 10µl (20µg/ml) PI (Sigma-Aldrich) was added 1 minute before analysis.  

 

2.5. Cytokine assays 
TNFα, IL-6, and CCL2 release from BMDM was measured using the Mouse 

Inflammation Cytometric Bead Array (CBA) kit or Flex Sets (BD Biosciences) 

according to manufacturer’s instructions. Additionally, the kit can also detect IL-10, 

IL-12p70, and IFN-γ. This study focused on TNFα, IL-6 and MCP-1/CCL2, as the 

other cytokine concentrations were very low or undetectable in the samples. The kit 

contains six bead populations with distinct fluorescence, making it possible to 

identify individual beads using flow cytometry. Each capture bead in the kit has been 

conjugated with capture antibodies, specific for the above analytes. The unknown 

sample is incubated simultaneously with the capture beads (which binds to 

recognized analytes) and the detection reagents (a mixture of phycoerythrin (PE)-

conjugated antibodies). Together they form sandwich complexes (capture bead + 

analyte + detection reagent), which provide a fluorescent signal in proportion to the 

amount of bound analyte. These complexes can be measured using flow cytometry to 

identify particles with fluorescence characteristics of both the bead and the detector. 

This study used a 96-well format of this assay, which could be analysed using a BD 

Accuri™ C6 Flow Cytometer and FACS Array software. The lower limit of 

detection was ~ 20pg/ml.  

 

2.6. Nitrite release 
Nitrite release was determined using the Griess reaction. The Griess reaction is based 

on the quantitative conversion of sulfanic acid to a diazonium salt by reaction with 

nitrite in acid solution. The diazonium salt is then coupled to N-(1-
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naphthyl)ethylenediamine, forming an azo dye that can be sprectrophotometrically 

quantitate based on its absorbance at 548 nm. On a 96-well plate, in each well 20µl 

of Griess reagent (Life Technologies; containing N-(1-naphthyl)ethylenediamine and 

sulfanic acid, which are added to together immediately before the experiment) is 

added to 80µl sample and incubated for 10 minutes at room temperature. Absorbance 

was read using the Varioskan microplate reader (Thermo Scientific) at 548nm. A 

standard curve was prepared from absorbance levels of known sodium nitrite 

concentration standards, and nitrite concentration of samples was calculated. 

 

2.7. Western Blotting 

2.7.1. Whole cell lysate preparation 
Cells were centrifuged at 300 x g for 5 min at 4˚C. Supernatants were removed and 

cells were then lysed with 80µl lysis buffer (10mM HEPES, 1mM EDTA (Fisher 

Scientific), 1% triton-X-100 (Sigma-Aldrich)) and 4µl protease inhibitors (Sigma-

Aldrich) were added. Samples were then vortexed intensively for 30 seconds and 

incubated on ice for 30min in a 1.5ml Eppendorf (Eppendorf, Stevenage, UK). 

Lysate was cleared by centrifugation at 18,000 x g for 10 min at 4˚C. Resultant 

supernatants were transferred to fresh Eppendorfs and stored at -20˚C.  

 

Protein concentration of the lysates was determined using Bradford dye reagent (Bio-

Rad, Hertfordshire, UK). 10µl lysate dilutions were mixed with 190µl 1 in 5 diluted 

dye in water, incubated for 10 min at room temperature before the absorbance was 

read at 595 nm wavelength using the Varioskan plate reader. Protein concentrations 

for the samples were determined by comparison to a standard curve prepared in 

parallel with the samples from serial dilutions of human IgG standards of known 

concentration (Sigma-Aldrich).  

 

For each sample, 30µg protein was then mixed with NuPAGE LDS sample buffer 

(Life Technologies) containing NuPAGE reducing agent (Life Technologies). 

Samples were denatured for 10 min at 70˚C prior to loading to the gel.  
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2.7.2. Electrophoresis and Western Blotting 
Electrophoretic sample separation and their transfer to nitrocellulose membranes was 

performed using the Life Technologies NuPAGE system and reagents, according to 

manufacturer’s protocol. Denatured samples, prepared as described above, were 

loaded into NuPAGE pre-cast 4-12% Bis-Tris gels. SeeBlue Plus2 pre-stained 

standard (Life Technologies) was used as the molecular weight standard. Protein 

separation was performed in NuPAGE MOPS SDS running buffer at 200V for 

approximately 40 min. Proteins were then transferred onto Hybond-P polyvinylidene 

fluoride transfer membranes (PVDF) in NuPAGE transfer buffer containing 10% 

methanol (VWR, Lutterworth, UK) and anti-oxidant (Life Technologies) at 30V for 

75 min. Blots were blocked for 1hr in PBS containing 0.1% Tween-20 (Sigma-

Aldrich) and 5% milk (instand dried skimmed milk, Tesco, Edinburgh, UK). Blots 

were then incubated with 0.5µg/ml primary antibody, anti-Akt1 Ab (4D6) (Abcam, 

Cambridge, UK) in PBS/0.1% Tween-20/5% milk at 4˚C overnight. Blots were 

washed 6x 5 min with PBS/0.1% Tween-20, before blots were incubated with 

1µg/ml anti-mouse-Ig-horseradish peroxidase (GE Healthcare, Buckinghamshire, 

UK) in PBS/0.1% Tween/5% milk for 1 hour at room temperature. Blots were 

washed 6x 10 min in PBS/0.1% Tween-20, followed by one 30-min wash in PBS. 

Blots were then developed using ECL reagents (GE Healthcare). Chemiluminescence 

was detected on photographic film (GE Healthcare). 

 

To confirm that equal amounts of protein were present on the membrane, membranes 

were washed in stripping buffer (0.87% NaCl (w/v), 0.75% glycine (w/v), pH 2.6) 

for 2 hours. Blots were then washed for 5 min in PBS, before being blocked at room 

temperature (RT) in PBS/0.1% Tween-20/5% milk. Blots were then incubated with 

0.2µg/ml anti-beta actin primary antibody (Sigma-Aldrich, A1978), in PBS/0.1% 

Tween-20/5% milk for 30 min at RT. Blots were washed 6x for 5 min with 

PBS/0.1% Tween-20, before blots were incubated with 0.1µg/ml anti-mouse-Ig-

horseradish peroxidase in PBS/0.1% Tween/5% milk for 30 min at room 

temperature. Blots were washed 6x 10 min in PBS/0.1% Tween-20, followed by one 

30-min wash in PBS. Blots were developed as before. 
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2.8. Limulus amoebocyte lysate (LAL) assay 
Lactoferrin was routinely checked for endotoxin content by the chromogenic LAL 

assay (Lonza) following manufacturer’s protocol. The principle of the assay depends 

on the ability of Gram-negative bacterial endotoxin to catalyse the activation of a 

pro-enzyme in the Limulus Amebocyte Lysate (LAL). The initial rate of activation is 

determined by the concentration of endotoxin present. The activated enzyme 

catalyzes the splitting of pNA from the colourless substrate Ac-Ile-Glu-Ala-Arg-

pNA. Released pNA can be measured photometrically at 405-410nm after the 

reaction is stopped with stop reagent. The correlation between the absorbance and 

the endotoxin concentration is linear in the 0.1-1.0 EU/ml range. The concentration 

of endotoxin in a sample can be calculated from the absorbance values of endotoxin 

standards. Disposable endotoxin-free glass assay tubes were used (Cambrex). 50µl of 

standard or diluted sample was dispensed into assay tubes in a 37˚C waterbath. At 

time 0 (T=0), 50µl of LAL was added to each assay tube and the solutions were 

mixed thoroughly. At T=10 minutes, 100µl of substrate solution was added and 

mixed thoroughly. At T=16 minutes, 100µl of stop reagent (25% v/v glacial acetic 

acid in water) was added and mixed before the absorbance was read at 405 on the 

Varioskan plate reader. Reagents were pipetted in the same order from tube to tube 

to ensure exact timing for each reaction tube in order to determine the proper 

endotoxin concentration. 

 

2.9. Interaction and phagocytosis assay 

2.9.1. Flow cytometry based phagocytosis assay 
The ability of ESDM to phagocytose apoptotic BL2 cells was tested using a method 

based on a published flow cytometric phagocytosis assay (Jersmann et al., 2003). 

BL2 cells were washed twice in serum-free RPMI medium and 20x106 cell were 

stained with 4µl PKH26 Red Fluorescent Cell Linker dye (Sigma-Aldrich), followed 

by a 4-min incubation at 25˚C. The reaction was stopped by addition of 2ml FCS and 

cells were centrifuged and then washed three times in complete RPMI medium. 

PKH26 stained BL2 cells were then washed once more in serum-free RPMI and 

apoptosis was induced by cold-shock as described in section 2.4.2.  
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5x106 detached ESDM at various stages of maturation were stained with 1µl PKH67 

Green Fluorescent Cell Linker dye (Sigma-Aldrich) for 4 min at 25˚C. The reaction 

was stopped by the addition of 500µl FCS and cells were centrifuged and washed 

three times in complete RPMI medium. ESDM were resuspended at 4x106 cells/ml 

in ESDMCult and 500µl was added to each well of a 48-well plate (Nunc A/S, 

Roskilde, Denmark) and incubated overnight.  

 

Before the start of the assay, medium was removed from the ESDM by aspiration 

and cells were washed gently with PBS before 500µl of BL2 cells (2x106 per ml, 

PKH26-stained induced to undergo apoptosis by cold-shock as described above) was 

added. The plate was incubated for 1hr at 37˚C, 5% CO2 to allow phagocytosis to 

proceed. ESDM alone and BL2 cells alone were used as controls. All samples were 

tested in triplicate. After incubation, medium was removed and wells were washed 

gently with PBS. 500µl trypsin/EDTA (PAA Laboratories Ltd) was added to each 

well, followed by a 15-min incubation at 37˚C and a 15 min incubation on ice to 

detach ESDM from the surface. Cells were harvested from each well by vigorous 

pipetting for analysis on the Beckman Coulter Epics-XL-MCL flow cytometer.  

 

2.9.2. Microscopy-based interaction and phagocytosis assay 
The ability of BMDM to interact with and phagocytose apoptotic lymphoma cells 

was tested in a microscopy-based assay. BL2 or λ-MYC cells were induced to 

undergo apoptosis by exposure to UVB irradiation, as described in section 2.4.1, 

followed by a 20-hour culture at 37˚C, 5% CO2. d7 BMDM were prepared on the 

day of the assay. BMDM were harvested from bacteriological plates, resuspended at 

0.2x106 viable cells/ml and 200µl (= 40,000 cells) was added to each well of a pre-

cleaned glass side (Henley-Essex; cleaned by incubating the slides in 100% ethanol 

(VWR) for 30 min, followed by air-drying in the hood for 10-20 min). If BMDM 

were to be pre-cultured with 10U/ml IFN-γ (R&D Systems) and 0.5ng/ml LPS 

(Sigma-Aldrich; (rough strains) from S. enterica serotype Minnesota Re595), this 

was added to the BMDM as they were added to the slides. Slides were placed in 

Square Petri dishes (Sterilin) and incubated for 2-4 hrs (4hrs if pre-treated with IFN-
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γ and LPS or controls) at 37˚C, 5% CO2 to let the cells adhere to the slides. After a 

20 hr incubation of UVB-irradiated cells, BL2 cells were harvested in to a Falcon 

Tube. Slides with BMDM were dipped three times each in two changes of serum-

free to remove media and pre-treatments. Slides were then quickly dried around the 

wells using cotton buds, carefully avoiding touching the wells, and 200µl apoptotic 

cells (containing 400,000 cells) were added to each well or media alone was added 

and the slides were incubated at 37˚C, 5% CO2. When assays were done in the 

presence of lactoferrin, 0.1-50µg/ml human milk-derived lactoferrin (Sigma-Aldrich) 

was added to the apoptotic cells before cells were added to the slides. Slides were 

then incubated for 1 hour at 37˚C, 5% CO2. For interaction assays, after the 1-hour 

co-culture, non-adherent cells were washed off by dipping the slides 5 times in two 

changes of ice-cold PBS, before fixing the slides in 100% methanol for 20 min. For 

phagocytosis assays, non-adherent cells were washed off by dipping the slides 5 

times in each of two changes of serum-free RPMI medium at room temperature, 

before adding 200µl trypsin-EDTA to each well to proteolytically remove apoptotic 

cells bound to the macrophage surface. After incubation in trypsin-EDTA for 5 

minutes, unbound cells were washed off by dipping 5x in two changes of ice-cold 

PBS and slides were fixed in 100% methanol for 20 min and then dried. Cells were 

then stained using standard May-Grünwald-Giemsa protocol.  

 

May-Grünwald-Giemsa protocol: 

A 50x May-Grünwald/Giemsa buffer was prepared by adding 200mM Na2HPO4 

(Fisher Scientific) to 190ml 200mM NaH2PO4 (Fisher Scientific) until the pH was 

5.6. The volume was then adjusted to 1 litre with distilled water. A 1x working 

solution was prepared by dilution of the stock in distilled water, and May-Grünwald 

(Sigma-Aldrich) and Giemsa (Merck Millipore) stains were diluted 1/3 and 1/10 with 

1x buffer, respectively. Slides were then immersed in diluted May-Grünwald stain 

for 4.5 min. Slides were washed by dipping 3x in 1x buffer. Slides were then 

immersed in diluted Giemsa buffer for 9.5 min and washed as before by dipping 3x 

in 1x buffer. A final wash was performed by dipping 3x in distilled water. Slides 

were allowed to dry completely before a coverslip was mounted on using 

Histomount (Fisher Scientific).   
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The number of macrophages interacting with 0, 1, or 2 or more apoptotic cells were 

then counted using an Olympus CX40 microscope, and the percentage of 

macrophages interacting with/phagocytosing apoptotic cells was counted. The 

interaction index was calculated as the product of the percentage of macrophages 

interacting with apoptotic cells and the average number of apoptotic cells interacting 

per interacting macrophage.  

 

2.10. Chemotaxis assay 
Chemotaxis assays were performed using a transfilter migration assay using 

polyvinyl uncoated TranswellTM inserts (5µm pore size, Corning BV Life Sciences, 

Amsterdam, Netherlands) placed in wells of 24-well plates. RPMI 1640 

supplemented with 2mM L-glutamine, 100IU/mL penicillin and 100µg/ml 

streptomycin and 0.1% low-endotoxin BSA (PAA Laboratories Ltd) was used as the 

chemotaxis assay medium. Cell supernatants or chemotactic reagents, including 

fMLF (Sigma-Aldrich), ATP (Sigma-Aldrich), recombinant mouse C5a (R&D 

Systems), and human milk-derived lactoferrin (Sigma-Aldrich), were tested for their 

chemoattractant activity, and 600µl of each was added to the lower well. Cells to be 

tested (2x105 ESDM, BMDM, or THP-1, or 1x105 neutrophils) were added on top of 

the transwell filter (in 100µl) and incubated at 37˚C, 5% CO2 for 1 hour (BMDM and 

neutrophils) or 4 hrs (ESDM and THP-1 cells). After the indicated incubation period, 

non-migrated cells were removed from the upper surface of the transwells using 

cotton buds and the transwells were fixed in 100% methanol for 10min, air-dried, 

and stained with Quick-Diff Blue (Dade) for 20 min. The number of cells that had 

migrated to the lower side of the transwell was determined using an inverted 

microscope (Axiovert 25, Carl Zeiss) and was calculated as the mean number of 

migrated cells per high power field (400x magnification) from 5 random areas. 

Duplicates were run for each experiment. Alternatively, migrated THP-1 cells did 

not stick to the lower well and migrated to the lower chamber. Cells were gently 

resuspended by 10x pipetting, and transferred to a 1.5ml Eppendorf. 2x 100µl was 

counted from each well using the Attune Acoustic Focusing Cytometer (Life 
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Techologies) and the total mean number of migrated cells per well was calculated. 

Duplicates were run for each treatment.  

 

2.11. Flow cytometry 

2.11.1. Extracellular staining 
0.2x106 v. cells were centrifuged at 300 x g, for 5 min at 4˚C to remove supernatants. 

Cells were then incubated in 100µl blocking buffer (PBS + 5% normal goat serum 

(NGS; Biosera) + 10% normal mouse serum (NMS; Biosera)) to block Fc receptors 

for 30min at 4˚C. Primary antibody or isotype was then added at the final 

concentrations indicated in Table 2.1 and incubated for 40 min at 4˚C. Following 

incubation, cells were washed twice with 2ml fluorescence activated cell sorting 

(FACS) buffer (PBS + 5% NGS) by centrifugation at 300 x g for 5 min at 4˚C. If 

incubation with a secondary fluorescence-tagged antibody was necessary, cells were 

incubated in 100µl FACS buffer for 30 min at 4˚C with fluorescence-tagged 

secondary antibody added at the final concentrations indicted in Table 2.1. Cells 

were then washes twice with 2ml FACS buffer by centrifugation at 300 x g for 5 min 

at 4˚C, before being resuspended in 500µl FACS buffer for analysis by flow 

cytometry.  
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 Primary antibody Secondary antibody 
CD206 5µg/ml rat IgG2a anti-mouse CD206 Alexa 

Fluor-488 conjugated (AbD Serotec, 
MCA2235A488T) 

/ 

CD206 
isotype 

5µg/ml Rat IgG2a negative isotype control 
(AbD Serotec, MCA1124) 

/ 

F4/80 2µg/ml rat IgG2a anti-mouse F4/80 Alexa 
Fluor-488 conjugated (Life Technologies, 
MF48020) 

/ 

F4/80 
isotype 

2µg/ml rat IgG2a negative isotype control Alexa 
Fluor-488 conjugated (Invitrogen, R2a20) 

/ 

CD204 1.5µg/ml recombinant human IgG1 anti-CD204-
FITC conjugated (Miltenyi Biotec, REA148) 

/ 

CD204 
isotype  

1.5µg/ml recombinant human IgG1 control-
FITC conjugated (Miltenyi Biotec, REA293) 

/ 

CD11b 0.5µg/ml rat IgG2b anti mouse CD11b Alexa Fluor 
488 conjugated (AbD Serotec, MCA 74A488)  

/ 

CD11b 
isotype 

0.5µg/ml rat IgG2b negative control Alexa 
Fluor 488 conjugated (AbD Serotec, MCA 
1125A488) 

/ 

CD11c 2.5µg/ml Armenian hamster IgG anti-mouse 
CD11c –FITC conjugated (eBioscience, clone 
N418) 

/ 

CD11c 
isotype 

2.5µg/ml Armenian hamster IgG isotype control 
– FITC conjugated (eBioscience, clone 
eBio299Arm)  

/ 

LRP1 1µg/ml mouse IgG1 anti-human LRP1 (AbD 
Serotec, clone A2Mralpha-2) 

4µg/ml goat anti-mouse 
IgG Alexa Fluor 488 
(Life Technologies, 
A11029) 

LRP1 
isotype 

1µg/ml purified mouse IgG1 (Biolegend, clone 
MG1-45) 

4µg/ml goat anti-mouse 
IgG Alexa Fluor 488 
(Life Technologies, 
A11029) 

CD14 36µg/ml mouse anti-human CD14 (61D3, 
produced in our laboratory) 

8µg/ml goat anti-mouse 
IgG Alexa Fluor 488 
(Life Technologies, 
A11029) 

Table 2.1 Antibodies used for extracellular/membrane staining for flow cytometry 
 

2.11.2. Detection of lactoferrin binding 
Fc receptors on 0.2x106 cells were blocked as above. Human milk-derived lactoferrin 

(Sigma-Aldrich) or recombinant human lactoferrin (Sigma-Aldrich), both either 

unconjugated or Alexa Fluor 488-conjugated, was then added at final concentrations 

of 5 or 20µg/ml and incubated for 1 hour at 4˚C (or room temperature as indicated). 
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Excess lactoferrin was washed away by 2 washing steps at 300 x g for 5min with 2ml 

FACS buffer. Cells incubated with Alexa Fluor-488 conjugated lactoferrin were 

resuspended in 500µl FACS buffer and analysed by flow cytometry. For cells 

incubated with unconjugated lactoferrin further incubations with primary and 

secondary antibodies were necessary. 10µg/ml sheep anti-Lf antibody (produced in 

our laboratory by Ben Arnold) was added to the cells in 100µl FACS buffer and 

incubated for 40 min at 4˚C. Following incubation, cells were washed twice with 2ml 

FACS buffer and resuspended in 100µl FACS buffer for incubation with donkey 

anti-sheep Alexa Fluor 488 antibody (Life Technologies, A22015) at a final 

concentration of 8µg/ml. Cells were then washed twice with 2ml FACS buffer, 

before being resuspended in 500µl FACS buffer for analysis by the Attune Acoustic 

Focusing Cytometer and software.  

 

2.11.3. Competition assays 
d7 BMDM (50,000) were centrifuged at 300 x g, for 5 min at 4˚C to remove 

supernatants. Cells were then incubated in 100µl human IgG blocking buffer (PBS + 

0.5% low endotoxin BSA) + 100µg/ml human IgG to block Fc receptors for 50 min 

at 4˚C. Lactoferrin at a final concentration of 2µg/ml and 0.1-100µg/ml anti-MSR1 

antibody (rat anti-mouse CD204 mAb (AbD Serotec, clone 2F8)) or isotype control 

(purified rat (Serotec, clone IR863) were then added simultaneously and the cells were 

incubated for 60 min at 4˚C. Cells were then washed twice with PBS + 0.5% BSA. 

Following washes, cells were resuspended in 100µl hIgG blocking buffer and 

incubated with 10µg/ml sheep anti-Lf antibody for 40 min at 4˚C. Cells were washed 

twice with PBS + 0.5% BSA, resuspended in 100µl hIgG blocking buffer and 

incubated with 8µg/ml donkey anti-sheep Alexa Fluor 488 antibody for 30 min at 

4˚C. Cells were then washed twice with PBS + 0.5% BSA and resuspended in 400µl 

PBS + 5% NGS for analysis by the Attune Acoustic Focusing Cytometer and 

software. 
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2.12. In vitro macrophage-tumour cell co-cultures  

2.12.1. Direct contact co-cultures 
d7 BMDM were washed twice with HBSS, on Petri dishes, and resuspended in 25ml 

standard RPMI medium and incubated for 18 hours at 37˚C, 5% CO2. The next day, 

non-adherent cells were removed, and PBS was added to the dishes. Adherent cells 

were then dislodged using a 19g needle and syringe. Cells were washed once in 50% 

X-VIVO medium (if stained with violet proliferation dye as indicated below) or once 

in serum-free RPMI medium (if unstained) and resuspended at 0.5x106 cells/ml in 

50% X-VIVO medium. 2.5ml of cells was added per round 6mm tissue culture dish 

(Corning; = 1.25x106 BMDM) and supplemented with 2.5ml 50% X-VIVO medium. 

Pre-treatments of 10U/ml IFN-γ and 0.5ng/ml LPS were added at this time. Cells 

were then incubated for 4 hrs at 37˚C, 5% CO2 to let the BMDM adhere to the 

dishes. In the mean time, apoptotic or viable lymphoma cells were prepared. BL2, 

BL2-bcl2 and λ-MYC lymphoma cells were harvested and washed once in PBS 

followed by a wash in serum-free RPMI. Cells were then resuspended at 2.5x106 

cells/ml in 50% X-VIVO. Cells were then transferred to tissue culture flasks (Nunc) 

and either left untreated or subjected to 100mJ UVB irradiation to induce apoptosis, 

as explained in section 2.4.1. Cells were then incubated for 3 hrs (BL2 and BL2-bcl2 

cells) or 2 hrs at 37˚C, 5% CO2. After the 4-hour incubation, BMDM were gently 

washed 3x with cold PBS, before 5ml untreated or UVB-exposed lymphoma cells 

were added (12.5x106 cells) per dish. Dishes were incubated for 24 hrs at 37˚C, 5% 

CO2. After 24 hours, supernatants were collected from the plates. Supernatants were 

cleared from cells by a 5 min 300 x g spin, and from cell debris by a 1200 x g spin 

for 10 min, both at 4˚C. Supernatants were collected into Eppendorf tubes and stored 

at -80˚C until analysed for cytokine or nitrite content. Lymphoma cells were washed 

away from the dishes by 3 washes with ice-cold PBS and BMDM were lysed against 

the dish for RNA extraction as detailed in section 2.15.2. 

 

For BMDM co-cultures in which the BMDM would later be analysed by flow 

cytometry, BMDM were stained with the fluorescent CellTrace Violet Cell 

Proliferation dye (Life Technologies) according to manufacturer’s protocol, prior to 

adding the cells to the tissue culture dishes. Pre-treatments and co-cultures were then 
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performed as explained above. At the end of the assay, lymphoma cells were washed 

away by 3 washes with ice-cold PBS, and BMDM were then harvested for flow 

cytometry using detachment buffer (as explained in section 2.3). 

 

2.12.2. Contact-free co-cultures 
Contact-free co-cultures were set up similar as direct contact co-cultures. In short, 

1.25x106 BMDM were added to wells of 6-well plates, and incubated for 4 hrs in the 

presence or absence of IFN-γ and LPS. In the mean time, BL2 and BL2-bcl2 cells 

were washed, resuspended at 4x106 cells/ml, and subjected to 100mJ UVB or left 

untreated. After a 4-hour incubation, BMDM were gently washed 3x with cold PBS, 

before 1.9ml 50% X-VIVO medium was added to each well. 0.4µm pore size 

Millipore Cell Culture plate inserts 30mm (Sigma-Aldrich) were then added to some 

wells, and 3.1ml lymphoma cells (containing 12.5x106 cells/ml) were added on top 

of the transwell inserts or added directly to the media (for controls). Following 24-

hour co-culture, supernatants were collected from transwells and dishes and cleared 

as explained above. BMDM were washed 3x with ice-cold PBS as before and lysed 

against the plates for RNA extraction.  

 

2.13. Lactoferrin treatment of BMDM and neutrophils 

2.13.1. Lactoferrin treatment of BMDM 
BMDM were prepared as described in section 2.12.1 and 1x106 BMDM were 

incubated per well on a 6-well plate in serum-free RPMI supplemented with 1% X-

VIVO 20 medium (1% X-VIVO medium). BMDM were incubated for 3hrs before 0-

100µg/ml human lactoferrin (AbD Serotec, PHP239) was added and the BMDM 

were incubated a further 16 hrs at 37˚C, 5% CO2. At the end of the assay, BMDM 

were gently washed 3x with ice-cold PBS before the cells were lysed against the 

plate for RNA extraction as explained in section 2.15.2.  
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2.13.2. Lactoferrin treatment of neutrophils 
Neutrophils were isolated from peripheral blood as described in section 2.1.1.2, and 

resuspended at 2x106 v. cells/ml in serum-free RPMI containing 0.1% BSA (low 

endotoxin). 200nM fMLF (Sigma-Aldrich) and/or 10µg/ml human milk-derived 

lactoferrin (Sigma-Aldrich) or 10µg/ml human transferrin (Sigma-Aldrich) was then 

added simultaneously and incubated for 2 hours at 37˚C, 5% CO2. Lysates were 

prepared and analysed for AKT1 by Western Blotting as described in section 2.7. 

 

2.14. Cytotoxicity assays 

2.14.1. Violet Ratiometric Membrane Asymmetry Probe-based 
cytotoxicity assay 

d7 BMDM were washed twice with HBSS on Petri dishes and resuspended in 25ml 

complete RPMI medium and incubated overnight at 37˚C, 5% CO2. 18 Hours later, 

non-adherent cells were removed, and PBS was added to the dishes. Adherent cells 

were then dislodged using a 19g needle and syringe. Cells were stained with PKH67 

Green Fluorescent Cell Linker dye according as explained in section 2.9.1 and 

washed twice in 50% X-VIVO medium and resuspended at 0.4x106 cells/ml. Pre-

treatments of 10U/ml IFN-γ and 0.5ng/ml LPS were added at this time. 500µl cells 

were then added per well on 24-well tissue culture plates (Nunc) (= 0.2x106 cells) 

and incubated for 4 hrs at 37˚C, 4% CO2. In the mean time, apoptotic or viable 

lymphoma cells for pre-treatments were prepared. BL2, BL2-bcl2 and λ-MYC 

lymphoma cells were harvested and washed once in PBS followed by a wash in 

serum-free RPMI. Cells were then resuspended at 4x106 cells/ml in 50% X-VIVO 

medium. Cells were transferred to tissue culture flasks (Nunc) and either left 

untreated or were subjected to 100mJ UVB irradiation to induce apoptosis (see 

section 2.4.1). Lymphoma cells were then incubated for 3 hrs (BL2 and BL2-bcl2 

cells) or 2 hrs (λ-MYC cells) at 37˚C, 5% CO2. After a 4-hour incubation of BMDM, 

500µl lymphoma cells (= 2x106 cells) or media was added to the macrophages. 

Plates were incubated for 24 hours at 37˚C, 5% CO2.  

The next day, new (target) BL2 lymphoma cells were taken from fresh cultures and 

washed with PBS before being stained with PKH26 Red Fluorescent Cell Membrane 
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dye, using 3x the recommended concentration by the manufacturer and washed in 

FBS and complete RPMI 1640 medium, followed by 2 washes in 50% X-VIVO 

medium and resuspended at 0.4x106 cells/ml in 1% X-VIVO medium. After 24 hours 

co-culture with viable and apoptotic lymphoma cells, BMDM were gently washed 3x 

with warm PBS to remove non-adherent lymphoma cells. 500µl of PKH-26 labelled 

BL2 cells (= 200,000 cells) were then added to the BMDM and co-cultured for 20h 

at 37˚C, 5% CO2. After a 20-hour co-culture with target BL2 cells, all cells were 

dislodged from the plates by repeated pipetting. 200µl cells from each well was 

transferred to Eppendorfs, and 0.2µl of F2N12S, and 0.2µl of SYTOX AADvanced 

dead cell stain from the Violet Ratiometric Membrane Asymmetry Probe/Dead Cell 

Apoptosis kit (Life Technologies) were added approximately one minute before 

analysis by the Attune Acoustic Focusing Cytometer and software.  

 

2.14.2. Chromium-51 release cytotoxicity assay 
BMDM were prepared and plated at 400,000 cells/well and pre-treated with or 

without IFN-γ and LPS as described for the Violet Ratiometric Membrane 

Asymmetry Probe-based cytotoxicity assay described above, but BMDM were not 

stained with PKH67 dye. Following 4-hour pre-treatment with or without 10U/ml 

IFN-γ and 0.5ng/ml LPS, 500µl X-VIVO 20 medium was added and the 

macrophages were incubated for a further 24 hours at 37˚C, 5% CO2. The next day, 

fresh (target) BL2 lymphoma cells were taken from culture and washed with PBS 

and 3x106 BL2 cells were resuspended in 1ml 50% X-Vivo/50% RPMI containing 

250µCi Cr51 (PerkinElmer Inc, Beaconsfield, UK) and incubated for 1 hour at 37˚C. 

Cells were washed twice in 50% X-vivo/50% RPMI and resuspended in 10ml 50% 

X-VIVO and cultured for 1 hour at 37˚C to allow diffusion of loosely bound Cr51. 

Cells were washed a further 3x in 50% X-VIVO medium. BMDM were then gently 

washed 3x with PBS and Cr51-labelled target cells were added to the BMDM at the 

following effector:target cell ratios: 100:1, 50:1, 20:1, 10:1, at a final volume of 

500µl/well in 1% X-VIVO medium. Effector and target cells were co-cultured for 4, 

8, or 24 hours. Effector cells without target cells (to measure background), and target 

cells without effector cells (to measure spontaneous release of Cr51) were included 

for each time point. 100% lysis controls were prepared by adding 9 volumes of water 
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to labelled targets and incubating for 4 hours. After the indicated incubation time, 

250µl of supernatant was collected from each well using a Gilson pipette and 

transferred to sealed tube for gamma counting using the 1470 WIZARD gamma 

counter (Wallac, PerkinElmer).   

 

2.15. RNA extraction, evaluation and reverse transcription 

2.15.1. Isolation of total RNA from frozen tissue 
Tissue was placed in 600µl RLT buffer containing 10% β-mercaptoethanol (RNeasy 

Qiagen kit). 2.8mm ceramic (zirconium oxide) beads were then added and the tissue 

lysed and homogenized using Precellys 24 equipment (Bertin Technologies, Izasa, 

Spain) at 5000 x g for one 20-second cycle. Lysed tissue was transferred to RNase-

free microtubes (Eppendorf) and 700µl 70% ethanol was then added and RNA 

extracted using the RNeasy Qiagen kit as explained below.  

 

2.15.2. Isolation of total RNA from cultured cells 
BMDM were lysed directly on the tissue culture wells by adding 350µl RLT buffer 

(RNeasy mini kit, Qiagen) containing 10% β-mercaptoethanol and cell lysates were 

collected into 1.5ml ml RNase-free microtubes. In the case of non-adherent 

lymphoma cells, 5x106 cells were first pelleted by centrifugation at 300 x g for 5 

min. Supernatants were discarded, and cells resuspended in 350µl RLT buffer 

containing 10% β-mercaptoethanol (Sigma-Aldrich). RLT lysis buffer is a highly 

denaturing guanidine-thiocyanate-containing buffer, which inactivates RNases to 

ensure purification of intact RNA.  

 

Samples were vortexed for 3 minutes to ensure homogenization of lysates. 350µl 

70% ethanol was then added to provide binding conditions. Samples were then 

transferred to RNeasy Mini spin columns and RNA was extracted following the 

manufacturer’s protocol. This involves various washing steps to wash away 

contaminants effectively before purified RNA was extracted by elution with RNase-

free water. Quantity and quality of RNA was assessed using the NanoDrop 1000 
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spectrophotometer (Thermo Scientific). Samples were then DNase treated using 

Amplification Grade DNase 1 (Sigma-Aldrich) and stored at -80˚C.   

 

2.15.3. cDNA synthesis by reverse transcription 
200ng of total RNA was reverse transcribed into cDNA using SuperScript™ III 

First-Strand Synthesis Supermix for qRT-PCR (Life Technologies). 200ng of RNA 

was mixed with 10µl 2x RT Reaction mix, 2µl RT Enzyme mix, and RNase-free 

water up to 20µl. Reactions were then incubated for 10 minutes at 25˚C, followed by 

30 minutes at 50˚C, and reactions were terminated by incubation at 85˚C for 5 

minutes, before they were chilled on ice. 1 µl of E. coli RNase H was then added and 

incubated at 37˚C for 20 minutes to inactivate RNases, and cDNA was stored at -

20˚C until use.  

 

2.16. Real-time quantitative PCR (qPCR) 
Real-time qPCR was performed in an ABI 7500 FAST qPCR system using SYBR 

Green I Dye chemistry (Life Technologies) and gene specific primers. Primer 

sequences were obtained from Primer Bank 

(http://pga.mgh.harvard.edu/primerbank/) and qPrimerDepot 

(http://mouseprimerdepot.nci.nih.gov/) online databases. Primers were ordered from 

Eurofins MWG Operon (Ebersberg, Germany). Because SYBR Green dye can bind 

to any double-stranded DNA product, including non-specific primer-dimer products, 

all primers were first validated and routinely assessed for production of a single 

product by including the dissociation stage at the end of the qPCR program (see 

Table 2.2 for details of the qPCR program).  
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Step Activity Temperature (˚C) Duration 

1 Enzyme activation 95 20 seconds 

2 Denaturation 95 3 seconds 

3 Annealing/Extension 60 30 seconds 

4 Repeat steps 2-3 (39x)  - - 

5 Dissociation step increasing - 

Table 2.2 Real-time qPCR fast programme settings for ABI 7500 Fast instrument (Applied 
Biosystems). 
 

Reactions were set up in white 96-well optical Thermo-Fast qPCR plates (Fisher 

Scientific). 80-100ng of cDNA (depending on the assay) was added to 6µl of FAST 

SYBR Green master mix (Life Technologies), 1µl forward primer (2.5µM), 1µl 

reverse primer (2.5µM), and RNase-free water up to 12µl. No RT (reverse 

transcription) and no template controls were routinely included in runs to assess any 

genomic DNA or non-specific amplification. Samples and controls were set up in 

duplicate wells.  

 

Relative mRNA expression for genes of interest was assessed by comparison to a 

calibrator sample, following normalization to the reference genes α-tubulin 

(Tuba1b), heat shock protein 90 (Hsp90), hypoxanthine guanine phosphoribosyl 

transferase Hprt, and beta-2 microglobulin (B2m) using the ΔΔCT method 

(described in Applied Biosystems User Bulletin No. 2 (P/N 4303859) and (Livak and 

Schmittgen, 2001) in Excel. Appropriateness of reference genes was tested using 

NormFinder (version 20) (Andersen et al., 2004). The relative quantitation data are 

presented in graphs showing log2 expression ratio relative to control samples with 

error bars corresponding to the standard error of the mean (SEM).  

 

Optimisation of qPCR amplification efficiency 

Additionally, qPCR efficiency for each primer set was determined by generating 

standard curves on cDNA synthesised from RNA pooled from mixed murine tissue 

(extracted as described in section 2.6.1). qPCR reactions were carried out with serial 

dilutions of cDNA template on the ABI 7500FAST qPCR system. Standard curves 

and primer dissociation curves were drawn by ABI SDS 1.4 software. Amplification 
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efficiency for each primer set was determined from the slope of the standard curve as 

well as the coefficient of determination (R2). Only primer sets with amplification 

efficiencies of 90-110% (-3.1 and -3.6) and R2>0.97 were used. Table 2.3 shows the 

slope and R2 values for all primers that were used, along with information on primer 

sequences and Genbank accession number.  

!

Gene Genbank 
accession Primer sequence (5’ ➞  3’) Amplicon 

size (bp) Slope R2 

Abca1 NM_013454 F: AAAACCGCAGACATCCTTCAG 
R: CATACCGAAACTCGTTCACCC 

124 -3.26 0.97 

Anpep NM_008486 F: ATGGAAGGAGGCGTCAAGAAA 
R: CGGATAGGGCTTGGACTCTTT 

180 -3.34 0.98 

Arg1 NM_007482 F: CTCCAAGCCAAAGTCCTTAGAG 
R: AGGAGCTGTCATTAGGGACATC 

185 -3.26 0.98 

Axl NM_009465 F: ATGGCCGACATTGCCAGTG 
R: CGGTAGTAATCCCCGTTGTAGA  

155 -3.36 0.98 

B2m NM_009735 F: ACCCGCCTCACATTGAAATCC 
R: GGCGTATGTATCAGTCTCAGTG 

146 -3.43 0.99 

CCL2 NM_011333 F: TTAAAAACCTGGATCGGAACCAA 
R: GCATTAGCTTCAGATTTACGGGT  

121 -3.27 0.99 

Cd36 NM_007643 F: AGATGACGTGGCAAAGAACAG 
R: CCTTGGCTAGATAACGAACTCTG 

83 -3.35 0.99 

Cd68 NM_009853 F: CCTCGCCTAGTCCAAGGTC 
R: GGATTCGGATTTGAATTTGGGCT 

102 -3.44 0.99 

Cd93 NM_010740 F: ATCTCAACTGGTTTGTTCCTGC 
R: ACTCTTCACGGTGGCAAGATT 

186 -3.55 0.99 

Csf1r NM_001037
859 

F: GGACCTACCGTTGTACCGAG 
R: CAAGAGTGGGCCGGATCTTT 

85 -3.34 0.99 

Ctsb NM_007798 F: TCCTTGATCCTTCTTTCTTGCC 
R: ACAGTGCCACACAGCTTCTTC 

176 -3.50 0.99 

Ctsd NM_009983 F: GCTTCCGGTCTTTGACAACCT 
R: CACCAAGCATTAGTTCTCCTCC 

113 -3.53 0.99 

Ctsl NM_009984 F: ATCAAACCTTTAGTGCAGAGTGG 
R: CTGTATTCCCCGTTGTGTAGC 

136 -3.38 0.99 

Ctss NM_021281 F: CCATTGGGATCTCTGGAAGAAAA 
R: TCATGCCCACTTGGTAGGTAT 

155 -3.35 0.97 

Emp1 NM_010128 F: TTGGTGCTACTGGCTGGTCT 
R: CATTGCCGTAGGACAGGGAG 

169 -3.58 0.99 

Emr1 NM_010130 F: TGACTCACCTTGTGGTCCTAA 
R: CTTCCCAGAATCCAGTCTTTCC 

111 -3.38 0.99 

Fn1 NM_010233 F: TTCAAGTGTGATCCCCATGAAG 
R: CAGGTCTACGGCAGTTGTCA 

154 -3.49 0.99 

Gas6 NM_019521 F: TGCTGGCTTCCGAGTCTTC 
R: CGGGGTCGTTCTCGAACAC 

186 -3.40 0.96 

Gpnmb NM_053110 F: TGCCAAGCGATTTCGTGATGT 
R: GCCACGTAATTGGTTGTGCTC 

76 -3.11 0.99 

Hmox1 NM_010442 F: AAGCCGAGAATGCTGAGTTCA 
R: GCCGTGTAGATATGGTACAAGGA 

100 -3.148 0.98 

Hprt NM_013556 F: TCAGTCAACGGGGACATAAA 
R: GGGGCTGTACTGCTTAACCAG 

141 -3.56 0.99 

Hsp90ab
1 

NM_008302 F: GTCCGCCGTGTGTTCATCAT 
R: GCACTTCTTGACGATGTTCTTGC 

168 -3.55 0.99 
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Gene Genbank 
accession Primer sequence (5’ ➞  3’) Amplicon 

size (bp) Slope R2 

Igf1 NM_010512 F: GCAACACTCATCCACAATGC 
R: AGCTGGACCAGAGACCCTTT 

148 -3.53 0.99 

Il12a NM_008351 F: CAATCACGCTACCTCCTCTTTT 
R: CAGCAGTGCAGGAATAATGTTTC 

181 -3.11 0.99 

Il6 NM_031168 F: TAGTCCTTCCTACCCCAATTTCC 
R: TTGGTCCTTAGCCACTCCTTC 

76 -3.25 0.99 

Lamp2 NM_010685 F: TGGCTCAGCTTTCAACATTTCC 
R: TGCCAATTAGGTAAGCAATCACT 

278 -3.56 0.98 

Lgals3 NM_010705 F: GTACAGCTAGCGGAGCGG 
R: CGGATATCCTTGAGGGTTTG 

110 -3.18 0.99 

Lrp1 NM_008512 F: ACTATGGATGCCCCTAAAACTTG 
R: GCAATCTCTTTCACCGTCACA 

102 -3.28 0.98 

Mertk NM_008587 F: CTCCTGAGCCCGTCAATATCT 
R: AGACCAGGTACGGTTAGGACA 

94 -3.10 0.99 

Mmp12 NM_008605 F: TTTGGATTATTGGAATGCTGC 
R: ATGAGGCAGAAACGTGGACT 

106 -3.488 0.98 

Mmp2 NM_008610 F: CAAGTTCCCCGGCGATGTC 
R: TTCTGGTCAAGGTCACCTGTC 

171 -3.51 0.99 

Mmp3 NM_010809 F: TCTGGGCTATACGAGGGCAC 
R: ACCCTTGAGTCAACACCTGGA 

232 -3.19 0.96 

Mrc1 NM_008625 F: CTCTGTTCAGCTATTGGACGC 
R: CGGAATTTCTGGGATTCAGCTTC 

132 -3.599 0.98 

Msr1 NM_031195 F: TTCAAACTCAAAAGCCGACCT 
R: GTTGCCATGCTGAAATTCTGG 

60 -3.29 0.98 

Nos2 NM_010927 F: ACATCGACCCGTCCACAGTAT 
R: CAGAGGGGTAGGCTTGTCTC 

177 -3.85 0.99 

Pdgfc NM_019971 F: ACATTTGATGAGAGATTTGGGCT 
R: CAGCGTCCTAAAACACTTCCAT 

104 -3.2 0.99 

Plau NM_008873 F: GCGCCTTGGTGGTGAAAAAC 
R: TTGTAGGACACGCATACACCT 

100 -3.35 0.99 

Pparg NM_011446 F: GGAAGACCACTCGCATTCCTT 
R: GTAATCAGCAACCATTGGGTCA 

121 -3.33 0.99 

Psap NM_011179 F: CCTGTCCAAGACCCGAAGAC 
R: CAAGGAAGGGATTTCGCTGTG 

137 -3.40 0.99 

Timp2 NM_011594 F: TCAGAGCCAAAGCAGTGAGC 
R: GCCGTGTAGATAAACTCGATGTC 

142 -3.34 0.99 

Tnf NM_013693 F: CAGGCGGTGCCTATGTCTC 
R: CGATCACCCCGAAGTTCAGTAG 

89 -3.19 0.99 

Trem2 NM_031254 F: CTGGAACCGTCACCATCACTC 
R: CGAAACTCGATGACTCCTCGG 

183 -3.45 0.99 

Tuba1b NM_011654 F: AGTAGAGCTCCCAGCAGGC 
R: TCTCACCCTCGCCTTCTAAC 

104 -3.38 0.99 

Table 2.3 – Sequences and amplification efficiency of mouse primers used in real-time 
qPCR. 
Gene symbols, Genbank IDs, forward (F) and reverse (R) oligonucleotide sequences and 
amplicon size in base pairs (bp) are shown. Amplification efficiency is presented in terms of 
standard curve slope and R2 values.  
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2.17. Bovine lactoferrin removal from medium 

2.17.1. Preparation of anti-bovine lactoferrin-coupled nanoparticles 
First anti-bovine lactoferrin antibody (clone 2G10, produced in our laboratory) was 

covalently bound to magnetic nanomag®-D particles (250nm diameter; Micromod, 

Rostock, Germany) using carbodiimide chemistry. 1ml of nanomag®-D particles in a 

1.5ml microtube were placed on a magnet for 5 minutes. Supernatant was aspirated 

and the nanomag®-D particles were resuspended in 900µl 0.1M 2-(4-

morpholino)ethanesulphonic acid (MES) buffer (Sigma). A 1M MES buffer stock 

was prepared by mixing with 0.5M Na2CO3 to get pH 6.3. 100µl of 1mg/ml 1-ehtyl-

3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and 2mg/ml N-

hydroxysuccinimide (NHS) dissolved in N,N-Dimethylformamide (DMF) was then 

added to the nanomag®-D particles to activate them. The microtube containing the 

particles was mixed end-over-end on a Dynal sample mixer for 1 hour at RT. Two 

washes were then performed as follows. The microtube was placed on the magnet for 

5 minutes. Supernatant was aspirated off and the nanomag®-D particle resuspended 

in 1ml 0.1M MES. After two washes in this way, the microtube was placed back on 

the magnet for 5 minutes and supernatant removed. 1ml of 1mg/ml anti-bovine 

lactoferrin in PBS was then added to and mixed with the nanomag®-D particles on 

the Dynal sample mixer for 3 hours at RT. After 3 hours, the reaction was quenched 

by adding 111µl 25mM glycine, and mixed for a further 30 minutes. nanomag®-D 

particles were then washed twice with PBS  on the magnet as described earlier. Anti-

bovine lactoferrin-coupled nanoparticles were then resuspended in 1mL PBS and 

stored at 4˚C until used.  

 

2.17.2. Removal of bovine lactoferrin from FBS 
Bovine lactoferrin was then removed from FBS in sequential separation steps as 

follows. 2G10-coupled nanoparticles were vortexed for 30 seconds. 100µl 

nanoparticles were transferred to each microtube and washed once in 1ml PBS on the 

magnet. Suspension was removed and FBS diluted 1:1 in RPMI 1640 was added and 

mixed with the anti-bovine lactoferrin-coupled nanomag®-D particles. It was 

incubated and mixed for 40 min at RT on the Dynal sample mixer. Tubes were then 
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placed on the EasySep magnet for 5 minutes. Suspension was removed and 

transferred to microtubes containing new beads and incubated again for 40 min. This 

was repeated once more (total of 3 incubations with nanoparticles). After 3 

incubations with the anti-bovine lactoferrin-coupled nanomag®-D particles, the 

suspension was transferred to 1.5ml Eppendorfs and the diluted FBS, from which 

bovine lactoferrin was removed was stored at 4˚C. Success of lactoferrin removal 

was measured by sandwich ELISA as detailed below.  

 

2.18. Sandwich ELISA for bovine lactoferrin detection: 
Wells of a 96-well plate were coated with 50µl 1µg/ml capture antibody (sheep anti-

bovine lactoferrin (Bethyl, Montgomery, TX, USA, A10-126A) in coating buffer 

(0.05M carbonate/bicarbonate pH 9.6). The plate was sealed and incubated overnight 

at 4˚C. The next day, wells were emptied and blocked with PBS containing 5% 

normal goat serum (PBS:NGS) for 1 hour. Wells were blotted dry and washed 3 

times with PBS containing 0.05% Tween-20 (PBS-T). 50µl bovine lactoferrin 

(Sigma-Aldrich) standards of 2000ng/ml - 1.95ng/ml and samples to be tested were 

then added to each well and incubated for 1 hour at 37˚C. Wells were washed 3x 

with PBS-T and 50µl 2µg/ml mouse anti-bovine lactoferrin (clone 2G10) was added 

and incubated for 1 hour at 37˚C. Wells were then washed 3 times with PBS-T and 

50µl HRP-conjugated goat anti-mouse IgG detection antibody (Sigma-Aldrich, 

A3673)  and incubated for 1 hour at 37˚C. Wells were washed 3x with PBS-T and 

100µl OPD substrate (SIGMAFast OPD-HCL tablets; Sigma-Aldrich) were added to 

each well and incubated for 10-30 min at RT. The reaction was stopped by adding 

50µl HCL per well and OD was read at 492nm on the Varioskan plate reader.  

 

2.19. Bioinformatics analysis 
Monocyte, macrophage, and dendritic cell expression datasets were searched on the 

National Center for Biotechnology Information’s (NCBI) Gene Expression Omnibus 

(GEO; http://www.ncbi.nlm.nih.gov/geo/), a public functional genomics data 

repository. Datasets were selected based on the following criteria: 1, chip platform 

(Affymetrix Mouse Gene 1.0 ST Array), 2, cell type studied; 3, availability of raw 
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data (.cel) files, and 4, availability of at least 2 replicates of each cell type within 

each study. An annotated list including all the samples was made, and information 

regarding the study and cell type for each sample was entered to make the 

interpretation of the data easier. The raw data files (.cel) were downloaded for each 

selected study and the quality and compatibility of the raw data was assessed using 

the arrayQualityMetrics package in Bioconductor (http://www.bioconductor.org). 

The data were scored on the basis of 7 metrics. Any array suggested to be an outlier 

on more than one metric was removed from the dataset. Furthermore, datasets that 

comprised extra time points, treatments or knock-outs were removed to simplify the 

dataset. Each remaining dataset was then normalized independently, using the robust 

multi-array average (RMA) expression measure (Irizarry et al., 2003), and any 

outlier datasets were removed. The final macrophage dataset contained all the 

samples that had passed the quality and compatibility assessments. Probesets of the 

microarrays were annotated using the latest annotation available from Bioconductor 

(March 2014) to link the AffyIDs to better understandable gene names. Using a 

Pearson threshold cut off of r=0.80, a network graph was generated of the data using 

BioLayout Express3D. Using the Markov Cluster (MCL) Algorithm, the graph was 

then clustered non-subjectively into clusters of genes that share similarities in their 

expression, with the MCL inflation value set to 2.2. Alternatively, the graph was 

clustered by dataset. For the largest clusters and other clusters of interest, the gene 

transcripts were analysed for functions using the Functional Annotation Clustering 

tool on the Database for Annotation, Visualization, and Integrated Discovery 

(DAVID; http://david.abcc.ncifcrf.gov/) (Huang et al., 2009a; b). Additionally, 

individual genes were analysed using BioGPS, a gene annotation portal 

(www.biogps.com).  

 

2.20. Statistical analysis 
Results from experiments are presented as means ± standard error of the mean 

(SEM), unless otherwise indicated. Data analysis and statistical analysis was 

performed using GraphPad Prism version 6 (GraphPad, La Jolla, USA). Data was 

statistically analysed using a paired or unpaired t-test, one-way ANOVA followed by 
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Dunnett’s post test, or two-way ANOVA followed by Tukey’s post test. P values of 

0.05 or less were considered statistically significant.  
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Chapter 3 Exploration of the role 
of lactoferrin in shaping starry-
sky TAM activation signature  

 

3.1 Introduction 
Lactoferrin is an 80 kDa iron-binding glycoprotein found in exocrine secretions and 

secondary granules of neutrophils. Its numerous functions include antimicrobial, 

anti-inflammatory and trophic activities (García-Montoya et al., 2012; Vogel, 2012). 

Furthermore, lactoferrin has been identified to be released from apoptotic cells, 

including apoptotic Burkitt’s lymphoma cells, and it was shown to specifically 

inhibit chemotaxis of neutrophils and eosinophils, but not mononuclear phagocytes, 

both in vitro and in vivo (Bournazou et al., 2009; 2010). Moreover, recombinant 

human lactoferrin was reported to have the ability to attract monocytes (la Rosa et 

al., 2008).  

 

Various chemoattractants released from apoptotic cells have been shown not only to 

be capable of recruiting macrophages, but to also prepare them for apoptotic cell 

clearance. Indeed, ATP released by apoptotic cells increases binding of apoptotic 

cells to macrophages (Marques-Da-Silva et al., 2011) and fractalkine was found to 

cause the expression of milk fat globule epidermal growth factor (MFG-E8) on 

macrophages, which leads to enhanced apoptotic cell clearance (Miksa et al., 2007). 

Additionally, find-me signals may also influence non-immunogenic responses to 

apoptotic cells. Fractalkine has been shown to stimulate growth-promoting and 

survival effects (Boehme et al., 2000; White et al., 2010), and S1P can enhance 

secretion of IL-10 and PGE2 by tumour macrophages (Weigert et al., 2007; Johann 

et al., 2008). 

 

Apart from regulating chemotaxis of phagocytes, lactoferrin has also been shown to 

affect clearance and immunogenic responses of macrophages. Opsonisation of S. 

aureus and parasites by lactoferrin can enhance their phagocytosis by mammary 
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gland secretory cells (Kai et al., 2002) and macrophages (Lima and Kierszenbaum, 

1985), respectively. In addition, lactoferrin can down-regulate LPS-induced cytokine 

production in human monocyte cell lines, including down-regulation of TNFα, IL-

1β, IL-6, and IL-8 (Håversen et al., 2002).  

 

Because of its multifaceted functions, it was hypothesised that lactoferrin released 

from apoptotic lymphoma cells can promote lymphomagenesis through the 

recruitment and activation of mononuclear phagocytes that are anti-inflammatory, 

immunosuppressive, and promote tumour growth and tissue remodelling. 

 

The study presented in this chapter first tests the ability of lactoferrin to attract 

human and murine monocytes in a modified Boyden chamber assay. It then goes on 

to investigate the binding of lactoferrin to various monocytes and macrophages, and 

to see if lactoferrin affects binding of apoptotic cells to macrophages. Because of the 

presence of lactoferrin in serum, the effect of bovine lactoferrin in serum on 

macrophage function is investigated, before the effect of lactoferrin on macrophage 

function is tested. Gene expression of selected starry-sky TAM transcripts (Table 1.1 

and Table 1.2) is analysed in the presence and absence of lactoferrin by qPCR. 

Finally, the ability of lactoferrin to inhibit macrophage-mediated cytotoxicity is 

tested. The chapter concludes with a study to investigate whether Akt1 is involved in 

lactoferrin-induced inhibition of neutrophil migration.  

 

3.2 Results 

3.2.1 Lactoferrin is not a chemoattractant for monocytes 
The ability of lactoferrin to attract monocytes and macrophages was tested in a 

modified Boyden chamber assay. Chemoattractants were added to the lower chamber 

and 4-day matured bone marrow-derived macrophages (BMDM) from BALB/c mice 

were placed on top of the membrane. The BMDM were then allowed to migrate to 

the lower side of the membrane for 1 hour at 37˚C. At the end of the assay the inner 

side of the membranes was cleaned, followed by fixation with methanol and staining 

of the membranes with Quick-Diff Blue. The number of migrated cells per high 
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power field (HPF) was counted for 10 random areas from duplicate membranes. The 

results are presented in Figure 3.1a. Large numbers of BMDM were found to migrate 

to the control chemoattractant recombinant mouse C5a (rmC5a), but no BMDM 

migration was observed to any of the concentrations of human milk-derived 

lactoferrin.  

 

To validate these results with human cells, the human monocyte-like cell line THP-1 

was employed. THP-1 cells were placed on top of the membranes and allowed to 

migrate to the chemoattractant in the lower membrane for 4 hours at 37˚C. Migration 

was measured by counting the THP-1 cells that had migrated to the lower well at the 

end of the assay using a flow cytometer. The results are shown in Figure 3.1b. 

Similar to BMDM, large numbers of THP-1 cells appeared to migrate towards the 

control chemoattractant ATP, but no migration was observed to lactoferrin. 

Together, these results suggest that lactoferrin is not a chemoattractant for 

monocytes. 
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a 

 
b 

 
 
Figure 3.1 – Monocytes do not migrate to lactoferrin. 
Migratory responses of monocytes to 0-100µg/ml human milk-derived lactoferrin were 
measured in a modified Boyden chamber assay. (a) 4-day matured BMDM were allowed to 
migrate to human milk-derived lactoferrin or 10ng/ml rmC5a (positive control). Data are 
means + SEM for the number of migrated cells per high power field (HPF) for 10 random 
areas (n=4). (b) THP-1 cells were allowed to migrate to human milk-derived lactoferrin or 
0.9µM ATP (positive control). Data are means + SEM for the number of cells migrated to 
the lower chamber (n=2). 
 

3.2.2 Lactoferrin binds to macrophages 
Having shown that lactoferrin does not appear to play a role in the attraction of 

mononuclear phagocytes to apoptotic cells, the focus of the research was then turned 

to the second aim of determining whether lactoferrin is involved in regulating 

macrophage activation in starry-sky non-Hodgkin lymphomas. First, the ability of 

lactoferrin to bind to monocytes and macrophages was tested. Lactoferrin was added 

to the human monocyte-like cell line MonoMac6 (MM6) and incubated for 1 hour at 
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4˚C. Bound lactoferrin was detected on a flow cytometer following consecutive 

staining with a sheep anti-lactoferrin antibody and an AlexaFluor® 488 conjugated 

anti-sheep secondary antibody and compared to BMDM that had not been incubated 

with lactoferrin. Figure 3.2a shows the flow cytometry plot. A small shift in 

fluorescence detection was observed when MM6 cells were incubated with 

lactoferrin suggesting that lactoferrin was binding to the cells. Binding of lactoferrin 

using this method was also repeated with primary BMDM, as shown in Figure 3.2b. 

The shift in fluorescence detection for BMDM incubated with lactoferrin compared 

to those incubated without this glycoprotein was even stronger, confirming that 

lactoferrin could indeed bind to macrophages.   

 

To improve the process of detection, for further studies investigating lactoferrin 

binding to macrophages, Alexa Fluor® 488-conjugated human milk-derived 

lactoferrin and human recombinant lactoferrin were used. Binding of lactoferrin to 

human monocyte-derived macrophages (HMDM) was confirmed in this way (Figure 

3.2c).  

 

Binding of lactoferrin to MM6 cells was repeated with Alexa Fluor® 488-conjugated 

recombinant human lactoferrin too and this confirmed lactoferrin interaction with 

BMDM as shown in Figure 3.2d. When more lactoferrin was incubated with MM6 

cells for 3 hours at room temperature, more lactoferrin was observed to bind to the 

MM6 cells. Binding saturation was not achieved at 1 mg/ml. 

 

Having validated that lactoferrin could bind to and interact with monocytes and 

macrophages, an attempt was then made to elucidate how lactoferrin was binding to 

these cells. The N-terminal end of lactoferrin is highly positively charged (Bellamy 

et al., 1992) and has a high binding capacity for proteins and membranes (Baker and 

Baker, 2005). This makes it very difficult to identify lactoferrin receptors. 

Nonetheless, lactoferrin receptors have been proposed on monocytes and 

macrophages. Lactoferrin, known to chelate LPS, has been shown to bind soluble 

CD14 with high affinity, as well as bind the CD14-LPS complex (Baveye et al., 

2000). These findings suggest that CD14, a 55-kDa glycoprotein expressed by 
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macrophages, may be a receptor for lactoferrin. Furthermore, low-density lipoprotein 

receptor-related protein 1 (LRP-1) has been reported as a receptor for lactoferrin on 

osteoblast cells and lactoferrin was found to promote cell proliferation and survival 

(Grey, 2004). Interestingly for this study, LRP-1 is a receptor involved in the 

recognition of apoptotic cells and found to be highly up-regulated in starry-sky TAM 

(Table 1.2) (Ford et al., 2015).  

 

Because of its potential biological significance, the first candidate receptor for 

binding lactoferrin that was assessed was LRP1. LRP1 expression on > 90% of 

human primary macrophages was confirmed by detection with an anti-human LRP1 

antibody (Figure 3.3). Further investigations to find out if human lactoferrin binding 

to macrophages could be blocked by the presence of excessive anti-LRP1 antibody 

were attempted, but no signs of blocking were observed and the antibody that was 

used to measure LRP1 expression was not known to block competitive binding. 

Unfortunately, anti-LRP1 antibodies that had been used in other blocking studies 

(Ogden et al., 2001; Vandivier et al., 2002) could not be obtained.  

 

The next lactoferrin receptor candidate having high potential for being involved in 

lactoferrin binding to monocytes and macrophage that was tested was CD14. For 

previous studies in the laboratory, the myelogenous leukaemia cell line K562 had 

been transfected with CD14 and these cells were employed to test whether lactoferrin 

could bind to the CD14 on these cells (Tennant et al., 2013).  

 

First the CD14-transfected and parental K562 cells were tested for their expression 

of CD14. The results are shown in Figure 3.4a and confirm that CD14-transfected 

K562 cells indeed expressed CD14 receptor whereas the parental cells did not. Both 

cells were then incubated with 0, 50, or 200µg/ml human lactoferrin for 1 hour at 

4˚C, and lactoferrin binding was detected using the sheep anti-human lactoferrin 

polyclonal antibody and secondary antibody staining. Detection of lactoferrin 

binding to both the parental and CD14-transfected K562 cells was low and no 

difference in binding was observed between the wild type (WT) and the CD14-

tranfected K562 cells as shown in Figure 3.4b. These results suggest that the CD14 
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receptor is most likely not involved in lactoferrin binding to monocytes and 

macrophages.  
 

Another receptor highly expressed by starry-sky TAM is macrophage scavenger 

receptor 1 (MSR1) and this receptor was also tested for its ability to bind lactoferrin. 

BMDM were incubated simultaneously with 20µg/ml human milk-derived 

lactoferrin and increasing concentrations of an anti-MSR1 antibody known to inhibit 

the uptake of acetylated low-density lipoproteins and divalent cation-independent 

adhesion (Fraser et al., 1993). Lactoferrin binding was then detected by consecutive 

staining with a sheep anti-human lactoferrin polyclonal antibody and secondary 

antibody, both of which did not detect the anti-MSR1 antibody (not shown). If 

lactoferrin was indeed binding to the MSR1 receptor on macrophages, high 

concentrations of the anti-MSR1 antibody were expected to compete with lactoferrin 

for binding to MSR1 and reduce lactoferrin detection. 92% of the BMDM were 

found to express MSR1, but incubation with increasing amounts of anti-MSR1 

antibody did not inhibit lactoferrin binding to the BMDM (Figure 3.5). These results 

suggest that MSR1 is most likely not the receptor that binds lactoferrin. However, 

the possibility remains that the anti-MSR1 antibody used does not inhibit binding of 

lactoferrin MSR1 receptor. 

 

As it proved difficult to identify a receptor for lactoferrin on monocytes and 

macrophages the focus of the research was then shifted to identify if lactoferrin 

interaction with monocytes and macrophages affects macrophage function and 

phenotype. 
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Figure 3.2 – Lactoferrin binds to monocytes and macrophages. 
MM6 (a) or BMDM (b) cells were incubated at 4˚C for 1h with or without 50µg/ml human 
milk-derived lactoferrin (hLf). Binding of lactoferrin was detected by successive staining 
with a sheep anti-human lactoferrin polyclonal antibody and anti-sheep Ig Alexa Fluor® 
488 antibody. Gates indicate percentage of total viable cells that are stained positive. (c) 
HMDM were incubated with 200µg/ml human milk-derived lactoferrin or recombinant 
human lactoferrin conjugated to Alexa Fluor® 488 (hLf-AF488 and r.hLf-AF488, 
respectively) for 1 hour at 4˚C. (d) MM6 cells were incubated with 1-100µg/ml r.hLf-
AF488 for 3h at room temperature. a-d show green fluorescence detection in the viable cell 
gate. Results depicted are representative of 3 (a-c) or 1 (d) independent experiments.  
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Figure 3.3 – LRP1 is expressed by HMDM. 
Expression of LRP1 on HMDM was detected by successive staining with an anti-LRP1 
antibody or isotype control and goat anti-mouse IgG Alexa Fluor 488 antibody. Green 
fluorescence detection is shown for the viable cell gate. Gates indicate percentage of total 
viable cells that are stained positive. Result presented is representative of three 
independent experiments. 
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Figure 3.4 – Lactoferrin does not bind to CD14 receptor. 
CD14 expression on parental (a) and CD14-transfected (b) K562 cells was detected using 
an anti-human CD14 antibody. Binding of lactoferrin to parental (c) and CD14-transfected 
(d) K562 cells was detected by successive staining with a sheep anti-lactoferrin polyclonal 
antibody and anti-sheep IgG Alexa Fluor® 488 antibody after the cells had been incubated 
with 50 or 200µg/ml human milk-derived lactoferrin for 1 hour at 4˚C. (a-d) show green 
fluorescence detection in the viable scatter gate. Gates indicate percentage of total viable 
cells that are stained positive by comparison with unstained cells. Results depicted are 
representative of two independent experiments. 
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Figure 3.5 – anti-MSR1 antibody does not block lactoferrin binding to monocytes 
and macrophages. 
(a) Expression of MSR1 on CD1 BMDM was detected using a rat anti-mouse MSR1 
antibody and anti-rat Ig Alexa Fluor® 488 secondary antibody. Gates indicate percentage 
of total viable cells that are stained positive. Result shown is representative of three 
independent experiments. (b) The ability of anti-MSR1 antibody to block lactoferrin 
binding to macrophages was tested by incubating the cells simultaneously with a constant 
amount of human milk-derived lactoferrin (20µg/ml) and increasing concentrations of 
anti-MSR1 antibody. Binding of lactoferrin was detected by successive staining with a 
sheep anti-lactoferrin polyclonal antibody and anti-sheep Ig Alexa Fluor® 488 antibody. 
Results are shown from one experiment. 
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ATP released by apoptotic cells increases binding of apoptotic cells to macrophages 

(Marques-Da-Silva et al., 2011). Additionally, lactoferrin has been found to increase 

the phagocytosis of parasites (Lima and Kierszenbaum, 1985). It was therefore 

investigated if lactoferrin could also act as an opsonin and increase the interaction 

with and phagocytosis of apoptotic cells by macrophages.  

 

Mature BMDMs were harvested from Petri dishes and cultured on glass slides for 

two hours, before a one-hour co-culture with apoptotic lymphoma cells and 0 - 

50µg/ml of human milk-derived lactoferrin. Apoptosis had been induced by UVB-

irradiation followed by a 20-hour incubation at 37˚C before cells were added to the 

macrophages. To measure interaction, unbound cells were washed off and 

macrophages were fixed and stained. The percentage of macrophages interacting 

with apoptotic cells was counted for 10 independent high power fields on duplicate 

wells. Results are presented in Figure 3.6 and indicate a possible trend of decreased, 

rather than increased, interaction between macrophages and apoptotic cells when 

increasing concentrations of lactoferrin were present during the assay, although this 

was not statistically significant. Additionally, the interaction index was calculated as 

the product of the percentage of macrophages interacting with apoptotic cells and the 

average number of apoptotic cells interacting per macrophage. A similar pattern was 

observed as for the percentage of macrophages interacting with apoptotic cells, and 

for macrophages and apoptotic cells interacting in the presence of 10µg/ml 

lactoferrin, the interaction index was significantly different from the control.  

 

Similar observations were made by another member of this laboratory for 

phagocytosis assays performed in the presence of lactoferrin, but these were also not 

statistically significant (Benjamin Arnold, personal communication). These findings 

leave the possibility that lactoferrin may bind to (and block) a receptor that is 

involved in apoptotic cell recognition. However, as the pathways by which 

macrophages recognize apoptotic cells are redundant, presumably because of its high 

importance in development and homeostasis, this does not lead to significant changes 

in macrophage-apoptotic cell interaction and uptake. 
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Figure 3.6 – Lactoferrin does not enhance BMDM-apoptotic cell interaction. 
BMDM were assessed for their ability to interact with apoptotic Burkitt lymphoma (BL2) 
cells in the presence or absence of human milk-derived lactoferrin in a microscopy-based 
phagocytosis assay. BMDM incubated in the absence of apoptotic Burkitt lymphoma cells 
(no BL2) are also shown. (a) Data are means + SEM for the percentage of BMDM 
demonstrating interaction with apoptotic BL2 cells (n=4). (b) Data are means + SEM for the 
interaction index, calculated as: (number of macrophages interacting with apoptotic 
cells/total number of macrophages) x (average number of apoptotic cells interacting per 
macrophage) x 100 (n=4). Statistical analysis was performed using one-way ANOVA with 
Dunnett’s multiple comparison test. * p<0.05.  
 

3.2.4 Lactoferrin in culture medium does not affect BMDM maturation 
Further investigations would focus on the effect lactoferrin may have on macrophage 

phenotype and mature BMDM were planned to be used for these studies. However, 

the medium in which BMDM are cultivated includes foetal bovine serum (FBS), 
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which contains bovine lactoferrin. Because bovine lactoferrin is highly similar to 

human lactoferrin (Baker and Baker, 2009; García-Montoya et al., 2012) and may 

affect the phenotype of BMDM, a bovine lactoferrin-free BMDM cultivation 

medium was preferred.  

 

First, BMDM cultivation in serum-free media was tested. The femurs of mice were 

flushed and the resuspended cells incubated in either serum-free X-VIVO™ 10 

medium or RPMI 1640 medium with 10% FBS, both supplemented with 100ng/ml 

recombinant human CSF1 (rhCSF1) for 7 days. More medium was added on day 4. 

After 7 days of maturation, the morphology and phenotype of the BMDM cultivated 

in either medium was compared. As can be seen in Figure 3.7a, no differences in 

morphology were observed. However, different scatter properties were observed 

when analysed by flow cytometry (Figure 3.7b). In addition the expression of F4/80, 

CD11b, and mannose receptor (CD206), macrophage markers and receptors was 

measured by flow cytometry (Figure 3.7c-f). Expression of CD11c, a marker for 

dendritic cells, was measured as a control. Although the BMDM matured in serum-

free medium expressed the same macrophage markers as the control BMDM, the 

expression levels appeared lower. CD11c was not expressed by either of the BMDM 

cultures. 

 

Because the culture of BMDM in serum-free medium gave morphologically and 

phenotypically different BMDM cultures, an approach by which lactoferrin would be 

removed from the standard medium was preferred. A method was designed that is 

depicted in Figure 3.8 and is explained in detail in Materials and Methods. In short, 

anti-bovine lactoferrin antibody was covalently bound to magnetic nanomag®-D 

particles (250nm diameter) using carbodiimide chemistry. The particle-antibody 

complex was then incubated with 50% FBS/50% RPMI 1640 for 1 hour at room 

temperature to allow binding of bovine lactoferrin. The formed bovine lactoferrin-

antibody-nanoparticle complexes could then be separated from the media by 

applying a magnet that drew all the nanoparticles to one side of the tube, allowing 

the bovine lactoferrin-free medium to be carefully removed. The success of the 
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removal of bovine lactoferrin from the media was measured using a sandwich ELISA 

and is summarised in Table 3.1. 

 

Before removal of bovine lactoferrin, FBS contained on average 50ng/ml lactoferrin, 

which, as FBS makes up 10% of BMDM culture medium, would lead to 

concentrations of approximately 5ng/ml in the culture medium. After separation, 

lactoferrin concentrations in 50% FBS/ 50% serum-free RPMI were below the 

detection levels of 8ng/ml, or effectively bringing the concentration of lactoferrin in 

FBS down to below 15.8ng/ml, which brings the final concentration of lactoferrin in 

the culture medium down to below 1.6ng/ml.  

 

It was then tested whether the removal of bovine lactoferrin from BMDM cultivation 

medium affected the expression of macrophages markers by BMDM (Figure 3.9). 

BMDM were matured with either standard medium, or with culture medium from 

which lactoferrin had been depleted to below 1.6 ng/ml. Following a 7-day 

maturation, F4/80 and CD11b were found to be expressed highly by both the BMDM 

matured in standard and in lactoferrin-reduced medium, and no differences were 

found. Mannose receptor and MSR1, both highly expressed in many macrophages 

including starry-sky TAM, showed similar high expression by BMDM matured in 

either culture medium. CD11c was not expressed by either of the BMDM cultures.  

 

Because no differences in the expression of a variety of macrophage markers and 

receptors could be found between BMDM that were cultivated in low-bovine 

lactoferrin or standard BMDM cultivation medium, it was assumed that the low 

quantities of bovine lactoferrin present in the standard BMDM culture medium did 

not affect BMDM phenotype. Therefore, the laborious process of reducing the 

bovine lactoferrin concentration in FBS was omitted for the following experiments 

and BMDM were cultivated under standard culture conditions.  
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Figure 3.7 – Morphology and phenotype of BMDM cultured in serum-containing and 
serum-free media.  
(a) Images of d7 BMDM from CD-1 mice were cultured in serum-containing BL-medium 
and serum-free X-VIVO 10 medium. Images were taken using an inverted microscope at 
400x magnification. (b) Forward and side scatter plots of d7 BMDM cultivated in serum-
containing BL-medium and serum-free X-VIVO 10 medium. Expression of (c) CD11b,  (d) 
F4/80, (e) CD11c (e), and (f) CD206 (red) or isotype controls (grey) was detected on BMDM 
using Alexa-Fluor 488-tagged antibodies, or FITC-tagged antibody (CD11c). Green 
fluorescence detection in the viable gate is shown. Gates indicate percentage of total viable 
cells showing positive staining.  
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Figure 3.8 – Schematic drawing of protocol to remove bovine lactoferrin from 
FBS. 
(1) Anti-bovine lactoferrin is covalently bound to magnetic nanomag®-D particles. (2) 
The particle-antibody complex is incubated with 50% FBS/50% RPMI 1640 for one 
hour at room temperature to allow binding of bovine lactoferrin. (3) The antibody-
magnetic particle complexes with or without bovine lactoferrin bound are separated 
from the media by applying a magnet that draws the magnetic particles to one side of 
the tube, allowing the bovine lactoferrin-free medium to be carefully removed. Images 
are not to scale.  
 

 

 

 

Medium Bovine lactoferrin 
conc. (ng/ml) 

FBS  ~ 50 

50% FBS/ 50% RPMI after lactoferrin removal < 8 

BMDM culture medium ~ 5 

BMDM culture medium after lactoferrin removal < ~1.6 

 
Table 3.1 – Bovine concentration in FBS and BMDM culture medium before and after 
bovine lactoferrin removal. 
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Figure 3.9 – Bovine lactoferrin reduction in culture medium does not affect the 
maturation of BMDM. 
(a) Expression of F4/80, CD11b, CD11c, and (b) CD206, and MSR1 by d7 BMDM that 
were matured in standard or lactoferrin-depleted cell culture medium, detected using Alexa 
Fluor 488-labelled antibodies or FITC-labelled antibodies (CD11c and MSR1). Green 
fluorescence detection in the viable gate is shown. Gates indicate percentage of viable cells 
that are stained positive. Results are representative of two independent experiments. 

 

3.2.5 High concentrations of lactoferrin affect macrophage activation 
status 

Having established that the low concentration of bovine lactoferrin present in 

BMDM cultivation medium does not affect BMDM phenotype, it could then be 

tested whether lactoferrin released from apoptotic cells may affect the gene 

expression and phenotype of starry-sky TAM.  

 

As described in Section 1.5, starry-sky TAM were found to have increased 
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investigate the effect of lactoferrin on the expression of these genes by macrophages, 

mature BMDM were incubated with 1-100µg/ml human milk-derived lactoferrin for 

16 hours and the expression of these genes was compared to control BMDM. Only 2-

fold increases or decreases were considered meaningful. The results are shown in 

Figure 3.10. 

 

Culture with 1 or 10µg/ml human milk-derived lactoferrin was not found to affect 

the gene expression of any of the genes tested. Most of the genes tested were also 

unaffected by an even higher concentration of lactoferrin, 100µg/ml, but a few genes 

were found to be significantly up- or down-regulated. Of the reparatory and pro-

tumour growth genes, Mrc1 (mannose receptor) was down-regulated upon culture 

with 100µg/ml human milk-derived lactoferrin. Mmp2, previously shown to be up-

regulated in macrophage cell lines upon co-culture with apoptotic cells (Ford et al., 

2015), appears to be up-regulated by incubation with larger amounts of lactoferrin 

(10 – 100 µg/ml), but this was not found to be statistically significant within the 

number of repeats. Furthermore, Igf1 was found to be significantly down-regulated, 

although the effective down-regulation was less than 2-fold. Additionally, two genes 

associated with apoptotic-cell responses were found to be differentially expressed 

upon culture with 100µg/ml lactoferrin. The gene expression of Axl was 

significantly increased, whereas the expression of Gas6 was found to be significantly 

decreased.  

 

High concentrations of lactoferrin have been reported in colostrum and mature milk, 

1-2 and ~7mg/ml, respectively (Levay and Viljoen, 1995; Steijns and van Hooijdonk, 

2000), and lactoferrin concentrations are expected to be high at inflammatory sites, 

most likely through release from the secondary granules of neutrophils. Although it 

is difficult to measure lactoferrin concentrations at inflammatory sites, faecal 

lactoferrin has been shown to be a sensitive and specific marker for detecting 

inflammation in chronic inflammatory bowel disease. Patients with Crohn’s Disease 

had average lactoferrin concentrations of 440µg/g faecal weight, and patients with 

ulcerative colitis had average lactoferrin concentration of 1125 µg/g faecal weight, 

compared to concentration of 1.45µg lactoferrin/g faecal weight for healthy controls 
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(Kane et al., 2003). However, high concentrations have not been reported in the 

tumour microenvironment. Given our results indicating that a concentration of 

lactoferrin of 100µg/ml was required to affect the expression of tested starry-sky 

TAM genes, the low concentration of lactoferrin released from apoptotic cells in 

Burkitt’s lymphoma tumours (Bournazou et al., 2009) is unlikely to be responsible 

for the TAM phenotype of macrophages in those tumours. As lactoferrin has 

repeatedly been reported to have anti-inflammatory effects on macrophages, this was 

investigated next.  
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Figure 3.10 - BMDM responses to lactoferrin 
BMDM were cultured for 24 hours with 0-100 µg/ml human milk-derived lactoferrin. 
mRNA expression of selected genes was assessed and normalized using the reference gene 
Tuba1b. Expression is presented as log[2] ratio relative to unstimulated BMDM. Data are 
means ± SEM for 3 independent experiments (or 2 experiments for 100µg/ml lactoferrin). 
The lines at y=1 and y=-1 indicate a 2-fold increase or decrease of expression, respectively. 
Statistical analysis was performed on the raw data using one-way ANOVA with Dunnett’s 
multiple comparisons test. * p<0.05, ** p<0.01. 
 

3.2.6 High concentrations of Lf reduce macrophage cytotoxicity 
Research in our laboratory has shown that lactoferrin can exert anti-inflammatory 

effects by inhibiting the migration of neutrophils and eosinophils (Bournazou et al., 

2009; 2010). Additionally, human lactoferrin has been shown to enhance the 

production of anti-inflammatory cytokines by macrophages, including IL-10, IL-4, 

and TGF-β (Togawa et al., 2002; Zimecki et al., 2005). Furthermore, human 

lactoferrin was found to suppress the pro-inflammatory response of macrophages to 
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LPS by reducing the mRNA and cytokine expression of TNFα, IL-1β, IL-6, and IL-8 

(Håversen et al., 2002). Classically-activated macrophages have previously been 

shown to be capable of killing cells and this effect could be reduced by co-culture 

with apoptotic cells (Reiter et al., 1999). Here it was investigated whether lactoferrin 

released from apoptotic cells may also reduce macrophage cytotoxicity and thereby 

protect tumour cells from being killed by activated macrophages.  

 

A cytotoxicity assay was designed as explained in Figure 3.11. In short, BMDM 

were matured for 7 days and then labelled with the fluorescent green membrane 

marker PKH67 and stimulated with IFN-γ and LPS for 24 hours. After the 24 hours 

incubation, the BMDM were washed to remove IFN-γ and LPS, and the cells were 

incubated with 0-100µg/ml human milk-derived lactoferrin for 24hrs. After the 

combined 48 hours of total pre-treatments, lactoferrin was washed away, and target 

BL2 lymphoma cells, labelled with the CellTrace Violet fluorescent proliferation 

marker, were then added to the macrophages and co-cultured for 48 hours. After 48 

hours, all cells were removed from the plates by repeated pipetting and viable target 

cell numbers were counted by flow cytometry.  

 

As can be seen in Figure 3.12, co-culture of target cells with untreated BMDM did 

not affect viable target cell numbers compared to the target cells that had been 

cultured alone. In contrast, when target cells were co-cultured with IFN-γ and LPS-

stimulated BMDM, significantly fewer viable target cells remained. This suggests 

that macrophages were cytotoxic to the target cells. Additionally, increased 

phagocytosis was observed (Figure 3.12b) and it is likely that cytotoxicity and 

phagocytic clearance might be happening in parallel. Treatment of BMDM with 1-

100µg/ml human milk-derived lactoferrin following IFN-γ and LPS stimulation, did 

not appear to affect viable target cell numbers when they were co-cultured.   

 

As lactoferrin treatment following IFN-γ and LPS-stimulation did not appear to 

affect macrophage cytotoxicity to BL cells, it was then tested whether lactoferrin 

treatment of BMDM prior to IFN-γ and LPS-stimulation could affect the killing 

effect classically-activated BMDM have on target lymphoma cells. BMDM were 
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first incubated with 0-100µg/ml human milk-derived lactoferrin, which was washed 

away after 24 hours, when BMDM were stimulated with IFN-γ and LPS for 24 

hours. Macrophage cytotoxicity was then measured as before. Pre-treatment with 1-

10µg/ml human milk-derived lactoferrin did not appear to affect the ability of the 

BMDM to kill lymphoma target cells (Figure 3.13). However, pre-treatment of 

BMDM with the highest tested concentration of lactoferrin, 100µg/ml, was found to 

have significantly increased numbers of viable lymphoma target cells, suggesting it 

was able to suppress the ability of BMDM to kill target lymphoma cells.  

 

As a concentration of 100µg/ml lactoferrin is unlikely to be physiologically relevant 

in the tumour microenvironment, it was decided to take a step back and investigate if 

there may be other components released from apoptotic cells that could prevent 

macrophage cytotoxicity. PKH67-labelled BMDM were incubated with either 10x 

apoptotic lymphoma cells or supernatants derived from these apoptotic cells, known 

to contain lactoferrin but also other signalling factors released from apoptotic cells. 

Apoptosis was induced by exposure of the cells to 100mJ UVB irradiation, followed 

by a 3-hour incubation, which induced apoptosis in the majority of cells. After this 3-

hour incubation, cells and supernatants were separated by centrifugation and 

individually co-cultured with BMDM for 24 hours. Lymphoma cells were then 

washed away and BMDM activated with IFN-γ and LPS for 24 hours. Macrophage 

cytotoxicity was tested as before by the addition of labelled target cells. The results 

are presented in Figure 3.14 and indicate that pre-exposure to apoptotic cells, but not 

supernatants derived from apoptotic cells, can increase target cell viability. Because 

apoptotic cells are known to bind LPS (Ellison et al., 1988), it remains unclear 

whether this result is due to reduced macrophage cytotoxicity, or if remaining 

apoptotic pre-treatment cells prevent LPS from contributing to the activation of 

macrophages, and this will be further explored in Chapter 5.  
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Figure 3.11 – Schematic drawing of BMDM cytotoxicity assay. 
7-day matured BMDM were labelled with the green membrane marker PKH67, seeded onto 
48-well plates and stimulated with IFN-γ and LPS for 24 hours. After the 24 hours 
incubation, IFN-γ and LPS were washed away and the BMDM were incubated with 0-
100µg/ml human milk-derived lactoferrin for 24 hours. Alternatively, IFN-γ + LPS and 
lactoferrin treatments were added in reverse order. After the 48 hours of total pre-treatments, 
BMDM were washed again and co-cultured with target BL2 lymphoma cells, labelled with a 
CellTrace Violet proliferation marker, for 48 hours. After the 48-hour co-culture all cells 
were removed from the plates by repeated pipetting and viable target cell numbers 
(blue+/green-) were counted by flow cytometry.  
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Figure 3.12 – Lactoferrin treatment does not reverse macrophage cytotoxicity. 
BMDM were classically activated by IFN-γ and LPS for 24 hours before BMDM were 
washed and stimulated with 0-100µg/ml human milk-derived lactoferrin. Cytotoxicity of 
BMDM was then assessed by counting the presence of viable target BL (stained with 
CellTrace Violet) cells after a 48-hour co-culture. Flow cytometry forward and side scatter 
plots (a) and green (BMDM) / blue (target cell) fluorescence plots (b) of cytotoxicity assays 
are presented for unstimulated BMDM and BMDM pre-stimulated with IFN-γ and LPS 
followed by a 24-hour rest period. Gates in (a) indicate viable cell gate. (c) Bar-chart 
indicating the number of viable target BL2 cells at the beginning and end of the cytotoxicity 
assay for target cells cultured alone or for target cells co-cultured with unstimulated (unstim) 
or IFN-γ and LPS-stimulated BMDM, further treated with lactoferrin. Data are means + 
SEM for the number of viable gate target BL2 cells counted per well (n=3). Statistical 
analysis was performed using one-way ANOVA with Dunnett’s multiple comparison test 
and is shown compared to target cells co-cultured with IFN-γ and LPS-stimulated BMDM. 
*p<0.05. 
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Figure 3.13 – Pre-treatment with a high concentration of lactoferrin inhibits 
macrophage cytotoxicity. 
BMDM were stimulated with 0-100µg/ml human milk-derived lactoferrin for 24 hours 
before they were washed and treated with IFN-γ + LPS for 24 hours. Cytotoxicity of BMDM 
was then determined by counting the presence of viable target BL cells (as described in 
Figure 3.11) after a 48-hour co-culture. Bar-chart indicates the number of viable target BL2 
cells remaining after co-culture with untreated or lactoferrin pre-treated BMDM followed by 
IFNγ and LPS stimulation. Data are means + SEM for the number of viable target BL2 cells 
counted per well (n=3). Statistical analysis was performed using one-way ANOVA with 
Dunnett’s multiple comparison test. ** p<0.01 
 

 

 
Figure 3.14 – Pre-treatment with apoptotic cells, but not supernatants from apoptotic 
cells, reduces macrophage cytotoxicity.  
BMDM were stimulated with 10x apoptotic BL2 cells or supernatants from 10x apoptotic 
BL2 cells three hours after apoptosis was induced by UVB-irradiation. BMDM were then 
washed and classically activated by IFN-γ + LPS for 24 hours. Cytotoxicity of BMDM was 
then assessed by counting the presence of viable target BL cells after a 48-hour co-culture. 
Bar-chart indicates the number of viable target BL2 cells for target cells co-cultured with 
untreated or apoptotic cell/supernatant treated BMDM followed by IFN-γ and LPS 
stimulation. Data are means ± SEM for the number of viable gate target BL2 cells counted 
per well (n=3) as described in Figure 3.12. Statistical analysis was performed using one-way 
ANOVA with Dunnett’s multiple comparison test. * p<0.05 
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3.2.7 Lactoferrin and transferrin can inhibit reduction of Akt1 
expression upon neutrophil activation   

The findings that the low concentrations of lactoferrin released from apoptotic cells 

are unlikely to contribute to the attraction and activation of TAM led us to conclude 

that the main role of lactoferrin released from apoptotic tumour cells is likely to be 

the prevention of neutrophil migration to the tumour microenvironment, thereby 

preventing an anti-tumour pro-inflammatory response. However, although lactoferrin 

was found to inhibit the migration of neutrophils to several chemoattractants 

(Bournazou et al., 2009), the signalling pathway involved has not been established. 

Research published during this project suggested the involvement of AKT1, a 

member of the protein kinase AKT family, which has been implicated with 

modulating immune defence in infection and autoimmunity (Liu et al., 2013). 

Protein kinase AKT1 (or PKBα) was found to be the dominant isoform of AKT in 

neutrophils and was down-regulated upon bacterial infection and neutrophil 

activation. AKT1 deficiency was found to worsen disease progression and lead to 

increased recruitment of neutrophils in two infection mouse models. Further 

investigations found that AKT1 negatively regulated neutrophil recruitment and 

activation through a STAT1-dependent pathway. These results indicated the AKT1-

STAT1 signalling axis as a pathway by which lactoferrin may inhibit neutrophil 

migration.  

 

To test this hypothesis neutrophils were incubated simultaneously with formyl 

Methionyl-Leucyl-Phenylalanine (fMLF) and lactoferrin for 2 hours. Cell lysates 

were examined using Western blotting for the expression of AKT1. Neutrophil 

activation with fMLF was found to reduce expression of AKT1 compared to 

unactivated neutrophils, confirming the results of Liu et al (Figure 3.15). As 

predicted, when lactoferrin was added to neutrophils at the same time as fMLF, this 

prevented the down-regulation of AKT1 expression by fMLF. Because inhibition of 

neutrophil migration had previously been shown to be specific for lactoferrin, and 

was not shared by closely-related transferrin, neutrophils were also incubated with 

fMLF and transferrin simultaneously. Interestingly, culture of neutrophils with fMLF 

and transferrin also prevented down-regulation of AKT1 by fMLF, showing that 
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lactoferrin-induced inhibition of neutrophil migration is not mediated by AKT1. 

Curiously, culture of neutrophils with lactoferrin alone down-regulated expression of 

AKT1 compared to unstimulated neutrophils.  

 

  

 ne
ut

ro
ph

ils
 

+ 
fM

LF
 

+ 
fM

LF
 +

 L
f 

+ 
fM

LF
 +

 T
f 

+ 
Lf

 

 

 
 
AKT1 – 55 kDa 

      

 

 
β-actin – 42 kDa 

 
Figure 3.15 – Lactoferrin and transferrin inhibit neutrophil AKT1 downregulation by 
fMLF. 
Western blot analysis of AKT1 protein levels in neutrophils following culture with or 
without fMLF and/or human milk-derived lactoferrin (Lf) or human transferrin (Tf) for two 
hours. Membranes were stripped and reprobed with β-actin antibody to assess sample 
loading. Blot shown is representative of three independent experiments.  
 
 

3.3 Discussion 
In this chapter the role of lactoferrin in shaping macrophages in the tumour 

microenvironment was tested. Lactoferrin had previously been found to be released 

from various tumour cells undergoing apoptosis, and could inhibit the migration of 

neutrophils to the tumour microenvironment (Bournazou et al., 2009), which could 

potentially inhibit an inflammatory response at the tumour site that could decrease 

tumour growth. Because of its many pleiotropic properties (García-Montoya et al., 

2012), lactoferrin was proposed to not only inhibit the migration of neutrophils to the 

tumour site, but also affect the infiltration of macrophages and to influence their 

activation into anti-inflammatory and tumour-promoting starry-sky TAM.   
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First the ability of lactoferrin to attract monocytes was tested using both murine 

primary cells and a human monocytic cell line, but neither of the cells did elicit a 

chemotactic response towards lactoferrin, even though lactoferrin has been reported 

to have the ability to attract monocytes at similar concentrations as tested here 

(100ng/ml – 10µg/ml) (la Rosa et al., 2008). 

 

To further investigate whether lactoferrin could influence macrophage activation into 

anti-inflammatory and tumour-promoting starry-sky TAM, it was tested whether 

lactoferrin could bind to monocytes and macrophages as had been previously shown 

for THP-1 cells (Håversen et al., 2002). A variety of murine and human 

macrophages were found to bind human milk-derived lactoferrin or human 

recombinant lactoferrin, and this appeared not to be saturated at high concentrations 

of lactoferrin.  

 

Results presented here showed a trend, although not significant, that increasing 

concentrations of lactoferrin could reduce interaction between macrophages and 

apoptotic cells. This leaves the possibility that lactoferrin may be binding to a 

receptor involved in apoptotic-cell clearance and could thereby reduce the ability of 

apoptotic cells to bind to macrophages. However, this reduction might never be 

significantly visible, as macrophages have redundant pathways and receptors for the 

uptake of apoptotic cells. LRP1, a receptor involved in apoptotic-cell recognition, is 

the most likely candidate macrophage receptor for binding lactoferrin, as it has been 

shown to bind lactoferrin on osteoclasts (Grey, 2004). Unfortunately, tools to 

investigate lactoferrin binding to LRP1, including blocking antibodies, were not 

available during this project. Two other apoptotic cell receptors were investigated. 

Lactoferrin binding to K562 cells transfected with CD14 was assessed, because 

soluble CD14 has been shown to bind lactoferrin (Baveye et al., 2000; Elass, 2002), 

but did not show binding of lactoferrin to CD14. Furthermore, blocking of the 

macrophage scavenger receptor (MSR1) on HMDM with an antibody previously 

shown to inhibit divalent cation-independent adhesion and the uptake of acetylated 

low-density lipoproteins (Fraser et al., 1993) did not affect lactoferrin binding to 

HMDM. Further investigation into a lactoferrin receptor on macrophages needs to be 
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done, however, given lactoferrin’s ability to bind with low affinity through its 

cationic N-terminal (Baker and Baker, 2005) and the observations here that the 

interaction between lactoferrin and MM6 cells could not be saturated at high 

concentrations, there might not be a specific receptor for lactoferrin on macrophages. 

 

Further studies investigated whether lactoferrin could induce the expression of 

starry-sky TAM genes in macrophages. A range of concentrations of lactoferrin were 

tested, similar to those previously found to affect neutrophil activation (Bournazou et 

al., 2009). However, only the highest concentration of lactoferrin of 100µg/ml was 

found to have an effect on the expression of SS-TAM genes. Mrc1, Mmp2, and Axl, 

were found to be up-regulated, whereas Gas6 was down-regulated. 

 

In addition, it was investigated whether lactoferrin plays a role in preventing 

induction of or driving macrophages away from a classically activated phenotype 

that is capable of suppressing BL cell growth. Classically-activated macrophages 

were shown to reduce the number of viable target cells in co-culture assays. 

Classically-activated macrophages have been shown to induce apoptosis in tumour 

cells through release of TNFα, nitrogen oxides, reactive oxygen intermediates, and 

IL-1β (Cui et al., 1994; Higuchi et al., 1990; Feinman et al., 1987; Jorens et al., 

1995; Martin and Edwards, 1993; Onozaki et al., 1985), and it is therefore likely that 

macrophages directly induced cell death. However, the macrophage-mediated 

cytotoxic effects could also be indirect, through inhibition of growth (cytostasis) or 

anti-survival effects, or a combination of these. Cytostasis has been shown in vitro 

by human monocytes and macrophages (Mantovani et al., 1979). Cytostatic effects 

were responsible for the elimination of rat tumour cells in vitro by non-specifically-

activated macrophages (Keller, 1973). Co-culture led to pronounced morphological 

changes in the tumour cells, including shrinkage of cells, as well as substantial 

reduction in tumour cell numbers. Furthermore, reduced 3H-thymidine incorporation 

indicated decreased proliferation of the tumour cells. This cytostatic effect was found 

to be dependent on cell-to-cell contact (Keller, 1973). Additionally, the reduction of 

lymphoma cells could be (partially) due to the engulfment of (apoptotic) lymphoma 

cells, as an increase was observed, and cytotoxicity and cell removal may be going 
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on in parallel. The cytotoxic function of classically-activated macrophages will be 

further investigated in Chapter 5. 

 

Our studies showed that lactoferrin cannot reverse macrophage cytotoxicity and that 

only pre-exposure to high concentrations of lactoferrin may reduce macrophage 

cytotoxicity. However, it cannot be ruled out that the observed effect is due to LPS 

binding to lactoferrin already bound to macrophages (and not washed away), as 

lactoferrin is known to bind LPS (Baveye et al., 2000), thereby preventing full 

classical activation. No direct controls were included to test the direct effect of 

lactoferrin on target cell survival or death, but experiments performed by another 

member of our laboratory did not show an effect of lactoferrin on lymphoma cell 

viability (personal communication; Benjamin Arnold). Although high concentrations 

of lactoferrin have been reported at inflammatory sites, such high concentrations of 

lactoferrin are unlikely to be physiologically or clinically relevant in the tumour 

microenvironment. This was confirmed by the inability of supernatants from 

apoptotic cells, known to contain lactoferrin released from apoptotic cells, to reduce 

macrophage cytotoxicity. In contrast, pre-exposure of macrophages to apoptotic cells 

was found to reduce the cytotoxicity of macrophages towards tumour cells.  

 

Taken together, these results suggest that cell contact with apoptotic cells, rather than 

signalling factors released from apoptotic cells, including lactoferrin active in the 

supernatant, is necessary to affect macrophage activation. Chapter 4 will therefore 

investigate the effects of apoptotic tumour cells in regulating macrophage activation 

in ‘starry-sky’ non-Hodgkin lymphomas towards an immunomodulatory, 

antimicrobial, anti-inflammatory, and trophic phenotype.  Furthermore, Chapter 5 

will look further at the ability of apoptotic cells to affect macrophage cytotoxicity.  

 

A paper published during the course of this project showed that fMLF activation of 

neutrophils causes the down-regulation of AKT1 and that AKT1 depletion in murine 

infection models increases neutrophil migration and activation. This suggested that 

AKT1 negatively regulated neutrophil migration and it was proposed that lactoferrin 

may inhibit neutrophil migration through inhibition of AKT1 down-regulation by 
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activation signals such as fMLF. Indeed, lactoferrin was found to reverse the down-

regulation of AKT1 caused by fMLF activation, however, this effect was not unique 

for lactoferrin and transferrin was found to have a similar effect on AKT1 

expression. As transferrin had previously been shown not to inhibit neutrophil 

migration (Bournazou et al., 2009), it appeared unlikely that inhibition of neutrophil 

migration by lactoferrin was regulated through AKT1. However, downstream 

signalling of STAT1 should be investigated to confirm this.  
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Chapter 4 Apoptotic lymphoma 
cells can contribute to a starry-
sky TAM activation signature of 
macrophages  

 

4.1 Introduction 
One of the most important functions of phagocytosis is the clearance of apoptotic 

cells to prevent the release of toxic and immunogenic intracellular contents from the 

dying cell, thereby inhibiting inflammatory responses or tissue damage. Moreover, 

clearance of apoptotic cells results in the production of anti-inflammatory mediators 

and suppression of pro-inflammatory mediators by macrophages, further preventing 

inflammation (Voll et al., 1997; Fadok et al., 1998a). The importance of highly 

controlled elimination of apoptotic cells during development and homeostasis is clear 

from the redundancy in signals on apoptotic cells and receptors on phagocytes 

(Gregory and Pound, 2010). Additionally, studies in Drosophila have highlighted the 

importance of apoptotic cell removal, as it was shown that hemocytes (Drosophila 

macrophages), during later stages of development, prioritize responding to wounds 

over developmental cues (Moreira et al., 2010). Furthermore, ineffective clearance 

has been shown to cause inflammatory responses, and may cause autoimmune 

diseases (Kawane et al., 2003; Napirei et al., 2000).  

 

Massive cell death is a feature of many malignant tumours, although these tumours 

often continue to grow rapidly. Apoptotic cells are rapidly engulfed by tumour-

associated macrophages, which have been associated with poor prognosis, and can 

promote anti-inflammatory responses, angiogenesis, tissue remodelling, and 

metastasis (Gregory and Pound, 2011). Recently, the in situ molecular signature of 

starry-sky TAM, known to engulf many apoptotic cells, was generated in our 

laboratory in a murine xenograft model of Burkitt’s lymphoma, and many genes that 

were up-regulated by starry-sky TAM were associated with reparatory, pro-tumour, 

and phagocytic responses (Ford et al., 2015). Given the ability of apoptotic cells to 
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control macrophage inflammatory responses, it was suggested that apoptotic cells 

could also influence other aspects of macrophage activation. Thus, it was 

hypothesised that apoptotic cells can promote lymphomagenesis through the 

activation of macrophages that are anti-inflammatory, immunosuppressive, and 

promote tumour growth and tissue remodelling.  

 

The study presented in this chapter investigates, through a series of in vitro 

experiments, whether apoptotic cell co-culture with unstimulated or classically-

activated macrophages can influence macrophage gene expression of selected starry-

sky TAM genes (Table 1.1 and Table 1.2). Additionally, it is tested whether 

apoptotic cell co-culture can influence gene and protein expression of selected anti-

inflammatory cytokines. Furthermore, it is investigated if the effects of apoptotic 

cells on macrophages are dependent on direct cell interaction, or can also be 

mediated through signalling of factors released from apoptotic cells. Finally, the 

involvement of IL-4Rα and galectin-3 in apoptotic cell-mediated signalling is 

analysed.  

 

4.2 Results 

4.2.1 ‘Young’ macrophages are more responsive to chemotactic 
signals, whereas ‘old’ macrophages are more phagocytic 

One of the main functions of macrophages is the phagocytosis of apoptotic cells. In 

vivo, apoptotic cells are rarely observed as they are rapidly engulfed by 

macrophages. Apoptotic cells release chemotactic signals that act as cues for 

monocytes and macrophages to migrate towards these apoptotic cells and allow for 

their rapid engulfment. As part of published experiments carried out in collaboration 

with Lihui Zhuang to compare the phenotype of embryonic stem cell-derived 

macrophages (ESDM) and their precursors, less mature (‘young’) ESDM and more 

mature (‘old’) ESDM were compared for their chemotactic and phagocytic 

responses. ESDM differentiation is explained in detail in materials and methods and 

has been published (Zhuang et al., 2012).  
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For chemotaxis assays, ESDM were prepared as explained in materials and methods 

and were matured on Petri dishes for 0, 2, or 6 days, followed by one day in Teflon 

pots, and were designated ESDM d0, ESDM d3, or ESDM d7, respectively. 

Chemotaxis assays were performed using the modified Boyden chamber assay 

described in Chapter 3 and the results are shown in Figure 4.1a. ESDM d0 showed a 

larger number of cells migrating to the chemotactic peptide C5a than ESDM d3 or 

ESDM d7. Furthermore, ESDM d0 showed more migration of cells to supernatants 

from high-density cultured BL2 cells, than ESDM d3 cells, and ESDM d7 did not 

show any migration at all. 

 

The ability of ESDM at different stages of maturation to phagocytose apoptotic cells 

was tested in a flow cytometry-based phagocytosis assay modified from a study of 

human monocyte-derived macrophages (Jersmann et al., 2003). Briefly, 0, 2 or 6-day 

matured ESDM were labelled with the PKH67 dye and incubated on plates 

overnight. The next day, ESDM were washed and incubated with cold shock-induced 

apoptotic human Burkitt’s lymphoma (BL2) cells for one hour at 37˚C. After the 

incubation, wells were washed and ESDM were detached from the wells and from 

non-engulfed apoptotic BL2 cells by trypsin/EDTA. Cells were harvested from each 

well for analysis by flow cytometry.  

 

Green fluorescence indicated the macrophages, whereas red fluorescence indicated 

the presence of apoptotic cells. Double-positive red/green events mostly likely 

indicated macrophages that had phagocytosed apoptotic cells, as trypsin/EDTA 

treatment did not release apoptotic cells from these macrophages. The percentage of 

macrophages that had engulfed apoptotic cells were calculated and results are 

presented in Figure 4.1. ESDM d0 showed the lowest ability to phagocytose 

apoptotic BL2 cells, but this was increased in proportion to the time for which the 

ESDM were matured. 

 

To repeat these observations in a different cell system, bone marrow-derived 

macrophages (BMDM) at different stages of maturation were used. Figure 4.2a 

compares the chemotactic response of BMDM at different stages of maturation 
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towards the chemotactic peptide C5a. ‘Younger’ BMDM, were matured for 4 days, 

and were designated ‘BMDM d4’. ‘Older’, more mature BMDM were matured for 7 

days, and were designated ‘BMDM d7’. Although ‘older’ BMDM d7 had not 

completely lost their ability to migrate, a significantly larger number of BMDM d4 

macrophages migrated towards C5a compared with BMDM d7.  

 

It was then investigated whether BMDM d4 and BMDM d7 also differed in their 

phagocytic response. BMDM were harvested from Petri dishes and cultured on glass 

slides for two hours, before co-culture with UVB-irradiation-induced apoptotic 

lymphoma cells for one hour. To measure interaction, unbound cells were washed off 

and macrophages were fixed. The percentage of macrophages interacting with 

apoptotic cells was calculated. No difference in interaction between BMDM d4 and 

BMDM d7 was observed (Figure 4.2b). However, when non-engulfed apoptotic cells 

were removed by trypsin treatment, and the percentage of phagocytosing 

macrophages was calculated, a significant difference was observed between BMDM 

d4 and BMDM d7, with a larger percentage of BMDM d7 engulfing apoptotic cells 

(Figure 4.2c).  

 

Taken together, these results show that the activation state of macrophages changes 

during maturation. Young macrophages readily migrate towards apoptotic cells, but 

as they matured, their ability to migrate was reduced, whereas their ability to 

phagocytose apoptotic cells was increased. These results were in agreement with 

other studies that found that macrophages are better phagocytes of apoptotic cells 

than monocytes (Newman et al., 1982; Callahan et al., 2003). As ESDM and BMDM 

are matured in the presence of large numbers of apoptotic cells, these findings 

support the hypothesis that interaction of BMDM with apoptotic cells and factors 

released from apoptotic cells can influence macrophage function and activation state.   
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Figure 4.1 – As ESDM mature their ability to respond to a chemotactic signal is 
reduced, whereas their ability to phagocytose apoptotic cells increases.  
(a) Migratory responses of 0, 3, and 7-day matured ESDM to 10ng/ml C5a and supernatants 
from high-density cultured BL2 cells. Data are means for the number of migrated cells per 
high power field (HPF) for 10 random areas (n=2). (b) Ability of 0, 3, and 7-day matured 
ESDM to phagocytose cold shock-induced apoptotic BL2 cells in a flow cytometric-based 
phagocytosis assay. Data are means for the percentage of ESDM demonstrating phagocytosis 
of apoptotic BL2 cells and untreated controls (n=2). 
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Figure 4.2 – ‘Younger’, less mature BMDM respond better to a chemotactic stimulus 
than ‘older’, more mature BMDM, which have a higher ability to phagocytose 
apoptotic cells. 
(a) Migratory responses of 4 and 7-day matured BMDM to 10ng/ml C5a were measured in a 
modified Boyden chamber assay. Data are means + SEM for the number of migrated cells 
per high power field (HPF) for 10 random areas (n=4). BMDM were assessed for their 
ability to (b) interact with and (c) phagocytose apoptotic BL2 cells in a microscopy-based 
phagocytosis assay. Data are means + SEM for the percentage of BMDM demonstrating 
interaction or phagocytosis of apoptotic BL2 cells and untreated controls. (n=4). Statistical 
analysis was performed using a paired t test. *p<0.05. 
 

4.2.2 Comparison of TAM phenotype in an apoptosis-suppressed 
lymphoma model to the phenotype of starry-sky TAM 

To investigate the role apoptotic cells play in regulating the activation of anti-

inflammatory, pro-angiogenic, and tissue signalling macrophages, first gene 

expression of TAM from starry-sky tumours were compared to TAM from tumours 

in which apoptosis had been suppressed.  

 

Burkitt’s lymphoma cells, or their Bcl-2 transfected counterparts, in which apoptosis 

is suppressed (Skommer et al., 2010; Wang et al., 1996), were injected into the flank 

of severe combined immunodeficient (SCID) BALB/C mice. Suppression of 

apoptosis has been shown to constrain tumour cell proliferation, reduce tumour 

angiogenesis, and reduce the accumulation of macrophages in vivo in this model of 
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starry-sky NHL (Ford et al., 2015). Snap-frozen masses from fully-grown tumours 

were lysed and RNA was extracted and converted to cDNA. Expression of genes of 

interest was measured by qPCR. Because the primers used were chosen to 

specifically bind to murine and not human mRNA, only gene expression of murine 

cells was measured. To account for the difference in macrophages numbers in the 

BL2 and Bcl-2-transfected tumours, gene expression was normalized to Csf1r 

expression, a marker for macrophages. Figure 4.3 shows a heatmap comparing the 

signature of selected genes in BL2 and BL2-Bcl-2 xenograft tumours. No differences 

in the signature were observed, with genes similarly expressed in both.  

 

Because the presence of apoptotic tumour cells in the Bcl-2-transfected model was 

reduced, but not abolished, and the presence of other apoptotic cells could not be 

ruled out, it could not be concluded that the activation signature of TAM in both 

models was independent of apoptotic cell interaction, especially since the TAM in 

the Bcl-2-transfected model were also found to have engulfed apoptotic cells, 

although fewer than their parental counterparts (Ford et al., 2015). Therefore, a 

different approach was needed to assess whether interaction with apoptotic cells or 

apoptosis-independent properties of lymphoma cells are responsible for the 

activation of TAM.  
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 low expression high 
   
Figure 4.3 – Heatmap comparing murine mRNA expression of selected genes in BL2 
and BL2-Bcl-2 xenograft tumours. 
Snap-frozen tumours from SCID mice transplanted with BL2 cells and their Bcl-2-
transfected counterparts were analysed for murine mRNA expression of selected genes by 
qPCR. Gene expression was normalized to the macrophage gene Csf1r to account for the 
difference in macrophage numbers in the tumours. The heatmap was made using 
PermutMatrix software.  
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4.2.3 Assessment of the effect of apoptotic cell co-culture on 
macrophage activation 

In order to assess whether apoptotic cell-interaction is responsible for the activation 

signature of starry-sky TAM, the effect of macrophage co-culture with apoptotic 

lymphoma cells was assessed in an in vitro setting. Additionally, WT BMDM were 

compared to BMDM from mice deficient in the IL-4 receptor α-chain (IL-4Rα 

knockout (KO) mice), which is a component of the receptors for both IL-4 and IL-

13, and thus associated with alternative activation of macrophages (Colegio et al., 

2014; Wang and Joyce, 2010). Furthermore, IL-4 signalling through IL-4Rα has 

recently been shown to induce macrophage proliferation (Jenkins et al., 2013). IL-

4Rα KO BMDM were included because published in vivo xenograft BL experiments 

showed that IL-4Rα KO mice displayed slower tumour growth than WT mice (Ford 

et al., 2015), and we wanted to investigate whether this was due to differential 

macrophage activation because of a lack of IL-4Rα expressed by the macrophages 

present in those tumours.  

 

In addition to stimulating proliferation, differentiation, and survival of macrophages, 

CSF1 has been shown to generate phagocytic macrophages that promote tissue repair 

and extracellular proteolysis, activations states that are also associated with starry-

sky TAM (Davies et al., 2013; Hume and MacDonald, 2012). Thus, following 7-day 

maturation of BMDM, CSF1 was removed for 18 hours to reduce the effects of 

CSF1 on the BMDM. WT or IL-4Rα KO C57BL/6 mice were then co-cultured for 

24 hours with or without apoptotic BL2 cells. Gene expression of the macrophage 

markers Cd68, Csf1r, and Emr1 (F4/80) remained high in these cells (not shown). 

Apoptosis of BL2 cells was triggered by 100mJ UVB-irradiation and cells were 

incubated for three hours to induce apoptosis before they were added to the 

macrophages. Simultaneous staining with Annexin V (AxV) and propidium iodide 

(PI) shows that the majority of cells were apoptotic when added to the BMDM, and 

by the end of the assay almost all cells had undergone apoptosis and were secondary 

necrotic (Figure 4.4c).  

 



 102 

Both the expression of mannose receptor (CD206) and F4/80 by macrophages was 

slightly increased upon co-culture with apoptotic BL2 cells (Figure 4.4a). IL-4Rα 

KO BMDM showed similar modest increases of F4/80 expression upon co-culture 

with apoptotic BL2 cells, but not for mannose receptor.  

 

Secondly, it was investigated whether co-culture with apoptotic cells induced 

expression of interleukins 4 or 13 (IL-4 or IL-13) or the inflammatory cytokines 

TNFα, IL-12p70, IL-6, IL-10, CCL2, and IFN-γ, but none were found to be 

expressed above detection levels of ~75ng/ml by either the WT or the IL-4Rα KO 

macrophages (not shown). 

 

Additionally, qPCR was used to investigate whether co-culture with apoptotic cells 

changed the expression of selected starry-sky TAM genes by the macrophages 

(Figure 4.4b). Up- or down-regulation was considered meaningful if the difference 

was more than 2-fold. Hmox1 and Ccl2 were found to be significantly up-regulated 

upon co-culture with apoptotic cells. In contrast, Fn1, Mmp12, and Plau were found 

to be down-regulated, although only down-regulation of IL-4Rα KO BMDM upon 

apoptotic cell co-culture for Plau and Mmp12 was found to be significant. No 

differences were observed in the response of IL-4Rα KO BMDM to co-culture with 

apoptotic BL2 cells compared to WT BMDM.  

 

The same experiment was repeated using transgenic λ-MYC cells from a model of 

aggressive B-cell lymphoma in mice, which displays similar starry-sky morphology 

with TAM accumulation after transplantation into immunocompetent mice 

(Kovalchuk et al., 2000). λ-MYC cells were induced to undergo apoptosis by 

exposure to UVB followed by a 2-hour culture before the cells were co-cultured with 

WT and IL-4Rα BMDM for 24 hours. UVB-irradiation induced apoptosis in ± 20% 

of the cells after 2 hours and by the end of co-culture almost all cells had undergone 

apoptosis and were necrotic (Figure 4.5c). Flow cytometric analysis of the 

expression of mannose receptor and F4/80 on WT and IL-4Rα BMDM showed 

similar modest increases upon co-culture with apoptotic λ-MYC cells as were 

observed upon co-culture with apoptotic BL2 cells (Figure 4.5a). Again, expression 
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levels of IL-4, IL-13, and inflammatory cytokines were assessed but did not rise 

above the detection levels of the assay. qPCR analysis revealed the up-regulation of 

Ccl2, and the down-regulation of Mmp12, Fn1, Anpep, Abca1, and Lrp1, although 

only down-regulation of IL-4Ra KO BMDM upon apoptotic cell co-culture for 

Abca1 and Fn1 was found to be significant. No significant differences between the 

responses of WT and IL-4Rα KO BMDM were found. 

 

Overall the results presented here indicate small increases for mannose receptor and 

F4/80 expression, and modest (just above the two-fold cut-off level) up-regulation of 

Hmox1 and Ccl2 and a trend of down-regulation of Mmp12, Fn1, Plau, Lrp1, and 

Abca1 gene expression in BMDM as a result of co-culture with apoptotic lymphoma 

cells. These results show much smaller effects of co-culture with apoptotic cells on 

macrophages than might be expected given this laboratory’s published findings that 

co-culture with apoptotic cells, but not viable cells, could significantly up-regulate 

gene expression of Mmp2 and Mmp12 by macrophage cell lines up to 10-fold and 

this up-regulation was confirmed at the protein level (Ford et al., 2015). However, 

one of the main draw-backs in the experiments carried out here is that BMDM are 

matured in the presence of large numbers of apoptotic cells, which may already 

affect gene expression to a more TAM-like phenotype during maturation. In contrast, 

macrophage cell lines such as RAW264.7 and J774 as used by Ford et al. (2015) are 

cultured mostly free from apoptotic cells. Because apoptotic cells could not be 

reliably removed from BMDM cultivation cultures, a different approach needed to be 

found to assess the effect of apoptotic cells on primary macrophage activation. 
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Figure 4.4 – Phenotype of BMDM from WT and IL-4Rα KO mice after co-culture with 
apoptotic BL2 cells. 
BMDM from WT or IL-4Rα knockout C57BL/6 mice were co-cultured for 24h with or 
without apoptotic BL2 cells (apo BL2). At the end of the assay BMDM were assessed for (a) 
cell surface expression of mannose receptor (CD206) and F4/80 measured by flow cytometry 
using antibody Alexa Fluor 488 conjugates. (b) mRNA expression of selected genes was 
assessed following co-culture and normalized using the reference genes Tuba1b, Hsp90, and 
Hprt. Expression is presented as mean log[2] ratio relative to BMDM control. Data are 
means ± SEM for 3 independent experiments. The dotted lines at y=1 and y=-1 indicate a 2-
fold increase or decrease of expression, respectively. Statistical analysis was performed on 
the raw data using two-way ANOVA with Tukey’s multiple comparison test and is shown 
for + apo BL2 compared to BMDM control. *p<0.05, ***p<0.001. No significant 
differences were found between WT and IL-4Rα KO BMDM. (c) Assessment of BL2 cell 
viability was assessed by flow cytometry by simultaneous staining with Annexin V (AxV) 
and propidium iodide (PI) of control lymphoma cells at 0h and at the beginning and end of 
co-culture with BMDM. Data are means + SEM. 
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Figure 4.5 – Phenotype of BMDM from WT and IL-4Rα KO mice after co-culture with 
apoptotic λ-MYC cells. 
BMDMs from WT or IL-4Rα KO C57BL/6 mice were co-cultured for 24h without or with 
apoptotic λ-MYC cells (apo λ-MYC). (a) At the end of the assay BMDM were assessed for 
cell surface expression of mannose receptor (CD206) and F4/80 as described for Figure 
4.4(a). (b) mRNA expression of selected genes was assessed following co-culture and 
normalized using the reference genes Tuba1b, Hsp90, and Hprt. Expression is presented as 
mean log[2] ratio of BMDM + apo λ-MYC relative to BMDM control. Data are means ± 
SEM for 3 independent experiments. The dotted lines at y=1 and y=-1 indicate a 2-fold 
increase or decrease of expression, respectively. Statistical analysis was performed on the 
raw data using two-way ANOVA with Tukey’s multiple comparison test and is shown for + 
apo λ-MYC compared to BMDM control. *p<0.05, **p<0.01, ***p<0.001. (c) Assessment 
of λ-MYC cell viability was assessed by flow cytometry by simultaneous staining for 
Annexin V (AxV) and propidium iodide (PI) of control lymphoma cells at 0h and at the 
beginning and end of co-culture with BMDM the beginning and end of the co-culture assay. 
Data are means + SEM for 3 independent experiments. 
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4.2.4 Classical activation affects macrophage gene expression and 
increases phagocytosis of apoptotic cells by macrophages 

In an attempt to shift the baseline phenotype of BMDM toward a less apoptotic cell-

influenced phenotype, the effect of classical activation on BMDM phenotype was 

assessed. Mature BMDM were stimulated for 4 hours with 10U/ml IFN-γ and 

0.5ng/ml LPS. BMDM were then rested for a further 24 hours before gene 

expression of selected TAM-genes was assessed. Additionally, the activation state of 

the IFN-γ and LPS-stimulated BMDM was assessed by expression of Tnf and Il6, 

and the Arg1/Nos2 ratio was assessed, all indicators of classical or alternative 

activation of macrophages (Van Ginderachter et al., 2006; Urban et al., 1986; Jorens 

et al., 1995). 

 

As predicted, classical activation of BMDM indeed decreased the expression of most 

of the starry-sky-TAM markers (Figure 4.6). Genes that were significantly down-

regulated include the reparatory and pro-tumour genes Mrc1, Plau, Ctsd, Fn1, Ctsl, 

Timp2, Igf1, and Emp1, as well as the following genes that are associated with 

apoptotic cell responses: Cd36, Pparg, Trem2, and Gas6. CD93 also appeared to be 

down-regulated, but this was not significant within the number of repeats. In 

contrast, genes associated with inflammatory responses, including Tnf and Il6 were 

significantly up-regulated. Furthermore, several genes that were found to be up-

regulated in TAM were also up-regulated upon classical activation, including the 

reparatory and pro-tumour genes Hmox1, Mmp3, and Ccl2, as well as the apoptotic 

cell response genes Msr1 and Axl. Mmp2, and Pdgfc also appeared to be up-

regulated, but this was not significant within the number of repeats. Expression of 

Anpep, Gpnmb, Psap, Lamp2, and the cathepsins Ctsd, Ctsb, and Ctss were not 

affected by classical activation. The Arg1/Nos2 ratio was significantly down-

regulated following IFN-γ and LPS-stimulation of BMDM, confirming that the 

macrophages were classically-activated.  

 

Because classical activation reduced the expression of many genes involved in 

apoptotic cell recognition and phagocytosis, it was tested whether classically 

activated BMDM could still bind and phagocytose apoptotic cells. BMDM were 
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matured for 7 days, plated onto glass slides classically activated with IFN-γ and LPS 

for 4h prior to co-culture with apoptotic BL2 cells for one hour. No differences in 

binding were found, but, classically-activated macrophages were significantly better 

at phagocytosing apoptotic BL2 cells compared to their non-activated counterparts 

(Figure 4.7). Binding and phagocytosis of apoptotic λ-MYC cells by untreated and 

classically-activated BMDMs was only tested once, but followed the same trend as 

binding and phagocytosis of apoptotic BL2 cells (Figure 4.8).  
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Figure 4.6 – BMDM responses to classical activation. 
BMDM were cultured for 4 hours with 10U/ml IFN-γ and 0.5ng/ml LPS followed by a 24-
hour resting period. (a-d) mRNA expression of selected genes was assessed and normalized 
using the reference genes Tuba1b, Hsp90, Hprt, and B2m. Expression is presented as log[2] 
ratio of IFN-γ and LPS-stimulated BMDM relative to un-stimulated BMDM. Data are means 
± SEM for 3-8 independent experiments (or 2 experiments for Cd93 and MMP2). The dotted 
lines at y=1 and y=-1 indicate a 2-fold increase or decrease of expression, respectively. 
Statistical analysis was performed on the raw data using a paired t test and compared IFN-γ 
and LPS-stimulated BMDM to un-stimulated BMDM. * p<0.05, ** p<0.01, *** p<0.001, 
**** p<0.0001. (e) Log[Arg1/Nos2] expression ratio for unstimulated and IFN-γ and LPS-
stimulated BMDM. ***p<0.001 (unpaired t test). 
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Figure 4.7 – IFN-γ and LPS-stimulated BMDM show increased ability to phagocytose 
apoptotic BL2 cells. 
7-day matured untreated and IFN-γ and LPS-stimulated BMDM were assessed for their 
ability to (a) interact with and (b) phagocytose apoptotic BL2 cells in a microscopy-based 
phagocytosis assay. Data are means + SEM for the percentage of BMDM demonstrating 
interaction or phagocytosis of apoptotic BL2 cells and untreated controls. Statistical analysis 
was performed using a paired t test. ***p<0.001.  
 

 
Figure 4.8 – IFN-γ and LPS-stimulated BMDM show increased ability to phagocytose 
apoptotic λ-MYC cells. 
7-day matured untreated and IFN-γ and LPS-stimulated BMDM were assessed for their 
ability to (a) interact with and (b) phagocytose apoptotic λ-MYC cells. Data are means of 
duplicates + SD for the percentage of BMDM demonstrating interaction or phagocytosis of 
apoptotic BL2 cells and untreated controls for one experiment. 
 

4.2.5 Co-culture of classically-activated macrophages with apoptotic 
lymphoma cells changes macrophage phenotype 

Thus having established that classical activation of BMDM by IFN-γ and LPS did 

down-regulate expression of some starry-sky TAM genes, but did not negatively 

affect phagocytosis of apoptotic cells, the investigation could be returned to the 

question of whether co-culture with apoptotic cells affects macrophage gene 

expression.  
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BMDM were classically activated for 4 hours with IFN-γ and LPS before co-culture 

with apoptotic lymphoma cells for 24 hours. Classical stimuli were washed away 

before apoptotic cells were added, as LPS is known to bind to apoptotic cells, which 

could interfere with the experiment. Gene expression of classically-activated BMDM 

co-cultured with either apoptotic BL2 or λ-MYC cells is shown in Figure 4.9. 

 

Co-culture with apoptotic BL2 cells significantly increased the expression of Timp2, 

Cd36, Pparg, and Gas6 by classically-activated macrophages more than two-fold. 

Expression of Mrc1 was also increased, but this was not significant. The expression 

of Mmp3, Tnf, and Il6 was found to be significantly more than two-fold decreased 

upon co-culture with apoptotic BL2 cells. Furthermore, the [Arg1/Nos2] ratio was 

significantly increased (Figure 4.9e). 

 

Co-culture with apoptotic MYC-Ed1 cells also decreased the expression of Tnf and 

IL6, and in addition to that significantly decreased the expression of Axl, Mmp12, 

Anpep, and Plau.  
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Figure 4.9 – Gene transcription responses of classically activated-macrophages to co-
culture with apoptotic BL2 and apoptotic MYC-Ed1 cells.  
4-hour IFN-γ + LPS-stimulated BL6 BMDM were co-cultured for 24 hours with or without 
apoptotic BL2 or apoptotic λ-MYC cells. Apoptosis of the BL2 and λ-MYC cells was 
triggered by 100mJ UVB irradiation. mRNA expression of selected genes was assessed 
following co-culture and normalized using the reference genes Tuba1b, Hsp90, Hprt, and 
B2m. Expression is presented as log[2] ratio relative to IFN-γ and LPS-stimulated BMDM. 
Means are ± SEM for 3-7 independent experiments. The dotted lines at y=1 and y=-1 
indicate a 2-fold increase or decrease of expression, respectively. Statistical analysis was 
performed on raw data using one-way ANOVA and Dunnett’s multiple comparison test. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (e) Log[arginase/Nos2 expression ratio] for 
IFNγ and LPS-stimulated BMDM cultured with or without apoptotic BL2 cells. Statistical 
analysis was performed using a non-paired t test. **p<0.01. 
 

4.2.6 Apoptotic, but not viable lymphoma cells, can change the 
phenotype of classically-activated macrophages 

Having found that co-culture with apoptotic lymphoma cells can induce up- or down-

regulation of starry-sky TAM genes by classically activated BMDM, it was then 

investigated whether these differences were due specifically to co-culture with 

apoptotic cells or if co-culture with untreated viable lymphoma cells could produce a 

similar effect. An identical experiment was carried out, but in addition to co-culture 

with UVB-induced apoptotic cells, IFN-γ and LPS-stimulated macrophages were 

also co-cultured with untreated BL2 cells and Bcl-2-transfected lymphoma cells, 

which are inhibited from undergoing apoptosis. AxV/PI-staining of control BL2 cells 

at the beginning and end of the co-culture show that almost all the UVB-exposed 

BL2 cells underwent apoptosis during the course of the assay. In contrast, only half 

of the untreated BL2 cells, and 2-3% of the Bcl-2-transfected cells underwent 

apoptosis during the assay (Figure 4.10a).  

 
 
Figure 4.10b compares the gene expression of Gas6, Mrc1, Cd36, Pparg, Timp2, 

Tnf, and Il6 for IFN-γ and LPS-activated macrophages stimulated with or without 

apoptotic or untreated BL2 cells. As shown before, Gas6, Mrc1, Cd36, Pparg, and 

Timp2 expression was significantly down-regulated upon IFN-γ and LPS-

stimulation, but this was significantly reversed when the macrophages were co-

cultured with apoptotic cells following classical activation. This reversal was found 

to be specific to co-culture with apoptotic cells, as co-culture with unstimulated BL2 
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or Bcl-2-transfected cells did not significantly affect the down-regulation of IFN-γ 

and LPS-stimulated macrophages. Only for Pparg could untreated BL2 cell cultures, 

of which half the cells would undergo apoptosis during the course of the assay, also 

up-regulate Pparg expression, but Bcl-2-transfected cells could not.  

 

Similar results were obtained for the gene expression of inflammatory cytokines Tnf 

and Il6 (Figure 4.10b). Both genes were shown to be up-regulated by IFN-γ and 

LPS-stimulation, but expression was reduced when this classical stimulus was 

followed by co-culture with apoptotic cells. Co-culture with unstimulated BL2 or 

Bcl-2-transfected cells could not reduce Tnf expression. Moreover, untreated BL2 

and Bcl-2-transfected cells even significantly increased the expression of Tnf by 

classically-activated BMDM. For Il6 even co-culture with untreated BL2 and Bcl-2-

transfected cells could significantly decrease Il6 expression, but it seemed to follow a 

trend with a higher decrease in Il6 expression when there were more apoptotic cells 

in the co-culture cells, and expression of Il6 of classically-activated BMDM co-

cultured with BL2 or Bcl-2-tranfected BL2 cells was significantly different from 

those co-cultured with apoptotic cells.   

 

The release of the cytokines TNFα and IL-6 by macrophages under the different 

culture conditions was then tested using a cytokine bead array kit and results are 

shown in Figure 4.10c. Levels of TNFα and IL-6 released by untreated BMDM were 

below detection levels, but IFN-γ and LPS-activated BMDM released both TNFα 

and IL-6. Interestingly, not only apoptotic BL2 cells, but also untreated and Bcl2-

transfected BL2 cells could bring down the TNFα and IL-6 levels of IFN-γ and LPS-

activated BMDM. As a control, IL-6 and TNFα release from apoptotic, untreated, 

and Bcl-2-transfected BL2 cells was also tested, but no expression above the 

detection level was observed (not shown).  

 

The same experiment was repeated with λ-MYC cells for the genes that were found 

to be down-regulated by classically-activated BMDM upon co-culture with apoptotic 

lymphoma cells. However, as Bcl-2-transfected λ-MYC cells were not available, the 

effect of apoptotic cells on IFN-γ and LPS-stimulated macrophages was only 
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compared to untreated λ-MYC cells. However, λ-MYC cells show high levels of 

spontaneous apoptosis (Figure 4.11a). The experiment was only done twice, but no 

differences were observed for the expression of Axl, Plau, Tnf, or Il6. For Plau, 

interestingly, co-culture with untreated λ-MYC cells appeared to decrease expression 

of Plau even further than co-culture with apoptotic cells did (Figure 4.11b).  

 

To verify these results at the protein level, the release of the cytokines TNFα and IL-

6 was tested for IFN-γ and LPS-stimulated BMDM co-cultured with apoptotic λ-

MYC cells as well. Similarly, not only apoptotic, but also untreated λ-MYC cells 

appeared to bring down the TNFα and IL-6 levels of IFN-γ and LPS-activated 

BMDM (Figure 4.11c). Apoptotic or untreated λ-MYC cells alone could not induce 

release of TNFα or IL-6 (not shown). 

 

All primers had been selected based on the prediction that they would not pick up 

mRNA of human genes. However, to test that this was indeed the case, gene 

expression of these genes was also measured in apoptotic and untreated BL2 cells 

and Bcl-2-transfected cells using the same primers. Because the housekeeping genes 

were also specific for murine genes (and no expression was detected in any of the 

BL2 cells), the expression of each gene by the lymphoma cells was depicted relative 

to expression of the same amount of cDNA from IFN-γ and LPS-stimulated BMDM 

(Figure 4.12a). For most genes no expression was detected above the detection 

threshold of the assay, or very small amounts were measured, which could be 

considered insignificant compared to the expression measured from classically-

stimulated macrophages.  

 

Because the primers used for detecting gene expression in the macrophages could 

potentially also pick up expression by murine λ-MYC cells with the apoptotic cells, 

expression of each gene was also tested in the λ-MYC cells, but here also only very 

low amounts were detected (Figure 4.12b).  

 

The results presented here show that co-culture with apoptotic lymphoma cells, but 

not viable lymphoma cells, could increase the expression of TAM genes Timp2, 
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Cd36, Pparg, and Gas6 in classically-activated BMDM. Furthermore, the expression 

of Tnf and Il6 is decreased by co-culture of classically-activated BMDM with 

apoptotic cells, but not by viable cells (Tnf) or only partially (Il6). No differences in 

effect between apoptotic and untreated λ-MYC cells were observed and both can 

decrease the expression of Axl, Plau, Tnf, and Il6 by classically-activated 

macrophages.   

 

Surprisingly, cytokine release by classically-activated BMDM stimulated with 

apoptotic or viable lymphoma cells did not follow the same trend as their gene 

expression. There could be a timing issue here, and TNFα and IL-6 cytokine release 

measured at a later time point might reflect gene expression better. Another 

possibility is that BL2 cells were interacting with TNFα or IL-6, thereby obscuring 

the cytokine release measured. To this end, apoptotic and untreated lymphoma cells 

were co-cultured with 0, 190, or 951 pg/ml TNFα or IL-6 for 24 hours before levels 

of TNFα and IL-6 were measured in the supernatants (Figure 4.13). Similar cytokine 

levels were detected for cytokines alone or for those in cultures with apoptotic or 

untreated lymphoma cells. This suggests that the discrepancy between IL-6 and 

TNFα expression results at the gene level compared to the protein level are most 

likely not due to viable cells interacting with released cytokines. 

 
a 
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b 

 
c 

 
 
Figure 4.10 – Co-culture with apoptotic BL2 cells, but not viable BL2 cells, affects the 
phenotype of classically-activated macrophages.  
4-hour IFN-γ + LPS-stimulated Balb/c BMDM (control) were co-cultured for 24 hours with 
apoptotic (apo BL2), untreated BL2, or untreated Bcl-2-transfected BL2 cells. Apoptosis of 
the BL2 cells was triggered by 100mJ UVB irradiation. (a) Assessment of BL2 cell viability 
was assessed by flow cytometry by simultaneous staining for Annexin V (AxV) and 
propidium iodide at the time BL2 cells were added to the macrophages (T0) and at the end of 
the assay (end). Data are means + SEM. (b) mRNA expression of selected genes was 
assessed following co-culture and normalized using the reference genes Tuba1b, Hsp90, 
Hprt, and B2m. Expression is presented as as log[2] ratio relative to unstimulated BMDM. 
Data are means ± SEM for n=6 for all treatments, except n=4 for Bcl-2-tranfected cells. 
Statistical analysis was performed on the raw data using one-way ANOVA with Tukey’s 
multiple comparisons test and are shown first compared to “control” and second to “+ apo 
BL2 cells”. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. (c) Release of TNFα and IL-
6 cytokines into the supernatant at the end of the assay was assessed using a cytometric bead 
array kit. Data are means + SEM for n=6, except n=4 for BL2-transfected cells. Statistical 
analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test and 
are shown compared to “control”. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.11 - Gene expression responses of classically-activated macrophages to co-
culture with apoptotic and viable MYC-Ed1 cells  
4-hour IFN-γ + LPS-stimulated C57BL/6 BMDM were co-cultured for 24 hours with 
apoptotic or untreated λ-MYC cells. Apoptosis of the λ-MYC cells was triggered by 100mJ 
UVB irradiation. (a) Assessment of λ-MYC cell viability was assessed by flow cytometry by 
simultaneous staining with Annexin V (AxV) and propidium iodide at the time λ-MYC cells 
were added to the macrophages (begin) and at the end of the assay (end). Data are means + 
SEM. (b) mRNA expression of selected genes was assessed by qPCR following co-culture 
and normalized using the reference genes Tuba1b, Hsp90, Hprt, and B2m. Expression is 
presented as log[2] ratio relative to unstimulated BMDM. Data are means ± SEM for n=2 for 
all treatments, except n=1 for Il6. (c) Release of TNFα and IL-6 cytokines into the 
supernatant at the end of the assay was assessed using a cytometric bead array kit. Data are 
means + SEM for n=2.  
 

 
Figure 4.12 - mRNA expression of apoptotic lymphoma cells compared to IFN-γ and 
LPS-stimulated BMDM. 
mRNA expression of selected genes by control apoptotic and untreated (a) BL2 cells and (b) 
λ-MYC cells from co-culture assays was assessed by qPCR and compared to expression by 
IFN-γ and LPS-stimulated BMDM. Expression by lymphoma cells is presented relative to 
expression by IFN-γ and LPS-stimulated BMDM when equal amounts of cDNA were 
analysed. Data are means + SEM for two independent experiments. 
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Figure 4.13 – Cytokine concentrations of apoptotic and viable lymphoma cells spiked 
with TNFα and IL6.  
Apoptotic or viable BL2 and MYC cells were incubated with 0, 190, or 951 pg/ml TNFα or 
IL-6 for 24 hours after which concentrations of (a) TNFα and (b) IL-6 were assessed. Data 
are means + SEM for two independent experiments. 
 

4.2.7 Some TAM genes are regulated by direct interaction with 
apoptotic cells and others by soluble factors released from 
apoptotic cells 

Next it was investigated if the effects of co-culture with apoptotic cells on gene 

expression by classically-activated BMDM as observed for a subset of starry-sky 

TAM and inflammatory genes was due to the release of signalling molecules from 

apoptotic cells or whether macrophage-apoptotic cell interaction was necessary. To 

this end, similar assays were carried out, but IFN-γ and LPS-stimulated BMDM were 

co-cultured either directly with apoptotic or untreated lymphoma cells in the same 

well, or the macrophages and lymphoma cells were separated by a 0.44µm pore-size 

membrane, which allows small soluble particles to pass, but not cells. The results for 

classically-activated BMDM co-cultures with BL2 cells are shown in Figure 4.14. 

No significant differences of expression were observed for Gas6, Mrc1, Cd36, 

Timp2, Tnf, and Il6, between co-cultures with or without the membrane, suggesting 

that the effects that co-culture with apoptotic cells were due to soluble particles 

released from apoptotic cells. In contrast, co-culture of classically-activated BMDM 

with apoptotic cells in the presence of the membrane, inhibited the reduction in 

Pparg expression, suggesting that the effect here is due to direct contact between 

apoptotic cells and macrophages. Furthermore, cytokine expression of TNFα was 
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also not affected by the separation of BMDM and apoptotic cells during co-culture, 

but cytokine expression of IL-6 was.  

 

This experiment was also repeated with λ-MYC cell co-cultures. It was only done 

twice, but the presence of the membrane did not appear to affect expression of any of 

the genes tested, including Axl, Plau, Tnf, and Il6, and neither was cytokine 

expression of TNFα or IL-6 affected.  

 

From these experiments it can be concluded that macrophage-apoptotic cell contact 

was necessary to induce changes in Pparg expression in classically-activated 

macrophages, but that soluble factors released from apoptotic cells were most likely 

responsible for changes in Gas6, Mrc1, Cd36, Timp2, and Tnf expression. Further 

testing is needed to elucidate if apoptotic cell contact is necessary to affect Il6 

expression.  
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Figure 4.14 – Separation of apoptotic lymphoma cells and classically-activated 
macrophages during co-culture affects Pparg signalling and release of IL-6.  
4-hour IFN-γ + LPS-stimulated Balb/c BMDM were co-cultured for 24 hours with apoptotic 
or untreated BL2 or untreated Bcl-2-transfected cells, either added directly to the 
macrophages, or separated by a 0.44µm transwell. Apoptosis of the BL2 cells was triggered 
by 100mJ UVB irradiation. (a) mRNA expression of selected genes was assessed following 
co-culture and normalized using the reference genes Tuba1b, Hsp90, Hprt, and B2m. 
Expression is presented as log[2] ratio relative to unstimulated BMDM. Data are means ± 
SEM for n=4 for all treatments, except n=2 for Bcl-2-transfected cells. Statistical analysis 
was performed on the raw data using two-way ANOVA with Tukey’s multiple comparisons 
test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. (b) The release of TNFα and IL-6 
cytokines by BMDM was assessed using a cytometric bead array kit. Data are means ± SEM 
for n=4, except n=2 for Bcl-2-transfected cells. Statistical analysis was performed using two-
way ANOVA with Tukey’s multiple comparisons test. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.15 – Gene and cytokine expression responses of classically-activated 
macrophages to co-culture with apoptotic or untreated λ-MYC cells in the absence or 
presence of a transwell 
4-hour IFN-γ + LPS-stimulated C57BL/6 BMDM were co-cultured for 24 hours with 
apoptotic or untreated λ-MYC cells, either added directly to the macrophages, or separated 
by a 0.44µm transwell. Apoptosis of the λ-MYC cells was triggered by 100mJ UVB 
irradiation. (a) mRNA expression of selected genes was assessed following co-culture and 
normalized using the reference genes Tuba1b, Hsp90, Hprt, and B2m. Expression is 
presented as log[2] ratio relative to unstimulated BMDM. Data are means ± SEM for n=2, 
except n=1 for Il6. (b) The release of TNFα and IL-6 cytokines by BMDM was assessed 
using a cytometric bead array kit. Data are means ± SEM for n=2.  
 

4.2.8 Investigation into macrophage receptors involved in gene 
expression effects induced by apoptotic cell co-culture 

Many receptors are involved in the recognition of apoptotic cells and factors released 

from apoptotic cells. In our published in vivo studies, IL-4Rα KO mice were found to 

show delayed tumour growth in the λ-MYC tumour model (Ford et al., 2015). 
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Therefore it was investigated whether this was (partially) mediated through the lack 

of IL-4Rα expression on the macrophages in these tumours through prevention of the 

up-regulation of starry-sky TAM genes by apoptotic cells. Classically-activated WT 

or IL-4Rα KO C57BL/6 BMDM were co-cultured with apoptotic BL2 or λ-MYC 

cells. Expression levels are shown relative to control IFN-γ and LPS-stimulated cells, 

but no differences were observed between WT and IL-4Rα KO BMDM (Figure 4.16 

and Figure 4.17). Furthermore, TNFα and IL-6 cytokine release was assessed, but no 

differences were observed in their expression either (Figure 4.18). 

 

In addition, expression of genes associated with IL-4Rα-dependent ‘alternative 

activation’ in starry-sky TAM compared to germinal center macrophages was 

investigated, including the expression of Arg1, Retnla, Lyve1, Chil1, Ccl7, Mrc1, 

Ccl2 (Wang and Joyce, 2010; DeNardo et al., 2009). Only expression of Mrc1 was 

found to be up-regulated in starry-sky TAM. Furthermore, all genes except for Mrc1 

were expressed at low levels (Figure 4.19). Together these findings strongly suggest 

that IL-4Rα does not play a role in regulating starry-sky TAM activation. 

 

Secondly, the role of galectin-3 in starry-sky TAM activation was investigated. 

Galectin-3 is a β-galactoside-binding lectin that is highly expressed and secreted by 

macrophages, and is up-regulated when monocytes differentiate into macrophages 

(Liu et al., 1995). Preliminary studies in our laboratory have demonstrated a reduced 

ability of galectin-3 knockout (LGALS3 KO) mice to produce tumours in the λ-

MYC murine lymphoma model. Thus it was investigated whether the lack of 

galectin-3 could affect gene expression of classically-activated macrophages induced 

by apoptotic cells. No differences were found in the gene expression of TAM-genes 

or cytokine expression of TNFα and IL-6 in LGALS3 KO BMDM compared to WT, 

suggesting that galectin-3 may not play a role in the activation signature of TAM 

(Figure 4.20).  

 

Additionally, the ability of LGALS3 KO BMDM to interact and engulf apoptotic 

BL2 cells was investigated. Results are presented in Figure 4.21. No difference was 

observed in interaction, but LGALS3 KO BMDM had a significantly reduced ability 
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to phagocytose apoptotic cells. These findings are in agreement with published 

studies that galectin-3-deficient cells exhibited reduced phagocytosis of apoptotic 

thymocytes in vitro and attenuated clearance of apoptotic thymocytes by peritoneal 

macrophages in vivo (Sano et al., 2003). Similar observations were made for 

LGALS3 KO BMDM interaction with and engulfment of apoptotic λ-MYC cells 

(Figure 4.22). Interestingly, although only tested once, classical activation of 

LGALS3 KO BMDM also appeared to increase the macrophages’ ability to 

phagocytose apoptotic cells (Figure 4.23).  

 

These latter results suggest that IFN-γ and LPS-stimulation of BMDM may be able 

to restore the reduced phagocytic ability induced by loss of galectin-3. Therefore, the 

gene and cytokine expression responses of apoptotic cells cultured with classically-

activated macrophages presented here may not fully reflect the effects of apoptotic 

cells on macrophages in tumour models in LGALS3 KO mice.  
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Figure 4.16 - Loss of IL-4Rα does not affect starry-sky TAM gene expression of 
classically-activated BMDM co-cultured with apoptotic BL2 cells. 
4-hour IFN-γ + LPS-stimulated BMDM from WT or IL-4Rα knockout C57BL/6 mice were 
co-cultured for 24 hours with or without apoptotic BL2 cells. Apoptosis of the BL2 cells was 
triggered by 100mJ UVB irradiation. (a-d) mRNA expression of selected genes was assessed 
following co-culture and normalized using the reference genes Tuba1b, Hsp90, Hprt, and 
B2m. Expression is presented for “IFN-γ + LPS-stimulated BMDM + apo BL2” as log[2] 
ratio relative to “IFN-γ + LPS-stimulated BMDM”. Data are means ± SEM for n=2-5. 
Statistical analysis was performed on the raw data using two-way ANOVA with Tukey’s 
multiple comparison test and is shown for “IFN-γ + LPS-stimulated BMDM + apo BL2” 
versus 4-hour IFN-γ + LPS-stimulated BMDM. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. No significant differences between WT and IL-4Rα were observed.  
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Figure 4.17 – Loss of IL-4Rα does not affect starry-sky TAM gene expression of 
classically-activated BMDM co-cultured with apoptotic  λ-MYC cells. 
4-hour IFN-γ + LPS-stimulated BMDM from WT or IL-4Rα knockout C57BL/6 mice were 
co-cultured for 24 hours with or without apoptotic λ-MYC cells. Apoptosis of the λ-MYC 
cells was triggered by 100mJ UVB irradiation. (a-d) mRNA expression of selected genes 
was assessed following co-culture and normalized using the reference genes Tuba1b, Hsp90, 
Hprt, and B2m. Expression is presented for “IFN-γ + LPS-stimulated BMDM + apo λ-
MYC” as log[2] ratio relative to “IFN-γ + LPS-stimulated BMDM”.  Data are means ± SEM 
for n=2-5. Statistical analysis was performed on the raw data using two-way ANOVA with 
Tukey’s multiple comparison test and is shown for “IFN-γ + LPS-stimulated BMDM + apo 
λ-MYC” versus 4h IFN-γ + LPS-stimulated BMDM. *p<0.05, **p<0.01. No significant 
differences between WT and IL-4Rα were observed. 
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Figure 4.18 – Loss of IL-4Rα does not affect inflammatory cytokine expression of 
classically-activated BMDM co-cultured with apoptotic lymphoma cells. 
4-hour IFN-γ + LPS-stimulated BMDM from WT or IL-4Rα knockout C57BL/6 mice were 
co-cultured for 24 hours with or without apoptotic BL2 or apoptotic λ-MYC cells. Apoptosis 
of the BL2 and λ-MYC cells was triggered by 100mJ UVB irradiation. Release of (a) TNFα, 
(b) IL-6, and (c) CCL2 cytokines by BMDM was assessed using a cytometric bead array kit. 
Data are means ± SEM for n=5-6. Statistical analysis was performed using two-way 
ANOVA with Tukey’s multiple comparison test. *p<0.05 and **p<0.01. 
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low expression high   
 
Figure 4.19 – Heat map comparing murine mRNA expression of alternative activation 
genes of starry- sky TAM and GC macrophages. 
Gene expression comparison of selected ‘alternative activation’ genes for laser-captured 
micro-dissected starry-sky TAM and GC macrophages. Intensities shown are of normalised 
data. 
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Figure 4.20 – Loss of galectin-3 does not affect activation of classically-activated 
BMDM co-cultured with apoptotic  lymphoma cells. 
4-hour IFN-γ + LPS-stimulated BMDM from WT or LGALS3 knockout C57BL/6 mice 
were co-cultured for 24 hours with or without apoptotic (a) BL2 or (b) λ-MYC cells. 
Apoptosis of the λ-MYC cells was triggered by 100mJ UVB irradiation. (a-b) mRNA 
expression of selected genes was assessed following co-culture and normalized using the 
reference genes Tuba1b, Hsp90, Hprt, and B2m. Expression is presented for “IFN-γ + LPS-
stimulated BMDM + apo λ-MYC” as log[2] ratio relative to “IFN-γ + LPS-stimulated 
BMDM”. Data are means ± SEM for n=4. Statistical analysis was performed on the raw data 
using two-way ANOVA with Tukey’s multiple comparison test and is shown for “IFN-γ + 
LPS-stimulated BMDM + apo” versus 4h IFN-γ + LPS-stimulated BMDM. *p<0.05, 
**p<0.01. Release of (c) TNFα and (d) IL-6 cytokines by BMDM was assessed using a 
cytometric bead array kit. Data are means ± SEM for n=4. Statistical analysis was performed 
using two-way ANOVA with Tukey’s multiple comparison test. *p<0.05. No significant 
differences between WT and LGALS3 KO BMDM were observed. 
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Figure 4.21 – GAL3KO BMDM have a decreased ability to phagocytose apoptotic BL2 
cells. 
7-day matured WT and GAL3KO BMDM were assessed for their ability to (a) interact with 
and (b) phagocytose apoptotic BL2 cells in a microscopy-based phagocytosis assay. Data are 
means + SEM for the percentage of BMDM demonstrating interaction or phagocytosis of 
apoptotic BL2 cells and untreated controls (n=4). Statistical analysis was performed using a 
paired t test. *p<0.05. 
 

 

 

 
Figure 4.22 – GAL3KO BMDM have a decreased ability to phagocytose apoptotic λ-
MYC cells. 
7-day matured WT and GAL3KO BMDM were assessed for their ability to (a) interact with 
and (b) phagocytose apoptotic λ-MYC cells in a microscopy-based phagocytosis assay. Data 
are means + SEM for the percentage of BMDM demonstrating interaction or phagocytosis of 
apoptotic λ-MYC cells and untreated controls (n=2).  
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Figure 4.23 – IFN-γ and LPS stimulation enhances interaction and phagocytosis of 
apoptotic cells by LGALS3 KO BMDM. 
7-day matured untreated and IFN-γ and LPS-stimulated GAL3KO BMDM were assessed for 
their ability to (a) interact with and (b) phagocytose apoptotic BL2 and λ-MYC cells in a 
microscopy-based phagocytosis assay. Data are means of duplicates ± s.d. for the percentage 
of BMDM demonstrating interaction or phagocytosis of apoptotic BL2 or λ-MYC cells and 
untreated controls for one experiment. 
 

 

4.3 Discussion 
Work described in this chapter investigated the role apoptotic cells play in shaping 

the phenotype of macrophages in the Burkitt’s lymphoma tumour microenvironment. 

Published research by this laboratory investigated gene expression profiling of laser-

captured starry-sky TAM to establish their activation signature in situ, and it was 

shown that TAM in this model of starry-sky NHL signalled via multiple tumour-

promoting reparatory, trophic, angiogenic, tissue remodelling, and anti-inflammatory 

pathways. Furthermore, suppression of apoptosis in this model showed constrained 

tumour cell proliferation, reduced tumour angiogenesis, and reduced the 

accumulation of macrophages in vivo (Ford et al., 2015). Apoptotic cells have been 

shown to modulate their tissue microenvironments and can inhibit immunological 

and inflammatory responses and promote signalling pathways by acting on 

phagocytes, notably macrophages (Sica et al., 2008b; Allavena et al., 2008; 

Mantovani et al., 2002). Starry-sky TAM are found to have engulfed many apoptotic 

cells, and the work presented here contributed to the published research by 

investigating whether apoptotic cells can help drive starry-sky TAM signature (Ford 

et al., 2015).   
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First the ability of ‘young’ and ‘mature’ ESDM and BMDM to respond to migratory 

signals and to phagocytose apoptotic cells was investigated. ‘Young’ macrophages 

were found to respond better to migratory signals, including supernatants from 

apoptotic cells. In contrast, ‘mature’ macrophages were better phagocytes, as a 

higher percentage of mature macrophages engulfed apoptotic cells. As both ESDM 

and BMDM mature in the presence of apoptotic cells, it is possible that apoptotic cell 

signalling and interaction with macrophages may influence the ability of 

macrophages to migrate towards and engulf apoptotic cells, as well as other aspects 

of its phenotype.  

 

To further assess the effect of apoptotic cell interaction with macrophages on 

macrophage activation, the activation signature of starry-sky TAM from a murine 

model of Burkitt’s lymphoma and a tumour model in which apoptosis of tumour 

cells was suppressed were compared. Primers were selected that would only 

recognize the expression of murine genes and gene expression was normalized 

against Csf1r expression, a macrophage marker, to account for the lower number of 

macrophages present in the tumour model in which apoptosis is suppressed (Ford et 

al., 2015). However, although macrophages appear to be the dominant stromal cells 

present in starry-sky tumours and many of the genes of interest are known to be 

expressed by macrophages, these genes are not specific for macrophages, thus it 

should be kept in mind that some of the expression shown could potentially be from 

other stromal cells present in the tumour. The results were initially surprising, as they 

gave identical signatures of TAM in both tumour models. However, apoptosis is 

merely suppressed in the tumour cells in these models and not completely inhibited. 

Furthermore, apoptosis of other cells in the tumour environment cannot be ruled out. 

Moreover, although the number of macrophages accumulating in the apoptosis-

suppressed tumour model is significantly lower, macrophages are still present, 

although they are generally smaller and have engulfed fewer apoptotic cells (Ford et 

al., 2015). This suggests that the smaller number of TAM in these tumours could still 

be activated through the interaction with the smaller numbers of apoptotic cells 

present. Alternatively, the activation status of accumulated TAM could be 

independent from apoptosis and be attributable to other properties of the lymphoma 
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cells. In order to elucidate which of these possibilities is responsible for the starry-

sky TAM activation signature, assays were carried out in which primary 

macrophages were co-cultured with apoptotic or untreated lymphoma cells and their 

activation status was assessed. 

 

The use of primary cells was preferred over the use of macrophage-lineage cell lines 

derived from malignant tumours, as primary macrophages may more closely 

resemble their tissue counterparts. However, since macrophages are highly 

responsive to their environments, culture conditions may heavily affect their 

activation state. BMDM are cultivated in the presence of many apoptotic cells, which 

disappear by the end of the maturation period. It is highly likely that the interaction 

of macrophages in the culture with these apoptotic cells affects their activation state 

and could already induce expression of TAM genes. Furthermore, macrophage 

colony-stimulating factor 1 (CSF1) was added to the cultures, which is known to 

stimulate macrophage proliferation, differentiation and survival by signalling 

through the CSF1 receptor (Hume and MacDonald, 2012; Davies et al., 2013). 

Additionally, in vitro data suggests that CSF1 stimulation may generate actively 

phagocytic macrophages, promote tissue repair and extracellular proteolysis, and 

suppress cell-mediated immunity (Hume and MacDonald, 2012), which are some of 

the same features associated with starry-sky TAM. Although some starry-sky TAM 

genes were found to be affected by apoptotic cell co-culture with BMDM, including 

up-regulation of Ccl2, and Hmox1, and down-regulation of Mmp12, Fn1, Plau, 

Anpep, Abca1, and Lrp1, taken together, this may explain why apoptotic cell co-

culture with BMDM only had minimal effects on the expression of TAM signature 

genes, even when CSF1 was removed prior to the start of the assay. Alternatively, 

the possibility also remains that interaction with apoptotic cells does not affect 

BMDM activation.  

 

Thus, as mature BMDM may already closely resemble starry-sky TAM, ideally less 

mature BMDM would be used to investigate if apoptotic cells can affect expression 

of starry-sky TAM genes. Unfortunately, there would not be enough macrophages to 

perform the assays if they were taken a few days earlier and a different approach was 
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sought. IFN-γ and LPS stimulation of macrophages is known to induce microbicidal 

and tumouricidal capacity, as well as pro-inflammatory signalling in macrophages, 

including expression of TNFα, IL-6, and IL-12 (Mantovani et al., 2004a; Van 

Ginderachter et al., 2006; Urban et al., 1986; Mosser and Edwards, 2008). It was 

hypothesised that classical activation of macrophages could also reduce the 

expression of starry-sky TAM genes and indeed many TAM genes were found to be 

down-regulated upon activation with IFN-γ and LPS, including the reparatory and 

pro-tumour genes Mrc1, Plau, Ctsd, Fn1, Ctsl, Timp2, Igf1, and Emp1, as well as 

genes that are associated with apoptotic cell responses: Cd36, Pparg, Trem2, Gas6, 

and possibly Lrp1. In contrast, several genes that were found to be up-regulated in 

starry-sky TAM were also up-regulated upon classical activation, including the 

reparatory and pro-tumour genes Hmox1, Mmp3, and Ccl2, as well as the apoptotic 

cell response gene Msr1. In addition, as expected for classically-activated 

macrophages, expression of genes associated with inflammatory responses, including 

Tnf and Il6 was up-regulated, and the Arg1/Nos2 ratio was down-regulated.  

 

Surprisingly, although many genes associated with apoptotic cell responses were 

down-regulated upon IFN-γ and LPS stimulation, phagocytosis of classically-

activated BMDM was found to be increased compared to un-stimulated BMDM. 

This was not further investigated here, but a possible explanation is that although 

many of the genes here were found to be down-regulated, macrophages have 

redundant pathways for the recognition and engulfment of apoptotic cells and other 

genes associated with apoptotic cell clearance not investigated here may be up-

regulated by classical activation.  

 

The effect of interaction of apoptotic cells with classically activated macrophages 

was then assessed in co-culture assay and several TAM genes were found to be up-

regulated by co-culture with apoptotic, but not with untreated or apoptosis-

suppressed BL2 lymphoma cells. Subsequent assays in which a membrane was used 

to prevent cell-to-cell contact between macrophages and lymphoma cells, showed 

that expression of Gas6, Mrc1, Cd36, and Timp2 could be significantly up-regulated 

by co-culture with apoptotic BL2 cells, and that this was most likely mediated 
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through the release of soluble factors from apoptotic cells. In contrast, Pparg 

expression in classically-activated BMDM was only up-regulated if no membrane 

was present to separate the two cell types, thus suggesting that binding or engulfment 

of apoptotic cells was necessary to exert the effects on macrophage gene expression.  

 

Co-culture of classically-activated BMDM with apoptotic λ-MYC cells was found to 

significantly decrease the expression of Axl, Plau, Anpep, and Mmp12. Delays with 

finding successful primers for Anpep and Mmp12 did not allow further investigation 

of those genes, but results as to whether the down-regulation of Axl and Plau was 

due to apoptotic-cell interaction were inconclusive as untreated λ-MYC, of which 

still large numbers of cells underwent apoptosis during the course of the assay, did 

have a similar effect on gene expression as apoptotic λ-MYC cells. Co-cultures 

performed in the presence of a transwell suggested that any observed affects were 

due to soluble factors released from the cells, as the presence of the membrane did 

not interfere in the reduction of gene expression.  

 

Interestingly, the effect of apoptotic BL2 and λ-MYC cells on TAM genes expressed 

by classically-activated BMDM was not identical, suggesting that TAM in λ-MYC 

tumour models could differ from the starry-sky TAM signature identified in BL2 

murine xenograft tumours.  

 

Having established that apoptotic cells can affect gene expression of a small subset 

of TAM genes, two candidate receptors on macrophages were then assessed for their 

involvement. IL-4Rα and galectin-3 were selected as λ-MYC tumour models in mice 

in which these receptors were knocked out displayed slower tumour growth (Ford et 

al., 2015) or reduced ability to establish tumours (unpublished findings), 

respectively, compared to WT mice. IL-4Rα is a component of the receptors for IL-4 

and IL-13, and is necessary for alternative activation of macrophages (Colegio et al., 

2014; Wang and Joyce, 2010), as well as IL-4-induced proliferation of macrophages 

(Jenkins et al., 2013). It was hypothesised that lack of either of these receptors would 

prevent apoptotic cell-mediated starry-sky TAM gene expression, which would cause 

the TAM to have a less pro-tumour phenotype, thereby slowing tumour growth down 
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or inhibiting it. Lack of IL-4Rα did not affect gene expression of starry-sky TAM 

genes or affect inflammatory cytokine expression. This indicated that tumour growth 

in these knockout models is down-regulated or inhibited through a different pathway. 

This was supported by the findings that several of the genes associated with an IL-

4Rα-dependent or ‘alternative activation’ state, were expressed only at low levels by 

starry-sky TAM or not expressed at all.  

 

Unstimulated BMDM lacking expression of galectin-3 were found to have a reduced 

ability to phagocytose apoptotic cells, as has been shown previously (Sano et al., 

2003). However, preliminary findings presented here suggest that classical activation 

can improve the phagocytic ability of galectin-3 deficient BMDM. Additionally, it 

has been shown that classical activation of macrophages by IFN-γ and LPS down-

regulated galectin-3 expression (MacKinnon et al., 2008). Together this may explain 

why no expression differences were observed between classically activated WT and 

LGALS3 KO BMDM in their responses to apoptotic lymphoma cells, including no 

differences in expression of Pparg, which was found to be dependent upon direct 

contact between macrophages and apoptotic cells. Time limitations prevented further 

exploration of the effect of apoptotic cell interaction on the phenotype of galectin-3 

deficient unstimulated macrophages, but further studies will be necessary to deduce 

whether this may contribute to reduced tumour take rates for galectin-3 deficient 

mice.  

 

In agreement with published findings (Voll et al., 1997; Fadok et al., 1998a), in 

addition to affecting expression of TAM genes, co-culture of classically-activated 

BMDM with apoptotic cells was also shown to reduce gene expression of the 

inflammatory cytokines Tnf and Il6, 3-fold and 4-18-fold, respectively. Tnf 

expression was solely inhibited by co-culture with apoptotic cells, as untreated or 

apoptosis-suppressed BL2 cells could not reduce expression. Il6 expression was also 

reduced by co-culture with untreated or apoptosis-suppressed BL2 cells, but this 

appeared to be to a lesser extend than the effect co-culture with apoptotic BL2 cells 

had, and expression by classically-activated BMDM co-cultured with untreated or 

Bcl-2-transfected lymphoma cells was significantly different than that from 
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classically-activated BMDM co-cultured with apoptotic BL2 cells. No differences in 

Tnf or Il6 expression were found for classically-activated BMDM co-cultured with 

apoptotic or untreated λ-MYC cells and both were capable of reducing expression. 

The reduction in expression of Tnf and Il6 induced by apoptotic cells appeared to be 

due to soluble factors released from the cells.  

 

Interestingly, results from measurements of TNF and IL-6 cytokine release were not 

consistent with the gene expression results, and co-culture with apoptotic, untreated 

and apoptosis-suppressed cells was found to reduce release of TNF and IL-6 by 

classically-activated macrophages. Assessments of whether measurements were 

obscured by TNFα or IL-6 binding to viable lymphoma cells indicated that this was 

not the case. However, it has been shown that TNFα can bind to activated 

macrophages (Ichinose et al., 1988), which was not investigated, and must be further 

analysed. Furthermore, transwell experiments suggested that cell-to-cell contact was 

necessary to reduce IL-6 release by classically-activated BMDM, but gene 

expression of IL-6 was not affected by the transwell. Further experiments need to be 

performed to elucidate whether only apoptotic cells or also viable lymphoma cells 

can reduce the expression of IL-6 and TNFα. Measurement of Tnf and Il6 gene 

expression and cytokine release at different time points during the assay may 

improve understanding of how their expression by classically-activated BMDM is 

regulated by apoptotic and/or viable cells. 

 

In summary, it was shown in this chapter that co-culture of unstimulated and 

classically-activated BMDM with apoptotic lymphoma cells, but not viable 

lymphoma cells, can induce expression of various genes associated with the starry-

sky TAM signature. Apoptotic cell co-culture up-regulated Ccl2 and Hmox1 gene 

expression by unstimulated BMDM, whereas classically-activated macrophages were 

found to up-regulate Gas6, Mrc1, Cd36, and Timp2 expression in response to co-

culture with apoptotic cells. Pparg was only up-regulated by classically-activated 

macrophage when apoptotic cells were in direct contact with the macrophages. 

Furthermore, various genes were down-regulated by macrophages upon co-culture 

with apoptotic cells, including Fn1, Mmp12, Plau, Anpep, Abca1 and Lrp1 by 
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unstimulated macrophages, and Axl, Plau, Anpep and Mmp12 by classically-

activated macrophages. Additionally, gene expression of the inflammatory cytokines 

Tnf and Il6 was up-regulated by classically-activated macrophages upon co-culture 

with apoptotic cells. Finally, investigation of the involvement of IL-4Rα and 

galectin-3 expressed by macrophages, showed that neither was involved in apoptotic-

cell mediated activation of classically-activated macrophages, and IL-4Rα expression 

by macrophages did not affect apoptotic cell-induced activation of unstimulated 

macrophages. However, it was not tested if galectin-3 expression is necessary for 

apoptotic-cell mediated stimulation of unstimulated macrophages, and this will need 

to be investigated further. 

 

Given the findings in this chapter that co-culture of classically-activated BMDM 

with apoptotic lymphoma cells could significantly reduce the gene and protein 

expression of inflammatory cytokines and the findings in Chapter 3 that pre-

exposure of macrophages to apoptotic cells could reduce the cytotoxicity of 

macrophages induced by IFN-γ and LPS towards tumour cells, the effects of 

apoptotic cells on macrophage cytotoxicity were further investigated in Chapter 5.  
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Chapter 5 Apoptotic lymphoma 
cell interaction with macrophages 
stimulates tumour cell growth 

 

5.1 Introduction 
Results presented in Chapter 4 showed that co-culture of classically-activated 

macrophages with apoptotic cells, but not viable cells, could significantly increase 

gene expression of Timp2, Cd36, Mrc1, Pparg, and Gas6. Additionally, expression 

of anti-inflammatory cytokines Tnf and Il6 was found to be decreased upon co-

culture with apoptotic cells. These findings are in line with previous reports that 

recognition and phagocytosis of apoptotic cells could suppress pro-inflammatory 

cytokine release in vitro, including release of IL-6, IL-8, IL-12, and TNFα (Voll et 

al., 1997; Fadok et al., 1998a). Additionally, engulfment of apoptotic cells by 

macrophages has been shown to cause the up-regulation and secretion of IL-10, 

TFG-β, platelet-activating factor (PAF), prostaglandins, and MMP12 and MMP2 

(Voll et al., 1997; Fadok et al., 1998a; McDonald et al., 1999; Ogden et al., 2005; 

Ford et al., 2015). 

 

Results presented in Chapter 3 suggested that pre-exposure to apoptotic cells, but not 

supernatants from apoptotic cells, could reduce macrophage cytotoxicity induced by 

classical activation. These findings are in agreement with work published by Reiter 

et al. (1999), which showed that co-culture of apoptotic cells with BMDM during 

stimulation with IFN-γ and LPS, reduced the ability of BMDM to induce cell death 

in YAC-1 cells, as measured by alkaline phosphate activity. In contrast, co-culture of 

BMDM with necrotic cells during IFN-γ and LPS stimulation substantially increased 

tumour cytotoxicity of BMDM. Additionally, the suppression of anti-tumour activity 

was also reflected by a reduction in the release of NO (Reiter et al., 1999). Other 

experiments have shown that pre-exposure of BMDM to phosphatidylserine-

containing liposomes can suppress the activation of BMDM tumour cytotoxicity and 

NO secretion (Calderón et al., 1994; Aramaki et al., 1996). 
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Therefore, the aim of this chapter is to identify whether interaction with apoptotic 

cells can reverse the induction of a classically-activated macrophage phenotype 

capable of suppressing BL cell growth.  

 

The chapter starts out to further investigate the effect of classically-activated BMDM 

on lymphoma cells, using a revised cytotoxicity assay from the one presented in 

Chapter 3 as well as a Cr51 release assay. The effect of apoptotic versus viable 

lymphoma cells on macrophage cytotoxicity and tumour cell growth is then studied 

further, followed by investigations to find out if this effect is dependent upon cell-to-

cell contact, or can be mediated by soluble factors released from apoptotic 

lymphoma cells. Additionally, the role of galectin-3 is investigated using BMDM 

from LGALS3 KO mice. The chapter ends with an investigation of mediators that 

might be involved in classically-activated macrophage-mediated cytotoxicity.  

 

5.2 Results 

5.2.1 Classically-activated BMDM are cytotoxic for lymphoma cells 
A revised cytotoxicity assay was designed that would allow for the assessment of 

target cell viability, as displayed in Figure 5.1. In short, BMDM were matured for 7 

days, followed by removal of CSF1 for 18 hours. BMDM were then labelled with the 

fluorescent green membrane marker PKH67 and stimulated with IFN-γ + LPS for 

four hours. In the mean time, lymphoma cells for co-culture were prepared. 

Apoptosis was induced in BL2 and λ-MYC cells by UVB-irradiation followed by a 2 

or 3-hour rest-period, respectively. Cells were then gently mixed, and added to the 

BMDM at a ratio of 1 macrophage to 10 lymphoma cells, without the removal of 

IFN-γ and LPS from the BMDM. BMDM and BL2 cells were co-cultured for 24 

hours, before the lymphoma cells were removed by repeated washing steps with 

PBS, taking care to minimise disturbing the adherent macrophage layer. Target 

viable BL2 lymphoma cells, labelled with the fluorescent red membrane marker 

PKH26 were then added to the macrophages and co-cultured for 20 hours to assess 

killing. After 20 hours, all cells were removed from the plates by repeated pipetting 
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and the number and viability of red lymphoma target cells was assessed using a 

violet ratiometric membrane asymmetry probe, which detects membrane surface 

charge changes during apoptosis, in combination with a dead cell stain that can only 

enter permeabilized cells.  

 

The results presented in Figure 5.2 confirm that IFN-γ and LPS-stimulation can 

indeed induce macrophage cytotoxicity. Almost 25% of the target cells became 

necrotic during the course of the 20-hour cytotoxicity assay when they were cultured 

separate from BMDM. Co-culture of target cells with unstimulated BMDM led to an 

increased number of viable cells, but did not affect non-viable target cell numbers. In 

contrast, co-culture of target cells with IFN-γ and LPS-stimulated BMDM 

significantly reduced the number of viable cells and increased the number of non-

viable target cells. Target cell viability assessment with the ratiometric membrane 

asymmetry dye and dead cell stain suggested that the cells had undergone apoptosis 

(Figure 5.2c). This was confirmed by DAPI (4’,6-diamidino-2-phenylindole) staining 

of the cells in the untreated and IFN-γ and LPS-stimulated BMDM-target cell co-

cultures (not shown), which indicated that co-culture with IFN-γ and LPS-stimulated 

BMDM led to condensation of the nuclei of most target cells, a hallmark of 

apoptosis. 

 

Additionally, chromium-51 (Cr51) release assays were employed to assess 

cytotoxicity of IFN-γ and LPS-stimulated BMDM. Many cytotoxic cells, including 

macrophages and NK cells induce lysis of target cells (Martin and Edwards, 1993; 

Damiens et al., 1998; Cox et al., 1992), which can be measured by chromium release 

from Cr51-labelled targets. BMDM were pre-treated with IFN-γ and LPS for four 

hours, before they were rested for 24 hours. BMDM were then washed, and co-

cultured with chromium-labelled BL2 cells for 4, 8, or 24 hours at effector:target cell 

ratios of 100:1 to 10:1. At the end of the assay, cell-free supernatants were collected 

and chromium release was measured using a gamma counter. No chromium release 

above spontaneous release from target cells only was measured from target cells co-

cultured with unstimulated or IFN-γ and LPS-stimulated BMDM for 4 or 8 hours 

(not shown). Only at 24 hours, chromium release above spontaneous release by 
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target cells was measured from target cells cultured at effector:target cell ratio 10:1, 

but the amount was low and there did not appear to be a difference between target 

cells co-cultured with unstimulated or IFN-γ and LPS-stimulated BMDM (Table 

5.1). These results are in line with those presented in Figure 5.2 that suggest that 

IFN-γ and LPS-stimulated BMDM may induce apoptosis and not lysis of BL2 cells, 

and that at the end of the 20 or 24-hour co-culture, only a small number of BL2 cells 

have lost their membrane integrity, as shown also in Figure 5.2c. 

 

 

 
Figure 5.1 – Schematic drawing of macrophage cytotoxicity assay. 
BMDM were matured in vitro for 8 days as previously described and CSF1 was removed for 
the final 18 hours. BMDM were then labelled with a PKH67 fluorescent green membrane 
marker and then activated by co-culture with IFN-γ and LPS for 4 hours before 10x the 
number of apoptotic or viable cells were added for an additional 24 hours. After 28 hours 
pre-treatment, co-cultured cells or media controls were removed by repeated washing and 
macrophage cytotoxicity was tested by the addition of BL2 lymphoma target cells that had 
been labelled with the fluorescent red membrane marker PKH26, at a 1:1 ratio to BMDM. 
Cells were co-cultured for 20 hours and at the end of the assay, the viability and number of 
lymphoma target cells was assessed by flow cytometry using a ratiometric membrane 
asymmetry probe in combination with a dead cell stain.  
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# of target 
cells 

added 

E:T 
ratio 

cpm in supt 
target cells 

only 

cpm in 
supt + 

effectors 

cpm in supt 
+ effectors 

(IFN-γ+LPS) 

cpm lysed 
controls 

% lysis 

0  4 4 17   
4x103 100:1 1334 737  4334 0 
4x103 100:1 1334  761  0 
8x103 50:1 1559 1494  8909 0 
8x103 50:1 1559  1199  0 
2x104 20:1 3939 3392  21690 0 
2x104 20:1 3939  3250  0 
4x104 10:1 5657 7705  42321 4.8 
4x104 10:1 5657  7373  4.1 

 
Table 5.1 – No difference in chromium-51 release from target cells co-cultured with 
unstimulated or IFN-γ and LPS-stimulated BMDM. 
Mature BMDM with or without IFN-γ and LPS pre-treatment were co-cultured with target 
BL2 lymphoma cells labelled with Cr51 in a cytotoxicity assay for 24 hours. At the end of 
the assay Cr51 release from target lymphoma cells into the supernatant was measured using 
a gamma counter. Spontaneous release of Cr51 into the supernatant (supt) by target cells 
cultured without BMDM (target cells only), target cells cultured with unstimulated BMDM 
(+ effectors) or IFN-γ and LPS-stimulated BMDM (+ effectors (IFN-γ +LPS), or from target 
cells lysed with water (lysed control) is shown. % lysis is calculated as the release of Cr51 
induced by effector cell co-culture as a percentage of Cr51 release from lysed cells. 
(cpm=counts per minute) 
 
 

 

 

Figure 5.2 – IFN-γ and LPS stimulation can induce macrophage cytotoxicity. 
Mature BMDM with or without IFN-γ and LPS pre-treatment were co-cultured with target 
BL2 lymphoma cells in a cytotoxicity assay for 20 hours as described in Figure 5.1. At the 
end of the assay target lymphoma cell number and viability was assessed using a ratiometric 
membrane asymmetry probe in combination with a dead cell stain. (a) Forward and side 
scatter plot of target lymphoma cells and BMDM at the end of the assay. Gates were drawn 
to select all cells. (b) Green fluorescence intensity shown for all cells. Cells that were 
positive for green fluorescence (the macrophages labelled with PKH67 green fluorescent 
marker) were subtracted from the total cells. (c) From all cells minus the macrophages, red 
fluorescence-positive cells were then selected (the PKH26-labelled target cells). (d-e) orange 
fluorescence versus green fluorescence signal of F2N12S ratiometric membrane asymmetry 
probe for target cells co-cultured with (d) untreated macrophages or (e)  IFN-γ and LPS-
stimulated macrophages. Red events indicate the viable cells. Events in purple and green 
have undergone membrane asymmetry changes, and green events indicate cells that are also 
permeable. (f) viable, (g) non-viable or (h) total numbers of target cells are shown for target 
cells cultured alone or cultured in the presence of unstimulated or IFN-γ and LPS-stimulated 
BMDM. Data are means + SEM for n=6. Statistical analysis was performed using one-way 
ANOVA with Dunnett’s multiple comparison test and all samples are compared to 20-hour 
target cells controls. *p<0.05, ***p<0.001, ****p<0.0001. 
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5.2.2 Co-culture with apoptotic cells following classical activation of 
macrophages can promote tumour cell growth 

Having shown that classically-activated macrophages can induce apoptosis in 

lymphoma cells, it was then was assessed whether pre-treatment of classically-

activated BMDM with apoptotic cells could affect the cell viability of target cells in 

a cytotoxicity assay. The assay was performed as described above. Figure 5.3 shows 

the results when classically-activated BMDM were pre-treated with apoptotic, 

untreated, or Bcl-2-transfected BL2 cells, before target BL2 cells were added. 

Assessment of viable target cells shows that viable target cell numbers are 

significantly larger when classically-activated BMDM were pre-treated with 

apoptotic BL2 cells compared to no pre-treatment of classically-activated BMDM 

before the start of the cytotoxicity assay. This was specific for pre-treatment with 

apoptotic cells, as pre-treatment of BMDM with untreated or apoptosis-suppressed 

BL2 cells did not affect viable target cell numbers. Interestingly, the total number of 

apoptotic and necrotic cells did not decrease.  

 

Similar results were obtained when classically-activated BMDM were co-cultured 

with apoptotic or untreated λ-MYC cells, before co-culture with target BL2 cells. 

Co-culture with apoptotic λ-MYC, but not untreated λ-MYC cells, could 

significantly increase viable target cell number, without decreasing the total number 

of apoptotic and necrotic target cells. Collectively, these results suggest that pre-

treatment of classically-activated BMDM with apoptotic cells can promote tumour 

cell growth.  
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Figure 5.3 – Pre-treatment of classically activated BMDM with apoptotic BL2 cells 
enhances tumour cell growth. 
Mature BMDM with or without IFN-γ and LPS pre-treatment were co-cultured with target 
BL2 lymphoma cells in a cytotoxicity assay for 20 hours as described in Figure 5.1, but 
rather than resting for 24 hours, BMDM were instead pre-treated with 10x apoptotic (UVB-
induced) or untreated BL2 cells, or Bcl-2-transfected BL2 cells. At the end of the assay 
target lymphoma cell number and viability was assessed. (a) viable or (b) total numbers of 
target cells are shown for target cells cultured alone or cultured in the presence of 
unstimulated or IFN-γ and LPS-stimulated BMDM with or without additional pre-treatments 
with BL2 cells. Data are means + SEM for n=6. Statistical analysis was performed using 
one-way ANOVA with Dunnett’s multiple comparison test and all co-culture samples were 
compared to IFNγ and LPS-stimulated BMDM. ***p<0.001. (c) Assessment of BL2 pre-
treatment control cells by flow cytometry by simultaneous staining for Annnexin V (AxV) 
and propidium iodide (PI) at the time the BL2 cells were added to the macrophages (T0) and 
at the end of the pre-treatment (end). Data are means + SEM for n=6.  
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Figure 5.4 - Pre-treatment of classically activated BMDM with apoptotic λ-MYC cells 
enhances tumour cell growth. 
Mature BMDM with or without IFN-γ and LPS pre-treatment were co-cultured with target 
BL2 lymphoma cells in a cytotoxicity assay for 20 hours as described in Figure 5.1, but 
rather than resting for 24 hours, BMDM were instead pre-treated with 10x apoptotic (UVB-
induced) or untreated λ-MYC cells. At the end of the assay target lymphoma cell number 
and viability was assessed. (a) viable or (b) total numbers of target cells are shown for target 
cells cultured alone or cultured in the presence of unstimulated or IFN-γ and LPS-stimulated 
BMDM with or without additional pre-treatments with λ-MYC cells. Data are means ± SEM 
for n=6. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple 
comparison test and all co-culture samples were compared to IFN-γ and LPS-stimulated 
BMDM. **p<0.01, ***p<0.001. (c) Assessment of λ-MYC pre-treatment control cells by 
flow cytometry by simultaneous staining for Annnexin V (AxV) and propidium iodide (PI) 
at the time the BL2 cells were added to the macrophages (T0) and at the end of the pre-
treatment (end). Data are means ± SEM for n=6. 
 

5.2.3 The ability of apoptotic cells to reduce macrophage cytotoxicity 
is contact-dependent 

Next it was investigated whether the ability of classically-activated BMDM pre-

treated with apoptotic cells to promote tumour cell growth is dependent on factors 

released from apoptotic cells, or is contact-dependent. Classically-activated BMDM 

were either pre-treated directly with apoptotic or untreated BL2 cells, or the two cell 
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types were separated by a 0.44µm membrane, which prevents direct contact. After 

the pre-treatments were removed, BMDM were co-cultured directly with target 

lymphoma cells as before. The results are shown in Figure 5.5. 

 

As the membrane was present only during pre-treatments of IFN-γ and LPS-

stimulated BMDM with apoptotic or untreated cells and removed again for the 

cytotoxicity assay, it did not prevent macrophage cytotoxicity and classically-

activated BMDM cultured temporarily with the membrane were also cytotoxic for 

lymphoma target cells. However, the presence of the membrane during pre-

treatments of classically-activated BMDM with apoptotic cells significantly reduced 

the number of viable target cells present at the end of the assay. The total number of 

apoptotic and necrotic cells was not affected. Results for classically-activated 

BMDM pre-treated with untreated BL2 cells were not affected by the presence of the 

membrane during pre-treatments. This finding indicates that the promotion of tumour 

cell growth induced by IFN-γ and LPS-stimulated BMDM pre-treated with apoptotic 

lymphoma cells is dependent on cell-to-cell contact between macrophages and 

apoptotic cells.  
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Figure 5.5 – Apoptotic cell-macrophage contact during pre-treatment of classically-
activated macrophages is necessary to induce lymphoma cell growth. 
Mature BMDM pre-treated with IFN-γ and LPS as described in Figure 5.1 co-cultured with 
10x the number of apoptotic or viable BL2 cells, either added directly to the macrophages, or 
separated by a 0.44µm transwell. The ability of the macrophages to kill target lymphoma 
cells was then measured by the addition of an equal number of BL2 cells. (a) and (b) depict 
viable target cell counts (b) and total cell counts (d) of untreated BMDM and IFN-γ  and 
LPS-stimulated cells co-cultured with or without apoptotic or viable BL2 cells in the 
presence or absence of a 0.44µm transwell. Data are means + SEM for n=4. Statistical 
analysis is shown for UT, + apo BL2, and + BL2 compared to control for with or without 
transwell, and comparing each of the pre-stimuli between with or without transwell using 
two-way ANOVA with Tukey’s multiple comparisons test. *** p<0.001, **** p<0.0001. 
 

5.2.4 Galectin-3 does not play a role in the ability of apoptotic-cell co-
culture to inhibit macrophage cytotoxicity towards lymphoma 
cells 

Experiments presented in chapter 4 and work by Sano et al. (2003) has shown that 

that galectin-3 plays an important role in the phagocytosis of apoptotic cells. Thus it 

was investigated whether galectin-3 expressed by macrophages is important for 

apoptotic cells to exert growth-promoting properties on classically-activated 

macrophages. Classically-activated WT or LGALS3 KO C57BL/6 BMDM were pre-

treated with apoptotic cells or untreated BL2 cells before co-culture with lymphoma 

target cells. Viable and total target cell numbers at the end of the assay are displayed 

in Figure 5.6. Similar to WT BMDM, LGALS3 KO BMDM were cytotoxic to 

lymphoma cells. Furthermore, pre-treatment of classically-activated LGALS3 KO 

BMDM with apoptotic cells also significantly increased viable target cell numbers in 

the cytotoxicity assay, and, interestingly, in contrast to WT BMDM, non-viable cell 

numbers were significantly increased too (p<0.01, one-way ANOVA with Dunnett’s 
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multiple comparison test). As before, pre-treatment of classically-activated LGALS3 

KO BMDM with untreated or apoptosis-suppressed BL2 cells did not affect viable 

target cell numbers in the cytotoxicity assay.  

 

Repeats of the assay with pre-treatments of classically-activated LGALS3 KO 

BMDM with apoptotic or viable λ-MYC cells showed a similar trend, although 

viable cell numbers were not significantly increased (Figure 5.7). Additionally, there 

appeared to be a trend that LGALS3 KO BMDM were less cytotoxic than their WT 

counterparts, but this was not significant.  

 

 

 
Figure 5.6 – Galectin-3 deficiency does not affect the ability of apoptotic BL2 cell pre-
treated classically-activated macrophages to enhance tumour cell growth. 
Mature BMDM from WT or LGALS3 KO mice, were pre-treated with IFN-γ and LPS for 4 
hours before co-culture with 10x the number of apoptotic or untreated BL2 cells as described 
in Figure 5.3. The ability of the macrophages to kill target lymphoma cells was then 
measured by the addition of an equal number of BL2 cells. (a) depicts viable target cell 
counts (b) and total cell counts of untreated BMDM and IFN-γ and LPS-stimulated cells co-
cultured with or without apoptotic or viable BL2 cells. Data are means + SEM for n=4. 
Statistical analysis was performed on the raw data using two-way ANOVA with Tukey’s 
multiple comparisons test. * p<0.05, ** p<0.01, and **** p<0.0001.  
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Figure 5.7 – Galectin-3 deficiency does not affect the ability of apoptotic λ-MYC cell 
pre-treated classically-activated macrophages to enhance tumour cell growth. 
Mature BMDM from WT or LGALS3 KO mice, were pre-treated with IFN-γ and LPS for 4 
hours before co-culture with 10x the number of apoptotic or untreated λ-MYC cells as 
described in Figure 5.4. The ability of the macrophages to kill target lymphoma cells was 
then measured by the addition of an equal number of BL2 cells. (a) depicts viable target cell 
counts (b) and total cell counts  of untreated BMDM and IFN-γ and LPS-stimulated cells co-
cultured with or without apoptotic or viable BL2 cells. Data are means ± SEM for n=4. 
Statistical analysis was performed on the raw data using two-way ANOVA with Tukey’s 
multiple comparisons test. * p<0.05, and **** p<0.0001.  
 
 

5.2.5 Nitric Oxide is released from classically-activated BMDMs, but is 
not decreased upon co-culture with apoptotic lymphoma cells 

Further investigations were then done to elucidate what is the mediator that induces 

apoptosis in target cells when they are co-cultured with macrophages. Nitric oxide is 

known to be produced by IFN-γ and LPS-activated macrophages and can induce 

apoptosis in a number of cells (Jorens et al., 1995; Murray and Nathan, 1999; Hibbs 

et al., 1988; Higuchi et al., 1990; Keller et al., 1990; Cui et al., 1994). Nitric oxide is 

very unstable and rapidly oxidises to nitrite (NO2
-) and nitrate (NO3

-) (Jorens et al., 

1995). Nitrite levels in the supernatants at the end of pre-treatment of classically-

activated macrophages with or without apoptotic or untreated lymphoma cells were 

assessed using the Griess reaction, as described in Materials and Methods. Briefly, 

the Griess reagent reacts with nitrite, which can be spectrophotometrically quantified 

based on its absorbance at 548nm. The results are presented in Figure 5.8. Nitrite 

levels in supernatants from untreated BMDM are below detection levels, but 

classical activation of BMDM increases nitrite levels in the supernatants. 
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Interestingly, when BMDM are pre-treated with apoptotic or viable lymphoma cells, 

nitrite levels measured in the supernatants increase. When nitrite levels released from 

control lymphoma cells were assessed, it suggested that apoptosis of lymphoma cells 

could induce release of nitric oxide to the supernatant.   

 

 

 
Figure 5.8 - Nitrite release by classically-activated macrophages. 
Mature BMDM were pre-treated with IFN-γ and LPS for 4 hours before co-culture with 10x 
the number of apoptotic or untreated BL2 cells as described in Figure 5.3. Release of nitrite 
by (a) classically-activated BMDM co-cultures and (b) control BL2 cells was measured 
using the Griess reaction. Data points are means of duplicates for two independent 
experiments shown with the mean of the two experiments.  
 

 

5.2.6 TNFα cannot induce apoptosis in lymphoma cells 
Another candidate factor released from IFN-γ and LPS-stimulated macrophages that 

could be responsible for the induction of apoptosis in lymphoma cells is TNFα. 

TNFα has been shown to induce apoptosis in various tumour cells in vitro, which 

could be inhibited by an anti-TNFα neutralizing antibody (Urban et al., 1986; 

Feinman et al., 1987; Higuchi et al., 1990). In Chapter 4, it was shown that IFN-γ 

and LPS-stimulated macrophages indeed up-regulate and release TNFα. 

Furthermore, co-culture with apoptotic cells could reduce Tnf gene expression by 

these macrophages. Thus, in order to test if TNFα could be the mediator that leads to 

apoptosis of target cells, lymphoma cells were incubated with several concentrations 

of TNFα, matching those found to be released from IFN-γ + LPS-stimulated BMDM 

in Chapter 4. After 20 hours lymphoma cell viability was assessed using the same 

ratiometric membrane asymmetry probe in combination with the dead cell stain 

employed in cytotoxicity assays. None of the concentrations of TNFα were found to 
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affect viable or non-viable target cell numbers, suggesting that TNFα release by 

classically-activated BMDM is not responsible for the induction of apoptosis in 

target lymphoma cells. 

 

 

 
Figure 5.9 – TNFα does not induce apoptosis of lymphoma cells.   
Target BL2 cells were incubated with various concentrations of TNFα for 20 hours. At the 
end of the assay, target cell viability was assessed. Data are means + SEM for n=2. 
 

 

5.3 Discussion 
Results in previous chapters showed that co-culture of classically-activated 

macrophages with apoptotic cells could affect the activation status of said 

macrophages, including the reduction of cytokine expression of Il6 and Tnf. 

Furthermore, pre-exposure of macrophages to apoptotic cells prior to classical 

activation was shown to reduce macrophage cytotoxicity. Here the effect of apoptotic 

cells on macrophage cytotoxicity was further investigated.  

 

Classically-activated control macrophages were indeed found to be cytotoxic to 

lymphoma cells, as classically-activated macrophages significantly reduced the 

number of viable target cells at the end of the assay and increased the number of non-

viable cells compared to target cells incubated alone. This was not due to 

competition for limited nutrients in the low-nutrient media, as co-culture of target 

cells with unstimulated BMDM did not reduce viable cell numbers, but rather 

significantly increased their viable target cell numbers, which suggests that co-
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culture of lymphoma cells with unstimulated BMDM might induce lymphoma cell 

growth. However, this was not further investigated here. 

 

Investigation of target cell viability following co-culture with classically-activated 

BMDM using a ratiometric dye that detects changes in membrane charge as a result 

of redistribution of phosphatidylserine (PS) and phosphatidylethanolamine (PE) to 

the outer leaflet of the cell membrane during apoptosis (Martin et al., 1996), 

suggested that the target cells had undergone apoptosis. This was confirmed by 

nuclear staining of target cells with DAPI, which indicated condensation of the 

nuclei of target cells, another hallmark of apoptosis (Kerr et al., 1972). These 

findings that classical activation of BMDM appears to induce apoptosis in target 

cells may explain why chromium-51 release assays employed to assess macrophage 

cytotoxicity could only detect release of isotope from labelled lymphoma cell targets 

after co-culture with BMDM at the effector:target cell ratio of 10:1 after 24 hours. 

No differences were observed between co-cultures of labelled target cells with 

unstimulated or IFN-γ and LPS-stimulated BMDM, which is in line with an 

approximately equal number of permeable target cells present after 20-hour co-

culture with BMDM in the cytotoxicity assay where target cell viability was 

measured using the ratiometric and dead cell stain. Combined with the results that 

indicate classically-activated macrophages can induce apoptosis, and that both 

unstimulated and IFN-γ and LPS-stimulated BMDM can effectively phagocytose 

apoptotic cells, as presented in Chapter 4, one explanation for these results is that 

when classically-activated BMDM are co-cultured with such low numbers of target 

cells, macrophages can rapidly engulf the cells that are induced to undergo apoptosis 

before chromium-51 can be released.  

 

Having shown that classically-activated BMDM could induce apoptosis in 

lymphoma cells, it was then investigated if pre-treatment of BMDM with apoptotic 

cells could interfere with macrophage cytotoxicity induced by classical activation. 

Experiments published by Reiter et al. (1999) have previously shown that apoptotic 

cells, but not necrotic cells, could reduce cytotoxic responses of IFN-γ and LPS-

stimulated BMDM. However, apoptotic cell treatments were added at the same time 
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as classical activation stimuli, and as LPS has been shown to bind apoptotic cells, 

thereby preventing LPS-stimulated activation of macrophages (Ren et al., 2008), it 

remains unclear if apoptotic cells can reverse cytotoxic responses by BMDM, or if 

they prevent cytotoxic activation by binding to LPS. To assess this, a cytotoxicity 

assay was developed in which macrophages were first classically activated by IFN-γ 

and LPS-stimulation for four hours, before further pre-treatments with apoptotic, 

viable or apoptosis-suppressed lymphoma cells. Experiments presented in Chapter 4 

had previously shown that 4-hour treatment of BMDM with IFN-γ and LPS was 

sufficient to activate the macrophages, as measured by TNFα and IL-6 expression 

and release. Pre-treatment with the classical stimuli would prevent binding of 

apoptotic cells to LPS from interfering with the classical activation of the 

macrophages and possibly with the macrophages’ ability to induce apoptosis in 

lymphoma cells. Pre-treatment of classically-activated BMDM with apoptotic cells 

was found to increase the number of viable target cells at the end of the assay. 

Interestingly, the number of non-viable cells remained the same. Further 

investigations revealed that this effect was specific to apoptotic cells, as untreated 

and cells in which apoptosis was suppressed did not have the same effect.  

 

The substantial capacity of classically-activated BMDM to phagocytose apoptotic 

cells (Fadok et al., 1998a; Mosser and Edwards, 2008) shown in Figure 4.7, must be 

taken into account when assessing these results. Indeed, small numbers of target cells 

seemed to have ‘disappeared’ when co-cultured with classically-activated BMDM 

compared to target cells cultured alone. These cells are likely to have been engulfed 

by the highly phagocytic classically-activated BMDM, as was shown in chapter 4, or 

they may have fallen apart as the cells became highly necrotic. Furthermore, when 

classically-activated BMDM are pre-treated with 10-fold numbers of apoptotic cells 

for 24 hours, there remains the possibility that the phagocytic capacity of these cells 

has been exhausted by the time the BMDM are co-cultured with target cells.  

 

Another possibility is that incomplete removal of apoptotic cells after pre-treatment 

of macrophages could be responsible for the effects seen. Although multiple washes 

were employed, not all apoptotic pre-treatment cells could be removed without 
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disturbing the macrophage cell layer. Several studies have shown that apoptotic cells 

are capable of releasing growth factors that could enhance tumour cell growth, 

including fractalkine and PGE2 (Huang et al., 2011; White et al., 2010). Although 

the possibility that the remaining apoptotic cells can enhance tumour cell growth 

directly cannot be entirely ruled out, by the end of the pre-treatment apoptotic cells 

are already highly secondary necrotic and permeable, as indicated by the assessment 

of cell viability of control pre-treatment cells. It is highly likely that most factors 

released from the apoptotic or necrotic cells have already been released by the time 

the apoptotic-cell pre-treatments are washed away and thus would have been washed 

away then too. However, the possibility remains that target lymphoma cells could 

interact with the cell corpses. 

 

When pre-treatments of classically-activated BMDM were performed in the presence 

of a membrane, the ability of the BMDM to enhance target cell growth was disabled. 

This does not rule out the possibility that the target cell growth response was due to 

unintended co-culture of target cells with cell corpses. However, in the likely case 

that the observed effect was due to apoptotic-cell pre-treatment-induced changes in 

classically-activated BMDM, this suggested cell contact between the two cell types 

was necessary to induce the changes.  

 

Thus, together these finding suggest that cell-to-cell contact of classically-activated 

macrophages with apoptotic cells can induce macrophage-mediated tumour cell 

growth of target lymphoma cells, although macrophage-induced cytotoxicity may 

still be going on in concert in these experiments.  

 

In Chapter 4 and elsewhere (Sano et al., 2003), macrophages from galectin-3 KO 

mice were shown to have a lower ability to phagocytose apoptotic cells than those 

from wild type mice. Given the findings presented here that direct cell-to-cell contact 

with apoptotic cells appeared necessary to induce tumour cell growth, it was tested 

whether macrophage galectin-3 deficiency could prevent target cell growth induced 

by pre-treatment of classically-activated macrophages with apoptotic cells. No 

significant differences were observed in the capacity for cytotoxicity towards 
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lymphoma cells for classically-activated BMDM of knock-out animals compared to 

those from wild types. Furthermore, galectin-3 deficient classically-activated BMDM 

were also capable of supporting target cell growth when they were pre-treated with 

apoptotic cells, although interestingly, significantly larger number of dead cells were 

counted compared to classically-activated BMDM only. This suggests that there may 

be a shift in balance between growth stimulation and cytotoxicity of galectin-3-

deficient classically-activated macrophages pre-treated with apoptotic cells 

compared to wild type, although this does not appear to result in a lower number of 

viable tumour cells.   

 

The fact that no differences between wild type or galectin-3 KO BMDM-stimulated 

tumour cell growth are observed is maybe not surprising given the preliminary 

findings presented in Chapter 4 (Figure 4.23) that IFN-γ and LPS-stimulation of 

galectin-3 deficient macrophages may increase the phagocytic ability of galectin-3 

KO BMDM. IFN-γ and LPS-stimulated galectin-3 KO BMDM might therefore be 

equally capable of binding and phagocytosing apoptotic cells as their wild type 

counterparts.  

 

Nitric oxide has been detected in various cancers, including cervical, breast, 

laryngeal, central nervous system carcinomas and lymphomas (Thomsen et al., 1994; 

1995; Cobbs et al., 1995; Taysi et al., 2003; Mannick et al., 1994; Zhao et al., 1998). 

However, its effects on tumour cell growth are unclear, as NO has been shown to 

have tumour growth and proliferation as well as tumouricidal effects. It is likely that 

the effects of NO may differ per tumour dependent on NO concentration, tumour 

type, and the tumour microenvironment (Choudhari et al., 2013; Burke et al., 2013; 

Weigert and Brüne, 2008). Low to medium concentrations are thought to be 

associated with tumour growth, proliferation, angiogenesis, metastasis, and inhibition 

of apoptosis, whereas high levels of NO (>500nM) may promote DNA damage, 

oxidative stress, cytotoxicity and apoptosis (Burke et al., 2013). Constitutive low 

level expression of NO synthase (iNOS) has been reported in Epstein-Barr virus 

positive human B lymphocytes, Burkitt’s lymphoma cell lines, and B-cell chronic 

lymphocytic leukaemia, and has been associated with inhibition of apoptosis 
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(Mannick et al., 1994; Zhao et al., 1998). NO release from classically-activated 

macrophages has previously been shown to induce apoptosis in tumour cells (Cui et 

al., 1994; Jorens et al., 1995; Hibbs et al., 1988; Keller et al., 1990; Higuchi et al., 

1990) and apoptotic cell exposure of IFN-γ-stimulated macrophages has been shown 

to significantly reduce NO production. This has been shown to be mediated by 

phosphatidylserine (Aramaki et al., 1996; Calderón et al., 1994), through up-

regulation of arginase II (Johann et al., 2007), leading to reduced tumour cytotoxicity 

of liver macrophages (Daemen et al., 1996). NO was therefore investigated as a 

possible mediator either inducing apoptosis or promoting growth of target lymphoma 

cells.  

 

Nitric oxide is very unstable and rapidly oxidises to nitrite (NO2
-) and nitrate (NO3

-) 

(Jorens et al., 1995), thus nitrite release from macrophages was measured. 

Classically-activated BMDM did release nitrite, but treatment with apoptotic as well 

as viable lymphoma cells appeared to lead to an increase of nitrite release. From the 

results presented here, it is unclear if NO was the cytotoxic agent released from 

classically-activated macrophages. However, as nitrite release did not follow tumour 

cell promotion by pre-treatment of classically-activated macrophages with apoptotic 

cells, it is unlikely it was the mediator inducing tumour cell growth. Interestingly, it 

appeared that apoptotic lymphoma cells could release nitrite. UVB-irradiation in 

plant cells has been shown to significantly increase NOS activity and NO release 

(Zhang et al., 2014), and release of NO from apoptotic lymphoma cells should be 

investigated as a potential additional source of NO in tumours.   

 

TNFα released from classically-stimulated macrophages has previously been shown 

to induce apoptosis in tumour cells (Cui et al., 1994; Urban et al., 1986; Higuchi et 

al., 1990; Feinman et al., 1987). In Chapter 4 it was shown to be released from 

classically-activated BMDM, and was thus investigated as a possible factor released 

from the classically-activated macrophages that could induce apoptosis in the 

lymphoma target cells. However, treatment of target cells with TNFα did not affect 

target cell viability.  
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In summary, results presented in this chapter indicate that apoptotic cell pre-

treatment of classically-activated BMDM does not prevent macrophage-induced 

cytotoxicity, but instead direct contact between apoptotic cells and classically-

activated macrophages can enhance tumour cell growth in vitro. Unfortunately, the 

time-scale of this project did not allow further investigation to elucidate how 

apoptotic cell pre-treatment of classically-activated BMDM could lead to stimulation 

of tumour cell growth, but possible mechanisms and growth factors that might be 

involved will be discussed in Chapter 7. Furthermore, additional research will be 

necessary to find out if apoptotic cell stimulation of macrophages can also enhance 

tumour cell growth in vivo.  
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Chapter 6 In silico gene 
expression comparison of starry-
sky TAM to in vivo and in vitro 
macrophage populations 

 

6.1 Introduction 
Microarray gene expression technology has enabled the investigation of the 

expression of thousands of genes simultaneously. Reduction of costs for microarray 

gene expression technology and advances in speed have led to an abundance of 

microarray gene expression datasets. The challenge in making sense of these large 

amounts of data lies in making an analysis that increases the understanding of the 

cellular and molecular pathways underlying health and disease. BioLayout Express3D 

is a powerful tool that enables the 3D visualisation of transcriptional networks 

generated from microarray data. The networks that are created consist of nodes that 

represent individual transcripts, which are connected to other transcripts depending 

on their expression profile across different samples. This approach gives large, 

highly structured network graphs, which allows for the analysis and identification of 

biological relationships that may be missed when datasets or transcripts are 

individually assessed (Freeman et al., 2007; Theocharidis et al., 2009). 

 

In a previous study in our laboratory, led by Sofia Petrova, transcription profiles of 

micro-dissected starry-sky tumour-associated macrophages (TAM) were obtained 

from a mouse xenograft model of Burkitt’s Lymphoma by laser capture of tissue 

macrophage (Mφ) populations. For comparison, tingible-body macrophages from the 

germinal centres of activated lymph nodes (GCM) from immunized mice and 

macrophages from lymph nodes (LNM) of non-immunized mice were acquired in 

the same way. Many genes were up or down-regulated in TAMs compared with 

either GCM or LNM. Our published findings show that multiple pro-tumour 

pathways are activated in starry-sky TAM (Ford et al., 2015). Furthermore, results 

presented in Chapter 4 and 5 suggest that apoptotic cell interaction can shape TAM 
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activation signatures in macrophages and that this can lead to increased tumour cell 

growth. Here, BioLayout Express3D is used to compare the gene expression profile of 

starry-sky TAM to other tissue and in vitro cultured monocytes and macrophages 

from publicly available genomics data to further the understanding of the underlying 

biological and molecular pathways involved. 

 

This chapter first describes the selection and quality assessment of macrophage 

microarray gene expression datasets available from a public functional genomics 

data repository to create a macrophage dataset. It then goes on to describe the 

bioinformatics analysis process to non-subjectively divide the gene transcripts into 

clusters of genes sharing similarities in their expression and to identify the function 

of the main clusters. A starry-sky TAM signature was derived by comparing the 

whole transcription profile of starry-sky TAM to other tissue macrophages that 

phagocytose large numbers of apoptotic cells, namely GCM and LNM. Additionally, 

the starry-sky TAM were compared to resident tissue macrophages from resting 

lymph nodes (LNM). This signature was then overlaid on the macrophage dataset to 

identify the most important processes and pathways that were up-regulated in starry-

sky TAM. Furthermore, it was investigated which, if any, type of macrophage in the 

dataset, shares the greatest similarity to the starry-sky TAM.  

 

6.2 Results 

6.2.1 Selection of murine macrophage datasets  
In order to compare the gene expression of TAM to a wider variety of murine 

macrophages, monocyte, macrophage, and dendritic cell (DC; controls) expression 

datasets were searched on the National Center for Biotechnology Information’s 

(NCBI) Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/), a 

public functional genomics data repository. Datasets were selected based on the 

following criteria: 1, chip platform (Affymetrix Mouse Gene 1.0 ST Array; similar 

array as the one used to acquire the TAM, GCM, and LNM datasets), 2, cell type 

studied; 3, availability of raw data (.cel) files, and 4, availability of at least 2 

replicates of each cell type within each study. In total, 226 samples were selected 
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from 14 individual studies. An annotated list including all the samples was then 

made, and information regarding the study and cell type for each sample was entered 

to make the interpretation of the data easier (Figure 6.1). The samples comprised a 

large selection of tissue macrophages including liver, lung, peritoneal, alveolar, and 

small intestine macrophages and microglia. Furthermore, there were a large number 

of BMDM and monocyte samples and also the TAM, GCM, and LNM datasets 

previously acquired in the lab were included. The samples are summarised in Table 

6.1. 

 

The raw data files (.cel) were then downloaded for each selected study and the 

quality and compatibility of the raw data was assessed. Quality and compatibility 

assessment is important, as (for example) changes in quality between batches of 

chips, differences in protocols at laboratory sites, or differences in tissue acquisition 

and tissue quality could potentially lead to differences in expression profiles that 

have no biological basis. Using the arrayQualityMetrics package in Bioconductor 

(http://www.bioconductor.org), the data were scored on the basis of 7 metrics. Any 

array suggested to be an outlier on more than one metric was removed from the 

dataset. Furthermore, arrays that comprised extra time points, treatments or knock-

outs were removed to simplify the dataset. Figure 6.2 gives an overview of the 

samples that were discarded following quality assessment.  

 

Each dataset was then normalized independently, using the robust multi-array 

average (RMA) expression measure (Irizarry et al., 2003). Boxplots of the 

normalized studies are shown in Figure 6.3. Average expression was much lower for 

studies GSE31995, GSE42169, GSE4773, Mm20, and Mm9 and these were 

excluded from the macrophage dataset. Unfortunately, also the TAM, GCM, and 

LNM studies, which had previously been acquired in our laboratory had to be 

removed. Their mean expression was also much lower than that of the other datasets, 

most likely because they were the only ones acquired by laser capture. Because a 

direct comparison of TAM with the macrophage dataset was no longer possible, a 

different approach was taken to compare starry-sky TAM gene expression with the 

other macrophage samples, as detailed in section 6.2.4. 
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The final macrophage dataset contained all the samples that had passed the quality 

and compatibility assessments. These included a total of 90 samples, representing 29 

individual samples (after removing duplicates), from 6 different studies. The samples 

are summarised in Table 6.2. The largest number of samples was from the 

GSE15907 study, generated as part of the Immunological Genome Project (ImmGen; 

www.immgem.org). This study includes samples of a variety of murine 

macrophages, including BMDM, various peritoneal macrophage subtypes, microglia, 

small intestine, liver, lung, and spleen macrophages, and various monocyte subtypes. 

More samples of peritoneal macrophages were provided by other studies also 

including LPS-treated peritoneal macrophages (GSE19340), and acetylated Low 

Density Lipoprotein (acLDL)-stimulated peritoneal macrophages (GSE19926). 

Microglia from normoxic and hypoxic conditions were available from study 

GSE18602, and adipose macrophages from 5 and 16-week old WT mice from 

GSE36669. Furthermore, one study (GSE18804) provided samples of TAM, 

although unlike the in situ starry-sky TAM profile available from our laboratory, 

these were of murine spleen monocytes stimulated in vitro by soluble factors 

released from human glioblastoma U-87MG (brain TAM) or colorectal 

adenocarcinoma HT-29 (colon TAM) tumour cells.  

 

 
Figure 6.1 – Screenshot of part of the annotated list of macrophage datasets. 
An annotated list was made of murine monocyte, macrophage, and dendritic cell expression 
datasets selected from NCBI’s Gene Expression Omnibus (GEO). Information regarding the 
study and cell type for each sample was entered to ease the interpretation of the data.  
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Study number of 
samples 

Cell type 

GSE15907 65 3 BMDM 
3 liver Mɸ  
3 lung Mɸ 
3 microglia 
19 monocytes 
12 peritoneal Mɸ 
4 small intestine Mɸ 
7 small intestine lamina propria Mɸ 
8 small intestine serosal Mɸ 
3 spleen Mɸ 

GSE18602 12 12 microglia 
GSE18804 9 3 monocytes; 6 TAM 
GSE19340 12 12 peritoneal Mɸ 
GSE19926 8 8 peritoneal Mɸ 
GSE24492 6 6 embryonic skin Mɸ 
GSE27859 10 5 colonic lam. prop. Mɸ; 5 dendritic cells 
GSE31995 48 48 BMDM 
GSE36669 15 15 adipose Mɸ 
GSE41236 10 10 BMDM 
GSE42169 7 7 Alveolar 
GSE47733 9 9 BMDM 
Mm20 9 3 GCM 

3 LNM 
3 TAM 

Mm9 6 6 ESDM 
 
Table 6.1 – Summary of macrophage datasets selected from GEO. 
Summary of monocyte, macrophage (Mɸ), and dendritic cell samples that were selected 
from NCBI’s GEO database repository. Study titles refer to GEO accession number, or 
assigned Mm titles. Starry-sky TAM and GCM from Mm20 were later submitted to the GEO 
repository under accession number GSE64366.  
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Figure 6.2 – Pre-normalization boxplots for each study showing samples kept and 
discarded after quality assessment.  
Using the arrayQualityMetrics package in Bioconductor the samples in each study were 
scored on 7 metrics. Any array suggested to be an outlier on more than one metric (bad 
array) was removed from the dataset. Furthermore, arrays that comprised extra time points, 
treatments, or knock-outs were removed to simplify the dataset (excess array). Arrays that 
passed the test (good array) were further assessed for compatibility.  
 

 
Figure 6.3 – Normalized boxplots for remaining samples after quality assessment. 
Samples passing quality assessment were normalized independently, using the robust multi-
array average (RMA) expression measure. Samples were colour-coded by study as indicated. 
Average expression was much lower for studies GSE31995, GSE42169, GSE4773, Mm20, 
and Mm9 and these were removed from the dataset. 
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Study number of 
samples 

Cell type 

GSE15907 52 3 BMDM 
3 peritoneal Mɸ 
2 thioglycollate-elicited peritoneal Mɸ, 

F4/80hi+/MHCII- 
1 thioglycollate-elicited peritoneal Mɸ, 

F4/80int/MHCII- 
3 peritoneal Mɸ, F4/80int/MCHII+ 
3 microglia, CNS 
7 small intestine lamina propria Mɸ 
5 small intestine serosal Mɸ 
3 liver Mɸ 
3 lung Mɸ 
3 spleen (red pulp) Mɸ 
2 monocytes MHCII-/Ly6Clow 
3 monocytes MHCIIint/Ly6Clow 
2 monocyte MHCII- 
1 monocyte MHCII+ 
3 monocytes MHCII-GR1+ 
2 monocytes MHCII-/CD3- 
3 monocytes MHCII-CD3-CD43+ 

GSE18602 6 3 microglia normoxic conditions 
3 microglia hypoxic conditions 

GSE18804 8 2 in vitro-induced brain TAM  
3 in vitro-induced colon TAM  
3 spleen monocyte controls 

GSE19340 8 4 peritoneal Mɸ  
4 peritoneal Mɸ stimulated with LPS 

GSE36669 8 4 adipose Mɸ from 5-week old WT mice 
4 adipose Mɸ from 16-week old WT mice 

GSE19926 8 4 peritoneal thioglycollate-elicited Mɸ  
4 peritoneal thioglycollate-elicited Mɸ stimulated 

with acLDL 
 
Table 6.2 – Summary of arrays included in the final macrophage dataset. 
Summary of monocyte and macrophage (Mɸ) cell samples that passed quality and 
compatibility assessment and were included in the final macrophage dataset. Study titles 
refer to GEO accession numbers. Abbreviations: BMDM (bone marrow-derived 
macrophage), MHCII (major histocompatibility complex class II) WT (wild type), TAM 
(tumour-associated macrophage), acLDL (acetylated Low Density Lipoprotein). 
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6.2.2 Clustering of gene expression data using BioLayout Express3D 
Having constructed a macrophage dataset, this dataset could then be analysed using 

BioLayout Express3D. BioLayout Express3D is a powerful tool developed to generate 

and display large network graphs from gene expression data that is unbiased, but 

easy to interpret. Using the Pearson correlation coefficient, it generates a 3D network 

graph where transcripts (genes) are represented by nodes and are connected by 

edges, which represent the correlations (co-expression) between the transcripts. The 

graphs can then be further sub-divided non-subjectively, into sets of genes sharing 

similarities in their expression, so called clusters, using the Markov clustering 

(MCL) algorithm (van Dongen, 2000; Freeman et al., 2007). When graphs are 

generated from large expression datasets, this often gives a highly structured graph, 

based on modules of co-expressed genes. 

 

First, probesets of the microarrays were annotated using the latest annotation 

available from Bioconducor (March 2014) to link the AffyIDs to better 

understandable gene names. Then, using a Pearson threshold cut off of r=0.80, a 

network graph was generated of the data using BioLayout Express3D. The network 

contained 8022 nodes and 215,224 edges (Figure 6.4a). Using the MCL algorithm, 

the graph was then clustered non-subjectively into clusters of genes that share 

similarities in their expression, using an MCL inflation value set to 2.2. High 

inflation values, e.g. 4, will result in many small clusters, whereas low inflation 

values, e.g. 1.5, will give fewer but larger, ‘less clean’ clusters. The recommended 

value for the inflation is between 1.7 and 2.2 (Theocharidis et al., 2009). This gave 

1061 clusters containing more than 5 nodes. Figure 6.4b shows the MCL clustered 

graph where the nodes in each cluster have ‘collapsed’ into single nodes for which 

the size is relative to the number of transcripts included in the cluster. Figure 6.4c 

shows a non-collapsed MCL clustered graph, where nodes from the same cluster 

have similar colours.  

 

For the largest clusters and other clusters of interest, the gene transcripts were 

analysed for functions using the Functional Annotation Clustering tool on the 

Database for Annotation, Visualization, and Integrated Discovery (DAVID). DAVID 
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is a web-accessible programme that allows for identification of the function of a 

large group of genes. It takes information from more than 40 data sources, such as 

Gene Ontology, KEGG pathways, CGAP BioCarta Pathways, Entrez Gene, and 

UniProt, and lists all the different pathways and annotations associated with each 

gene. It then measures the relationship of the annotation terms based on their degree 

of co-association with other genes in the list. An algorithm is then applied to display 

similar annotations together. This allows the user to get a more insightful view of the 

biological function of a group of genes (Huang et al., 2007; 2009b; a).  

 

The largest cluster contained 712 genes and was associated with endocytosis and 

phagocytosis. This cluster will be analysed in more detail in the next section. Some 

of the other large clusters were associated with other broad biological processes, 

including mitochondria, ribosomes, and RNA processing (clusters 2, 4, 8, 9, 15, 19 

and 20), cell cycle (cluster 3), extracellular matrix (5), regulation of differentiation, 

proliferation and cell death (clusters 6, 11), transcription (clusters 7, 10, 23), LPS-

responses (Clusters 14, 32, 63, 77, 104), interferon response (cluster 28), and anti-

inflammatory responses (Cluster 129). Figure 6.4c indicates some of these clusters in 

the network graph and for some of the clusters the mean expression of the transcripts 

that make up the cluster is shown for each study.   

 

Figure 6.5 shows images from functional annotation clustering analysis of Cluster 3 

using DAVID. The higher the enrichment score, the higher the similarity between the 

annotation categories. The p-values indicate the significance for each annotation 

category. A total of 69 functional annotation clusters were identified for this cluster 

(not all shown). As can be seen, most of the large annotation clusters were associated 

with the cell cycle, and included such annotation terms as cell cycle, cell division, 

DNA replication, condensed chromosome, DNA repair, and spindle.  

 

Table 6.3 shows a summary of the functional annotation of the clusters, and 

highlights some index genes in each cluster. Index genes were arbitrarily chosen 

based upon analysis of individual genes using BioGPS, a gene annotation portal 

(www.biogps.com), as example genes of the pathways and functions associated with 
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that cluster. Additionally, other selected genes known to be associated with 

macrophages or other functions are indicated. Finally, enriched gene families are 

indicated when present.  

 

6.2.2.1 Phagocyte cluster 

As indicated above, the largest cluster was associated with endocytosis and 

phagocytosis. Figure 6.4d shows the mean expression profile of the transcripts that 

make up this cluster. Although the mean expression is relatively high for all samples, 

some samples of microglia and peritoneal macrophages, as well as brain and colon 

TAM and their monocyte controls, have a mean expression that is twice as high as 

that of the other macrophages.   

 

In studies analysing a dataset consisting of haemopoietic and non-haemopoietic cell 

types (biogps.gnf.org), Hume et al. described one large expression cluster that was 

enriched in phagocytes (Hume et al., 2010). To compare the phagocyte cluster 

identified in that study to the one identified in the present study, the transcripts 

associated with the phagocytosis cluster identified by Hume et al. were imported and 

overlaid onto the macrophage dataset network graph. The resulting graph is shown in 

Figure 6.6. Of the 469 transcripts in their phagocytosis cluster, 162 overlapped with 

nodes in the macrophage dataset network graph. The majority of these transcripts 

(112) were associated with Cluster 1, the phagocytosis cluster. The rest of the 

transcripts were scattered across various clusters or in no class at all.  

 

To further analyse their phagocyte cluster, Hume et al. selected those genes in the 

cluster that were specifically associated with macrophages and individually analysed 

each gene and prescribed a putative function. This list was then used to classify some 

of the genes in our phagocyte cluster as presented in Table 6.4. The phagocyte 

cluster (Cluster 1) contained genes associated with all different processes of 

phagocytosis, including signalling and regulation, internalisation, vesicle formation 

and acidification, and digestion.  
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Figure 6.4 – Network analysis of macrophage dataset.  
90 Samples, representing 29 mouse macrophage and monocyte populations from 6 
individual studies were normalised using the RMA expression measure and the tool 
BioLayout Express3D was used to calculate pair-wise Pearson correlation coefficients for 
every transcript represented on the array. A network graph was constructed using a cut off of 
r=0.8, where nodes represent transcripts analysed on the array, and edges represent 
relationships between the transcripts. (a) The resultant graph was laid out in 3-dimensional 
space and comprised of 8022 nodes (transcripts), connected by 215,224 edges. The graph 
was then clustered using the Markov clustering algorithm with an inflation value of 2.2. This 
resulted in 1061 clusters containing more than 5 nodes. (b) Collapsed cluster diagram where 
single (coloured) nodes represent a transcript cluster. The size of each node is relative to the 
number of transcripts contained within that cluster. (c) shows the individual nodes 
(transcripts) in each cluster colour-coded, and the main function of some of the larger 
clusters is indicated. (d) Further examples of clusters shown isolated from the main graph 
alongside their average expression profile of the transcripts that make up the cluster.  
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Figure 6.5 – Functional clustering of transcripts in Cluster 3. 
The DAVID Functional Annotation tool was used to analyse all transcripts associated with 
Cluster 3 of the macrophage dataset. Some of the 69 function annotation clusters identified 
are shown here. High enrichment scores indicated high similarities between the annotation 
categories. P-values indicate the significance for each annotation category.  
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Cluster ID 
number 

Transcript 
count 

Putative function Index genes Other relevant genes Enriched gene families 

1 712 phagocytosis  Ctsb, Cd68, Cd36, 
Lgals3 

Mfge8, P2ry2, Mmp12 cathepsins, H+ transporters 

2 376 mitochondria/ribosome 
and RNA processing 

Cdk4, Cct3, Mrpl18  chaperonins, eukaryotic translation initiation 
factors, mitochondrial ribosomal proteins, 
nucleoporins, proteasome subunits 

3 292 cell cycle Cclna2, Cdk1, 
Cenpa 

 cyclins, centromere proteins, transcription 
factors, histone clusters, kinesin family 
members 

4 262 mitochondria/ribosome 
and RNA processing 
and 
translation/proteasome 

Cct6a, Mrpl18, 
Polr2g 

 chaperonins, eukaryotic translation initiation 
factors, mitochondrial ribosomal proteins, 
polymerases, proteasome subunits 

5 219 extracellular matrix Acta2, Col1a1, 
Fbn1 

Twist1, Cxcl12, Egfr collagens, fibrillins 

6 185 regulation of immune 
cell activation, 
proliferation, and cell 
death 

Il10, Cd80, Pgf CD4, CD274, Irak2, 
MMP9, MMP13 

 

7 159 transcription Ncoa2, Sf3b1  Bclaf1 zinc-finger proteins 

8 126 mitochondria/ribosome 
and RNA processing 
and 
translation/proteasome 

Eif1b, Mrpl13, 
Ndufa5 

 eukaryotic translation initiation factors, 
mitochondrial ribosomal proteins, NADH 
dehydrogenases, proteasome subunits 

9 114 mitochondria/ribosome Atp5l, Ndufa2, Ubb, 
Ubc 

 mitochondrial ATP synthases, cytochrome c 
oxidase subunits, NADH hydrogenase, 
ribosomal proteins 

10 113 transcription Srsf5   
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Cluster ID 
number 

Transcript 
count 

Putative function Index genes Other relevant genes Enriched gene families 

11 110 regulation of 
activation, 
proliferation, and cell 
death / transcription 

Fgfr1, Bcl2, Vegfc   

12 90 ?  Mertk, Vcam1  

13 82 ?    

14 81 late LPS-
response/regulation of 
cell death 

Tnfsf9,Adora2a, 
Ifit1 

Ccl5, Fas  

15 79 oxidative 
phosphorylation/mitoc
hondrial/ribosome and 
RNA processing 

Atp5g1, Mrpl23, 
Ndufa4 

 mitochondrial ATP synthases, mitochondrial 
ribosomal proteins, NADH dehydrogenases 

16 67 intracellular protein 
transport 

Ergic2, Rab6a Cd200r1  

17 66 ribosome Snord104  small nucleolar RNAs 

18 61 membrane Tmem138, Epcam   

19 61 ribosome/mitochondria
/oxidative 
phosphorylation 

Ndufa13, Rpl11  NADH dehydrogenases, ribosomal proteins 

20 55 ribosome and RNA 
processing 

Atp5g2, Rpl13  ribosomal proteins 

23 49 transcription Akna, Map3k3 Ifngr2, Il6ra, Itga4  
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Cluster ID 
number 

Transcript 
count 

Putative function Index genes Other relevant genes Enriched gene families 

28 40 interferon response Ifit2, Stat2  interferon-induced proteins 

32 32 regulation of 
apoptosis, LPS 
response 

Tnfaip3, Rel, Il1b   

53 18 ?  Mmp2  

63 15 LPS response Cxcl3, IL12a, Irak3, 
Ptges 

  

77 13 LPS response Ccl3,4, Cxcl2, 
Cclr2, Nfkbib 

 cytokines 

98 10   Axl, Tlr4  

104 9 early LPS-response Cd40, Tnf, Il6, 
Cxcl10 

  

121 8 immune response Ccr5, Ctsh, Ly86 IL4ra  

129 8 anti-inflammatory, 
wounding response 

C1qa-c,  P2rx7  

Table 6.3 – Annotation of co-expressed gene clusters. 
Clusters generated from the macrophage dataset were functionally annotated using the DAVID Functional Annotation tool. Where the function is 
unknown this is indicated with ?. Index genes were arbitrarily chosen to represent known functional markers within the cluster. Additionally, other 
genes of interest, most known to be associated with macrophages, were indicated. Additionally, enriched gene families within each cluster were also 
shown if present.  
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a 

 
b 

 
Figure 6.6 – Phagocytosis cluster identified by Hume et al. overlaid on macrophage 
dataset network graph.  
Transcripts associated with the endocytosis/phagocytosis cluster identified by Hume et al. 
(2010) were imported and overlaid onto the macrophage dataset network graph created by 
BioLayout Express3D analysis and shown in Figure 6.4. (a) The resultant graph consisted of 
162 nodes, most of which (112) were associated with Cluster 1, the phagocyte cluster 
identified by DAVID Functional Annotation analysis and indicated in green. (b) Mean 
expression profile of the transcripts identified by Hume et al. that were expressed in Cluster 
1 of the macrophage dataset.   
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Gene annotation Present in phagocyte cluster (Cluster 1) 

Transcriptional Regulation 2310044G17Rik, Cpeb4, Mdfic, Sirt2 

Calcium Regulation Mcoln1, Spsb2, Spsb4, Tpcn2, Anxa4 

Signalling Aig1, Cdkn1c, Gpr137b-ps, Htr2b, Lhfpl2, Ly9, 

Matk, Mvp, Plxna1, Rassf8, Rhov, Stac2, Wsb2 

Cytoskeletal regulation Capg, Klc4, Myo5a 

Adhesion and Endocytic 

Receptors 

Alcam, Cd84, Cd36, Mamdc2, Mfge8, Sdc1, Sdcbp 

Vesicle trafficking 

(Endosomes) 

Arl8b,Cd68, Fgd6, Gpnmb, Lamp1, Plekhm1, 

Rusc2, Samd8, Sestd1, Snx27, Stx4a, Wfs1 

Proton Pump Atp6ap1, Atp6v0a1, Atp6v0c, Atp6v0d1, 

Atp6v0d2, Atp6v1a, Atp6v1b2, Atp6v1c1, 

Atp6v1f, Atpv1g1, Atp6v1h, Rnbp 

Protein degradation and 

processing 

Ctsb, Ctsd, Ctsl, Ctsz, Fbxo32, Lonrf3, Mmp12, 

Psmd8, Ube2q2, Zfand2a, Anpep, Cndp2, Dpp7 

Lipid Digestion and Storage Cyp4v3, Lrp12, Npc2, Sgpl1, Soat1, Col4a3bp, 

Fabp5 

DNA digestion Dnase1l1, Tatdn2 

Haem Digestion Fth1 

Carbohydrate digestion Amdhd2, Galc, Galns, Gba, Gdpd1, Gusb, Hexa, 

Nagk, Naglu, Uap1l1 

 
Table 6.4 – Annotation of genes enriched in phagocytosis cluster (Cluster 1). 
Using annotations available from Hume et al. (2010) some of the genes in the phagocyte 
cluster (Cluster 1) of the macrophage dataset were classified into different processes 
associated with phagocytosis. 
 

6.2.3 Clustering by macrophage type or study 

In addition to viewing the macrophage dataset in a graph that clusters genes that have 

similar expression behaviour across the macrophage datasets, the dataset can also be 

viewed where each macrophage sample represents a node, and samples that have the 

most similar expression are clustered together. Therefore, one would predict that if 

samples are true repeats, they should be very similar and should cluster closely 

together. Furthermore, if separate studies include samples of similar macrophages 
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subtypes, one would expect those to cluster closely together too. If this is not the 

case, or in the case of a small dataset, the samples may cluster by study rather than 

biological function of the macrophage, as differences in protocol will play an 

increasing role in the expression data generated. Thus, clustering the dataset by 

sample may give an idea of how ‘good’ the dataset is.  

 

Using a Pearson threshold cut-off of r=0.80, a network graph was generated of the 

data. The network contained 90 nodes, representing each of the 90 samples, and 744 

edges. The network was then clustered using the MCL algorithm with an MCL 

inflation value set to 2.2. This gave 10 clusters. Each cluster represented samples 

whose expression patterns were highly correlated across the dataset. The clustered 

network graph is shown in Figure 6.7a. Additionally, the graph was hand-colour-

coded by study and by macrophage subtype (Figure 6.7b and c). 

 

All the duplicates, with the exception of one peritoneal macrophage that clustered 

with adipose macrophages (probably an outlier), clustered with each other. Because 

of the relatively small size of the dataset, with only 29 different samples (excluding 

duplicates) from only 6 different studies, there was not much overlap of different 

macrophage types across the studies. However, the dataset included peritoneal 

macrophages from three different studies, microglia from two different studies and 

monocytes from different studies. Although the peritoneal macrophages from all 

three studies did not cluster together in one group, they did appear to be closely 

connected and some peritoneal macrophages from each of the three studies clustered 

together. However, in contrast, microglia from two different studies clustered 

separately. Monocytes were mostly only available from one study and grouped into 

three separate clusters, which may reflect the different subtypes of monocytes with 

different expression markers included in this study. One group of monocytes from a 

separate study, the controls for the brain and colon TAM, clustered separately, which 

may be due to their being spleen monocytes, rather than the blood monocytes and 

mesenteric lymph node monocytes included in the largest study.  
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As can be deduced by comparing the graphs, the samples from the largest study 

(GSE15907) clustered into several other smaller clusters in addition to the monocyte 

clusters described above. There is one cluster that combines small intestinal lamina 

propria and serosal macrophages with liver macrophages, a cluster for microglia, 

lung macrophages and macrophages of the spleen.  

 

Only two other clusters were identified by BioLayout Express3D. One contained 

adipose macrophages from GSE36669. The largest cluster contained the TAM 

described earlier and their spleen monocyte controls, in addition to peritoneal 

macrophages and microglia.  

 

Thus, the macrophage dataset clusters together some, but not all, macrophage types. 

Furthermore, clustering separated several macrophage subtypes from the largest 

study. Together these results suggest that the dataset is relatively good, although 

ideally more studies with more macrophage subtypes would have been included to 

better ensure the quality of the dataset.   
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Figure 6.7 – Network clustering of macrophage dataset by samples. 
BioLayout Express3D was used to calculate pair-wise Pearson correlation coefficients for 
every study in the dataset. A network graph was constructed using a cut-off of r=0.8, where 
nodes represent individual studies. (a) The resultant graph was clustered using the Markov 
clustering algorithm with an inflation value of 2.2, and gave 10 clusters with >2 nodes. (b) 
Nodes are colour-coded according to the study they were part of. (c) Nodes are colour-coded 
according to macrophage type. 
 

 

6.2.4 Analysis of starry-sky TAM up-regulated genes 

Since it was not possible to directly compare the signature of starry-sky TAM from a 

model of Burkitt’s Lymphoma (see 6.2.1), a starry-sky TAM signature was derived 

by comparing the whole transcription profile of TAM to its nearest normal tissue 

counterparts, namely tingible-body macrophages from germinal centres of activated 

lymph nodes (GCM) and resident tissue macrophages from resting lymph nodes 

(LNM), which had been acquired by the same method of laser capture dissection. 

This signature was then overlaid on the macrophage dataset network graph to 

identify the most important biological pathways up-regulated by starry-sky TAM 

compared to their normal counterparts. 

 

DAVID Functional Gene Annotation analysis of the genes that were found to be up-

regulated in TAM compared to GCM and LNM macrophages confirmed previous 

findings that the genes were associated with phagocytosis and lysosomes, the 

extracellular matrix, ATP synthesis, chemotaxis, inflammatory response, 

homeostasis, the nucleosome, inflammatory and wounding response, and 

angiogenesis and vasculature development.  

 

To analyse these functions more thoroughly in various macrophage populations, 

these genes were then uploaded into the macrophage network graph, and it was 

analysed with which clusters they associated. 271 transcripts that were up-regulated 

in starry-sky TAM overlapped with transcripts in the macrophage dataset, of which 

57 were not associated with any class. As predicted by DAVID analysis, a large 

number of genes up-regulated in starry-sky TAM were associated with phagocytosis, 

and 81 transcripts fell in the previously defined phagocyte cluster (Cluster 1). Further 

analysis and comparison of these gene transcripts with the annotated cluster of genes 
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enriched in phagocytes as defined by Hume et al. (2010) revealed that the majority of 

these genes (45) were associated with all aspects of endocytosis and phagocytosis, 

including signalling/regulation, internalisation, vesicle formation/acidification and 

digestion, although the largest numbers of genes appeared to be associated with 

vesicle formation and acidification (vesicle trafficking and proton pump) and 

digestion (protein degradation and processing, lipid digestion and storage and 

carbohydrate digestion). Gene annotation into specific categories associated with 

phagocytosis are presented in Table 6.5. Expression of the TAM-upregulated genes 

in the phagocyte cluster revealed that these genes are expressed by most monocytes 

and macrophages in the dataset, but are expressed highest by peritoneal macrophages 

and microglia. Mean expression is shown in Figure 6.8. 

 

The second largest cluster that was associated with TAM-upregulated genes was 

Cluster 3 (cell cycle), which consisted entirely of histones. The macrophage dataset 

showed that these genes were expressed at high levels by BMDM and a subset of 

monocytes. BMDM are often cultured in the presence of M-CSF, and this colony 

stimulation factor is known to induce proliferation (Hume and MacDonald, 2012), so 

this is perhaps not entirely surprising. Furthermore, a subset of monocytes has been 

shown to be proliferative (Cheung and Hamilton, 1992). Adipose and brain and 

colon TAM and their control also showed above average expression of these genes, 

but much lower than BMDM or monocytes. Up-regulation of genes associated with 

the cell cycle and proliferation is in agreement with our published findings that a 

small proportion of starry-sky TAM proliferate in vivo (Ford et al., 2015). 

 

Furthermore, in agreement with the DAVID gene annotation analysis results, a large 

number of transcripts in cluster 5 (extracellular matrix) were up-regulated in TAM, 

which included collagens and fibronectins, known to contribute to the extracellular 

matrix architecture, and previously associated with TAM in other studies (Pollard, 

2009; Chiodoni et al., 2010). The average expression of these genes was highest for 

adipose macrophages, although peritoneal macrophages also showed a small up-

regulation.  
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Cluster 12 showed the up-regulation of 8 genes. DAVID analysis reveals that they 

are mostly associated with the membrane and suggest roles in cell-cell recognition 

and cell-surface receptors, including Mertk and Vcam1. Mertk is a receptor for 

apoptotic cells (Shao et al., 2009), and Vcam1 plays a role in the adhesion to 

endothelium (Shi and Pamer, 2011), but has also been associated with transmission 

of survival signals (Chen et al., 2011). Mean gene expression presented in Figure 6.8 

shows that these genes are highly expressed by macrophages of the spleen. 

 

Other genes up-regulated by starry-sky TAM were scattered in small groups across 

various clusters. Some genes of interest are highlighted below. Cluster 14 shows up-

regulation of Rsad2 and Timp1. Rsad2 is evenly expressed by all macrophages, but 

Timp1 appears to be associated with the LPS-response. Timp1 is a metallopeptidase 

inhibitor, a tissue inhibitor of matrix metalloproteinases (MMPs), a group of peptides 

involved in the degradation of the extracellular matrix. It has also been associated 

with TAM in a murine fibrosarcoma model (Biswas et al., 2006). Two other genes 

associated with classical activation and up-regulated in TAM are Ifit2 and 3 

(interferon-induced protein with tetratricopeptide repeats 2, and 3) in Cluster 28 

(Mabbott et al., 2010). Both genes are up-regulated in LPS-stimulated BMDM, as 

well as by macrophages of the small intestine. Starry-sky TAM-up-regulated Mmp2 

was found in Cluster 53. Expression of this gene is high for small intestine lamina 

propria macrophages and adipose macrophages, but low for most of the other 

macrophages. Mmp2 is a collagenase, which can degrade basement membrane 

collagen (Liotta et al., 1979). Cluster 122 contained starry-sky TAM up-regulated 

gene Trem2, which was shown in chapter 4 to also be up-regulated in classically-

activated macrophages by co-culture with apoptotic cells. Trem2 is associated with 

the engulfment of bacteria (Underhill and Goodridge, 2012), but is also associated 

with alternatively activated macrophages (Gause et al., 2013). The macrophage 

dataset shows that it is expressed at low levels by most monocytes, and 

macrophages, but increased by peritoneal macrophages and microglia. Complement 

components C1qa-c, associated with apoptotic cell engulfment (Ogden et al., 2001; 

Ravichandran and Lorenz, 2007), were also up-regulated by starry-sky TAM, and 

found in Cluster 129. They were expressed at medium to high levels by all 
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macrophages, except for monocytes and BMDM. Finally, Cluster 202 contained 

starry-sky TAM up-regulated cytokines Ccl2, Ccl7, and Ccl12, which were 

expressed highly by small intestine serosal macrophages and adipose macrophages. 

Ccl2 is considered one of the most important factors contributing to macrophage 

infiltration of tumours (Murdoch, 2004).  

 

Figure 6.8 also shows the mean expression levels of every cluster that contains 

TAM-up-regulated genes in one graph. As can be seen, no macrophage subset stands 

out for having high expression of the genes that were found to be up-regulated in 

TAM. Instead, some starry-sky TAM up-regulated genes are expressed at high levels 

by some macrophages, whereas genes associated with a different function are up-

regulated by other macrophage types. 

 

Gene annotation Genes upregulated in TAM 

Cytoskeletal regulation Capg, Myo5a 

Adhesion and Endocytic 

Receptors 

Lgals3 

Vesicle trafficking 

(Endosomes) 

Cd68, Gpnmb, Grn, Lamp1, Lamp2 (Cluster 75), 

Samd8 

Proton Pump Atp6ap1, Atp6v0a1, Atp6v0c, Atp6v0d1, 

Atp6v0d2, Atp6v1a, Atp6v1b2, Atp6v1h 

Protein degradation and 

processing 

Ctsb, Ctsa, Ctsd, Ctsl, Ctsz, Mmp12, Anpep, 

Cndp2 

Lipid Digestion and Storage Nceh1 (Cluster 45), Lipa, Lpl, Lrp12, Npc2, Sgpl1, 

Soat1, Plin2 

DNA digestion Dnase1l1 

Carbohydrate digestion Galc, Galns, Gba, Gusb, hexa, Nagk 

Calcium Regulation Fam20c, Mcoln1, S100a1, Anxa4 

Signalling Gpr137b, Gpr137b-ps, Ly9, Trem2 (Cluster 122) 

Table 6.5 – Annotation of genes in phagocyte cluster up-regulated by starry-sky TAM 
Using annotations available from Hume et al. (2010) some of the genes up-regulated by 
starry-sky TAM that clustered in the phagocyte cluster (Cluster 1) of the macrophage dataset 
were classified into different processes associated with phagocytosis.  
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Figure 6.8 – Analysis of transcripts that are up-regulated by starry-sky TAM. 
Transcripts that are up-regulated by starry-sky TAM (compared to GCM and LNM) were 
imported and overlaid onto the macrophage dataset network graph created created by BioLayout 
Express3D analysis and shown in Figure 6.4. (a) The resultant graph consists of 209 nodes. (b) 
Mean expression profiles of starry-sky TAM transcripts for individual or all clusters. The 
number of nodes per cluster is indicated on the left. 
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6.2.5 Analysis of TAM down-regulated genes 

In addition to investigating the expression of up-regulated starry-sky TAM genes, 

also genes that were down-regulated (compared to GCM and LNM) were analysed 

for their expression by the macrophages in the dataset. First DAVID gene annotation 

analysis was performed to identify the functions associated with these genes. The 

largest annotation clusters were associated with ribosomes, RNA processing, 

mitochondria, immune responses, proliferation/differentiation, the proteasome, and 

apoptosis.  

 

Overlaying TAM down-regulated genes gave 744 genes that corresponded to genes 

in the macrophage network graph. As predicted by DAVID Functional Annotation 

Clustering, many of these genes were associated with ribosomes, RNA processing 

and mitochondria, and 326 genes were found in the clusters associated with these 

functions, including Clusters 2, 4, 8, 9, 15, 19, and 20. Figure 6.9 shows the mean 

expression of the transcripts in each of these clusters presented in one graph. With 

the exception of Cluster 9, which shows higher expression by monocytes, all gene 

transcripts are expressed fairly evenly by all macrophage and monocyte subtypes. 

 

24 genes that were down-regulated by TAM were also associated with the 

phagocytosis cluster (Cluster 1). DAVID Functional Annotation Clustering revealed 

that these genes were for the most part associated with regulation of T cell activation 

and vesicles. Additionally, 23 transcripts were down-regulated within cluster 3, but 

these genes appeared to be associated with the cytoskeleton rather than with the cell 

cycle. These were expressed highest by BMDM, but also by subtypes of monocytes. 

Six genes that were down-regulated by starry-sky TAM were in the extracellular 

matrix cluster (Cluster 5), and expressed most highly by adipose macrophages. A 

total of 28 transcripts that were down-regulated by starry-sky TAM were in 

transcription clusters 7, 10 and 23. Expression levels were similar for all 

macrophages subtypes, except the Ikzf1 and Itga4 in cluster 23 were expressed at 

higher levels in various monocyte subtypes. Furthermore, seven transcripts that were 

down-regulated by starry-sky TAM, encoded five different genes that were 

associated with cluster 14, and were highly associated with LPS-stimulated 
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peritoneal macrophages. One of the genes was the chemokine Ccl5. Figure 6.9 also 

shows the mean expression of all starry-sky TAM down-regulated transcripts by 

cluster. Similar to the up-regulated starry-sky TAM genes, no macrophage subtype 

stands out for closely resembling the TAM by having low expression of these genes.  

 

Combined, the results from the investigation of all starry-sky TAM up- and down-

regulated genes by macrophages in the macrophage dataset suggest that no 

macrophage subtype included here shows very high expression of all starry-sky 

TAM up-regulated and low expression of down-regulated genes. Rather, different 

up-regulated TAM genes with different functions are associated with different 

macrophages. Furthermore, there was no indication that the brain and colon TAM 

present in the dataset closely resembled the starry-sky TAM. 
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Figure 6.9 - Analysis of transcripts that are down-regulated by starry-sky TAM 
Transcripts that are down-regulated by starry-sky TAM (compared to GCM and LNM) 
were imported and overlaid onto the macrophage dataset network graph created by 
BioLayout Express3D analysis as shown in Figure 6.4. (a) The resultant graph consists of 
744 nodes. (b) Mean expression profiles of starry-sky TAM transcripts for individual, 
groups, or all clusters.  
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6.3 Discussion 

This chapter further investigated the phenotype of starry-sky TAM by comparing it 

to expression profiles of tissue and in vitro cultured monocytes and macrophages 

available from public databases.  

 

First, monocyte and macrophage microarray gene expression datasets were selected 

from a functional genomics data repository to create a macrophage dataset. As the 

datasets were acquired from various different studies, they were all then subjected to 

rigorous quality and compatibility assessment. This was necessary to ensure that 

observations made from the dataset were objective and biologically relevant, and did 

not reflect differences in the acquisition of the sample or other technical differences. 

Additionally, to simplify the interpretation of the dataset, samples reflecting various 

time-points or irrelevant knock-outs were removed. In total, more than half the 

samples were removed from the dataset. Unfortunately, also the starry-sky TAM 

dataset, which we set out to compare to the other monocyte and macrophage 

subtypes had to be removed, together with the other datasets produced in our 

laboratory, because their mean expression levels were much lower than that of the 

other datasets. As described here previously, the TAM, GCM, and LNM datasets 

were produced from RNA derived from laser-captured microdissected macrophages. 

Because this method is highly labour-intensive, RNA from approximately only 1000 

cells was collected, amplified, and hybridized onto microarray chips for each sample. 

None of the other datasets in the final macrophage dataset were acquired in this way. 

Monocytes were mostly isolated from peripheral blood and other tissue macrophages 

were collected after enzymatic digestion of tissues followed by fluorescence-

activated cell sorting (FLOW), which may generate higher numbers of cells. Because 

more starting material could be used to generate gene expression for those cells, their 

mean expression levels were higher. Although these latter methods are less time 

consuming their resulting gene expression results may not be as accurate a 

representation of the actual macrophages they are supposed to resemble. 

Macrophages are highly plastic cells, and will respond quickly to their environments. 

Furthermore, enzymatic digestion has been shown to change receptor expression by 

macrophages and may also affect gene expression (Ford et al., 1996). In contrast, 
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laser capture dissected starry-sky TAM and controls were taken from snap-frozen 

tumours and incubation of tissue samples at room temperature to 37˚C was highly 

limited to better preserve the in situ phenotype. Unfortunately, because this 

technique is relatively new and highly labour-intensive, no other macrophage 

datasets were available that had been prepared in the same way.  

 

Following quality and compatibility assessment, bioinformatics analysis was then 

used to divide the gene transcripts into clusters of genes sharing similarities in their 

expression. The main clusters were then analysed using the online DAVID gene 

annotation tool to assign gene ontology information to the largest clusters and other 

clusters of interest. The largest cluster was highly associated with phagocytosis, and 

further analysis revealed that many different aspects of phagocytosis were contained 

in this cluster, including signalling and regulation, internalisation, vesicle formation 

and acidification, and digestion. This is not surprising, given that clearance of 

apoptotic cells and pathogens is one of the main functions of macrophages in many 

tissues. Some of the other large clusters were associated with broad biological 

processes and cellular functions, including mitochondria, ribosomes, and RNA 

processing, cell cycle, regulation of differentiation, proliferation and cell death, and 

transcription. Furthermore, one cluster was associated with extracellular matrix 

remodelling, and various clusters were described that were associated with classical 

activation by LPS and/or IFNγ. 

 

The fact that the largest cluster in the dataset was associated with a known important 

biological function of macrophages also gives a positive impression of the accuracy 

of the dataset. Another method to assess the quality or accuracy of a dataset using 

BioLayout Express3D is by clustering the data by sample, which clusters the samples 

with the greatest similarities across all transcripts together. Thus, if the gene 

expression of all transcripts for the samples truly represents the cells, one would 

expect similar subtypes of macrophages to group together, rather than the samples 

grouping by study. Because the final macrophage dataset was fairly small, and 

included macrophage datasets from only six different studies, it is difficult to assess 

the accuracy. However, the clustering and linking together of peritoneal 
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macrophages from three different studies is reassuring, as well as the division of 

samples from the largest study into separate clusters. However, it would have been 

preferable if more macrophage datasets could have been incorporated into the 

dataset.  

 

Because of the incompatibility of the starry-sky TAM, an indirect comparison of 

TAM to the other macrophages was performed. First, starry-sky TAM gene 

expression profiles were compared to the profiles of tingible-body macrophages from 

germinal centres of activated lymph nodes as well as to resident tissue macrophages 

from resting lymph nodes. Up- and down-regulated genes were listed and overlaid on 

the macrophage dataset, thereby creating two network graphs, one for up-regulated 

and one for down-regulated starry-sky TAM genes. These were then individually 

analysed. The cluster with the highest number starry-sky TAM up-regulated genes 

was the phagocyte cluster. Further analysis using gene annotation presented by 

Hume et al. (2010) revealed that more than half of those genes were indeed involved 

in all different stages of phagocytosis, especially with vesicle formation and 

acidification, and digestion. It is not surprising that phagocytosis is up-regulated by 

starry-sky TAM, as the cells are known to have engulfed large numbers of apoptotic 

cells, which can be easily visualized by H&E staining and gives them their starry-sky 

histological appearance (Ford et al., 2015). 

 

Another cluster that contained starry-sky TAM up-regulated genes was the cell cycle 

cluster, and was highly associated with monocytes and BMDM. This is in agreement 

with our published findings that a small subset of TAM are proliferating (Ford et al., 

2015). Furthermore, many genes associated with the extracellular matrix were up-

regulated in TAM, including various collagens and fibronectins. In the macrophage 

population these appeared to be associated with adipose and peritoneal macrophages. 

Research described here as well as published findings by our laboratory has shown 

that expression of some extracellular matrix-associated genes can be induced in 

macrophages by co-culture with apoptotic cells. In Chapter 4 we showed that Timp2, 

a metallopeptidase inhibitor, is up-regulated in classically-activated BMDM upon co-

culture with apoptotic cells. Furthermore, our published research has shown that the 
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matrix metalloproteases Mmp12 and Mmp2 are up-regulated in macrophage cell 

lines upon apoptotic-cell co-culture (Ford et al., 2015). Interestingly, however, 

Timp2, Mmp12, and Mmp2 were found not to cluster in the extracellular matrix 

cluster, but each of them clustered with other genes. Mmp12 was found to be 

associated with the phagocytic cluster, which suggests that Mmp12 up-regulation is 

associated with phagocytosis. Other genes that were up-regulated in TAM were 

scattered across different clusters, but did include both genes associated with 

classically-activated macrophages, and genes associated with wound-healing 

macrophages.   

 

Many more genes were down-regulated by starry-sky TAM than up-regulated. 

Overlaying these down-regulated genes onto the macrophage dataset network graph 

revealed that about half were associated with general cell functions, including RNA 

processing and mitochondria.  

 

Interestingly, also genes associated with the phagocyte cluster were down-regulated 

by TAM, but analysis of these genes using DAVID gene annotation analysis 

suggested they might not be involved in phagocytosis, even if their expression is 

highly similar to that of genes associated with phagocytosis. Furthermore, some 

genes were down-regulated in the cell cycle cluster, but they appeared to be 

associated with the cytoskeleton rather than specifically with the cell cycle, as 

revealed by DAVID gene annotation analysis. Other genes that were down-regulated 

were mostly associated with other broad cellular function clusters, although a few 

genes associated with LPS signalling were down-regulated by starry-sky TAM too.   

 

No macrophage subtype from the dataset really stood out for closely resembling the 

starry-sky TAM profile. Rather, the starry-sky TAM phenotype reflects the 

activation status of a mixture of the other macrophages in the dataset. This is likely 

due to their unique environment compared to the other macrophages included in the 

dataset. However, although no single macrophage subtype expressed high levels of 

all the genes up-regulated by starry-sky TAM, this does not by definition mean that 

none of them is highly associated with the starry-sky TAM. As our published studies 
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have shown, MMPs that are up-regulated by starry-sky TAM are still only expressed 

at very low levels by those TAM. This does not make those genes less important, but 

it reveals the limitations of analysis using BioLayout Express3D when a sample 

cannot be included in the dataset for direct comparison. Furthermore, gene 

expression levels do not tell the complete story of macrophages activation, and 

protein expression levels may differ from gene expression levels due to differences 

in translation and activation.   

 

The brain and colon TAM that were included in the dataset did not appear to be very 

similar to starry-sky TAM either. This could be either because starry-sky TAM are 

very different from brain or colon TAM, but also because of the different ways in 

which the expression profiles were derived. The starry-sky TAM gene expression 

represented that of in situ TAM, whereas the brain and colon TAM were derived in 

vitro from co-culture with supernatants from cancer cells.  

 

Thus, being unable to directly compare starry-sky TAM to other macrophages in the 

dataset, we could not assess if there was a macrophage subtype similar to TAM. 

However, further exploration of the TAM genes that were up- and down-regulated 

confirmed that some of the most important biological processes in TAM are 

associated with phagocytosis, cell cycle, and the extracellular matrix. Association 

with phagocytosis, and the fact that starry-sky TAM have engulfed many apoptotic 

cells, supports the hypothesis that interaction with apoptotic cells is highly important 

in driving the TAM signature, although involvement of other factors, e.g. viable 

tumour cells, cannot be ruled out.  
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Chapter 7 Discussion 
 

7.1 Thesis objectives and summary of findings 

The main objective of this thesis was to improve understanding of the role of 

apoptotic cells in shaping the tumour microenvironment of Burkitt’s lymphoma. 

Specifically, the effect of apoptotic cells on the accumulation and activation of 

tumour-associated macrophages was investigated and how this may affect tumour 

growth.  

 

Starry-sky non Hodgkin lymphoma, in particular Burkitt’s Lymphoma, is 

characterised by high rates of apoptosis, high infiltration of macrophages, and rapid 

tumour growth The apoptotic cells are rapidly engulfed by tumour-associated 

macrophages (Hecht and Aster, 2000). A high proportion of TAM is generally 

associated with a poor prognosis in many cancers (Balkwill and Mantovani, 2001; 

Coussens and Werb, 2002; Leek et al., 1996; Campbell et al., 2011; Salvesen and 

Akslen, 1999; Ni et al., 2015). Engulfment of apoptotic cells by macrophages has 

been found to activate downstream signalling pathways that enhance tumour cell 

growth, through the promotion of anti-inflammatory responses, angiogenesis, tissue 

remodelling and metastasis, although the dying tumour cells may also affect 

neighbouring tumour cells directly (Ogden et al., 2005; Gregory and Pound, 2011). 

Recently, the in situ molecular signature of TAM in a xenograft model of Burkitt’s 

lymphoma was generated, and TAM were found to be significantly enriched for 

transcripts encoding matrix remodelling, lipid metabolism, and phagocytosis 

functions, which are associated with a pro-tumour and immunosuppressive 

phenotype, although expression of certain inflammatory and immune response-

associated molecules was increased too. Further investigations revealed that tumour 

cell apoptosis in co-culture assays with macrophages could up-regulate expression of 

active matrix remodelling mediators, in particular MMP12 and MMP2 (Ford et al., 

2015). The research presented here contributed to these studies, by further exploring 

the effects of apoptotic cells on macrophage activation and how this may affect 
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tumour cell growth in a series of in vitro experiments. Additionally, TAM activation 

signature was further studied in silico.  

 

To further elucidate the role of apoptotic cells on macrophages activation, first the 

possible effects of lactoferrin were investigated in Chapter 3. Lactoferrin was 

identified by our laboratory to be released from apoptotic cells (Bournazou et al., 

2009). Because of its pleiotropic properties, including anti-inflammatory effects on 

macrophages (Håversen et al., 2002; Crouch et al., 1992; Mattsby-Baltzer et al., 

1996; Elass, 2002; Bournazou et al., 2009), it was investigated if lactoferrin could 

promote the accumulation and activation of macrophages that are anti-inflammatory, 

immunosuppressive, and promote tumour growth, angiogenesis, and tissue 

remodelling.  

 

Contrary to previous reports that lactoferrin can attract monocytes (la Rosa et al., 

2008), lactoferrin was not found to be able to induce chemotaxis of murine or human 

monocytes in Boyden chamber-like assays. Furthermore, although lactoferrin has 

been shown to increase the phagocytosis of parasites (Kai et al., 2002; Lima and 

Kierszenbaum, 1985), binding assays showed that soluble lactoferrin does not 

enhance apoptotic cell binding to macrophages, and instead suggested that it may 

decrease binding, possibly due to competitive binding to a receptor that also binds 

apoptotic cells. Furthermore, the ability of lactoferrin to stimulate a starry-sky TAM 

expression profile was investigated. Only high concentrations of lactoferrin, unlikely 

to be clinically relevant in tumours, were found to affect macrophage activation (up-

regulation of Mrc1, Mmp2, and Axl) or cytotoxicity.  

 

As lactoferrin released from apoptotic cells in tumours appeared unlikely to affect 

starry-sky TAM activation, Chapter 4 investigated the direct effects of apoptotic cells 

on macrophages. Apoptotic cells were found to up-regulate expression of starry-sky 

TAM associated genes Ccl2 and Hmox1 in BMDM, and down-regulate Mmp12, 

Fn1, Anpep, Abca1, Lrp1, and Plau expression. Furthermore, co-culture with 

apoptotic cells could enhance expression of Gas6, Mrc1, Cd36, Timp2, and Pparg by 

classically-activated macrophages. Expression of the latter was found to be 
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dependent upon cell contact between apoptotic cells and macrophages. Furthermore, 

inflammatory responses, in particular Tnf and Il6 expression, were reduced upon co-

culture with apoptotic cells. These effects were specific for co-culture with apoptotic 

cells, as viable cells or apoptosis-suppressed cells did not have the same effects.  

 

Given the ability of apoptotic cells to reduce pro-inflammatory signalling, the effect 

of apoptotic cells on classically-activated macrophage cytotoxicity was investigated. 

Interestingly, pre-treatment of classically-activated macrophages did not affect the 

number of dead lymphoma cells, but increased the number of viable lymphoma cells, 

suggesting that pre-treatment with apoptotic cells could promote tumour cell growth, 

and this was contact-dependent. Macrophage deficiency of galectin-3, shown here 

and previously shown by Sano et. al (2003) to reduce macrophage phagocytosis of 

apoptotic cells, did not appear to play a role in apoptotic-cell mediated effects on 

classically-activated macrophages, but this may be due to an ability of IFN-γ and 

LPS-stimulation to increase the phagocytic properties of both galectin-3 KO and 

wild type BMDM.  

 

Nitric oxide and TNFα were selected as potential mediators of classically-activated 

macrophage cytotoxicity towards lymphoma cells, but TNFα could not induce 

apoptosis in lymphoma cells. NO has both the ability to induce apoptosis and to act 

as a growth factor (Choudhari et al., 2013; Burke et al., 2013; Weigert and Brüne, 

2008). Measurement of nitrite release from apoptotic cell-stimulated classically-

activated macrophages showed it was unlikely to be released as a growth factor, but 

the ability of NO to induce apoptosis in lymphoma cells remains unclear. 

 

In silico comparison of the starry-sky TAM activation signature to transcription 

profiles of a variety of tissue and in vitro cultured macrophages confirmed that a 

large number of TAM up-regulated transcripts were associated with phagocytosis, 

including some receptors for apoptotic cells, suggesting that phagocytosis of 

apoptotic cells is indeed an important function of TAM in BL. Additionally, 

regulation of the cell cycle and extracellular matrix appeared to be important 

functions of starry-sky TAM. Other genes up-regulated by TAM include genes 
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associated both with classically-activated macrophages and wound-healing 

macrophages, although starry-sky TAM also showed some features of classically-

activated macrophages. No macrophage subset in the dataset showed activation that 

was very similar to starry-sky TAM, but rather the starry-sky TAM activation profile 

seemed to resemble a mixture of macrophages. 

 

7.2 Lactoferrin in the tumour microenvironment 

Research presented in Chapter 3 investigated lactoferrin-mediated macrophage 

chemoattraction and activation. In contrast to previous findings that lactoferrin can 

affect pro-inflammatory signalling by macrophages, only high concentrations of 

lactoferrin were found to stimulate expression of starry-sky TAM genes. 

Additionally, only high concentrations of lactoferrin could reduce macrophage 

cytotoxicity, although it was unclear if this was due to lactoferrin binding to LPS, 

thereby preventing activation of macrophages, or if it reduced the effects of classical 

activation by acting on macrophages separately. As high concentrations of lactoferrin 

are not expected to be derived from apoptotic tumour cells, lactoferrin is unlikely to 

affect tumourigenesis of starry-sky NHL through the accumulation and activation of 

tumour-associated macrophages, unless another source of lactoferrin, e.g. from 

infiltrating neutrophils, is present in the tumour microenvironment. No neutrophil 

accumulation is observed in Burkitt’s lymphoma (Bournazou et al., 2009), likely due 

to lactoferrin’s ability to inhibit the migration of neutrophils (Bournazou et al., 

2009). However, in tumours with high levels of neutrophils, lactoferrin may play a 

role in the activation of TAM. Additionally, lactoferrin may be important in the 

activation of macrophages during the resolution of inflammation when high levels of 

lactoferrin are released from apoptotic neutrophils.  

 

However, even if lactoferrin released from apoptotic tumour cells is unlikely to 

affect starry-sky TAM accumulation and activation, it may still play a role in the 

tumour microenvironment in addition to inhibiting neutrophil and eosinophil 

migration. Recent preliminary findings show that lactoferrin can bind to secondarily 

necrotic cells once they become permeable (Willems et al., 2014). Persistence of 

uncleared apoptotic cells, perhaps through saturation of macrophage phagocytosis, 
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could lead apoptotic cells to become secondarily necrotic. As the cells become 

permeable, noxious contents may be released, which can lead to pro-inflammatory 

responses (Fadok et al., 2001a; Voll et al., 1997). Therefore, it is tempting to 

speculate that lactoferrin may reduce pro-inflammatory responses resulting from 

persistent secondarily necrotic cells, by mopping up necrotic cell-released pro-

inflammatory contents by macrophages (Willems et al., 2014). More research is 

needed to find out what lactoferrin binds to in secondary necrotic cells, but DNA is a 

likely candidate as lactoferrin is known to bind DNA (Bennett et al., 1983). This 

proposed effect of lactoferrin would not only maintain an anti-inflammatory 

environment in tumours, but could also play a role in the resolution of inflammation, 

where neutrophil activation and death may lead to the release of large quantities of 

lactoferrin.  

 

Finally, given lactoferrin’s shown trophic properties to enhance cell growth, 

lactoferrin released from apoptotic cells may also affect tumourigenesis by acting 

directly on tumour cells. Findings in our laboratory indicate that lactoferrin cannot 

enhance BL cell growth (Ben Arnold; personal communication), but this should be 

investigated for other tumours.  

 

In addition to its anti-inflammatory and trophic properties that may enhance 

tumourigenesis (Huang et al., 2008; Tang et al., 2010a; Grey et al., 2006; Nakajima 

et al., 2011), lactoferrin has also been shown to have many pro-inflammatory, 

immunostimulatory, and cell-growth inhibiting properties (Son et al., 2002; 

Sorimachi et al., 1997; Mattsby-Baltzer et al., 1996; Nishiya and Horwitz, 1982; 

Damiens et al., 1998). Oral administration and injections of lactoferrin have been 

shown to decrease tumour growth both in humans and mice (Varadhachary et al., 

2004; Wang et al., 2000; Hayes et al., 2005). Together, these findings suggest that 

lactoferrin may control both pro- and anti- inflammatory cytokine expression. Future 

research should focus on the question whether anti-tumour therapy leads to the 

release of lactoferrin from dying tumour cells, and if this negatively, or alternatively 

positively, affects long-term therapeutic outcome.  
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7.3 Apoptotic-cell stimulation of macrophages 

7.3.1 Macrophage activation 

Research presented in Chapter 4 investigated whether apoptotic cells can activate a 

starry-sky TAM phenotype in macrophages. In vitro co-culture of apoptotic cells 

with BMDM showed moderate up-regulation of mouse macrophage markers F4/80 

and mannose receptor. Additionally, apoptotic cell co-culture with macrophages was 

shown to enhance macrophage expression of Hmox1 and Ccl2. Heme oxygenase -1 

(HO-1), is an essential enzyme in heme catabolism and has been shown to stimulate 

expression of anti-inflammatory cytokines IL-10 and IL-1 receptor antagonist (IL-

1Ra) by mouse liver, human HepG2 cells, and mouse J774.1 macrophages, and 

reduce TNF-α expression, which could be inhibited by Hmox1 RNA silencing 

(Piantadosi et al., 2011). CCL2 is a strong chemoattractant for mononuclear 

phagocytes and has also been reported to recruit T cells, B cells, and natural killer 

cells (Allavena et al., 1994; Qin et al., 1996; Corcione et al., 2002), but its ability to 

recruit neutrophils is weak (Rollins et al., 1991). In addition to its chemoattractant 

properties, CCL2 has also been shown to have various trophic functions. It can 

promote monocyte survival through expression of anti-apoptotic proteins Bcl-2 and 

Bcl-xL and inhibition of caspase-8 cleavage. Furthermore, CCL2 can enhance 

expression of mannose receptor on macrophages (Roca et al., 2009) and it has been 

shown to induce proliferation of vascular smooth muscle cells (Selzman et al., 2002). 

Perhaps paradoxically, Ccl2 expression is also up-regulated by classical activation of 

macrophages as shown in Chapter 4 and reported by (Mantovani et al., 2004b) and 

this may explain why Ccl2 gene expression was not found to be further up-regulated 

by co-culture of classically-activated macrophages with apoptotic cells. Moreover, 

CCL2 has also been shown to increase intracellular Ca2+ levels and to induce a 

respiratory burst in human monocytes (Rollins et al., 1991).  

 

Although CCL2 has been shown to be released from apoptotic cells (Kobara et al., 

2008), to our knowledge, this is the first time it is shown that co-culture with 

apoptotic cells can enhance the expression of Ccl2 by macrophages. It has previously 

been reported that in mouse J774 macrophages apoptotic cell ingestion results in the 

early release of TGF-β, and that this leads to decreased synthesis and secretion of 
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TNFα and several chemokines (including macrophage inflammatory protein-2 (Mip-

2) and Mip-1α) and increased TGF-β release. However, production of CCL2 was not 

found to be down-regulated after treatment with apoptotic cells, and remained the 

same (McDonald et al., 1999).  

 

CCL2 is abundantly expressed in tumours (Mantovani et al., 2002), and is believed 

to be one of the most important factors contributing to macrophage infiltration 

(Murdoch, 2004). Overexpression of CCL2 in non-tumourigenic melanoma cells 

results in tumour formation, and massive monocyte/macrophage infiltration into the 

tumour mass in mice (Nesbit et al., 2001). Thus, the results presented here may 

propose a new mechanism for the accumulation of TAM, i.e. that apoptotic tumour 

cells can attract mononuclear phagocytes and activate them to produce CCL2, 

thereby setting a positive feedback system to recruit more phagocytes which interact 

with more apoptotic cells. This may work in concert with TAM proliferation to 

increase the number of TAM as tumours expand.  

 

Co-culture of apoptotic cells with unstimulated macrophages also led to reduced 

expression of various starry-sky associated genes, including lower expression of Fn1, 

Mmp12, Plau, Anpep, Abca1, and Lrp1. The down-regulation of Mmp12 is 

particularly interesting, as published studies have shown that co-culture of apoptotic 

cells with immortalized macrophage cell lines can enhance gene and protein 

expression of Mmp12 (Ford et al., 2015). One possible explanation for the difference 

in results is that different phagocyte receptors may be involved in the different 

macrophage populations, which could lead to divergent responses.   

 

Because BMDM were matured in the presence of apoptotic cells, which may already 

activate the BMDM, additionally, the ability of apoptotic cells to affect the 

phenotype of classically-activated macrophages was investigated. Classical 

activation was shown to down-regulate the expression of a large number of starry-

sky TAM genes, although some genes were up-regulated as a result of classical 

activation. Co-culture of classically-activated macrophages with apoptotic cells 

could significantly up-regulate expression of Gas6, Mrc1, Cd36, Pparg, and Timp2 
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by classically-activated macrophages. Gas6, CD36, and Pparg, are known to be 

associated with apoptotic cell engulfment and processing (CD36 is an apoptotic cell 

receptor (Savill et al., 1992), Gas6 is a bridging molecule (McCloskey et al., 1997), 

and Pparg is a nuclear receptor regulating fatty acid storage and glucose metabolism 

(Hume et al., 2010)) and this may be another way in which apoptotic cell-signalling 

may prepare macrophages for apoptotic cell clearance. Previously, ATP released by 

apoptotic cells has been shown to increase apoptotic cell binding to macrophages 

(Marques-Da-Silva et al., 2011), and fractalkine released from apoptotic cells has 

been shown to induce expression of MFG-E8 (Miksa et al., 2007), another bridging 

molecule. Timp2 is a metallopeptidase inhibitor, involved in extracellular matrix 

remodelling and has been associated with alternative activation (Welch, 2002). Mrc1 

is a carbohydrate-binding receptor that is expressed by macrophages and dendritic 

cells and has been associated with alternative activation of macrophages (Martinez-

Pomares, 2012; Franklin et al., 2014). Up-regulation of Gas6, Mrc1, Cd36, and 

Timp2 was not prevented by the presence of a 0.44µm membrane separating the 

apoptotic cells and macrophages, suggesting that the up-regulation was mediated 

through signalling of soluble factors released from apoptotic cells. Further research 

will need to be carried out to find out which factors are responsible, but candidate 

factors include ATP, fractalkine, S1P, and CCL2. The up-regulation of Pparg was 

dependent upon direct contact between apoptotic cells and macrophages, and further 

investigations will need to reveal if binding of apoptotic cells could induce up-

regulation, or if it was triggered by engulfment and/or degradation of apoptotic cells.  

 

Moreover, some of the apoptotic cell-mediated effects on macrophage phenotype 

may be associated with microvesicles released from apoptotic cells, which may 

enhance their longevity and effective signalling range (Hochreiter-Hufford and 

Ravichandran, 2013). Microvesicles (or microparticles) are shedded from the 

membrane of apoptotic or activated cells and form a heterogeneous population of 

small (<1µm) vesicles (Distler et al., 2005; Hugel et al., 2005; Zocco et al., 2014). 

They can be distinguished from apoptotic bodies, both in size (apoptotic bodies are 

many times larger) (Hristov, 2004), as well as their time of release from apoptotic 

cells, which happens during the early stages of apoptosis for microparticles, whereas 
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apoptotic bodies form during the later stages (Distler et al., 2005). Microvesicles 

display cell surface proteins of the cell from which they originate, and may express 

PS on the outer membrane (Distler et al., 2005; Hugel et al., 2005; Zocco et al., 

2014). Because of their size and resemblance to the cells they originate from, 

microvesicles have been suggested to function as intercellular signalling vesicles. 

Indeed, microvesicles released from activated cells can transfer bioactive molecules 

and modulate processes such as inflammation, coagulation, cell proliferation, 

vascular function and apoptosis (Distler et al., 2005; Hugel et al., 2005; Zocco et al., 

2014; Lai et al., 2015). Furthermore, cancer cell-derived microvesicles have been 

shown to transfer transformed characteristics of cancer cells onto normal fibroblast, 

including enhanced survival capacity (Antonyak et al., 2011). They appear to play a 

role in the pathogenesis of many diseases, including cancer (Baj-Krzyworzeka et al., 

2006; 2007) and rheumatoid arthritis (Distler et al., 2005).  

 

Microparticles released from apoptotic cells have not been studied intensively, but 

they have been found to carry RNA and DNA (Reich and Pisetsky, 2009), which 

suggests they could be involved in intercellular signalling. Furthermore, they have 

been associated with the chemoattractant fractalkine (Truman et al., 2008), and 

fractalkine-positive microvesicles have been shown to induce chemoattraction of 

alveolar macrophages (Truman et al., 2008; Tsai et al., 2014). Additionally, ICAM-3 

has been shown to be released within microvesicles, and can facilitate tethering of 

macrophages (Torr et al., 2011). Unpublished findings in our laboratory indicate that 

the majority of microvesicles released from apoptotic lymphoma cells are smaller 

than 400nm in diameter, although a small proportion of microvesicles is larger. Thus 

further studies are needed to determine if signalling through microvesicles released 

from apoptotic cells could be responsible for some of the apoptosis-mediated effects 

on macrophages presented here.  

 

In Chapter 4 it was also shown that apoptotic cell co-culture down-regulated gene 

and cytokine expression of TNFα and IL-6 by classically-activated macrophages. 

Other studies have previously shown that pre-incubation with apoptotic cells, but not 

viable or fixed permeable cells, can increase anti-inflammatory signalling of IL-10 
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and decrease pro-inflammatory TNF-α, IL-1β, and IL-12 signalling in (Fadok et al., 

2001a; Voll et al., 1997; Fadok et al., 1998a). This effect was mimicked by 

monoclonal antibodies targeted against the thrombospondin-binding site of CD36. 

Moreover, antibodies specific for thrombospondin, which block the engulfment of 

apoptotic cells, inhibited the effects of apoptotic cells. This indicated that CD36 

might be involved (Voll et al., 1997). Interestingly, here it was shown that apoptotic 

lymphoma cells can also enhance Cd36 gene expression by classically-activated 

macrophages in addition to reducing Tnf and Il6 expression. This suggests that there 

might be a positive feedback loop, where apoptotic cell signalling through CD36 to 

reduce expression of Tnf and Il6, simultaneously increases the capacity of 

macrophages to interact with apoptotic cells by increasing CD36 expression. Thus, 

the importance of CD36 in apoptotic-cell mediated signalling needs to be further 

investigated.  

 

7.3.2 Tumour cell growth 

Research presented in Chapter 5 also investigated the ability of apoptotic cells to 

affect macrophage cytotoxicity. Previous studies have shown that co-culture with 

necrotic tumour cells can enhance cytotoxicity of unstimulated and IFN-γ and LPS-

stimulated macrophages. In contrast, apoptotic cells were shown to reduce 

cytotoxicity of IFN-γ and LPS-stimulated macrophages, although it was unclear if 

this was due to apoptotic cell interaction with the macrophages or due to apoptotic 

cell-binding to LPS (Reiter et al., 1999). Interestingly, the research presented here 

shows that pre-treatment of classically-activated macrophages with apoptotic 

lymphoma cells led to an increased number of viable lymphoma cells without 

affecting the total number of free non-viable cells. This was likely due to promotion 

of tumour growth. This effect of apoptotic cell-stimulation of classically-activated 

macrophages on tumour cell growth appeared to be mediated through cell-to-cell 

contact, although larger microvesicles (> 400nm diameter), may also play a role. It 

was not investigated if apoptotic-cell pre-treatment of non-activated macrophages 

could also enhance tumour cell growth, but findings by Reiter et al. (1999) suggested 

this is the case and it will be of interest to study this in more detail.  
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The mechanism(s) through which tumour cell growth was stimulated in the assays 

presented here is unknown, but a likely mechanism is through the release of growth 

factors from the classically-activated macrophages upon treatment with apoptotic 

cells. NO, known for its stimulation of tumour cell growth and tumour cell death 

(refs) was briefly investigated as a potential mediator of tumour cell growth (as well 

as tumour cell death), but results indicated that NO is unlikely to be the mediator of 

tumour cell growth, although its role in tumour cell death needs to be investigated 

further. Other factors shown to be released from TAM that can stimulate the growth 

and motility of tumour cells, include TGF-β, vascular endothelial growth factor 

(VEGF), platelet-derived growth factor (PDGF), IL-10, epidermal growth factor 

(EGF), fibroblast growth factor (FGF), platelet activating factor (PAF), hepatocyte 

growth factor (HGF) and insulin-like growth factor 1 (IGF-1) (Pollard, 2004; Leek 

and Harris, 2002; O'Sullivan et al., 1993; Burgess, 1989; Ogden et al., 2005; Ford et 

al., 2015). NO was investigated as a potential mediator of tumour cell growth (as 

well as tumour cell death), but its role remained unclear and should be investigated 

further. 

 

TGF-β and IGF-1 are particular candidates for stimulating the apparent tumour 

growth presented here, as they were found to be up-regulated by starry-sky TAM. 

However, Igf1 gene expression analysis presented here did not appear to be affected 

by co-culture of apoptotic cells with classically-activated macrophages. TGF-β has 

been found to be produced by macrophages upon phagocytosis of apoptotic 

neutrophils (Fadok et al., 1998a). However, in vitro experiments have shown that 

TGF-β inhibits growth of BL cells (Spender et al., 2009).  

 

Other candidates for stimulating the apparent tumour growth are PGE2 and PAF, as 

production of both is up-regulated by phagocytosis of apoptotic neutrophils. (Fadok 

et al., 1998a; Morimoto et al., 2001). Furthermore, IL-10 has been shown to be 

released from macrophages upon stimulation with apoptotic cells and IL-10-

activated macrophages increased production of the B cell survival factor, B cell-

activating factor of the TNF family/B lymphocyte stimulator (BAFF/BLyS), which 

can enhance BL cell survival (Ogden et al., 2005). Finally, phagocytosis of apoptotic 
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Jurkat T cells by peritoneal macrophages can lead to the secretion of VEGF, which 

can promote proliferation of cells. 

 

In addition to directly enhancing tumour cell growth, some of these factors have also 

been shown to enhance angiogenesis, e.g. VEGF, which may be an additional way 

by which apoptotic cells can promote tumour growth in vivo (Mantovani et al., 2002; 

Sica et al., 2008b; Pollard, 2004). Stimulation of angiogenesis is one of the 

properties shared by many TAM (Cook and Hagemann, 2013; Noy and Pollard, 

2014), and can contribute to tumour progression (Lin et al., 2007). 

 

7.4 Implications for cell death-inducing anti-cancer therapy 

Although the importance of induction of apoptosis in inhibiting cancer has been 

established, it is increasingly becoming clear that apoptosis-inducing therapies, 

including radiotherapy and chemotherapy, can lead to tumour repopulation.  

 

Various studies have indeed shown that irradiation of tumour cells can induce 

accelerated repopulation of the tumour. In a model of rat rhabdomyosarcoma, 

proliferation of tumour cells post irradiation was faster than before radiation, which 

resulted in enhanced tumour cell growth compared to growth of non-irradiated 

tumours (Hermens and Barendsen, 1969). Similar observations have been made in 

murine Lewis lung carcinoma models, where repopulation began immediately 

following γ-irradiation (Stephens et al., 1978). Moreover, it has long been shown that 

addition of irradiated cells to tumour transplants can decrease survival time (Revesz, 

1956). This has also recently been shown in a murine model of Burkitt’s lymphoma 

(Ford et al., 2015). In one experiment addition of irradiated tumour cells was shown 

to reduce the number of viable adenocarcinoma cells needed to give a 50% take rate 

in mice to 4 from 6900 without addition of irradiated tumour cells (Hewitt et al., 

1973), suggesting that in the presence of large numbers of apoptotic cells, e.g. after 

chemotherapy or radiotherapy, very small numbers of remaining viable cancer cells 

can be enough to repopulate the tumour.  
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The mechanisms for apoptotic-cell mediated tumour growth remain largely unknown 

and the importance and route may vary between tumour types and perhaps per 

tumour. Some studies suggest that apoptotic cell-mediated tumour growth may be 

directly attributable to the effects apoptotic tumour cells have on tumour cells, as was 

shown by Huang et al. (2011). Radiotherapy can induce activation of caspase-3, a 

key executioner of apoptosis, which was found to regulate PGE2, a growth factor 

that can potentially stimulate growth of surviving tumour cells. Deficiency of 

caspase-3 increased tumour sensitivity to radiotherapy. Furthermore, it was shown 

that higher levels of activated caspase-3 in tumour tissues in humans was associated 

with increased recurrence and death (Huang et al., 2011). Additionally, Wnt and 

Hedgehog signalling from apoptotic cells has been shown to promote cell 

proliferation, and may contribute to the repopulation of tumours (Li et al., 2010; 

Bergmann and Steller, 2010).   

 

The results presented in this thesis that show that apoptotic cells can mediate 

macrophage activation, which can lead to tumour cell growth in vitro, demonstrate 

another likely mechanism by which apoptotic tumour cells can affect tumour 

repopulation. Indeed, several studies indicate that macrophages may play a role in 

this. Radiation therapy has been shown to induce an influx of macrophages into 

tumours (Stephens et al., 1978; Russell and Brown, 2013), whereas suppression of 

apoptosis of lymphoma cells by transfection with Bcl-2 has been shown to decrease 

macrophage accumulation (Ford et al., 2015). Furthermore, as was suggested in this 

thesis, apoptotic cell interaction with these recruited macrophages may lead to 

further recruitment of macrophages, possibly through the release of CCL2. Apoptotic 

cells may also activate tumour-promoting pathways in macrophages, including 

increased macrophages phagocytosis, matrix remodelling, angiogenesis, and release 

of growth-promoting factors. E.g. although TAM in gastrointestinal stromal tumours 

may limit tumour growth, imatinib-induced apoptosis in these tumours was shown to 

cause tumour-promoting activation of TAM (Cavnar et al., 2013). 
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Thus to improve outcome, in addition to inducing tumour cell death, therapies should 

prevent apoptotic cell-mediated direct and indirect (through recruitment and 

activation of tumour-supportive macrophages) pro-tumour responses, and instead 

stimulate an immune response that can contribute to controlling and/or eradicating 

residual cancer cells. Various strategies can be used. One can be to inhibit apoptotic 

cell-induced monocytes and macrophages, and another to prevent activation of 

tumour-supportive macrophages and/or educate macrophages to activate a non-

supportive and ideally anti-tumour phenotype. Finally, cancer cells can be stimulated 

to undergo immunogenic cell death, which stimulates an immune response against 

the cancer cells.   

 

Inhibition of monocyte recruitment is being tested by targeting CCL2 and CSF1-

mediated signalling. Antibodies to CCL2 are currently being tested in clinical trials 

and preliminary results have shown anti-tumour activity in advanced cancer patients 

(Pienta et al., 2012; Sandhu et al., 2013). Furthermore, combinations of 

chemotherapy and anti-CCL2 antibody are studied (Brana et al., 2014). Additionally, 

inhibitors of CSF1R are showing potential at reducing macrophage migration 

towards irradiated tumour cells. CSF1 signalling through CSF1R is known to induce 

proliferation, and activation of macrophages to an alternative-like activation 

phenotype (Hume and MacDonald, 2012). In vitro macrophage migration to 

conditioned media from irradiated tumour cells can be blocked by an inhibitor of 

CSF1R. Furthermore, radiotherapy combined with this CSF1R inhibitor, suppressed 

tumour growth more than radiotherapy alone in a prostate cancer model (Xu et al., 

2013). This may be also be of importance in starry-sky TAM in Burkitt’s lymphoma, 

as unpublished results show that CSF1R gene expression is significantly enhanced in 

starry-sky TAM compared to GCM.  

 

Therapies directed at preventing apoptotic-cell activation of macrophages are mostly 

directed against phosphatidylserine expressed on the membrane of apoptotic cells, 

although, as was shown here, some soluble factors released from apoptotic cells may 

also be involved in inducing a pro-tumour phenotype of macrophages. Masking of 

phosphatidylserine by a mutant form of MFG-E8 was shown to inhibit phagocytosis 
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of apoptotic cells by macrophages, but could also inhibit the enhanced production of 

IL-10 by thioglycollate-elicited peritoneal macrophages following phagocytosis of 

apoptotic cells (Asano et al., 2004). Furthermore, binding of Annexin V has been 

shown to target irradiated lymphoma cells to CD8+ dendritic cells for in vivo 

clearance, which leads to release of pro-inflammatory cytokines, and regression of 

tumours (Bondanza et al., 2004).  

 

 Murine and rat models of prostate cancer have also shown success when 

chemotherapy or irradiation was combined with an anti-PS antibody, 2aG4, a variant 

of the human antibody bavituximab, compared to either therapy alone (He et al., 

2009; Yin et al., 2013). Gene expression analysis showed that TAMs cultured in the 

presence of 2aG4 increased iNOS, inflammatory cytokines IL-12 and TNFα, and T-

cell co-stimulatory molecules (CD80, CD86, and MHC class II), and decreased 

expression of Arg1, immunosuppressive cytokines IL-10 and TGF-β, and VEGF-A 

(Yin et al., 2013). Bavituximab, a human anti-PS antibody, is currently being tested 

in clinical trials (Gerber et al., 2011; Chalasani et al., 2015).  

 

Other therapies are, based on the plasticity and flexibility of macrophages (Mosser 

and Edwards, 2008; Hagemann et al., 2008), directed at actively changing the 

macrophage phenotype to an anti-tumour one. Because of its potential to augment 

the cytotoxicity of macrophages, IFN-γ has been tested in small clinical studies, and 

appeared to have modest responses in small residual ovarian carcinomas after 

chemotherapy, although studies were too small to conclude if i.p. injections of IFN-γ 

improved outcome. No effect was observed in advanced ovarian carcinoma 

(Colombo et al., 1992; Pujade-Lauraine et al., 1996). These results are in line with 

the findings in Chapter 5 that indicate that although IFN-γ and LPS-stimulation of 

macrophages induces macrophage cytotoxicity, apoptotic cell stimulation of these 

macrophages stimulated tumour cell growth. Thus, IFN-γ may only be effective 

when there are low numbers of apoptotic cells in the tumour, as the apoptotic cells 

may also override the effects of IFN-γ on macrophages in the tumour. Alternatively, 

differences between human and mouse macrophages may be responsible for the 

minimal effects of IFN-γ in these clinical studies. Although murine macrophages 
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may express NO via induction of iNOS in response to IFN-γ and LPS-stimulation, 

human macrophages have not been shown to reliably produce nitrite by iNOS 

activity (Schneemann and Schoeden, 2006; Mestas and Hughes, 2004).  

 

Finally, not all anti-cancer therapies induce tumour cell death equally. The majority 

of chemotherapies induce apoptotic cell death that is immunologically silent or leads 

to immune cell support of the tumour. However, a few treatments have been shown 

to induce immunogenic cell death (ICD) that stimulates an anti-tumour response 

through dendritic cell stimulation of T cells, which leads to favourable therapeutic 

responses (Kroemer et al., 2013). ICD is preceded by endoplasmic reticulum (ER) 

stress and autophagy, which leads to distinctive properties, including the pre-

apoptotic outer cell membrane exposure of calreticulin (CRT) (Zitvogel et al., 2010) 

and other ER proteins, secretion of ATP during the blebbing phase of apoptosis, and 

release of nonhistone chromatin protein high-mobility group box 1 (HMGB1) 

(Kroemer et al., 2013). ATP can lead to the recruitment of both macrophages and 

DC, and can stimulate DC maturation (Elliott et al., 2009; Idzko et al., 2007). CRT 

binds to transmembrane receptors, including LRP1, and leads to the engulfment by 

LRP1 exposing cells, which include macrophages and DC. However, as CRT is 

exposed on the membrane very early during ICD (before PS-exposure), simultaneous 

exposure by these cells of the ‘don’t eat me’ signal CD47 appears to favour CRT-

signalling through antigen presenting cells, particularly DC, that results in the 

production of pro-inflammatory cytokines (including IL-6, and TNFα) and to 

promote T cell responses. HMGB1 can bind to TLR4 and seems to be important for 

activating pro-inflammatory cytokine release (Kroemer et al., 2013).  

 

7.5 Tumour-associated macrophage phenotype 

In silico analysis of the starry-sky TAM phenotype by comparing it against gene 

expression profiles of a macrophage database, confirmed that phagocytosis of 

apoptotic cells is likely to play an important role in these cells. Phagocytosis was 

shown to be the most important shared function of all macrophages, and a large 

group of genes overexpressed by starry-sky TAM was associated with all stages of 

apoptosis. Although this could be a specific feature of starry-sky TAM, known to 
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interact with and engulf apoptotic cells, another in silico study has shown that 

phagocytosis is a feature shared by TAM from many different human tumours. The 

study compared gene expression from biopsies of various different types of human 

cancers, including breast, colonic, diffuse large B-cell lymphoma (DLBCL), glioma, 

ovarian, and testicular cancer using BioLayout Express3D, and showed that there was 

a clear signature for macrophages present in all of these cancers, which included 

genes associated with phagocytosis. Furthermore, this signature was also present in 

other cancer datasets, including gastric cancer, Hodgkin lymphoma, and 

skin/melanoma (Doig et al., 2013). This suggests that phagocytosis of apoptotic cells 

is a core feature of macrophages in many different cancers, and the findings 

presented here may also be relevant to malignancies other than Burkitt’s lymphoma 

or non-Hodgkin’s lymphoma.  

 

Interestingly, although the in silico study by Doig et al. showed that there was a clear 

macrophage cluster, there was no evidence of the macrophages being skewed 

towards a particular phenotype. In addition to genes associated with phagocytosis, 

the macrophage cluster contained genes involved in chemotaxis, toll-like receptors, 

scavenger receptors, as well as genes associated with MHC class II antigen 

presentation and T cell co-stimulation. Similar observations were made during the in 

silico analysis of starry-sky TAM presented here, where expression of genes 

associated with both LPS-mediated responses and anti-inflammatory and wounding 

responses were up-regulated. This may suggest that the macrophage phenotype in the 

tumour microenvironment is dependent on various, possibly opposing, stimuli, some 

enhancing tumour growth and others decreasing it, and that the balance between the 

two may determine outcome, which may change during development of the tumour. 

As increasing numbers of macrophages in tumours are mostly associated with poor 

prognosis (Leek et al., 1996; Salvesen and Akslen, 1999; Ni et al., 2015; Campbell 

et al., 2011) this suggests that for most tumours the dominant macrophage phenotype 

is one that supports tumour growth. Alternatively, seemingly opposing features of 

the macrophage cluster in tumours may be due to different populations of 

macrophages, with different activation states, being present in the tumour. This has 

been shown to be the case in mouse mammary tumours, which were found to contain 
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functionally distinct subsets of TAM. Hypoxic tumour areas contained macrophages 

that had significant pro-angiogenic activity and their numbers increased as tumour 

progressed. Furthermore, they were poor antigen presenters (expressed low levels of 

MHC Class II), and showed increased expression of e.g. Arg1, Mrc1, Cd163, Timp2, 

Ctsd, Il4ra and several cytokines, including Ccl2. Outside of the hypoxic areas, 

macrophages expressed higher levels of MHC Class II, Il6, Il12, Il1, and Nos2. Both 

could suppress T-cell activation (Movahedi et al., 2010). 

 

IL-4 and IL-13 signalling through IL-4Rα has traditionally been associated with 

TAM (Sica et al., 2008a; Mantovani et al., 2004a; Allavena et al., 2008). However, 

more recent studies have revealed that activation signatures of TAM can be 

independent of alternative macrophage activation. In a recent study on TAM in a 

breast cancer model, TAM that were tumour-supportive and proliferative expressed 

only low levels of the IL-4Rα-dependent alternative activation genes Ym1, Lyve1, 

Fizz1, Irf4, Ccl7, Mrc1, and Ccl2 (Franklin et al., 2014). Although our published 

studies showed that expression of IL-4Rα is required for optimal pro-tumour effects 

of apoptotic lymphoma cells (Ford et al., 2015) results presented here suggest that 

the activation of a pro-tumour macrophage phenotype through interaction with 

apoptotic cells is independent of IL-4Rα expression by macrophages, although IL-

4/IL-13 signalling may be involved in other NHL-promoting mechanisms. 

Additionally, of the IL-4Rα-dependent alternative activation genes, only Mrc1, 

CCL2, and CCL7 are increased in starry-sky TAM compared to GCM, and only 

Mrc1 is expressed at high levels, further suggesting that of IL-4Rα does not play a 

role in regulating starry-sky TAM activation.  

 

In contrast, galectin-3 may play a significant role apoptotic cell activation of 

macrophages. Galectin-3 is expressed and released by macrophages, and up-

regulated upon differentiation of monocytes into macrophages (Liu et al., 1995). 

Preliminary studies in our laboratory have shown a reduced ability of galectin-3 

knockout mice to produce tumours in a λ-MYC murine lymphoma model. The 

reduced ability of galectin-3 deficient macrophages to phagocytose apoptotic cells 

shown in Chapter 4 and previously shown by (Sano et al., 2003), may be of great 
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significance here. Insufficient clearance of apoptotic cells may lead to accumulation 

of secondary necrotic cells, which may induce pro-inflammatory responses. 

Additionally, decreased apoptotic cell uptake may reduce the extent to which 

macrophages are activated by apoptotic cells, which may lead to a less pro-tumour 

phenotype that may also negatively influence tumour growth. Experiments presented 

here did not show a difference between IFNγ and LPS-stimulated wild type and 

galectin-3 macrophages co-cultured with apoptotic cells. However, IFNγ and LPS 

have been shown to down-regulate galectin-3 expression (MacKinnon et al., 2008), 

and preliminary results presented here seem to suggest that IFNγ and LPS 

stimulation may restore the phagocytic potential of galectin-3 deficient macrophages. 

Thus the role of galectin-3 in apoptotic-cell activation of unstimulated macrophages 

should be further investigated.  

 

Although phagocytosis of apoptotic cells may be a core feature of many TAM, there 

are likely additional factors involved in tuning the macrophage phenotype to a 

tumour-supportive one. Recently, it was shown that lactic acid produced by Lewis 

lung carcinoma and B16 melanoma cancer cell lines could induce M2-like 

polarization of tumour-associated macrophages through increased expression of 

Arg1, Mrc1, Fizz1, Mgl1, Mgl2, and vascular endothelial growth factor (VEGF), 

which was independent of IL-4 and IL-13 signalling through IL-4Rα (Colegio et al., 

2014). It has long been established that apoptotic leukaemia cells produce lactate 

(Tiefenthaler et al., 2001), and lactate release from apoptotic cells may therefore also 

be an important in inducing a pro-tumour phenotype of starry-sky TAM. However, 

the key indicators of lactate-induced genes presented by Colegio et al. are not 

increased in starry-sky TAM compared to GCM, and are expressed at very low 

levels. Of the key genes associated with lactic acid activation, including Arg1, Mrc1, 

Retnla (Fizz1), Lyve1, Chil3, CCL2, CCL7, only Mrc1, CCL2, and CCL7 are 

increased in starry-sky TAM compared to GCM, and only Mrc1 is expressed at high 

levels. Furthermore, it was shown here that although Gas6, Mrc1, and Cd36 up-

regulation by TAM is likely mediated through the release of soluble factors from 

apoptotic cells, expression of Pparg and Timp2, as well as the tumour growth 

promoting effects, were dependent upon direct cell-cell contact between apoptotic 
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cells and macrophages, making it unlikely that in NHL lactate release from apoptotic 

cells is important in influencing the phenotype of starry-sky TAM. 

 

7.6 Conclusion & Future Research 

In summary, the studies presented in this thesis indicate that apoptotic lymphoma 

cells can activate macrophages that are anti-inflammatory, and promote tumour 

growth and tissue remodelling. Given the findings presented here that phagocytosis 

is one of the most important functions of starry-sky TAM, it is likely that apoptotic 

cells are involved in the activation of starry-sky TAM and promote tumourigenesis. 

This hypothesis is supported also by published studies that show that addition of 

irradiated BL cells to tumour transplants enhance tumour cell growth. Additionally, a 

murine model in which apoptosis was suppressed showed reduced tumour cell 

growth and a reduced accumulation of macrophages (Ford et al., 2015). As many 

tumours have significant levels of apoptosis and phagocytosis is important for all 

TAM, these findings may also pertain to other types of cancer.  

 

Of particular interest is the finding that apoptotic cell stimulation of untreated 

macrophages can induce Ccl2 gene expression, one of the genes up-regulated by 

starry-sky TAM. We propose that this is a new mechanism for the accumulation of 

TAM where apoptotic cells can attract mononuclear phagocytes and activate them to 

produce and release CCL2, thereby setting a positive feedback system to recruit 

more phagocytes, which can interact with more apoptotic cells. This may be acting in 

concert with proliferation of TAM to increase the TAM population as the tumour 

expands. This may be tested in vivo in a murine lymphoma model by comparing the 

effect of the depletion of apoptotic cells from, or addition of apoptotic cells to the 

tumour transplant in WT versus CCL2 knockout mice on the accumulation of 

macrophages and tumour growth.  

 

The other main finding presented here is the ability of apoptotic cells to induce 

classically activated macrophages to enhance tumour cell growth. Analysis of release 

of growth factors from macrophages may reveal which factors are important for 
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tumour cell growth. Additionally, it should be tested if apoptotic lymphoma cells can 

also induce unstimulated macrophages to support tumour cell growth.  

 

Whether apoptotic cell stimulation of macrophages can also enhance tumour cell 

growth in vivo, will need to be tested, e.g. by admixing unstimulated and classically-

activated macrophages with or without apoptotic cells, with tumour cell injections. In 

addition to measuring the effects on tumour growth, the effects on angiogenesis will 

be of interest too. Additionally, other pro-inflammatory agents that can stimulate the 

TAM phenotype to a tumour-inhibiting one may be tested in vitro and in vivo, e.g. 

LPS, TLR agonists, or zymosan, a Saccharomyces cerevisae yeast cell wall particle 

(Ozinsky et al., 2000). 

 

The results presented here suggest that by sacrificing some tumour cells through the 

induction of apoptosis, tumours may hijack the developmental and wound response 

mechanisms of macrophages, activating them to support overall tumour growth. 

Additionally, it sheds a light on how apoptosis-inducing anti-cancer therapies may 

stimulate tumour repopulation. As our results indicate that apoptotic cells may 

overcome anti-tumour macrophage stimulation by activating tumour-supportive 

functions in macrophages, anti-cancer therapies should also focus on inhibiting 

apoptotic cell interaction with macrophages, or induce an immunogenic cell death 

that prevents pro-tumour stimulation, and instead activates the immune system to 

control and/or eradicate tumours.  
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