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Abstract 

Tumour-associated macrophages (TAM) are a major component of the 

inflammatory infiltrate that typifies most malignancies. Among them, Burkitt’s 

lymphoma (BL), a high-grade non Hodgkin lymphoma (NHL) of B-cell origin, 

represents a characteristic example. Studies from our group have shown that TAM 

in BL exert pivotal roles that are mainly supportive of tumourigenesis such as 

maintaining an immunosuppressive microenvironment. In order to unravel the 

molecular mechanisms underlying TAM functions in BL, solid tumours from a mouse 

xenograft model of BL have been used to obtain TAM and assess their activation 

status in vivo. Laser-capture microdissection has been successfully used to procure 

intact macrophage sections from the tumour site, allowing the production of a pure, 

in situ gene expression signature of TAM in BL. Tingible-body Mφ from lymph node 

germinal-centres and resident tissue Mφ from resting lymph nodes of non-tumour 

bearing mice were chosen for direct comparison with TAM. Whole-genome 

microarray technology has revealed a distinct TAM gene expression profile, with 

454 genes being significantly up-regulated (fc  2, p<0.05) and 1293 genes being 

significantly down-regulated (fc  -2, p<0.05) between TAM and either of the two 

normal Mφ populations. Further bioinformatics analysis of gene functions has 

highlighted matrix remodeling, phagocytosis, and immune response among the 

processes most highly enriched in TAM. Importantly, mRNA and tissue expression of 

selected differentially expressed genes relevant to these processes was validated by 

real-time qPCR and immunofluorescence labeling respectively. Following the 

generation of the TAM profile in situ, in vitro experimental approaches were 

undertaken in order to investigate how specific elements of the BL 

microenvironment drive the observed TAM signatures. Specifically, the direct role 

of apoptotic tumour cells, a key component of the BL microenvironment, versus 

that of viable tumour cells in driving TAM matrix remodelling gene expression was 

assessed in short-term mouse and human Mφ-NHL cell co-cultures. From the 

aforementioned cluster, emphasis was given to MMP12 and MMP2 transcripts: 

mRNA and protein expression of these MMPs was found to be up-regulated in Mφ 
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following viable tumour cell co-cultures and this effect was further enhanced 

following apoptotic tumour cell co-cultures, implying that apoptotic NHL cells could 

directly shape TAM matrix remodeling phenotype in BL in vivo. Whereas the mRNA 

of both MMPs was solely Mφ-derived in this system, MMP12 and MMP2 protein 

was surprisingly found also to be increased in NHL cells in the apparent absence of 

increased mRNA. Detailed examination of MMP12 production by NHL cells revealed 

that it is most likely an apoptosis-dependent process, since apoptotic NHL cells 

generated through different apoptosis stimuli, as well as apoptotic cell-derived 

microparticles, showed markedly increased MMP12 protein levels. In conclusion, 

the data presented in this thesis, provide the first insight into the in vivo activation 

status of TAM in high-grade NHL, through generation of the TAM gene signature in 

situ. Upon further in vitro studies, apoptotic NHL cells were shown to directly 

modulate the matrix remodelling component of the TAM signature as well as to 

actively produce matrix remodelling mediators themselves, suggesting distinct roles 

for tumour cell apoptosis within the NHL microenvironment that can profoundly 

influence the disease outcome  
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Chapter 1 

 

Introduction 

 

1.1 Non-Hodgkin’s lymphomas 

 

1.1.1 General Characteristics and Origin  

Non-Hodgkin’s lymphomas (NHL) represent a large, highly heterogeneous group 

of lymphoid cell malignancies. They comprise all lymphoma cases apart from Hodgkin’s 

type and can originate from B or T cell lineages. Generally NHL account for 

approximately 90% of the total number of existing lymphomas and constitute the 

commonest type of hematological malignancies in the developed world. As it is the 

case with most cancers, transition of normal lymphocytes to malignant cells and 

subsequent lymphoma development occurs via genetic alterations such as 

chromosomal translocations which are typical characteristics of certain types of NHL, 

leading to deregulation of critical gene functions.  In the case of B cell NHL such events 

can occur throughout the entire process of B cell development.  

 

1.1.2 Pathogenesis of B cell NHL 

One of the key steps in B cell development is the germinal centre reaction 

during which intensive proliferation and differentiation of already activated B cells, 
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known as centroblasts, take place. Depending on whether B cell lymphomas develop 

prior to, during or after germinal centre formation they are categorized as 

pregerminal, germinal and postgerminal centre lymphomas accordingly. An important 

initiating event in the development of a number of different NHL often occurs in the 

earliest steps of B-cell differentiation, during the V(D)J recombination process taking 

place in the bone marrow that results in B cell selection. The V(D)J recombination 

process refers to a random recombination of genes coding for heavy and light 

immunoglobulin chains during which cells expressing unique heavy and light chain 

variable domains that are functionally active are selected, while those that fail, die 

from apoptosis. This process is mediated through the lymphocyte specific enzymes 

Recombination Activating Gene-1 and -2 (RAG1 and RAG2) that act by inducing 

double-strand (ds) DNA breaks and subsequently repairing them. Although a tightly 

controlled process, mutations in RAG genes can occasionally lead to deregulation of 

their DNA repair function; therefore, during such RAG-mediated genetic 

recombination events, chromosomal translocations leading to the initial steps of 

lymphoma development are likely to occur (Wang et al. 2009). Among them, 

translocations t(11;14) and t(14;18) are very often present in NHL, however in some 

cases they might not be sufficient for a full transformation to a malignant phenotype 

as for example in the case of follicular lymphoma (Roulland et al. 2006) where 

additional genetic mutations or other mechanisms seem to be required.    

Other than the RAG-mediated V(D)J recombination, similarly critical steps of B-

cell development that are prone to genetic mutations and NHL pathogenesis take 

place during the germinal centre reaction where, as already mentioned, mature, 
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antigen-stimulated B cells proliferate, become modified and differentiate. These steps 

specifically involve two genetic modification reactions known as somatic 

hypermutation (SHM) and class switch recombination (CSR) each of which has a 

distinct role in the B cell differentiation process. SHM introduces several mutations in 

the variable regions of the immunoglobulin genes in the B cell DNA that aim to 

generate antibody clones containing an immunoglobulin with high affinity for its 

corresponding antigen, overall resulting in B cell affinity maturation. CSR induces 

alterations in the constant regions of the immunoglobulin heavy chain genes through 

introduction of DNA breaks within these regions (Manis et al. 2002) that result in 

immunoglobulin class switch and thus ability to interact with different effector 

molecules. Both SHM and CSR processes are known to require the B- cell specific DNA 

mutator enzyme activation-induced cytidine deaminase (AID) (Muramatsu et al. 2000) 

which initiates SHM by introducing programmed mutations, deletions and insertions 

(Neuberger et al. 2003) and mediates CSR through introduction of dsDNA breaks 

within the immunoglobulin genome.  

Deregulation of AID leading to errors in SHM or CSR functions during the 

germinal centre stage of B cell development is considered the major trigger for the 

generation and development of a large number of NHL as reviewed in (Lenz and Staudt 

2010; Nogai et al. 2011). In SHM these errors are usually associated with AID-induced 

mutations in several oncogenes leading to their aberrant expression such as for 

example BCL6 (Migliazza et al. 1995) or MYC(Pasqualucci et al. 2001) overexpression in 

diffuse large B-cell lymphoma (DLBCL). CSR deregulated function could involve 

chromosomal translocations such as MYC/IgH translocations resulting from errors in 
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AID –induced ds DNA breaks which are very frequently present in many lymphomas 

(Bergsagel et al. 1996; Ramiro et al. 2004; Robbiani et al. 2008) including Burkitt’s 

lymphoma as it will be re-addressed in detail further below.  

 

1.1.3    Types of B-cell NHL 

As already mentioned, NHL of B cell lineage can develop during the pregerminal 

centre B cell, germinal centre B cell and post germinal centre B cell phases and are 

named accordingly. Some of the commonest NHL types as reviewed in (Nogai et al. 

2011) are mantle cell lymphoma, follicular lymphoma, DLBCL (with several subtypes) 

and Burkitt’s lymphoma (BL).  

 

Pregerminal centre NHL 

Mantle cell lymphoma is a high grade NHL of a typical pregerminal centre 

phenotype that usually develops from mature, naïve B cells following their selection 

and exit from the bone marrow but prior to antigen stimulation and migration to the 

germinal centre of a lymph node or other secondary lymphoid organ (Campo et al. 

1999). Despite its mature B cell phenotype, the trigger for mantle cell lymphoma 

formation is the t(11;14) translocation that occurs at an earlier step, during the 

progenitor B cell maturation through the V(D)J recombination process taking place in 

the bone marrow. As a result of this translocation, the oncogene encoding cyclin D1 

gene is juxtaposed to the immunoglobulin heavy chain gene (IgH) and thus cyclin D1 

becomes overexpressed by B cells. The latter leads to de-regulation of the cell cycle 

and is considered a hallmark of the disease (Campo et al. 1999; Jares et al. 2007). 
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Germinal centre NHL 

Follicular lymphoma, Burkitt’s lymphoma and a subtype of DLBCL (germinal centre 

B cell-like DLBCL) constitute examples NHL of a typical germinal centre phenotype. 

Follicular lymphoma is a low grade NHL occurring at the highest frequency when 

compared to any other lymphoma. It develops at the germinal centre stage, usually 

from an activated non-proliferating germinal centre B cell (centrocyte) although the 

initiating event in the pathogenesis of the majority of follicular lymphoma cases is the 

t(14;18) translocation occurring much earlier during the pro B cell maturation process 

(Bakhshi et al. 1985). This translocation results in juxtaposition of the BCL2 oncogene 

within the IgH locus and aberrant BCL2 expression. Despite its requirement, BCL2 

overexpression is not sufficient for a complete malignant phenotype and additional 

molecular mechanisms are believed to be required for follicular lymphoma 

development (Roulland et al. 2006). Description of the other two examples of germinal 

centre NHL with particular emphasis on Burkitt’s lymphoma will follow later in relevant 

sections of the introduction.   

 

Postgerminal centre NHL 

Postgerminal centre NHL develop after the termination of the germinal centre 

reaction, when B cells have differentiated into plasma cells or memory B cells. A 

characteristic example of such NHL is activated B cell-like DLBCL (ABC DLBCL). ABC 

DLBCL, a subtype of DLBCL, is believed to derive from incompletely differentiated 

plasma cells known as plasmablasts (Rosenwald et al. 2002). Similarly to other 
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lymphoid cell malignancies a number of genetic alterations are present in this distinct 

DLBCL subtype and are responsible for its development; these will be addressed in 

detail in the next section.  

 

1.1.4 Diffuse large B cell lymphoma (DLBCL) 

DLBCL constitutes the commonest type of lymphoma, accounting for 

approximately 25% of NHL cases and for up to 40% of all diagnosed lymphoma cases in 

adults worldwide. This high grade NHL is renowned for its high heterogeneity as it 

comprises three distinct subtypes that differ substantially from one another: germinal 

centre B cell like DLBCL, activated B cell like DLBCL and primary mediastinal B cell 

lymphoma. Advances in the microarray technology over the last 10 years enabled 

large-scale gene expression profiling studies of DLBCL patients which led to the 

establishment of the above DLBCL subtypes that were unrecognizable in the past using 

histological assessment or other diagnostic tools (Alizadeh et al. 2000; Rosenwald et al. 

2002; Rosenwald et al. 2003; Savage et al. 2003; Wright et al. 2003). The differences in 

DLBCL subtypes apply to their gene expression profile (indicative of their origin at 

separate stages of B-cell development), to the oncogenic pathways that drive their 

development as well as to the distinct clinical outcome that each subtype shows 

following standard chemotherapy treatment.   

 Germinal centre B cell-like DLBCL (GCB DLBCL)   

GCB DLBCL is a typical NHL that develops from germinal centre B cells when 

abnormalities leading to deregulation of SHM and CSR processes occur. As already 

referred to in sections 1.1.2-1.1.3, the major cause of this DLBCL subtype is the t(14;18)  
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translocation resulting to aberrant expression of the BCL2 oncogene (Rosenwald et al. 

2002; Lenz et al. 2008). Other genetic transformations frequently encountered in GCB 

DLBCL include downregulation or deletion of the PTEN gene that acts as a tumour 

suppressor; such events subsequently affect the PTEN and PI3k signaling pathways that 

are considered important for the disease outcome (Lenz et al. 2008; Xiao et al. 2008). 

Finally, mutations in the p53 gene –characterizing a large number of cancers- are also 

present in GCB DLBCL (Young et al. 2008).  

 

 Activated B cell-like DLBCL (ABC DLBCL)   

ABC DLBCL, the second DLBCL subtype, differs largely from GCB not only in its 

cellular orign but also in the molecular mechanisms that underlie its formation. It 

belongs to the postgerminal centre NHL and originates from plasmablasts prior to their 

differentiation into plasma cells as gathered from the distinct gene expression 

signature characterizing this subtype. Again, several oncogenic pathways seem to be 

responsible for its pathogenesis and progression. Among them the most frequently 

occurring genetic abnormalities are overexpression of the BCL2 oncogene and loss of 

the CDKN2A tumour suppressor locus resulting in further loss of the tumour 

suppressors p16 and p14ARF (Lenz et al. 2008). Moreover, BCL6 translocation (Iqbal et 

al. 2007) and abnormal expression of the SP1B transcription factor (Lenz et al. 2008) is 

observed in a number of ABC DLBCL cases. Finally, constitutive expression of the NF-κB 

signaling pathway, which is otherwise only transiently activated in normal lymphocytes, 

is considered a hallmark of the disease (Davis et al. 2001). The high significance of this 

pathway in ABC DLBCL pathogenesis has been demonstrated in a number of studies 
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where overexpression of key NF-κB target genes is critical for the survival of these 

lymphoma cells (Davis et al. 2001; Lam et al. 2005; Lam et al. 2008).  

 

 Primary mediastinal B cell lymphoma (PMBL) 

  The third DLBCL subtype, known as PMBL, is distinguishable from the other two 

subtypes due to its characteristic gene expression pattern that shows a thymic B cell 

derivation (Rosenwald et al. 2003; Savage et al. 2003). The genetic abnormality that 

most likely leads to PMBL development is amplification of the chromosome 9p24 (Joos 

et al. 1996) that results in JAK2 overexpression as well as possibly in aberrant 

expression of other genes associated with PMBL survival (Rosenwald et al. 2003). 

Similarly to the ABC DLBCL subtype, constitutive expression of the NF-κB signaling 

pathway is observed in PMBL; however it has not been as extensively characterized.  

 

1.2 Burkitt’s lymphoma 

 

1.2.1 Origin & General Characteristics 

Burkitt’s lymphoma (BL) is known to constitute a highly aggressive NHL of a 

germinal centre B-cell phenotype. Evidence for the germinal centre origin of BL comes 

from its phenotypic characteristics (to be described below), from the fact that the vast 

majority of BL cases show signs of extensive somatic hypermutation (SHM) (Chapman 

et al. 1995; Chapman et al. 1996), a process restricted to germinal centre B cells, as 

well as from insights into the tumour’s pathogenesis mechanisms (refer to section 
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1.2.3).  BL’s discovery goes back more than 50 years when Dennis Burkitt first 

described the disease in African children. Despite its initial presentation as a facial 

sarcoma (Burkitt 1958), mistakenly made following the first histological observations 

of large facial tumours mainly involving the children’s’ jaws, it was later characterized 

as a lymphoma (O'Conor 1961) and was eventually named Burkitt’s lymphoma, after 

the person who discovered it. One of the most renowned characteristics of BL relating 

to its pathogenesis is dysregulation and aberrant expression of the c-MYC oncogene 

(Dalla-Favera et al. 1982; Taub et al. 1982) as well as its strong association with the 

Epstein-Barr virus (Epstein et al. 1964), that was first suggested to drive oncogenesis of 

an endemic form of BL (Burkitt 1983) and has been since linked with the early 

development stages of many other cancers (Pagano et al. 2004).   

From a histopathology perspective, BL is characterized by highly proliferative 

medium-sized lymphoma cells, with proliferation rate reaching almost 100% as 

defined by Ki-67 positivity, a marker routinely used for cell cycle analysis (Hecht and 

Aster 2000). At the same time BL exhibits very high percentages of tumour cell 

apoptosis (Gregory et al. 1991) that results in massive infiltration of Mφ at the tumour 

site. Such tumour associated Mφ (TAM) are actively involved in the phagocytosis of 

apoptotic tumour cell bodies and their distinct morphology amidst tumour cells 

accounts for BL’s “starry-sky” appearance, its most prominent histological feature 

(Berard 1969) (Figure 1.1). From an immunophenotypic perspective, BL cells show high 

levels of typical B cell markers’ expression such as surface IgM, CD19, CD20, CD22 and 

CD79a. Additional expression of CD10, CD77, Bcl6 and absence of CD23 and CD39 are 

indicative of the germinal centre B cell origin of this lymphoma (Gregory et al. 1987; 
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Rowe et al. 1987; Gregory et al. 1990). Finally BL is characterized by absence the 

apoptosis inhibitor bcl2 (Henderson et al. 1991; Liu et al. 1991).   

 

1.2.2 Clinical Forms of BL 

Three clinical forms of BL have been described that, despite sharing the same 

pathogenesis mechanisms, display distinct clinical features. These are known as 

endemic, sporadic and human immunodeficiency virus (HIV)-associated.  

 Endemic BL: This form was first described by Burkitt in central Africa in 1958 

occurring mainly in young children between 4 and 7 years of age. Up to the present 

day, endemic BL has a very high incidence in that area, affecting 5-10/10,000 young 

individuals with a male predominance and constitutes the most common childhood 

malignancy in central Africa and New Guinea (van den Bosch 2004). Clinically, the 

disease involves largely the jaws and other facial structures and the kidneys and more 

rarely the abdomen, breast and ovaries (Mwanda 2004). The vast majority of 

examined endemic BL cases are associated with Epstein Barr virus (EBV) whereas 

malaria infection is considered an important co-factor, as there is a clear geographical 

coincidence between EBV+ endemic BL and malaria (Blum et al. 2004; Brady et al. 

2007). 

 Sporadic BL: The sporadic form of BL is observed worldwide yet with a much 

lower frequency compared to endemic BL. In the US and Western Europe only 1-2% 

of lymphoma cases are classified as BL in adults, though the percentage dramatically 

increases in young children, where BL accounts for up to 40% of lymphoma cases 

(Harris et al. 1994; Ferry 2006). Its clinical symptoms include tumours mainly in the 
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abdomen and less frequently in the kidneys and ovaries; bone marrow and lymph 

node may also be involved in adults cases (Boerma et al. 2004). In contrast to the 

endemic form which is highly associated with EBV, sporadic BL cases are very rarely 

EBV positive (Gutierrez et al. 1992; Burmeister et al. 2005).  

 HIV-associated BL: The third form of BL is often observed among 

immunocompromized individuals, mostly in HIV carriers (Ziegler et al. 1982; Knowles 

et al. 1988) as well as occasionally in organ transplant recipients (Gong et al. 2003; 

Xicoy et al. 2003). Within HIV carriers BL can account for up to 35% of occurring NHL 

(Davi et al. 1998; Spina et al. 1998) and thus it is often used as a criterion for the early 

diagnosis of AIDS (Knowles et al. 1988; Martinez-Maza and Breen 2002). HIV-

associated BL affects the lymph nodes as well as extranodal areas such as the bone 

marrow, abdomen and liver (Knowles et al. 1988). HIV virus as it will be referred to 

later, is considered a risk-factor for BL pathogenesis and it contributes indirectly to BL 

pathogenesis  mainly by inducing uncontrolled B cell activation and expansion and by 

hampering immune surveillance (Martinez-Maza and Breen 2002). EBV expression in 

HIV-related BL varies, with approximately of 30-40% of cases being EBV+ (Hamilton-

Dutoit et al. 1993). 
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1.2.3 Mechanisms underlying pathogenesis of BL 

1.2.3.1 c-MYC deregulation 

The key event in BL pathogenesis is deregulation of the c-MYC oncogene, a 

transcription factor, member of the helix-loop-helix leucine zipper (bHLH-LZIP) family.  

c-MYC is a pleiotropic molecule known to transcriptionally activate a large number of 

genes and therefore to be involved in many different physiological processes including 

regulation of cell cycle, cell differentiation, adhesion and  apoptosis (Coller et al. 2000). 

In the context of tumourigenesis, c-MYC is considered to be extremely significant as 

Figure 1.1: Histological appearance of human BL. Low-

power micrograph of a human BL section showing 

classic starry sky pattern of widespread infiltration of 

tumour by macrophages. Arrows indicate tumour-

associated macrophages (TAM) that have engulfed 

apoptotic tumour cells [adapted from (Ogden et al. 

2005)] 
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high levels of the oncogene product are observed in a very large number of 

malignancies and generally correlates with disease progression and poor outcome 

(Nesbit et al. 1999). BL is one of the first cancer conditions in the development of 

which aberrant c-MYC expression resulting from chromosomal translocations and 

other events (to be described below) has been demonstrated to play a critical role.  

Specifically, two major yet opposing features of BL, increased cell proliferation and 

high rate of tumour cell apoptosis have been shown to be a consequence of c-MYC 

deregulation (Milner et al. 1993).  

There are several mechanisms responsible for driving c-MYC overexpression in BL, 

with the most prominent being chromosomal translocations between the c-MYC locus 

on chromosome 8 and the immunoglobulin heavy chain (IgH) or immunoglobulin light 

chains (IgK and IgL) gene loci on chromosomes 14, 22 and 2 respectively (Dalla-Favera 

et al. 1982; Taub et al. 1982). Among them, t(8;14) translocation (ie juxtaposition of c-

MYC with the IgH locus) is observed in the vast majority of BL cases whereas t(2;8) and 

t(8;22) are present in a much smaller number of cases (Hecht and Aster 2000). Even 

though all three forms of BL can be characterized by presence of all of the above 

translocations, there are differences as to the mechanisms underlying their formation 

and the point of B cell development at which these occur, especially with regards to 

the most commonly observed t(8;14) translocation).  In sporadic and HIV-associated BL 

that show the t(8;14) translocation,  errors during the class switch recombination (CSR) 

process taking place in the germinal centre stage of B cell differentiation are believed 

to be responsible for the chromosomal breaks (Pelicci et al. 1986; Neri et al. 1988). On 

the other hand, t(8;14) in endemic BL this has been shown to be a consequence of 
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errors occurring during the RAG1 and 2 –mediated V(D)J recombination process which 

marks  B cell selection in an early pre-germinal centre stage known to take place in the 

bone marrow, suggesting a pre-B cell origin of this BL subtype (Haluska et al. 1986; 

Haluska et al. 1987). Yet, evidence exists that argues towards an additional germinal 

centre location of the RAG-1 and 2 enzymes and thus V(D)J recombination (Hikida et 

al. 1996; Han et al. 1997; Ohmori and Hikida 1998) implying that the resulting t(8;14) 

translocation in endemic BL is possible to occur in the germinal centre stage.  In an 

alternative explanatory model, Goossens and colleagues have suggested that c-MYC 

translocations in this tumour are much more likely to generate from errors during the 

AID-induced SHM reaction taking place at the germinal centre stage rather than during 

the V(D)J recombination at an earlier pre-B cell stage, based primarily on the fact that 

in their vast majority, such translocations show signs of somatic hypermutation as well 

as on other observations (Goossens et al. 1998). 

  Additional events apart from chromosomal translocations resulting directly or 

indirectly to c-MYC aberrant expression include various mutations and deletions within 

the oncogene’s locus. For instance, mutations within a specific regulatory region of c-

MYC associated with inhibition of its transcription are often detected in endemic BL 

and that subsequently results in c-MYC constitutive activation (Cesarman et al. 1987; 

Zajac-Kaye et al. 1988). Other mutations leading to c-MYC stabilization and excessive 

accumulation of the oncogene’s product are observed within the threonine 58 residue 

of c-MYC (Bahram et al. 2000; Gregory and Hann 2000) as well as within the exon 2 

region (Flinn et al. 1998; Salghetti et al. 1999).  
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1.2.3.2 Genetic mutations in other genes  

 There are several other genes –aside from the key player c-MYC- that often 

appear mutated in BL and are linked with the tumour’s development and disease 

progression. Such genes are generally involved in inhibition of c-MYC induced apoptosis 

or stimulation of tumour growth. Examples include the tumour suppressor p53, and the 

oncogene Bcl6, the retinoblastoma gene family member Rb2 and death-associated 

protein (DAP)-kinase. Inactivation of p53, which is one of the most frequently mutated 

tumour suppressor genes, is observed in around 30% of human BL tumours (Gaidano et 

al. 1991; Ichikawa et al. 1993; Schoch et al. 1995) and is known to cause inhibition of 

tumour apoptosis and increase in tumour growth (Bhatia et al. 1992; Preudhomme et 

al. 1995; Cherney et al. 1997). In the same context, inactivation of the DAP-kinase that 

is involved in the generation of death signals and possibly in c-MYC associated 

apoptosis pathways (Cohen et al. 1999; Coller et al. 2000), is often observed in  BL 

tumours (Katzenellenbogen et al. 1999).  

 Bcl6 is a zinc finger transcription factor that is up-regulated during germinal 

centre reaction and thus constitutes a marker of germinal centre B-cells. Mutations 

within the Bcl-6 gene locus leading to its aberrant expression are often present in 

germinal centre NHL tumours, such as DLBCL (Ye et al. 1993; Migliazza et al. 1995) and 

BL. In the latter, up to 50% cases show mutations in Bcl-6 (Capello et al. 1997; Capello 

et al. 2000) which are believed to occur during the SHM process of the germinal centre 

reaction. As a result, Bcl6 drives uncontrolled B cell proliferation and contributes 

substantially in BL tumourigenesis. Lastly, mutations in Rb2 gene, a tumor suppressor 

gene of the retinoblastoma family member, leading to its inactivation and uncontrolled 
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cell proliferation are observed in a number of endemic BL cases and are thought to 

contribute to BL pathogenesis (Cinti et al. 2000; Cinti et al. 2000).  

 

1.2.3.3 Epstein-Barr Virus infection  

 EBV, also known as human herpesvirus 4, belongs to the family of herpes 

viruses and is very commonly observed in humans where it infects B-cells. Its name 

originates from Epstein who first identified and isolated the virus from BL cells derived 

from African patients in 1964 (Epstein et al. 1964). Its discovery therefore is very 

closely related to the discovery of the endemic BL variant in Africa by Burkitt at 

roughly the same time, as the latter was the first human tumour shown to be driven 

by a herpesvirus.  In the years to follow, EBV has become very closely associated with 

the development of a number of other malignancies (Pagano et al. 2004; Bornkamm 

2009).  In BL, EBV infection is observed in almost the totality of endemic cases, which 

initially suggested a pivotal role for the virus in early BL tumourigenesis; however, 

subsequent studies indicated a much weaker association with the other two BL 

subtypes, with less than half of HIV-related cases and only 5-10% of sporadic BL cases 

actually expressing the virus (Magrath 1991). Therefore EBV is now believed to be one 

of the major triggers for BL development in endemic areas with a high tumour 

incidence (ie central Africa) in which the tropical climate particularly favors the virus 

transmission but to only serve as a risk factor contributing to BL pathogenesis 

worldwide, where there is by default a very low tumour incidence (Bornkamm 2009).  

 EBV infection of B cells is very common among children and young adults, and 

often occurs without any obvious symptoms. Thus, EBV infection per se is not 
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sufficient to drive BL tumourigenesis and other co-factors (such as malaria or HIV) are 

thought to be required. The predominant mechanism of action of EBV is by inducing 

massive B cell activation and proliferation, an event further exacerbated by HIV or 

malaria infection (to be analyzed shortly) that can eventually lead to chromosomal 

translocations and BL onset (Klein et al. 1995). Once the first genetic aberrations occur 

and BL is initiated, EBV gene products are known to exert pivotal pro-survival as well 

as anti-apoptotic roles that largely favour tumour development (Brady et al. 2007; 

Bornkamm 2009).  

 EBV+ BL is characterized by expression of only a few EBV latent genes: EBNA1 

and EBER1 and 2; such a viral gene expression pattern is commonly referred to as type 

I latency (Rowe et al. 1986). All three gene products have been shown to directly drive 

or contribute to tumorigenesis in in vivo BL models and in vitro, with EBNA1 

specifically displaying key tumour initiating properties in vivo (Wilson et al. 1996) 

including aiding tumour survival through protection against apoptotic cell death 

(Kennedy et al. 2003).  A possible mechanism underlying EBNA1’s oncogenic functions 

could be related to its well characterized, wide transcriptional activity which extends 

to activation/regulation of genes known to be involved in BL pathogenesis such as 

RAG1 and RAG2 (Srinivas and Sixbey 1995).  

 Similarly to EBNA1, EBER1 and 2 genes have equally important prosurvival 

roles in BL development which have been demonstrated in vitro (Komano et al. 1999; 

Maruo et al. 2001; Hammerschmidt and Sugden 2004) as well as in vivo (Ruf et al. 

1999). Importantly, the latter report showed that contribution of EBER1 and 2 is 

critical in mouse BL tumourigenesis as solely expression of EBNA could neither drive 
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tumour growth and survival nor protect BL cells against c-MYC induced apoptosis. 

EBERs have been associated with extensive release of IL-10 in BL cells, a cytokine 

known to drive BL growth (Kitagawa et al. 2000; Samanta et al. 2008). This could be 

one means through which EBERs exert their protumoural functions, yet the complex 

underlying mechanisms remain to a large extent unidentified.  

Finally, other than EBNA1 and EBERs viral genes that characterize the vast majority 

of EBV+ BL cases, a small number of endemic BL tumours have been described to 

display a different form of latency comprising the EBNA3 and LP latent genes (Kelly et 

al. 2002). Studies from the same group subsequently showed that combination of 

different gene expression patterns/ types of latency can occur within the same EBV+ BL 

tumour and exhibit distinct tumour protective roles against c-MYC induced apoptosis 

(Kelly et al. 2006) .    

 

1.2.3.4 Other risk factors  

 Closely associated with EBV infection, malaria is the strongest BL risk factor, 

followed by HIV infection. The importance of malaria infection in endemic BL 

pathogenesis has long been recognized: it dates back to the latter’s discovery and very 

high occurrence in tropical areas where the first appears to be holoendemic.  Since 

then a tight connection between the two conditions due to climatic and geographical 

co-incidence has been established. Malaria is thought to contribute to BL development 

through excessive B cell activation and aberrant B cell proliferation a process prone to 

tumourigenesis (O'Connor 1970). A possible mechanism of malaria-induced B cell 

activation occurs via the parasite Plasmodium falciparum that causes malaria: the 
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parasite has been shown to be able to activate B cells via a specific protein region 

(Donati et al. 2004; Donati et al. 2006). Most interestingly, the same parasite protein 

was found to induce EBV’s lytic cycle (Chene et al. 2007) providing a direct link between 

EBV, malaria and BL. In this context, EBV infection is generally known to occur very 

frequently in areas where malaria is endemic (Moormann et al. 2005) as well as to 

correlate with the disease severity in young patients (Lam et al. 1991; Yone et al. 2006). 

Overall, malaria can constitute an important risk factor in BL pathogenesis 

independently of EBV infection, through aberrant polyclonal B cell activation, yet in the 

presence of EBV, its risk value becomes significantly higher, as it has been found to 

exacerbate EBV virus manifestation (Lam et al. 1991) and thus increases the chances of 

B cells infection and BL development (Rasti et al. 2005). 

 HIV infection constitutes yet another important risk factor in BL pathogenesis, 

as a distinct clinical form of BL has been shown to be strongly associated with this virus: 

BL is thought to occur approximately 1,000 times more often in HIV patients than in 

healthy individuals (Knowles 2003; Ferry 2006). Similarly to malaria, HIV can cause 

uncontrolled B cell activation and proliferation as well as immunosuppression (Lane et 

al. 1983) which in combination with EBV infection (present in up to 40% of cases) highly 

increases the risk of c-MYC translocations and BL appearance (Martinez-Maza and 

Breen 2002).   
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1.3 Apoptosis  

 

1.3.1 Definition and general characteristics  

 Apoptosis constitutes a physiological form of cell death during which unwanted 

cells are disposed of in a quiet, anti-inflammatory, tightly-controlled manner.  Initial 

observations of this distinct cell death process were published by several groups in late 

60’s and early 70’s (Klion and Schaffner 1966; Farbman 1968; Kerr 1969; Kerr 1971) and 

it was Kerr and the colleagues who extensively studied the process and proposed the 

Greek term ‘apoptosis’ (meaning ‘to fall off naturally, as petals from flowers’) to  better 

describe “the importance of this vital biological phenomenon in tissue kinetics” (Kerr et 

al. 1972). Indeed apoptosis, inherently linked with the dying cell clearance phase that 

naturally follows is now known to play fundamental roles in many different biological 

aspects such as tissue and organ development, tissue homeostasis, tissue injury and 

repair. Most importantly, defects in the apoptotic cell removal process can lead to 

impaired organ development in the embryo (Henson and Hume 2006) and 

pathogenesis of several diseases, as reviewed in (Elliott and Ravichandran 2010). 

Examples highlighting the significance of apoptotic cell removal in maintaining tissue 

homeostasis will be given in section 1.3.3.   

 During apoptosis, the cell rapidly undergoes striking morphological changes that 

are visible under the microscope, such as membrane shrinkage and formation of blebs, 

chromatin condensation, fragmentation of the nucleus and finally blebs separation 

resulting to release of various size membrane vesicles containing cellular material, 

termed apoptotic bodies (Kerr et al. 1972). The smallest of these membrane particles, 



21 

 

sized between 50 and 1000 nm are known as microparticles (MPs). Such entities are 

produced in large amounts during the apoptosis process, however other, apoptosis 

independent, mechanisms also underlie their formation (Hugel et al. 2005). Although 

their functions and properties are not entirely elucidated, evidence exists in support of 

MPs active involvement in distinct stages of the apoptotic cell clearance process (refer 

to section 1.3.3.2).  

Perhaps the most renowned phenotypic characteristic of apoptotic cells is the 

exposure of the phospholipid phosphatidylserine (PS) on their surface, as a result of the 

cell’s membrane rearrangement and loss of membrane asymmetry that occurs early 

during the apoptosis process.  At the same time, PS represents one of the most well 

characterized “eat-me” signals (see also section 1.3.3), that drives apoptotic cell 

recognition and uptake from phagocytes (Fadok et al. 1992). Since PS exposure on the 

cell’s outer membrane is observed in the totality of cells dying from apoptosis, its 

detection through use of Annexin V has become a high standard method for apoptosis 

assessment, with the highest being of course the apoptotic cell’s unmistakable 

morphological features. Other characteristics of apoptotic cells that can serve as 

additional means for assessing apoptosis include mitochondrial membrane 

permeabilization resulting in loss of the mitochondrial potential and measurement of 

the enzymatic activity of caspases, the latter being key players in apoptosis initiation 

and regulation (to be described in the following section).   
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1.3.2   Mechanisms 

Apoptosis, as a tightly regulated, genetically determined process, is known to be 

generated by distinct signaling pathways; among them, the extrinsic or “death receptor 

pathway” and the intrinsic or “mitochondrial pathway” are considered the major 

apoptotic pathways and have been most extensively studied. As their name suggests, 

the main difference between the two pathways lies in the stimulus that initiates the 

signaling events, be it extracellular (for example activation of a death receptor) or 

intracellular (such as DNA damage). Upon activation, both pathways are known to be 

mediated by certain proteases, the caspases which often appear as the master 

apoptosis regulators (Taylor et al. 2008). In case of the extrinsic pathway, stimulation of 

TNF receptor superfamily members such as TNFR, CD95 (Fas) and TRAIL (known as 

death receptors) by their ligands results in the sequestration of the death inducing 

signaling complex (DISC) on the cytoplasmic part of the receptor. This complex contains 

many adaptor molecules (such as FADD) which binds and activates initiator caspases 

(caspase 8 or 10), which then activate the effector caspases (such as 3, 6 and 7) 

responsible for the characteristic morphological changes occurring in the apoptotic cell 

(Kischkel et al. 2001; Sprick et al. 2002; Degterev et al. 2003).   

 The intrinsic pathway is usually activated by intracellular signals, for example 

DNA damage or reactive oxygen species, which can cause permeabilization of the 

mitochondrial membrane resulting in cytochrome c release from the mitochondrial 

stores to the cytosol. Cytochrome c then activates the adaptor protein APAF-1 which 

becomes in turn multimerized and forms a protein complex called the “apoptosome”. 

There, eventually, the initiator caspase 9 is activated and subsequently activates the 
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effector caspases. It should be noted that mitochondrial membrane permeabilization, 

the key step in the intrinsic apoptotic pathway generally occurs when danger signals 

within the cells accumulate and exceed the pro-survival ones. Characteristic examples 

in this context are proteins of the Bcl2 family that comprises both pro apoptotic (such 

as BAX) and anti apoptotic (such as Bcl2) members which can generate survival or 

death signals accordingly. Presence of more BAX or Bcl2 molecules (which very often 

form complexes with each other (Oltvai et al. 1993) is considered an important 

determinant of the cell’s decision to undergo mitochondrial membrane 

permeabilization and consequently apoptosis (Yang et al. 1997). 

  

1.3.3 Apoptotic cell clearance  

Clearance of apoptotic cells is mainly achieved through phagocytosis by 

professional phagocytes (such as macrophages and neutrophils) but can also be 

mediated and non-professional phagocytes (such as fibroblasts) and occasionally, in 

certain microenvironments such as tumour (Kerr et al. 1972) and embryonic brain 

(Kalman 1989),  by their neighbouring cells. It is a multistep process consisting of three 

distinct stages: recognition, response and removal so named in (Gregory and Pound 

2010). Recognition refers to the initial and most important step of the clearance 

process; that is the attraction of the apoptotic cell to the phagocyte through various 

“find- me” and “eat-me” signals generated by the apoptotic cell. Once the first contact 

has been made, the phagocyte response follows which eventually results in complete 

engulfment and digestion of the apoptotic cell (removal). All steps of phagocytic 

clearance have been investigated in detail and numerous signaling molecules involved 
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have been identified. Examples of some of the key molecules mediating specifically the 

recognition phase of the clearance process are given below.   

 

1.3.3.1 Chemoattraction: Release of “find-me” signals 

Release of chemotactic factors or “find-me” signals from apoptotic cells is often 

the first critical step in the recognition phase, as it is required in order for the 

phagocytes to sense and move towards their targets when these are not in their close 

vicinity. Two of the first apoptotic cell released molecules to be described as 

macrophage chemoattractants are the ribosomal protein S19 (Horino et al. 1998) and 

the pro-inflammatory cytokine EMAPII (Knies et al. 1998).  In the study by Horino et al. 

the S19 protein dimer was generated and secreted upon apoptosis induction of human 

leukemia cancer cells and was found to mediate macrophage chemoattraction in vivo. 

In the case of EMAPII, Knies and colleagues showed that increased mRNA expression 

accompanied by generation of the active form of EMAPII protein during apoptosis was 

responsible for driving macrophage attraction to sites of excessive apoptosis in a 

murine embryo. Other macrophage attraction signals include the phospholipids 

lysophosphatidylcholine (LPC) (Lauber et al. 2003) and sphingosine-1-phosphate (S1P) 

(Gude et al. 2008), the chemokines MCP-1 (Kobara et al. 2008) and fractalkine (FKN) 

(Truman et al. 2008) and recently, the nucleotides ATP and UTP (Elliott et al. 2009).  

From the above listed chemotactic molecules, the FKN mode of release is perhaps 

most interesting from the perspective of NHL, as studies from our group have shown 

that is associated with apoptotic cell-derived MPs (Truman et al. 2008). Specifically, the 

active fragment of FKN responsible for its chemotactic properties is generated upon 
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apoptosis induction of normal and tumour B cells and can be detected in high levels not 

only in apoptotic cells but also in derived MPs, directly implicating these particles in 

macrophage chemotaxis. Earlier observations from Segundo et al. had proposed a 

similar chemotactic role for apoptotic B cell-derived blebs in this process though a 

specific factor had not then been identified (Segundo et al. 1999).  

 

1.3.3.2 Release of “eat-me” signals 

Exposure of “eat-me” signals on the apoptotic cell surface that facilitate its 

recognition and subsequent uptake by the phagocyte is one of the most well 

characterized steps of the clearance process, with an increasing list of molecules 

discovered to date. As already mentioned in section 1.3.1, translocation of PS to the 

outer membrane of the apoptotic cell resulting from loss of the membrane’s lipid 

asymmetry during the blebbing step of the apoptosis process is regarded as a key 

feature of the apoptotic cell mediating its recognition and phagocytosis by scavenger 

cells (Fadok et al. 1992; Martin et al. 1995; Kagan et al. 2002). Certain “bridge 

molecules” such as MFG-E8 (Hanayama et al. 2004) and Gas-6 (Nakano et al. 1997; Hall 

et al. 2005) are known to mediate binding of the apoptotic cell’s PS to the phagocyte’s 

ανβ3/5 integrin and MER kinase receptors respectively. Additionally, PS can bind directly 

to a number of receptors on the surface of the phagocyte. Examples of these include 

BAI-1 (Park et al. 2007), stabilin-2 (Park et al. 2008) and TIM-4 (Miyanishi et al. 2007).   

Among the dying cell’s “eat-me” signals PS is unarguably the molecule that has 

received the most attention due to its prominent position within the apoptotic cell 

clearance process. However, despite PS’ well characterized, central role in this process, 
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it has been shown that exposure of this molecule alone is not sufficient to activate 

clearance of apoptotic cells (Devitt et al. 2003). In addition to PS, a number of other 

molecules have been demonstrated to take part in apoptotic cell clearance, such as 

calreticulin (Gardai et al. 2005), the long pentaxin PTX3 (Jaillon et al. 2009), Annexin I 

(Arur et al. 2003), the large subunit of eukaryotic translation initiator factor 3 (Nakai et 

al. 2005) and exposed DNA (Palaniyar et al. 2004).  Among the best characterized 

receptors on the surface of scavenger cells that mediate phagocytosis of apoptotic cells 

through binding to apoptotic cell ligands, are scavenger receptors such as CD36 (Savill 

et al. 1992; Ren et al. 1995), CD91 (Ogden et al. 2001) and SR-A (Platt et al. 1996), the 

integrin ανβ3 (Savill et al. 1992)and the pattern recognition receptor CD14 (Devitt et al. 

1998).  

Release of “eat-me” signals often occurs simultaneously with or follows closely the 

removal of the so called “don’t eat me” signals CD31 (Brown et al. 2002)  and CD47 

(Oldenborg et al. 2000) from the cell’s surface. Both molecules are thought to be 

present on most viable cell types where they inhibit their recognition and ingestion by 

phagocytes; however upon apoptosis induction their inhibitory activity is blocked which 

allows the initiation of the clearance process. Interestingly, external blocking of CD47 

expression via anti-CD47 antibodies in human NHL tumour cells has been shown to 

markedly enhance their phagocytosis by macrophages, independently of apoptosis 

induction in NHLtumour cells (Chao et al. 2010). 
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1.3.3.3 Consequences of apoptotic cell clearance 

Apoptotic cell clearance is known to be largely associated with generation of 

anti-inflammatory and immunosuppressive responses. The first observations of what is 

now a widely accepted phenomenon were made by Savill and Haslett in the 1990’s, 

when they showed that macrophage phagocytosis of apoptotic cells failed to induce a 

pro-inflammatory response (Meagher et al. 1992; Stern et al. 1996). Soon afterwards, 

the discovery that apoptotic cells actually induce immunosuppressive effects following 

their interaction with and ingestion by macrophages was made by Voll and colleagues. 

These authors demonstrated complete inhibition of the proinflammatory cytokine TNF-

α and marked increase of the anti-inflammatory cytokines TGF-β and IL-10 in 

macrophages upon cocultures with apoptotic lymphocytes (Voll et al. 1997). Following 

this study, plenty of others have been published up to date in which the above anti-

inflammatory mediators (as well as PGE2 and PAF) are shown to be produced by 

macrophages upon interactions with and clearance of apoptotic cells in different 

experimental coculture systems in vitro (Fadok et al. 1998; McDonald et al. 1999; Fadok 

et al. 2001; Byrne and Reen 2002). In addition to these studies, the immunosuppressive 

effects of apoptotic cell clearance (exemplified by increased TGF-β production) have 

been also demonstrated in vivo (Huynh et al. 2002).  

Apoptotic cells are not only known to drive anti-inflammatory responses from 

their scavenger cells but have also been shown to contribute themselves to an 

immunosuppressive environment through active release of anti-inflammatory 

mediators. Again, characteristic examples of such molecules are IL-10 (Ullrich et al. 
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1990) and TGF-β (Chen et al. 2001). Detailed reference on the continuously growing list 

of apoptotic cell released factors will be given in the discussion section of Chapter 5.    

In striking contrast to the widely accepted immunosuppressive nature of the 

apoptotic cell clearance process, there are certain occasions where apoptotic cells have 

been found to induce pro-inflammatory responses to macrophages in vitro (Kurosaka 

et al. 1998; Miwa et al. 1998) as well as in vivo (Lorimore et al. 2001). 

Finally, timely and effective apoptotic cell clearance is very important in 

maintaining normal tissue homeostasis. The significance of this process is clearly 

indicated in cases where accumulation of apoptotic cells and debris in tissues where 

apoptotic cell clearance is defective results to or is closely associated with several 

autoimmune diseases. In certain cases the underlying cause seems to be the large 

number of autoantigens present on the uncleared apoptotic cells’ surface that trigger 

excessive autoantibody production and autoimmunity (Casciola-Rosen et al. 1994). 

Such pathogenic conditions include glomerulonephritis (Botto et al. 1998), systemic 

lupus erythematosus (SLE) (Cohen et al. 2002; Potter et al. 2003; Licht et al. 2004; Gaipl 

et al. 2007), atherosclerosis (Ait-Oufella et al. 2007), colitis (Lacy-Hulbert et al. 2007) 

and lung inflammatory diseases such as cystic fibrosis (Vandivier et al. 2002; Bianchi et 

al. 2008), COPD (Hodge et al. 2003) and asthma (Huynh et al. 2005). Lastly, apoptotic 

cell clearance is considered to play important though not fully understood roles in the 

development of malignant diseases which will be presented in the following section.  
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1.3.4 Apoptosis in the tumour microenvironment  

There is long standing evidence in support of a tight connection between apoptosis 

and tumourigenesis as the first has been known to constitute distinct trait of a large 

number of tumours (Wyllie 1985). In fact, early observations showing high apoptosis 

rate in tumours were made by Kerr and colleagues while describing this process for 

the first time (Kerr et al. 1972) and in subsequent studies (Kerr and Searle 1972; Searle 

et al. 1973). Notably, malignancies in which apoptosis is even more evident are the 

high grade ones, such as certain lymphomas of the non-Hodgkins type (Harris 1995) of 

which BL represents a characteristic example (Berard 1969).  

Apoptosis is considered to play vital yet complex roles in tumour progression. 

Although a direct consequence of increased apoptosis index in tumours is obviously 

cell loss, which can theoretically be a limiting factor in tumourigenesis, in fact this does 

not seem to be the case; on the contrary, in many high grade tumours, high apoptosis 

rate has actually been found to correlate with rapid tumour progression and poor 

disease prognosis (Leoncini et al. 1993; Stammler et al. 1997; Bendardaf et al. 2003). 

Possible reasons accounting for the tumour promoting role of apoptosis are listed 

below.  

The most likely explanation lies on the well characterized capacity of apoptotic 

cells to promote an immunosuppressive, anti-inflammatory environment either 

directly or indirectly through interactions with their scavenger cells. Such a 

microenvironment is obviously beneficial for the tumour as it suppresses the 

organism’s anti tumour immune response and enables tumour progression. 

Specifically, the importance of efficient apoptotic tumour cell clearance (resulting in 
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such an immunosuppressive milieu) in tumour development has been demonstrated in 

a number of in vivo animal studies, where inhibition of the apoptotic cell clearance 

process via blockage of key phagocytosis mediators (such as PS or MFG-E8) resulted in 

a marked decrease in tumour growth (Bondanza et al. 2004; Ran et al. 2005; He et al. 

2009; Jinushi et al. 2009). On top of that, as already mentioned in the previous section, 

apoptotic tumous cells are known to produce anti-inflammatory molecules 

themselves, and thus further establishing tumour promoting conditions. Most 

interestingly, apoptotic tumour cells have been shown to be able to actively produce 

growth/ survival factors (Weigert et al. 2006; Truman et al. 2008) and thus they are 

likely to exert a direct growth promoting function on their neighbor tumour cells. 

Finally, attraction of large numbers of tumour-associated Mφ (TAM) to the tumour site 

is considered a key tumour promoting function of apoptotic cells (Gregory and Pound 

2010), as it will be described in detail in the following sections.      

 

1.4 Tumour-associated macrophages (TAM) 

 

1.4.1   Origin  

TAM represent a distinct class of mononuclear phagocytes which are thought to 

infiltrate the vast majority of tumours (Mantovani et al. 1992). There, they form an 

integral part of the tumour microenvironment and exert critical functions during cancer 

development as it will be discussed below. The initial observations of immune cell 

infiltration in tumours date back to the eighteenth century, when R. Virchow, a German 

pathologist, described the existence of cells of the leukocyte lineage in human tumour 
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tissue and went on to highlight a causative link between inflammatory cells infiltration 

and cancer appearance. This “lymphoreticular infiltrate”, as he called it, is now known 

to consist of large numbers of tumour-associated macrophages (Mantovani et al. 1986; 

van Ravenswaay Claasen et al. 1992). Extensive investigation in the field of TAM over 

the past thirty years has come to finally reinstate Virchow’s theory (Balkwill and 

Mantovani 2001) as well as to identify numerous distinct, at times opposing yet highly 

significant roles of TAM in different tumour microenvironments.    

 Initially derived from circulating peripheral blood monocytes, TAM are 

subsequently matured and recruited to the tumour site through secretion of a variety 

of growth/ survival factors, chemokines and other molecules from the tumour as well 

as other stromal cells (Mantovani et al. 1992). One of the first tumour-derived 

chemotactic factors to be described is the chemokine CCL2, also known as MCP-1 

(Bottazzi et al. 1983; Graves et al. 1989). CCL2  is considered a key pro-tumourigenic 

molecule not only because of its monocyte specific chemotactic function, but because 

of its high abundance in the vast majority of tumours (Mantovani et al. 2002) and the 

fact that high expression levels of the chemokine positively correlate with TAM 

infiltration and most importantly with poor disease outcome, at least in certain cancers 

(Ueno et al. 2000; Leek and Harris 2002). TAM are also known to secrete CCL2 

themselves (Mantovani 1994) and thus contribute to a tumour-promoting 

microenvironment. (Refer to section 1.4.2 for detailed TAM functions).  Apart from 

CCL2, other tumour –derived chemokines mediating TAM chemoattraction are CCL5 

(RANTES) (Azenshtein et al. 2002), CCL7, CXCL8 and CXCL12  (Balkwill 2004) and CX3CL1 

(fractalkine) (Truman et al. 2008). The growth/survival factor M-CSF produced mainly 
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by monocytes and macrophages (Rambaldi et al. 1987), is yet another potent TAM 

chemoattractant as well as a very important survival factor driving monocyte 

differentiation and proliferation in tumours (Kacinski 1995; Lin et al. 2001; Lin et al. 

2002). Similarly, VEGF, a cytokine renowned for its pro-angiogenic activity, is secreted 

by both tumour cells and TAM in a large number of tumours (Leek et al. 1994) and has 

additionally been shown to recruit macrophages to the tumour site (Duyndam et al. 

2002). ECM protein cleavage products such as fibrinogen and plasminogen or certain 

proteases themselves expressed by tumour cells and macrophages have been reported 

to be chemotactic for the latter (DeNardo et al. 2008).    

 Finally, high numbers of apoptotic cells within high grade tumours, such as for 

example in Burkitt’s lyphoma are believed to be responsible for the recruitment of TAM 

indirectly through increased secretion of chemoattractants. As mentioned above, 

fractalkine, a potent monocyte chemoattractant is found to be released from apoptotic 

but not from viable BL cells (Truman et al. 2008) suggesting a distinct role for apoptotic 

tumour cells in TAM recruitment.   

 

1.4.2. General Characteristics & Activation  

 Once in the tumour site, TAM receive various signals from the tumour 

microenvironment that are thought to drive their differentiation, such as IL-10 for 

instance. This cytokine is abundantly expressed in many tumours and is known to 

specifically drive monocyte-to-macrophage differentiation while inhibiting 

differentiation to dendritic cells  (Allavena et al. 2000). M-CSF, as already mentioned, is 
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also critically involved in the monocyte-to-macrophage differentiation process. 

 Differentiated TAM exert pivotal roles in the survival and development of the 

tumour which, despite certain controversies,  are believed to be mainly supportive of 

tumorigenesis (Mantovani et al. 1992). Virchow’s 1850’s theory of a tumour promoting 

role of the macrophage-containing immune infiltrate was repeatedly challenged by 

biologists of the early twentieth century and up until the 1970’s (Underwood 1974) on 

the contention that macrophages are primarily attracted to the tumour in order to kill 

it as a foreign body, which is in line with macrophage conventional proinflammatory 

and cytotoxic functions. More recent studies have shown that TAM can occasionally be 

tumouricidal in vitro (Wilbanks et al. 1999) as well as in vivo (Romieu-Mourez et al. 

2006) if appropriately activated by pro-inflammatory stimuli [reviewed in (Klimp et al. 

2002)].          

 However, in contrast to these observations, mounting evidence over the last three 

decades argues towards a supporting role of TAM in virtually all stages of the 

tumourigenesis process, from as early as tumour initiation up to the latest stages of 

metastasis. In agreement with Virchow’s theory, a strong association between 

inflammation -which results to macrophage infiltration- and cancer appearance has 

recently been demonstrated in numerous clinical studies and animal cancer models 

(Balkwill and Mantovani 2001; Coussens and Werb 2002). Importantly, a role for TAM 

in inflammation-related cancer initiation has been proposed (Pollard 2004; Mosser and 

Edwards 2008) based on the ability of certain pro-inflammatory TAM to initiate 

tumourigenesis through production of free radicals, a process highly likely to cause 

DNA damage and mutagenic incidents and thus promoting malignant transformation 
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(Fulton et al. 1984; Swann et al. 2008).       

 Within the tumour, the initially pro-inflammatory TAM are thought to be 

conditioned from the tumour cells to become anti-inflammatory and 

immunosuppressive instead in order to further contribute to an already 

immunosuppressive tumour microenvironment (Elgert et al. 1998). The development 

of such a microenvironment is thought to be the final stage of a long lasting process 

called “cancer immunoediting” (Dunn et al. 2002). Interestingly, some of the tumour-

derived cytokines that are responsible for the attraction of TAM, most notably CSF-1, 

are also known to drive, along with IL-4, IL-10 and TGF-β, TAM’s altered behaviour 

following their recruitment to the tumour site. TAM display a distinct cytokine- induced 

activation status that very closely resembles that of alternatively activated or “M2” 

polarized macrophages (Mantovani et al. 2002). The process of “alternative” 

macrophage activation, named so in order to be distinguished from “classical” 

macrophage activation driven by pro-inflammatory stimuli such as bacterial products 

and cytokines like interferon-γ, is generally associated with immunosuppressive or 

polarized type II responses in macrophages (that also include enhanced scavenging, 

matrix remodeling and wound repair activities) and can be elicited by a variety of anti-

inflammatory cytokines such as IL-4, IL-10 and IL-13 (Goerdt and Orfanos 1999; Gordon 

2003).  Other stimuli also include glucocorticoids and vitamin D3 (Mantovani et al. 

2002).            

 Due to the high degree of similarity between TAM and alternatively activated 

macrophage populations, the first represent a well defined paradigm of the latter and it 

is often referred to as a ‘prototypic M2 polarized’ macrophage population, a term 
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introduced by Mantovani and colleagues and widely used thereafter (Mantovani et al. 

2002). However, this strict classification may not be entirely right, as TAM from 

different tumours can often demonstrate remarkable heterogeneity and additionally, 

TAM from the same tumour have been shown to express both pro- and anti-

inflammatory molecules (Biswas et al. 2006). Other TAM descriptions that highlight 

some of their key tumour-driven properties include “trophic” or “wound healing” 

macrophages (Condeelis and Pollard 2006) and “regulatory macrophages” (Mosser and 

Edwards 2008; Pollard 2008). In contrast to the prevailing “M2” designation of TAM, 

Van Ginderachter and colleagues have proposed that these cells are likely to constitute 

a hybrid M1/M2 macrophage population (Van Ginderachter et al. 2006).  

 TAM are generally characterized by high expression of alternative activation 

markers and associated molecules such as for example scavenger receptors, mannose 

and galactose receptors, anti-imflammatory cytokines (predominantly TGF-β and IL-10) 

and chemokines (such as CCL2 and CXCL8) and in most cases (though not always) by 

low levels of the renowned pro-inflammatory cytokines IL-12, IL-1β, IL-6 and TNF-α 

(Mantovani et al. 2002). Other features of TAM consistent with an M2 phenotype are 

decreased production of nitric oxide synthase and reactive oxygen intermediates 

(Dinapoli et al. 1996; Klimp et al. 2001), poor tumouricidal capacity and inability to 

expose antigens and thus activate adaptive immune responses. Finally, TAM are 

believed to have a defective NF-κB activation program (Biswas et al. 2006; Saccani et al. 

2006). Given that NF-κB signaling pathway is necessary for the activation of pro-

inflammatory responses in macrophage and has been associated with the initial stage 

of inflammation-induced tumorigenesis, its inactivation is thought to underlie many of 
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the M2-like, tumour-enabling functions of TAM, at least in the above studies. However, 

contradictory results as to the NF-κB role in TAM activation have been reported from 

other researchers (Hagemann et al. 2008), suggesting that in different tumour 

microenvironments TAM functions are likely to be regulated by different, yet 

unidentified molecular mechanisms.  

 

1.4.3 Functions      

Depending on the cytokine signals they receive from within the tumour 

microenvironment, TAM can theoretically exert both pro- and anti-tumour functions. 

Rarely, TAM anti-tumour (ie tumouricidal) activities outweigh the pro-tumour ones 

resulting to inhibition of tumour growth, which, among other factors, could explain the 

correlation between high TAM content with increased patient survival in the studies by 

(Shimura et al. 2000; Khorana et al. 2003; Kim et al. 2008). In the report by Shimura et 

a., TAM were indeed shown to produce TNF-α and NOS2, two molecules renowned for 

their cytotoxic activity, whereas in the other two studies, TAM were not extensively 

characterized. Despite those cases reporting a protective role for TAM against 

tumourigenesis, in the vast majority of human cancer cases studied, presence of TAM is 

indicative of a poor disease outcome, as reviewed in (Bingle et al. 2002), suggesting 

that TAM pro-tumoural functions largely prevail.       

TAM’s cytokine-dependent functions within the tumour (as illustrated in Figure 

1.2) generally include promotion of tumour growth and survival through chemokine 

and growth factors production, angiogenesis through secretion of VEGF and other pro-
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angiogenic molecules,  matrix remodeling, promotion of tumour invasion and 

metastasis through secretion of chemokines and certain metalloproteinases (MMPs) 

and finally suppression of adaptive –and thus anti tumour- immune response through 

secretion of anti-inflammatory cytokines like TGF-β and IL -10 (Mantovani et al. 2002).  

As already discussed, on top of these functions, a possible role for TAM in cancer 

initiation has been proposed (Pollard 2004).  

 Promotion of tumour growth and survival 

 In recent years, numerous in vitro as well in vivo animal studies have pointed out a 

role for TAM in promoting survival and growth of tumour cells (Pollard 2004; Allavena 

et al. 2008). Specifically, TAM have been shown to secrete various growth/survival 

factors that directly enhance tumour cell growth. Such molecules include the growth 

factors EGF, initially identified on TAM from breast tumours (O'Sullivan et al. 1993), 

VEGF (Leek et al. 2000) and PDGF (Kataki et al. 2002), the chemokines CXCL8 and 

CXCL12 (Sica et al. 2006) and the cytokines IL-6 and TNF (Balkwill et al. 2005). 

 Angiogenesis 

 Angiogenesis is perhaps the predominant and among the most well characterized 

pro-tumoural functions of TAM. It has been extensively studied in many murine 

tumour models, and particularly in breast cancer (Leek et al. 1996; Lin and Pollard 

2007; Pollard 2008). Importantly, a direct role for TAM in regulating tumour 

angiogenesis has been demonstrated in a murine breast cancer model induced by 

expression of the polyoma middle T oncogene (PyMT), where ablation of TAM from 

primary mammary tumours resulted in a marked decrease in vessel density and 
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delayed the development of malignant tumours (Lin et al. 2006; Lin and Pollard 2007). 

Additionally, a critical role of TAM in tumour angiogenesis has been suggested from 

various clinical studies, in which high TAM content strongly correlates with the degree 

of vascularization and grade of the tumour (Nishie et al. 1999; Hanada et al. 2000; 

Lissbrant et al. 2000).         

  TAM are thought to drive angiogenesis through production of a range of pro-

angiogenic factors that include VEGF (Leek et al. 2000; Lewis et al. 2000), FGF and 

PDGF, thymidine phosporylase (TP) (Hotchkiss et al. 2003) as well as certain MMPs 

with known angiogenic properties such as MMP2, MMP7, MMP9 and MMP12 

(DeNardo et al. 2008). Attraction and localization of TAM in hypoxic, poorly 

vascularized tumour areas is responsible for the activation of certain hypoxia-inducible 

transcription factors (namely HIF-1α and HIF-2α) in TAM which in turn activate VEGF 

among other pro-angiogenic molecules (Lewis et al. 2000; Talks et al. 2000). Thus, TAM 

are important contributors in angiogenesis, especially in those sites of tumours where 

angiogenesis is mostly needed.  

 Promotion of tumour invasion and metastasis 

 Promotion of tumour cell invasion and metastasis is yet another well established 

function of TAM. Plenty of experimental evidence exists showing a distinct role for TAM 

in regulating these functions, based primarily on animal macrophage-depleted tumour 

models as wells as on in vitro studies (Joyce and Pollard 2009; Qian and Pollard 2010). 

Mechanistic evidence for the role of TAM in tumour metastasis is provided in the work 

of Wyckoff and colleagues, where the necessity of TAM in order for murine breast 
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tumour cells to migrate and invade adjacent tissue in the PyMT breast tumour model is 

directly shown (Wyckoff et al. 2004); this process is also shown to be regulated by CSF-

1-dependent EGF secretion by TAM. Additional factors that appear to regulate the 

invasive capacity of TAM in the above model are IL-4 (DeNardo et al. 2009) as well as 

CXCL12 and SDF-1. Other than breast cancer, key roles for TAM in driving tumour 

metastasis in vivo have been demonstrated in murine lung (Hiraoka et al. 2008) and 

diffuse mesothelioma (Miselis et al. 2008) tumour models through macrophage-

depletion experiments.        

 Additionally, in vitro studies using macrophage-tumour cell coculture systems have 

highlighted molecules such as TNF-α (Hagemann et al. 2005) and certain MMPs that are 

up-regulated in tumour-conditioned macrophages, as potent inducers of tumour cell 

invasion and metastasis. TAM-derived proteases (such as MMPs, cysteine cathepsins 

and serine proteases play a very important role in enabling the tumour cells to 

metastasize. Among these enzymes, MMPs in particular mediate remodeling of the 

extracellular matrix, a critical initial step in the metastasis process which results in 

destruction of local tissue barriers.        

 Matrix remodeling, apart from constituting an integral part of the tumour 

metastasis process is also a distinct TAM protumoural property. Detailed reference on 

TAM-mediated matrix remodeling in tumours and selected matrix remodeling 

mediators will be given in the introduction section of Chapter 5. 
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 Suppression of adaptive immunity 

 Apart from exerting direct tumour-promoting functions as described so far, TAM 

are also known to contribute indirectly to an environment that fosters tumour growth 

through their immunosuppressive properties that overall result to down-regulation of 

adaptive and consequently anti-tumour immunity (Mantovani et al. 2002). Production 

of anti-inflammatory cytokines such as IL-10 and TGF-β as well as of certain 

chemokines (such as CCL18 and CCL22) lies at the centre of TAM immunosuppressive 

activities, as the above molecules are known to be directly involved in suppressing 

cytotoxic (Th1) cell responses while recruiting naïve T cells and Treg cells to the 

tumour (Kim et al. 1995; Adema et al. 1997; Loercher et al. 1999; Kuang et al. 2009). 

Treg cells as an exemplary anergic population are known to strongly suppress T cell –

mediated tumour cytotoxicity. Their presence in the tumour microenvironment is 

often associated with an increase in tumour growth and poor disease outcome, such 

as for example in ovarian cancer (Curiel et al. 2004). 
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Figure 1.2: Recruitment of TAM to the tumour site & overview of their functions.  

Monocytes are recruited to the tumour site mainly by the chemoattractants CCL2, M-CSF 

and VEGF. Their differentiation to macrophages can be driven by IL-3, M-CSF and IL-10 (not 

shown) once they reach the tumour site. There, microenvironmental signals including IL-4, IL-

10 and TGF-β are known to shape TAM activation status towards an M2 type. TAM exert 

many critical pro-tumoural functions such as promotion of tumour growth and angiogenesis 

(tumour promotion) through release of MMPs,  VEGF, M-CSF among other molecules, 

promotion of tumour metastasis via MMPs and proteases production  and suppression of 

adaptive immunity through Treg and Th2 cell recruitment which in turn inhibit Th1 cells and 

promote T cell anergy. Adapted from Solinas et al 2009.  
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1.5    Background to the project 

 

1.5.1 TAM and the BL microenvironment  

Tumour-associated macrophages constitute the most abundant non-malignant 

cell population observed in Burkitt’s lymphoma tumours (Wright 1963). As already 

mentioned in section 1.3, constitutive tumour cell apoptosis is believed to drive 

infiltration of large numbers of TAM in the BL microenvironment, where the latter are 

thought to be actively involved in apoptotic tumour cell clearance. Despite their high 

apoptosis rate, BL tumours are extremely aggressive and grow substantially in vivo, 

suggesting that the tumour microenvironment is very likely to have an important role 

in this process.          

 Indeed, previous studies from our group have demonstrated this to be the case, 

as  in vitro generated TAM were able to both promote and occasionally inhibit BL cell 

growth and survival through secretion of microenvironmental factors such as IL-10, 

TNF-α and TGF-β (Levens et al. 2000). More recent studies looking at the role of TAM in 

BL indicate that TAM tend to support rather than prevent BL tumor cell growth through 

direct and indirect mechanisms that involve suppression of anti-tumour immunity and 

secretion of tumour cell growth/survival factors (Ogden et al. 2005). Suppression of 

anti tumour immunity is thought to occur in BL following engulfment of apoptotic 

tumour cells by TAM: massive apoptotic tumour cell phagocytosis leads to effective 

apoptotic cell clearance which, as already mentioned, is a key event in suppressing 

inflammatory responses and maintain adaptive –and consequently tumour- immune 

tolerance (Savill et al. 2002). Furthermore secretion of the B cell survival factor, B cell- 
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activating factor of the TNF family (BAFF) from TAM in BL as well as high IL-10 secretion 

from both TAM and BL cells are thought to contribute extensively to tumour 

progression (Ogden et al. 2005).        

 It is thus our contention that TAM, attracted to the tumour site by the presence 

of numerous apoptotic cells can promote BL cell growth indirectly, through enhanced 

removal of apoptotic tumour cells resulting to limitation of cell death and consequently 

net tumour growth and directly, through production of certain survival factors. 

Importantly, apoptotic BL cells play major roles in both of these processes, as they are 

responsible not only for attracting TAM to the tumour through release of chemotactic 

signals (such as for instance, fractalkine (Truman et al. 2008) but most importantly for 

conditioning TAM to secrete factors [such as IL-10 and BAFF (Ogden et al. 2005)] that 

promote BL growth and survival in vitro. As the above evidence argues towards a likely 

key role for TAM in BL progression and development in vivo, gaining insight into the 

real tumour microenvironment so as to begin to elucidate the molecular mechanisms 

underlying TAM functions in BL is of major interest to our group.   

 

1.5.2 Gene expression profiling studies of TAM 

Despite TAM being extensively studied and characterized for over twenty years, it 

is only recently that the first gene expression profile of TAM from a murine sarcoma 

has been generated (Biswas et al. 2006). This work was followed by gene expression 

profiles of TAM obtained from murine melanoma (Duff et al. 2007) and mammary 

tumours (Ojalvo et al. 2009; Ojalvo et al. 2010; Zabuawala et al. 2010). Although 

derived from tumours grown in vivo, the TAM populations used in the above studies 
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were manipulated and in some cases were cultured in vitro, prior to being processed, 

therefore the obtained gene signatures could be greatly influenced from the culture 

conditions and thus are most likely not entirely representative of the in vivo gene 

expression of these cells. As macrophages are inherently plastic cells, they readily 

adopt to different microenvironments both in vivo and in vitro and as such, TAM gene 

expression is expected to be largely influenced by the experimental conditions when 

cultured in vitro and indeed prior to that, by the method of isolation from the tumour. 

 

1.5.3 Methods of TAM isolation 

One of the most widely used methods for isolation of TAM from solid tumours is 

tumour disaggregation by enzymatic treatment such as for example by collagenase, 

trypsin, or DNase I digestion. Despite its extensive use, this method presents a 

significant disadvantage when the downstream application is RNA profiling; that is the 

possibility that digestive enzymes can induce changes in gene expression, leading to 

generation of biased expression profiles. Following tumour disaggregation, TAM are 

usually purified by means of adherence to plastic and positivity for macrophage-specific 

markers. The latter can be done through magnetic beads separation or more recently, 

through fluorescence activated cell sorting (FACS) analysis.  TAM purity obtained in 

such way is reasonably high, though contamination from other cell types is inevitably 

present in these preparations. However, when it comes to in situ profiling, obtaining a 

highly pure, undisturbed cell population in an unbiased manner, are critical 

requirements which cannot be fulfilled by any of the above described isolation 

methods.   
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 Laser Capture Microdissection (LCM) 

The only currently available method that allows the generation of gene expression 

signatures in situ is known as laser capture microdissection or LCM. Procurement of 

pure cell populations is achieved by LCM through use of a strongly focused laser beam 

that cuts and removes the cells of interest from a heterogeneous tissue section 

(Emmert-Buck et al. 1996). Generally there are two classes of LCM, the infrared (IR) 

capture systems (Emmert-Buck et al. 1996; Bonner et al. 1997) and the ultraviolet (UV) 

cutting systems (Schutze et al. 1997). The term ‘LCM’ was initially used to describe only 

the IR capture systems which were the first to be developed; however nowadays it is 

widely used to describe this technology regardless of the laser type or the instrument. 

The principal components of LCM can be summarized in three key steps: visualization 

of the cells of interest via microscopy, transfer of laser energy to a thermoplastic 

polymer with formation of a polymer cell composite (IR system) or direct photolysis of 

cells (UV system) and finally removal of the cells from the tissue section (Espina et al. 

2006).  

 

1.5.4. Aims of the Thesis 

            Based on experimental evidence presented in Section 1.5.2 as well as our 

group’s unpublished observations, it is hypothesized that: a) TAM are important 

players in BL that exert supportive actions resulting to tumour’s development and 

progression of the disease and b) TAM’s potent pro-tumoural phenotype can be 

shaped by distinct components of the BL microenvironment. In order to address the 

first part of the above hypothesis, research work presented in Chapters 3 and 4 of this 
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thesis aimed at characterizing the in vivo molecular profile of BL TAM, which would 

enable to better understand the molecular mechanisms underlying their functions in 

the BL tumour microenvironment. Towards this end, a global gene expression analysis 

of TAM as they reside in situ will be performed, using laser-capture microdissection 

(LCM) to procure intact macrophage sections from human BL tumours transplanted 

into SCID mice. The transcriptional profile of microdissected TAM populations -

expected to be identical to their in vivo gene expression signature- will be compared to 

the profile of normal macrophage populations, microdissected from murine lymph 

node sections.        

The second part of our hypothesis is addressed in Chapter 5, by investigating 

the effects of a specific component of the BL microenvironment, tumour cell 

apoptosis, on TAM activation state. The role of apoptotic NHL cells in driving a certain 

key aspect of TAM gene expression signature will be specifically addressed in vitro in 

short-tem macrophage-tumour cell cocultures. Towards the end of the thesis, 

emphasis is placed on direct apoptotic cells roles within the BL microenvironment, and 

their ability to modulate themselves an important tumour promoting function in vitro 

is investigated. 
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Chapter 2 

 

Materials and Methods 

 

2.1 Animal Models 

 
SCID BL xenograft 

BALB/c SCID mice were injected i.p. with 10 x 106 human BL2 cells (Lenoir et al. 1985) in 

BL culture medium (RPMI 1640 growth medium containing 2mM L-glutamine 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml 

streptomycin). Tumour’s intake was monitored and the diameter of the developing 

tumor was measured twice a week. BL tumours usually develop i.p within 6 to 8 weeks 

of injection (Ogden et al. 2005). At the end of this period, mice were sacrificed and 

tumours were excised, snap-frozen in liquid nitrogen and stored at -80oC until further 

processed.   

 

λ-MYC transplantation model 

Wild type C57BL/6 mice were injected i.p. with 10x106 mouse MYC-Ed1 cells (Pound et 

al. In preparation). MYC-Ed1 tumours usually develop within 8 weeks of injection and 

recapitulate the histological appearance of the original spontaneous λ-MYC lymphoma 

(refer to section 2.2.1.1 for derivation of the MYC-Ed1 cell line). Following this period, 

mice were sacrificed and tumours were excised, snap-frozen and stored at -80oC for 

later use.  
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Immunization of Balb/c mice 

Wild type or CSF1-r –EGFP transgenic  Balb/c mice (known as MacGreen) (Sasmono et 

al. 2003) kindly provided by Prof. D. Hume, Roslin Institute, were injected i.p. with 

5x108 sheep red blood cells (SRBC) to induce immunization and subsequent germinal 

centre formation. The reaction was boosted with a second SRBC injection after 14 days 

and animals were sacrificed following a further 7 days. Activated spleens and lymph 

nodes were removed by dissection and stored at -80oC until further processed.    

 

2.2 Cell culture 

 

2.2.1 Cell lines 

All cells were kept at 37oC in a humidified atmosphere of 5% CO2 in 25 cm2, 75 cm2 or 

150 cm2 tissue culture flasks. 

 

2.2.1.1   Suspension cells 

The group I EBV-negative human BL cell lines BL2 (Lenoir et al. 1985) and BL2-bcl2 were 

cultured in RPMI 1640 growth medium containing 2 mM L-glutamine supplemented 

with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin.  The 

apoptosis resistant BL2-bcl2 cell line has been generated in our laboratory through 

stable transfection of BL2 cells with the bcl2 gene (Milner et al. 1992).                                                                                                     

The mouse BL cell line MYC-Ed1 (Pound et al. In preparation) was cultured in high 

glucose DMEM:IMDM (1:1) growth medium containing 2mM L-glutamine 

supplemented with 10% hybridoma selected fetal calf serum (FCS), 25μM β-

mercaptoethanol, 100 U/ml penicillin and 100 μg/ml streptomycin. This cell line has 
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been generated in our laboratory following isolation of spontaneous λ-MYC tumour 

cells  from λ-MYC lymphoma mice (Kovalchuk et al. 2000) obtained from  the Mouse 

Repository at the National Cancer Institute.            

The human monocytic cell line THP-1 (Tsuchiya et al. 1982) was obtained from the 

American Type Culture Collection (ATCC) and cultured in RPMI 1640 growth medium 

containing 2 mM L-glutamine supplemented with 10% fetal bovine serum , 100 U/ml 

penicillin and 100 μg/ml streptomycin.                           

All cell lines were cultured in suspension in their respective culture media and were 

maintained by replacing or by adding fresh culture medium every two days. 

 

2.2.1.2   Adherent cells 

The mouse macrophage cell line RAW264.7(Raschke et al. 1978) was cultured in high 

glucose DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 

100 U/ml penicillin and 100 μg/ml streptomycin. RAW264.7 cells were passaged by 

gentle scraping and cultures were maintained at a density of 1x106 cells/ml.  

 

2.2.1.3   Differentiation of THP-1 cells to macrophages 

THP-1 monocytes were differentiated to macrophages in vitro following the modified 

PMA differentiation protocol by (Daigneault et al. 2010). Cells were resuspended at 

2x105 /ml in RPMI growth medium (refer to section 2.2.1.1) containing 200 nM phorbol 

12-myristate 13- acetate (PMA) and were plated onto wells of 6-well tissue culture 

plates (Costar). Following incubation for 3 days, the PMA-containing medium was 
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removed and PMA treated cells were cultured in fresh RPMI growth medium for a 

further 5 days in order to enhance differentiation to macrophages.  

 

2.2.2 Primary cells 

2.2.2.1   Mouse Bone Marrow-derived Macrophages (BMDM) 

Bone Marrow-derived Macrophages were prepared from wild type Balb/c mice. Mice 

were culled and femurs were removed by dissection and cleaned. Bone marrow was 

flushed through with DMEM:F12 (1:1) with GlutaMAXTM (Invitrogen-Gibco, Cat No: 

31331-028) growth medium supplemented with 20% FCS, 10% conditioned 

supernatant from L929 cells (Labtech International) as a source of M-CSF (Hume and 

Gordon 1983), 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were washed 

twice in growth medium through centrifugation at 1000 rpm for 5 minutes and were 

resuspended at 1x106 cells /ml in 6-well tissue culture plates. Medium was changed on 

day 2 and subsequently every 3 days until cells differentiated into macrophages on 

days 7-8.  

 

2.2.2.2   Human Monocyte-derived Macrophages (HMDM) 

2.2.2.2.1    Isolation of human peripheral blood monocytes 

Human mononuclear cells were isolated from peripheral blood of healthy volunteer 

donors through centrifugation on isotonic Percoll gradient (GE Healthcare). 

Approximately 100 ml of freshly drawn blood were transferred to three 50 ml falcon 

tubes (BD Biosciences) containing 3.8% (w/v) sodium citrate –used to prevent blood 
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coagulation- and was centrifuged at 350g for 20 minutes with break off. The 

supernatant platelet rich plasma (PRP) was then transferred into sterile glass universal 

bottles and reserved. Autologous serum was prepared by adding calcium chloride to 

PRP to a final concentration of 40mM and by subsequent incubation at 37oC until clot 

had formed (at approximately 2 hours).  Serum was then heat inactivated by incubation 

at 56oC for 45 minutes and reserved for preparation of monocyte-derived macrophage 

culture medium (section 2.2.2.2.2). Each of the remaining red blood cell (RBC) pellets 

(10 ml) was gently mixed with 5 ml of 6% (w/v) Dextran 500, in 0.9% (w/v) sodium 

chloride up to a 50 ml final volume. The tubes were left to stand undisturbed at room 

temperature for 30 minutes to allow sedimentation of RBC under gravity. Following this 

period, leukocyte supernatants were transferred into new 50 ml Falcon tubes and 

serum-free RPMI medium containing 100 U/ml penicillin and 100 μg/ml streptomycin 

was added up to a 50 ml final volume. Leukocytes were then centrifuged at 220g for 6 

minutes with break off. Supernatants were discarded and leukocyte pellets were 

combined and resuspended in 9 ml of isotonic 55% Percoll in PBS. In three separate 15 

ml falcon tubes, 5 ml of 68% Percoll were layered over 5mL of 79% Percoll and 3 ml 

of cell suspension in 55% Percoll were layered to the top of the gradient in each tube. 

Following centrifugation at 700g for 20 minutes with break off, mononuclear cells lying 

between the 55% and 68% Percoll suspensions were transferred by pipette to a new 

50 ml falcon tube. Cells were washed in an excess of serum-free RPMI (by 

centrifugation at 220g for 5 minutes) and subsequently used for preparation of 

monocyte-derived macrophages. 
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2.2.2.2.2    Preparation of human monocyte-derived macrophages 

Mononuclear cells from section 2.2.2.2.1 were resuspended in serum-free IMDM 

containing 2mM L-glutamine supplemented with 100 U /ml penicillin and 100 μg/ml 

streptomycin and plated in 6-well tissue culture plates at 2x106 cells /ml. Following 

incubation for 1 hour at 37oC the medium was removed and wells were washed with 

serum-free RPMI to remove any non adherent cells. Fresh IMDM medium 

supplemented with 10% heat inactivated autologous serum (as prepared in section 

2.2.2.2.1), 100 U/ml penicillin and 100 μg/ml streptomycin were added and 

mononuclear cells were cultured for 7-8 days until differentiation of monocytes to 

macrophages was complete. Cells were washed with serum-free RPMI and fresh 

growth medium was added on day 4.  

 

2.2.2.3   Mouse Embryonic Stem cell-derived Macrophages (ESDM) 

Mouse embryonic stem cells kindly provided by John Hughes Bennet laboratory 

members were conditioned to generate macrophages following the ESDM 

differentiation protocol developed and optimized by Lihui Zhuang. Differentiation of 

embryonic stem cells was set up in suspension cultures in 20 ml Petri dishes containing 

differentiation medium (GMEM containing 2mM L-glutamine supplemented with 10% 

fetal calf serum, 1% sodium pyruvate, 1% non essential aminoacids and 0.1% β-

mercaptoethanol), supplemented with 15% L929 cell conditioned medium and 1ng/ml 

IL-3. 6x105 of embryonic stem cells were plated per dish and were incubated for 8 days 

to allow formation of embryonic bodies (EB). Cultures were transferred into new petri 
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dishes on day 4 and day 6 to prevent EB from becoming adherent. At the end of the 

incubation period, EB were transferred onto gelatin-coated tissue culture dishes 

containing 20 ml of differentiation medium supplemented with 15% L929 cell 

conditioned medium, 1ng/ml IL-3 and 1% penicillin/streptomycin to allow production 

of embryonic stem cell-derived macrophages (ESDM). EB supernatants containing 

ESDM were collected every 2 days and placed onto new petri dishes containing 

differentiation medium supplemented with 15% L929 medium and 1% 

penicillin/streptomycin without IL-3. Adherent EB were supplemented with fresh 

differentiation medium containing 15% L929 cell medium, 1ng/ml IL-3 and 1% 

penicillin/streptomycin in order to facilitate continuous production of ESDM containing 

supernatant. ESDM were cultured for a further 7 days before being harvested. 

 

2.2.2.4   Isolation of mouse splenocytes 

Wild type Balb/c mice were used for splenic B cell preparation. Mice were culled and 

spleens were removed by dissection and transferred to the tissue culture lab into cold, 

sterile PBS. Spleens were subsequently transferred on to a 100m cell strainer standing 

in a small Petri dish containing 5ml of cold culture medium (RPMI supplemented with 

10% FCS, penicillin and streptomycin). They were then cut into small pieces and gently 

mashed in order to release splenocytes. Following repetition of the mashing process by 

transferring the cell strainer with spleen pieces into a new Petri dish containing fresh 

RPMI medium, splenocytes were resuspended in both dishes and combined into a 15ml 

falcon tube. The tube was left standing for 1 minute, for tissue debris to settle and cell 

suspension was transferred to a 40m cell strainer placed in the neck of a 50ml falcon 
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tube and was allowed to pass through slowly. Remaining cells were washed through by 

adding a further 10 ml of culture medium and splenocytes were finally recovered by 

centrifuging at 350g for 10 minutes and resuspended at 2x106 cells/ ml in culture 

medium. Microscopic assessment of the splenocyte preparations confirmed the 

presence of a very large proportion of resting B cells, though contaminating T cells 

naturally present within the spleen microenvironment were not excluded at this stage. 

 

2.2.3 Preparation of high viability cell populations 

The Dead-Cert Cell Culture kit (Immunosolv Ltd) was used in order to remove dead and 

dying cells from cultures as per the manufacturer’s instructions with minor 

modifications. Briefly, 10 μl of Dead-Cert super-paramagnetic nanoparticles were 

resuspended into 1 ml of Yield-Enhancing Separation (YES) medium in 1.5 ml 

polypropylene tubes and placed in microtube magnet racks for 5 minutes. The medium 

was then removed; nanoparticles were resuspended in 100 μl of fresh YES medium and 

were mixed with 5x106 cells in equal volume of YES medium, off the magnet. Tubes 

were left to incubate at room temperature for 40 minutes to allow nanoparticles to 

bind to dead and dying cells. Tubes were then topped up with RPMI medium 

supplemented with 10% FCS, penicillin and streptomycin and placed on the magnet for 

4 minutes. Cell suspensions were collected, transferred to new 15 ml tubes and were 

washed in PBS (by centrifugation at 1000 rpm for 5 minutes)  prior to being used. 

Viability of the recovered cell populations was assessed by Trypan Blue exclusion on a 

haemocytometer under the microscope or by Annexin V (AxV) / Propidium Iodine (PI) 
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staining exclusion by flow cytometry (section 2.2.4.2) and it typically ranged between 

98-99%.   

 

2.2.4 Induction and assessment of apoptosis 

2.2.4.1   Apoptosis induction and inhibition 

Apoptosis was induced in non Hodgkin lymphoma (NHL) cell lines by serum deprivation 

in high density culture or by treatment with staurosporine and in primary splenocytes 

by treatment with staurosporine.  

For apoptosis induction by serum starvation, 100x106 NHL cells derived from 

overconfluent cultures (~1.8x106 cells/ml) were washed three times in Dulbecco’s PBS 

(1000rpm, 5 minutes each) and were resuspended at 100x106 cells /ml, (1 ml) in serum-

free RPMI. Cells were then plated into a well of a 12-well tissue culture plate and 

incubated for 1 hour at 37oC. Following incubation, cells were resuspended at the 

desired concentration by adding an excess of serum-free RPMI medium and were used 

for further experiments or were assessed by flow cytometry for apoptosis levels 

(section 2.2.4.2). Mainly early apoptotic cells, defined as AxV+/PI-, were generated using 

this method. 

For staurosporine-induced apoptosis (Tamaoki et al. 1986) to occur, cells from 

confluent cultures were washed three times in PBS and were resuspended in serum-

free RPMI medium at 2x106 cells/ml. 1μΜ staurosporine was added to the cell 

suspension and cells were kept in the incubator for the specified period of time (30 

minutes up to 3 hours). At the end of each incubation period cells were harvested for 

use in subsequent experiments or for apoptosis evaluation. 
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Staurosporine- induced apoptosis was inhibited in NHL cell lines by use of the pan-

caspase inhibitor Z-VAD FMK (Zhu et al. 1995). Cells were washed in PBS and 

resuspended in serum-free RPMI as described above.  At the same time with 

staurosporine treatment, 50-100μΜ of Z-VAD FMK was added to the cells and they 

were then incubated for up to 3 hours before harvesting.  

 

2.2.4.2   Apoptosis evaluation 

Apoptosis levels in cells were assessed by staining with Annexin V (AxV) and propidium 

iodide (PI) and subsequent flow cytometric detection using a Beckton XL 

flowcytometer. Approximately 1x106 cells were washed in 1 ml of ice-cold AxV binding 

buffer (containing 14 mM sodium chloride, 10 mM HEPES and 2.5 mM calcium chloride, 

pH 7.4) in FACS tubes by centrifugation at 1000rpm for 5 minutes and were 

resuspended in 100 μl of fresh AxV binding buffer. 1 μl of AxV-FITC was added per tube 

and cells were incubated on ice for 15 minutes. Following incubation, a further 400μl of 

cold AxV binding buffer was added to the cells and cell fluorescence was analyzed by 

flow cytometry. Immediately prior to analysis, PI was added to the cells at a 

concentration of 20 μg/ml. 
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2.2.5 Isolation of microparticles (MPs) from apoptotic cells 

 

For MPs generation, BL cells from confluent cultures were washed three times in 

0.22μM filtered serum-free RPMI supplemented with penicillin/streptomycin 

(1000rpm, 5 minutes each) and were resuspended at 5x106 cells/ml or at 100x106 

cells/ml in 0.22μM filtered RPMI supplemented with penicillin/ streptomycin and 0.1% 

low-endotoxin BSA (Fraction V endotoxin <1EU/mg). Cells at 5x106/ml concentration 

were induced to apoptosis by staurosporine treatment (1μM) for 1 hour whereas cells 

at 100x106/ml were induced to apoptosis by serum deprivation for 1 hour. Following 

this period, cell preparations were resuspended at equal concentrations (10x106/ml), 

were then pelleted by centrifugation (at 1200rpm for 5 minutes) and cell supernatants 

were transferred to new 15 ml falcon tubes. Large cellular debris were removed by 

centrifugation of the supernatants at 2500 rpm for 10 minutes. Cleared cell-free 

supernatants were then transferred to polyallomer-coated ultracentrifuge tubes (3 ml 

per tube) and MPs were isolated by ultracentrifugation at 43000rpm for 20 minutes at 

4oC using an Optima TLX ultracentrifuge (Beckman Coulter). Following centrifugation, 

MPs supernatants were discarded and MPs pellets (in ~30 μl of medium) were vortexed 

thoroughly prior to being analyzed for protein levels (refer to section 2.9.2).  
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2.2.6 Macrophage-tumour cell cocultures in vitro 

2.2.6.1   Direct contact cocultures 

Macrophage cell lines and primary macrophages obtained as described in sections 

2.2.1-2.2.2, were plated onto 6-well tissue culture plates at 1x106 or 2x106 cells/ well in 

RPMI medium supplemented with 20% FBS, L-glutamine, penicillin and streptomycin on 

the day of the coculture. NHL suspension cell lines were induced into apoptosis by 

serum deprivation at high density culture (section 2.2.4.1) and were added on top of 

macrophages at 1x107 or 2x107 NHL cells/well (1:10 macrophage to NHL cell ratio) in 

equal volume of serum-free RPMI so as the final concentration of FBS to be 10%. Viable 

NHL cells from confluent cultures were similarly added on top of macrophage wells at 

the same concentration as apoptotic cells in serum-free RPMI and plates were put in 

the incubator for the specified period of time (1-12 hours). Control (untreated) 

macrophages were cultured in 10% FBS RPMI and harvested at 0 hours. For each time 

point, viable and apoptotic NHL cells – cocultured macrophage samples were set up in 

duplicate wells. Macrophage- tumour cell coculutres were ended after 1, 8 or 12 hours 

by removing the viable and apoptotic NHL cell suspensions. Adherent macrophages 

were then washed three times with PBS to ensure complete removal of NHL cells and 

were processed for RNA or protein extraction as described in sections 2.6.1 and 2.9.1 

respectively).   
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2.2.6.2   Contact-free cocultures 

RAW264.7 macrophages were cocultured with NHL cells in 6.5mm transwells with 

0.4µm pore membrane inserts (Costar) to avoid contact between the two cell 

populations. Macrophages were placed on the bottom of the wells of 24-well plated at 

5x105 cells/well in 1 ml of RPMI supplemented with L-glutamine, 10% FBS, penicillin 

and streptomycin and were allowed to adhere overnight. On the next day, the medium 

was removed and replaced with 0.6 ml of RPMI supplemented with L-glutamine, 20% 

FBS, penicillin and streptomycin. Viable NHL cells from confluent cultures or apoptotic 

NHL cells generated by serum deprivation in high density culture were added into 

0.4μm pore membrane inserts at 5x106 cells per insert in 100 μl of serum-free RPMI 

supplemented with L-glutamine, penicillin and streptomycin and inserts were placed 

inside the macrophage containing wells. Plates were kept in the incubator for the 

specified period of time (1-12 hours) and cocultures were ended at 1, 8 and 12 hours 

respectively by removing NHL cell containing inserts. Macrophages were then washed 

in PBS and further processed. Quadruplicate wells were set up for each sample and 

were in the end pulled together forming duplicate samples for RNA and protein 

extraction.    

 

2.2.7 Macrophage- splenocyte cocultures in vitro 

RAW264.7 macrophages were cocultured with murine splenocyte preparations 

containing resting B cells in their majority (obtained as described in section 2.2.2.4) in 

direct contact, in 6-well tissue culture plates. Macrophages were seeded onto wells at 
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1x106 cells /well in RPMI supplemented with 20% FBS, L-glutamine, penicillin and 

streptomycin and viable or apoptotic splenocytes were added on the top of 

macrophages at 10x106 cells/well in equal volume of serum-free RPMI supplemented 

with L-glutamine, penicillin and streptomycin. Apoptotic splenocytes were generated 

by sturosporine treatment for 1 hour (section 2.2.4.1) and were then washed 4 to 5 

times in PBS (centrifugation at 1000 rpm for 5 minutes each) to ensure complete 

removal of staurosporine prior to being transferred into macrophage wells. 

Macrophages and splenocytes were cocultured for 12 hours at 37oC. At the end of the 

coculture splenocytes were removed and macrophages washed in PBS and harvested 

for RNA and protein extraction. Samples were set up in duplicate wells.    

 

2.3 Intracellular staining for FACS 

Cells were analyzed for intracellular levels of MMP12 protein by fluorescence activated 

cell sorting (FACS).  Prior to harvesting, cells were treated with Brefeldin A at 2.5 μg /ml 

for 4 hours in order to prevent MMP12 from being released from the Golgi network 

and secreted. 1x106 cells were harvested in FACS tubes by centrifugation at 225g for 5 

minutes at 4oC. Supernatant was discarded and cells were fixed and permeabilized 

using the Fix&Perm Reagents system (Caltag) as per manufacturer’s protocol with 

minor modifications. Briefly, cells were incubated in 100 μl Reagent A (Fixative 

solution) for 15 minutes at room temperature, washed in 5% normal mouse serum 

(NMS) in PBS at 350g for 5 minutes. The supernatant was discarded and cells were 

incubated with 50 μl of primary antibody (rabbit anti-MMP12, ab66157, Abcam) at 1:25 
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dilution or isotype control (rabbit IgG, X0936, DakoCytomation) at 1:800 dilution in 

Reagent B (Permeabilisation medium) for 30 minutes at room temperature. Following 

one wash in 5% NMS PBS (350g for 5 minutes) cells were incubated with 100 μl of 

secondary antibody (goat-anti-rabbit FITC-conjugated, FO382, Sigma) diluted 1:200 in 

Permeabilisation medium for 20 minutes at room temperature in the dark. Cells were 

then washed in 5% NMS PBS and pellets were resuspended in 0.5ml of 1% 

formaldehyde in 5% NMS PBS and kept at 4oC in the dark for up to 24 hours. 

Intracellular MMP12 levels were assessed using a Coulter EPICS XL-MCL flow 

cytometer. Data analysis and final form of histograms were generated using FlowJo 

software (Tree Star).  

 

2.4 Histology and Immunohistochemistry 

 

2.4.1 Histological preparation of frozen tissue  

Human BL tumours growing in SCID mice and mouse λ-MYC tumours growing in wild 

type mice as described in section 2.1, were dissected, cut into 2-3 pieces and snap-

frozen in liquid nitrogen. Prior to sectioning, frozen tumours were embedded in 

optimal cutting temperature compound (OCT) and were then cut into 10μm thick serial 

sections onto plain glass slides in a cryostat (Leica) and were either stored at -80oC or 

prepared for immunohistochemistry. Spleens and lymph nodes dissected from 

immunized or naïve wild type and MacGreen mice (section 2.1) were snap-frozen in 
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liquid nitrogen. Tissue was embedded in OCT compound prior to cutting into 8 μm thick 

serial sections which were then stored at -80oC until further processed.    

 

 

2.4.2 Routine immunohistochemistry (IHC) on frozen tissue  

Frozen sections from SCID BL and spleen tissue were fixed in acetone for 10 minutes at 

room temperature and air-dried briefly. Following fixation, sections were incubated in 

freshly prepared 0.1% hydrogen peroxide in methanol for 3 minutes to block 

endogenous peroxidase activity and were washed twice in PBS before loading onto 

Shandon Sequenza racks. Sections were then incubated in Vector Avidin block (Dako) 

for 10 minutes, washed once in PBS and incubated in Vector Biotin block (Dako) for a 

further 10 minutes. Following one wash in PBS, sections were blocked in serum-free 

protein block (Dako) for 10 minutes. Immediately after blocking, sections were 

incubated with primary antibodies (rat anti mouse CD68, MCA1957, Serotec and mouse 

IgG, MCA1212, Serotec) diluted in ChemMate antibody Diluent (Dako) at 4oC overnight. 

Next, sections were washed twice in PBS and incubated in goat-anti-rat-biotin 

secondary antibody (Vector, BA-9401) diluted in antibody Diluent, for 30 minutes at 

room temperature. Antibody solution was washed off with PBS and Vector RTU 

Vectastain Elite ABC reagent was added to the sections for 30 minutes and peroxidase-

specific detection was enabled by addition of the enzyme substrate 3,3’-

diaminobenzidine (DAB) for 5 minutes. Sections were washed twice in PBS, removed 

from Sequenza racks and dipped into distilled water. Following counterstaining with 
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haematoxylin for 3 minutes, sections were washed three times in PBS and were blued 

in tap water prior to gradual dehydration through 70%, 90% and 100% industrial 

methylated spirits (IMS) for 3 minutes in each solution. Finally, slides were soaked in 

Histoclear solution (2 x 10 minutes) and mounted in mounting medium. All antibody 

dilutions used in IHC are shown in Table 2.1.   

 

2.4.3 Routine single and double immunofluorescence  (IF) labeling 

Frozen sections from SCID BL, λ-MYC, spleen and lymph node (LN) tissue were fixed in 

acetone for 10 minutes at room temperature and air-dried briefly. Next, they were 

dipped into PBS and transferred onto Sequenza racks where they were incubated in 

serum-free protein block for 30 minutes.  Sections were incubated with the first 

primary antibody directly conjugated to a fluochrome (rat-anti mouse CD68-

AlexaFluor488, Serotec) or isotype control antibody (rat IgG2a-AlexaFluor488, 

Serotec) in ChemMate antibody Diluent for 1 hour at room temperature, in the dark. 

Antibodies were removed following two washes in PBS for 3 minutes each and sections 

were either dehydrated and mounted or were processed for double IF labeling.  

In the case of double IF labeling, sections were further blocked in serum-free protein 

block for 30 minutes at room temperature, in the dark and second primary antibodies 

(rabbit polyclonal anti-MMP12, carboxyterminal end, ab66157, Abcam, rabbit 

polyclonal anti-MMP2, H-76: sc-10736, Santa Cruz, and rabbit monoclonal anti-Hmox1, 

Epitomics) or isotype control (rabbit IgG immunoglobulin fraction, X0936, 

DakoCytomation) were added in Antibody Diluent. Following 1 hour incubation at room 
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temperature, in the dark, sections were washed twice with PBS and a secondary 

antibody directly conjugated to a different fluochrome (AlexaFluor568 goat-anti-

rabbit IgG (H+L), Invitrogen) was added in Antibody diluent for 45 minutes at room 

temperature, in the dark. All antibody dilutions used in IF are shown in Table 2.1. Next, 

sections were washed twice in PBS and removed from Sequenza racks. Following 

dehydration through 70%, 90% and 100% IMS solutions in the dark, sections were 

mounted, air-dried and kept in dark slide boxes for future evaluation under 

fluorescence microscope (Axioskop 2, Carl Zeiss). Images of the sections were captured 

by a cooled Jenoptik C14 ProgRes 1.4 megapixel digital camera and analyzed by 

OpenLab computer software. ImageJ software was subsequently used to generate final 

merged images of green and red fluorescence from double labeled sections.   

 

2.4.4 Histological preparation of  FFPE tissue 

2.4.4.1  Creation of a CHOP treated DLBCL tissue microarray (TMA) 

A cohort of cases were identified by a search of the Scotland and Newcastle Lymphoma 

database to identify cases of diffuse large B cell lymphoma (DLBCL) diagnosed at 

Western General Hospital, Edinburgh, Edinburgh Royal Infirmary or St John’s Hospital, 

Livingston, who had received CHOP chemotherapy.  Cases were reviewed by a 

pathologist and seventy-three cases were identified in which there was sufficient 

formalin-fixed paraffin embedded (FFPE) material available for inclusion in a tissue-

microarray. Representative areas of tumour were marked for sampling.   
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The tissue microarray was built by the Edinburgh Experimental Cancer Medicine 

Centre. Briefly, 2mm diameter cores of tissue were punched from the donor blocks of 

FFPE-material and placed into spaces created in a recipient paraffin block with the 

exact position of each donor core being recorded on a map of the tissue-microarray. Up 

to three cores were sampled from each donor block. Once completed, the recipient 

block was heated gently to fuse the donor paraffin wax with the recipient paraffin wax. 

Sequential 3 μm thick sections were cut from the TMA by the Edinburgh Experimental 

Cancer Medicine Centre onto coated slides. TMA slides along with the relevant 

materials and methods information were kindly provided by Tamasin Doig. 

 

2.4.4.2   Immunohistochemistry on FFPE tissue microarray (TMA) 

FFPE sections from DLBCL TMA were dewaxed in histoclear (2x5 minutes each time) 

and subsequently rehydrated through 100%, 90% and 70% IMS solutions, 5 minutes in 

each solution. Sections were then washed twice in deionized water, transferred to a 

rack containing Antigen Retrieval Solution (Vector) in 1:100 dilution and heated under 

rotation into a microwave oven for 3x5 minutes in order to unmask the antigen 

epitopes that had been masked during the paraffin embedment process. Next, sections 

were cooled under running tap water for 20 minutes and incubated in freshly prepared 

2% hydrogen peroxide solution in deionized water gently shaking for 15 minutes to 

block endogenous tissue peroxidise activity. Sections were washed twice in PBS and 

loaded onto Sequenza racks. Following incubation in serum-free protein block (Dako) 

for 10 minutes at room temperature, sections were incubated in primary antibodies 
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(rabbit polyclonal anti-MMP12, ab66157, rabbit polyclonal anti-MMP2, ab37150, 

Abcam and rabbit monoclonal anti-Hmox1, Epitomics) or isotype control (rabbit IgG 

immunoglobulin fraction, X0936, DakoCytomation) in ChemMate antibody diluent for 

1.5 hours at room temperature. Primary antibodies were then washed off with PBS and 

sections were incubated in goat-anti-rabbit-biotin secondary antibody (Vector, BA-

1000) diluted in antibody Diluent, for 30 minutes at room temperature. All subsequent 

steps were carried out exactly as described in section 2.4.2.   

 

 

 

 

     
Name Catalogue 

no 
Supplier IHC conc. IF  

conc. 

Rabbit polyclonal anti-MMP12 
Carboxyterminal end  

 
ab66157 

 
Abcam 

 
1:150 

 
1:150 

Rabbit polyclonal anti-MMP2 ab37150 Abcam 1:250 - 

Rabbit polyclonal anti-MMP2 
H-76  

 
sc-10736 

 
Santa Cruz 

 
- 

 
1:150 

Rabbit monoclonal anti-
Hmox1 

 
A5441 

 
Epitomics 

 
1:100 

 
1:100 

Rat monoclonal anti-CD68 MCA1957 Serotec 1:200 - 

Rat monoclonal anti-CD68-
AlexaFluor488 

MCA1957 
A488 

 
Serotec 

 
- 

 
1:100 

Mouse IgG MCA1212 Serotec 1:200 - 

Mouse IgG-AlexaFluor488 MCA1212 
A488 

Serotec  
- 

 
1:100 

Rabbit IgG fraction X0936 DakoCytomation 1:4000 1:4000 

Goat-anti-rabbit IgG-             
AlexaFluor568 

 
A11036 

 
Invitrogen 

 
- 

 
1:200 

Goat-anti-rabbit IgG-biotin BA-1000 Vector Laboratories 1:250 - 

Goat-anti-rat IgG-biotin BA-9401 Vector Laboratories 1:250 - 

Table 2.1: Antibody dilutions used in immunohistochemistry and 

immunofluorescence.  IHC; immunohistochemistry, IF; immunofluorescence, conc.; 

concentration 
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2.5 IF-guided laser-capture microdissection (IF LCM) 

 

2.5.1 Tissue processing 

Fresh-frozen, OCT-embedded BL SCID  and MacGreen LN (resting and activated) tissue, 

was cut into serial 10 μm thick sections and mounted onto 1 mm polyethylene 

naphthalate (PEN) membrane coated glass slides (PALM Microlaser Technologies).  BL 

SCID tissue sections were fixed in two different fixatives in order to identify the optimal 

fixative for IF and tissue RNA preservation: ice-cold acetone, for 4 minutes at -20 oC and 

80% ethanol for 1 minute at 4oC. Fixation in acetone was used throughout the IF and 

LCM process. Fixed BL SCID sections were then stored at -80oC until used for IF labeling 

and LCM (see sections 2.5.2-2.5.3). MacGreen LN sections were fixed in acetone for 4 

minutes at -20oC and stored at -80 oC in the dark, until used directly for LCM (section 

2.5.3).   

  

2.5.2 Ultra-short immunofluorescence labeling   

Frozen acetone fixed tissue sections were brought to room temperature and dipped in 

cold DEPC-treated PBS (Sigma) for 10 seconds. Direct one-step immunolabeling was 

subsequently performed by incubating sections in mouse anti-CD68-AlexaFluor488 

antibody (MCA1957A488, Serotec) diluted 1:50 in DEPC-treated PBS containing 10% 

Protector RNase inhibitor (Roche) at 4U/μl concentration for 2 minutes at room 

temperature, in the dark. Sections were then dipped in cold DEPC-treated PBS for 10 

seconds (approximately 10 times) and dehydrated through cold 70%, 95% and 100% 
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ethanol solutions by dipping for 15, 15 and 30 seconds to each solution respectively. 

Next, sections were air-dried for 20 seconds and immediately processed for LCM.  

 

2.5.3 Laser-capture microdissection of single cells 

The LCM instrument used in this study is a PALM MicroBeam system (PALM Microlaser 

Technologies). As described in Introduction (section 1.5.3), it belongs to the UV cutting 

systems, in which laser microdissection of the cells through use of a highly focused UV 

laser beam is combined with a laser pressure catapulting step, where the laser energy 

is increased in order to catapult the dissected cells into a collection device, such as the 

cap of a microfuge tube.  The PALM system is equipped with a pulsed 337-nm UV laser 

which is interfaced to an inverted microscope and focused through several objectives 

(from 50x up to 1000x magnification) as well as fluorescence filter sets for UV, blue and 

green excitation which enables the use of IF-assisted LCM. The system’s microscope 

stage (Robot-Stage) and micromanipulator (Robot-Manipulator) as well as the entire 

microdissection process are controlled by the PALM Robo Software.   

IF-stained BL SCID and MacGreen LN sections were visualized under the FITC channel 

(blue excitation) of the PALM system and cells of interest were marked using the 

marking tool of PALM Robo software. Through use of the laser microdissection and 

pressure catapulting modes, marked cells (TAM, GC or LN tissue Mφ) were separated 

from the tissue section and captured into the cap of a 0.5 ml RNase-free microfuge 

tube placed directly above the dissected tissue area. Energy and focus settings for 

optimal function of the laser beam were adjusted every time, as these depended on 

the magnification used as well as the tissue’s morphology and thickness. Each section 
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was processed for no longer than 20-30 minutes, to prevent RNA degradation from 

occuring from extended incubation at room temperature and extended exposure to UV 

laser. Laser microdissected cells were lysed immediately after being catapulted into the 

collection device as this contained 50 μl of cold RLT Plus buffer (RNeasy Plus Micro kit, 

Qiagen) supplemented with 10% β-mercaptoethanol in order to ensure maximum RNA 

preservation. Cell lysates were retrieved from the eppendorf lid by centrifuging the 

tube briefly and then vortexed for one minute to ensure complete cell lysis. 6-7 tubes 

of lysates containing approximately 1000 cells in total were collected from each sample 

(BL tumour, naïve and activated lymph nodes) and three biological replicates were 

included for each RNA sample. Lysates were stored at -80oC until pulled together and 

processed on the day of RNA extraction.   

All steps described in sections 2.5.1-2.5.3 were conducted by employing RNase-free 

techniques throughout. DEPC-treated water was used for the preparation of all rinsing 

and immunolabeling solutions and it was made by adding 0.1% DEPC (Sigma) followed 

by incubation at 37oC overnight and autoclaving for 15 minutes to eliminate any traces 

of DEPC.  The same process was used for making RNase-free glassware.  RNase ZAP 

solution and wipes (Ambion) were used to inactivate RNases in histology equipment, 

staining pots, pipettes and large surfaces.   

 

2.6 RNA extraction, evaluation and reverse transcription 

2.6.1 Isolation of total RNA from cultured cells and frozen tissue.  

1x106-5x106 cells were lysed directly on the culture wells by adding 350-700 μl RLT 

buffer (RNeasy Mini kit, Qiagen) containing 10% β-mercaptoethanol and cell lysates 
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were collected into 1.5 ml RNase-free microtubes. RNA was then extracted following 

the manufacturer’s protocol precisely. On column DNase digestion was performed 

using the RNase-free DNase set (Qiagen) to ensure complete removal of genomic DNA.   

Frozen, fixed, unstained or IF stained tissue sections were lysed directly on glass tissue 

slides using 100μl of RLT buffer (RNeasy Mini kit, Qiagen) containing 10% β-

mercaptoethanol and transferred into RNase free microtubes. A further 250 μl of RLT 

buffer was then added and tubes were vortexed for 1 minute to ensure 

homogenization of lysates. RNA was extracted as per manufacturer’s instructions.  

Frozen pieces of spleen, liver, lymph node, kidney, heart and pancreas tissue were cut 

into pieces and homogenized using a TissueRuptor (Qiagen) in sufficient volume of RLT 

buffer as per manucaturer’s instructions. Tissue lysates were then processed for RNA 

extraction using the RNeasy Mini kit (Qiagen).  

Quantity and quality of RNA was assessed using a NanoDrop 1000 spectrophotometer 

(Thermo Scientific). In cases where the quantity of obtained RNA fell below the 

accurate detection limits of the NanoDrop (ie 2 ng/μl), the Agilent Bioanalyzer 

(RNA6000 Pico LabChip assay, Agilent Technologies) was used to evaluate RNA samples 

(refer to section 2.6.3).  

 

2.6.2 Isolation of total RNA from laser-microdissected samples 

Total RNA from laser-microdissected cells was extracted using the RNeasy Plus Micro 

Kit (Qiagen) following the manufacturer’s protocol with minor modifications.  Briefly, 

frozen cell lysates (6-7 tubes of 50μl each), obtained from 1000 microdissected cells in 

total, as described in section 2.5.3, were thawed and pulled together into one 1.5 ml 
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microtube and processed. RNA was collected through an RNeasy spin column and 

eluted with 12 μl of RNase free water. Prior to elution, 1 μl of Glycogen (2 μg/ml, 

Invitrogen) was added to the bottom of the collection tube to enable RNA recovery. 

Approximately 10 μl of RNA was recovered per sample. Samples were stored at -80oC 

until further processed. RNA yield and quality were determined using the RNA6000 

Pico LabChip assay on Agilent Bioanalyzer, as described below.  

 

2.6.3 Agilent RNA6000 Pico LabChip Assay 

In order to assess the quality of the RNA extracted from microdissected cells and from 

tissue sections, the RNA6000 Pico Assay on Agilent Bioanalyzer (Agilent Technologies) 

was employed. This system uses a combination of microfluidics, capillary 

electrophoresis and laser-induced fluorescence that allows the detection of total RNA 

with exceptional sensitivity, with a minimum detection limit at 50 pg of total RNA. The 

assay was used following the manufacturer’s instructions precisely. RNA samples from 

10 μm frozen tissue sections were diluted 1:10 in RNase-free water prior to loading to 

the Pico Chip, whereas RNAs obtained from laser-microdissected cells were loaded 

neat. 1 μl from each RNA sample was analyzed and quality was evaluated with Agilent’s 

software designed to display electropherograms with fluorescence intensity over time, 

showing the 18S and 28S rRNA peaks, which are converted into a virtual RNA gel image. 

The software also uses an algorithm to calculate the RNA Integrity Number (RIN) based 

on a selection of features that provide information about the RNA integrity (Schroeder 

et al. 2006). RIN values range from 1 to 10, with RIN: 1 indicating complete RNA 
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degradation and RIN: 10 representing an intact sample. Figure 2.1 shows a typical 

Agilent profile of an intact RNA sample.  

   

 

 

 

 

 

 

 

 

2.6.4 cDNA synthesis by reverse transcription 

Up to 200 ng of total RNA was reverse transcribed into cDNA using SuperScript™ III 

First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen). Briefly, 20 μl reactions were 

set up on ice, containing 10 μl of 2x RT Reaction mix, 2μl of RT Enzyme mix, up to 200 

ng of RNA and RNase-free water up to 20 μl. Following mixing of the reagents, 

reactions were incubated at 25oC for 10 minutes, next at 50oC for 30 minutes and were 

terminated by incubating at 85oC for 5 minutes. Reaction products were chilled on ice 

Figure 2.1: Electrophoresis profile of an RNA sample using the RNA6000 

Pico LabChip Assay. The electropherogram on the left displays 

fluorescence intensity (in fluorescence units, FU) over time (in seconds, s). 

The two major peaks represent the 18S and 28S rRNA species which are 

converted into the bands seen in the virtual RNA gel image (on the right).   
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for 5 minutes, centrifuged briefly and stored at -20oC until used as templates for PCR or 

real-time qPCR.  

 

2.7 DNA amplification by polymerase chain reaction (PCR) 

methods 

 

2.7.1 Traditional PCR 

1 ng of cDNA was used as a template for CD68 PCR. The primer sequences for CD68 

specific amplification (shown in Table 2.2) were obtained from (Trogan et al. 2002) and 

synthesized by Eurofins MWG Operon. The Advantage 2 PCR Kit (BD Clontech) was 

used to set up the PCR reactions. Briefly, to 1 ng of cDNA was added 5 μl of 10x 

Advantage II PCR buffer, 1μl of dNTP mix (10mM), 1μl of forward primer (10μΜ), 1 μl of 

reverse primer (10μΜ), 1μl 50x Advantage II Polymerase mix and PCR grade water (BD 

Clontech) up to 50 μl. Tube components were mixed thoroughly and reactions were 

carried out in a PTC-100 thermal cycler (MJ Research).  The PCR program details used 

for CD68 DNA amplification are shown in Table 2.3.  

Reaction products were stored at 4oC or were immediately analyzed by microcapillary 

electrophoresis using the Agilent DNA7500 kit on an Agilent 2100 Bioanalyzer. Similarly 

to the RNA6000 Pico LabChip Assay described in section 2.6.3, the DNA7500 LabChip 

assay uses Agilent’s Expert software to generate electropherograms that show 

sample’s fluorescence intensity over time and subsequently converts them into virtual 

DNA gel images.  
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Gene Reference Primer sequence (5’→3’) Amplicon 

size (bp) 

Mouse 

CD68 
Forward 

Reverse 

 

(Trogan et al. 2002) 

 

 

TTGGGAACTACACACGTGGGC 

CGGATTTGAATTTGGGCTTG 

 

68 

 

 

 

    
Step Step name Temperature  Time  

1 Denaturation 95
o
C 1 minute 

2 Denaturation  95
o
C 15 seconds 

3 Annealing/Extension 60
o
C 1 minute 

4 Repeat steps 2-3 (x35) - - 

5 Final extension  68
o
C 1 minute 

 

 

2.7.2 Real-time quantitative PCR (qPCR) 

Real-time qPCR was performed in an ABI 7500FAST qPCR system using SYBR Green I 

Dye chemistry (Applied Biosystems, Foster City, CA) and gene-specific primers 

(sequences obtained from Primer Bank online database: 

http://pga.mgh.harvard.edu/primerbank). Since SYBR Green dye can bind to any 

double-stranded DNA product including non-specific primer-dimer products, solely pre-

validated primers (Spandidos et al. 2009) were used and amplification of a single 

Table 2.2: Sequences of oligonucleotide primers for CD68 DNA amplification by PCR 

and expected amplicon size (in bp: base pairs).    

Table 2.3: PCR program details used for CD68 DNA amplification. 
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product was routinely assessed in every qPCR reaction by including the dissociation 

stage option at the end of the program (see Table 2.6 for qPCR program details).  

Reactions were set up in clear 96-well optical qCPR plates. To 100pg-10ng of cDNA 

(depending on the assay) was added 5 μl of Fast SYBR Green master mix (Applied 

Biosystems), 1 μl of forward primer (2.5μM), 1 μl of reverse primer (2.5μM), and 

RNase-free water up to 10μl. No RT (reverse transcription) and no template controls 

were routinely included in each run to assess any genomic DNA or non-specific 

amplification. Samples and controls were set up in triplicate wells and each experiment 

was repeated three independent times, unless otherwise stated.  In the case of TAM 

and lymph node Mφ microarray validation qPCR runs, samples were set up in duplicate 

wells due to the very limited starting material.  

Relative mRNA expression for genes of interest was assessed in comparison to a 

calibrator sample, following normalization to the housekeeping gene α-tubulin 

(Tuba1b) using the ΔΔCT method (Livak and Schmittgen 2001) in ABI SDS1.4 software. 

The relative quantitation data are presented in graphs showing mean fold changes (Fc) 

in gene expression compared to the calibrator sample with error bars corresponding to 

the 95% confidence intervals (CI). Initial form of the mRNA graphs was generated in 

SDS1.4 software. Final graphs presenting mean fold changes from three independent 

experiments ± 95% CI were generated in Excel. Data were statistically analyzed using 

One-way ANOVA followed by Tukey-Kramer post test in the InStat 3 GraphPad 

software. P values of 0.05 or less were considered significant.  
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Optimization of PCR amplification efficiency 

Prior to use in the relative quantitation assays described above, PCR efficiency for each 

primer set was established by generating standard curves on a reference RNA sample 

or RNA pool. THP-1 monocyte derived RNA was used for preparing serial dilutions of 

cDNA template for the generation of standard curves for human primer validation, 

whereas mouse primer standard curves were constructed on cDNA standards from 

mouse tissue RNA pool extracted as described in section 2.6.1.  Optimizing qPCR 

reactions were carried out in the ABI 7500FAST qPCR system and standard curves and 

primer dissociation curves were drawn by the ABI SDS 1.4 software. Amplification 

efficiency for each set of primers was determined from the slope of the standard curve 

as well as the coefficient of determination (R2). Tables 2.4 and 2.5 show slope and R2 

values for all mouse and human primers evaluated, along with information on primers 

sequences and Genbank accession number. 

      
Gene 
 

Genbank 
Accession 

Primer sequence (5’→3’) Amplicon 
size (bp) 

Slope R2 

C3ar1 
For  
Rev 

NM_009779  
TCGATGCTGACACCAATTCAA 
TCCCAATAGACAAGTGAGACCAA 

 
101 

 
-3.29 

 
0.99 

Mrc1 
For  
Rev 

NM_008625  
CTCTGTTCAGCTATTGGACGC 
CGGAATTTCTGGGATTCAGCTTC 

 
132 

 
-3.01 

 
0.98 

Msr1 
For  
Rev 

NM_031195  
TTCAAACTCAAAAGCCGACCT 
GTTGCCATGCTGAAATTCTGG 

 
60 

 
-3.21 

 
0.99 

Mmp12 
For  
Rev 

NM_008605 
 

 
TTGACCCACTTCGCCAAAAG 
AATCAGCTTGGGGTAAGCAGG 

 
101 

 
-3.07 

 
0.97 

Anpep 
For  
Rev 

BC040792  
CCAAGGGGTTCTACATTTCCAAG 
CAGAGCTATGATGGTACACACAG 

 
83 

 
-2.9 

 
0.98 
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Timp2 
For  
Rev 

NM_011594  
TCAGAGCCAAAGCAGTGAGC 
GCCGTGTAGATAAACTCGATGTC 

 
142 

 
-3.31 

 
0.99 

Tuba1b 
For  
Rev 

BC021564  
ACCTTAACCGCCTTATTAGCCA 
CACCACGGTACAACAGGCA 

 
288 

 
-3.35 

 
0.99 

Gpnmb 
For  
Rev 

NM_053110  
GGAGCTTTGTCTACGTCTTTCA 
CTTCGAGATGGGAATGTATGCC 

 
164 

 
-3.62 

 
0.99 

Lgals3 
For  
Rev 

NM_010705  
AGACAGCTTTTCGCTTAACGA 
GGGTAGGCACTAGGAGGAG 

 
210 

 
-3.09 

 
0.98 

Hmox1 
For  
Rev 

NM_010442  

AAGCCGAGAATGCTGAGTTCA 
GCCGTGTAGATATGGTACAAGGA 

 
100 

 
-3.2 

 
0.99 

Lgmn 
For  
Rev 

NM_011175  

TGGACGATCCCGAGGATGG 
GTGGATGATCTGGTAGGCGT 

 
113 

 
-3.11 

 
0.99 

Lrp1 
For  
Rev 

NM_008512  
ACTATGGATGCCCCTAAAACTTG 
GCAATCTCTTTCACCGTCACA 

 
102 

 
-2.88 

 
0.98 

Tfn 
For  
Rev 

AF440692  
GCTGTCCCTGACAAAACGGT 
CGGAAGGACGGTCTTCATGTG 

 
96 

 
-2.98 

 
0.97 

Mmp2 
For  
Rev 

NM_008610  
CAAGTTCCCCGGCGATGTC 
TTCTGGTCAAGGTCACCTGTC 

 
171 

 
-3.15 

 
0.97 

Mmp3 
For  
Rev 

NM_010809  
ACATGGAGACTTTGTCCCTTTTG 
TTGGCTGAGTGGTAGAGTCCC 

 
192 

 
-3.0 

 
0.98 

Ccl6 
For  
Rev 

NM_009139  
GCTGGCCTCATACAAGAAATGG 
GCTTAGGCACCTCTGAACTCTC 

 
246 

 
-3.3 

 
0.99 

Tgfb1 
For  
Rev 

NM_011577  
CTCCCGTGGCTTCTAGTGC 
GCCTTAGTTTGGACAGGATCTG 

 
133 

 
-3.6 

 
0.99 

Table 2.4: Sequences and amplification efficiency of mouse primers used in real-time qPCR. 

Gene symbols, Genbank IDs, forward and reverse oligonucleotide sequences and amplicon 

size in base pairs are shown. Amplification efficiency is presented in terms of standard curve 

slope and R2 values.  For; forward, Rev; reverse, bp; base pairs 
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Step Step name Temperature Duration 

1 Enzyme Activation 95oC 20 seconds 
2 Denaturation  95oC 3 seconds 
3 Annealing/Extension 60oC 30 seconds 
4 Repeat steps 2-3 (x40) - - 
5 Dissociation step  vary - 

 

 

 

 

 

      
Gene 
 

Genbank 
Accession 

Primer sequence (5’→3’) Amplicon 
size (bp) 

Slope R2 

Mmp12 
For  
Rev 

NM_002426  
GAACAGCTCTACAAGCCTGGAA 
TCTCCAGGGTAGATGTGTCCAGT 

 
192 

 
-3.1 

 
0.97 

Mmp2 
For  
Rev 

NM_004530  
CCGTCGCCCATCATCAAGTT 
CTGTCTGGGGCAGTCCAAAG 

 
169 

 
-3.5 

 
0.99 

Tuba1b 
For  
Rev 

BC021564  
ACCTTAACCGCCTTATTAGCCA 
CACCACGGTACAACAGGCA 

 
288 

 
-3.2 

 
0.99 

Cd20 
For  
Rev 

NM_021950  
CCCCCAAAGTCTTAGATTCCCT 
CCGGCAGAGCCAATGAAAG 

 
124 

 
- 

 
- 

Pax5 
For  
Rev 

NM_016734  
CAGCAGGACAGGACATGGAG 
CCTTGATGAGCAAGTTCCACT 

 
108 

 
- 

 
- 

Table 2.5: Sequences and amplification efficiency of human primers used in real-time qPCR. 

Gene symbols, Genbank IDs, forward and reverse oligonucleotide sequences and amplicon 

size in base pairs are shown. Amplification efficiency is presented in terms of standard curve 

slope and R2 value.  For; forward, Rev; reverse, bp; base pairs 

Table 2.6: Typical real-time qPCR fast programme settings for the ABI 7500 Fast 

instrument. 
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2.8 RNA amplification and Microarray analysis   

 

2.8.1  Whole transcriptome amplification & labeling of LCM material for microarray 

hybridization 

Total RNA isolated from laser-microdissected TAM, GC or LN tissue Mφ as described in 

section 2.6.2, was amplified for whole gene expression analysis by NuGEN’s WT-

Ovation™ Pico RNA Amplification System (NuGEN Technologies). The system uses a 

relatively new linear RNA amplification method based on the Single Primer Isothermal 

Amplification (Ribo-SPIA™) technology. Briefly, the process as presented in (Kurn et al. 

2005) and illustrated in Figure 2.2., comprises key three steps: A unique first-strand 

cDNA/mRNA hybrid molecule is initially synthesized (1st step) followed by the 

formation of a unique double stranded cDNA that is a specific substrate for subsequent 

SPIA™ amplification (2nd step), resulting in a rapid accumulation of many single strand 

cDNA molecules that are complementary to the starting mRNA molecule (3rd step).   

5 μl of total RNA (up to 4 ng) was added to the primer and following primer annealing, 

first strand cDNA synthesis reactions were carried out in a thermal cycler (CLP Apollo 

PCR Cycler) as per manufacturer’s protocol. Reaction products were immediately 

processed for second strand cDNA synthesis which was followed by purification of 

double strand cDNA products using Agencourt RNAClean beads prior to SPIA 

amplification. SPIA amplification reactions were carried out immediately after cDNA 

purification in a thermal cycler programmed following NuGEN’s detailed instructions. 

Amplified single strand cDNA products were then purified using Zymo Research Clean 
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and Concentrator™-25 (Zymo Research) following Nugen’s protocol and 30 μl of cDNA 

were finally obtained in nuclease-free water. Samples yield and quality were assessed 

using a Nanodrop 1000 spectrophotometer and further quality control was performed 

using the RNA6000 Nano Lab Chip assay on an Agilent 2100 Bioanalyzer. Amplified 

cDNA samples were then stored at -20oC until processed for sense-transcript cDNA (ST 

cDNA) generation and subsequent fragmentation and labeling for gene microarray 

hybridization.  

 

 

 

 

  

Figure 2.2: The Ribo-SPIA™ RNA Amplification Process used 

in the WT-Ovation™ Pico System. Obtained from NuGEN’s 

website (http://www.nugeninc.com/nugen/).  

 

 

http://www.nugeninc.com/nugen/
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The WT-Ovation Exon Module (NuGEN Technologies) was used to generate ST cDNA 

which is required for hybridization on the Affymetrix Gene ST arrays (see section 2.8.3). 

3 μg of purified SPIA cDNA (in 20μl nuclease free water) was added to the primer mix 

and following primer annealing, ST -cDNA generation reactions were carried out in a 

thermal cycler as per manufacturer’s instructions. Next, ST-cDNA was purified using 

Zymo Research Clean and Concentrator™-25 kit and 30 μl of ST-cDNA were obtained in 

nuclease-free water. Samples’ yield and quality were assessed using a Nanodrop 1000 

spectrophotometer prior to proceeding with fragmentation and labeling.  

The FL-Ovation™ cDNA Biotin Module V2 (NuGEN Technologies) was employed in order 

to generate fragmented and biotin-labeled single strand cDNA targets suitable for use 

with the Affymetrix GeneChip arrays. 5 μg of each ST-cDNA sample were processed 

using NuGEN’s fragmentation and labeling protocols. Size-distribution of the final cDNA 

products was assessed on an Agilent 2100 Bioanalyzer using the RNA6000 Nano Lab 

Chip assay for the purpose of evaluating fragmentation efficiency.  Samples were 

stored at -20oC until processed for array hybridization.  

 

2.8.2   Total RNA labeling of ESDM samples  

Total RNA extracted from ESDM, was routinely prepared for microarray hybridization 

using the GeneChip Whole Transcript Sense Target Labeling Assay (Affymetrix) that is 

optimized for use with the GeneChip ST Arrays. Briefly, from 100 ng of total RNA, 5 μg 

of single strand cDNA were eventually produced using Affymetrix WT synthesis and 

amplification kit. Amplified cDNA was then fragmented and biotin labeled using 

Affymetrix WT Terminal labeling kit, following the manufaturer’s instructions precisely.  
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Quality of amplified cDNA was assessed prior to and following fragmentation and 

labeling using an Agilent 2100 Bioanalyzer. Samples were stored at -20oC until 

processed for array hybridization.  

 

2.8.3 Gene microarray analysis 

Labelled cDNA from TAM, GC and LN Mφ or ESDM samples were hybridized to 

Affymetrix Mouse Gene 1.0 ST Arrays following Affymetrix’s protocol. Three 

independent samples from each laser captured Mφ population or ESDM were 

prepared. Briefly, 200 μl of hybridization coctails containing 5μg of each labeled cDNA 

and appropriate hybridization controls (prepared as described in the Affymetrix 

manual) were loaded onto standard GeneChip ST arrays and were placed in 45oC 

hybridization oven (Affymetrix) at 60rpm for 18 hours. Next day, arrays were washed 

and stained on the GeneChip Fluidics station 450 (Affymetrix) using the GeneChip 

Hybridization, Wash and Stain kit. Finally, arrays were scanned using the GeneChip® 

Scanner 3000 7G (Affymetrix) and CEL intensity files as well as Image acquisition of the 

hybridized chips were generated by the Affymetrix GeneChip Operating System (GCOS) 

software v1.4.  

CEL files were processed by Dr D. Dunbar, Bioinformatics team, CVS. CEL files for all 

GeneChips were imported into the BioConductor facility and background subtraction 

and normalisation were performed using the Robust Multichip Average (RMA) 

algorithm in the OneChannelGui package. Due to the very low overall fluorescence 

levels on TAM, GC and LN Mφ chips following normalization, the minimum 

fluorescence threshold for ‘present’ transcripts (ie basal expression) was exceptionally 
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set at 20. Fluorescence threshold on ESDM chips following normalization was routinely 

set at 100. Statistical analysis on ‘present’ transcripts was conducted using LIMMA 

software, yielding raw p-values for each comparison of interest and the Benjamini and 

Hochberg procedure was used for multiple testing corrections. Genes with a corrected 

p value less than 0.05 and an absolute fold change of 2 or greater or, where stated, of 

1.8 or greater were considered to be significantly differentially expressed. Scatter plots 

of gene expression and hierarchical clustering of data (Chapter 4, Figure 4.1) were 

generated in TIBCO Spotfire software.  

 

2.8.4 Bioinformatics analysis 

The Database for Annotation, Visualization and Integrated Discovery (DAVID) 

(www.david.abcc.ncifcrf.gov/) was used for functional clustering of enriched transcripts 

as well as for annotating selected transcripts with a Gene Ontology (GO) term. The 

Ingenuity Systems Pathway Analysis (IPA) software was used to identify additional 

biological processes, functions and pathways within TAM enriched transcripts.  

The BioLayout Express3D (Freeman et al. 2007; Theocharidis et al. 2009) was used for 

network analysis of the TAM transcriptome. Briefly, the software generates and 

analyzes network graphs from large microarray gene expression datasets by clustering 

together sets of genes with similar expression patterns as calculated by a Pearson 

correlation coefficient using the MCL cluster algorithm (Freeman et al. 2007). The 

Pearson correlation coefficient cut-off value was set accordingly as described in more 

detail in the relevant sections of Chapter 4. The mouse transcriptomics atlas (GNFv3 

cell atlas) used for validation of TAM transcriptome was generated in BioLayout 

http://www.david.abcc.ncifcrf.gov/
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Express3D as described in (Hume et al. 2010). In silico TAM gene expression signatures 

from published human DLBCL and breast tumour datasets used to compare with the in 

situ TAM gene signature were generated in BioLayout Express3D by T. Doig as described 

in Doig et al. submitted (2011) and in Results section 4.2.3. 

 

2.9 SDS-polyacrylamide ge electrophoresis  

2.9.1 Preparation of cell lysates 

Cells were harvested from cultures by centrifugation at 1000 rpm for 5 minutes at 

room temperature and cell pellets were resuspended in fresh lysis buffer containing 

10mM HEPES, 1mM EDTA, 1% Triton X-1000 at 12.5 μl of buffer per 1x106 cells. 1 μl 

protease inhibitors (Sigma P8340) per 1x106 cells was added to each preparation and 

cells were vortexed thoroughly before being incubated on ice for 30 minutes. Lysed 

cells were then spun down at 14000 rpm for 10 minutes at 4oC to remove cellular 

debris. Cleared lysates were collected and stored at -80oC.  

 

2.9.2 Preparation of microparticle lysates 

Microparticle lysates were prepared from freshly isolated microparticles from 

apoptotic cells. Concentrated microparticle samples were obtained from early 

apoptotic cells (at 10 x 106/ml concentration), as described in section 2.2.5, and were 

lysed immediately in 50-60 μl of fresh lysis buffer. 5 μl of protease inhibitors were 

added, samples were vortexed and incubated for 30 minutes on ice. Following 
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centrifugation at 14000 rpm for 10 minutes at 4oC, cleared lysates were transferred to 

new tubes and stored at -80oC.  

 

2.9.3 Protein quantification 

In order to ensure equal protein loading on the SDS gel prior to analysis by Western 

blotting, total protein concentration in the cell lysates was determined using the 

Bradford Assay. Human IgG (1mg/ml stock concentration) was used as the protein 

standard in this assay and serial 1:2 dilutions of the stock concentration were made in 

PBS. 10 μl of each protein standard or lysate sample (diluted 1:10 in PBS)) were then 

added to 190 μl Bradford reagent (Bio-Rad, 1:5 diluted, 0.22μm filtered) in a 96-well 

Nunc-Immuno plate. Color development in the samples (occurred from changes in the 

O.D.) was assessed at 595 nm using the microplate autoreader Anthos HTII. The 

Stingray software was used to generate human IgG standard curves and to calculate 

protein concentration of the samples based on their O.D. readings.  

 

2.9.4 Protein separation by SDS-PAGE 

NuPAGE Novex 4-12% Bis- Tris pre-cast gels (Invitrogen) were used for electrophoresis 

of protein samples. Loading samples from cell lysates, contained 30 μg of total protein, 

mixed with NuPAGE LDS sample buffer, reducing agent (Invitrogen) and distilled water 

up to the desired volume, according to the supplier’s instructions. Loading samples 

from microparticle lysates contained up to 20 μl lysate (neat) mixed with LDS sample 

buffer and reducing agent as per supplier’s instructions. Samples were denatured at 

70oC for 10 minutes and were then loaded onto the gels next to the protein ladder 
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(SeeBlue Plus2 Pre-Stained Standard, Invitrogen) which was used as a molecular size 

indicator. Running buffer containing antioxidant for reducing samples was prepared 

from a 20x stock (NuPAGE MES SDS Running buffer, Invitrogen) and gels were run in 

the Novex Mini Cell apparatus (Invitrogen) at 200V for 35 minutes.  

 

2.9.5 Immunoblotting  

Following electrophoresis, proteins were transferred from gels onto nitrocellulose 

membranes in NuPAGE transfer buffer (Invitrogen) following current running at 300mA 

for 1 hour. Next, membranes were briefly dipped in Ponceau S solution (Sigma) to 

assess membrane transfer efficiency and were immediately washed with tap water. 

Following blocking in 0.1% PBS-Tween20 containing 5% milk for 1 hour at room 

temperature, membranes were incubated with respective primary antibodies in 0.1% 

PBS-Tween20 containing 5% milk for 1 hour at room temperature or overnight at 4OC 

overnight, depending on the antibody used.  (Refer to Table 2.5 for antibody 

concentrations). Following 5 x 10 minutes washes in 0.1% PBS-Tween20, membranes 

were further blocked in 0.1% PBS-Tween20 containing 5% milk for 30 minutes at room 

temperature and appropriate secondary antibodies were added in 0.1% PBS-Tween20 

containing 5% milk. Membranes were incubated for 1 hour at room temperature and 

were washed thoroughly (5-6 x 10 minutes) in 0.1% PBS-Tween20. At the end of the 

washes membranes were exposed to ECL Western Blotting Detection Reagents (GE 

healthcare) and protein bands were visualized on a photographic film (Hyperfilm, GE 

Healthcarae) using a western blotting X-ray developer.  
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2.9.6 Stripping nitrocellulose membranes 

Membranes were stripped in mild stripping buffer (100 mM Glycine, 150 mM sodium 

chloride, pH 2.6) in order to be re-probed with different antibodies –most commonly 

with anti-β-actin antibody for assessing sample loading on blots. Following incubation 

for 1 hour at room temperature membranes were washed thoroughly in 0.1% PBS-

Tween20 and relabeled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
Name Catalogue 

no  
Supplier Concentration 

Rabbit polyclonal anti-MMP12 
Carboxyterminal end  

 
ab66157 

 
Abcam 

 
0.25 μg/ml 

Rabbit polyclonal anti-MMP12 
Aminoterminal end 

 
ab38908 

 
Abcam 

 
0.5 μg/ml 

Rabbit polyclonal anti-MMP2 
H-76  

 
sc-10736 

 
Santa Cruz 

 
0.25 μg/ml 

Mouse monoclonal anti-β-
actin, clone AC-15 

 
A5441 

 
Sigma 

 
0.5 μ/ml 

Sheep anti-mouse IgG-HRP NXA931 GE Healthcare 1:2000 

Goat-anti-rabbit IgG-HRP PO449 DakoCytomation 1:2000 

Table 2.7: Antibody concentrations used in immunoblotting  
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2.10 Lists of chemicals, reagents and equipment  

 

  
General chemicals & reagents  Supplier 

Acetone Fisher Scientific 

Annexin V-FITC conjugated Bender MedSystems  

β-mercaptoethanol Sigma 

Bovine Serum Albumin (BSA), low endotoxin Sigma 

Bio-Rad Bradford dye reagent Bio-Rad 

Brefeldin A Ready Made solution Sigma 

Calcium chloride Sigma 
Dextran 500 GE Healthcare 
Diethyl pyrocarbonate (DEPC) Sigma 

ECL Western Blotting Detection Reagents GE Healthcare 

EDTA Sigma 

Ethanol  Fisher Scientific 

FIX&PERM


 Cell Permeabilisation Reagents  Caltag (Invitrogen)  

Formaldehyde Sigma 

Gelatin  Sigma 

Glycine Fisher Scientific 

HEPES Sigma 

Human IgG  Sigma 

Hydrogen peroxide Sigma 

Hybond-P (nitrocellulose) membrane GE Healthcare 

Hyperfilm ECL GE Healthcare 

Industrial methylated spirit (IMS) Fisher Scientific 

Methanol Fisher Scientific 

Non-fat milk powder  Tesco 

Normal mouse serum (NMS) Biosera 

NuPAGE Novex 4-12% Bis- Tris pre-cast gels Invitrogen 

NuPAGE MES SDS Running buffer 20x Invitrogen 

NuPAGE LDS sample buffer Invitrogen 

NuPAGE reducing agent Invitrogen 

NuPAGE Transfer buffer Invitrogen 

Phorbol 12-myristate 13- acetate (PMA) Sigma 

Percoll
 GE Healthcare 

Ponceau S solution Sigma 

Propidium Iodide (PI) Bender MedSystems 

Protease inhibitor cocktail P8340 Sigma 

SeeBlue Plus2 Pre-Stained Standard Invitrogen 

Sodium chloride Fisher Scientific 
Sodium citrate Sigma 
Staurosporine Calbiochem 

Triton X-1000 Sigma 
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Tween20 Sigma 

Z-VAD-FMK Enzo Life Sciences 

 

  
Cell culture  Supplier 

Dulbecco's modified eagle medium(DMEM) Gibco 
Dulbecco’s phosphate buffered saline (PBS) PAA 

Dead-Cert


 Cell Culture kit Immunosolv Ltd 

Dead-Cert


 Microtube magnet Immunosolv Ltd 

Fetal bovine serum (FBS) BioWhittaker 
Fetal calf serum (FCS) PAA 

GlutaMAX
TM 

DMEM:F12 1:1 medium Invitrogen/Gibco 

Glasgow minimum essential medium (GMEM) Gibco 

Hybridoma selected fetal calf serum PAA Laboratories 

Iscoves modified dulbecco's medium (IMDM) Gibco 

IL-3  Stem Cell technologies 

L-glutamine PAA 
L929 cell conditioned supernatant  Labtech International 

Non essential aminoacids Gibco 

Penicillin  Invitrogen Life Technologies 
Percoll

 Amersham Biosciences 
RPMI 1640 growth medium Gibco 

Sheep red blood cells (SRBC) TCS Biosciences Ltd 

Sodium pyruvate Gibco 

Streptomycin Invitrogen Life Technologies 
Trypan Blue Sigma 
  

 

  
Immunohistochemistry Supplier 

3,3’-diaminobenzidine (DAB) chromagen Dako Cytomation 

ChemMate antibody diluent  Dako Cytomation 

anti-rat-biotin secondary antibody Vector Laboratories 

Haematoxylin (Harris) Raymond A Lamb 

Histo-Clear II National Diagnostics, USA 

Histomount National Diagnostics, USA 

Optimal cutting temperature compound (OCT) Raymond A Lamb 
Serum-free protein block Dako Cytomation 
Vectastain Elite ABC reagent Vector Laboratories 

Vector Avidin/Biotin block Dako Cytomation 

Vector Antigen Unmasking Solution Vector Laboratories 
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Molecular Biology Supplier 

Affymetrix Mouse Gene 1.0 ST Arrays Affymetrix 

Advantage 2 PCR Kit BD Clontech 

Agilent DNA7500 Kit Agilent Technologies 

Agilent RNA6000 Pico Kit Agilent Technologies 

Agilent RNA6000 Nano Kit Agilent Technologies 

Fast SYBR Green Master Mix Applied Biosystems 

GeneChip® WT Sense Target Labeling and Control 

Reagents 

Affymetrix 

GeneChip Hybridization, Wash and Stain kit Affymetrix 

Oligonucleotide primers for PCR and qPCR Eurofins MWG Operon 

Phosphate buffered saline (PBS) 10x, molecular 

biology grade 

Sigma 

Protector RNase inhibitor Roche 
RNaseZap® RNase Decontamination Solution Ambion 

RNaseZap® Wipes Ambion 

RNeasy Mini kit Qiagen 

RNeasy Plus Micro kit Qiagen 

SuperScript™ III First-Strand Synthesis SuperMix Invitrogen 

Ultra pure DNase/RNase free distilled water Invitrogen 

WT-Ovation™ Pico RNA Amplification System NuGEN Technologies 

WT-Ovation™ Exon Module NuGEN Technologies 

FL-Ovation™ cDNA Biotin Module V2 NuGEN Technologies 

Zymo Research Clean and Concentrator™-25 Zymo Research 

 

 

  
Equipment  Supplier 

Cell Culture  
6.5mm Transwell® with 0.4µm pore polyester 
membrane Insert 

Corning 

BS748 improved neubauer haemocytometer Weber 

Cell scrapers Orange Scientific 

Cell strainers (40μM and 100μΜ) BD Biosciences 

Clear glass universal bottles thelabwarehouse.com  

Filter system 0.22μm, 500ml Corning 

Tissue culture plates  Costar 
Tissue culture flasks Iwaki 

General  

ABI 7500FAST qPCR system Applied Biosystems 

Agilent 2100 Bioanalyzer Agilent Technologies 

Axioscope 2 Microscope Carl Zeiss 

Conical polypropylene falcon tubes (15ml/50ml) BD Biosciences 
Coulter EPICS XL-MCL flow cytometer Beckman Coulter 

CLP Apollo PCR Cycler GX Design Engineers 
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GeneChip Hybridization Oven 640 Affymetrix 

GeneChip® Fluidics Station 450 Affymetrix 

GeneChip® Scanner 3000 7G Affymetrix 

Immuno 96 MicroWell™ Solid Plates Nunc 

Leica CM1850 cryostat Leica Microsystems 

Microplate autoreader Anthos HTII Anthos Labtech Instruments 

MicroAmp® Fast Optical 96-Well Reaction Plates Applied Biosystems 

MicroAmp Optical adhesive film Applied Biosystems 

NanoDrop 1000 Thermo Scientific 

Novex Mini Cell apparatus Invitrogen 

Optima TLX Ultracentrifuge Beckman Coulter, USA 

PALM MicroBeam system PALM Microlaser Technologies 

PEN membrane covered glass slides (1 mm) PALM Microlaser Technologies 

Petri dishes Greiner Bio One 

Polyallomer ultracentrifuge tubes, 3ml Beckman Coulter 

PTC-100 thermal cycler  MJ Research 

RNase-free Microfuge Tubes  (0.5 ml/1.5 ml) Ambion 

RNase-free PCR Tubes (0.2 ml) Ambion 

Sequenza™ Slide Rack and Coverplate™ Thermo Scientific 

TissueRuptor  Qiagen 

XCell SureLock Mini-Cell with XCell II Blot Module Invitrogen 

Software  

ABI SDS1.4  Applied Biosystems  

FlowJo Tree-Star, USA 

GeneChip Operating System (GCOS) v1.4 Affymetrix 

InStat 3 GraphPad software, Inc. 

Ingenuity Systems Pathway Analysis (IPA) Ingenuity Systems, Inc. 

OpenLab Improvision, UK 

Stringray Dazdaq 

TIBCO Spotfire Professional TIBCO Software Inc 
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Chapter 3 

 

Laser-capture microdissection of TAM from BL tumours 

and in situ gene expression profiling: Technical challenges 

  

3.1  Aims of the chapter 

 

The first part of this chapter describes the use of a laser-capture microdissection 

(LCM) method for the in situ isolation and global gene expression profiling of tumour-

associated macrophages (TAM) from human Burkitt’s lymphoma (BL) tumours 

transplanted into SCID mice. It focuses on the technical challenges encountered during 

the optimization of the several steps of the entire experimental process which 

comprises three key elements:  

 Visualization of TAM on frozen BL SCID tissue sections 

 Preservation of tissue RNA quality throughout the whole process 

 Small-sample RNA amplification for whole-transcript microarray analysis 

In order to achieve the above, a number of protocols were devised that were 

based upon previously published technical reports or locally established laboratory 

protocols. The techniques were further developed and optimized so as to work in this 

particular experimental system. The second part of the chapter focuses on the in situ 

profiling of resident lymph node tissue macrophages as well as tingible-body 
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macrophages from lymph node germinal centres which were chosen as control 

macrophage populations for comparison with the TAM. Due to difficulties in visualizing 

lymph node tissue macrophages while preserving RNA quality at the same time in wild-

type mice, the CSF1r-EGFP transgenic mice - known as MacGreen mice (Sasmono et al. 

2003) - were used instead.  Macrophage selection and laser-microdissection from 

distinct lymph node compartments of MacGreen mice and subsequent gene expression 

profiling will be thoroughly described in this part, with emphasis on the technical 

challenges of the experimental procedure.  

 

3.2 Results 

 

3.2.1 Profiling TAM from BL SCID xenograft tumours in situ 

3.2.1.1  Tissue preparation for LCM 

3.2.1.1.1 Optimization of TAM visualization on frozen BL SCID sections 

For an initial evaluation of TAM morphology on frozen BL SCID tissue, 10-μm-

thick frozen tissue sections were stained with haematoxylin and prepared for 

microscopic observation. Surprisingly when examined under the microscope, the 

classical ‘starry- sky’ appearance of BL tumour -that is very prominent in paraffin-fixed 

sections from mouse SCID xenograft BL tumour (Figure 3.1.a.i) appeared to be severly 

compromised in frozen tissue sections (Figure 3.1.a.ii).  As a result, TAM were 

extremely difficult to identify. Nevertheless, when serial sections from the same BL 

tumour were stained for the macrophage specific marker CD68 (Figure 3.1.b), TAM 

immediately became apparent: Even a very short (5 min) incubation of BL sections with 
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a mouse anti-CD68 Ab (Clone FA-11, MCA1957, Serotec, 1:100 dilution) resulted in a 

highly specific macrophage staining, which was further confirmed by the absence of 

background staining when the isotype control Ab (rat IgG) was used (Figure 3.1c).   

Therefore, due to the difficulties in visualizing BL TAM simply by haematoxylin staining, 

CD68-immunostaining was chosen as an alternative method for TAM identification 

prior to isolation using LCM. The high specificity of the Serotec anti-CD68 Ab, allowed 

the development of an ultra-short one-step immunofluorescence (IF) protocol which 

was specifically optimized to be used with LCM for procurement of single TAM from the 

tumour site and subsequent gene expression profiling of these cells. This protocol, as it 

will be described in the next sections, ensures maximum preservation of the tissue RNA 

which is the most important consideration when performing global gene expression 

profiling.  
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Figure 3.1: TAM visualization on frozen BL SCID sections. a. Low-power micrographs 

(200x) of haematoxylin stained paraffin (i) and frozen (ii) BL SCID sections: the typical 

‘starry-sky’ histological appearance of BL is prominent on paraffin but appears to be 

compromised on frozen tissue sections. b. Low-power micrograph (200x) of a frozen 

BL SCID section stained for the Mφ specific marker CD68 (mouse CD68 Ab clone FA-11, 

counterstain: haematoxylin): Brown stained CD68+ TAM particularly stand out from 

the tumour background c. Low-power micrograph (200x) of a frozen BL SCID section 

stained with isotype control (rat IgG2a, MCA1212), counterstained with haematoxylin . 
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3.2.1.1.2 Establishment of an ultra-short anti-CD68 immunofluorescence (IF) 

staining protocol 

One of the most critical steps in obtaining a good signal when a rapid 

immunolabeling protocol is needed is the choice of the primary antibody. Having 

already tested the specificity of the MCA1957 anti-CD68 Ab, we assessed the 

immunolabeling efficiency of an anti-CD68 antibody (Clone FA-11, MCA1957A488, 

Serotec) directly conjugated to the Alexa Fluor488 dye, on frozen, acetone-fixed BL 

sections. Indeed, using the fluochrome-conjugated anti-CD68 Ab in 1:50 dilution, 

visualization of TAM was possible following only 1 minute incubation (data not shown), 

whereas incubation time of 2 minutes (Figure 3.2a,c) resulted in a bright, highly 

macrophage-specific histological pattern similar to the one obtained previously using 

routine CD68-immunostaining (Figure 3.1b). Notably, both isotype control staining 

(Figure 3.2b, d) and general background fluorescence were very low despite the fact 

that blocking steps were omitted from this protocol in order to shorten the overall 

length of the staining process, as it will be described below.         

 

 

3.2.1.1.3 Optimization of the RNA quality obtained from frozen IF-stained BL SCID 

tissue. 

Having established a rapid IF protocol for the visualization of TAM in our 

system, the effect that each step of the protocol had on the tissue RNA quality was 

next tested, in order to further optimize the process and achieve maximum RNA 

preservation.  



97 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Ultra-short immunofluorescence labeling of TAM on frozen BL SCID 

sections. 10μm sections were stained with a rat anti-mouse CD68 AlexaFluor488 

conjugated antibody at 1:50 dilution for 2 min as described in 3.2.1.1. and were 

visualized under excitation with blue light (at 470 nm) using the FITC channel of a 

fluorescence microscope. a., b.: Low-power micrographs (200x) of BL SCID sections 

labeled with CD68-AlexaFluor488 and isotype control (rat IgG2a-AlexaFluor488 

conjugated). c., d.: High-power micrographs (400x) of BL SCID sections stained for 

CD68-AlexaFluor488 and rat IgG2a-AlexaFluor488 respectively.  
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A number of published reports have investigated the effect of each step of 

standard immunostaining protocols on RNA quality (Fend et al. 1999; Kinnecom and 

Pachter 2005; Buckanovich et al. 2006). Generally, the most critical steps that 

compromise RNA integrity when processing tissue sections are overall incubation time 

at room temperature, incubation time in aqueous solutions in which RNA degradation 

by RNases immediately occurs and finally the choice of tissue fixative. Duration of all 

incubation steps was therefore reduced to a minimum and different fixatives were 

tested during the optimization of the IF staining process.        

a) Effect of different fixatives  

In order to identify the optimal fixation method for RNA preservation, immunolabeling 

and subsequent LCM efficiency, 10-μm-thick frozen BL tissue sections cut on plain glass 

slides were fixed in two different solutions: 80% ethanol at -20 oC for 1 minute or 100% 

acetone at -20 oC for 4 minutes. Following fixation, sections were lysed directly on the 

slides by adding RNA lysis buffer (RNeasy Plus Micro kit, Qiagen) and RNA was 

extracted as per the manufacturer’s protocol. RNA quantity was assessed using 

Nanodrop whereas RNA quality control was performed using the RNA6000 Pico 

LabChip Kit on the Agilent 2100 Bioanalyzer (described in section 2.3).  

As shown in Figures 3.3a.-b., both fixatives resulted in excellent RNA preservation, 

since RNA samples extracted from ethanol-fixed and acetone-fixed tissues had very 

high RNA Integrity Numbers (RIN) of 9.3 (ethanol fixation) and 9.4 (acetone fixation) 

and distinct 28S and 18S rRNA peaks. Nevertheless, acetone was chosen as the fixative 

to be used throughout, because it resulted in both optimal tissue morphology following 
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IF and RNA preservation whereas 80% ethanol partly impaired tissue visualization (not 

shown).                         

b) Effect of incubation time in Ab solution 

To test the effect of incubation time in Ab solution on RNA quality, frozen BL sections 

were fixed in acetone for 4 minutes at -20 oC, dipped in DEPC-treated PBS ten times 

(~10 seconds), air-dried for ~10 seconds and were incubated with the anti-CD68 

MCA1957A488 Ab for 1, 2 or 4 minutes at room temperature, in the dark. The Ab was 

diluted 1:50 in DEPC-treated PBS containing 1:10 Protector RNase inhibitor (Roche) and 

75μl of Ab solution was applied per tissue section. Following Ab incubation, sections 

were dipped ten times in DEPC –treated PBS and dehydrated through 70%, 96% and 

100% ethanol solutions for 15, 15 and 30 seconds respectively. The tissue sections 

were briefly air-dried prior to being directly lysed on the slides and processed for RNA 

extraction.  

The RNA profiles of the samples incubated for 1 and 2 minutes in Ab solution 

are presented in Figures 3.3c and 3.3d respectively. Both RNAs are of very high quality, 

as they show distinct 28S and 18S rRNA peaks and high RINs: 9.4 following 1 minute IF 

and 9.3 following 2 minutes IF. The RNA sample obtained after a longer IF staining (4 

minutes) was of similar quality to the one obtained after 2 minutes IF and had a RIN of 

9.3 (data not shown). It seems therefore that incubation time for up to 4 minutes in Ab 

solution does not significantly affect RNA integrity, so the 2 minutes timepoint was 

chosen as a compromise between good RNA quality and adequate IF signal intensity. 
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Figure 3.3: Assessment of RNA quality extracted from frozen SCID BL sections following 

different treatments. a., b.: Effect of different tissue fixatives on RNA quality c., d.: Effect of 

incubation time in Ab solution on RNA quality: a. 80% ethanol fixed tissue. b. acetone fixed 

tissue c. acetone fixed and IF-stained tissue (1min incubation time). d. acetone fixed and IF-

stained tissue (2 min incubation time). BL SCID tissue sections were lysed, total RNA was 

extracted and RNA samples were analyzed using the Agilent RNA6000 Pico system 

(described in section 2.2.3). For each sample, electropherograms with fluorescence intensity 

over time showing the 18S and 28S rRNA peaks have been generated and were converted 

into virtual images of RNA gels. RIN values represent integrity of each RNA sample. EtOH: 

ethanol, RIN: RNA Integrity Number, min: minutes 



101 

 

  Τable 3.1 summarizes the optimized ultra-short anti-CD68 IF protocol that 

was chosen for use with LCM. This protocol implements a number of steps from 

previously published protocols (Buckanovich et al. 2006; von Smolinski et al. 2006) 

with several modifications so as to ensure maximum RNA preservation as well as 

optimal visualization of TAM in our experimental system. The key elements of the 

protocol are the use of DEPC-treated (RNase-free), ice-cold solutions throughout, 

and its short duration which does not exceed 7 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1: Ultra short anti-CD68 IF Protocol  
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3.2.1.2  CD68 IF-guided LCM of TAM from BL tissue sections 

 

Serial 10-μm-thick, fresh-frozen SCID BL tissue sections were cut on glass 

slides covered with polyethylene naphthalate (PEN) membrane (PALM Microlaser 

Technologies), and were labeled using the above described IF protocol immediately 

prior to being processed with LCM. CD68+ TAM were examined under a PALM 

MicroBeam LCM system equipped with fluorescence filters for UV, blue, green and 

red excitation (refer to Material and Methods Section 2.4). LCM of TAM was 

performed immediately following their visualization through the FITC channel and 

selection (Figures 3.4a-b); Using the laser-microdissection and laser pressure 

catapulting modes of the system’s software, TAM were separated from the rest of 

the tissue (Figure 3.4c), and subsequently catapulted (Figure 3.4d) into the lid of an 

0.5 ml Eppendorf tube placed right above the tissue section which constituted the 

collection device of the LCM material (not shown).  
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Figure 3.4: LCM of CD68+ TAM from a BL SCID tumour section 

using the PALM Microbeam system. a. BL sections were stained 

using an anti-CD68-AlexaFluor488 Ab and CD68+ TAM were 

visualized through the FITC channel of the PALM Microbeam 

microscope system (400x magnification).  b. TAM were marked 

using the laser line tool of the PALM Robo software that controls 

the PALM system. c. Selected TAM were microdissected using a 

highly focused laser beam and partly separated from the rest of 

the tissue. d. Increase of the laser energy resulted in TAM 

complete separation and catapulting into a collection device (not 

shown).    
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3.2.1.2.1 RNA of high quality can be obtained from laser-microdissected TAM 

from BL tissue sections.  

Laser microdissection of single TAM profiles from BL tissue sections was 

immediately followed by lysis of the cells in situ and small-sample RNA extraction.  

Three BL tumours were sampled independently from BL SCID xenograft mice and 

were used for TAM procurement and generation of replicate RNA samples. 

Approximately 1000 TAM were microdissected from each BL tumour (from 10 

sections per tumour) and total yields of the three extracted RNA samples were 

4.5ng, 6ng and 7ng respectively. Variation between the final RNA yields was mainly 

due to the fact that catapulting of the microdissected cells into the collection device 

may not always be 100% effective, which often results in tissue loss and lower RNA 

yields than expected. 

Due to the very low concentration of the LCM RNAs, ranging within the pico 

scale (meaning pg/μl), Agilent’s RNA6000 pico chip electrophoresis system was used 

for both quantification and quality assessment of the samples. Figure 3.5 shows the 

Agilent RNA profiles of each of the three TAM RNA samples (a, b and c) comprising 

of an electropherogram that depicts the 18S and 28S rRNA peaks, a virtual RNA gel 

image and a RNA Integrity number (RIN). RINs for all three samples are very high 

which is indicative of their excellent quality. 
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we used 100pg of each sample as template for reverse-transcription PCR in order to 

assess CD68 levels.  As shown in Figure 3.6a., TAM RNAs express high levels of CD68  

 

 

 

 

 

 

 

 

 

 

Figure 3.5: RNA profiles of laser-microdissected TAM from BL tumours. Images have 

been generated using Agilent’s RNA6000 Pico system. a., b. and c. show 

electropherograms (representing the 18S and 28S rRNA peaks) on the left and virtual gel 

images of TAM RNA samples obtained from laser-microdissected TAM from three 

separate BL SCID tumours on the right. Approximately 1000 Mφ were collected from 

each tumour and total RNA was extracted. RNA yields for the three samples were: 6ng 

(a.), 4.5ng (b.) and 7ng (c.). TAM RNAs were of very high quality as indicated by RNA 

Integrity Numbers (RIN) of 8.0, 8.0 and 8.1 respectively. TAM: Tumour –associated 

macrophage, RIN: RNA Integrity Number 
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3.2.1.2.2 Laser-microdissected TAM RNA is highly enriched for macrophage 

specific transcripts  

Following quality control of TAM RNA and prior to proceeding with RNA 

amplification and whole transcript microarray analysis, it was very important to 

validate the samples’ purity.  To show that the LCM TAM RNAs are highly enriched 

for macrophage (Mφ) specific markers, 100pg of each sample were used as 

template for reverse-transcription PCR in order to assess CD68 levels. Figure 3.6a 

shows DNA gel images of the TAM CD68 PCR products that confirm high expression 

of the Mφ specific marker in these samples. On the contrary, when whole BL 

tumour RNA was extracted and equivalent amount was used for ss cDNA synthesis 

and CD68 PCR, very low levels of CD68 could be detected (Figure 3.6b) which 

further proves the high efficiency and selectivity of this CD68-guided LCM method. 

To assess any possible contamination in TAM RNA, real-time quantitative 

PCR was employed. Possible sources of contamination can theoretically constitute 

apoptotic BL cell’s RNA in the engulfing TAM and BL tumour cells sampled with the 

Mφ profile because of the thickness of the tissue section. In the first case, apoptotic 

cell’s RNA is expected to be largely degraded and therefore is unlikely to contribute 

significantly to the obtained gene microarray profile. In the second case, small 

contamination from bits of tumour cells lying underneath TAM on the tissue section 

could perhaps occur. In either case, given that the profiled cells (TAM) and the 

GeneChips used are mouse and any likely contaminating cells (BL tumour) are 

human, the latter are not expected to hybridize successfully on the GeneChip arrays 

so as to generate a detectable fluorescence signal.    

 Relative mRNA levels of the B-cell antigen CD20 and the B-cell specific 

transcription factor Pax5 were measured in TAM, and compared to BL tumour 

levels. As shown in Figure 3.6c, mRNA levels of both B-cell markers were extremely 

low in TAM when analyzed in relation to whole BL tumour levels, following 

normalization of measurements with α-tubulin endogenous levels for each sample. 

α-tubulin was chosen as the endogenous control gene for all subsequent qPCR 

measurements involving TAM samples because its expression remained generally 
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unchanged between TAM samples and also, in this experiment between BL tumour 

samples.  

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

Figure 3.6: Assessment of TAM RNA purity by traditional PCR and real-time qPCR. a. TAM 

RNAs are highly enriched for the Mφ specific marker CD68, as assessed by PCR. ss cDNAs 

were synthesized from TAM RNAs and used as templates for amplification of CD68 amplicon. 

PCR products were analyzed using Agilent’s electrophoresis system (DNA7500). CD68 

specific amplification is verified by the presence of single amplicons of the right size (68bp) 

on the gel. b. Assessment CD68 levels in whole BL tumour by PCR. ss cDNA was synthesized 

from BL tumour RNA and used as template for amplification of CD68 amplicon. Reactions 

were set up in triplicate wells and PCR products were analyzed using Agilent’s DNA 

electrophoresis system (DNA7500). The ladder (L) is shown on the left side of each gel 

image, whereas the green bands (DNA marker) denote the bottom of the gel. c. TAM 

samples show no mRNA expression of B cell specific markers when compared to BL tumour 

samples, as assessed by real-time qPCR. Relative mRNA levels of CD20 and Pax5 were 

measured following normalization by α-tubulin endogenous levels. Results are shown in 

mean fold change compared to BL tumour control (value set to 1). Values are mean of 

dublicate wells. Error bars represent the 95% confidence intervals (CI).  
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3.2.1.2.3 Small sample RNA amplification and whole transcript microarray 

analysis  

RNA amplification from single, laser-captured cells for whole transcriptome 

analysis is the final and one of the most critical steps in the process of in situ 

profiling. Small sample RNA amplification has always been a considerable challenge, 

since it requires an extremely sensitive and robust method that needs to be 

efficient with very limited amounts of starting material and at the same time highly 

accurate in terms of gene expression representation in the amplified material. 

Among the several existing linear and PCR based RNA amplification strategies, two 

were chosen during the optimization process. Initially, the SMART (Switch 

Mechanism At the 5’end of Reverse Transcript) cDNA synthesis and amplification 

technology was used in an attempt to amplify total RNA from the laser-

microdissected TAM samples. This method based on PCR amplification and 

commercialized by BD Clontech, is known to be able to amplify as little as a few 

nanograms of total RNA [T. Freeman, personal communication] and most 

importantly its accuracy in gene expression representation has been validated by 

several groups (Petalidis et al. 2003; Seth et al. 2003). However, when 2ng of TAM 

RNA was used as template, for cDNA synthesis and whole transcript amplification, 

the latter proved unsuccessful (data not shown).  

Following this, a different strategy based on linear RNA amplification this 

time, was employed.  Linear amplification by in vitro transcription (IVT) of a cDNA 

template into complementary RNA (cRNA) is one of the most well known and 

routinely used RNA amplification methods (Van Gelder et al. 1990). A relatively new 

system based on linear isothermal double strand cDNA synthesis and amplification 

through SPIATM technology has been developed and commercialized by NuGEN 

(Kurn et al. 2005). NuGEN’s pico amplification system has been specifically designed 

to be used with as little as 500 pg of RNA input whereas its accuracy has been 

validated in an increasing number of studies (Caretti et al. 2008; Clement-Ziza et al. 

2009; Morse et al. 2010).  
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Use of this extremely sensitive system resulted in successful amplification of the 

limited TAM RNA samples. As shown in Figure 3.7, when 2.5-4ng of total RNA was 

inserted in NuGEN’s system, ss cDNA was successfully synthesized and 

approximately 6μg of amplified ss cDNA was eventually produced. Figure 3.7a 

depicts the Agilent automated electrophoresis of the TAM samples following SPIA 

cDNA synthesis and whole transcript amplification. The size of the detectable cDNA 

transcripts in all three TAM Agilent profiles ranges between 50 and 1500 bp, which 

corresponds to the size suggested by NuGEN on the basis that the method is used 

with intact RNA samples. In Figure 3.7b, the electropherograms from Figure 3.7a, 

are converted into virtual images of DNA gels. 

The amplified material was then biotin-labeled and prepared for microarray 

hybridization on the Affymetrix platform. Use of the recently developed Affymetrix 

Mouse Gene 1.0 ST Arrays was chosen due to the whole-transcript coverage 

enabled by this system.  
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Figure 3.7: Small sample RNA amplification for whole transcript microarray analysis. 

Agilent microchip electrophoresis of TAM ss cDNA samples synthesized from 2.5-4ng of 

total RNA and subsequently amplified using NuGEN’s WT Ovation pico system for small 

sample whole transcript amplification. The above electropherograms show fluorescence 

intensity of the synthesized cDNA smears over time (a.) which re then converted into virtual 

DNA gel images (b.). The size of the detectable cDNA transcripts synthesised using this 

method ranges between 50 to 1500 bp as verified by the gel images (b.). Approximately 5-6 

μg of ss cDNA was produced per reaction and samples were then processed for microarray 

hybridization. L: ladder, bp: base pairs, FU: fluorescence units 
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3.2.2 Profiling the ‘normal’ BL TAM counterpart: Tingible-body 

macrophages from murine germinal centres (GC)  

In order to analyze the BL TAM gene expression profiles, selection of a 

suitable control macrophage population was required, for direct comparison with 

TAM. Tingible-body Mφ from germinal centres of non-tumour bearing mice were 

considered as the ideal type of Mφ, due to the striking morphological and 

functional resemblance of the two populations: Both are derived from lymphoid 

microenvironments -these being either normal or malignant-, are highly phagocytic 

and more specifically, they are actively involved in the clearance of apoptotic B-

cells. The latter gives GC Mφ a very similar histological appearance to BL tumour-

assocated Mφ, as can be observed in Figure 3.8a. Α section of BL SCID tumour with 

CD68+ TAM (Figure3.8a) is compared with a murine spleen section showing germinal 

centres with CD68+ tingible body Mφ in Figure3.8b.  

 

3.2.2.1 Tissue preparation for LCM 

3.2.2.1.1 Rapid macrophage visualization on splenic and lymph node GC & tissue 

RNA quality 

Following an initial examination of Mφ appearance in murine germinal 

centres using routine immnohistochemistry, the ultra-short IF protocol previously 

described in the BL SCID model was applied on frozen spleen tissue sections in 

order to test its staining efficiency and effect on tissue RNA quality. As shown in 

Figure 3.9a tingible-body Mφ could be easily identified in spleen sections following 

short IF staining for CD68 (2min), despite the absence of counterstaining which is 

inevitable during IF. This was due to the high specificity of CD68 Ab as well as the 

distinct localization of this type of Mφ inside splenic germinal centres.    
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Figure 3.8: Comparison of tingible-body Mφ from splenic germinal centers 

with TAM from BL tumours. Due to the high morphological and functional 

resemblance of the two Mφ populations, GC Mφ were chosen as the control 

population in TAM microarray studies. a. Low-power micrograph (200x) of a 

frozen BL SCID section stained for the Mφ specific marker CD68 (mouse CD68 

Ab clone FA-11, counterstain: haematoxylin). Arrows indicate CD68+ TAM b.,c. 

Low-power micrographs (200x) of frozen spleen sections with activated GCs 

stained with CD68 (mouse CD68 Ab clone FA-11, counterstain: haematoxylin) 

(b.) and isotype control (rat IgG2a, MCA1212, counterstain: haematoxylin) (c.). 

Arrows in b. indicate CD68+ tingible body Mφ. 
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However, when we proceeded on testing the quality of spleen tissue RNA 

following IF staining this was found out to be partially degraded (Figure 3.9b). 

Surprisingly, the ultra-short IF protocol optimized to ensure high preservation of 

RNA extracted from BL SCID tissue (as described in  3.2.1.1.3), failed to preserve 

RNA when applied on spleen tissue. Figure 3.9b, shows the Agilent profiles of spleen 

tissue RNA before IF staining (0hr) and after (2min IF). Whereas frozen, unstained 

spleen tissue RNA is of high quality as indicated by its RIN of 9.4, IF stained tissue 

RNA degraded very rapidly (RIN 4.9), making it impossible to use the latter tissue for 

LCM of Mφ and whole gene expression profiling.     

 In an attempt to see whether better RNA quality could be obtained from 

mesenteric lymph nodes (LN) containing germinal centres, frozen LN sections were 

stained using ultra-short anti-CD68 IF and subsequently LN tissue RNA was 

extracted and analyzed with Agilent’s electrophoresis system (Figure 3.9c-d). As was 

the case with the spleen tissue, tingible-body CD68+ Mφ could be easily identified in 

LN germinal centres (Figure 3.9c), however when LN tissue RNA was analyzed for 

quality, it was found to be partially degraded following 2 minutes of IF staining 

(Figure 3.9d). 

 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 



114 

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

Figure 3.9: Tissue preparation for LCM. a.,c.: Visualization of GC Mφ on spleen and lymph 

node tissue using ultra-short IF. a. Low-power micrograph (200x) of a frozen spleen section 

with activated GC stained with CD68 (mouse anti-CD68-AlexaFluor488 Ab 1:50, 2min). c. 

Low-power micrograph (200x) of a frozen mesenteric LN section with activated GC stained 

with CD68-AlexaFluor488. b., d.: Assessment of tissue RNA quality before and after IF. b. 

Agilent RNA profiles of unstained (0hr) and IF-stained spleen tissue (2min IF) show 

complete degradation of spleen RNA following IF staining. d. Agilent RNA profiles of 

unstained (0hr) and IF-stained LN tissue (2min IF) show partial degradation of LN RNA 

following IF staining. Unstained and 2min IF-stained frozen spleen and LN tissue sections 

were lysed and total RNA was extracted and analyzed using Agilent RNA6000 Pico system. 
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3.2.2.1.2 Use of the CSF1r-EGFP transgenic mouse model for the in situ isolation 

of tingible-body and lymph node tissue macrophages 

Due to the difficulties encountered in visualizing germinal centre Mφ whilst 

obtaining good RNA quality from either spleen or LN tissue, an alternative model 

had to be considered that would allow Mφ visualization without the need of any 

form of immunostaining, since even the shortest possible IF procedure seemed to 

have a detrimental effect on spleen and LN tissue RNA. The CSF1r-EGFP transgenic 

mice, widely known as MacGreen mice, proved to be an invaluable tool in 

overcoming this problem. Expression of EGFP is under the control of the promoter 

of colony stimulating factor 1 receptor (CSF1r) gene -a marker for all cells of 

mononuclear phagocyte lineage- in this transgenic model, resulting in EGFP+ Mφ in 

a variety  of organs and tissues (Sasmono et al. 2003).    

 Lymph node (LN) tissue from MacGreen mice was collected for an initial 

evaluation of tissue morphology and RNA quality. As seen in Figure 3.10a., EGFP+ 

resident tissue (Figure 3.10a.i,ii) and germinal centre Mφ (Figure 3.10a.iii,iv) can be 

easily identified on frozen MacGreen LN sections when these are visualized under 

the microscope’s FITC channel. Following microscopic observation, LN tissue was 

processed for RNA extraction and quality assessment. Frozen, acetone fixed tissue 

sections were either lysed directly for RNA extraction or were incubated for 20 

minutes at room temperature before being lysed and processed. The 20 minutes 

incubation step aimed at imitating the effect that room temperature exposure 

during LCM would have on LN tissue RNA. Electrophoresis of the two RNA samples 

using Agilent’s system, presented in Figure 3.10b., shows equally high RNA quality 

of LN tissue before (‘0hr’) and after room temperature incubation (‘20min’), 

suggesting that MacGreen LN could be safely used for LCM of Mφ and subsequent 

RNA extraction for whole gene expression profiling on microarray platforms.  
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Figure 3.10: MacGreen lymph node tissue morphology and RNA quality. a.i.-iv.: 

Visualization of GFP+ Mφ on MacGreen lymph node tissue. i,ii. Low-power micrographs 

(200x) of frozen LN sections with resident tissue Mφ. iii,iv. Low-power micrographs (200x) of 

LN sections with GCs and tingible-body Mφ. b. Assessment of MacGreen LN tissue RNA 

quality. Agilent RNA profiles of frozen LN tissue processed immediately (‘0hr’ sample) or 

following 20 minutes incubation at room temperature (‘20min’ sample) show equally high 

RNA quality. Frozen MacGreen LN sections were lysed directly or following 20min 

incubation at room temperature and total RNA was extracted and analyzed using the Agilent 

RNA6000 Pico system.  
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3.2.2.2  LCM of tingible-body & resident tissue macrophages from MacGreen 

lymph nodes & in situ gene expression profiling  

Two normal Mφ populations were laser microdissected from MacGreen 

mice and profiled in situ: tingible-body Mφ from germinal centres of activated 

MacGreen LN and resident tissue Mφ from areas of resting MacGreen LN. As it has 

been earlier discussed, germinal centre Mφ were considered the most suitable 

control population for direct comparison with TAM; however comparison with a 

different type of Mφ such as resting, resident tissue Μφ, that are generally not 

involved in apoptotic cell clearance, was also of great interest. 

LCM of tingible-body Mφ from germinal centres of MacGreen LN:  MacGreen mice 

were immunized following injections of sheep red blood cells to induce germinal 

centre formation and mesenteric lymph nodes were subsequently obtained. Frozen, 

acetone fixed sections were then visualized under the PALM Microbeam’s FITC 

channel and were carefully observed for germinal centre formation (Figure 3.11.ai). 

Only tingible-body Mφ from inside germinal centres were selected and 

microdissected from the rest of the tissue (Figure3.11.aii) and finally catapulted into 

a collection device (not shown). High quality RNA was isolated from germinal centre 

Mφ (referred to as GC Mφ) and was successfully amplified using NuGEN’s whole 

transcript amplification method. Figure 3.11.b shows the Agilent profiles of a 

representative GC Mφ RNA sample (i) and of the equivalent amplified ss cDNA 

smear (ii). Approximately 5ng of total RNA input resulted to 7 μg of ss cDNA in the 

end of the amplification procedure.  

LCM of resident tissue Mφ from resting MacGreen LN: Naïve MacGreen mice were 

used for mesenteric LN extraction and LCM of resident tissue Mφ. Frozen LN 

sections were visualized under FITC channel and EGFP+ Mφ were selected (Figure 

3.11.c.) and subsequently microdissected from the rest of the tissue (not shown). 

Caution was undertaken when selecting LN tissue Mφ in this model, and LCM was 

not only driven by Mφ fluorescence but also by Mφ morphology. Interestingly, a 

number of cells of dendritic type seemed to express EGFP in this model, which is 

also described in the original report on the generation of MacGreen mice (Sasmono 
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et al. 2003) and by other researchers (MacDonald et al. 2005; Bogunovic et al. 2009; 

Ginhoux et al. 2009). EGFP+ dendritic cells were therefore carefully avoided during 

the selection and microdissection process.      

 Figure 3.11d. describes the in situ profiling of LN tissue Mφ following LCM: 

Firstly, Figure 3.11d.i shows the electrophoresis profile of a representative LN tissue 

RNA sample, extracted from 1000 microdissected cells, with a very high RIN (9.1) 

that indicates excellent RNA quality. Secondly, electrophoresis profile consisting of 

an electropherogram and a virtual gel image of the amplified ss cDNA smear is 

presented in Figure 3.11.d.ii. , which completes the most critical part of the in situ 

profiling process. Both resident tissue and GC Mφ cDNAs were then routinely 

biotin-labeled and prepared for target hybridization on Affymetrix whole –transcript 

microarray chips.  
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Figure 3.11: LCM of tingible body and resident tissue Mφ from MacGreen lymph nodes & 

in situ profiling. a. Low power (200x) micrographs of a MacGreen LN section before and 

during LCM. MacGreen mice were immunized to induce GC formation. Frozen LN sections 

were visualized under the FITC channel of the PALM Microbeam system (a.i.) and GFP+ 

tingible body Mφ were selected (a.ii.) and microdissected from GCs. b.i. Representative 

Agilent profile of a GC Mφ RNA sample. Laser microdissected cells were lysed immediately 

and total RNA was extracted and analyzed using Agilent’s RNA6000 Pico system. 

Approximately 1000 Mφ were microdissected per LN /RNA sample and three independent 

replicates were used. b.ii. Representative Agilent profile of a GC Mφ whole transcript ss 

cDNA smear synthesized from 5ng of total RNA and subsequently amplified using NuGEN’s 

WT Ovation pico system. c. Low power (200x) micrograph of a resting MacGreen LN section 

used for LCM of GFP+ resident tissue Mφ (not shown). d.i. Representative Agilent profile of a 

resident tissue Mφ RNA sample, and d.ii. Representative Agilent profile of a resident tissue 

Mφ whole transcript ss cDNA sample, obtained through the same process described in b.i-

b.ii.  
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3.3 Discussion 

 

In this technique-oriented results chapter, the development, optimization 

and use of laser-capture microdissection for the in situ isolation and profiling of 

tumour-associated macrophages from BL xenograft tumours, as well as control 

macrophage populations from murine lymph nodes have been described in detail. 

 In the first part, which focused on the LCM of TAM from BL SCID tumours, 

emphasis was placed on protocol optimization and technique development which 

was necessary in order to overcome the major technical challenges that this project 

presented. These were mainly associated with: a) RNA preservation during 

macrophage visualization and LCM and b) unbiased whole-transcript amplification 

of the limited RNA that can be extracted from LCM material, a prerequisite for the 

generation of whole gene expression signatures. 

Immunofluorescence-guided LCM was chosen for the isolation of TAM from 

BL, due to the difficulties in recognizing these cells simply by their morphology on 

frozen tissue sections as frozen tissue integrity is very often compromised. Among 

the existing, well documented macrophage markers, CD68 has been routinely used 

in our laboratory to visualize TAM in the BL SCID model since it stains the vast 

majority of the starry-sky Mφ infiltrating the tumour (Truman et al. 2004) and was 

therefore employed to drive LCM of TAM in this project.  

During IF-LCM optimization and development, the choice of CD68 antibody 

was very important as this needed to be a highly specific antibody that could be 

efficiently used in ultra-short one step immunofluorescence. The mouse 

monoclonal anti-CD68 antibody from Serotec (clone FA-11, MCA1957A488) directly 

conjugated to the AlexaFluor488 dye provided an invaluable tool in developing an 

ultra-short immunofluorescence labeling protocol because of its high Mφ affinity, 

the absence of any non-specific background staining and the high quality of the 

conjugated Alexa488 fluochrome which allowed adequate TAM visualization within 

less than 2 minutes of antibody incubation. 
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A number of groups have published technical reports on immuno-guided 

LCM containing various immunohistochemistry and immunofluorescence protocols 

that were specifically optimized to ensure RNA preservation in each group’s 

experimental system. However, as none of these published protocols was suitable 

to be used intact in our system our own one-step direct immunofluorescence 

method was developed which combined and modified several steps from a number 

of different protocols. More specifically, the use of an AlexaFluor directly 

conjugated antibody in an ultra-short antibody incubation step, was described in 

(Murakami et al. 2000; Kinnecom and Pachter 2005) and (von Smolinski et al. 2006), 

among others. Moreover, the type and concentration of RNase inhibitor used in the 

antibody solution as well as the optimization of the tissue fixation step were based 

on the immuno-LCM protocol published by (Buckanovich et al. 2006). 

During IF staining, the high quality of freshly- frozen BL tissue RNA was 

thoroughly preserved as demonstrated by high RNA Integrity Numbers (RIN) of the 

samples before and after staining, generated by Agilent’s microfluidics 

electrophoresis system. Likewise, when LCM was applied to IF-stained BL tissue for 

approximately 20 to 30 minutes per tissue section, RNA preservation was adequate 

and RNA samples of high quality and purity were successfully extracted from single 

microdissected TAM. 

Small sample RNA amplification for whole transcript microarray analysis, 

presented the next considerable challenge, which was finally overcome by use of 

NuGEN’s RNA amplification system, optimized to produce adequate ss cDNA for 

microarray hybridization from picogram amounts of RNA input. Validation of the 

system’s accuracy and fidelity in terms of genes representation in the amplified 

material was very significant, as its absence or questionability could lead to 

generation of biased gene expression signatures.  Importantly, a number of recent 

reports have looked at NuGEN’s amplification efficiency when used with a range of 

RNA input (Clement-Ziza et al. 2009) as well as look into reproducibility and 

consistency of amplified transcripts (Caretti et al. 2008; Clement-Ziza et al. 2009; 

Morse et al. 2010).  
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Another important factor in choosing the above mentioned system was its 

compatibility with the Affymetrix microarray platform. Specifically, amplified ss 

cDNA samples were subsequently biotin-labeled and processed for hybridization on 

Affymetix GeneChip whole transcript arrays using the appropriate protocols 

optimized and commercialized by NuGEN to ensure maximum efficiency. Finally, 

the use of the recently developed Affymetrix GeneChip whole-transcript ST arrays 

was preferred over the classical 3’ based expression arrays since the first offer 

complete transcript coverage instead of focusing on the 3’ end of each gene to 

approximate expression on the entire transcript, therefore resulting in more 

accurate gene expression.  

The second part of this chapter focused on the isolation and in situ profiling 

of tingible-body macrophages from germinal centres, chosen as the control 

population for comparison with TAM. The initial experimental design involved the 

use of CD68 IF guided LCM, previously optimized in the BL SCID model, for the 

procurement of GC Mφ from spleen or lymph node sections of immunized Balb/c 

mice. However, substantial difficulties in extracting high quality RNA from spleen or 

LN tissue following IF staining made it unadvisable to apply IF LCM and use the 

compromised laser-captured material to generate whole gene expression profiles of 

this type of Mφ.  

Despite the fact that partially degraded RNA (RIN  7.0) can be successfully 

used in specific gene expression analysis by real –time qPCR due to the short length 

of the detectable single mRNA transcripts, it is generally not advisable in the case of 

whole transcript gene expression analysis where significant loss of RNA integrity can 

lead to the generation of truncated gene signatures resulting in loss of information 

and potentially biased results. The RNAs obtained from IF stained spleen and LN 

tissue prior to LCM displayed RINs of 4.9 and 6.2 respectively which indicated 

severe or partial degradation; that came as a surprise, as the same CD68 IF staining 

process had been previously applied onto BL tissue and had yielded excellent RNA 

preservation and very high RINs (9.4 or higher).    
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One possible explanation for the extremely rapid degradation of spleen and 

LN tissue RNA could be the presence of large amounts RNases historically known to 

be abundant in lymphoid tissues (Shapiro et al. 1966; Chakrabarty and Friedman 

1970). The high number of these RNA-degrading enzymes could overcome the 

inhibitory activity of DEPC (added to all IF solutions to render them RNase-free), and 

thus allow them to become instantly activated especially in aqueous solutions. 

Difficulties in obtaining high RNA quality from LN tissue are also reported in several 

publications (Lee et al. 2005; Fleige and Pfaffl 2006; Antica et al. 2010). In a recent 

study by Jais and colleagues, very high RNA quality from frozen laser-microdissected 

LN tissue (RIN 8.5) was obtained  through use of the HistoGene LCM Frozen Section 

Staining kit a specially designed haematoxylin-equivalent staining kit that enables 

nucleic acid preservation during LCM (Jais et al. 2011). However, in the same study, 

inability to obtain intact LN RNA following Mφ specific immunolabeling of the tissue 

sections prior to LCM was also discussed by the authors as a limitation in their 

experiments.   

Employment of an alternative animal model, the MacGreen mice, enabled 

us to overcome the problems caused by IF induced degradation of LN tissue RNA. In 

these CSF1r-EGFP+ transgenic mice LN tissue Mφ as well as germinal centre Mφ 

could be easily visualized under fluorescence and subsequently laser 

microdissected, without the need for additional Mφ specific labeling.  

Upon their generation by Sasmono and co-workers, MacGreen mice have 

proven to be invaluable in Mφ studies, including gene expression profiling, in a 

variety of normal and disease settings (Rae et al. 2007; Ojalvo et al. 2009; 

Zabuawala et al. 2010). However, as many groups have reported and as reviewed in 

(Hume 2011), the CSF1 receptor driving EGFP expression in this model is not 

restricted to Mφ but is also observed in other cells of the myeloid lineage, most 

notably DC (MacDonald et al. 2005). In our experimental system, single EGFP+ Mφ 

were selected and microdissected from distinct compartments of naïve or activated 

MacGreen lymph nodes sections. For the generation of tingible-body Mφ gene 

signature, only Mφ localized inside the germinal centres of activated LN were 



124 

 

microdissected and processed for RNA extraction. In the case of resident LN tissue 

Mφ isolation, strongly EGFP+ Mφ were microdissected mainly from the subcapsular 

sinus areas of naïve LN and LCM was additionally guided by cell morphology to 

exclude possible contamination from EGFP+ DC. Use of LCM on frozen MacGreen LN 

tissue sections had very little or no effect on RNA quality which allowed the 

procurement of intact RNA samples from both tingible-body and resident tissue Mφ 

populations and subsequent generation of whole transcript gene expression 

profiles.  

Bioinformatics analysis, detailed description and comparison of the acquired 

GC, resident LN tissue and TAM in situ signatures as well as validation of selected 

transcripts will be thoroughly described in Chapter 4.   
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Chapter 4 

 

Whole transcript microarray analysis of laser-

microdissected tumour-associated macrophages from 

Burkitt’s lymphoma 

  

4.1 Introduction 

 

Microarray technology constitutes a powerful tool in gene expression 

studies as it provides insight into the expression pattern of thousands of genes 

simultaneously, enabling the generation of the so called ‘gene signature’ or 

‘profile’ of a cell type or tissue under certain experimental conditions. Recent 

technological advances allowed the application of such technology in vivo, through 

employment of laser-capture microdissection (LCM) methods for direct cell 

procurement out of their real, heterogeneous microenvironment and subsequent 

in situ profiling of the microdissected population without any form of experimental 

interference that could otherwise alter the expression of certain genes and lead to 

the generation of potentially biased signatures. In situ profiling has therefore 

become invaluable in the field of gene expression not only in terms of validity of 

the obtained gene signature, but also in terms of the specificity resulting from the 

high purity of the microdissected samples. 

In this study, in situ profiling has been successfully employed in order to 

generate whole gene expression signatures of tumour-associated macrophages 

(TAM) as they reside within the Burkitt’s lymphoma (BL) microenvironment in vivo. 

Having overcome the main technical challenges associated with isolation of high-

quality RNA from laser-microdissected cells and subsequent robust amplification of 

the limited LCM material as described in Chapter 3, whole gene microarray profiles 
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from BL TAM were next obtained and analyzed in comparison to normal LN Mφ 

profiles [both resident LN tissue and tingible body Mφ from LN germinal centers 

(GC)]. This chapter initially describes the bioinformatics analysis process of the 

respective signatures focusing on the different tools that were used in order to 

identify functional clusters and pathways within the most highly enriched TAM 

genes that comprise the so called TAM transcriptome. Next, selected TAM gene 

expression is compared with that of other types of Mφ populations such as 

embryonic stem cell–derived Mφ (ESDM) as well as with TAM signatures extracted 

from global human tumour expression profiles through use of bioinformatics 

methods in order to better understand the observed BL TAM activation status in 

the context of other human tumours.  

The chapter concludes with validation of the entire TAM signature in terms 

of specificity using bioinformatics methods, and subsequent validation of selected 

transcipts at mRNA level using real-time quantitative PCR and at tissue level using 

immunohistochemistry. Tissue expression of selected TAM molecules was 

additionally validated on a different mouse model of BL as well as on archived 

human DLBCL tumour material.  

 

 

4.2 Results 

 

4.2.1 A distinct in vivo TAM transcriptome is revealed by bioinformatics     

analysis compared to tingible-body and lymph node tissue 

macrophage transcriptomes 

 

4.2.1.1   GeneChip microarray analysis 

 
Labeled cDNA targets obtained from microdissected TAM, GC and LN tissue 

Mφ populations (n=3 for each group) were hybridized on mouse GeneChips as 

described in Chapter 3 and in Materials & Methods section 2.8. Following 

normalization of the raw data files and background subtraction, normalized mean 
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fluorescence intensity values for each Mφ sample (obtained from 3 biological 

replicates) were plotted against the values for each of the other two Μφ samples 

in the scatter plots shown in Figure 4.1.a. Comparison between TAM and GC Mφ is 

presented in scatter plot (i) whereas comparisons between TAM and LN tissue Mφ 

and between GC and LN tissue Mφ are shown in plots (ii) and (iii) respectively. In 

these graphs, each dot represents log2 mean fluorescence intensity for each 

queried transcript and vertical lines represent log2 ratio of mean transcript 

fluorescence for each comparison also known as fold change. Red lines indicate a 

log2 ratio of 0 and therefore unchanged transcripts (fold change =1), blue lines 

indicate log2 ratio of 1 corresponding to absolute fold change of 2 or greater and 

green lines denote absolute fold changes of 4 or greater. Graphs show all 

comparisons between transcripts present in the GeneChips, however only those 

with an absolute fold change of 2 or greater, or 1.8 and greater where stated, and 

a p value of 0.05 or smaller were considered significant. Thus, under the above 

criteria, 398 genes were found to be significantly up-regulated in TAM compared 

to GC Mφ (as shown in the upper left-hand side in scatter plot i.) and 997 genes 

were found to be down-regulated (shown in the lower right-hand side). Similarly, 

expression of 360 genes was significantly increased in TAM when compared with 

that of LN Mφ (shown in the upper left-hand side in scatter plot ii) and expression 

of 1040 genes was significantly decreased (in the lower right-hand side). When 

slightly less stringent criteria were applied (fold change (fc) -1.8 or 1.8) then 475 

genes were up-regulated and 1100 genes were down-regulated in TAM compared 

to GC Mφ; in the case of LN Mφ comparison, expression of 441 genes was found 

to be increased in TAM and expression of 1146 genes was decreased.   

 From the above comparisons it becomes apparent that TAM show a distinct 

gene expression profile when compared to either of the two normal LN Mφ 

populations. Quite unexpectedly, comparison between the tingible body Mφ 

obtained from LN germinal centers (GC Mφ) and resident tissue LN Mφ did not 

reveal significant differences in gene expression, with hardly any genes meeting 

the differential expression criteria (fc  2 or  -2, p 0.05).  Notably, even when 
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statistical significance was not taken into account (ie p value >0.05) very few genes 

were modulated: only 26 genes showed a fc 2 in GC Mφ compared to LN Mφ and 

24 genes showed a fc -2 respectively. Among them, up-regulated genes in GC Mφ 

versus LN Mac include: Atp6v0a2, Ccdc72, Cadherin 18, transportin, Glycam 1, 

inactive X-specific transcript, several ribosomal proteins and numerous non-

annotated transcripts. Down-regulated genes include Ccl19, Cystatin F, 

diacylglycerol kinase, Laptm5, Leprotl1, Similar to EBI-1 ligand chemokine, Mark2 

kinase, Mif2, Rbbp6, Serpinaf and Sparc. Due to the loss of significance (p >0.05) 

observed in the above comparisons, differential expression between GC-LN Mφ 

was not pursued further for the scope of this thesis.     

 Possible reasons accounting for the unexpected high degree of similarity 

between tingible body and lymph node resident tissue Mφ gene profiles will be 

discussed in section 4.3. Tingible body Mφ are predominantly involved in 

apoptotic GC B cell clearance, and as such, they would be expected to up-regulate 

a number of genes important for interaction with apoptotic cells, versus resting 

resident tissue lymph node Mφ. Given that virtually no significant changes were 

observed between the two normal Mφ populations in these or any other genes in 

this study (where, importantly, the main focus remained on charges related to 

TAM gene expression), the in vivo tingible body Mφ gene profile still remains 

obscure and will be re-addressed in future studies. In this thesis however, a 

number of genes that appeared significantly differentially expressed solely 

between TAM and GC Mφ or solely between TAM and LN Mφ were imvestigated 

in more detail (in section 4.2.2).    

Finally, in the context of TAM gene expression, a distinct TAM signature was 

further confirmed by hierarchical clustering of the differentially expressed 

transcripts that were identified from the initial statistical analysis (showing fold 

changes 2 or -2, p0.05). The dendrogram in Figure 4.1.b illustrates all up-

regulated (fc 2) or down-regulated (fc -2) genes between TAM and GC Mφ or 

TAM and LN Μφ which cluster together. 
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Figure 4.1: TAM show a distinct gene expression profile compared to GC and LN tissue Mφ. 

a. Scatter plots showing mean log fluorescence intensity of each transcript for: i.TAM versus 

GC Mφ, ii.TAM versus LN Mφ and iii. GC Mφ versus LN Mφ. Red lines indicate no change in 

gene expression, blue lines indicate fc  2 and  -2 and green lines indicate fc  4 and  -4. 

Statistical analysis was done using Limma in the OneChannelGui package, yielding p-values 

for each comparison of interest. Only comparisons with absolute fc 2 or 1.8 and p<0.05 

are considered significant. n=3 for each of the Mφ samples used in the above comparisons b. 

Dendrogram showing hierarchical clustering for all significantly differentially expressed 

transcripts between TAM and GC Mφ or TAM and LN Mφ (mean fc 2,  -2, p<0.05) 

generated using Spotfire software. Each row represents a single transcript whereas columns 

represent transcripts log2ratio (fc) between populations. Up-regulated transcripts (fc 2) are 

clustered in red, down-regulated transcripts (fc  -2) are clustered in green, unchanged 

transcripts are clustered in black colour.   
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4.2.1.2   TAM transcriptome: Genes overview 

 

Among the differentially expressed transcripts identified, essentially defining 

BL TAM in situ transcriptome, the most highly enriched genes were selected and 

allocated into functional categories (Table 4.1). Through use of extensive literature 

review and online resources such as NCBI Gene database, Mouse Gene Informatics 

and iHOP, genes with a role in macrophage-related processes and in immunological 

responses in general were identified and a selection of these can be viewed in Table 

4.1 along with mean fold changes in expression between TAM and the two control 

Mφ populations. TAM are characterized by expression of several receptors/ surface 

molecules including molecules involved in apoptotic cell clearance such as 

scavenger receptors which are particularly highly enriched (Mannose receptor 

[Mrc1], Macrophage scavenger receptor 1 [Msr1], Cd36, Low density lipoprotein 

receptor-related protein 1 [Lrp1]) as well as c-mer proto-oncogene tyrosine kinase 

[Mertk], similarly involved in apoptotic cell recognition and clearance Also, 

highlighted are chemokines such as Ccl6, Ccl8 and Ccl12 and growth factors 

(Transforming growth factor, beta 1 [Tgfb1], several proteases and protease 

inhibitors (Matrix metallopeptidase 12, 2 and 3 [Mmp12], [Mmp2], [Mmp3], Tissue 

inhibitor of metalloproteinase 2 [Timp2]) and miscellaneous genes for various 

enzymes such as Lipoprotein lipase [Lpl], Transferrin [Trf] and Heme oxygenase 1 

[Hmox1] among others.        

 Interestingly, even though the majority of the enriched TAM genes that are 

relevant to Mφ biology are specifically associated with alternative Mφ activation 

such as many scavenger receptors, certain enzymes and lipid metabolism 

associated molecules, there are also pro inflammatory mediators present, notably 

transcripts for interferon-induced proteins (Ifit3, Ifi44), pro-inflammatory 

chemokines (Ccl8, Ccl3, Ccl12) and toll-like receptors. Therefore, the picture of the 

in vivo transcriptome of BL TAM suggests that these cells are not typical ‘M2’ 

polarized Mφ in terms of their state of activation, but rather a highly diverse 
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population, consisting of  a mixture of classical and alternative activation-related 

molecules.  

 

  Fc p-value Fc p-value 
Gene Description  TAM v 

GC Mφ 
 TAM v 

LN Mφ 
 

Receptors/surface molecules 

C3ar1 

Complement component 3a 

receptor 1  38.5 

 

0.00001 50.7 

 

0.00001 

Mrc1 Mannose receptor, C type 1  38.2 0.00000 41.3 0.00000 

Tfrc Transferrin receptor  32.5 0.00000 24.3 0.00000 

Anpep Alanyl (membrane) aminopeptidase  23.1 0.00005 16.6 0.00009 

Msr1 Macrophage scavenger receptor 1  17 0.00006 17.3 0.00007 

Lgmn Legumain  12.6 0,00004 13.5 0.00004 

Gpnmb Glycoprotein (transmembrane) nmb 10 0.00059 8.8 0.00086 

Siglece sialic acid binding Ig-like lectin E  8.8 0.00393 9.8 0.00314 

Lrp1 

Low density lipoprotein receptor-

related protein 1 8.4 

 

0.00001 7.5 

 

0.00001 

Fcgr4 Fc receptor, IgG, low affinity IV  7.7 0.00026 7.3 0.00033 

C1qb 

Complement component , q 

subcomponent, beta polypeptide  5.9 

 

0.00024 3.3 

 

0.00184 

Cd36 CD36 antigen  5.9 0.00375 7.7 0.00195 

Cd93 CD93 antigen  5.9 0.00161 6.3 0.00137 

Fcgr1 Fc receptor, IgG, high affinity I  5.5 0.00481 5.1 0.00567 

Lgals3 Lectin, galactose binding, soluble 3 5.2 0.00000 5.5 0.00000 

Ptafr Platelet-activating factor receptor  4.3 0.00026 3.2 0.00094 

Tlr13 Toll-like receptor 13  4.3 0.03282 4.4 0.03072 

Tlr4 Toll-like receptor 4  4.3 0.00100 4.8 0.00073 

C1qc 

Complement component 1, q 

subcomponent, C chain  4.1 

 

0.00036 2.4 

 

0.00332 

Axl AXL receptor tyrosine kinase  3.9 0.00020 3.7 0.00025 

Trem2 

Triggering receptor expressed on 

myeloid cells 2  3.5 

 

0.00007 3.5 

 

0.00009 

Cfp Complement factor properdin  3.2 0.00103 2.8 0.00196 

Anxa2 Annexin A2  3 0.02251 2.8 0.02684 

Igf2r 

Insulin-like growth factor 2 

receptor 3 

0.00133 

2,3 

0.00469 

Ly9 Lymphocyte antigen 9  2.7 0.00017 2.3 0.00047 

Ifngr2 Interferon gamma receptor 2 2.3 0.00048 2,2 0.00074 

Csf1r 

Colony stimulating factor 1 

receptor 2.2 

0.00927 

1,9 

0.03312 

Scarb2 

Scavenger receptor class B, 

member 2  1.9 

0.04868 

1.9 

0.05441 

Chemokines 

Ccl6 Chemokine (C-C motif) ligand 6 6.9 0.00005 8.2 0.00004 

Ccl8 Chemokine (C-C motif) ligand 8 5.6 0.00193 5.1 0.00255 

Ccl3 Chemokine (C-C motif) ligand 3 5.2 0.00108 4.8 0.00143 

Ccl12 Chemokine (C-C motif) ligand 12 3.8 0.02465 3.7 0.02607 

Cytokines/Growth factors 

Ifit3 interferon-induced protein with 5.8  5.4  
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tetratricopeptide repeats 3 0.01900 0.02111 

Ifi44 interferon-induced protein 44 3 0.02905 3.4 0.01946 

Igf1 insulin-like growth factor 1 2.7 0.00013 2.5 0.00020 

Tgfb1 transforming growth factor, beta 1 2.3 0.00476 2.1 0.00783 

Proteases/Protease inhibitors 

Ctsd Cathepsin D 6.4 0.00081 4.9 0.00176 

Timp2 Tssue inhibitor of metalloproteinase 2 5.7 0.00022 4 0.00074 

Mmp3 Matrix metallopeptidase 3 4 0.04072 3.5 0.05565 

Scpep1 Serine carboxypeptidase 1 3.9 0.00079 3.1 0.00215 

Mmp12 Matrix metallopeptidase 12 3.5 0.04470 3.8 0.03408 

Tpp1 Tripeptidyl peptidase I 3.3 0.00162 3 0.00246 

Mmp2 Matrix metallopeptidase 2 3 0.00071 2.1 0.00463 

Transcription factors 

Camta1 

Calmodulin binding transcription 

activator 1 11.4 

 

0.00092 10.2 

 

0.00119 

Chd7 

Chromodomain helicase DNA binding 

protein 7 3.6 

 

0.00101 2.9 

 

0.00255 

Hist2h3b Histone cluster 2, H3b 3 0.00187 3 0.00190 

Enzymes/ Other 

Lpl Lpoprotein lipase  11.4 0.00003 11.1 0.00004 

Mgll Monoglyceride lipase 8.2 0.00010 8.2 0.00012 

Pltp Phospholipid transfer protein 8.1 0.00006 5.3 0.00019 

Mertk c-Mer proto-oncogene tyrosine kinase 7.5 0.00002 6.9 0.00003 

Trf Transferrin 7,5 0.00027 6,1 0.00050 

Plau Plasminogen activator, urokinase 7.1 0.00010 6.7 0.00014 

Postn Periostin, osteoblast specific factor 7 0.01118 7.1 0.01069 

Gla Galactosidase, alpha 6.6 0.00005 5.5 0.00010 

Hexa Hexosaminidase A 6.3 0.00002 6.5 0.00002 

Npc1 Niemann Pick type C1 5.9 0.00045 3.3 0.00318 

Sparc 

Secreted acidic cysteine rich 

glycoprotein 5.5 

 

0.00120 2.9 

 

0.01000 

Hmox1 Heme oxygenase (decycling) 1 5.2 0.00194 5.5 0,00172 

Psap Prosaposin 4.2 0.00104 3,2 0,00298 

Fcna Ficolin A 3.6 0.00322 4.1 0,00218 

Apoe Apolipoprotein E 2.9 0.02879 n/s n/s 

Tyrobp 

TYRO protein tyrosine kinase binding 

protein 2 

 

0.00474 2 

 

0.00461 

 
 

 
 

 

 

Among the genes that were significantly down-regulated in TAM are certain 

pro inflammatory chemokines (Ccl5, Ccl19), the chemokine receptor Ccr7, several 

transcription factors (GTPase, IMAP family member 4 [Gimap4], Special AT-rich 

sequence binding protein 1 [Satb1]) and miscellaneous molecules such as 

Table 4.1: Selected TAM transcriptome. The values corresponding to each gene are fold 

changes in fluorescence intensity between TAM and GC Μφ or between TAM and LN Mφ. 

Fold changes (Fc) are considered significant if >1.8 for up-regulated genes,  p0.05 for each 

comparison. Fc values are mean of 3 experiments. 
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Macrophage myristoylated alanine-rich C kinase substrate [MARCKS-like 1], 

Transmembrane protein 123 [Tmem123] and Clusterin [Clu]. Also decreased in TAM 

compared to both normal LN Mφ populations, were the surface antigens CD52, 

CD74 and Lymphocyte specific 1 [Lsp1], Histocompatibility 2, class II, locus Mb2 [H2-

DMb2] antigen and Complement component 3 [C3].  Selected genes with decreased 

TAM expression were grouped in functional categories and can be viewed in table 

4.2 below.  

 

  Fc p-value Fc p-value 
Gene Description  TAM v 

GC Mφ 
 TAM v 

LN Mφ 
 

Receptors/surface molecules 

Cd52 CD52 antigen -23.4 0.00014 -22.4 0.00017 

Clu clusterin -13.7 0.00004 -20.3 0.00002 

Lsp1 lymphocyte specific 1 -8 0.00007 -10,8 0.00005 

Mfge8 

milk fat globule-EGF factor 8 

protein -4.4 

 

0.00022 -5.1 

 

0.00016 

H2-DMb2 

histocompatibility 2, class II, locus 

Mb2 -4.4 

 

0.00405 -3.1 

 

0.01247 

H2-Ea 

histocompatibility 2, class II 

antigen E alpha -3.6 

 

0.00019 -2.5 

 

0.00103 

Ccr7 chemokine (C-C motif) receptor 7 -3.2 0.00646 -4 0.00297 

C3 complement component 3 -3 0.00508 -4.4 0.00122 

Cd74 CD74 antigen -2.6 0.03275 -2.3 0.04985 

Lbr lamin B receptor -2,1 0.00176 -2,8 0.00034 

Il7r interleukin 7 receptor -1.9 0.05239 -2.5 0.01131 

Chemokines 
Ccl5 chemokine (C-C motif) ligand 5 -10.5 0.00000 -14.1 0.00000 

Ccl19 chemokine (C-C motif) ligand 19 -8 0.00034 -16.8 0.00009 

Cxcl13 chemokine (C-X-C motif) ligand 13 -4.4 0.05587 -4.2 0.05957 

Ccl22 chemokine (C-C motif) ligand 22 -2.5 n/s -2.9 0.05101 

Cytokines/Growth factors 
Ltb lymphotoxin B -11.1 0.00011 -14.5 0.00008 

Ifitm1 

interferon induced transmembrane 

protein 1 -3.5 

 

0.00011 -5.4 

 

0.00004 

Ifi203 interferon activated gene 203 -3.1 0.00774 -3.1 0.00751 

Proteases/Protease inhibitors 

Serpina1b 

serine (or cysteine) preptidase 

inhibitor, clade A, member 1b -9.1 

 

0.00280 -13.4 

 

0.00132 

Ctse cathepsin E -6.9 0.00003 -9.4 0.00001 

Senp6 SUMO/sentrin specific peptidase 6 -3 0.00253 -3 0.00244 

Transcription factors 
Rpl5 ribosomal protein L5 -15 0.00004 -7 0.00020 

Gimap4 GTPase, IMAP family member 4 -13.7 0.00001 -20.3 0.00001 

Satb1 

special AT-rich sequence binding 

protein 1 -10.6 

 

0.00005 -17.5 

 

0.00005 

Rps13 ribosomal protein S13 -10.1 0.00001 -8.1 0.00002 
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Npm1 nucleophosmin 1 -6.1 0.00002 -5.3 0.00003 

Pdcd4 programmed cell death 4 -4.6 0.00003 -5.1 0.00003 

Pfdn5 prefoldin 5 -4.1 0.00038 -3.4 0.00081 

Sp100 nuclear antigen Sp100 -3.5 0.03977 -4.4 0.02126 

Enzymes/ Other 
Marcksl1 MARCKS-like 1 -14.7 0.00001 -15.1 0.00001 

Tmem123 transmembrane protein 123 -9.8 0.00081 -9.1 0.00100 

Stk17b serine/threonine kinase 17b  -5.7 0.00024 -6.5 0.00031 

Ptges3 

prostaglandin E synthase 3 

(cytosolic) -5.7 

 

0.00011 -4.2 

 

0.00034 

Srgn serglycin -5.6 0.00214 -4.6 0.00393 

Coro1a coronin, actin binding protein 1A -5.1 0.00004 -4.8 0.00007 

Slfn1 schlafen 1 -3.9 0.01215 -6.2 0.00328 

Emb embigin -3.5 0.00036 -4.4 0.00016 

Txnl5 thioredoxin-like 5 -3.2 0.00370 -3.9 0.00175 

Igtp interferon gamma induced GTPase -2.6 n/s -4.4 0.01554 

 
 
 
 

 

 

 

Even though the vast majority of the differentially expressed transcripts 

between TAM and GC Mφ and TAM and LN Mφ populations significantly overlap, a 

number of genes appear to be significantly differentially expressed only between 

one comparison and not the other. Specifically, when TAM were compared with GC 

Mφ, 33 of the significantly up-regulated transcripts (defined as fc>1.8, p0.05 for 

this type of comparison) did not appear as such in the TAM-LN Mφ comparison and 

21 of the significantly down-regulated genes (fc<-1.8, p0.05) were not present in 

the TAM-LN Mφ comparison. Similarly, expression of 16 genes was significantly 

increased in TAM only when compared to LN Μφ but not following comparison with 

GC Mφ, and expression of 52 genes was significantly decreased in TAM compared 

to LN Μφ but differences in expression of these genes were not significant 

following TAM comparison with GC Mφ.       

 Table 4.3 presents selected genes that are modulated in TAM following 

solely GC Mφ comparison. Among the up-regulated TAM genes with an 

immunological relevance are Apolipoprotein E [Apoe], Colony stimulating factor 2 

receptor, alpha, low-affinity [Csf2ra] and Lectin, galactoside-binding, soluble, 3 

binding protein [Lgals3bp], whereas down-regulated genes include Septin 7 [Sep7], 

Table 4.2: Selected genes down-regulated in TAM. The values corresponding to each gene 

are fold changes in fluorescence intensity between TAM and GC Μφ or between TAM and 

LN Mφ. Fold changes (Fc) are considered significant if <-1.8 for down-regulated genes,  

p0.05 for each comparison. Fc values are mean of 3 experiments.  
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Tumor necrosis factor, alpha-induced protein 8 [Tnfaip8] and Histocompatibility 2, 

class II antigen A, beta 1 [H2-Ab1].  On the other hand, transcripts with increased 

expression in TAM solely identified within TAM–LN Mφ comparison but not within 

TAM-GC Mφ comparison (which indicates similarities between TAM and GC Mφ  as 

well as possible differences in expression between GC and LN Mφ) include Similar to 

DECTIN-1 [LOC100048461] and Interferon alpha 5 [Ifna5] and down-regulated TAM 

transcripts under the same criteria included Leptin receptor overlapping transcript-

like 1 [Leprotl1], Macrophage migration inhibitory factor [Mif], Interferon 

regulatory factor 2 [Irf2], Cd97 and Cd164 antigens (Table 4.4).  When these genes 

were specifically studied in the context of differential expression between GC Mφ 

and LN tissue Mφ, certain genes (LOC667298, Mif, Leprotl1, LCP2 and Anxa6) were 

found to be differentially expressed, however the fold changes were not statistically 

significant (p>0.05).  

 

   Fc  
Affy ID Gene Description  TAM v 

GC Mφ 
p- value 

Up-regulated genes 
10359082 Cep350 centrosomal protein 350 3.7 0.002589904 

10508663 Laptm5 

lysosomal-associated protein 

transmembrane 5 3 0.011952825 

10560624 Apoe apolipoprotein E  2.9 0.028797836 

10565018 Iqgap1 

IQ motif containing GTPase activating 

protein 1  2.7 0.00758907 

10443730 Abcg1 

ATP-binding cassette, sub-family 

G,member 1  2.5 0.003243341 

10507539 Elovl1 

elongation of very long chain fatty acid)-

like 1  2.5 0.012174127 

10440491 App amyloid beta (A4) precursor protein  2.4 0.007028819 

10573583 Man2b1 mannosidase 2, alpha B1  2.4 0.023610561 

10468893 Csf2ra 

colony stimulating factor 2 receptor, 

alpha, low-affinity  2.3 0.003651204 

10554789 Ctsc cathepsin C  2.3 0.007003973 

10534316 Eif4h eukaryotic translation initiation factor 4H  2.3 0.042055199 

10456071 Csf1r colony stimulating factor 1 receptor  2.2 0.009279007 

10393573 Lgals3bp 

lectin, galactoside-binding, soluble, 3 

binding protein  2.2 0.043830298 

Down-regulated genes 
10411491 Tnpo1 transportin 1 -3.1 0.001031423 

10423271 Cdh18 cadherin 18  -2.8  0,00467019 

10601356 Cox7b cytochrome c oxidase subunit VIIb  -2.5 0,004657784 

10583905 Sep7 septin 7  -2.1 0.001387422 
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10455647 Tnfaip8 

tumor necrosis factor, alpha-induced 

protein 8  -2 0.011647116 

10411776 H3f3a H3 histone, family 3A  -2  0.01022754 

10444291 H2-Ab1 

histocompatibility 2, class II antigen A, 

beta 1  -2  0.0000655 

10354816 Clk1 CDC-like kinase 1  -2 0.022404151 

 

 

 

 

 

 

 

   Fc  
Affy ID Gene Description  TAM v 

LN Mφ 
p- value 

Up-regulated genes 

10588035 

LOC66729

8 similar to ribosomal protein S7  2.8 0.017413435 

10425114 Tmed2 

transmembrane emp24 domain trafficking 

protein 2  2.4 0.00330621 

10403980 Hist1h2bp histone cluster 1, H2bp  2.2 0.007612304 

10530759 Ube2n ubiquitin-conjugating enzyme E2N  2.2 0.003132807 

10548375 

LOC10004

8461 

similar to dendritic cell-associated C-type 

lectin-1; DECTIN-1  2.1 0.0560796 

10505888 Ifna5 interferon alpha 5  2 0.014811585 

10396161 Txndc1 thioredoxin domain containing 1  2 0.031913299 

10355528 Tns1 tensin 1  2 0.009338773 

Down-regulated genes 
10578149 Leprotl1 leptin receptor overlapping transcript-like 1  -3.1 0.001777731 

10454950 Slc35a4 solute carrier family 35, member A4  -2.9 0.001723964 

10558295 Zranb1 

zinc finger, RAN-binding domain 

containing 1 -2.6 0.01124696 

10552740 Nup62 nucleoporin 62  -2.6 0.012360116 

10561806 Mif macrophage migration inhibitory factor  -2.5 0.023766581 

10468828 Eif3s10 

eukaryotic translation initiation factor 3, 

subunit 10 -2.5 0.011945828 

10475350 Serf2 small EDRK-rich factor 2  -2.4 0.008462793 

10571705 Irf2 interferon regulatory factor 2 -2.3 0.004393 

10514405 Plaa phospholipase A2, activating protein  -2.2 0.008017126 

10407173 Il6st interleukin 6 signal transducer  -2.2 0.002462199 

10449471 Srpk1 

serine/arginine-rich protein specific kinase 

1  -2.2 0.00154774 

10460371 Ptprcap 

protein tyrosine phosphatase, receptor type, 

C polypeptide-associated protein  -2.2 0.029743822 

10447589 Fbl fibrillarin  -2.2 0.006802163 

10450325 Cfb complement factor B  -2.2 0.053058631 

10580033 Cd97 CD97 antigen  -2.2 0.019922446 

Table 4.3: Selected genes differentially expressed only between TAM and GC Mφ. The 

values corresponding to each gene are fold changes in fluorescence intensity between 

TAM and GC Μφ or between TAM and LN Mφ. Fold changes (Fc) are considered 

significant if > 1.8 for up-regulated genes, < -1.8 for down-regulated genes and  p0.05 

for each comparison. Fc values are mean of 3 experiments.  
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10362803 Cd164 CD164 antigen  -2.2 0.002242865 

10385966 Anxa6 annexin A6  -2.1 0.052432065 

10442341 Srrm2 serine/arginine repetitive matrix 2  -2.1 0.028820148 

10558769 Ifitm1 interferon induced transmembrane protein 1 -2 0.000868584 

10493990 S100a11 S100 calcium binding protein A11 -2 0.024612352 

 

 

 

 

 

 

4.2.1.3   TAM transcriptome is highly enriched for gene clusters involved in                              

Matrix Remodelling, Inflammatory Response and Phagocytosis 

 

4.2.1.3.1  Functional clustering of enriched TAM transcripts using DAVID 

 

Following GeneChip analysis and overview of significantly modulated genes 

in TAM compared to control LN Mφ populations, further bioinformatics analyses 

were performed with a focus on the transcripts defined as significantly up-regulated 

in TAM following comparison with either of the two control Mφ. Firstly, those 

highly enriched TAM transcripts were analyzed for functions using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) 

(http://david.abcc.ncifcrf.gov/). DAVID online bioinformatics resources consist of 

several different tools for the analysis and interpretation of large sets of gene 

expression data (Huang da et al. 2007; Huang da et al. 2009).  Among them, the 

functional annotation clustering tool was specifically employed for the designation 

of all significantly up-regulated TAM transcripts into functional clusters that contain 

a number of similar annotation terms (Huang da et al. 2007). Annotation terms are 

collected from 14 public annotation categories such as Gene Ontology (G0), KEGG 

pathways and BioCarta pathways and are clustered together in DAVID annotation 

clusters according to their degree of similarity which is indicated by the cluster’s 

enrichment score. Therefore, enriched transcripts are initially clustered in several 

independent annotation categories according to their known functions which, if 

Table 4.4: Selected genes differentially expressed only between TAM and LN tissue Mφ. 

The values corresponding to each gene are fold changes in fluorescence intensity between 

TAM and GC Μφ or between TAM and LN Mφ. Fold changes were considered significant if > 

1.8 for up-regulated genes and <-1.8 for down-regulated genes, p0.05 for each 

comparison. Data are representative of 3 experiments. 
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similar, are subsequently grouped into larger clusters according to the degree of 

similarity.  

Figure 4.2 shows cropped HTML images from TAM functional annotation 

clustering analysis carried out on the DAVID website with the most highly enriched 

clusters being selected in terms of enrichment scores (referring to the similarity 

between each of the annotation categories) and p-values (referring to transcripts 

significance for each annotation category/term). These clusters consist of a large 

matrix remodeling-associated functional cluster and smaller clusters for 

phagocytosis,  chemotaxis and inflammatory response and finally a large cluster 

containing functional categories such as response to wounding, response to stress 

and defense response. The above stated functions are therefore highlighted as 

being highly enriched in TAM as opposed to GC and LN tissue Mφ following DAVID 

annotation clustering analysis (Figure 4.2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Functional clustering of transcripts enriched in TAM. All significantly up-

regulated genes between TAM and GC Mφ or LN tissue Mφ (fc 2, p  0.05) were 

clustered into functional categories using the DAVID functional annotation 

clustering tool. Each of the clusters comprises similar Gene Ontology (GO) terms 

presented as functional categories. Enrichment scores, p-values and number of 

genes (count) for each functional cluster are shown.  
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Figure 4.2 (continued): Functional clustering of transcripts enriched in TAM. All 

significantly up-regulated genes between TAM and GC Mφ or LN tissue Mφ (fc 2, p 

 0.05) were clustered into functional categories using the DAVID functional 

annotation clustering tool. Each of the clusters comprises similar Gene Ontology 

(GO) terms presented as functional categories. Enrichment scores, p-values and 

number of genes (count) for each functional cluster are shown.  
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4.2.1.3.2 Functional clustering and Pathway analysis using IPA 

 

In order to further analyze TAM transcriptome and identify additional 

biological processes and cellular/ molecular functions and pathways enriched in 

TAM, significantly up-regulated transcripts were up-loaded to the Ingenuity Systems 

Pathways Analysis (IPA) online tool. The software uses a powerful database, the 

Ingenuity Knowledge Base, containing thousands of biological interactions and 

functional annotations aiming at providing biological insight into large gene 

expression datasets by analyzing them in the context of physiological and disease 

processes, molecular and cellular functions, molecular mechanisms and signaling 

pathways.  Resulting analysis identified lipid metabolism as one of the most 

highly enriched biological processes in TAM with a p-value of 1.02 x 10-13 (Figure 

4.3). Antigen presentation (including Phagocyotosis and Chemotaxis), Inflammatory 

response and Cellular growth and Tissue development functions were additionally 

significantly up-regulated in TAM, with corresponding p-values of 3.49 x10-12, 3.49 

x10-12, 5.76 x 10-9 and 1.73 x 10-8 respectively. Notably, a cluster relating to tumour 

cells was also observed. At first sight, this could be considered to derive from 

contaminating BL tumour cells, either from engulfed apoptotic cell bodies within 

TAM or from tumour cells lying underneath TAM because of the section thickness. 

However, as already discussed in Chapter 3, contamination from apoptotic cell 

bodies’ RNA is unlikely as this is expected to be largely degraded and overall 

contamination from tumour cells in TAM gene profile is thought to be minimal 

given that the first are of human origin and thus not likely to hybridize successfully 

on mouse microarrays. Careful inspection of the so assigned ‘Cancer’ cluster 

showed a diverse group of genes, consisting of cell growth and survival and tissue 

development associated transcripts, and several cytokines and cytokine-induced 

molecules, MMPs, cathepsins and various enzymes and interestingly, an ‘apoptosis’ 

subcluster. Generally, these genes are related to but not restricted to tumour cells, 

as their expression is well established on Mφ among other cell types. Surprisingly, 

certain genes coding for scavenger receptors and other Mφ specific molecules 
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involved in apoptotic cell clearance were assigned to the ‘cancer apoptosis’ 

subgroup.           

To examine the direct relevance of the ‘Cancer’ gene cluster to BL biology 

specifically, expression of a number of its transcripts was queried within the gene 

microarray dataset of the BL2 tumour cell line, previously generated in our 

laboratory by Dr. I. Dumitriu. Remarkably, the majority of these genes were found 

to be absent or marginally expressed in BL2, whilst being highly expressed in the 

TAM microarray dataset. A small portion of the ‘Cancer’ transcripts, expressed at 

moderate or high levels in BL2 cells, included mainly cathepsins and collagens which 

are known to be expressed by Mφ and tumour cells alike.   

 Following analysis of functions, TAM transcripts were additionally analyzed 

for significantly regulated canonical pathways using IPA. The results from this 

analysis indicated Liver X receptor/Retinoid X Receptor (LXR/RXR) activation and 

TREM1 signaling among the highlighted signaling pathways associated with 

immunological or macrophage-specific functions as shown in Figure 4.4.   

 Taken together, functional clustering analysis using two different 

bioinformatics tools, DAVID and IPA, has revealed a distinct TAM profile with highly 

regulated matrix remodeling, lipid metabolism, phagocytosis and inflammation 

related functions as opposed to GC and LN macrophage gene expression profiles. 

Due to time limitation as well as different priorities during the course of the project, 

limited analysis was done on the GC and LN Mφ profiles. As already mentioned in 

section 4.2.1.1, these, unexpectedly, appeared highly similar despite the fact that 

they originated from different lymph node Mφ populations. They were very 

generally characterized by activated protein synthesis and translation machineries 

and a clearly elevated oxidative phosphorylation pathway. An Immune response 

cluster consisting of several pro-inflammatory cytokines was also present within the 

GC and LN Mφ enriched genes.  
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Figure 4.3: Biological processes and functions enriched in TAM. All significantly up-

regulated genes between TAM and GC Mφ or LN tissue Mφ (fc 2, p  0.05) were 

analyzed for biological processes and molecular/ cellular functions using IPA. The 

graph shows p-values at log scale corresponding to each functional gene cluster, 

indicating the enrichment score of each cluster for the stated functions. P-values 

were calculated by IPA software.  

 

Figure 4.4: Selected pathways up-regulated in TAM. All significantly up-regulated 

genes between TAM and GC Mφ or LN tissue Mφ (fc 2, p  0.05) were analyzed for 

signaling pathways using IPA. The graph shows the most highly enriched gene 

pathways, with log p-values corresponding to each functional gene cluster, 

indicating the enrichment score of each cluster for the specific pathway. P-values 

were calculated by IPA software. 
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4.2.2 BL TAM transcriptome is highly similar to the gene expression 

profile obtained from Embryonic stem cell derived Mφ  

 

To further evaluate the TAM transcriptome in the context of normal Mφ 

gene expression, a different Mφ population derived from mouse embryonic stem 

cells was selected for comparison with TAM. Embryonic stem cell derived Mφ 

(ESDM) have been shown to share certain characteristics with TAM at the gene 

level such as increased expression of lipid metabolism associated transcripts 

(Lindmark et al. 2004) and  in  a recent study they were reported to have 

immunosuppressive properties as well as an elevated matrix remodeling gene 

signature (Klimchenko et al. 2011).    

In order to assess the degree of similarity of the two populations in this 

system, ESDM were generated in vitro from mouse embryonic bodies as described 

in Materials and Methods, total RNA was extracted from three independent ESDM 

samples and whole gene expression profiles were obtained following hybridization 

of cDNA targets onto mouse Affymetrix GeneChip arrays. Due to the different 

amplification process used for the preparation of sufficient cDNA targets from the 

limited, microdissected TAM material for the generation of the in situ TAM profile 

as opposed to the standard procedure employed for ESDM cDNA preparation for 

array hybridization, the overall fluorescence intensity of the chips following 

normalization differed substantially and it was therefore not possible to directly 

compare transcripts expression levels between the two populations. Genes defined 

as ‘ESDM enriched’ were manually selected based upon their expression levels 

compared to the expression of the most common housekeeping genes on the chips 

(such as β-actin, GAPDH and α-tubulin) known to be expressed at very high and 

constant levels in most cell types, as well as based upon the gene’s relevance to 

Mφ biology.  Specifically, each of the moderately and highly expressed transcripts 

(when above the minimum fluorescence threshold set at 100) were queried for Mφ 

specificity or immunological relevance through manual inspection of published 

murine and human ESDM gene lists (Lindmark et al. 2004; Klimchenko et al. 2011)  

as well as murine embryonic Mφ populations profiles (Rae et al. 2007). 
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Approximately 440 genes fulfilled the above criteria and 280 from those were Mφ 

related transcripts with very high fluorescence levels (>200) compared to the chip’s 

overall fluorescence intensity. The latter were identified as ‘ESDM enriched’ genes 

and were compared with significantly modulated TAM transcripts. Interestingly, 

the vast majority of the TAM up-regulated genes were found to overlap with the 

‘ESDM enriched’ population and particularly transcripts regulating lipid metabolism 

as well as generally associated with alternative Mφ activation and 

immunosuppression. Table 4.5 shows 31 selected overlapping transcripts 

expressed at highest levels within both Mφ populations. 

 

 

   Fc Fc 
Affy ID Gene Description  TAM v GC 

Mφ 
TAM v LN 

Mφ 

10569319 Ctsd cathepsin D 6.4 4.9 

10400704 Siglece sialic acid binding Ig-like lectin E  8.8 9.8 

10583056 Mmp12 matrix metallopeptidase 12 3.5 3.8 

10547657 C3ar1 complement component 3a receptor 1  38.5 5.7 

10538187 Gpnmb glycoprotein (transmembrane) nmb 10 8.8 

10446282 Lgmn legumain  12.6 13,5 

10572130 Lpl lipoprotein lipase 11.4 11.1 

10585874 Hexa hexosaminidase A 6.3 6.5 

10528207 Cd36 CD36 antigen  5.9 7.7 

10570344 Lamp1 

lysosomal-associated membrane protein 

1 2.4 2 

10389231 Ccl3 chemokine (C-C motif) ligand 3 5.2 4.8 

10414360 Lgals3 lectin, galactose binding, soluble 3 5.2 5.5 

10572897 Hmox1 heme oxygenase (decycling) 1 5.2 5.5 

10586744 Anxa2 annexin A2  3 2.8 

10517508 C1qb 

complement component , q 

subcomponent, beta polypeptide  5.9 3.3 

10560624 Apoe apolipoprotein E 2.9 n/s 

10365559 Igf1 insulin-like growth factor 1 2.7 2.5 

10569014 Ifitm2 

interferon induced transmembrane 

protein 2 2.3 2.2 

10564818 Anpep Alanyl (membrane) aminopeptidase  23.1 16.6 

10551185 Tgfb1 transforming growth factor, beta 1 2.3 2.1 

10469358 Mrc1 mannose receptor, C type 1  38.2 41,3 

10601385 Tlr13 toll-like receptor 13  4.3 4.4 

10393559 Timp2 tissue inhibitor of metalloproteinase 2 5.7 4 

10578264 Msr1 macrophage scavenger receptor 1  17 17.3 

10445781 Trem2 

triggering receptor expressed on 

myeloid cells 2  3.5 3.5 

10389222 Ccl6 chemokine (C-C motif) ligand 6 6.9 8.2 
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10373223 Lrp1 

low density lipoprotein receptor protein 

1 8.4 7.5 

10508734 Ptafr platelet-activating factor receptor  4.3 3.2 

 

 

 

 

 

On the contrary, substantially fewer genes from the ‘ESDM enriched’ population 

were found to be significantly down-regulated in TAM. Selected transcripts can be 

viewed in Table 4.6. 

 

 

   Fc Fc 
Affy ID Gene Description  TAM v GC 

Mφ 
TAM v LN 

Mφ 

10510546 Eno1 enolase 1, alpha non-neuron -2 -2.7 

10517165 Cd52 CD52 antigen -23.4 -22.4 

10606016 Il2rg interleukin 2 receptor, gamma chain -2.4 -3.2 

10559207 Lsp1 lymphocyte specific 1 -8 -10.8 

10568024 Coro1a coronin, actin binding protein 1A -5.1 -4.8 

10508465 Marcksl1 MARCKS-like 1 -14.7 -15.1 

10561806 Mif macrophage migration inhibitory factor  n/s -2.5 

10362803 Cd164 CD164 antigen  n/s -2.2 

10583145 Tmem123 transmembrane protein 123 -9.8 -9.1 

10578149 Leprotl1 

leptin receptor overlapping transcript-

like 1  n/s -3.1 

 

 

 

 

 

 

 

 

 

 

Table 4.5: Selected genes enriched in ESDM, up-regulated in TAM. The values 

corresponding to each gene are fold changes in fluorescence intensity between TAM and GC 

Μφ or between TAM and LN Mφ. Fold changes were considered significant if >1.8 for up-

regulated genes,  p0.05 for each comparison. Values are mean of 3 experiments. 

Table 4.6: Genes enriched in ESDM, down-regulated in TAM. The values corresponding to 

each gene are fold changes in fluorescence intensity between TAM and GC Μφ or between 

TAM and LN Mφ. Fold changes were considered significant if < -1.8 for down-regulated 

genes,  p0.05 for each comparison. Values are mean of 3 experiments. 
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4.2.3 Comparison between in situ BL TAM and in silico human TAM gene 

expression signatures reveals common transcripts regulating key 

TAM functions 

 

Having obtained the first in situ profile of tumour-associated Mf from human 

Burkitt’s lymphoma xenograft tumours, it was considered important to look at the 

highly enriched TAM genes in the context of other TAM signatures derived from 

human tumours to determine whether a generic TAM signature could be 

generated. As the limited in situ whole transcriptome profiles published so far are 

obtained from the entire tumour stroma of patients containing a mixture of 

inflammatory cells and therefore lacking a pure TAM signature (Finak et al. 2008; 

Sakai et al. 2008; Gregg et al. 2010) these gene lists could not be used for 

comparison with the in situ BL TAM profile reported in this study.     

For this reason, in silico TAM signatures extracted from published human 

tumour microarray datasets were employed instead. Human TAM signatures from 

breast cancers (Pawitan et al. 2005) and DLBCL (Lenz et al. 2008) large scale 

profiling studies were generated using the BioLayout3D Express network analysis 

tool (Freeman et al. 2007; Theocharidis et al. 2009) by T. Doig as described in Doig 

et al. submitted (2011). Briefly, the original CEL microarray files from these studies 

were quality checked and normalized using the robust multi-array average (RMA) 

expression measure before being uploaded into BioLayout Express3D tool. As 

described in Material and Methods (section 2.8.4), the software uses a Pearson 

correlation matrix to determine the relationship between the expression profile of 

each microarray transcript with every other transcript on the array.  The data are 

filtered to include only correlations above a user defined threshold (in these cases r 

was greater than or equal to 0.65 to include about half of the total transcripts 

present on the arrays) and then a three-dimension graph layout is laid out using a 

modified Fruchterman-Rheingold algorithm in which ‘nodes’ represent transcripts 

and ‘edges’ correlations between the expression patterns of those transcripts. A 

clustering algorithm (Markov clustering) is then used in order to cluster together 

transcripts which show a high degree of connectivity within the graph and thus 
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have highly similar expression patterns. Making use of the inherent heterogeneity 

present in human tumour datasets it can be inferred that gene expression profiles 

will vary across a large dataset based on the activity of genes that contribute to a 

particular biological function or the numbers of cells expressing a particular gene 

expression signature and will thus cluster together in the graph network. Detailed 

analysis of the clusters generated supported this hypothesis. In such way, a 

heterogeneous microarray data set (such as a whole tumour profile) can be 

visualized as a network of genes consisting of many different gene clusters 

associated with specific cell types or biological processes. Clusters were analysed 

for enrichment of genes associated with a particular biological function or cell type, 

using a combination of approaches; DAVID web-based tool, GSEA MSig database 

web-based tool (www.broadinstitute.org/gsea/msigdb/index.jsp), literature 

searching and comparison with signatures generated in Biolayout from analysis of a 

mouse tissue atlas (Hume et al. 2010). Several clusters were annotated based on 

this approach, including a cluster in both datasets that appeared highly enriched in 

macrophage-associated genes and that was designated the macrophage cluster. 

 Macrophage-associated gene clusters extracted from human breast cancer 

and DLBCL tumour networks constituted the in silico TAM signatures and were 

searched for overlaps in gene expression with the in situ BL TAM signature. The 

TAM signature extracted from the human breast cancer dataset comprised 

approximately 190 genes with known mouse homology, 45 of which were also 

found to be present in the in situ BL TAM signature. From those 45 genes, 36 were 

significantly enriched in BL TAM (ie up-regulated compared to GC or LN Mφ control 

populations) and the remaining 9 genes were moderately or highly expressed in 

TAM as well as in the control Mφ populations. Table 4.7 presents selected common 

genes between BL and breast cancer TAM populations that were significantly up-

regulated in TAM. These genes were selected upon their relevance to Mφ biology 

(ie their involvement in Mφ specific functions) as well as their 

expression/enrichment level in TAM. Interestingly, Mannose Receptor C type 1 

[Mrc1] and Legumain [Lgmn] present within the overlapped transcripts are among 

http://www.broadinstitute.org/gsea/msigdb/index.jsp
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the most highly enriched genes in the BL TAM signature. On the other hand, 11 

genes from the Breast TAM list were found to be down-regulated in BL TAM 

compared to GC or LN Mφ as shown in Table 4.8; however, expression of selected 

genes within this group was still moderate or high in TAM, despite down-regulation 

against the control Mφ populations. These are indicated by asterisks.        

  Fc Fc 
Gene Description  TAM v 

GC Mφ 
TAM v LN 

Mφ 

C1qa 

complement component 1, q subcomponent, 

alpha polypeptide  3.4 2.9 

C1qb 

complement component 1, q subcomponent, beta 

polypeptide  5.9 3.3 

C1qc 

complement component 1, q subcomponent, C 

chain  4.1 2.4 

Ccl3 chemokine (C-C motif) ligand 3  5.2 4.8 

Cd300a CD300A antigen  3 2.9 

Cd5l CD5 antigen-like  6.1 5.8 

Cmklr1 chemokine-like receptor 1 1.8 n/s 

Csf2ra 

colony stimulating factor 2 receptor, alpha, low-

affinity  2.3 n/s 

Ctss cathepsin S  2.1 2.3 

Cybb  cytochrome b-245, beta polypeptide  2.5 2.1 

Fcer1g 

Fc receptor, IgE, high affinity I, gamma 

polypeptide  3.8 3.7 

Fcgr1 Fc receptor, IgG, high affinity I 5.5 5.1 

Fcgr4 Fc receptor, IgG, low affinity IV  7.7 7.3 

Fcna ficolin A  3.6 4.1 

Lilrb4 

Leukocyte immunoglobulin-like receptor, 

subfamily B, member 4  4.8 4.9 

Laptm5 lysosomal-associated protein transmembrane 5  3 n/s 

Lgmn legumain  12.6 13.5 

Ly9 lymphocyte antigen 9  2.7 2.3 

Mcoln1 mucolipin 1  2.8 2.5 

Mpeg1 macrophage expressed gene 1  2.5 2.3 

Mrc1 mannose receptor, C type 1  38.2 41.3 

Pik3ap1 phosphoinositide-3-kinase adaptor protein 1 2.2 2 

Rassf4 Ras association domain family 4  3.6 4.2 

Slc7a7 solute carrier family 7, member 7  2.3 2.2 

Slc15a3 solute carrier family 15, member 3 4.2 3.5 

Siglece sialic acid binding Ig-like lectin E  8.8 9.8 

Tlr8 toll-like receptor 8 4 4.4 

Vcam1 vascular cell adhesion molecule 1  3.3 3.1 

 

 

 

 

Table 4.7: Selected overlapping transcripts from in situ BL TAM and in silico breast 

cancer TAM signatures. The values corresponding to each gene are statistically 

significant fold changes in fluorescence intensity between BL TAM and GC Mφ or 

between BL TAM and LN Mφ (fc >1.8, p0.05) indicating enriched BL TAM 

transcripts. The same transcripts are identified as TAM specific following in silico 

analysis of the breast cancer microarray dataset (as described in section 4.2.3).  
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The human DLBCL TAM signature was extracted from a DLBCL tumour 

microarray dataset derived from a cohort of DLBCL cases that contained both 

germinal centre B cell- like (GCB) subype characterized by low Bcl2 levels, and 

activated B cell-like (ABC) DLBCL subtype characterized by upregulated Bcl2 (Lenz et 

al. 2008). Th TAM signature comprised approximately 446 transcripts with known 

homology to mouse genes from which 110 genes were generally found to be 

present in the mouse BL TAM signature. The vast majority of these (83 genes) were 

significantly up-regulated in BL TAM as opposed to GC or LN Μφ whereas the 

remaining 27 genes were expressed at similar levels in TAM, GC and LN Mφ. Table 

4.9 presents selected transcripts that are highly enriched in both BL TAM and DLBCL 

TAM signatures. Similar to the BL TAM versus breast cancer TAM comparison, a 

small number of transcripts enriched in the DLBCL TAM profile were down-

regulated in BL TAM; these can be viewed in Table 4.10. 

 

 

  Fc Fc 
Gene Description  TAM v GC 

Mφ 
TAM v LN 

Mφ 

Cd74

 CD74 antigen  -2.6 -2.3 

Cd97 CD97 antigen  n/s -2.2 

Fyb
 

FYN binding protein  -1,9 -2.7 

Gbp4 guanylate nucleotide binding protein 4  -14 -14.4 

Gimap7 GTPase, IMAP family member 7  -14.7 -15.1 

Hcst

 hematopoietic cell signal transducer -2.2 -3.3 

Ikzf1 IKAROS family zinc finger 1  -2.7 -3,3 

Il7r interleukin 7 receptor  -1.9 -2.5 

Lcp2 lymphocyte cytosolic protein 2  n/s -2.5 

Sep1 septin 1  -2.1 -3.2 

Srgn

 serglycin  -5.6 -4.6 

Table 4.8: Transcripts enriched in breast cancer TAM, down-regulated in BL 

TAM. The values corresponding to each gene are fold changes in fluorescence 

intensity between TAM and GC Μφ or between TAM and LN Mφ. Fold changes < -

1.8 p0.05 are considered significant. 
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  Fc Fc 
Gene Description  TAM v GC 

Mφ 
TAM v LN 

Mφ 

Acp2 acid phosphatase 2, lysosomal  4.5 3 

Apoe apolipoprotein E  2.9 1.8 

Asah1 N-acylsphingosine amidohydrolase 1  2.8 2.6 

Atp13a2 ATPase type 13A2  2.5 2.4 

C1qa 

complement component 1, q 

subcomponent, alpha polypeptide  3.4 2.9 

C3ar1 complement component 3a receptor 1  38.5 50.7 

Ccl8 chemokine (C-C motif) ligand 8  5.6 5.1 

Clec12a  C-type lectin domain family 12, member A  4 4.5 

Cmklr1 chemokine-like receptor 1  1.8 n/s 

Csf1r colony stimulating factor 1 receptor  2.2 1.8 

Ctsd cathepsin D  6.4 4.9 

Ctss cathepsin S  2.1 2.3 

Fcer1g 

Fc receptor, IgE, high affinity I, gamma 

polypeptide  3.8 3.7 

Fcgrt Fc receptor, IgG, alpha chain transporter  2 2.1 

Galc galactosylceramidase  3.4 3.5 

Gpnmb glycoprotein (transmembrane) nmb  10 8.8 

Grn granulin  7 5.4 

Hexa hexosaminidase A  6.3 6.5 

Igf2r insulin-like growth factor 2 receptor  3 2.3 

Lamp1 lysosomal-associated membrane protein 1  2.4 2 

Lgals3 lectin, galactose binding, soluble 3  5.2 5.5 

Lgals3bp 

lectin, galactoside-binding, soluble, 3 

binding protein  2.2 n/s 

Lipa lysosomal acid lipase A  8.4 7.5 

Lrp1 

low density lipoprotein receptor-related 

protein 1  8.4 7.5 

Npc1 Niemann Pick type C1  5.9 3.3 

Nrp2 neuropilin 2  2.2 2 

Psap prosaposin  4.2 3.2 

Ptafr platelet-activating factor receptor  4.3 3.2 

Scarb2 scavenger receptor class B, member 2  1.9 1.9 

Scpep1 serine carboxypeptidase 1  3.9 3.1 

Timp2 tissue inhibitor of metalloproteinase 2  5.7 4 

Tlr4 toll-like receptor 4  4.3 4.8 

Tlr8 toll-like receptor 8  4 4.4 

Tns1 tensin 1  n/s 2 

Tyrobp 

TYRO protein tyrosine kinase binding 

protein  2 2 

 

 

 

 

 

 

Table 4.9: Selected overlapping transcripts between in situ BL TAM and in silico 

DLBCL TAM signatures. The values corresponding to each gene are statistically 

significant fold changes in fluorescence intensity between BL TAM and GC Mφ or 

between BL TAM and LN Mφ (fc >1.8, p0.05) indicating enriched BL TAM transcripts. 

The same transcripts are identified as TAM specific following in silico analysis of the 

DLBCL microarray dataset. 
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  Fc Fc 
Gene Description  TAM v 

GC Mφ 
TAM v LN 

Mφ 

ACP5  acid phosphatase 5, tartrate resistant  n/s -2.1 

Ccl5 chemokine (C-C motif) ligand 5 -10.5 -14.1 

Cd97 CD97 antigen  n/s -2.2 

Gbp4 guanylate nucleotide binding protein 4  -14 -14.4 

Lcp2 lymphocyte cytosolic protein 2  n/s -2.5 

SAMHD1

 SAM domain and HD domain 1 -1.9 -2.6 

S100a11

 S100 calcium binding protein A11 n/s -2 

Tmem176b transmembrane protein 176B -2.7 -2.7 

Tmsb10

 thymosin beta 10 -3.3 -3.7 

 

 

 

 

 

Interestingly, comparison between BL TAM and either Breast or DLBCL TAM 

gene expression reveals a number of overlapped transcripts known to be associated 

with an alternative activation profile often observed in TAM gene expression 

signatures generated in vitro such as Legumain [Lgmn], Mannose Receptor C, type 1 

[Mrc1] and Galactose binding lectin 3 [Lgals3]. Importantly, transcripts involved in 

lipid metabolism (Apolipoprotein E [Apoe], Lysosomal acid lipase A [Lipa], Niemann 

Pick type C1 [Npc1] as well as in apoptotic cell clearance (Low density lipoprotein 

receptor-related protein 1 [Lrp1], Scavenger receptor class B, member 2 [Scarb2]) 

are also present in the common signature between BL TAM and DLBCL TAM. The 

latter comprised of a much larger number of overlapped genes including the most 

highly enriched BL TAM transcript Complement component 3a receptor 1 [C3ar1]; 

this most likely reflects the similarities between BL and DLBCL (particularly the GC 

subtype) microenvironments, which despite the obvious species differences in this 

case (ie human versus mouse), seem to be able to contribute towards a distinct 

TAM gene expression profile.  

 

 

 

Table 4.10: Transcripts enriched in DLBCL TAM, down-regulated in BL TAM. The 

values corresponding to each gene are fold changes in fluorescence intensity 

between TAM and GC Μφ or between TAM and LN Mφ. Fold changes  -1.8 with 

p 0.05 are considered significant. 
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4.2.4 Validation of TAM gene expression profile 

 

The extensive bioinformatics analysis carried out in sections 4.2.1-4.2.3 

contributed to understanding the BL TAM gene expression profile in terms of the 

most highly enriched biological functions based upon the increased expression or 

absence of expression of selected transcripts as well as through assessment of 

similarities or differences by comparison with the profiles of other normal and 

tumour macrophage populations. However, as it is the case for all microarray gene 

expression profiles, in order for it to be trustworthy it is extremely important to be 

validated through independent means. Initially, the entire BL TAM signature 

consisting of all significantly up-regulated transcripts against GC or LN control Mφ 

was questioned for Mφ specificity through use of the network analysis tool 

BioLayout Express3D. Subsequently, common laboratory assays were employed in 

order to assess the representation of selected enriched microarray transcripts in 

terms of expression at mRNA and tissue level as it will be described in sections 

4.2.4.2 - 4.2.4.3.  

 

4.2.4.1 TAM gene expression profile is highly enriched for macrophage- 

specific clusters 

 

The validity of the TAM microarray profile as a whole in terms of relevance 

of the up-regulated TAM transcripts to Mφ biology was addressed using the Mouse 

GNFv3 cell Atlas (Hume et al. 2010) on the BioLayout Express3D analysis tool. 

Network analysis of the mouse transcriptomics atlas was carried out in BioLayout 

Express3D as described in (Hume et al. 2010). Briefly, mouse microarray data from a 

range of tissues (GEO dataset; GCE10246) were uploaded onto the network tool 

and were transformed into a graph consisting of several clusters of genes closely 

connected to each other (as indicated by a Pearson correlation threshold of 0.8 or 

greater for each gene connection). The genes are represented as nodes and 

connections between each of the genes are represented as edges in the resulting 

graph. Next, the graph was clustered using the Markov clustering algorithm (MCL) 
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which resulted in a large number of clusters consisting of genes (nodes), that are 

associated with specific cell types based on the known functions and expression 

pattern of the genes as well as on their association with other genes within the 

cluster. 

 The TAM enriched microarray profile as defined by up-regulated TAM transcripts 

against GC or LN Mφ (fc >1.8, p  0.05) was uploaded into the BioLayout Express3D 

and overlaid on top of the Mouse GNFv3 cell Atlas network graph described above. 

The genes enriched in the TAM profile (ie fc>1.8 vs GC or LN Mφ,  p  0.05) fell into 

several of the gene clusters generated from the Mouse GNFv3 cell atlas data as 

presented in Figure 4.5. TAM transcripts were grouped into 4 main tightly 

connected clusters and 3 considerably smaller clusters with looser gene 

connections. 3 out of the 4 main clusters were identified as Mφ specific based on 

the Mouse GNFv3 Atlas cluster annotation (Hume et al. 2010). Specifically, gene 

expression within these clusters was associated with different Mφ populations 

such as BMDM and peritoneal Mφ as well as Mφ treatments (LPS induced cluster). 

The fourth large cluster was associated with genes expressed highly in 

mesenchymal cells. Further analysis of the TAM genes comprising this cluster 

revealed several extracellular matrix related genes and degrading enzymes such as 

collagens and matrix metalloproteinases (MMPs) and certain transcription 

regulators which are strongly associated with mesenchymal cells; however, 

expression of such genes (and MMPs in particular) from many types of 

macrophages including TAM has been extensively documented as reviewed in 

(Egeblad and Werb 2002; Kessenbrock et al. 2010) as well as in (Pollard 2004) and 

therefore the possibility that these genes are indeed TAM-derived seems 

eminently conceivable. The remaining 3 smaller groups of genes were generally 

expressed in Mφ but their additional expression or differences in expression across 

tissues did not allow them to form tight clusters and separated these nodes from 

the main structure of the graph.  
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Overall, network analysis of the TAM transcriptome using BioLayout Express3D 

confirmed the purity of the laser-captured TAM population by showing that the 

obtained microarray profile is highly enriched for Mφ specific gene clusters.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Network analysis of TAM transcriptome using the BioLayout Express3D 

tool. All significantly up-regulated genes (fc >1.8, p  0.05) were overlaid on top of the 

GNFv3 Mouse cell atlas network graph on the BioLayout Express3D analysis tool. The 

network graph comprises nodes that represent transcripts and connecting edges that 

represent connections between individual transcript expression indicating Pearson 

correlation of 0.8 or greater. The colour of the nodes represents the cluster to which 

transcripts have been assigned. The vast majority of the differentially expressed TAM 

transcripts were identified as Mφ specific as shown from the annotated clusters. 

Arrows indicate all major clusters that TAM transcripts fell into. Cluster annotations are 

obtained from the GNFv3 Mouse cell atlas network analysis (Hume et al. 2010). 
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4.2.4.2  Validation of mRNA expression of selected transcripts by real-time 

quantitative PCR 

 

In order to assess the validity of the TAM transcriptome, expression of 

selected components was further investigated in terms of mRNA levels as well as of 

tissue representation. Transcripts’ mRNA expression was determined through use 

of real-time quantitative PCR (real-time qPCR), an assay routinely and widely 

employed in microarray validation experiments. For the purpose of validating 

numerous genes, SYBR Green chemistry was chosen over Taqman and was used in 

combination with gene-specific primers that had been validated and thoroughly 

tested for amplification efficiency prior to the validation runs as described in detail 

in Materials and Methods section 2.7.2.       

 Relative mRNA expression of selected highly enriched TAM transcripts was 

assessed in the same laser-microdissected TAM, GC and LN Mφ samples that have 

been initially used to generate the microarray gene signatures. Due to the very 

limited material available, qPCR reactions were set up with duplicate samples. 

Approximately 100 pg/μl of each RNA sample were used as templates for cDNA 

synthesis and subsequent qPCR for a total of 16 selected transcripts. Relative 

expression of each target gene was measured following normalization with a 

housekeeping gene in order to correct for any differences in gene expression arising 

from unequal amount inserted into the reactions. Among the well-known house-

keeping genes traditionally used in qPCR assays, α-tubulin [Tuba1b] was chosen as 

its expression levels in terms of mean fluorescence intensity within the microarray 

datasets were almost identical between TAM, GC and LN Mφ populations [TAM: 

239, GC Mφ: 250, LN Mφ: 260]. Normalized gene expression levels in TAM are 

presented as mean fold changes in relation to expression in the GC Mφ which 

served as a reference sample (value set to 1). Figure 4.6 shows relative mRNA 

expression graphs for TAM, GC and LN Mφ samples, for analyzed transcripts. 

Importantly, all selected significantly up-regulated microarray genes showed exactly 

the same pattern of expression at the mRNA level, confirming the validity of the 

TAM enriched profile.  
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Figure 4.6 Validation of selected genes from TAM microarray data using quantitative 

real-time PCR. Graphs show relative mRNA expression of each transcript in TAM compared 

to GC Mφ and LN Mφ. All data have been normalized to the housekeeping gene Tuba1b. 

Results are shown in mean fold change compared to GC sample (value set to 1). Values are 

mean of duplicate wells. Error bars represent min and max values of 95% confidence 

interval.  
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As can be seen in Figure 4.6, evaluated genes were selected from different 

functional clusters in order to validate several components of the bioinformatics 

analysis. C3ar1, Ccl6 and Tgfb1 genes were chosen from the inflammatory response 

cluster, Msr1, Mrc1 and Lrp1 genes were chosen among the receptors largely 

involved in phagocytosis, genes for the metalloproteinases Mmp12, Mmp2, Mmp3 

and metalloproteinase inhibitor Timp2 represented the matrix remodeling cluster 

and finally other genes of interest were included in the validation (Hmox1, Anpep, 

Lgals3 and Lgmn). Hmox1 and Lgmn are particularly interesting, as they are known 

to be involved in important TAM functions such as promotion of tumour 

angiogenesis (Nishie et al. 1999; Dulak et al. 2004) and metastasis (Luo et al. 2006) 

respectively. Lgmn is also associated with matrix remodeling activity in several 

pathologies (Morita et al. 2007) and thus could be involved in TAM induced matrix 

remodeling in these tumour settings. In addition to the function-related selection 

criteria, representative genes with large fold changes, moderate and small fold 

changes were also selected for validation in order to assess how the changes in 

normalized microarray fluorescence intensity are represented in terms of 

normalized mRNA expression fold changes. Interestingly, all significantly up-

regulated tested transcripts showed a similar up-regulation in mRNA expression and 

in the vast majority, the observed mRNA fold changes were significantly higher than 

those observed within the microarray dataset.      

 Following validation of selected mRNA expression in TAM compared to GC 

and LN Mφ, mRNA levels of certain genes of interest were assessed in TAM in 

relation to whole BL tumour mRNA levels. Genes from the matrix remodeling TAM 

cluster such as Mmp12, Mmp2, Mmp3 and Timp2 were of particular interest for 

reasons mentioned in the discussion and analyzed later in Chapter 5 and due to 

their known expression by a number of tumour cells, it was very important to 

investigate their expression levels in whole BL sections compared to microdissected 

TAM. Other genes included in the analysis were C3ar1 and Hmox1. As shown in 

Figure 4.7, TAM RNA was highly enriched for all of the transcripts tested as opposed 

to whole BL tumour RNA, with Mmp12, Mmp2 and Timp2 relative expression being 
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particularly low in the BL tumour. This further strengthens the possibility that 

presence of these genes in TAM microarray profile is indeed TAM-related and not 

due to contamination by phagocytozed or adjacent tumour material.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: TAM RNA is highly enriched for selected microarray 

transcripts when compared to whole BL tumour RNA using 

real-time qPCR. Graph shows relative mRNA expression of each 

transcript in BL tumour compared to laser- microdissected TAM. 

All data have been normalized to the housekeeping gene 

Tuba1b. Results are shown in mean fold change compared to 

TAM sample (value set to 1). Values are mean of dublicate wells. 

Error bars are +/- 95% confidence interval (CI).  
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4.2.4.3 Validation of tissue expression of selected transcripts on BL SCID 

sections by double immunofluoresence 

 

Tissue relevance of selected molecules from the TAM transcriptome was 

further investigated through immunohistochemical assessment of tissue expression 

on frozen BL SCID tumour sections. Molecules of interest were the matrix 

remodeling mediators MMP12 (known as macrophage metalloelastase) and MMP2 

as well as Heme oxygenase 1 (Hmox1) a molecule associated with alternative Mφ 

activation (Weis et al. 2009) and known to be involved in tumour angiogenesis 

(Nishie et al. 1999; Dulak et al. 2004). The above MMPs were particularly chosen for 

further investigation due to their prominent position within the matrix remodeling 

associated gene cluster that was among the most highly enriched TAM clusters, 

indicative of a significant TAM function. Other reasons for focusing on MMPs 

expression/modulation in the BL microenvironment will be detailed later in Chapter 

5.           

 Tissue expression of each of these molecules on BL SCID sections was 

assessed through double immunofluorescence (IF) labeling in order to determine 

specific localization on TAM.  CD68 lF was used as previously to visualize TAM on BL 

tumour sections, followed by MMP12, or MMP2 or Hmox1 labelling. Figure 4.8.i. 

presents MMP12 validation data on BL SCID tissue: As shown in the micrographs, 

the vast majority of CD68+ TAM (green, (a.)) were also positive for MMP12 staining 

(red, b.)); co-localization of the two molecules was further confirmed by yellow 

stained TAM, following merge of the two channels (c.). Similarly, MMP2 tissue 

expression is shown in Figure 4.8ii., with a number of CD68+ TAM (a.) strongly 

expressing MMP2 (b.). Interestingly, though quite unexpectedly, MMP2 did not 

stain the entire TAM but instead seemed to localize onto specific elements such as 

apoptotic bodies inside the macrophages as indicated by the arrows in d. Finally, 

Hmox1 expression was associated with CD68+ TAM as can be observed in Figure 

4.8.iii.c. Notably, even though certain TAM were very strongly positive for Hmox1, 

others showed complete lack of Hmox1 staining.    



161 

 

Overall tissue expression data for the selected TAM molecules further 

confirmed elements of the TAM transcriptional profile and along with the mRNA 

expression data from numerous transcripts completed the validation process 

undertaken. Next, tissue expression of MMP12, MMP2 and Hmox1 was investigated 

in other mouse as well as human lymphomas as will be presented in the next 

sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



162 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Validation of tissue expression of selected TAM transcripts on BL SICD 

sections. i. MMP12 expression. a) 400x micrograph of a BL SCID section stained for 

CD68 (mouse anti-CD68-AlexaFluor488 Ab, green). b) Micrograph of the same section 

stained for MMP12 (rabbit anti-MMP12 Ab with anti-rabbit AlexaFluor568 secondary Ab, 

red) c) Micrograph showing CD68+/MMP12+ TAM following merge of the two channels 

using Image J software. d) BL SCID section stained with isotype control (mouse IgG-

AlexaFluor488).ii. MMP2 expression. a) 400x micrograph of a BL SCID section stained for 

CD68 (mouse anti-CD68-AlexaFluor488 Ab, green). b) Micrograph of the same section 

stained for MMP2 (rabbit anti-MMP2 Ab with anti-rabbit AlexaFluor568 secondary Ab, 

red) d) Micrograph showing CD68+/MMP2+ TAM following merge of the two channels. c) 

BL SCID section stained with isotype control (rabbit IgG-AlexaFluor568). iii. Hmox1 

expression. a) 400x micrograph of a BL SCID section stained for CD68 (mouse anti-CD68-

AlexaFluor488 Ab, green). b) Micrograph of the same section stained for Hmox1 (rabbit 

anti-Hmox1 Ab with anti-rabbit AlexaFluor568 secondary Ab, red) c) BL SCID micrograph 

showing CD68+/Hmox1+ TAM following merge of the two channels. 
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4.2.5 Tissue expression of selected TAM molecules in other lymphomas 

 

4.2.5.1 λ-MYC tumour model: A murine starry-sky non Hodgkin lymphoma  

The mouse transplantation model of λ-MYC lymphoma was used as an 

alternative model to BL SCID in order to characterize TAM and particularly, to 

investigate expression of selected molecules of interest as described in section 

4.2.4. The λ-MYC transplantation model is the murine equivalent of SCID BL, 

established through transplantation of mouse MYC-Ed1 lymphoma cells into an 

immunocompetent environment such as C57BL/6 wild type mice. The MYC-Ed1 cell 

line has been isolated from spontaneous λ-MYC lymphoma cells derived from the 

original λ-MYC transgenic mice which is known as the murine counterpart of human 

BL disease (Kovalchuk et al. 2000). Although not strictly BL, as it seems to arise early 

in the B cell maturation process (Zhu et al. 2005), murine λ-MYC largely resembles 

human BL phenotypically. Therefore, the λ-MYC transplantation model used is 

highly similar to the SCID BL in terms of the key histological characteristics, notably 

starry-sky morphology resulting from the presence of numerous apoptotic cells 

within the tumour and subsequent massive TAM infiltration (Pound et al. 2011 In 

preparation).          

 MMP12, MMP2 and Hmox1 expression was assessed in λ-MYC tissue 

sections to see whether it would be associated with TAM as shown previously in the 

SCID BL model. Figure 4.9 comprises 400x magnification micrographs of λ-MYC 

sections double stained with CD68/MMP12 (i.), CD68/MMP2 (ii.) and CD68/Hmox1 

(iii.). TAM infiltration into the tumour is evident in all sections as indicated by CD68 

labeling (i.a, ii.a., iii.a.). In the case of MMP12 (i.b.), localization on the totality of 

CD68+ TAM can be observed following merge of the two fluorescence images (i.c.). 

MMP2 could be detected in a number of TAM (ii.b.) but not as strongly as MMP12. 

Following fluorescence merge, there is distinct co-localization in certain CD68+ TAM 

as indicated by the arrows (ii.c.), but not in their majority. Finally, strong expression 

of Hmox1 (iii.b.) was evident in TAM, though similarly to MMP2 expression it was 
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expressed selectively and not in the totality of TAM. Additionally Hmox1 seemed to 

localize on TAM in certain areas of the tumour section, mostly towards the edges of 

the tumour where it was very strongly expressed (not shown).     

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Tissue expression of selected TAM molecules on mouse λ-MYC sections. i. 

MMP12 expression. a) 400x micrograph of a λ-MYC section stained for CD68 (mouse 

anti-CD68-AlexaFluor488 Ab, green). b) Micrograph of the same section stained for 

MMP12 (rabbit anti-MMP12 Ab with anti-rabbit AlexaFluor568 secondary Ab, red) c) 

Micrograph showing CD68+/MMP12+ TAM following merge of the two channels using 

Image J software. d) λ-MYC section stained with isotype control (mouse IgG-

AlexaFluor488).ii. MMP2  expression. a) 400x micrograph of a λ-MYC section stained for 

CD68 (mouse anti-CD68-AlexaFluor488 Ab, green). b) Micrograph of the same section 

stained for MMP2 (rabbit anti-MMP2 Ab with anti-rabbit AlexaFluor568 secondary Ab, 

red) c) λ-MYC micrograph showing CD68+/MMP2+ TAM following merge of the two 

channels. d) λ-MYC section stained with isotype control (rabbit IgG-AlexaFluor568). iii. 

Hmox1 expression. a) 400x micrograph of a λ-MYC section stained for CD68 (mouse 

anti-CD68-AlexaFluor488 Ab, green). b) Micrograph of the same section stained for 

Hmox1 (rabbit anti-Hmox1 Ab with anti-rabbit AlexaFluor568 secondary Ab, red) c) λ-

MYC micrograph showing CD68+/Hmox1+ TAM following merge of the two channels. 
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In summary, λ-MYC TAM showed a very similar pattern of MMP12, MMP2 

and Hmox1 tissue expression to SCID BL TAM which further adds up to the common 

phenotypic characteristics of the two BL models. Strikingly, all three molecules and 

especially MMP2 and Hmox1 appear to localize also on parts of tumour cells that 

are most likely apoptotic cell bodies, both inside and outside TAM. This surprising, 

and rather unexpected, at least in the case of SCID BL tumour, observation will be 

addressed later in Chapter 5. 

 

4.2.5.2 TAM evaluation on human DLBCL archived material 

To determine whether TAM from human lymphomas expressed molecules 

selected from BL SCID TAM microarray profile, archived diffuse large B cell 

lymphoma (DLBCL) patient material in the form of tissue microarray (TMA) was 

used. The TMAs were generated as described in Materials and Methods (section 

2.4.4.1) and overall contained 73 cases of DLBCL excised from patients in the 

Lothian area. Due to the very limited material available for the purpose of this 

study, 3 TMA sections each containing different cases of DLBCL were used for 

evaluation of MMP12, MMP2 and Hmox1 expression on TAM by 

immunohistochemistry. A number of DLBCL cases present in each of the TMA 

sections stained had a very similar histological appearance to BL and were 

characterized by large numbers of apoptotic lymphoma cells and extensive Mφ 

infiltration. In those tissues, identification of TAM was prominent without the need 

of a Mφ specific marker, through TAM’s distinct morphology and active engulfment 

of apoptotic tumour cells and therefore expression of MMP12, MMP2 and Hmox1 

on these cells, as indicated by arrows in Figure 4.10, could be readily assessed. 

Figure 4.10.i. shows representative MMP12 staining of a DLBCL case on a TMA 

section at 200x magnification. Although there is clearly localization of MMP12 on a 

significant number of infiltrating TAM, it is obvious that expression is not restricted 

to Mφ as it is also observed in the vast majority of lymphoma cells despite the fact 

that MMP12 is defined as a macrophage specific metalloelastase (Shapiro et al. 

1992; Shapiro 1999).  A similar pattern of expression to MMP12 was seen in the 
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case of MMP2 staining on DLBCL tissue (Figure 4.10.ii.a-b), with numerous TAM as 

well as tumour cells expressing the metalloproteinase. In agreement with 

expression in the λ-MYC tissue sections described previously, MMP2 seems to have 

a distinct localization on and around apoptotic cell bodies inside TAM which can be 

best assessed at high magnification micrographs (ii.b.). In contrast to both MMP12 

and MMP2, Hmox1 expression was found to be TAM specific in the majority of 

DLBCL cases on the TMA section examined, with generally few tumour cells being 

positive for this molecule. Figure 4.10.iii shows low power (a.) and high power (b.) 

micrographs of a representative DLBCL case on a TMA section with significant 

numbers of Hmox1 positive TAM. TAM with engulfed tumour cells (indicated by 

arrows) as well as distinct cytoplasmic staining of Hmox1 on TAM can be clearly 

identified when looking at the high power micrograph (iii.b.).   

 Overall, this last section of Chapter 4 addressed the tissue expression of 

selected BL TAM enriched transcripts in lymphomas other than the SCID BL model 

that profiled TAM originated from in order to determine whether TAM from 

different lymphoma microenvironments and most importantly from human DLBCL 

disease share common phenotypic characteristics. Expression of the selected 

molecules was associated with TAM in both mouse BL and human DLBCL tumours 

investigated, though it was not entirely TAM specific; nevertheless, the data 

presented here confirm MMP12, MMP2 and Hmox1 expression on TAM in these 

tumours and suggest that more TAM molecules highlighted in the in situ BL TAM 

signature could be commonly expressed among TAM in other lymphomas and 

therefore could constitute part of a ‘generic’ lymphoma TAM signature.   
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Figure 4.10:. Tissue expression of selected molecules from TAM 

microarray data on human DLBCL TMA sections. i. MMP12 expression. 

200x micrograph of DLBCL tissue stained for MMP12 (rabbit anti-MMP12 

Ab with anti-rabbit biotin-conjugated secondary Ab, counterstained with 

haematoxylin). Arrows indicate MMP12+ TAM. ii. MMP2 expression. a) 

200x micrograph and b) 630x micrograph of DLBCL tissue stained for 

MMP2 (rabbit anti-MMP2 Ab with anti-rabbit biotin-conjugated 

secondary Ab, counterstained with haematoxylin). Arrows indicate 

MMP2+ TAM. iii. Hmox1 expression. a) 200x micrograph and b) 630x 

micrograph of DLBCL tissue stained for Hmox1 (rabbit anti-Hmox1 Ab 

with anti-rabbit biotin-conjugated secondary Ab, counterstained with 

haematoxylin). Arrows indicate Hmox1+ TAM. 
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4.3 Discussion 

 

This chapter describes the generation of the first in situ global gene expression 

profile of tumour-associated Mφ from Burkitt’s lymphoma tumours, being the only 

of its kind to date for TAM derived from lymphoma or any solid tumour. Although 

an increasing number of TAM profiles has been reported in the literature within the 

last few years, the vast majority has been generated in vitro following TAM 

manipulation (Biswas et al. 2006; Duff et al. 2007; Watkins et al. 2007; Zabuawala et 

al. 2010) with the only exception being the work of (Ojalvo et al. 2009) which will be 

discussed later. In (Biswas et al. 2006) whole transcriptome profile of TAM from a 

murine fibrosarcoma was obtained in vitro following TAM isolation through 

enzymatic digestion of the tumour and subsequent purification through adherent 

cultures. (Duff et al. 2007) used a similar enzymatic treatment to isolate TAM from 

murine melanoma tumours and (Watkins et al. 2007) used magnetic bead 

separation to isolate and purify TAM from disaggregated mouse Lewis lung 

carcinoma cells. Similarly to Biswas et al. these researchers cultured TAM in vitro 

prior to analyzing their gene expression profile. Most recently, Zabuawala et al. 

used YFP+-Csf1r transgenic mice (similar to the EGFP+-Csf1r MacGreen mice 

(Sasmono et al. 2003)) backcrossed with MMTV-PyMT transgenic mice to generate 

mammary tumours infiltrated with YFP+ TAM which they could easily then purify 

through FACS sorting without the need of adherent cultures in vitro; however initial 

isolation of TAM from the tumours was performed by collagenase treatment a 

process that is highly likely to have affected the gene expression profile of TAM as 

well as the entire microenvironment of the tumour.  Perhaps the only existing TAM 

profile obtained through the minimum technical interference and therefore close to 

an actual in vivo profile is the one published by (Ojalvo et al. 2009). In this work 

EGFP+/dextran+ TAM were isolated from mouse MMTV-PyMT (mammary) tumours 

grown in MacGreen mice following tumour mincing, filtration and resuspension in 

erythrocyte lysis buffer for subsequent FACS sorting of EGFP+/dextran+ TAM.  Both 

enzymatic digestion of the tumour and in vitro culture of TAM were excluded from 
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the isolation protocol in this report minimizing therefore the laboratory procedures 

most likely to significantly alter TAM gene expression profile. However, introduction 

of dextran in the animals as a TAM complimentary marker and subsequent 

selection of TAM based on dextran phagocytosis could induce certain changes in 

expression of genes related to this process that would not normally occur in the 

tumour microenvironment in the absence of dextran. Therefore, as close as it might 

be to generating a true TAM gene expression profile, this study may not be entirely 

representative of the actual TAM activation status as shaped by the in vivo tumour 

microenvironment . 

A number of recent studies have looked at the microenvironment of 

tumours in vivo by generating whole gene expression signatures of cells that 

comprise the tumour stroma, including inflammatory infiltrate, in situ (Boersma et 

al. 2008; Finak et al. 2008; Sakai et al. 2008; Ma et al. 2009; Gregg et al. 2010). 

Tumour stroma typically contains a mixture of inflammatory cells such as 

macrophages, dendritic cells, T cells and lymphocytes along with connective tissue 

such as fibroblasts and endothelial cells. Thus, such signatures might provide 

invaluable information for gene expression related to any non cancerous cell within 

the tumour microenvironment compared to tumour-derived gene expression but 

on the other hand contribute very little to understanding the specific role and 

functions of certain components of the inflammatory tumour stroma such as TAM.  

Among the published in situ stromal cell gene signatures mentioned above, only the 

study by Sakai et al specifically aimed to characterize the gene expression of 

mononuclear inflammatory cell infiltrate in human hepatocellular carcinoma (HCC) 

tissue -instead of expression of the entire population of stromal cells as reported by 

the other authors- through comparison with the expression of mononuclear 

inflammatory cells infiltrating non-cancerous liver tissue. The HCC-infiltrating 

inflammatory cells profiled by Sakai et al. consisted of a mixture of macrophages, 

effector T cells and regulatory T cells and therefore the derived whole gene 

expression signature cannot be regarded as TAM specific as it inarguably lacks 

purity. However, given the in situ isolation of the profiled cells it is the closest to an 
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in vivo human TAM profile existing to date.       

 In view of the limited published in vitro TAM profiles and of a considerable 

lack in the literature of any pure, in vivo gene expression data on TAM as discussed 

above, the work described in this chapter focused on the generation and analysis of 

an in situ global gene microarray profile of TAM obtained from a xenograt model of 

human Burkitt’s lymphoma, a typical aggressive non Hodgkin lymphoma. TAM 

microdissected from BL xenograft tumours exhibited a distinct gene expression 

profile that differed largely from that of healthy tissue macrophages microdissected 

from areas of resting lymph nodes (LN) as well as from LN germinal centres. Among 

the key functional processes that were identified as highly enriched within the TAM 

transcriptome following extensive bioinformatics analysis, were lipid metabolism, 

phagocytosis, matrix remodeling and inflammatory response.    

 Lipid metabolism is a well characterized Mφ function. Recently it has been 

associated with an alternative Mφ phenotype following an in vitro profiling study  of 

human Mφ induced to alternative activation by IL-13 treatment (Scotton et al. 

2005) and since then many lipid metabolism mediators have been independently 

identified as alternative activation (M2) markers in Mφ from various groups (as 

reviewed in (Van Ginderachter et al. 2006)). In addition, certain genes involved in 

lipid metabolism have been identified as commonly expressed between M2 Mφ in 

mouse parasite infection models and Mφ obtained from a T lymphoma 

transplantation model suggesting that this function could be used as part of the 

common signature between M2 Mφ in different disease settings and TAM 

(Ghassabeh et al. 2006). In the work presented in this thesis, increased lipid 

metabolism has been directly linked to the TAM phenotype in vivo, as expression of 

a large number of related genes is shown to be significantly up-regulated in BL TAM 

compared to control Mφ. Interestingly, the genes comprising this functional cluster, 

include not only those involved in lipid processing (such as the enzymes lipoprotein 

lipase [Lpl], monoglyceride lipase [Mgll], lysosomal acid lipase A [Lipa], 

phospholipase D [Pld3], and proteins phospholipid transfer protein [Pltp] and 

prosaposin [Psap]) but also genes involved in lipid uptake (such as low density 
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lipoprotein receptor-related protein 1 [Lrp1], macrophage scavenger receptror 1 

[Msr1] ) which are additionally two Mφ scavenger receptors known to be involved 

in apoptotic cell recognition and clearance (Platt et al. 1996; Ogden et al. 2001). 

Therefore in BL TAM, enhanced lipid metabolism is naturally directly linked with 

apoptotic cell clearance (ie phagocytosis) which is also one of the most highly 

enriched TAM functions. Among the many genes associated with apoptotic cell 

clearance that were strongly expressed in TAM are macrophage mannose receptor 

[Mrc1]], CD36 and the tyrosin kinase Mer [Mertk] and Axl. High levels of such 

molecules including pattern recognition receptors are indicative of effective cell 

clearance within the tumour microenvironment and suggest an immunosuppressive 

M2 phenotype which is consistent with the current knowledge on TAM anti-

inflammatory and as such pro-tumoral properties (Mantovani et al. 2002; Pollard 

2004; Sica et al. 2008).      

 Interestingly, liver X receptor (LXR)/Retinoid acid receptor (RXR) signaling is 

identified among the most significantly up-regulated gene pathways in TAM 

following IPA analysis. Liver X receptors, members of the nuclear receptors 

superfamily, are transcriptional factors involved in lipid uptake and metabolism and 

are therefore readily activated in Mφ as part of this process (Castrillo and Tontonoz 

2004). However they have been recently shown to be also activated by apoptotic 

cells following phagocytosis by Μφ and at the same time to induce anti-

inflammatory responses (A-Gonzalez et al. 2009). In support of this notion, high 

expression of LXR signaling genes (such as Abca1, Abcg1, ApoE, Pltp, Lpl) and thus 

activation of LXR pathway in TAM is very likely to similarly occur through apoptotic 

cell interaction in a microenvironment characterized by constitutive apoptosis such 

as BL.            

 In keeping with the protumoral aspects of the BL TAM transcriptome 

presented so far, matrix remodeling was found to be one of the most highly 

enriched TAM functions identified following DAVID analysis. Production of matrix 

remodeling mediators from TAM in aid of tumour migration and metastasis has 

been long established from in vitro and in vivo studies in several tumour models, 
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leading to matrix remodeling being regarded as a key TAM function (Pollard 2004; 

Condeelis and Pollard 2006; Sica et al. 2006). The functional cluster associated with 

matrix remodeling transcripts (as assigned using DAVID bioinformatics tool), 

comprised matrix metalloproteinases (MMP2, MMP3, MMP12), tissue inhibitor of 

metalloproteinase 2 [Timp2], several cathepsins, serine protease inhibitors and 

collagens. This does not exclude the possibility that other highly expressed genes 

with a known matrix remodeling function that are absent from this cluster, such as 

for example legumain are additionally involved in TAM matrix remodeling in the BL 

microenvironment. Among these genes, MMPs significant up-regulation in TAM – 

despite their moderate expression levels - was of particular interest and the role of 

apoptotic tumour cells in this process was extensively investigated as will be 

discussed in detail in the following chapter. Additional highly enriched functional 

clusters in BL TAM supporting the widely accepted belief that TAM represent an 

alternatively activated (M2) or reparatory Mφ population were associated with 

wound response and healing. The tumour microenvironment has been considered 

to greatly resemble that of the wound, in the context of both early and late 

physiological reactions that are triggered once a wound is formed; these are initially 

pro-inflammatory responses involving migration of inflammatory neutrophils and 

later monocytes that will differentiate into Mφ once in the wound and orchestrate 

the entire wound healing process through subsequent induction of matrix 

remodeling and angiogenesis procedures resulting eventually in tissue repair and 

resolution of inflammation (Coussens and Werb 2002). Hence TAM are believed to 

share certain characteristics with wound Μφ (ie. in the late phase of the healing 

process) when taking into account the similar immunosuppressive and reparatory 

roles they seem to play within the tumour microenvironment as well as following 

identification of common phenotypical markers between the two Μφ populations 

(Condeelis and Pollard 2006; Mosser and Edwards 2008).    

 Intriguingly, bioinformatics analysis of BL TAM profile using the DAVID tool 

has revealed functional gene clusters associated with both early and late phases of 

the wound healing process. Firstly, a highly enriched gene cluster under the GO 
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term ‘response to wounding’ was allocated within a larger category that included 

many pro-inflammatory response associated clusters and contained genes coding 

for pro-inflammatory cytokines and complement component factors among other 

things. Secondly, a much smaller yet significant cluster of genes was identified 

under the term ‘wound healing’ indicating that BL TAM share certain characteristics 

with wound Μφ which would indeed be favorable for tumour growth. The wound 

healing component of the TAM signature supports the study by (Duff et al. 2007) in 

which the global gene expression profile of TAM obtained from melanoma tumours 

in vitro was found to be highly similar to that of wound Μφ.    

 However, in BL TAM the wound healing gene cluster suggesting a 

reparatory, immunosuppressive Mφ phenotype is probably overshadowed by the 

much larger ‘response to wounding’ cluster that is indicative of a pro-inflammatory 

type of Mφ. Presence of such clusters with opposing functions within the TAM 

transcriptome is interesting as it supports the notion that TAM phenotype is being 

constantly conditioned by elements of the tumour microenvironment and could 

change from an initially inflammatory M1-like phenotype to a regulatory, tumour 

supportive M2-like phenotype or acquire characteristics from both sides 

(Mantovani et al. 2007; Mosser and Edwards 2008), or indeed from any 

intermediate phase of the Mφ activation continuum. Apart from the ‘response to 

wounding’ cluster, bioinformatics analysis has revealed several categories 

associated with inflammatory/immune responses in the TAM transcriptome that 

include pro-inflammatory cytokines and chemokines, Fcγ receptors and toll-like 

receptors among other M1 related genes.       

 Overall, thorough analysis of TAM gene expression signature suggests that 

BL TAM most likely exhibit a mixed Mφ phenotype that results in both pro-tumoural 

functions (such as production of anti-inflammatory molecules and enhanced 

apoptotic cell clearance leading to immunosuppression, or production of matrix 

remodeling mediators most likely enabling tumour metastasis) and theoretically 

anti-tumour functions such as inflammatory responses. High expression of certain 

M1 markers amongst a generally immunosuppressive BL TAM pheonotype is in 
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accordance with the profiling study by Biswas et al. in which a similar pattern of 

expression for both M1 and M2 molecules was identified in the gene expression 

signature of TAM isolated from mouse fibrosarcoma tumours in vitro (Biswas et al. 

2006) as well as with studies reporting high gene expression of distinct M1 and M2 

markers in TAM in vitro and in vivo (Hagemann et al. 2006; Tsai et al. 2007).   

 Though functional clustering analysis tools such as DAVID and IPA web-

based tools have proven invaluable in extracting biologically significant information 

from large sets of gene microarray data and therefore lead to in depth 

understanding of specific processes and functions of the cell population of interest, 

manual inspection of such sets is often required for a more comprehensive and 

complete analysis. When analyzing TAM in situ profile through bioinformatics tools, 

the striking absence of an angiogenic signature –given the well documented role of 

TAM in tumour angiogenesis in a great number of human and mouse tumours 

(Dirkx et al. 2006; Coffelt et al. 2009) – led to the use of manual tools such as 

detailed inspection of all differentially expressed microarray transcripts and 

extensive literature review in order to identify genes potentially involved in this 

process.          

 Despite key TAM-derived angiogenic mediators such as VEGF family 

members, Hif1α and MMP9 showing no or very low expression in BL TAM, several 

other genes with reported pro-angiogenic activity were identified. These included 

urokinase plasminogen activator (Plau/ uPA), heme oxygenase 1 [Hmox1], 

fibronectin [Fn1], alanyl aminopeptidase [Anpep/ CD13], matix metalloproteinases 

[MMP2, MMP3], several cathepsins, Axl receptor tyrosine kinase [Axl], annexin 2 

[Anxa2] and Tgfb1. From the above genes, expression of Plau (Hildenbrand et al. 

1995; Hildenbrand et al. 1999), Hmox1 (Nishie et al. 1999; Sunamura et al. 2003), 

MMP2 (Egeblad and Werb 2002; Kessenbrock et al. 2010)  and Tgfb1 (Liss et al. 

2001) by TAM within the tumour microenvironment as well as their role in tumour 

angiogenesis have been documented. On the other hand, expression of Anpep, a 

key regulator of angiogenesis in tumours (Pasqualini et al. 2000) has been reported 

in a vast number of cell types including tumours and macrophages (Shipp and Look 
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1993) but it has not been reported in TAM so far. Within the BL tumour, Anpep 

seems to derive exclusively from TAM at mRNA level, as it was detected at high 

levels in the microdissected TAM population following microarray analysis but was 

completely absent from the gene expression profile of BL2 tumour cells (Ι.Dumitriu, 

unpublished data). Similarly, Annexin II a surface molecule known to be expressed 

by several types of cancer cells and to be involved in tumour invasion, metastasis 

and angiogenesis (Mussunoor and Murray 2008), was surprisingly absent from BL 

cells and showed an expression pattern restricted to TAM not only at gene level 

following comparison of the TAM in situ profile with BL2 cell profile, but also at 

tissue level following Annexin II immunohistochemistry  (C. Ford, unpublished data). 

These molecules could therefore be particularly important TAM targets given their 

TAM specificity in BL and their known involvement in key tumour processes such as 

angiogenesis and metastasis.        

 From the above it becomes clear that TAM do exhibit a pro-angiogenic 

signature in BL despite the apparent absence of some of the most well-

characterized pro-angiogenic factors associated with TAM in the literature. This 

phenotype comprises molecules with known expression by TAM in many tumours, 

as well as others that have not been directly linked to TAM before. The exact role of 

TAM and mechanisms by which angiogenesis is regulated in BL based on the 

increased expression of those TAM enriched pro-angiogenic molecules need to be 

elucidated.   

 The BL TAM gene expression profile obtained and analyzed as described in 

this chapter differed strikingly from both tingible body and resident tissue control 

Mφ profiles obtained from activated and resting LN respectively. Tingible body Μφ 

were initially chosen for comparison with BL TAM due to the similarities of the two 

populations as discussed in chapter 3, whereas resident tissue Mφ were 

additionally included in the microarray analysis under the assumption that they 

would exhibit a different gene expression profile to either of the other two Mφ 

types based on their resting phenotype. Quite unexpectedly, the two LN Μφ 

populations showed an almost identical gene expression profile with extremely few 
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genes being significantly differentially expressed between each other, despite the 

fact that Mφ were microdissected from distinct LN compartments and were clearly 

involved in different processes (ie phagocytic vs non phagocytic populations).  

Although a small number of genes showed differential expression (in terms of fold 

change in normalized fluorescence intensity, ie fc>1.8 or fc<-1.8) this did not reach 

significance (ie p value<0.05) due to the large variation mainly within the biological 

replicates constituting the tingible body Mφ sample [termed as germinal center 

(GC) Mφ]. Apart from this technical issue most likely accounting for loss of 

significance within the differentially expressed transcripts between resident LN 

tissue and GC Mφ, the vast majority of the genes in both populations showed no 

changes in expression. The most obvious explanation for the apparent similarities 

between the gene signatures of the two LN Mφ populations and consequent 

striking differences with the BL TAM signature lies to the Mφ distinct 

microenvironments as these are known to largely determine the gene expression 

profile of the cell. Within the lymph node, differences between resting lymphoid 

tissue and activated germinal center microenvironments might exist, however these 

are much less significant when compared with an entirely different 

microenvironment such as that of a tumour; therefore, the resulting differences 

among the gene expression of Mφ derived from similar LN microenvironments 

appear trivial when compared with Mφ from the BL tumour microenvironment. In 

theory, those small differences existing between LN tissue and GC Mφ could be 

revealed by applying less stringent analysis criteria such as lowering the cut-off for 

differential expression (ie fold change) to an absolute value of 1.5; however such 

small fold changes were accompanied by large p-values (>0.1) in this study and thus 

could not be considered as biologically significant.      

 Due to time limitation as well as the main focus of the project being on the 

analysis and elucidation of the TAM gene expression profile, analysis of GC versus 

resident tissue LN Mφ gene expression was not pursued further. However, given 

our group’s interest in the role of apoptotic cells in shaping Mφ phenotype in 

normal and disease (ie tumour) settings, GC Mφ gene expression will be most likely 
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re-addressed in the future.         

 In order to obtain a better understanding of BL TAM activation status, 

functions and processes, their enriched gene expression signature as defined 

following comparison with control Mφ, was additionally compared with whole gene 

expression profiles obtained from a Mφ population derived from mouse embryonic 

stem cells as well as tumour associated Mφ extracted from human tumours using 

network analysis tools.       

 Embryonic stem cell-derived Mφ (ESDM) were considered as a particularly 

interesting Mφ population to be included in the comparison with TAM at gene level, 

based on recent literature suggesting that ESDM exhibit a gene expression profile 

resembling that of an M2 Mφ population, with elevated processes including MMPs 

secretion and tissue remodeling, immunosuppression and lipid metabolism 

(Lindmark et al. 2004; Klimchenko et al. 2011). Indeed ESDM generated from mouse 

embryonic stem cell bodies through use of a differentiation protocol developed and 

optimized by L. Zhuang in our group, were also found to share certain 

characteristics with BL TAM following comparison of the two gene expression 

signatures. Among the most highly expressed Mφ specific ESDM transcripts were 

those involved in matrix remodeling (Mmp12, Timp2, Ctsd), lipid metabolism (Lrp1, 

Lpl, Apoe) and several scavenger receptors and surface markers associated with an 

immunosuppressive, M2 Mφ phenotype (Hmox1, Cd36, Mrc1, Msr1, Lgmn, Lgals 3) 

which were also some of the most highly enriched transcripts in BL TAM. The results 

from this analysis support a similar analysis by Ojalvo and colleagues in which the 

authors also compared the gene signatures of TAM extracted from mouse 

mammary tumours and of mouse embryonic Mφ obtained as described in (Rae et 

al. 2007) and observed significant overlap between the two gene expression 

profiles, suggesting overall phenotypic and functional similarities between the two 

populations.  

 Evaluation of the in situ BL TAM gene signature generated herein would not 

be complete without examining TAM gene expression in the context of different 

tumour settings and most importantly in human cancer in vivo. As already 



178 

 

mentioned, a pure in situ TAM gene expression profile from any human cancer 

disease has yet to be reported. However, human TAM gene signatures have been 

recently extracted from large tumour microarray datasets using in silico 

approaches, by T. Doig in our group in collaboration with T. Freeman and D. Hume, 

at Roslin Institute, UK [Doig et al. Submitted (2011)]. TAM signatures extracted from 

DLBCL and breast cancer datasets as described in section 4.2.3 were provided by T. 

Doig for comparison with the in situ BL TAM signature. Manual inspection of DLBCL 

and Breast TAM gene lists and subsequent overlay of each on the TAM gene 

signature revealed a number of overlapped transcripts in either of the comparisons. 

Generally, comparison of BL TAM with the DLBCL TAM in silico signature, showed 

greater similarities than with the Breast TAM signature, which could reflect the 

close proximity of BL and DLBCL tumour microenvironments. Overall, the common 

gene signatures between either mouse BL TAM and human DLBCL or Breast TAM 

did not comprise of as many genes as would have been expected. This could be due 

to a number of reasons. From the technical side, a possible reason could be related 

to the obvious differences between the processes of generation of these signatures. 

Use of the network analysis tool BioLayout Express3D (Freeman et al. 2007; 

Theocharidis et al. 2009) for the extraction of cell and tissue specific gene 

signatures from large heterogeneous microarray datasets has been reported in a 

number of recent studies (Hume et al. 2010; Mabbott et al. 2010; Mabbott et al. 

2011) and Doig et al. Submitted (2011) therefore and ability of this tool to generate 

TAM specific gene signatures in this case, and its overall validity cannot be argued; 

yet, possible discrepancies arising from the differences in generation and analysis 

methods should be taken into account when comparing these with gene signatures 

obtained and analyzed in situ.       

 Another explanation for the lack of a greater overlap in gene expression 

between the analyzed TAM populations could be related to the differences arising 

from Mφ heterogeneity within species (in this case human versus mouse), as 

murine and human Mφ are known to be characterized by distinct phenotypic 

markers which can often differ depending on Mφ species origin (Gordon and Taylor 
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2005; Qian and Pollard 2010). Within this context, a number of genes highlighted in 

the human Breast and DLBCL TAM signatures were absent from the mouse BL TAM 

signature not because of low or no expression but due to lack of known homology 

in the mouse instead .Examples of such genes include Ccl18, C-type lectin 2 

(Clec2b), Emr2, several immunoglobulin receptors (Fcar, Fcgr1b), Lilrb1 and 2, 

metallothioneins (Mt1f, Mt1x) and sialic acid binding Ig-like lectins 9, 11 and 16. 

Finally, differences within TAM microenvironments most likely account for 

differences in their gene expression, as these cells are known to easily adapt and 

alter their functions depending on the signals they receive from their environment 

(Joyce and Pollard 2009). In support of this, as mentioned above, TAM from BL SCID 

and human DLBCL (ie both lymphoma microenvironments) show a greater overlap 

in gene expression than BL TAM and Breast TAM signatures. Interestingly, the 

similarities in gene expression especially between BL TAM and DLBCL TAM, though 

not extensive, are observed in the context of well characterized TAM processes, 

important in both Μφ and tumour biology such as enhanced lipid metabolism and 

effective apoptotic cell clearance which are driven to a large extent by apoptotic 

cells, a key component of the microenvironment in these tumours.  

 Given that most of the known properties of TAM in general are known to be 

shaped by the tumour microenvironment in favor of tumour growth dissecting the 

role of the microenvironment in driving certain aspects of TAM signature in BL was 

of particular interest. Specifically, the role of a predominant element within BL 

environment, that being constitutive tumour cell apoptosis, in affecting selected 

TAM gene expression pattern and thus shaping an important part of TAM pro-

tumoral phenotype was further investigated as will be described in detail in the 

next chapter. 
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Chapter 5 

 

Distinct roles for tumour cell apoptosis in shaping TAM 

matrix remodeling phenotype in non Hodgkin’s 

lymphoma  

  

5.1 Introduction 

 

5.1.1 Matrix Remodeling in the tumour microenvironment  

 

Matrix remodeling, the ability of certain enzymes to break down and re-

synthesize extracellular matrix (ECM) has been associated with a number of 

physiological processes including normal tissue development and repair, wound 

healing and organ morphogenesis. On the other hand, extensive ECM remodeling 

as a consequence often of deregulation of such enzymes functions can lead to 

diverse pathological conditions, the most well characterized of which are the 

inflammatory diseases rheumatoid arthritis (Okada et al. 1987; McCachren 1991; 

Mudgett et al. 1998), pulmonary emphysema (D'Armiento et al. 1992; Hautamaki 

et al. 1997) and arteriosclerosis (Newby et al. 1994). Among the proteolytic 

enzymes known to be involved in matrix remodeling the matrix metalloproteinases 

(MMPs) family is probably the most extensively characterized; detailed description 

with emphasis on specific MMPs of interest will follow in the next section. 

 Cancer is yet one of the pathologies in the development and progression of 

which matrix remodeling has long been recognized to play a crucial role; indeed, 

the ability of cancer cells to survive depends highly on their matrix-remodeling 

capacity which allows them to grow, through disruption of the local tissue barriers, 

and most importantly to metastasize following destruction and crossing of 
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basement membrane barriers. Not surprisingly, matrix remodeling, a particularly 

elevated function in virtually all cancers studied, is widely considered a hallmark of 

malignancy (Brinckerhoff and Matrisian 2002; Kandasamy et al. 2009). Active 

release of matrix remodeling mediators and subsequent ECM degradation linked to 

increased metastatic activity has been a long known function of tumour cells, 

which dates back to the 1980’s when it was first described by (Liotta et al. 1980) 

and followed by many others such as (Nakajima et al. 1987; Alvarez et al. 1990; 

Khokha 1994; Lochter et al. 1997) , as reviewed in (McCawley and Matrisian 2000). 

Yet, ten years from Liotta’s landmark report, this notion was challenged by the 

discovery that cells of stromal origin within the tumour microenvironment (such as 

macrophages and fibroblasts) are a rich source of a matrix metalloproteinase that 

was in turn absent from the tumour cells themselves (Basset et al. 1990). Following 

from this discovery, a number of other MMPs were found to be expressed 

specifically by the inflammatory component of the tumours and particularly by 

tumour-associated Mφ (TAM). Subsequent in vivo studies using genetically-

engineered animal models (as will be referred to in detail below), revealed a 

prominent role for Mφ related matrix remodeling activity in cancer progression.  

 

5.1.2 Matrix Remodeling as a distinct function of tumour-associated ΜΦ 

(TAM) 

 

Extensive matrix remodeling capacity resulting from high expression of certain 

MMPs is now known to characterize tumour-associated Mφ, a particularly 

important stromal component of the vast majority of tumours. Since the first 

observations linking MMPs expression with stomal cells were published back in 

1990, a plethora of studies has accumulated identifying TAM not only as potent 

producers of such MMPs but most importantly as effectors of tumour matrix 

remodeling contributing to key stages of tumour progression. Early evidence for 

high MMP2 and MMP9 expression on TAM from human colon and skin cancer as 

well as from liver metastases was presented in (Pyke et al. 1992; Nielsen et al. 
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1996), (Pyke et al. 1993) and (Zeng and Guillem 1995) respectively, whereas 

abundant MMP9 expression was also demonstrated specifically on starry-sky TAM 

from human non Hodgkins lymphoma (NHL) tumours (Kossakowska et al. 1993). 

These MMPs were also identified on TAM (among other stromal elements) in 

human breast tumours (Davies et al. 1993), bladder cancer (Davies et al. 1993) and 

ovarian cancer biopsies (Naylor et al. 1994). Studies on human breast cancer 

biopsies revealed characteristic stromal localization of a number of MMPs including 

TAM specific expression of MMP12, accompanied by complete absence of 

expression on tumour cells (Heppner et al. 1996); these observations led  the 

authors to hypothesize that such enzymes’ distribution and distinct stromal 

expression pattern are controlled by tumour cells and that such tight regulation 

would probably result in stromal MMPs having important functions affecting more 

than one stage of tumour progression. Indeed this proved to be the case a few 

years later, when introduction of genetically manipulated mice lacking expression of 

specific MMPs allowed the assessment of stromal as opposed to tumour MMPs’ 

contribution in tumour development as well as of the actual functions of MMPs 

during different stages of the tumourigenesis process.    

The first in vivo evidence for the direct roles of stromal-derived MMPs in cancer 

came from (Itoh et al. 1998); these authors showed that stromal derived MMP2 had 

a very significant role in promoting early tumour growth and angiogenesis in  B16-

BL6 melanoma and Lewis lung carcinoma tumours as these were growing 

considerably slower in MMP2 deficient mice compared to their wild-type control 

littermates. Importantly, the only source of MMP2 in melanoma tumours was the 

inflammatory infiltrate from the host consisting mainly of TAM and 

polymorphonuclear leukocytes as melanoma cells did not express MMP2. In the 

lung carcinoma model, tumour cells did produce some MMP2, yet this had no effect 

on tumour growth. Altogether, data from this report clearly demonstrated that 

stromal but not tumour-derived MMP2 could directly modulate two distinct early 

steps in tumour progression, angiogenesis and subsequent tumour growth. In a 

later study by the same group, the role of another member of the MMP family, 
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MMP9, on a later stage of tumour progression was revealed through use of MMP9-

deficient mice. Melanoma and lung tumours growing in these mice, exhibited a 

much smaller number of metastases compared to those developed in the control 

animals (Itoh et al. 1999), suggesting a direct role for host (stromal)-derived MMP9 

in these experimental metastasis models. In a model of squamous carcinogenesis, 

Mφ-derived MMP9 was found to be particularly important in affecting several 

different steps of the process, from early keratinocyte hyperproliferation, to 

invasion and late stage malignancy (Coussens et al. 2000). Similarly, use of MMP9-

deficient mice as hosts allowed the establishment of the high contribution of 

stromal derived MMP9 in the above processes, as squamous cell carcinomas 

developed considerably slower in these mice. Most importantly, the specific role of 

inflammatory cell–derived MMP9 was demonstrated through fusion of bone 

marrow from MMP9-/- mice with bone marrow from wild type (MMP9 expressing) 

animals: reconstitution of bone marrow cell-derived MMP9 resulted in restoration 

of squamous cell carcinogenesis in the transplanted animals.  

Adding to the above, MMP9 expressed exclusively by infiltrating TAM in a 

murine model of human cervical carcinogenesis was shown to actively contribute to 

angiogenesis and tumour growth as inhibition of the enzyme through use of a 

chemical compound with anti-angiogenic and MMP-inhibitory activity resulted in 

marked decrease of the tumour burden. Notably, the significance of TAM derived 

MMP9 in cervical carcinogenesis was further proven by knocking down MMP9 

expression and assessing development of cervical tumours in MMP9 null mice; 

indeed in these mice tumour incidence and volume were again markedly decreased 

when compared with wild type tumour bearing animals (Giraudo et al. 2004). An 

additional critical role for MMP9 derived predominantly from TAM in the growth of 

human ovarian tumours transplanted in SCID mice has also been demonstrated 

(Huang et al. 2002), whereas in a mouse model of lung cancer MMP9 induced in 

TAM by distant primary tumour cells was found to be directly involved in promoting 

lung metastasis (Hiratsuka et al. 2002). In the same context, a role for Mφ-derived 
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MMP9 in colorectal cancer metastasis to liver has been shown in a murine 

metastasis model (Gorden et al. 2007). 

Finally, another member of the MMPs family, MMP7, known to be localized on 

both tumour and stromal cells in the tumours examined (Yamashita et al. 1998; 

Yamamoto et al. 2001), was also shown to be highly expressed by TAM infiltrating 

hypoxic areas of human breast tumours (Burke et al. 2003). This observation along 

with the known supporting roles of MMP7 in early tumourigenesis (Fingleton et al. 

1999) as well as studies suggesting a chemoprotective and thus pro-survival 

function for MMP7 in tumour cells (Mitsiades et al. 2001) led the authors to 

speculate that high TAM levels of the enzyme could significantly contribute to 

tumour growth and poor prognosis; yet the actual role of TAM-derived MMP7 in 

tumourigenesis in vivo needs to be further elucidated. 

Altogether, it is evident from the amount of existing literature presented above 

that TAM not only are potent producers of matrix remodeling mediators in the vast 

majority of the tumours examined, but their matrix remodeling capacity among 

other properties derived from production of such MMPs is directly involved in 

supporting key steps of tumour progression. In support of the above, recent gene 

expression data have identified matrix remodeling as an elevated function 

characterizing the transcriptional profile of TAM in vitro (Ojalvo et al. 2009; 

Zabuawala et al. 2010) and most interestingly, it featured among the most highly 

enriched functions of TAM in vivo following analysis of the whole gene expression 

profile generated in situ in this study.  

 

5.1.3 Matrix metalloproteinases (MMPs) 

 

Matrix metalloproteinases are proteolytic enzymes, involved mainly in the 

degradation of extracellular matrix components. They belong to the Metzincin 

superfamily of endopeptidases and are characterized by a unique structure 

containing a catalytic site that binds zinc - from which their name derives. To date, 

23 human MMPs and 25 vertebrate homologues have been described (Sternlicht 
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and Werb 2001; Kessenbrock et al. 2010). Originally allocated into groups defined 

by their substrate specificity (such as gelatinases, collagenases, stromelysins, 

matrilysins), MMPs were subsequently named after their numeric designation 

(MMP1- MMP28) and are generally divided into two main categories, the secreted 

ones and those that are anchored to the cell membrane [membrane-type (MT-

MMPs)]. Probably the most distinguishable characteristic of all MMPs is their 

method of activation: Initially synthesized as inactive enzymes (known as 

zymogens), they only become activated following cleavage of the propeptide and 

subsequent release of the active site of the enzyme (Sternlicht and Werb 2001; 

Egeblad and Werb 2002). Once activated, MMPs are known to cleave virtually all 

ECM proteins as well as a large number of other non-ECM molecules; this marked 

increase in MMPs substrates makes them multifunctional regulators of several 

processes well beyond matrix remodeling.   

 

5.1.3.1 Macrophage metalloelastase (MMP12) 

  

 General Characteristics, Structure and Activation 

 

Macrophage metalloelastase, commonly referred to as MMP12 is a member 

of the MMPs family that is distinguished by its ability to degrade elastin and its 

macrophage specificity. It was discovered back in 1975 by Werb and Gordon as a 

proteinase secreted by mouse thioglycollate-stimulated Mφ in culture, capable of 

hydrolyzing elastin fibers (Werb and Gordon 1975). A few years later, Banda and 

Werb purified and further characterized this enzyme and allocated it to the 

metalloproteinase family (Banda and Werb 1981); however its identification  as a 

unique and distinct MMP known today as macrophage elastase, macrophage 

metalloelastase or MMP12 occurred following cloning of the murine macrophage 

metalloelastase cDNA (Shapiro et al. 1992). The human homolog to mouse 

metalloelastase was initially shown to be produced by human alveolar Mφ 

(Shapiro et al. 1993) and was also cloned and characterized by the same 
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researchers (Shapiro et al. 1993; Belaaouaj et al. 1995). Since their initial isolation 

and characterization, both mouse and human MMP12 enzymes have been found 

in a number of cells and tissues despite their long known predominant expression 

on mononuclear phagocytes. 

MMP12 exhibits the typical protein structure of secreted MMPs: that 

contains a minimal domain bound to a hemopexin-like domain through a hinge 

region (Figure 5.1.). The minimal MMP domain consists of an amino-terminal 

signal sequence (Pre), a propeptide domain with a zinc-interacting thiol group that 

is responsible for keeping the enzyme inactive while it remains connected to the 

zinc ion of the catalytic domain and a catalytic domain with an active zinc-biniding 

site. The catalytic domain is also linked to a hemopexin-like domain to the other 

side of the molecule, through a hinge region. The hinge region is particularly 

important as it mediates most MMPs activities including interactions with 

inhibitors, numerous substrates and several other surface molecules (Egeblad and 

Werb 2002). MMP12 exists as a 54 kDa proenzyme or zymogen (Figure 5.2) that is 

readily activated upon cleavage of the 9 kDa aminoterminal peptide (containing 

the pro-domain) and generation of the first 45 kDa active form of the enzyme. 

Further internal autolytic cleavage results in loss of the hemopexin domain and 

generation of the smallest 22 kDa fragment which represents the most commonly 

found activated MMP12 form (Shapiro et al. 1992).   

 

 

 

 

 

 

 

 

Figure 5.1: Protein structure of simple 

hemopexin-domain containing MMPs. Simple 

hemopexin domain containing MMPs consist of an 

aminoterminal (Pre), a propetide (Pro) and a 

catalytic zinc –binding domain connected to a 

hemopexin-like domain through a hinge region 

(H). Adapted from  (Egeblad and Werb 2002). 
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Processing and activation of MMP12 can occur via two mechanisms: either 

through self-autolytic cleavage during which the 22 kDa form can be generated 

(Shapiro et al. 1992) and/or through external proteolytic cleavage through 

interactions with several molecules ranging from chemical compounds such as the 

phorbol ester PMA (Monet-Kuntz et al. 1997), to numerous serine proteases such as 

trypsin (Shapiro et al. 1993), u-PA-generated plasmin and plasminogen (Carmeliet 

et al. 1997; Raza et al. 2000) and thrombin (Raza et al. 2000) and collectins such as 

surfactant protein D (Trask et al. 2001). Certain cytokines and growth factors, 

namely GM-CSF (Kumar et al. 1996) and IL-1β (Feinberg et al. 2000) are also known 

MMP12 activators.  Regulation of MMP12 expression at transcriptional level is 

generally dependent on the same factors that cleave and activate MMP12 protein 

as mentioned above, but it can also occur through separate mechanisms, as is the 

case for most MMPs.  For instance, generation of active MMP12 protein via plasmin 

cleavage in murine Mφ is not accompanied by a similar mRNA induction (Raza et al. 

2000). Among the factors associated with a distinct up-regulation in MMP12 gene 

expression are stress inducing agents (diethylmaleate, catechol and CDNB (Kawane 

et al. 1999)) and cytokines TNF-α and VEGF (Feinberg et al. 2000). On the other 

Figure 5.2: MMP12 protein structure and activation.  MMP12 is a 

simple hemopexin domain-containing MMP. The full length of the 

proenzyme (zymogen) is 54 kDa; Loss of the propeptide (9 kDa) 

domain upon activation yields the 45 kDa form whereas further 

loss of the hemopexin domain results into the 22 kDa active 

MMP12 enzyme. Modified from   (Shapiro et al. 1993). 
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hand dexamethasone (Monet-Kuntz et al. 1997) and TGF-β (Feinberg et al. 2000) 

are known to inhibit MMP12 biosynthesis.  

 

Diverse Functions of MMP12 

 

Once activated and released from the cell MMP12’s predominant function is 

matrix remodeling as determined initially in vitro through degradation of several 

ECM components, the most prominent being elastin, but also laminin, fibronectin, 

type IV collagen and basement membrane proteins (Chandler et al. 1996; Gronski et 

al. 1997). MMP12 activity was determined in vivo by the marked inability of Mφ 

completely lacking MMP12 to degrade extracellular matrix and invade adjacent 

tissue (Shipley et al. 1996). Yet, macrophage metalloelastase is also known to cleave 

and thus activate a number of non-ECM components such as TNF-α (Chandler et al. 

1996), uPAR (Koolwijk et al. 2001), CD14 (Senft et al. 2005) and plasminogen 

(Cornelius et al. 1998) as well as other metalloproteinases (Matsumoto et al. 1998). 

Therefore the broad spectrum of MMP12 substrates suggests that the protease is 

indeed involved in a number of physiological processes and pathological conditions 

where it exerts critical roles.    

Among the conditions where MMP12 is known to be extremely important 

are lung diseases such as COPD, pulmonary emphysema and asthma. In a smoke –

induced murine model of pulmonary emphysema MMP12 seems to be responsible 

for the disease development, since MMP12 deficient animals were protected from 

pulmonary emphysema following smoke exposure (Hautamaki et al. 1997). 

Macrophage metalloelastase is linked with COPD progression, as very high levels of 

the enzyme are commonly found in the lungs of COPD patients (Molet et al. 2005; 

Demedts et al. 2006; Babusyte et al. 2007) and similarly, elevated MMP12 

production in the lungs of mice induced to develop asthma (Warner et al. 2004) 

suggests a role of MMP12 in this disease. Other pathologies in which MMP12 is 

directly or indirectly involved are thrombosis (Belaaouaj et al. 2000) and 

atherosclerosis (Curci et al. 1998).  
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 MMP12 in Cancer 

 

Cancer is perhaps the only disease in the progression of which MMP12’s role 

remains highly controversial. In contrast to the well-established supportive role of 

the majority of MMPs in both early tumour growth and late metastasis as described 

in the previous section, MMP12 is known to also exert anti-tumour functions manly 

through generation of angiostatic fragments. The first in vivo evidence for a 

tumour-suppressive role of macrophage metalloelastase was demonstrated in 

murine model of Lewis Lung Carcinoma (LLC), where angiostatin production 

following plasminogen cleavage by Mφ-derived MMP12 resulted in tumour 

angiogenesis and tumour growth inhibition (Dong et al. 1997). Anti-angiogenic 

functions for MMP12 were subsequently shown in murine hepatocellular carcinoma 

(Gorrin-Rivas et al. 2000) and in colorectal cancer models (Yang et al. 2001); in 

these reports, MMP12 was detected in tumour cells as well as in Mφ and its 

expression or overexpression correlated with decreased angiogenesis as 

determined by decreased microvessel density in the tumours examined. A similar 

angiostatic and thus inhibitory effect of MMP12 on tumourigenesis has been 

demonstrated in a murine melanoma model: overexpression of MMP12 in tumour 

cells in this study resulted in a marked suppression of tumour growth related to 

increased MMP12-derived angiostatin production (Gorrin-Rivas et al. 2000). In 

support of the anti-tumoural functions of MMP12, Houghton et al have also shown 

that Mφ expression of the enzyme has an inhibitory effect on a later stage of 

tumourigenesis by suppressing the growth of lung tumour metastases a murine 

model of LLC (Houghton et al. 2006); additionally, in a similar LLC model, stromal 

MMP12 exerted a protective effect on early tumour growth (Acuff et al. 2006). 

More recent evidence on an anti-tumour role of MMP12 relating to tumour 

angiogenesis inhibition has been reported in a murine model of colon cancer (Xu et 

al. 2011) as well as in human gastric carcinoma (Cheng et al. 2010).  
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Despite the well-documented inhibitory functions of macrophage 

metalloelastase on tumour development, there is an increasing amount of 

literature stating a pro-tumoural role of the enzyme that is in accordance with the 

long known supporting functions of the MMPs in tumour development. MMP12, 

highly expressed by infiltrating Μφ as well as by tumour cells in human squamous 

and basal cell skin cancers was found to positively correlate with the degree of 

metastasis as high grade, aggressive tumours expressed substantially more MMP12 

than low grade ones (Kerkela et al. 2000). The same researchers later reported a 

dual role for MMP12 in squamous cell cancer progression depending on whether 

this was of tumour or Mφ cell origin; interestingly, tumour-derived MMP12 was 

linked to highly aggressive tumours exhibiting increased invasiveness, whereas on 

the contrary, tumours with MMP12 expressing Mφ were associated with increased 

patient survival (Kerkela et al. 2002). In human pancreatic tumours, increased 

MMP12 mRNA levels correlated with a poor disease outcome (Balaz et al. 2002) and 

in non-small cell lung cancer (NSCLC) patients, strong MMP12 expression correlated 

with recurrence of the disease, subsequent metastasis and poor survival (Hofmann 

et al. 2005). Very similarly, overexpression of MMP12 in human hepatocellular 

carcinoma (HCC) tumours, correlated with local recurrence and poor overall survival 

of HCC patients in a recent study by (Ng et al. 2011). Furthermore, a pro-tumour 

role for MMP12 associated with increased prostate cancer cell invasion capacity has 

also been shown in vitro as well as in vivo in a SCID model of prostate tumour 

growth (Nabha et al. 2008). Finally, a key tumour-initiating role for MMP12 in 

emphysema to lung cancer transition has been reported in a bitransgenic mouse 

model of MMP12 overexpression in the lung (Qu et al. 2009) and recently in a 

myeloid-specific MMP12 overexpression mouse model by the same group (Qu et al. 

2011). It is clear from the above that MMP12 can have both supportive and 

inhibitory roles in cancer that depend largely on the tumour cell origin as well as the 

tumour microenvironment.   
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5.1.3.2 Matrix metallopeptidase 2 (MMP2) 

 

General Characteristics and Functions 

 

MMP2 also known as Gelatinase A or 72 kDa type IV collagenase is a 

member of the matrix metalloproteinase family which as its name suggests, has a 

marked ability to degrade basement membrane and specifically type IV collagen 

and a high specificity for gelatin. Existence of this enzyme was first reported in the 

study by (Liotta et al. 1979) where it was identified as a type IV collagenase 

secreted by murine metastatic skin tumour cells with a ‘preference for digesting 

basement membrane collagen’. A number of early reports followed that identified a 

highly similar type IV collagen –degrading enzyme in several other tumour cell lines 

(Salo et al. 1982), in human leukocytes (Uitto et al. 1980), human monocyte-derived 

macrophages (Garbisa et al. 1986) and normal human skin and transformed lung 

fibroblasts as well as in transformed bronchial epithelial cells (Collier et al. 1988),  to 

name but a few.  In the latter study, complete characterization of the structure of 

human 72 kDa type IV collagenase is presented, including the first evidence for the 

presence of a gelatin-binding domain within the enzyme’s protein sequence. 

Naturally, MMP2’s structure is now well established: It belongs to the gelatin-

binding group of secreted MMPs and exhibits a structure similar to that of the 

hemopexin-domain-containing MMPs (with an aminoterminal sequence, a 

propetide, a catalytic region and hemopexin-like domain) with the exception of 

three collagen type II binding repeats of fibronectin present within the catalytic 

zinc-binding domain (Figure 5.3). MMP2 exists as an inactive 72 kDa pro-enzyme or 

zymogen that is activated through proteolytic cleavage of the propeptide domain at 

the cell surface and then secreted as a 64 kDa active enzyme (Figure 5.3).   
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A number of molecules are known to be involved in the cleavage of pro-

MMP2 peptide leading to MMP2’s activation. Unlike the majority of MMPs whose 

expression is controlled at the transcription level through various serine proteases, 

cytokines and other factors, MMP2’s activation occurs mainly at the cell surface 

through a distinct, complex mechanism involving the membrane MT1-MMP (or 

MMP-14), the tissue inhibitor of the metalloproteinase 2 (TIMP2) and an additional 

pro-MMP2 molecule (Strongin et al. 1995). An alternative mechanism of MMP2 

activation through another membrane MMP (MT2-MMP / MMP15) not requiring 

presence of TIMP2 has also been proposed (Morrison et al. 2001). Apart from the 

membrane-type MMPs, secreted MMPs such as MMP1 (Crabbe et al. 1994)(a), 

MMP3 (Crabbe et al. 1994)(b) and MMP12 (Matsumoto et al. 1998) are known to 

cleave and activate pro-MMP2, whereas additionally, autolytic processing (ie self-

Figure 5.3: Protein structure and activation of MMP2. The structure of 

MMP2, a gelatin-binding MMP is very similar to the simple hemopexin 

domain containing MMPs: The aminoterminal (Pre) domain is followed by a 

propetide (Pro) which is linked to the catalytic zinc –binding domain. 

Presence of three fibronectin type II repeats (indicated by the purple circles) 

within the catalytic region is a unique feature of gelatin-binding MMPs and 

distinguishes them from simple hemopexin domain MMPs. These repeats 

allow MMP2 to bind to type II collagen and gelatin with increased sensitivity.  

The hinge region connects the catalytic domain to the carboxyterminal 

hemopexin-like domain.  Following cleavage of the aminoterminal domain 

and propeptide, the truncated, active form of MMP2 is released. Adapted 

from (Kandasamy et al. 2009). 
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cleavage of the proenzyme) has been reported in several studies (Crabbe et al. 

1993; Crabbe et al. 1994; Bergmann et al. 1995; Matsumoto et al. 1998).  Finally, a 

number of cytokines including TGF-β (Overall et al. 1991; Wahl et al. 1993), TNF-α 

(Han et al. 2001) and recently IL-17α  (Li et al. 2011) have been directly or indirectly 

associated with MMP2 activation. 

Like most MMPs, MMP2’s functions are largely determined by its substrates 

specificity. Since it is predominantly involved in degrading ECM components such as 

several types of collagens, fibronectin, laminin, proteoglycans, the most well 

characterized function of the enzyme is indeed matrix remodeling that in turn 

affects a variety of normal, developmental processes as well as generation of 

various diseases. Pathologies associated with or caused by MMP2 overexpression 

include cardiovascular (Kandasamy et al. 2009) and renal diseases (Tveita et al. 

2008), as determined through use of animal models lacking expression of MMP2. In 

humans, MMP2 gene mutations have been shown to cause a rare nodulosis, 

arthropathy and osteolysis (NAO) syndrome, known as ‘vanishing-bone’ disorder 

(Martignetti et al. 2001), thus critically implicating MMP2 in bone development.  

As long ago as MMP2’s discovery in late 70’s, increased expression of the 

enzyme in metastatic melanoma and sarcoma tumour cells in vitro with subsequent 

type IV collagen degradation was associated with their metastatic potential (Liotta 

et al. 1980); similar observations linking metastatic potential with high MMP2 

expression and activity in metastatic lung adenocarcinoma cells isolated from 

tumour bearing mice (Nakajima et al. 1987) established a key role for MMP2 in 

cancer metastasis. Since then, active MMP2 expression has been shown to correlate 

with invasion and metastasis in the vast majority of tumours examined, as well as to 

serve as a prognostic marker determining clinical outcome in a large number of 

studies, reviewed in (Stetler-Stevenson et al. 1996; Mook et al. 2004).  Despite 

being initially described as a tumour-cell derived MMP secreted in large amounts 

from highly metastatic tumour cells as well as being localized on the surface of 

invasive tumour cells in vivo (Brooks et al. 1996), MMP2 is now known to 

additionally and even predominantly derive from the stromal compartment of most 
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tumours, rather than from tumour cells themselves (Egeblad and Werb 2002; 

Kessenbrock et al. 2010). Moreover, stromal- derived MMP2 has been 

demonstrated to be an extremely important factor in tumour development in a 

large number of in vitro and in vivo studies. As already referred to in section 5.1.2, 

MMP2 expressed exclusively by stromal elements (consisting of large numbers of 

TAM) has a pivotal role in driving both angiogenesis and metastasis processes in 

murine melanoma and lung tumour models in vivo.  Additional evidence in support 

of the high significance of stromal MMP2 in cancer progression is presented in a 

number of studies, including a murine transplantation model of keratinocyte 

tumours (Masson et al. 2005) and several murine models of colon cancer (Mook et 

al. 2004).  

  

5.1.4 Aims of the chapter 

 

Enhanced matrix remodeling function characterizes the in vivo gene expression 

signature of TAM obtained from BL tumours, as this was analyzed and presented in 

chapter 4. Presence of the matrix metalloproteinases MMP12 and MMP2 among 

the genes comprising the matrix remodeling associated TAM cluster was considered 

particularly interesting as both MMPs are known to be expressed by TAM and to 

exert very important roles in tumour progression in humans and in a variety of 

animal cancer settings in vivo as already described in the above sections. 

Additionally, high MMP12 and MMP2 message expression detected on TAM from 

BL tumours as opposed to very low expression on whole BL tumours when assessed 

by real-time qPCR (chapter 4, Figure 4.8.) in combination with the marked absence 

of any MMP12 and MMP2 gene expression in BL2 cells microarray profile 

(generated by Dr. I.Dumitriu) supported a TAM specific expression of these MMPs, 

at least at the gene level, in our studies. For these reasons, MMP12 and MMP2 

were selected for further in vitro examination in order to investigate their 

expression and/or modulation in macrophages upon interaction with specific 



195 

 

elements of the BL tumour microenvironment such as viable and more importantly 

apoptotic tumour cells.  

The first part of the chapter focuses on the direct role of tumour cell apoptosis 

in driving message and protein expression of the above mentioned matrix 

remodeling mediators in Mφ in vitro, using several direct-contact short-term 

coculture systems. Unexpected production of MMP12 and MMP2 from BL tumour 

cells at protein level, despite the absence of any message expression, led to 

subsequent investigation of MMP12 and MMP2 release from BL cells. In the second 

part of the chapter, MMPs expression and up-regulation is extensively investigated 

in BL cell populations of different viability levels in vitro, and strikingly, it is found to 

positively correlate with the degree of apoptosis of the analyzed populations. Thus, 

two distinct roles for apoptotic tumour cells in BL, modulating MMPs expression in 

TAM and actively contributing to enhanced levels of MMP12 and MMP2 within the 

tumour microenvironment are proposed following from the results presented in the 

following sections. 
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5.2 Results 

 

5.2.1 Apoptotic NHL cells drive TAM matrix remodeling phenotype in     

vitro 

To dissect the role of specific cellular components of the BL tumour 

microenvironment in driving matrix remodeling, a particularly elevated function 

observed in TAM following analysis of in situ gene expression signature, the direct 

effect of viable and apoptotic BL tumour cells in Mφ production of selected matrix 

remodeling mediators in vitro was investigated. Three coculture systems were used 

for the simulation of the BL SCID, mouse BL and human BL tumour 

microenvironments respectively; these consisted of direct short-term cocultures of 

mouse or human Mφ with mouse and human NHL cell lines as it will be described in 

detail in the relevant sections.        

 For an initial assessment of the efficacy of the in vitro coculture system used 

to recapitulate TAM-derived matrix remodeling gene expression in the BL SCID 

tumour model, mouse RAW264.7 Mφ were cocultured in direct contact with viable 

or early apoptotic BL2 tumour cells for 12 hours and mRNA levels of MMP12, 

MMP2, MMP3 and TIMP2, constituting representative matrix remodeling 

associated genes from the respective highly enriched TAM cluster, were analyzed in 

cocultured RAW264.7 Mφ by real-time qPCR.  Intriguingly, all four transcripts were 

found to be significantly up-regulated in the Mφ cell line following viable and 

apoptotic tumour cell cocultures set up at 1:10 Mφ to BL2 cell ratio, when 

compared with untreated control Mφ and in most cases this increase was further 

enhanced in the apoptotic cell-cocultured Mφ samples (Figure 5.4). Therefore, 

selected BL TAM gene expression was successfully reproduced in vitro under these 

conditions suggesting that the above coculture system could be employed for 

further in vitro studies of BL TAM; furthermore this initial experiment points 

towards a role for tumour cells in the early phase of apoptosis in driving increased 

matrix remodeling expression in Mφ.  
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Figure 5.4: Matrix remodeling associated transcripts are up 

regulated in RAW264.7 Mφ following 12hr coculture with viable 

and apoptotic BL2 cells in vitro. RAW264.7 Mφ were analyzed for 

mRNA levels of selected transcripts before and following BL2 cell 

coculture (12hr) using real-time qPCR. Relative mRNA expression is 

shown in mean fold change compared to RAW264.7 control (value 

set to 1). All data are normalized to α-tubulin endogenous levels. 

Values are mean of three experiments. Error bars are +/- 95% 

Confidence Interval (CI). Statistical analysis is shown between 

‘RAW264.7’ and ‘+ viable BL2’, ‘+apopt.BL2’ for each transcript 

(ANOVA with Tukey’s post test, * p<0.05, ** p<0.01, *** p<0.001). 
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5.2.2 Simulating the BL SCID microenvironment: mouse macrophage - 

human NHL cells cocultures 

 

5.2.2.1 MMP12 and MMP2 production by mouse Mφ is significantly increased 

following viable and apoptotic BL2 cell cocultures.                                                                               

 

Among the matrix remodeling genes whose expression in Μφ upon tumour 

cell cocultures was previously analyzed, MMP12 was of particular interest and was 

chosen for further investigation for reasons already mentioned in the introduction 

of this chapter. From the same cluster, MMP2 was also included in more detailed in 

vitro studies within the Mφ/NHL coculture systems as an additional matrix 

remodeling mediator; note, however, that the main focus of the studies throughout 

the chapter remained on MMP12. The relative contribution of viable versus 

apoptotic NHL tumour cells in modulating Mφ production of these molecules was 

investigated in all three coculture systems as it will be described shortly. In this 

section, a mouse Mφ/human NHL in vitro system, similar to the one described 

previously in section 5.2.1 was employed in an attempt to reproduce the BL SCID 

microenvironment specifically. A mouse Mφ cell line (RAW264.7) or primary mouse 

Mφ (ΒΜDM) were cocultured with either viable or apoptotic human NHL cells (BL2) 

over a short period ranging from 1 to 12 hours and MMPs expression levels were 

then assessed in the cocultured Mφ using different methods. These included 

assessment of mRNA levels by real-time qPCR, assessment of protein levels by 

immunobloting and in the case of MMP12, assessment of intracellular levels by flow 

cytometry.         

 Figure 5.5 shows mRNA expression patterns of MMP12 (a.) and MMP2 (b.) 

in RAW264.7 Mφ over a 12 hour coculture period with viable and apoptotic BL2. 

Expression levels of both molecules were found to gradually increase during tumour 

cell cocultures, reaching highest levels at the end time point (12 hours). 

Intermediate time points for Mφ harvesting and analysis included 1 hour and 8 

hours. Interestingly, MMP12 production was significantly increased in apoptotic BL 
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coculture Mφ at 12 hours not only compared to untreated RAW264.7 Mφ (p<0.001) 

but also compared to the viable BL cocultured Μφ sample (p<0.001). MMP2 

production was similarly significantly up-regulated in apoptotic BL cocultured Mφ 

sample at 12 hours as well as at 1 hour and 8 hours timepoints versus control Mφ 

(p<0.001), however increased levels were equally observed in the viable BL 

cocultured Mφ samples and thus differences in MMP2 expression between the two 

samples (ie viable vs apoptotic BL cocultured Mφ) at 12 hours did not reach 

significance as in the case of MMP12.      

 Apoptotic BL cells used in the coculture experiments were generated by 

serum deprivation in high density cultures, as described in Material and Methods 

(section 2.2.4.1) and these were mostly in the early phase of apoptosis (AxV+/PI-). 

Serum deprivation was chosen over other known apoptosis stimuli (such as UV 

irradiation or staurosporine treatment) in these experiments as the first is believed 

to be a natural trigger of apoptosis most likely to occur within the tumour 

microenvironment in vivo. Figure 5.5.c shows representative assessment of the 

viable and apoptotic BL2 populations that were routinely used in the cocultured 

experiments described here and in the next sections. Viability of viable and 

apoptotic BL2 cells was determined by flow cytometric detection of AxV/PI staining; 

Viable cells (AxV-/PI-) ranged between 90-75% over 1-12 hours culture period, 

whereas the apoptotic BL2 population consisted of approximately 30-39% early 

apoptotic cells (AxV+/PI-) and its overall viability (AxV-/PI-) ranged between 62-45% 

over the same culture period. From the above analysis becomes evident that the 

‘viable’ BL2 population inevitably contains a small percentage of apoptotic cells that 

increases gradually over time in culture; It is therefore possible that presence of 

apoptotic cells even within the viable cell populations (especially at 12 hr culture 

time point) could contribute to the increase of MMPs production observed in Mφ 

following coculture with these populations.       

 A very similar pattern of expression, especially for MMP12 though less 

evident for MMP2 mRNA was observed in mouse BMDM when these were 

cocultured with viable and apoptotic BL2 under the same experimental settings. As                                                                                                                                                                                                                                                                                                                        
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Figure 5.5: MMP12 and MMP2 mRNA levels are up regulated in RAW264.7 Mφ over a 12hr 

coculture period with viable and apoptotic BL2 cells a. MMP12 mRNA is increased in RAW264.7 

during 1hr-12hr BL2 coculture, reaching highest levels following 12hr coculture with apoptotic 

BL2 cells. Relative mRNA expression in BL2 cocultured RAW264.7 is assessed by real-time qPCR 

and shown in mean fold change compared to RAW264.7 control. All data are normalized to α-

tubulin endogenous levels. Values are mean of three experiments. Error bars are +/- 95% CI. 

Statistical analysis is shown between ‘RAW264.7’ and ‘+ viable BL2 12hr’, ‘+apopt.BL2 12hr’, and 

between ‘+ viable BL2 12hr’, ‘+apopt.BL2 12hr’ samples (ANOVA with Tukey’s post test, *** 

p<0.001). b. MMP2 mRNA is similarly increased in RAW264.7 during 1hr-12hr BL2 coculture 

period, reaching highest levels at the 12hr time point. Relative mRNA expression in RAW264.7 is 

assessed by real-time qPCR and is shown in mean fold change compared to RAW264.7 control. All 

data are normalized to α-tubulin endogenous levels. Values are mean of three experiments. Error 

bars are +/- 95% CI. Statistical analysis shown between RAW264.7 control and ‘+apopt.BL2 1hr’, 

‘+apopt.BL2 8hr’, ‘+apopt.BL2 12hr’ samples (ANOVA with post test, *** p<0.001). c. Assessment 

of viable and apoptotic BL2 populations used in RAW264.7 cocultures through flow cytometric 

detection of AxV/PI staining. Early apoptotic BL2 cells generated as described in Materials 

&Methods (section 2.2.4.1) are defined as ‘AxV+ /PI-‘ and ranged between 30-39%  over 1-12hr 

culture period. 
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shown in the graphs of Figure 5.6, MMP12 levels in BMDM (a.) were upregulated 

following BL2cocultures as opposed to BMDM control and these reached high 

significance (p<0.001) in the 12 hr apoptotic BL cocultured Mφ sample when 

compared not only to control Mφ but importantly when compared to the viable BL 

cocultured-Mφ sample. This, taken together with an almost identical MMP12 

expression pattern observed at 12 hr in RAW264.7/BL cocultures, suggests a distinct 

role of apoptotic BL cells in driving MMP12 Mφ production in this system. MMP2 

was also significantly increased in BMDM during BL tumour cell coculture, however 

relevant contribution of apoptotic versus viable tumour cells in this process is less 

clear in either of the coculture systems as viable and apoptotic cells seem to 

promote MMP2 mRNA up –regulation to a similar extent (Figures 5.5.b and 5.6.b). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.6: MMP12 and MMP2 mRNA levels in BMDM following viable/apoptotic BL2 

coculture. a. MMP12 relative mRNA expression in BMDM following 1hr, 8hr, 12hr 

coculture with viable or apoptotic BL2. b. MMP2 relative mRNA expression in BMDM 

following 1hr, 8hr, 12hr coculture with viable or apoptotic BL2. mRNA levels are assessed 

by real-time qPCR and results are shown in mean fold change compared to BMDM control 

sample. All data are normalized to α-tubulin endogenous levels. Values are mean of three 

experiments, triplicate wells per experiment. Error bars are +/- 95% CI. Statistical analysis 

is shown between BMDM and ‘+viable BL2 12hr’, ‘+apopt. BL2 12hr’ and between ‘+viable 

BL2 12hr’, ‘+apopt. BL2 12hr’ for MMP12 and between BMDM and ‘+viable BL2 12hr’, 

‘+apopt. BL2 12hr’ for MMP2 (ANOVA with Tukey’s post test, *** p<0.001).  

 



202 

 

The striking increase in MMP12 message in Mφ following apoptotic cell 

cocultures led to the investigation of intracellular as well as total protein MMP12 

levels given that these are usually dictated by mRNA expression levels in the cell.  

Intracellular MMP12 levels were assessed in RAW264.7 prior and following 

cocultures with viable and apoptotic BL2 cells over a timecourse of 1 up to 12 hours 

as previously described. Since MMP12 is a secreted matrix metalloproteinase and is 

therefore rapidly released from the cell, it was very important to ensure 

containment of the protein in the cell in order to be able to detect and compare 

intracellular levels among the cocultured Mφ populations. For this reason, Brefeldin 

A, a potent blocker of the Golgi apparatus and thus inhibitor of protein secretion 

(Klausner et al. 1992; Miller et al. 1992) was added to the cells prior to harvesting 

(ie prior to the end of each coculture timepoint). MMP12 was then detected in 

permeabilised cells using immunofluorescence labeling and analyzed by 

flowcytometry. In Figure 5.7, representative histograms of MMP12 intracellular 

expression are shown during timecourse cocultures of RAW264.7 with viable and 

apoptotic BL2 cells. A small but clear shift in MMP12 fluorescence indicating 

increased fluorescence intensity was observed in the apoptotic BL2 cocultured Mφ 

samples at 1hr and further increased at 8 hr. In contrast to the mRNA data in which 

MMP12 expression reached highest levels at 12 hour coculture with apoptotic BL, 

total intracellular MMP12 levels decreased slightly at that timepoint though still 

remained higher than the untreated control Mφ.     

 Overall, assessment of intracellular MMP12 in Mφ during BL cell coculture 

revealed an up-regulation that seems to be driven largely by apoptotic cells, even 

though changes were not as striking as the ones observed at mRNA level. The 

inherent difficulties associated with detecting expression of secreted molecules and 

the necessary addition of Brefeldin A to the coculture system, a molecule known to 

induce a number of additional changes in the cell including apoptosis in tumour 

cells (Guo et al. 1998) and therefore very likely to influence Mφ-apoptotic cell 

interactions in this experimental setting , were considered as a major disadvantage. 

Thus, such experiments were not conducted in the case of MMP2 and further 
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experiments focused on detection of total and activated forms of MMP12 and 

MMP2 proteins by immunobloting instead.    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.7: MMP12 intracellular levels are up-regulated in RAW264.7 Mφ 

during 12 hour cocultures with viable and apoptotic BL2 cells. RAW264.7 were 

cocultured with viable or apoptotic BL2 for 1hr, 8hr and 12hr and intracellular 

MMP12 levels were detected by flow cytometry. Cells were treated with 

Brefeldin A to prevent protein secretion to Golgi and subsequently fixed and 

permeabilized before staining with an anti-mouse MMP12 Ab. Histograms show 

log fluorescence intensity over total cell counts for MMP12 and rabbit IgG 

(isotype control). Result is representative of two independent experiments.  
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The observed up-regulation in Mφ MMP12 and MMP2 message triggered by 

viable and further enhanced by apoptotic BL2 cells, over a 12 hour coculture period 

was reasonably hypothesized to lead to a similar increase in the MMPs’ products. 

To address this, protein levels of MMP12 and MMP2 were assessed in the 

RAW264.7 /BL2 coculture system, in the same Mφ samples used previously for 

mRNA analysis. As mentioned in the introduction of this chapter, MMP12 and 

MMP2 like most MMPs exist in an inactive form or proenzyme and are readily 

cleaved and consequently activated by a variety of proteolytic enzymes. Thus, 

expression not only of the total protein but most importantly of the active MMP 

enzymes was investigated through use of domain specific antibodies in 

immunoblotting analysis.        

 Figure 5.8.a.i, shows a representative MMP12 immunoblotting analysis in 

RAW264.7 Mφ during a 12 hour timecourse coculture with BL tumour cells during 

which rapid activation of Mφ MMP12, as determined by gradual appearance of the 

45 kDa and 22 kDa activated forms, is evident. Quite interestingly, apoptotic BL cells 

seem to induce MMP12 activation at an early stage, between 1 and 8 hours of 

coculture, since at these timepoints there is a substantial increase in 45 kDa and 22 

kDa bands’ intensity in apoptotic BL cocultured samples compared to viable BL 

cocultured samples and especially to the control Mφ where there is extremely low 

or no expression of activated MMP12. This is further illustrated in the quantification 

graph in Figure 5.8.a.ii, in which intensity of bands has been quantified using 

densitometry and obtained values were normalized to the control RAW264.7 Mφ 

sample. Notably, levels of total MMP12 levels remained generally unchanged in 

Mφ, as indicated by the continuous presence of the 54 kDa band. This most likely 

suggests rapid production of the full-length protein that is then processed to the 

shorter, activated forms at an equally fast rate, upon cocultures with tumour cells. 

 In addition to MMP12, MMP2 protein levels were investigated in RAW264.7 

Mφ prior to and during, short term BL cell cocultures; these are shown in the 

immublotting analysis in Figure 5.8.b. Again, levels of total MMP2 were not affected  
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Figure 5.8: MMP12 and MMP2 protein levels are up regulated in RAW264.7 Mφ over a 12hr 

coculture period with viable and apoptotic BL2 cells. a. MMP12 protein is markedly increased in 

RAW264.7 during 12 hr coculture with BL2 cells. i. Western blot analysis of total and activated 

MMP12 protein levels in RAW264.7 prior and following 1h, 8h and 12h BL2 cell cocultures. 

Membranes were stripped and reprobed with β-actin Ab to assess sample loading. Result shown 

is representative of three experiments. ii. Quantification of MMP12 protein levels by 

densitometry of 54kDa, 45kDa and 22kDa bands. All values are normalized to RAW264.7 control 

band intensity (value set to 1). b. Activated MMP2 protein levels (64kDa band) are increased in 

RAW264.7 following 12 hr coculture with apoptotic BL2 cells. i. Western blot analysis of total and 

activated MMP2 protein levels in RAW264.7 prior and following 1h, 8h and 12h BL2 cell 

cocultures. Membrane was stripped and reprobed with β-actin Ab to assess sample loading. 

Result shown is representative of three experiments. ii. Quantification of RAW264.7 MMP2 

protein levels following 12hr coculture with viable/ apoptotic BL2 by densitometry of 72kDa and 

64kDa bands. All values are normalized to RAW264.7 control band intensity (value set to 1). 
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from viable or apoptotic tumour cell cocultures as the 72 kDa band corresponding 

to the inactive proenzyme was present in untreated as well as tumour cell 

cocultured RAW26.7. Assessment of the activated MMP2 form (64 kDa band) 

throughout the coculture period did not reveal as striking a modulation as the one 

observed following MMP12 immunobloting analysis, with the exception of the last 

timepoint (12 hours) where a considerable up-regulation in activated MMP2 levels 

could be seen in apoptotic BL cocultured Mφ compared to viable BL cocultured Mφ 

and untreated Mφ control. Overall, protein data for MMP12 and to some extent for 

MMP2 were in agreement with mRNA data indicating a role for tumour cells and in 

particular apoptotic BL tumour cells in direct modulation of these molecules in 

vitro, under experimental settings that aimed to reproduce in part the tumour 

microenvironment of the BL SCID mouse model.   

 
 
5.2.3 Simulating the human BL microenvironment: human macrophage - 

NHL cells cocutures 

 

5.2.3.1 MMP12 and MMP2 expression in human Mφ during viable and 

apoptotic BL tumour cell cocultures  

 
In an attempt to simulate the tumour microenvironment in human BL 

disease and investigate whether apoptotic BL cells could directly drive MMP12 and 

MMP2 production in human Mφ, expression of these molecules was assessed prior 

and during human short term cocultures, in a similar series of experiments to the 

ones described in section 5.2.2.1. Initially, the human monocytic cell line THP-1 was 

chosen as a source of Mφ. THP-1 Mφ were derived from monocytes following PMA 

differentiation for 3 days as described in Materials and Methods (section 2.2.1.3) 

and were then cocultured with viable or apoptotic BL cells for up to  12 hours. 

MMP12 and MMP2 mRNA as well as protein expression was assessed in untreated 

or tumour cell cocultured THP-1 Mφ at 1, 8 and 12 hours following initiation of the 

cocultures, as shown in Figures 5.9.a. and 5.10 respectively.      
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Figure 5.9: MMP12 and MMP2 production in human THP-1 and primary Mφ following a 

12hr timecourse coculture with viable and apoptotic BL2 cells. a.i-ii. THP-1 Mφ-BL2 

cocultures. i. MMP12 mRNA is increased in THP-1 Mφ during BL2 coculture, reaching 

highest levels at 8hr coculture with apoptotic BL2 cells. Relative mRNA expression in BL2-

cocultured THP-1 is shown in mean fold changes compared to THP-1 control. Data are 

normalized to α-tubulin endogenous levels. Values are mean of three experiments. Error 

bars are +/- 95% CI. Statistical analysis shown between THP-1 and ‘+ viable BL2 8hr’, 

‘+apopt.BL2 12hr’ and between ‘+ viable BL2 12hr’ and ‘+apopt.BL2 12hr’ samples. 

(ANOVA with Tukey’s post test, ** p<0.01, *** p<0.001). ii. MMP2 mRNA levels in BL2-

cocultured THP-1. Relative mRNA expression is shown in mean fold change compared to 

THP-1 control sample. Data are normalized to α-tubulin endogenous levels. Values are 

mean of three experiments. Error bars are +/- 95% CI. Statistical analysis shown between 

THP-1 control and ‘+viable BL2 12hr’, ‘+apopt.BL2 12hr’ samples (ANOVA with post test, * 

p<0.05). b.i-ii. HMDM-BL2 cocultures. i. MMP12 mRNA expression in HMDM following 

coculture with viable or apoptotic BL2. ii. MMP2 mRNA expression in HMDM following 

1hr, 8hr, 12hr coculture with viable or apoptotic BL2. mRNA levels are shown in mean fold 

change compared to HMDM control sample. Data are normalized to α-tubulin endogenous 

levels. Values are mean of three experiments. Error bars are +/- 95% CI. Statistical analysis 

is shown between HMDM and ‘+viable BL2 12hr’, ‘+apopt. BL2 12hr’ and between ‘+viable 

BL2 12hr’, ‘+apopt. BL2 12hr’ for MMP12 and between HMDM and ‘+apopt. BL2 8hr’, 

‘+apopt. BL2 12hr’, between ‘+viable BL2 12hr’and ‘+apopt. BL2 12hr’ for MMP2 (ANOVA 

with post test, * p<0.05, *** p<0.001).  
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Figure 5.10: MMP12 and MMP2 protein levels in differentiated THP-1 Mφ during 12hr 

cocultures with viable and apoptotic BL2 cells. a. MMP12 protein becomes activated in 

THP-1 Mφ during 1-12hr coculture with BL2 cells reaching highest levels at 12hr. i. 

Western blot analysis of total and active MMP12 protein in THP-1. Membranes were 

stripped and reprobed with β-actin Ab to assess sample loading. Result shown is 

representative of three experiments. ii. Quantification of MMP12 protein levels by 

densitometry of 54kDa and 22kDa bands. All values are normalized to THP-1 control band 

intensity (value set to 1). b. Western blot analysis of MMP2 protein in THP-1 Mφ shows 

high levels of both total (72 kDa band) and activated (64 kDa band) MMP2 that remain 

unchanged during 1h, 8h and 12h cocultures with BL2 cells. Membrane was stripped and 

reprobed with β-actin Ab to assess sample loading. Result shown is representative of 

three experiments.  
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A significant increase in THP-1 Mφ MMP12 mRNA levels induced by viable and 

further enhanced by apoptotic BL cells was evident at 8 hours following mRNA 

analysis of the tumour cell cocultured Mφ samples (Figure 5.9.a.i).  

In contrast to MMP12, MMP2 message was not significantly modulated in 

THP-1 Mφ during BL cocultures, with only a minimal increase appearing in viable 

and apoptotic BL cocultured THP-1 at 12 hours (Figure 5.9.a.ii). Protein analysis of 

the same samples for MMPs levels, generally confirmed the mRNA data. MMP12 

immunobloting revealed a striking increase in the intensity of the 22 kDa band 

indicating that MMP12 was gradually becoming active during BL cocultures (Figure 

5.10.a.). Notably, protein levels remained very high in the cocultured THP-1 Mφ at 

12 hours, despite the fact that mRNA levels decreased considerably at that 

timepoint following an earlier up-regulation at 8 hours. MMP2 protein expression 

revealed exactly the same pattern as mRNA expression, showing no modulation in 

either total or activated forms during the cocultures (Figure 5.10.b.). This could be 

due to very high total and activated MMP2 levels initially present in the untreated 

THP-1 Mφ, making it extremely difficult to detect a further increase in band 

intensity, should that take place. 

 In addition to THP-1 Mφ, MMP12 and MMP2 message levels were assessed 

in human monocyte-derived Mφ (ΗΜDM) during a 12 hour coculture period with 

viable or apoptotic BL cells (Figure 5.9.b.i-ii).  MMP12 mRNA was found to increase 

over time, reaching a mean 8-fold increase at 12 hours, following coculture with 

apoptotic BL cells, which was highly significant compared to the HMDM control 

sample (p<0.001)  as well as compared to the viable cell cocultured HMDM sample 

at 12 hours (p<0.05) (Figure 5.9.b.i). The mRNA expression pattern observed in BL 

cocultured-HMDM was also very similar to the one obtained during BMDM/ BL 

cocultures (Figure 5.7.b.i). Apoptotic BL cells induced a small but highly significant 

increase in HMDM MMP2 levels following cocultures for 8 and 12 hours compared 

to control Mφ (p<0.001), in contrast to the THP-1 Mφ/ BL coculture data in which 

MMP2 levels remained largely unchanged.        

 Among the two MMPs investigated within these sections MMP12 in 
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particular showed a robust and consistent up-regulation in mRNA and protein 

expression in Mφ induced by BL tumour cells in both mouse Mφ/human BL and 

human Mφ/BL coculture settings in vitro. Intriguingly, there was a large 

contribution of apoptotic tumour cells in the observed up-regulation, as these 

induced a further increase in MMPs levels which was overall highly significant.  

 
 
5.2.3.2 Assessing MMP12 and MMP2 expression in human NHL cells 
 

The direct contact Mφ-tumour cell coculture experiments presented so far, 

were designed in order to look at the effect of tumour cells on Mφ derived MMP12 

and MMP2 levels under the assumption that Mφ are the only source of these 

MMPs in the coculture systems. As already mentioned, this assumption was based 

on whole BL tumour mRNA data showing extremely low levels of either MMP12 or 

MMP2 compared to TAM samples (Chapter 4, Figure 4.8) as well as on gene 

microarray data from BL2 cells showing complete absence of these MMPs in BL2 

RNA (not shown). To further validate the microarray data, MMP12 and MMP2 

mRNA levels were assessed in BL2 in comparison to THP-1 Mφ; as expected, no 

expression of either of the MMPs could be detected in BL2 lysates following mRNA 

analysis (Figure 5.11.a) confirming that presence and subsequent tumour cell 

induced up-regulation of MMPs message in the cocultures were solely Mφ derived.

 Yet, rather unexpectedly, when BL cells were analyzed for MMP12 and 

MMP2 protein levels by immunoblotting, they were found to express both total and 

activated forms of these MMPs (Figure 5.11b) despite the apparent absence of any 

RNA message to code for the synthesis of the MMPs products.  A first, most likely 

explanation for this intriguing observation, could be that separate, post-

translational mechanisms largely account for the regulation of MMP12 and MMP2 

in BL tumour cells, as no transcriptional control of these proteins seems to exist in 

these experimental settings. Other possible reasons including detailed investigation 

of possible mechanisms underlying MMPs production from NHL cells will be 

presented later in the chapter as well as in the Discussion section (section 5.3). 
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Figure 5.11: MMP12 & MMP2 levels in viable BL2 cells. a. MMP12 & 

MMP2 mRNA cannot be detected in BL2 when compared with THP-1 

control Mφ and assessed by real-time qPCR. Data are normalized to α-

tubulin endogenous levels. Results are representative of three 

experiments. Error bars are min and max values of 95% CI. b. In contrast 

to absence of mRNA expression, both total and activated MMP12 & 

MMP2 protein can be detected in viable BL2 lysates by western bloting 

analysis. Membranes were stripped and reprobed with β-actin Ab to 

assess sample loading. Result shown is representative of three 

experiments.  
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In the context of tumour cell induced MMPs up-regulation in Mφ in the 

coculture experiments presented above, presence of considerable amount of MMPs 

protein in the tumour cells certainly complicated the system, as there is a chance 

that tumour derived MMP12 and MMP2 could contribute to the observed increase 

in bands intensity, in the unlikely event of tumour cell contamination of the Mφ 

samples. However, given that BL tumour cells grow in suspension whereas Mφ 

adhere to the bottom of the wells, complete separation of the two populations at 

the end of the coculture period was ensured through aspiration of the BL cell supes 

and thorough washes of the remaining Μφ. The only possible contamination from 

tumour cells would occur from those apoptotic cells attached on Mφ surface or 

localized nside Μφ following phagocytosis.     

 An in vitro coculture system clear of any contact between the two cell 

populations would involve culturing the BL cells in membrane transwell inserts to 

avoid direct contact with Mφ. Under such conditions apoptotic tumour cell -Mφ 

interactions, notably phagocytosis would obviously be inhibited, and therefore 

changes likely induced in Mφ through such interactions with viable and apoptotic 

cells would be impossible to be determined. Nevertheless, contact-free cocultures 

were briefly carried out in order to investigate modulation of exclusively Mφ-

derived MMPs and most importantly to determine whether the BL cell induced Mφ 

MMPs up –regulation was related to Mφ contact and subsequently uptake of 

tumour cells as initially hypothesized or perhaps mediated through secretion of 

soluble factor from the tumour cells that would diffuse through the 0.4 μm pore 

membrane inserts. Preliminary results from these coculture experiments showed 

no modulation in Mφ MMP12 mRNA and in accordance to that, minimal levels of 

total MMP12 protein that remained unchanged throughout the cocultures. 

Ιnterestingly, none of the activated forms of MMP12 protein that were previously 

up-regulated during direct contact RAW264.7-BL2 cell cocultures could be detected 

in BL-cocultured RAW264.7 in contact-free conditions, suggesting that increased 

Mφ MMP12 expression and activation by viable and apoptotic BL2 cells was indeed 

contact dependent (Figure 5.12.a.i and b.i). Analysis of MMP2 expression showed 
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no overall changes at mRNA level in Mφ over a 12 hour transwell coculture with BL 

tumour cells (Figure 5.12.a.ii), whereas at protein level a slight modulation was 

observed in both total and activated MMP2 forms (Figure 5.12.b.ii). Of the two 

MMPs assessed in contact-free Mφ- BL cell cocultures, MMP12 data clearly support 

the requirement for Mφ-tumour cell interactions in order for an increase in MMP12 

message and activated protein levels to occur. Οn the other hand, MMP2 data 

despite being equally supportive of that notion at mRNA level, were not conclusive 

at protein level as apoptotic BL2 cells appeared to induce a small increase in Mφ 

active MMP2 levels at 8 hours compared to control Mφ. Due to significant time 

constraints and the project’s main focus on apoptosis-driven MMP12 expression, 

possible MMP2 modulation upon contact-free cocultures was not further 

investigated.   
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Figure 5.12 Assessment of MMP12 & MMP2 levels in RAW264.7 following viable and 

apoptotic BL2 cocultures in transwells. a.i. Relative MMP12 mRNA expression and a.ii. 

relative MMP2 mRNA expression in RAW264.7 Mφ following 1hr, 8hr and 12hr contact-

free cocultures with viable and apoptotic BL2. mRNA expression in BL2-cocultured 

RAW264.7 is shown in mean fold change compared to RAW264.7 control. All data are 

normalized to α-tubulin endogenous levels. Values are mean of two experiments, 

quadruplicate wells per experiment. Error bars are +/- 95% CI. b. Western blot analysis of 

total and activated MMP12 (i.) and total and activated MMP2 (ii.) protein levels in 

RAW264.7 following viable and apoptotic BL2 cocultures. Membranes were stripped and 

reprobed with β-actin Ab to assess sample loading. Result shown is representative of two 

experiments.  
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5.2.4 Simulating the mouse λ-MYC lymphoma microenvironment: mouse 

macrophage - NHL cells cocutures 

 

5.2.4.1 MMP12 and MMP2 production is triggered in Mφ following short term 

cocultures with viable and apoptotic mouse NHL cells   

 
As already described in Chapter 4, the λ-MYC lymphoma tumour model has 

been widely considered as the murine counterpart of human BL disease(Kovalchuk 

et al. 2000). Though certain differences arose later relating to their process of 

generation (Zhu et al. 2005) these highly similar B-cell lymphomas share among 

others a number of common histological characteristics notably high rate of tumour 

cell apoptosis resulting in massive TAM infiltration; therefore the λ-MYC model has 

been extensively used by our group  to study Mφ-tumour cell interactions and 

better understand the role of the microenvironment in lymphoma establishment 

and development. Isolation of a cell line from spontaneous λ-MYC lymphoma 

tumours, MYC-Ed1 (Pound et al in Preparation), has been also routinely used for 

transplantation into C57BL/6 mice and the resulting tumours highly resembled the 

original λ-MYC in histological appearance, characterized by large number of Mφ 

engaged in phagocytosis of apoptotic tumour cells.   

 Histological assessment of these tumours presented in chapter 4 (Section 

4.2.5.1) has shown that TAM from transplanted λ-MYC tumours, similarly to TAM 

from BL tumours, were strongly positive for MMP12 and MMP2 adding up to the 

similarities between the two lymphoma microenvironments. Following from this 

observation, it was hypothesized that murine viable and apoptotic λ-MYC cells 

(MYC-Ed1) could directly drive MMPs expression in TAM. To investigate in detail the 

role of viable versus apoptotic lymphoma cells in this process, the λ-MYC tumour 

microenvironment was reproduced in vitro through establishment of mouse Mφ-

MYC-Ed1 direct cocultures. Similarly to human BL-Mφ cocultures described in 

section 5.2.2, murine cocultures were set up over a period of 12 hours using the 

RAW264.7 cell line or primary BMDM as a source of Mφ and viable or early 

apoptotic MYC-Ed1 as a source of murine lymphoma cells. Apoptosis was triggered 
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in MYC-Ed1 cells following serum –deprivation in high density culture for 1 hour and 

as in the case of BL2, approximately 25-30% of MYC-Ed1 cells was identified as an 

early apoptotic (AxV+/PI-) population at the beginning of the coculture period.  

 MMP12 and MMP2 mRNA levels were initially assessed in RAW264.7 Mφ at 

1, 8 and 12 hours following coculture with viable and early apoptotic MYC-Ed1 cells 

and as can be seen in Figure 5.13.a.i-ii both MMPs were clearly up-regulated 

compared to control (untreated) Mφ. MMP12 message expression is particularly 

interesting, as an approximate 8 fold increase was evident following coculture with 

apoptotic MYC-Ed1 cells for 12 hours when compared with the untreated Mφ 

control (Figure 5.13.a.i). Importantly, the apoptotic MYC-Ed1-induced MMP12 up-

regulation was significant over the increase induced by viable MYC-Ed1 at 12 hours, 

indicating a large contribution of mouse apoptotic NHL cells in driving Mφ MMP12 

expression, similar to what was previously observed in human apoptotic BL2- 

RAW264.7 Mφ cocultures (Figure 5.8.a). Next, MMPs expression was investigated in 

BMDM during viable and apoptotic MYC-Ed1 cocultures. There, MMP12 mRNA 

levels were significantly increased following 8 hours of MYC-Ed1 coculture, though 

there was no difference between the viable and apoptotic MYC-Ed1 cocultured Mφ 

samples (Figure 5.13.b.i). In the case of MMP2, an up-regulation in BMDM message 

levels induced by apoptotic MYC-Ed1 cells was particularly evident during the early 

stages of the coculture period (at 1 hour) compared to the viable MYC-Ed1 

cocultured Mφ  at this time point (Figure 5.13.b.ii).  

 To determine whether the modulation occurred in MMP12 and MMP2 

message production in Μφ during mouse NHL cocultures was accompanied by 

similar changes at the protein level, lysates from RAW264.7 Mφ prior to and 

following 1, 8 and 12 hours of coculture with viable/apoptotic MYC-Ed1 cells were 

analyzed for protein changes using immunoblotting (Figure 5.14). In accordance to 

the mRNA data both MMP12 and MMP2 proteins were found to be considerably 

up-regulated in RAW264.7 during cocultures. Interestingly enough, both total and 

activated forms of MMP12 were induced, as shown by gradual appearance and 

accumulation of the 54kDa band and of the 45 and 22 kDa bands, and the  
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Figure 5.13: MMP12 and MMP2 production in RAW264.7 Μφ and ΒΜDΜ following a 12hr 

timecourse coculture with viable and apoptotic MYC-Ed1 cells. a.i-ii. RAW264.7 Μφ -MYC-

Ed1 cocultures. i. MMP12 mRNA is markedly increased in RAW264.7 following 12hr coculture 

with apoptotic MYC-Ed1 cells. Relative mRNA expression in MYC-Ed1 cocultured RAW264.7 is 

shown in mean fold change compared to RAW264.7 control. Data are normalized to α-tubulin 

endogenous levels. Values are mean of 3 experiments. Error bars are +/- 95% CI. Statistical 

analysis shown between RAW264.7 and ‘+ viable MYC-Ed1 12hr’, ‘+apopt. MYC-Ed1 12hr’, and 

between ‘+ viable MYC-Ed1 12hr’, ‘+apopt. MYC-Ed1 12hr’ samples (ANOVA with Tukey’s post 

test, *** p<0.001). ii. MMP2 mRNA levels in BL2-cocultured RAW264.7. Relative mRNA 

expression is shown in mean fold change compared to RAW264.7.control. Data are normalized 

to α-tubulin endogenous levels. Values are mean of 3 experiments. Error bars are +/- 95% CI. 

Statistical analysis shown between RAW264.7 and ‘+apopt. MYC-Ed1 8hr’, ‘+ viable MYC-Ed1 

12hr’, ‘+apopt. MYC-Ed1 12hr’, and between ‘+ viable MYC-Ed1 12hr’, ‘+apopt. MYC-Ed1 12hr’ 

samples (ANOVA with Tukey’s post test, * p<0.05, ** p<0.01, *** p<0.001). b.i-ii. BMDM-MYC-

Ed1 cocultures. i. MMP12 mRNA expression is assessed in BMDM following 1hr, 8hr, 12hr 

coculture with viable or apoptotic MYC-Ed1. ii. MMP2 mRNA expression in BMDM following 

1hr, 8hr, 12hr coculture with viable or apoptotic MYC-Ed1. mRNA levels are shown in mean 

fold change compared to HMDM control sample. Data are normalized to α-tubulin endogenous 

levels. Values are mean of three experiments. Error bars are +/- 95% CI. Statistical analysis 

shown between BMDM and ‘+apopt. MYC-Ed1 8hr’ for MMP12, between BMDM and ‘+viable 

MYC-Ed1 1hr’, ‘+apopt. MYC-Ed1 1hr’ and between ‘+viable MYC-Ed1 1hr’, ‘+apopt. MYC-Ed1 

1hr’ for MMP2 (ANOVA with Tukey’s post test, *** p<0.001). 
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Figure 5.14: MMP12 and MMP2 protein levels are up regulated in RAW264.7 Mφ over a 

12hr coculture period with viable and apoptotic MYC-Ed1 cells. a. MMP12 protein is 

gradually increased in RAW264.7 during MYC-Ed1 12hr coculture. i. Western blot analysis of 

total and activated MMP12 protein levels in RAW264.7 prior and following 1h, 8h and 12h 

MYC-Ed1 cocultures. Membranes were stripped and reprobed with β-actin Ab to assess 

sample loading. Result shown is representative of 3 experiments. ii. Quantification of MMP12 

protein levels by densitometry of 54kDa, 45kDa and 22kDa bands. All values are normalized 

to RAW264.7 control band intensity (value set to 1). b. MMP2 protein is gradually increased 

in RAW264.7 during MYC-Ed1 12hr coculture. i. Western blot analysis of total and activated 

MMP2 protein levels in RAW264.7 prior and following 1h, 8h and 12h MYC-Ed1 cocultures. 

Membrane was stripped and reprobed with β-actin Ab to assess sample loading. Result 

shown is representative of three experiments. ii. Quantification of MMP2 protein levels by 

densitometry of 72kDa and 64kDa bands. All values are normalized to RAW264.7 control 

band intensity (value set to 1).  
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contribution of apoptotic versus viable MYC-Ed1 in this process was striking at 8 

hours (Figure 5.14.ai-ii). 

Similarly, MMP2 immunobloting analysis revealed an up-regulation of total 

and activated protein as indicated by accumulation of both 72 and 64 kDa bands in 

the MYC-Ed1 cocultured Mφ samples, particularly evident for active MMP2 (64kDa) 

following coculture with apoptotic MYC-Ed1 cells for 8 hours (Figure 5.14.b).  

 

 
5.2.4.2 Assessing MMP12 and MMP2 expression in mouse NHL cells 
 

Having shown a tumour cell- induced modulation of MMP12 and MMP2 

mRNA as well as protein expression in Mφ in the mouse NHL- Mφ coculture system 

presented above, it was important to examine whether Mφ constituted the only 

source of these MMPs in the system or MYC-Ed1 contributed to the elevated levels 

observed, especially in terms of protein production as was previously the case with 

BL2 cells.  To address that, lysates from viable MYC-Ed1 cells were analyzed for 

mRNA and protein levels of MMP12 and MMP2, using real-time qPCR and 

immunoblotting assays respectively. Results from these analyses indicate absence 

of mRNA expression for MMP12 in MYC-Ed1 when compared to RAW264.7 Mφ 

samples (Figure 5.15.a) and extremely low levels of activated MMP12 protein as 

shown by a faint band at 22kDa that can barely be detected (Figure 5.15.b, left hand 

side). On the other hand, MMP2 mRNA expression could be detected at borderline 

levels in MYC-Ed1, though still extremely low compared to RAW264.7 Mφ (Figure 

5.15.a), and in accordance to mRNA data, slightly higher MMP2 protein levels were 

detected (Figure 5.15.b, right hand side). Still, generally low or no expression of 

these MMPs in either mRNA or protein in MYC-Ed1 tumour cells in combination 

with the very low chances of contaminating the Mφ population given that the two 

populations are easily separated within the coculture system (being either adherent 

or suspension cells), makes contribution of viable MYC-Ed1 cell-derived MMPs in 

the overall high levels detected in Mφ following cocultures very unlikely. 
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To summarize briefly, human and mouse NHL cells represented in these 

studies by BL2 and MYC-Ed1 cells respectively, were shown to induce a direct up-

regulation in certain MMPs levels in Mφ in several coculture systems and this effect 

was in most cases significantly enhanced when apoptotic NHL cell preparations 

were added to the cocultures. Of note, only a small percentage of approximately 

35% early apoptotic cells -induced to undergo apoptosis through serum-

deprivation- was sufficient to cause a considerable increase in matrix remodeling 

mediators production suggesting that similar apoptosis levels within the BL tumour 

microenvironment are very likely to play an important role in promoting TAM 

matrix remodeling, in accordance to our initial hypothesis. The significance of 

tumour cell apoptosis as well as the role of tumour versus normal cell apoptosis in 

this process will be further examined in a series of coculture experiments presented 

in sections 5.2.5-5.2.6.  

MMP2 

64kDa 

72kDa 
22kDa 

MMP12 

β-actin 

actin MYC-Ed1 

a.                                                                                                            b.                                                                                                                                                                                                                                           

Figure 5.15: MMP12 & MMP2 levels in viable MYC-Ed1 cells. a. MMP12 & MMP2 

mRNA levels in MYC-Ed1 versus RAW264.7 Mφ as assessed by real-time qPCR. Data 

are normalized to α-tubulin endogenous levels. Result shown is representative of 

three experiments. Error bars are +/- 95% CI. b. MMP12 & MMP2 protein in viable 

MYC-Ed1 lysates assessed by western blot analysis. Membranes were stripped and 

reprobed with β-actin Ab to assess sample loading. Result shown is representative of 

three experiments.  
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5.2.5 Evaluating the contribution of tumour cell apoptosis in driving Mφ 

matrix remodeling 

 

In order to better understand the significance of tumour cell apoptosis in 

driving production of matrix remodeling mediators in Mφ this phenomenon was 

further examined in the context of an ‘apoptosis-free’ tumour microenvironment.  

Given the inherent trend of BL2 cells to undergo apoptosis in culture conditions and 

that even a small percentage of apoptotic NHL cells was sufficient to drive matrix 

remodeling in Mφ, it would be reasonable to predict that in the complete absence 

of apoptotic cells this process would not be enhanced. To address this hypothesis in 

vitro, the apoptosis-resistant BL cell line BL2-Bcl2 was used in direct contact 

cocultures with RAW264.7 Mφ over a period of 12 hours. The BL2-bcl2 cell line was 

derived through stable transfection of the parental BL2 cell line with the apoptosis 

inhibitor bcl2 (Milner et al. 1992); overexpression of bcl2 protects the cells from 

entering apoptosis and subsequently cell viability for this cell line remains at very 

high levels with less than 2% of cells being positive for AxV staining when routinely 

assessed by flow cytometry. In accordance to that, the BL2-bcl2 populations used 

for the Mφ coculture experiments were 98.2%, 97.6% and 95% AxV-/PI- when 

analyzed at 1, 8 and 12 hours respectively (Figure 5.16.c.) indicating much higher 

viability than that of the parental viable BL2 population as presented previously in 

Figure 5.5.c.   

Analysis of the Mφ samples following timecourse cocultures with BL2-bcl2 

cells for MMP12 levels did not demonstrate significant up-regulation of either 

mRNA or protein expression as determined by real-time qPCR (Figure 5.16.a) and 

immunoblotting (Figure 5.16.d.i) respectively.  In contrast to the marked increase 

observed previously in BL2-cocultured RAW264.7 Mφ, MMP12 message levels 

appeared unchanged in BL2-bcl2-cocultured Mφ throughout the 12 hour coculture 

period and no increase in activated MMP12 protein was evident at 8 and 12 hour 

timepoints where apoptotic BL2 had been shown to induce very high levels of 

activated protein. Simultaneous analysis of the Mφ lysates for MMP2 levels  
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Figure 5.16: Assessment of MMP12 & MMP2 levels in RAW264.7 following BL2-bcl2 

cocultures. a.i. MMP12 relative mRNA expression in RAW264.7 following 1hr, 8hr, 12hr 

coculture with BL2-bcl2. b.i. MMP2 relative mRNA expression in RAW264.7 following 1hr, 

8hr, 12hr coculture with BL2-bcl2. mRNA levels are assessed by real-time qPCR and results 

are shown in mean fold change compared to RAW264.7 control. All data are normalized to 

α-tubulin endogenous levels. Values are mean of three experiments, triplicate wells per 

experiment. Error bars are +/- 95% CI. Statistical analysis is shown between ‘RAW264.7’ 

and ‘+BL2-bcl2 8hr’, ‘+BL2-bcl2 12hr’ for each transcript. (ANOVA with Tukey’s post-test, * 

p<0.05, ** p<0.01). c. Assessment of BL2-bcl2 cell viability over a 12hr culture period by 

flow cytometric detection of AxV/PI staining. AxV-/PI- BL2-bcl2 cells ranged between 98.2-

94.5% over a 12 hr culture period. d. Western blot analysis of total and activated MMP12 

(i.) and total and activated MMP2 (ii.) protein levels in RAW264.7 following 1hr, 8hr, 12hr 

cocultures with BL2-bcl2 cells. Membranes were stripped and reprobed with β-actin Ab to 

assess sample loading. Result shown is representative of two experiments.  
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revealed a similar protein expression pattern to that of MMP12, with no obvious 

up-regulation of total or activated protein in RAW264.7 following BL2-bcl2 

cocultures compared to the control Mφ and overall unchanged MMP2 mRNA 

expression with only a very small increase observed in BL2-bcl2-cocultured Mφ at 

12 hours.   

 Therefore, the results presented above show that bcl2-overexpressing BL2 

cells fail to drive up-regulation and/or activation of the examined MMPs in Mφ 

upon short term cocultures in contrast to the striking increase in message and 

activated protein caused by viable and apoptotic parental BL2 in the same coculture 

settings. Given that the only difference between the BL2 and BL2-bcl2 populations 

lies on the viable cell counts with BL2-bcl2 viability ranging between 98%-95% over 

a 12 hour culture period versus 91-75% viability measured in viable BL2  over the 

same period, one would reasonably assume that this small percentage of apoptotic 

cells present even within the viable BL2 populations could be responsible for the 

induction of matrix remodeling associated molecules. Thus, early tumour cell 

apoptosis is more than likely  to play a crucial role in modulating part of matrix 

remodeling phenotype in TAM in BL in vivo, based on the data from the in vitro TAM 

studies that had been carried out so far. Possible explanations in the context of 

other known apototic cell driven TAM properties will be discussed in the last section 

of this chapter.  

 

 

5.2.6 Evaluating normal versus tumour cell apoptosis in driving Mφ 

matrix remodeling 

 

Having shown that apoptotic tumour cells have the potential to influence 

one of the key functions in Mφ such as matrix remodeling, the possibility that 

generic cell apoptosis (ie. normal apoptotic cells) could have similar properties was 

also investigated. In this context, experiments were undertaken in which murine 

splenocyte preparations, a rich source of GC B cells which are very close to the 
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‘normal’ equivalent of mouse BL cells, were induced into apoptosis and were then 

cocultured with RAW264.7 Mφ over a 12 hour period to determine whether they 

would have an effect on Mφ production of matrix remodeling-associated molecules. 

In order to obtain early apoptotic splenocytes, staurosporine treatment was used 

instead of serum deprivation that was used previously as an apoptosis stimulus in 

the lymphoma tumour cell preparations, as the latter would not be effective in a 

non cycling population such as resting B cells. Incubation in 1μM staurosporine 

solution for 1 hour resulted in approximately 40% early apoptotic (AxV+/PI-) cells as 

determined by AxV/PI staining and flow cytometric assessment of the splenocyte 

population (Figure 5.17.c). Cocultures of apoptotic and viable splenocytes with 

RAW264.7 Mφ were ended at 12 hours and untreated or splenocyte -cocultured 

Mφ samples were subsequently analyzed for MMP12 and MMP2 message and 

protein levels. Results from MMP12 analyses show no significant modulation in 

either mRNA production (Figure 5.17.a.) or protein activation (Figure 5.17.b. left 

hand side) in Mφ following apoptotic splenocyte coculture, in contrast to the 

marked up-regulation shown to be induced in RAW264.7 by apoptotic NHL tumour 

cells in the same coculture settings (Figures 5.8.a and 5.17.a.i). Similarly to MMP12 

mRNA expression, MMP2 message was not modulated in the viable or apoptotic 

splenocyte-cocultured Mφ (Figure 5.17.a), although MMP2 protein did show an 

increase in total and activated levels following apoptotic splenocyte coculture for 12 

hours (Figure 5.17.b, right hand side).     

Taken together these results strongly suggest that apoptotic cell-induced 

matrix remodeling up regulation in Mφ, as exemplified in these studies by increased 

expression of matrix remodeling mediators such as primarily MMP12 and to a lesser 

extend MMP2, is a phenomenon restricted to apoptotic lymphoma cells rather than 

applying to generic cell apoptosis at least in the context of MMP12 induced 

expression.  
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Figure 5.17: MMP12 and MMP2 levels in RAW264.7 following viable and apoptotic 

splenocyte coculture (12hr). a. MMP12 & MMP2 relative mRNA expression in RAW264.7 

before and after 12 hour splenocyte coculture. mRNA levels were assessed by real-time 

qPCR and results are shown in mean fold change compared to RAW264.7 control. All data 

are normalized to α-tubulin endogenous levels. Values are mean of three experiments, 

triplicate wells per experiment. Error bars are +/- 95% CI. Statistical analysis is shown 

between ‘RAW264.7’ and ‘+viable splenocyte’, ‘+apopt. splenocyte’ for each transcript 

(ANOVA with Tukey’s post test, ns= p >0.05). b.MMP12 & MMP2 protein expression in 

RAW264.7 before and after splenocyte coculture for 12hr is assessed by western blot 

analysis. Membranes were stripped and reprobed with β-actin Ab to assess sample loading. 

Result shown is representative of three experiments. c. Assessment of splenocyte viability at 

0hr (viable) and 1h post staurosporine treatment (apoptotic) by flow cytometric detection of 

AxV/PI staining. Staurosporine induced early apoptotic splenocyte (defined as AxV+/PI-) 

comprised approximately 40% of total cell count prior to the 12 hr coculture period with 

RAW264.7 Mφ.  
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5.2.7 Investigating MMPs expression in NHL cells: Clues for an 

apoptosis-driven process 

 

5.2.7.1 MMP12 and MMP2 are strongly up-regulated in human NHL cells upon 

induction of apoptosis. 

 

 Following from the intriguing yet unexpected observation that BL cells were 

a source of MMP12 and MM2 at protein level in the apparent absence of message 

expression within the Mφ-ΒL cell coculture systems studied, experiments were 

undertaken that aimed to elucidate this process in the context of NHL tumour 

microenvironment, exemplified in this study by human BL2 xenograft and mouse λ-

MYC tumours. Given that high apoptosis rate is a major characteristic of such 

tumours when grown in vivo as well as of the BL2 and MYC-Ed1 cells when cultured 

in vitro, and that apoptotic tumour cells have been known to contribute to a 

number of processes though active release of molecules as it will discussed in detail 

later in this chapter, expression of the matrix remodeling mediators was 

investigated in relation to NHL apoptosis.  

 Initially, MMP12 and MMP2 protein expression was assessed in human BL2 

cells using preparations containing populations with different viability percentages as 

wells as early apoptotic populations. Since BL2 cells have the inherent capacity of 

undergoing spontaneous apoptosis in culture conditions, with the average cell 

viability ranging between 90-92%, the Dead-Cert technology was employed for 

obtaining high-viability cell populations from cultured cells, of approximately 96-

97% as shown in Figure 5.18.b. Comparison of these two viable cell preparations as 

well as of an early apoptotic BL2 population obtained through serum-deprivation, in 

terms of MMPs production, would lead to a better understanding of a possible 

relationship between tumour cell apoptosis and matrix remodeling, should that 

exist. Indeed, very interestingly, analysis of the BL2 cell lysates for MMP12 and 

MMP2 protein levels by western blotting revealed a striking up-regulation in both 

MMPs activated forms (22 kDa and 64kDa respectively) which was analogous to the 

apoptosis levels within the examined populations (Figure 5.18.a.i).    
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Figure 5.18: MMP12 & MMP2 protein levels are upregulated in BL2 in an apoptosis 

dependent manner. a. MMP12 & MMP2 protein in viable and 1hr apoptotic BL2 cells 

detected by western blot analysis. BL2 cell lysates were prepared from high viability (Dead-

Cert separated) populations as described in Materials and Methods section 2.2.3, or 

directly from culture or from serum-starved (1hr apoptotic) cells. Membranes were 

stripped and reprobed with β-actin Ab to assess sample loading. Result shown is 

representative of three experiments. a.ii. MMP12 and MMP2 protein expression in BL-

derived microparticles (MPs) assessed by western blot analysis. BL2 were induced to 

apoptosis by serum starvation or by staurosporine treatment for 1hr and MPs were 

isolated and lysed as described in Materials and Methods section 2.2.4.1. Membranes 

were stripped and reprobed with β-actin Ab to assess sample loading. Result shown is 

representative of two experiments. b. Assessment of BL2 cell viability by flow cytometric 

detection of AxV/PI staining. Dead-Cert separated, culture and 1hr apoptotic populations 

are 96,5%, 91,6 % and 64% AxV- /PI-  respectively.  
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 To further confirm the connection of the observed MMPs activation with the 

apoptosis process in BL2 cells, expression of the molecules was investigated on BL2-

derived microparticles (MPs). Membrane blebbing and subsequent MPs formation 

and release from cells are well known characteristics of the early stages of 

apoptosis (Aupeix et al. 1997), a process shown to be mediated by the ROCK I 

kinase (Coleman et al. 2001; Sebbagh et al. 2001). MPs, as membrane surrounded 

entities of the apoptotic cell body are expected to share a number of phenotypic 

and even functional characteristics with apoptotic cells, the most prominent being 

expression of apoptotic cell specific molecules mediating phagocyte attraction 

amongst other things. Recent work from our group supports the notion that 

apoptotic cell-derived MPs constitute indeed miniature apoptotic cells since MPs 

isolated from apoptotic BL2 cells have been shown to express a number of 

molecules found on the cells surface, such as calreticulin, lactoferrin, the laminin 

binding protein epitope 15308 (unpublished data) and fractalkine (Truman et al. 

2008). The latter, a chemokine known to be cleaved and activated upon BL cell and 

normal B cell apoptosis to stimulate Mφ chemotaxis was shown to be highly 

expressed on BL-derived MPs in its active, cleaved form rather than total protein, 

suggesting that such MPs are also involved in the release of active components 

from apoptotic tumour cells and therefore play an important role in mediating 

apoptotic cell functions within the BL tumour microenvironment.  

 In light of these observations, MMP12 and MMP2 total and activated 

protein levels were assessed in MPs isolated from BL2 cells that were induced into 

apoptosis following two different stimuli: serum deprivation and staurosporine 

treatment. Results from MMP12 immunoblotting analysis on MP lysates indicated 

high expression of the active 22kDa form in either of the two MPs preparations in 

contrast to the minimal expression observed for total MMP12 in MPs (Figure 

5.18.a.ii. left hand side), in support of the previous observations linking increased 

MMP12 activation in apoptotic BL2 cells to the apoptosis process. On the other 

hand MMP2 protein analysis on MPs showed minimal expression of the activated  
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Figure 5.19: MMP12 & MMP2 modulation upon apoptosis induction and inhibition. a.i. 

MMP12 & MMP2 protein levels in staurosporine +/- z-VAD-treated BL2 cells, detected by 

western blot analysis. Apoptosis was induced in BL2 cells following staurosporine 

treatment for 30min, 1hr and 3hr or was blocked following z-VAD treatment for the same 

time period. Membranes were stripped and reprobed with β-actin Ab to assess sample 

loading. a.ii. Assessment of BL2 cell viability following staurosporine +/- z-VAD treatment 

by flow cytometric detection of AxV/PI staining. b.i MMP12 protein levels in BL2-bcl2 cells 

upon staurosporine treatment.  BL2-bcl2 cells were treated with staurosporine for 30 min, 

1hr and 3hr and lysates were immunoblotted for MMP12. Membrane was stripped and 

reprobed with β-actin Ab to assess sample loading. b.ii. Assessment of BL2-bcl2 cell 

viability following staurosporine treatment by flow cytometric detection of AxV/PI 

staining. Results shown are representative of three experiments.  
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64kDa form and absence of total MMP2 levels (Figure 5.18.ii. right hand side) which 

did not entirely support the striking increase in either MMP2 forms observed in 

apoptotic BL2 cells when compared to a highly viable BL population. Due to time 

restriction for completion of this part of the project, immunoblotting experiments 

on MPs, especially to clarify expression of MMP2 were not conducted further. Yet, 

among the two examined molecules, MMP12 expression and indeed activation is 

clearly associated with apoptotic BL-derived MPs, which implies involvement of 

such particles in the release and transport of active MMP12 within the tumour 

microenvironment with possible implications in the tumour growth as it will be 

discussed later.  

To validate that MMPs up-regulation by apoptotic BL cells was coupled with 

the apoptosis process, additional experiments were undertaken in which (a) 

apoptosis was induced in BL2 cells through different means and (b) cell viability was 

restored following inhibition of apoptosis, in order to see whether MMPs 

expression would be modulated according to the apoptosis levels in the BL2 

populations. Staurosporine, a well characterized, potent inducer of apoptosis was 

added to the cells for a time period of 30 minutes up to 3 hours, during which 

apoptosis levels raised significantly reaching highest levels at 3 hours as determined 

by AxV/PI staining of the cells and flow cytometric analysis at the 30 minutes, 1 

hour and 3 hour timepoints (Figure 5.19.a.iii). To inhibit staurosporine-induced 

apoptosis, cells were simultaneously treated with the pan-caspase inhibitor z-VAD 

for the same time period and as confirmed by flow cytometric assessment of BL2 

following AxV/PI staining, the effect of staurosporine during 30 minutes, 1 hour and 

3 hours of treatment was significantly abolished (Figure 5.19.a.iii).  

In this tightly controlled system where apoptosis induction and inhibition 

could be readily assessed, modulation of MMP12 and MMP2 protein expression 

was investigated following immunoblotting analysis of the BL2 lysates. Results from 

MMP12 immunoblotting analysis, clearly showed an apoptosis-dependent 

modulation of the activated form (22kDa) of this metalloproteinase, as highest 

levels were observed at 3 hours following staurosporine treatment which also 
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coincided with the highest percentage of early apoptotic (AxV+/PI-) cells in the BL2 

population. Importantly, in the z-VAD treated samples where staurosporine-

induced apoptosis was efficiently inhibited, activated MMP12 expression appeared 

to be down-regulated compared to the levels observed in the apoptotic populations 

in the absence of z-VAD (Figure 5.19.a.i). A similar pattern of expression though not 

as clear as in the case of MMP12, was observed in the MMP2 immunoblots from 

staurosporine/ z-VAD treated BL2 samples, with an increase in activated MMP2 

band (64 kDa) intensity being particularly evident at 3 hours post staurosporine 

treatment. Similarly to MMP12, MMP2 levels were reduced upon z-VAD addition 

and subsequent increase in BL2 cell viability, especially when comparing the 

staurosporine +/- z-VAD treated samples at 30 minutes post-treatment (Figure 

5.19.a.ii).   

 Having observed particularly low levels of activated MMP12 and MMP2 in 

high viability BL2 populations and cells in which experimentally-induced apoptosis 

was subsequently inhibited, MMPs expression was also investigated in a different 

‘apoptosis-free’ BL2 population, the BL2-bcl2 stably transfected cell line. As already 

mentioned in the previous sections, over expression of the apoptosis inhibitor bcl2 

in the parental BL2 cells resulted in a highly viable cell line in which AxV-/PI- cells 

reach 99% of the total population. Elevated levels of bcl2 protect these cells not 

only from spontaneous apoptosis naturally occurring in culture conditions but most 

importantly, from apoptosis induced experimentally through staurosporine 

treatment, for instance. Figure 5.19.b.ii shows representative flow cytometric 

assessment of the BL2-bcl2 cell viability following staurosporine treatment for 30 

minutes, 1 hour and 3 hours; by looking at this graph it is evident that cells remain 

unaffected from staurosporine treatment  and that high percentages of viable cells 

(>97%) are retained throughout the treatment period.  

 Analysis of activated MMP12 protein levels in BL2-bcl2 cells at 0 hours and 

following staurosporine addition and culture for up to 3 hours, showed minimal 

expression of the 22kDa band in all of the samples tested (Figure 5.19.b.i) 

confirming the previous observations in which increase in MMP12 activation in BL2 
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cells occurred rapidly upon apoptosis induction whilst being extremely low in 

apoptosis-free populations.  

 

5.2.7.2 MMP12 and MMP2 up-regulation in mouse NHL cells upon induction of 

apoptosis. 

 

Similarly to BL2 cells, mouse NHL cells represented by λ-MYC derived (MYC-

Ed1) cells in this study, were shown to express low yet detectable levels of activated 

MMP12 and MMP2 protein despite the apparent absence of mRNA expression. To 

examine whether production of such matrix remodeling mediators was linked with 

apoptosis in mouse NHL, as was quite intriguingly observed in human NHL cells 

during a series of experiments described in section 5.2.7.1, MYC-Ed1 cells were 

induced into apoptosis through serum-deprivation and high density culture for 1 

hour and were analyzed for changes in MMP12 and MMP2 protein expression in 

comparison to viable MYC-Ed1 populations that were either taken directly from 

culture, or were first incubated with Dead-Cert paramagnetic nanoparticles to 

ensure removal of most apoptotic cells and culture debris prior to immunobloting 

analysis. Percentages of viable and apoptotic cells in all three populations were 

assessed following AxV/PI staining and are shown in Figure 5.20.b.  

Analysis of the MYC-Ed1 lysates for MMPs levels, showed a striking increase 

in MMP12 activation (assessed through appearance of the 22kDa activated form) in 

the apoptotic population that was absent from the two viable MYC-Ed1 populations 

(Figure 5.20.a.i.).  An up-regulation in MMP2 expression was also evident in the 

apoptotic population even though higher expression to that of MMP12 could be 

generally detected in the viable MYC-Ed1 samples (Figure 5.20.a.ii.).  Overall, very 

similar changes in the activated forms of both MMPs to the ones in BL2 cells were 

observed, suggesting that the apparent apoptosis-dependent modulation of matrix 

remodeling-related expression is not restricted to human NHL. Whether this is a 

generic phenomenon, i.e., apoptotic cells themselves in other types of cancers or 
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healthy tissues are actively involved in matrix remodeling through increased 

production of such mediators remains to be elucidated.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.20 MMP12 & MMP2 modulation upon apoptosis induction 

in mouse NHL cells. a.i-ii. MMP12 & MMP2 protein expression in 

viable and 1hr apoptotic mouse MYC-Ed1 cells detected by western 

blot analysis. MYC-Ed1 cell lysates were prepared from high viability 

(Dead-Cert separated) populations or directly from culture or from 

serum-starved (1hr apoptotic) cells. Membranes were stripped and 

reprobed with β-actin Ab to assess sample loading. b. Assessment of 

BL2 cell viability by flow cytometric detection of AxV/PI staining. 

Dead-cert separated, culture and 1hr apoptotic populations were 

88,5%, 80,1 % and 66% viable (AxV-/PI-) respectively. Results shown 

are representative of three experiments. 
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5.2.8 Normal versus tumour cell apoptosis & MMPs up-regulation 
 
 

 Following from the above, the question of whether normal apoptotic cells 

in healthy tissues could similarly up-regulate MMPs production and thus be actively 

involved in matrix remodeling was addressed in the context of B lymphocytes due 

to their direct relevance to B cell lymphoma cells, being their normal counterpart. 

MMP12 and MMP2 protein levels were assessed specifically in mouse B cell-

containing splenocyte preparations prior to and following apoptosis induction 

through staurosporine timecourse treatment over a 3 hour period. Whilst a 

percentage of apoptotic splenocytes was present even in the viable splenocyte 

sample at 0 hours and this naturally increased in the staurosporine treated samples 

(at 30 minutes, 1 and 3 hours) as shown in the flow cytometic analysis of AxV/PI 

staining in Figure 5.21.b, neither MMP12 nor MMP2 protein could be detected in 

any of the splenocyte sample lysates following immublotting analysis (Figure 

5.21.a). Absence of any sign of MMPs expression especially in the 3 hour 

staurosporine treated splenocyte samples where apoptotic cells counts were 

particularly high (approximately 40% of the total population) was in striking 

contrast to the strong expression of activated MMP12 and either forms of MMP2 

observed in apoptotic mouse NHL cells following the same (3 hour) staurosporine 

treatment.  

It seems therefore that matrix remodeling-associated production from 

apoptotic cells is dependent on the cell type and most likely on the influences that 

the cell receives from its specific microenvironment rather than constituting a 

general characteristic of apoptotic cells as for instance the production of Mφ 

chemoattractant signals. It is also very likely that in order for the apoptotic cells to 

up-regulate and release such matrix remodeling mediators, they need to be 

expressed even at basal levels during the viable state; thus, it seems likely that 

apoptotic cells can produce increased levels of MMP12 /MMP2 but are not capable 

of inducing de novo synthesis of these molecules.    
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Figure 5.21: MMP12 & MMP2 are not expressed in viable or apoptotic mouse 

splenocytes. a. MMP12 & MMP2 proteins are absent from viable and 

apoptotic mouse splenocyte preparations, as determined by western blot 

analysis. Apoptosis was induced in B cells following staurosporine treatment 

for 30min, 1hr and 3hr. Membrane was stripped and reprobed with β-actin Ab 

to assess sample loading. Result shown is representative of two experiments. 

b. Assessment of B cell viability following 30min, 1hr and 3hr staurosporine 

treatment by flow cytometric detection of AxV/PI staining.  
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5.3 Discussion 

 

5.3.1 Distinct roles of apoptotic tumour cells in NHL: Driving matrix-

remodeling in TAM   

 

The role of the tumour microenvironment in shaping TAM phenotype has 

been long recognized, with overwhelming evidence accumulated over the years 

showing that tumour cells are able to drive most of pro-tumoral functions in TAM 

such as immunosuppression, production of tumour growth/survival factors, 

angiogenesis and metastasis. Yet, the distinct role of apoptosis, a highly significant 

element in a number of high-grade malignancies in influencing the tumour 

microenvironment as well as TAM responses has not been as extensively studied. 

Given that constitutive tumour cell apoptosis typifies BL, an exemplary NHL tumour 

microenvironment, and that apoptotic cells are known to be able to shape Mφ 

phenotype in healthy and diseased tissues, it is highly likely that the role of the 

apoptotic cell component in BL is particularly important in modulating TAM 

functions and consequently influencing tumour outcome.  

The work presented in this chapter, focused on investigating the relative role 

of apoptotic versus viable tumour cells in driving a certain aspect of TAM 

phenotype, as this was identified following TAM in vivo whole gene expression 

profiling. Among the well-known pro-tumoural properties of TAM, the vast majority 

has been shown to be induced by apoptotic cells through direct interaction with 

TAM or indirectly through secretion of soluble factors. Naturally, the most common 

and well characterized function is immunosuppression, occurring following Μφ 

phagocytosis of apoptotic cells and release of anti-inflammatory mediators such as 

TGF-β (Fadok et al. 1998; Huynh et al. 2002), and IL-10 (Voll et al. 1997). In the same 

context, apoptotic cells are known to suppress nitric oxide synthesis in Mφ and 

therefore to contribute to an immunosuppressive, alternatively activated Mφ 

phenotype (Freire-de-Lima et al. 2006; Johann et al. 2007). Interestingly, apoptotic 

cells have also been shown to polarize Mφ towards a protumoral state through 
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secretion of growth/survival factors, an example of which is the shingolipid 

sphingosine-1 phosphate (S1P), a molecule known to induce survival in a number of 

tissues (Hla et al. 2001) and recently found to be involved in tumour angiogenesis 

(LaMontagne et al. 2006) and thus promotion of tumour progression. Specifically, 

Weigert et al. had initially identified S1P as an ‘apoptosis protector’ molecule 

produced by different types of apoptotic cancer cells following Mφ cocultures, 

capable of promoting Mφ survival (Weigert et al. 2006) and soon afterwards it was 

shown by the same authors to contribute to Mφ polarization towards an 

immunosuppressive TAM-like phenotype (Weigert et al. 2007). Additionally, 

apoptotic cells are capable of modulating another key property of TAM, 

angiogenesis, by inducing release of pro-angiognenic mediators in Mφ including 

VEGF (Golpon et al. 2004; Weis et al. 2009), Hif1α (Herr et al. 2009), Hmox1 (Weis 

et al. 2009), and Prostaglandin (PEG) (Fadok et al. 1998; Freire-de-Lima et al. 2006; 

Johann et al. 2008; Brecht et al. 2011 

).  

Adding to the apoptotic cell-derived molecules that have the potential to 

drive distinct TAM properties, research from our group has pointed out the 

chemokine fractalkine (FKN) as a potent Mφ chemoattractant that is activated and 

released from BL cells upon induction of apoptosis (Truman et al. 2008) and 

lactoferrin (LFN), a molecule with diverse functions including iron-transport, as a 

‘keep- out’ signal released from a variety of cell types undergoing apoptosis to 

inhibit granulocyte migration (associated with pro-inflammatory responses) 

(Bournazou et al. 2009; Bournazou et al. 2010). Intriguingly, both of these 

molecules have been shown to exhibit major anti-inflammatory properties; FKN is 

associated with suppression of Mφ pro-inflammatory responses (Zujovic et al. 2000; 

Ollivier et al. 2003) and as stated above, LFN is naturally involved in a key anti-

inflammatory function such as inhibition of granulocyte migration (Bournazou et al. 

2009). Apart from its immunosuppressive properties FKN is also identified as a pro-

survival mediator (Boehme et al. 2000) affecting cell growth and proliferation 

(White et al. 2010) and similarly LFN is known to be involved in modulation of cell 
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growth and differentiation (Ward et al. 2005). Given these functions reported in 

different disease settings, it is extremely likely that either of the two molecules 

have the potential to affect BL tumour growth and development by polarizing TAM 

towards a tumour promoting phenotype. From the above becomes evident that 

apoptotic cells can indeed drive the majority of pro-tumour TAM properties.  

 In connection with these functions, Mφ matrix remodeling was shown for 

the first time to be associated with tumour cell apoptosis, as work presented in this 

chapter demonstrated significant up-regulation of matrix remodeling mediators in 

Mφ following cocultures with apoptotic lymphoma cells.  Matrix remodeling, one of 

the most important TAM activities in support of tumour growth, has been long 

known to be shaped by the tumour microenvironment as virtually all protumoural 

TAM functions (Pollard 2004; Condeelis and Pollard 2006; Sica et al. 2006). A 

number of researchers have looked at the direct or indirect role of tumour cells in 

modulating MMPs expression in Mφ in several experimental settings that aimed to 

recapitulate in vivo tumour models. Among them, (Swallow et al. 1996) first showed 

direct up-regulation of selected MMPs (MMP2 and MMP9) in Mφ during colorectal 

tumour cell cocultures. In accordance to these observations Hagemann et al. 

described similar modulation in MMPs expression in Mφ upon cocultures with 

breast and ovarian cancer cells (Hagemann et al. 2004; Hagemann et al. 2005) 

pointing out a distinct role for tumour cells in driving MMPs expression in Mφ.  

Yet, despite the well documented contribution of viable tumour cells in 

shaping Mφ pro-tumour properties including matrix remodeling none of the above 

or any other studies published so far have looked at the specific role of apoptotic 

tumour cells in shaping this aspect of TAM phenotype.  Data generated in this thesis 

argue towards a novel role for tumour cell apoptosis in modulation of Mφ matrix 

remodeling activity as assessed thorough examination of selected MMPs levels of 

expression in human and mouse Mφ cell lines or primary Μφ upon cocultures with 

viable or early apoptotic NHL cell populations.     

Following up from BL TAM in vivo profiling studies identifying matrix 

remodeling as a particularly elevated function in TAM,  macrophage metalloelastase 
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MMP12 and matrix metalloproteinase MMP2 were chosen from the relevant gene 

cluster due to their well known matrix degradation and remodeling functions and 

their relevance to TAM, as reviewed in (Kessenbrock et al. 2010)  for further in vitro 

studies; these were driven by the hypothesis that apoptotic tumour cells, an 

important element of the BL microenvironment as well as of many tumours (Wyllie 

1985) are directly responsible for shaping TAM gene expression signature thus in 

this case the expression of the above mentioned matrix remodeling genes. In vitro 

coculture systems were set up in an attempt to recapitulate the in vivo BL tumour 

microenvironments such as the human BL disease, the BL SCID xenograft model, 

and the mouse λ-MYC model of BL and dissect the role of apoptotic tumour cells 

over that of viable tumour cells in influencing Mφ MMPs production.  

 Apoptotic BL cells, were capable of significantly enhancing MMP12 message 

expression in virtually all coculture settings, ie in both mouse and human Mφ cell 

lines and primary Mφ following short term cocultures and in most cases, the 

observed increase was significant over the one driven by viable tumour cells on a 

given coculture time point. Early apoptotic cells were generated under stress 

conditions following serum starvation in high density culture and initially comprised 

a small percentage (approximately 30%) of the total population; yet more of these 

stressed cells were committed to die and would eventually enter apoptosis, as the 

percentage would increase up to 40% during a 12 hour culture period. 

Nevertheless, even the small apoptotic cell population present in the early stages of 

the coculture period was sufficient for driving ΜΜP12 up-regulation in Mφ. Given 

that viable BL cell preparations inevitably contained a proportion of apoptotic cells 

due to the inherent trend of these cells to undergo spontaneous apoptosis in 

culture and that MMP12 up-regulation in Mφ following either viable or apoptotic BL 

cocultures was generally proportional to the apoptotic cell content of each BL 

preparation, it is highly likely that the apoptotic cell component of the tumour cells 

specifically drives the observed increase in Mφ MMP12 levels. In support of this 

notion comes the observation that an ‘apoptosis-free’ tumour cell population such 
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as bcl2-overexpressing BL cells (BL2-bcl2 transfectants) failed to induce any changes 

in MMP12 expression when cocultured with RAW264.7 Mφ. 

Importantly, the changes in MMP12 levels could only be observed following 

direct contact cocultures of Mφ with apoptotic BL cells as no modulation was 

evident in contact-free cocultures. Thus, in this system, tumour cell induced 

MMP12 up-regulation in Mφ seems to require cell-to-cell contact and is very likely 

triggered by interactions between the two populations occurring during the 

phagocytosis process. These results are in contrast to data published from other 

authors showing that apoptotic tumour cell conditioning of Mφ occurs indirectly 

through release of soluble mediators from apoptotic cells rather than through 

direct contact (Weigert et al. 2006; Herr et al. 2009; Weis et al. 2009; Brecht et al. 

2011 

). Very few reports exist looking specifically at the role of tumour cells in 

modulating Mφ MMP12 expression in vitro despite the well documented ability of 

the first to drive expression of other MMPs in Mφ such as MMP9 and MMP2 in 

different coculture systems (Swallow et al. 1996; Leber and Balkwill 1998; 

Hagemann et al. 2004). In relation to tumour-induced MMP12 expression in Mφ, 

Hageman et al. has demonstrated a substantial increase in gene expression of 

MMP12 among other MMPs in Mφ following ovarian tumour cell cocultures which 

was presented along with other up-regulated TAM related molecules in the context 

of a tumour induced Mφ polarization towards a tumour-associated alternatively 

activated phenotype in their work. In striking contrast to the contact-dependent 

apoptotic tumour cell induced MMP12 up-regulation observed in our studies, 

similar changes in Mφ MMPs levels reported by these researchers were shown to 

occur in the absence of any such interaction, possibly via chemokine/cytokine 

release from tumour cells since the coculture experiments were performed in 

transwells to avoid direct cell-to-cell contact (Hagemann et al. 2006). 

Although the exact mechanisms mediating MMP12 up-regulation in Μφ 

upon apoptotic NHL cells coculture still remain unknown as, due to time limitation, 

no further work was carried out towards this end, the fact that it occurs in a contact 
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dependent manner perhaps related to Mφ phagocytosis of apoptotic tumour cells 

leads to the hypothesis that certain molecules /surface receptors involved in 

apoptotic cell clearance could be associated with the observed MMP12 increase.  In 

this context, assessment of protein levels in mouse and human Mφ following 

tumour cell cocultures was particularly important, not only for validating the mRNA 

expression data, but for obtaining more detailed information on the type of 

changes that apoptotic NHL cells induce on Mφ MMP12.  Interestingly, protein 

analysis has revealed an increase in the activated MMP12 forms whereas the levels 

of total (inactive) MMP12 were only slightly modified in all coculture systems 

indicating that apoptotic BL cells drive predominantly activation of the already 

existing proMMMP12 rather than de novo synthesis of the inactive macrophage 

metalloelastase molecule. Given that Mφ MMP12 is known to be cleaved and thus 

activated at protein level by serine proteinases (Raza et al. 2000), cytokines and 

growth factors such as Il-1β (Feinberg et al. 2000) and GM-CSF  (Kumar et al. 1996), 

Surfactant Protein D (SP-D) (Trask et al. 2001) as well as up-regulated at mRNA level 

by VEGF , TNFa, Il-1β (Feinberg et al. 2000), GM CSF (Kumar et al. 1996; Wu et al. 

2000) among other factors, it can be hypothesized that presence of any of these 

molecules on apoptotic BL surface and/or release upon interaction with Mφ could 

trigger MMP12 activation. Since apoptotic tumour cells have been shown to actively 

produce a number of factors affecting several processes in their microenvironment, 

as it will be also discussed in detail in the next section, identification of known or 

perhaps characterization of novel apoptotic cell derived MMP12 activators 

currently awaits. At this point it can only be assumed that such molecules are likely 

to be involved in the phagocytosis process since apoptotic cell clearance naturally 

follows once apoptotic cells come to contact with Mφ and they are also likely to be 

specific tumour cell surface molecules/receptors that are activated upon Mφ 

contact. Notably, as normal apoptotic B cells fail to drive any MMP12 up-regulation 

of either mRNA or protein (either total or activated forms) it appears that this 

process and any factor(s) likely mediating this process are specifically related to 

tumour cell apoptosis.    
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The second MMP of interest whose expression and modulation was 

investigated in Mφ upon cocultures with viable and apoptotic BL cells was MMP2.  

Similarly to MMP12, MMP2 was significantly up-regulated in mouse RAW264.7 and 

BMDM, as well as in primary human monocyte-derived Mφ upon direct contact 

cocultures with viable and further enhanced by apoptotic human and mouse BL 

cells, a trend particularly evident at the mRNA level. When examined at a 

posttranscriptional level, RAW264.7 showed different pattern of pro-MMP2 and 

active MMP2 protein expression depending on human or mouse BL cocultures. 

Viable human BL2 cells did not induce changes in total or activated MMP2 levels at 

any of the timepoints, whereas the only striking up-regulation occurred at the last 

timepoint of apoptotic BL2 coculture where a considerable up-regulation in active 

MMP2 levels was observed. Presence of generally high levels of activated MMP2 in 

the untreated RAW264.7 Mφ in these coculture experiments could account for the 

difficulties in detecting any further increase in activated MMP2 expression likely to 

occur at earlier timepoints of the timecourse coculture. In the case of MYC-Ed1 

coculture experiments, changes in both total and activated MMP2 levels in 

RAW264.7 Mφ were clearly observed during the cocultures, with apoptotic MYC-

Ed1 tumour cells driving activation of MMP2 protein over the analyzed coculture 

period.  

In contrast to RAW264.7, viable and apoptotic BL cells failed to drive total 

MMP2 protein up-regulation or activation in differentiated THP-1 Mφ and in 

accordance to that, mRNA levels remained unchanged during cocultures with 

human NHL cells. Again, very high levels of both pro-enzyme and especially of the 

active MMP2 protein present in control THP-1 Mφ prior to cocultures could partly 

explain the lack of any additional MMP up-regulation in the cocultured THP-1 

samples. 

To determine whether or not the modulation in MMP2 mRNA and protein 

expression observed particularly in RAW264.7 following apoptotic NHL coculture 

was dependent on contact between Mφ and tumour cells as was the case with 

MMP12, preliminary coculture experiments were carried out using transwell inserts 
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to prevent any interaction between the two populations. While MMP2 levels were 

not altered at transcriptional level in these experiments implying that Mφ-tumour 

cell contact was indeed required for such changes to take place, no conclusion 

could be drawn in relation to the protein expression as slight modifications in active 

MMP2 protein could be observed in certain apoptotic BL-cocultured Mφ samples. It 

could therefore be that the apoptotic NHL-induced increase in MMP2 activation is 

occurring via both contact dependent mechanisms (ie upon phagocytosis) and 

indirectly through release of mediators that are involved in pro-MMP2 cleavage and 

thus generation of the active enzyme. These could include cytokines such as TGF-β 

(Overall et al. 1991), TNF-α (Han et al. 2001), IL17α (Li et al. 2011) and the surface 

glycoprotein Emmprin (Kataoka et al. 1993; Kanekura et al. 2002; Suzuki et al. 2004; 

Tang et al. 2004), as all of the these molecules have been associated directly or 

indirectly with MMP2 activation. However, as the above mentioned contact-free 

coculture experiments were only performed twice, further work is needed to 

elucidate the exact mode of MMP2 modulation driven by viable and apoptotic NHL 

cells. Based on the results obtained so far, it seems likely that a direct cell-to-cell 

contact is indeed required in our system, despite the fact that the majority of 

studies investigating Mφ MMP2 modulation by tumour cells support contact-free 

mechanisms, through tumour cell production of soluble mediators (Swallow et al. 

1996; Hagemann et al. 2004; Hagemann et al. 2005; Hagemann et al. 2006).  Yet, 

none of these reports have looked specifically at the contribution of apoptotic 

tumour cells in driving MMPs expression in Mφ; in such case, given the rapid 

engulfment and clearance of the first from the latter population, any observed 

changes are very likely to be associated to the phagocytosis process and thus 

naturally require cell-to-cell contact to occur.  

 

To summarize briefly, coculture of Mφ with NHL cells of human and mouse 

origin has induced a considerable increase in MMPs expression which was further 

enhanced upon coculture with apoptotic NHL populations, suggesting that 

apoptotic cells can directly drive Mφ matrix remodeling properties. Among the 
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MMPs investigated in Mφ during the cocultures, MMP12 showed a constant and 

consistent up-regulation which was largely dependent on the percentage of the 

cocultured apoptotic NHL cells in virtually all coculture settings, and MMP2 

exhibited a similar pattern of expression in most cocultures , though apoptotic NHL 

cell induced changes were not as  striking when compared to those induced by the 

viable cell populations as in the case of MMP12. Both MMPs modulation occurred 

at transcriptional and post-transcriptional level, as determined by changes evident 

in mRNA and protein. In accordance to previously obtained microarray data 

showing absence of MMP12 or MMP2 gene expression in human BL2, no message 

for these MMPs could be detected in tumour samples which confirmed Mφ as the 

only source of MMPs in the coculture systems. Intriguingly, this did not seem to be 

the case for protein expression, as very unexpectedly, MMP12 and MMP2 protein 

could be minimally detected in BL2 and MYC-Ed1 lysates despite the apparent 

absence of any mRNA expression.  Even more surprisingly, protein levels of both 

MMPs, showing basal expression in viable NHL cells, were found to be up-regulated 

in apoptotic NHL lysates as it will be discussed in detail in the next section. This 

observation inevitably complicated the interpretation of the MMPs protein 

modulation in the coculture experiments, as theoretically the observed increase 

could derive from both Mφ and NHL cells (though practically, complete separation 

of the two populations in the end of the cocultures made MMPs contribution from 

tumour cells trivial).  

The discrepancy between MMPs mRNA and protein expression in NHL cells 

could be explained when considering the following: Firstly, despite the widely 

accepted belief that mRNA levels of a given molecule are very often indicative of its 

protein expression and vice versa, cases exist where transcriptional and post-

transcriptional expression differ substantially due to distinct mechanisms regulating 

these two processes as well as presence of post-translational mechanisms that 

result to further protein modification following its synthesis. Additionally, the 

differences in half-lives of specific proteins and mRNAs are reported to occasionally 

account for this discrepancy (Varshavsky 1996; Gygi et al. 1999). In support of the 
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above, a growing number of studies have looked at the correlation between mRNA 

and protein in cells and tissues and have reported significant discordance between 

the two expression patterns (Gygi et al. 1999; Chen et al. 2002; Pascal et al. 2008).  

Importantly, in the context of MMPs, where complicated mechanisms regulating 

their transcription, translation and post-translational modifications including 

activation of the pro-enzyme and protein secretion, generally exist, differential 

mRNA and protein expression could be justified given that this has also been 

described by other researchers (Lichtinghagen et al. 2002). 

Alternatively, another possible explanation could be related to the intriguing 

observation that apoptotic NHL cells produce substantially more MMPs protein 

than viable cells and therefore the largest discrepancy between mRNA and protein 

levels is observed in the apoptotic NHL population, where high MMPs protein 

expression is accompanied by complete absence of MMPs message. RNA 

degradation occurring rapidly in the apoptotic cells in contrast to their relatively 

well preserved protein content in combination with the most likely low abundance 

of MMPs transcripts could indeed explain the inability to detect the MMPs at mRNA 

level, while their expression is high at protein level.   

Moving away from the technical and biological reasons underlying this 

phenomenon, the fact that viable NHL cells expressed minimal levels of total and 

active MMP12/MMP2 proteins whereas the apoptotic populations used in 

cocultures with Mφ expressed considerably higher levels of both active MMPs, led 

to the detailed investigation of MMPs modulation in NHL cells upon induction of 

apoptosis. Given that normal and tumour apoptosis has been shown to affect a 

number of other processes within normal and disease microenvironments as 

reviewed in (Gregory and Pound 2010) the hypothesis that NHL cell apoptosis can 

directly relate to  the cells MMPs production was tested and indeed proven as it will 

be discussed in the next section. 
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5.3.2 Distinct roles of apoptotic tumour cells in NHL: Active release of 

matrix remodeling mediators 

 

Following from the observation that apoptotic NHL cells expressed 

significant amounts of activated MMP12 and MMP2 proteins implying an elevated 

matrix remodeling function in these cells, experiments were designed with the 

purpose of thoroughly examining the relationship of the two processes. Apoptosis 

induction in human BL2 and mouse MYC-Ed1 cells via different stimuli was shown to 

trigger both MMPs activation and importantly, the degree of apoptosis of the 

analyzed populations was found to positively correlate with the MMPs levels 

released from NHL cells. Among the two MMPs investigated, MMP12 modulation 

was particularly striking, as its commonest active (22kDa) form was not only 

significantly increased in apoptotic cells but it was also shown to be down-regulated 

following inhibition of the apoptosis process through a pan-caspase inhibitor. In 

support of the apoptosis dependent MMP12 up-regulation and activation, 

examination of a virtually apoptosis-free NHL population (bcl2-overexpressing BL2 

cells), showed minimal, barely detectable levels of active MMP12 protein.  

Enhanced matrix remodeling capacity, as exemplified by active release of 

the matrix remodeling mediators MMP12 and MMP2, was identified as yet another 

property of apoptotic cells at least of tumour origin in the current study. Though 

not such widely accepted notion, cell apoptosis is known to be associated and even 

regulate distinct cellular processes other than the most well characterized 

‘phagocytosis-related’ responses that are attraction of Mφ through release of 

chemotactic factors and immunosuppression that occurs following apoptotic cell 

clearance by Mφ and subsequent Mφ production of anti-inflammatory cytokines.  In 

relation to the two above mentioned processes, apoptotic cells are known to 

release several chemoattractants such as the lipids lysopohospatidylcholine (LPC) 

(Lauber et al. 2003) and shingosin-1-phospate (S1P) (Gude et al. 2008), the cytokine 

MCP-1 (Kobara et al. 2008), the nucleotides ATP and UTP (Elliott et al. 2009) and the 

chemokine fractalkine (Truman et al. 2008), as well as to contribute both indirectly, 
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through Mφ conditioning of producing several anti-inflammatory molecules as 

already discussed and directly, through release of key anti-inflammatory mediators 

such as IL-10 (Ullrich et al. 1990; Rivas and Ullrich 1992; Tomimori et al. 2000) and 

TGF-β (Chen et al. 2001) by themselves.  

Over the last decade, an increasing number of apoptotic cell induced 

responses that are not associated with phagocytosis have been described. 

Intriguingly, these include promotion of cell growth, angiogenesis, and pro-survival 

and proliferation functions directly and indirectly as determined through active 

release of molecules involved in the above processes from apoptotic cells or by 

driving release of such molecules from their surrounding cells, most commonly  

phagocytes. An indirect yet crucial role for apoptotic cells in cell growth and 

proliferation has been established following from the reports showing that 

apoptotic neutrophils and apoptotic T cells induce secretion of growth factors, 

namely hepatocyte growth factor (Morimoto et al. 2001; Golpon et al. 2004) in 

macrophages as well as following demonstration of apoptotic endothelial cells 

promoting cell proliferation and differentiation upon their phagocytosis from 

embryonic endothelial cells in vitro (Hristov et al. 2004). In the same context, a 

direct supporting role of apoptotic cells in the survival of neighboring cells was 

described in the work of (Weigert et al. 2006) where release of the lipid S1P from 

apoptotic Jurkat cells promoted survival of Mφ and in the work of (Reddy et al. 

2002), where Mφ survival was similarly enhanced following phagocytosis of 

apoptotic splenocytes and thymocytes. A key role for apoptotic cells in driving 

angiogenesis in both normal and tumour settings has also been established 

following reports demonstrating apoptotic cell induced release of pro-angiogenic 

factors from Mφ. As mentioned earlier, among such factors, VEGF, HIF-1α, Ηmox1 

and PEG have been shown to be secreted by Mφ upon phagocytosis of or via 

contact-free cocultures with several types of normal and tumour apoptotic cells.  

 Intriguingly, all of the apoptotic cell properties discussed so far are known to 

apply in the context of tumours, where they clearly contribute both directly or 

indirectly to a microenvironment that largely favors tumour growth. Further 
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supporting this notion, a report by (Lima et al. 2009) demonstrated that tumour 

cell-derived microvesicles drive tumour metastasis in murine melanoma. This most 

interesting finding is the first to relate PS+ tumour cell –derived microvesicles with 

up-regulation of metastasis within the tumour microenvironment.  Following from 

that, a role for apoptotic tumour cells in driving matrix remodeling, the only other 

key pro-tumoural function that has not yet been shown to relate to apoptotic cells, 

was demonstrated for the first time in the studies presented here. Human and 

mouse BL cells exemplified by BL2 and MYC-Ed1 cell lines respectively, were able to 

modulate their matrix remodeling capacity through increased release of active 

matrix  remodeling mediators such as MMP12 and MMP2, a process that appeared 

to be tightly controlled by apoptosis induction and progression. Even though the 

mechanisms by which this is achieved at a molecular level still remain unknown, 

apoptotic cell-derived microparticles appear to mediate release of active MMPs –

particularly MMP12- from BL2 cells, as these membrane-bound vesicles were 

shown to express high levels of active MMP12 protein. Such vesicles could serve as 

‘transport vehicles’ for MMP12 among other apoptotic cell derived molecules 

within longer distances in the tumour microenvironment, a notion largely 

supported, especially in the case of active MMPs, by other researchers (Taraboletti 

et al. 2002; Kim et al. 2004; Dolo et al. 2005; Castellana et al. 2009).  

Focusing on the BL tumour microenvironment, it is important to note that 

apoptotic BL cells are known to exert a number of other key pro-tumoral functions 

such as promoting tumour survival through release of fractalkine (FKN) for example, 

that apart from being a major Mφ chemoattractant (Truman et al. 2008) is also 

known to have pro-survival properties (White et al. 2010) and also through release 

of lactoferrin (Bournazou et al. 2009) a molecule identified as a ‘keep-out’ signal of 

inflammatory neutrophils from BL tumours and other settings and therefore 

promoting an anti-inflammatory environment that enables tumour development. In 

agreement to the data presented here, the activated, cleaved form of FKN 

responsible for its chemotactic and most likely other functions was found present 

on the surface and at protein level in BL-derived microparticles, suggesting an 



249 

 

important role for these vesicles in mediating a range of apoptotic cell driven pro-

tumoural activities.  

It is rather challenging to be able to thoroughly explain the possible 

biological significance of matrix remodeling as an enhanced apoptotic cell driven 

function given that apoptosis, or programmed cell death, by definition opposes to 

notions such as cell growth and tissue development that matrix remodeling is so 

closely related to.  Yet, production of growth and survival factors along with matrix 

remodeling mediators from apoptotic tumour cells points towards a ‘life-promoting’ 

role of cell apoptosis to follow tumour cell death (Golpon et al. 2004). In support of 

this notion, MMPs release from apoptotic cells could be part of a compensatory 

mechanism that enables continuous tumour growth in neighboring and distant 

sites. Importantly, compensatory cell proliferation induced by apoptotic cells has 

been observed in vivo in Drosophila melanogaster, where normal cell growth and 

tissue development have been shown to occur extensively following secretion of 

vital growth factors by apoptotic cells (Huh et al. 2004; Perez-Garijo et al. 2005; 

Perez-Garijo et al. 2009). Therefore, moving away from tumour specific apoptosis, 

cell apoptosis in physiological contexts could also have a prominent reparatory role 

in driving tissue development so as to achieve tissue homeostasis following 

extensive cell death; such as a role is indeed supported by active release of growth 

factors from apoptotic cells in a number of normal and disease settings as already 

discussed. Despite the fact that release of the matrix remodeling mediators MMP12 

and MMP2 was only observed in BL tumour apoptotic cells and not in normal 

apoptotic cells (splenocytes containing high numbers of B-cells) in our studies 

suggesting that matrix remodeling modulation could be a tumour apoptosis-specific 

phenomenon, investigation of other normal cell types in the context of MMPs 

activation upon apoptosis induction is obviously required in order to be able to 

reach to a definite conclusion.  

In summary, this final part of the project tested the hypothesis that 

apoptotic cells have the ability to drive tumourigenesis in Burkitt’s lymphoma in 

vitro, primarily via shaping tumour-associated Mφ (TAM) activation status towards 
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a pro-tumoural stage, as this was obtained following analysis of TAM whole gene 

expression signature in vivo. The results presented here, indeed supported the 

above hypothesis by demonstrating that apoptotic BL cells were capable of 

modulating a key pro-tumoral function, matrix remodeling, in vitro via two distinct 

mechanisms: a) via driving enhanced release of matrix remodeling mediators in Mφ 

and b) via up-regulating and releasing active MMPs themselves.  In keeping with the 

majority of TAM pro-tumoural properties that are most interestingly known to be 

shaped by and virtually constitute properties of apoptotic cells as illustrated in 

Figure 5.22 (Gregory and Pound 2010), matrix remodeling was also demonstrated 

to be largely dictated by apoptotic tumour cells interactions with TAM as well as to 

constitute an elevated activity of apoptotic BL cells themselves in the present 

experimental settings in vitro.  

 

 

 

 

 

 

Despite matrix remodeling being considered a highly important protumoural 

function in many tumours studied (Pollard 2004; Condeelis and Pollard 2006; Sica et 

al. 2006), its actual role in NHL development and progression is less well 

Figure 5.22: The vast majority of TAM pro-tumoural functions can be driven by 
apoptotic cells.  Adapted from Gregory, C.D. and J.D. Pound (2010)  
 

 

 



251 

 

characterized.  In the case of most solid tumours, matrix remodeling is essential in 

breaking the tissue barriers that would otherwise limit tumour growth and confine 

them to their primary location and thus contributes not only to the size growth of 

the primary tumour but most importantly it sets the scene for the subsequent 

development of secondary tumours within distant areas (metastasis). In BL 

however, being a prototypical NHL, soon after the first genetic alterations occur 

leading to malignant cells’ appearance in the germinal centres of lymphoid organs, 

primary tumours are commonly formed at extranodal sites such as the jaws and 

other facial structures. Lymphoma cells are thought to be able to quickly reach 

those sites by entering the blood circulation and therefore ECM remodeling does 

not seem to be required at the initial stages of BL pathogenenesis. However, once 

those primary tumours are formed, it seems highly likely that they need to employ 

matrix remodeling mediators in order to enable breaking down of basal membrane 

and finally to metastasis to secondary sites. In support of this concept, highly 

enriched matrix remodeling gene expression signatures have been shown to 

characterize the gene expression profiles of certain NHL, notably DLBCL (Lenz et al. 

2008) and Primary Central Nervous System Lymphoma (PCNSL), a type of DLBCL 

(Tun et al. 2008). Most interestingly, in both studies, strong expression of matrix 

remodeling mediators from both lymphoma and stromal cells has been suggested 

to be linked with promotion of tumour growth as well as a highly metastatic tumour 

phenotype.  In the same context, a direct link between matrix remodeling and 

cancer dissemination and metastasis has been recently shown in Anaplastic Large 

Cell Lymphoma (ALCL); activated MMP-9 was found to be present at high levels in 

ALCL cells, where not only it mediated matrix deposition but it was notably, directly 

involved in regulating lymphoma cells’ invasiveness (Lagarrigue et al. 2010).  

 Increased expression of activated matrix remodeling mediators in BL, 

derived both from TAM and apoptotic lymphoma cells as demonstrated in this 

chapter, led to the logical assumption that these molecules are indeed functional in 

vivo and thus capable of affecting certain key aspects of BL development. 

Nevertheless, the in vivo relevance of our observations and precisely the role of a) 
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MMP12 in NHL development in vivo and b) tumor cell apoptosis in driving MMP12 

expression and lymphomagenesis in vivo remain to be elucidated. Despite the fact 

that MMP12 functions in tumour development have been extensively studied in a 

large number of murine tumour models and in patients in vivo, to our knowledge 

there is no evidence so far of its precise role in in vivo B-cell lymphoma 

development. It is hypothesized that MMP12, as a matrix remodeling mediator 

contributes towards tumour remodeling (and thus promotion of tumour growth 

and metastasis) in BL, a pro-tumoural property of both TAM and apoptotic tumour 

cells in our system. Yet, given the two distinct sources of MMP12 in BL, and the 

amount of existing literature supporting the notion that TAM-derived and tumour-

derived MMP12 can have opposing roles in tumourigenesis which also depend 

largely on the tumour type (Gorrin-Rivas et al. 2000; Kerkela et al. 2000; Yang et al. 

2001; Kerkela et al. 2002; Hofmann et al. 2005; Houghton et al. 2006) , it is 

important to be able to dissect these two components in the in vivo BL studies.   

One way to achieve that would be through use of RNA interference 

techniques in order to knock down the expression of MMP12 in human BL2 cells 

and then assess the growth rate of the MMP12kd BL2 xenografts tumours following 

transplantation in SCID mice. Under these settings, the specific role of tumour-

derived MMP12 in BL growth would be demonstrated as naturally, any possible 

differences in tumour growth compared to wild type BL SCID xenograft tumours 

would be attributed to tumour MMP12. On the other hand, use of MMP12-/- mice 

as hosts for transplantation of mouse BL (MYC-Ed1) tumours would greatly enable 

the assessment of the role of TAM-derived MMP12 in lymphoma development as, 

similarly, any observed effect on tumour growth will be pointing to a TAM-specific 

MMP12 function. Obviously, there is a strong possibility that the roles of Mφ and 

tumour cells in respect to MMP12 production and effect in lympomagenesis will be 

rather difficult to be actually distinguished, as it is highly likely that compensatory 

mechanisms exist between these two cell types as well as between other MMPs in 

regulating matrix remodeling in tumours in vivo. Yet, one can only aim to answer 
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these questions in ‘customized’ animal models, by always bearing in mind the 

profound complexity of the real tumour microenvironment. 

Currently, in vivo studies in our laboratory looking at TAM versus tumour-derived 

MMP12 functions in NHL using an MMP12-/- mouse BL transplantation model as 

described above are on-going.    
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Chapter 6 

 

General Discussion 

 

6.1  Thesis objectives & Summary of findings 

 

The main objective of this thesis was to better understand the role of the 

cellular microenvironment in the development and progression of non Hodgkin’s 

lymphoma, exemplified by Burkitt’s lymphoma in these studies. To this end, a 

particular component of the tumour microenvironment known as tumour-

associated macrophages or TAM was extensively studied at molecular level in the 

largest part of the thesis. Special emphasis was placed later on the role of another 

important cellular component of BL, apoptotic tumour cells, in influencing TAM 

phenotype and functions. To directly assess the contribution of this population in 

the TAM activation state and consequently in tumour development , a series of in 

vitro studies were carried out in the last part of the thesis that addressed 

specifically the effect of apoptotic cells on a distinct pro-tumoural TAM function, 

release of matrix remodeling mediators.  Direct involvement of apoptotic tumour 

cells themselves in the above process was also investigated.  

TAM are known to constitute an abundant stromal component of the 

microenvironment of most tumours (Mantovani et al. 1992) and are widely 

considered to exert critical functions during tumour progression that can often 

determine the disease outcome. BL is characterized by large numbers of infiltrating 

TAM which are thought to support tumour progression mainly through production 

of immunosuppressive molecules and tumour growth factors (Ogden et al. 2005). 

Even though TAM have been studied in detail in several experimental systems 

(Mantovani et al. 2002; Pollard 2004; Allavena et al. 2008) and particularly in 

murine fibrosarcoma, breast and melanoma tumour models, where TAM gene 
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expression profiles have been reported (Biswas et al. 2006; Duff et al. 2007; Ojalvo 

et al. 2009; Zabuawala et al. 2010), virtually nothing is known about the molecular 

mechanisms underlying TAM functions in BL in vivo. Most importantly, an in situ 

molecular signature of TAM from any solid tumour has yet to be described.  

Therefore, the work undertaken in the first part of this thesis, aimed at 

characterizing the in vivo molecular profile of tumour associated macrophages 

(TAM) in Burkitt’s lymphoma. In order to directly assess the effect of the tumour 

microenvironment in shaping the activation status of these cells as they reside in 

situ, laser capture microdissection was used to procure intact macrophage sections 

from the tumour site and TAM RNA was then subjected to whole transcript gene 

microarray analysis. Two normal Mφ populations were isolated from murine lymph 

nodes and profiled in situ, so as to serve a point of reference for the TAM gene 

expression: resident tissue Mφ and tingible body Mφ from germinal centres. As the 

activation status of macrophages resident in, or activated to migrate to, normal 

tissues is also unknown, obtaining insight into their in vivo gene expression, was of 

particular interest. Comparison of BL TAM gene expression with the gene 

expression of these normal macrophage populations revealed striking differences 

between TAM and either resident tissue or tingible body lymph node Mφ. The in 

situ gene expression profile of TAM generated for the first time in this thesis, was 

significantly enriched for transcripts encoding matrix remodeling, lipid metabolism 

and phagocytosis functions which are associated with a pro-tumour and/or 

immunosuppressive phenotype while at the same time showed increased 

expression for certain inflammatory/immune response-associated molecules as 

well as functions indicative of a pro-inflammatory macrophage response such as 

enhanced antigen presentation and wounding/stress responses. Tingible body and 

resident tissue LN Mφ showed, rather unexpectedly, a very similar gene expression 

pattern, despite the known involvement of the first but not the second population 

in dinstinct functions such as apoptotic cell clearance in LN germinal centres. As no 

particular clues could be obtained from the global gene profile of tingible body Mφ 

in this study in order to further elucidate their functions within the germinal centre 
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microenvironment, in situ gene expression of this population will be most likely re-

addressed in the future.  

In the second part of the thesis, the role of the tumour microenvironment, 

specifically of tumour cell apoptosis in shaping matrix remodeling phenotype in 

TAM was investigated in vitro, by looking specifically at MMP12 and MMP2 

expression in macrophages following cocultures with viable and apoptotic NHL 

cells. Emphasis was particularly placed on MMP12, whose expression was 

significantly increased in macrophages upon apoptotic NHL cocultures, suggesting 

that tumour apoptosis, at least in certain types of tumour cells can directly drive a 

distinct TAM function and therefore are most likely to contribute towards a TAM 

pro-tumoural phenotype. Finally, apoptotic tumour cells are suggested to be 

directly involved themselves in the tumour’s matrix remodeling activity as they 

were found to constantly up-regulate expression of active matrix remodeling 

mediators (such as MMP12 and MMP2) upon apoptosis induction.   

 

6.2 LCM and  in situ whole transcript profiling 

 

LCM constitutes a powerful technology that allows isolation of single cells 

from heterogeneous tissue. When used in combination with global molecular 

profiling techniques such as gene expression microarrays it can offer invaluable 

insight into the molecular mechanisms regulating the functions of specific cellular 

components within a complex tissue microenvironment in vivo. The purity and 

faithful representation of the gene expression profiles generated using laser 

microdissected material are undoubtedly unique advantages of this method. 

However, LCM is accompanied by major technical difficulties that can often restrict 

its use in certain tissue types or experimental conditions. The main limitation thus 

lies on the several steps required to achieve adequate visualization of the cells of 

interest whilst at the same time preserving the cells’ RNA in order to ensure 

highest quality that is a prerequisite for downstream global transcriptional profiling 

studies. Particularly, the staining method used to enable cell identification and 
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procurement from the rest of the tissue can have detrimental effects on RNA 

quality and therefore constitutes a significant constraint in cases where visualizing 

the cells of interest is not a straightforward process. Furthermore, depending on 

the tissue type, RNA may be more or less susceptible to degradation caused by the 

immunostaining process.  

 This was precisely the major technical difficulty that emerged during the 

optimization of the LCM technique utilized in this project, as described in Chapter 3. 

Visualization of the cells of interest in both the BL tumour and normal lymph node 

tissue was extremely difficult using solely morphological criteria and could only be 

achieved to the desired extent through use of cell specific immunolabeling. 

Therefore, an ultra-short IF staining protocol was developed in order to be used in 

combination with LCM, to provide adequate Mφ visualization whilst ensuring 

preservation of RNA integrity. Indeed, in the BL tumour model, IF-guided LCM was 

successfully applied and the resulting RNA was of very high quality; however when 

the same IF protocol was applied on LN tissue, RNA was rapidly degraded and could 

not be used for downstream applications (profiling studies). To overcome this 

unexpected problem, a different experimental design was employed that involved 

the use of CSF1r-EGFP+ transgenic mice (MacGreen) for the LCM of normal lymph 

node tissue and tingible body Mφ. Endogenous EGFP expression in all CSF1r+ cells 

(in their vast majority mononuclear phagocytes) in these mice (Sasmono et al. 2003) 

enabled direct visualization and microdissection of the target cells without the need 

of immunostaining.         

 Although a necessity, use of MacGreen mice for the in situ profiling of LN Mφ 

populations as opposed to SCID mice used for the in situ profiling of TAM from BL 

tumour xenografts was inevitably accompanied by possible discrepancies relating to 

the genetic background of the animals (ie normal MacGreen versus SCID ‘wild type’ 

mice). SCID mice differ from normal mice in terms of humoral adaptive immune 

responses which are usually absent due to the lack of mature B and T cells in these 

mice. However innate immune responses are not affected and as a result, 

macrophage production, phenotype and functions appear normal (Bancroft et al. 
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1986). MacGreen mice on the other hand differ from wild type mice in that they 

express the EGFP transgene within the CSF1r promoter and consequently all cells of 

the mononuclear phagocyte lineage characterized by CSF1r expression appear 

fluorescent. This does not affect mononuclear phagocytes’ phenotype or functions 

which otherwise appear completely normal in MacGreen mice.  Altogether, the 

above mentioned differences between the animal models used, were not 

considered to critically affect the macrophage gene expression studies performed, 

as they were not directly related to macrophage functions.    

  Nevertheless, the required use of a different animal model in order to be 

able to efficiently apply laser microdissection to generate in situ gene expression 

profiles of lymph node macrophage populations in this project highlights a major 

disadvantage of the LCM method. This is indeed related to the difficulties in 

identifying the vast majority of target cells without some form of immunostaining 

and consequently to the inability to extract high quality RNA from certain types of 

immunostained tissue, such as in this case, from lymph node. Presence of high 

levels of endogenous RNases in such tissues (Shapiro et al. 1966; Chakrabarty and 

Friedman 1970), is likely to account for rapid RNA degradation that occurred during 

the immunostaining process here as well as observed by others (Lee et al. 2005; 

Fleige and Pfaffl 2006; Antica et al. 2010; Jais et al. 2011).  

 

6.3 Insights into the in vivo molecular profile of TAM from BL    

tumours  

 

 In Chapter 4, an in situ gene expression signature of TAM from mouse 

tumours is presented for the first time. Unlike the existing TAM whole gene profiles 

that have been generated from in vitro cultured and/or manipulated TAM 

populations (Biswas et al. 2006; Duff et al. 2007; Ojalvo et al. 2009; Zabuawala et al. 

2010), the significance and novelty of the TAM profile presented here lies in the 

isolation method used that allowed procurement of single TAM from BL tumours 

thus offering insight into the real in vivo tumour microenvironment where these 



259 

 

cells reside.           

  In the context of the known TAM gene expression, phenotypic characteristics 

and functions as reviewed in (Mantovani et al. 2002) as well as in relation to some 

of the in vitro TAM profiles mentioned above, BL TAM show to a large extent a gene 

expression profile typical of an ‘M2’ activation –that is known to characterize TAM- 

with elevated expression of a number of transcripts coding for scavenger receptors 

(Mrc1, Msr1, Lrp1, CD36), MMPs (MMP2, MMP3, MMP12), anti-inflammatory 

cytokines and chemokines (Tgfb1, Ccl8, Ccl6) and several other molecules (Lgmn, 

Hmox1, Lgal3, Fn1, Psap, Trem2) generally associated with an alternatively 

activated phenotype. On the other hand, expression of certain pro-inflammatory 

molecules such as TLRs and pro-inflammatory cytokines and cytokine receptors is 

also evident in the BL TAM profile, suggesting a diverse gene expression pattern 

consisting of both M1 and M2 markers and thus different activation states within 

the same TAM population. It is also very likely though not addressed in this study, 

that different TAM populations in BL (ie those lying in the edges or those deeply 

infiltrating the tumour) are responsible for the contrasting signatures; isolation and 

profiling therefore of these subpopulations separately would be useful in order to 

determine their activation status in more detail.    

 Bioinfomatics analysis based on the most highly expressed TAM transcripts 

including those presented above and in more detail in table 4.1 of Chapter 4, 

identified a number of functions to be highly enriched in BL TAM. As expected these 

were mainly associated with an alternatively activated M2 phenotype such as for 

example enhanced phagocytic capacity, elevated lipid metabolism, matrix 

remodeling and wound healing, but also included certain M1 related functions (ie 

pro-inflammatory and stress responses). Microenvironmental influences on the vast 

majority of the M2 properties of BL TAM are evident; apoptotic cells, a major 

component of the BL tumour microenvironment naturally drive the first of the 

above TAM functions whereas lipid uptake and metabolism is also known to be an 

apoptotic cell driven function (Mitchell et al. 2002) associated with an M2 type anti-

inflammatory response (Scotton et al. 2005; Serhan and Savill 2005). Similarly, 
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apoptotic cells’ direct involvement in immunosuppressive, and reparatory 

responses in macrophages (Erwig and Henson 2007; Mosser and Edwards 2008) 

suggests that they are very likely to also drive the wound healing phenotype of TAM 

in BL. As for the remaining of the above mentioned M2 TAM functions, extensive 

work presented in Chapter 5 has shown that apoptotic tumour cells can directly 

drive macrophage matrix remodeling in vitro implying that they could play critical 

roles in modulating this highly significant TAM protumoural function in vivo as will 

be further discussed in Section 6.4 of this Chapter.  

 Another interesting aspect of the BL TAM gene expression signature is cell 

growth and proliferation. The cluster indicative of this function consists of several 

transcripts coding for cell cycle genes, growth and survival molecules and 

transcription factors. Evidence for in situ proliferation of TAM has been known for a 

long time (McBride 1986; Mahoney and Heppner 1987; Bottazzi et al. 1990), despite 

the fact that normal macrophages are traditionally known to display very low 

proliferative function. Very recently though, macrophages from certain disease 

settings were shown to be able to proliferate in situ and intriguingly, this process 

was demonstrated to be driven by alternative activation stimuli (IL-4) and was thus 

characterized as an M2 type, anti-inflammatory response (Jenkins et al. 2011). 

Given these data and the high proliferative capacity of TAM in BL, it would be 

tempting to speculate that in situ proliferation of TAM in a generally 

immunosuppressive environment such as BL tumour could similarly constitute an 

M2-related response and to go even further that apoptotic cells could directly drive 

TAM proliferation, given their capacity to drive most aspects of M2 TAM 

phenotype.   

 In close connection to TAM proliferative phenotype, a number of factors 

regulating cell survival are present in the proliferation gene cluster mentioned 

above. Among them, Csf1-r is indeed a well characterized Mφ-specific survival 

factor known to promote survival of normal Mφ and also of TAM in a large number 

of tumours (Mantovani et al. 1992).  BL TAM also express moderate levels of 

PIK3ap1, known as B cell adapter protein (BCAP). This protein is a member of the 
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PI3K/Akt signaling pathway and is predominantly expressed in B cells where it is 

likely to be involved in their survival (Yamazaki and Kurosaki 2003) as well as in 

macrophages (Yamazaki et al. 2002). Interestingly, BCAP was recently reported to 

be part of a pro-survival mechanism in Mφ that is induced during pro-inflammatory 

/stress conditions in vitro (Song et al. 2011), an admittedly contrasting result given 

the largely immunosuppressive conditions defining the BL TAM microenvironment 

in our study. It would be worth to investigate whether BCAP can be additionally 

induced in Mφ by other stimuli such as in this case by anti-inflammatory effectors, 

notably apoptotic cells. Indeed, this seems highly likely, since apoptotic tumour cells 

have been shown to induce survival factor production from Mφ, such as S1P 

(Weigert et al. 2006) and BAFF (Ogden et al. 2005) in different tumour settings in 

vitro.  

 Another interesting aspect of BL TAM gene expression relates to iron uptake 

and metabolism, a process recently shown to be differentially regulated in Mφ 

depending on their state of activation (Corna et al. 2010; Recalcati et al. 2010). M1 

or pro-inflammatory Mφ are characterized by high iron storage capacity whereas on 

the contrary alternatively activated M2 Mφ display increased iron uptake and 

release functions, mediated through scavenger receptors and particularly through 

the heme-degrading enzyme Hmox1 that plays a critical role in this process. 

Increased levels of Hmox1 are typical in M2 Mφ result in massive iron production 

and are also thought to trigger the release of several anti-inflammatory molecules 

that mediate most of M2 related immunosuppressive responses (Cairo et al. 2011). 

   Manual inspection of all significantly up-regulated BL TAM transcripts 

revealed differential expression of certain genes known to be critically involved in 

iron metabolism, such as Hmox1, transferrin (Trf) and transferrin receptor (Tfrc), 

scavenger receptor CD91 (known as LRP1) and iron-regulated transporter Slc40a1 

(best known as ferroportin). These genes, with the exception of Trf (associated with 

pro-inflammatory responses), characterize the iron metabolic profile of 

alternatively activated Mφ (Recalcati et al. 2010).  CD91 and Tfrc mediate heme 

uptake, Hmox1 mediates heme degradation and ferroportin is particularly 
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important as it regulates heme release to the environment. Therefore high levels of 

the above mediators in BL TAM could indicate rapid recycling and massive iron 

release to the tumour surroundings, a process that has just been speculated to be 

induced in TAM by tumour cells as yet another aspect of their tumour-promoting 

phenotype (Cairo et al. 2011) but not actually been demonstrated as of now.   

  

6.4 Apoptotic cells in the tumour microenvironment: potent 

modulators of TAM and tumour cell responses. 

 

  Work presented in Chapter 5 focused primarily on evaluating the role of the 

tumour microenvironment in shaping a particular aspect of TAM gene expression as 

this was revealed following TAM in situ profiling studies presented earlier in this 

thesis. By looking at the most highly and significantly differentially expressed TAM 

transcripts, influences from the BL tumour microenvironment and particularly from 

apoptotic tumour cells became clearly evident as a large set of these transcripts 

regulates functions that are directly or indirectly associated with apoptotic cell 

interactions. As discussed in the previous section, examples of such highly enriched 

functions in BL TAM include elevated phagocytosis capacity (related by definition to 

apoptotic cells), elevated lipid metabolism and immunosuppression, known to 

occur in Mφ following apoptotic cell uptake (Voll et al. 1997; Mitchell et al. 2002). In 

this context, research undertaken in Chapter 5 was driven by the hypothesis that 

apoptotic cells, as potent modulators of the TAM phenotype in favour of tumour 

growth, are cable of driving additional pro-tumoural TAM properties, such as matrix 

remodeling that has appeared as one of the most significantly enriched BL TAM 

functions in these studies. Towards this end, the effect of apoptotic versus that of 

viable tumour cells in directing/ modulating TAM expression of matrix remodeling 

associated transcripts was assessed in in vitro Mφ-lymphoma cell coculture settings. 

Indeed, in support of our hypothesis, a distinct ability of apoptotic tumour cells of 

significantly up-regulating the expression of certain matrix remodeling mediators, 
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namely MMP12 and MMP2, in Mφ has been demonstrated for the first time in this 

thesis.   

  Although tumour cell-induced MMPs release from TAM has been extensively 

characterized in vitro as well as shown in vivo in many tumour settings (Pyke et al. 

1993; Heppner et al. 1996; Swallow et al. 1996; Hagemann et al. 2004; Hagemann 

et al. 2005), the particular role of apoptotic cells, a significant component of many 

tumour microenvironments in this process has not been investigated. Following 

apoptotic NHL cells addition, MMP12 and MMP2 levels were elevated in tumour-

conditioned Mφ compared to untreated Mφ in vitro, similarly to the up-regulation 

observed in TAM MMP12 and MMP2 gene expression as opposed to lymph node 

tissue and germinal centre Μφ gene expression in vivo. Most interestingly, the 

effect of apoptotic cells especially on Mφ MMP12 up-regulation in our studies 

differed in most cases from that of viable tumour cells in terms of the extent and 

significance it occurred, with apoptotic tumour cells inducing in most cases 

significantly higher metalloelastase production from Mφ than their viable 

counterparts.    

  Release of MMPs from various cell types and predominantly by Mφ is 

naturally linked with matrix remodeling given that this is the primary and best 

characterized function of these enzymes.  Within tumours, matrix remodeling 

constitutes a very important pro-tumoural process exerted by TAM and tumour 

cells that is necessary in order for the primary tumour to grow as well as to 

metastasize to distant sites. Therefore, matrix remodeling is considered along with 

promotion of tumour growth and metastasis a key aspect of TAM pro-tumoural 

phenotype generally known to be driven by their microenvironment (Pollard 2004; 

Condeelis and Pollard 2006; Sica et al. 2006). Therefore, it is logically hypothesized 

that the observed apoptotic tumour cell- induced release of MMPs in Mφ in vitro 

would translate into increased TAM matrix remodeling activity and subsequent 

increase in tumour growth as well as in the tumour’s metastatic potential in vivo, 

even though the latter hypothesis was not actually tested in NHL until after the 

completion of this thesis (refer to Section 6.5 Future Research and Perspectives).  
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  Nevertheless, modulation of TAM MMPs production by apoptotic NHL 

constitutes a novel property of these cells with potentially significant implications 

for tumour growth and development. When taking into account the rest of well 

established Mφ M2 pro-tumoural properties that can also be induced by apoptotic 

cells [notably production of tumour growth and survival factors (Ogden et al. 2005; 

Weigert et al. 2006), release of anti-inflammatory molecules such as TGF-β and IL-

10 resulting to immunosuppression (Fadok et al. 1998; Huynh et al. 2002) and 

production of pro-angiogenic mediators such as VEGF (Golpon et al. 2004; Weis et 

al. 2009), Hif1α (Herr et al. 2009), Hmox1 (Weis et al. 2009), and Prostaglandin 

(PEG) (Fadok et al. 1998; Freire-de-Lima et al. 2006; Johann et al. 2008) resulting to 

enhanced TAM angiogenesis capacity], it is highly likely that this particular 

component of the tumour environment plays indeed critical roles in shaping TAM 

tumour supporting phenotype and can thus contribute indirectly to tumourigenesis 

and disease progression.  

  In an unexpected yet very intriguing novel observation, apoptotic NHL cells 

were found to contribute directly to matrix remodeling activity within the BL 

microenvironment, by actively releasing themselves significant amounts of MMP12 

and MMP2 protein. This phenomenon was observed at minimal levels in viable NHL 

cells but it was markedly and consistently enhanced in human and mouse NHL upon 

apoptosis induction. In the tumour microenvironment, matrix remodeling is a 

process that largely enables tumour growth and development and therefore to be 

exerted from dying cells might be considered controversial. However, it is 

increasingly recognized that cell apoptosis apart from the obvious tissue and cell 

limiting effects can also have opposing growth promoting effects within tissues. As 

discussed extensively in Section 5.3 of Chapter 5, apoptotic cells have been shown 

to affect cell growth directly via production of growth/ survival factors such as for 

example hepatocyte growth factor (Morimoto et al. 2001; Golpon et al. 2004), as 

well as promoting cell proliferation indirectly following phagocytosis of their 

neighbouring cells (Hristov et al. 2004) in in vitro human and mouse cell cultures. 

Apoptotic cells have been shown to secrete a number of growth factors In 
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Drosophila melanogaster that contribute substantially to normal tissue growth and 

development (Huh et al. 2004; Perez-Garijo et al. 2005; Perez-Garijo et al. 2009).   

  Taken together the above data argue towards an intriguing ‘life-supporting’ 

role for cell death (Golpon et al. 2004) that can often take the form of 

‘compensative proliferation’ occurring following apoptosis induction in certain 

normal and diseased tissues. If seen in this context, production of matrix 

remodeling mediators from apoptotic tumour cells could constitute a means of 

sustaining and promoting tumour growth and perhaps even metastasis. Although a 

speculation at the moment, apoptotic BL-derived microparticles are likely to 

mediate this effect at distant sites, as they were found to express high levels of 

active MMP12 protein.  Recent evidence demonstrating that tumour-derived 

membrane microvesicles have the ability to drive metastasis in murine melanoma 

(Lima et al. 2009) is strongly supportive of the above hypothesis, which will be 

addressed in NHL, in future studies.  

  Of note, normal cells undergoing apoptosis, such as murine splenοcytes, a 

rich source of resting B cells, were remarkably different to apoptotic NHL tumour 

cells in altering macrophage matrix remodeling capacity in these in vitro 

experimental settings, as they failed to induce MMPs production in Mφ following 

cocultures. Furthermore, in contrast to apoptotic NHL cells, normal apoptotic 

splenοcytes were not capable of up-regulating MMPs themselves, suggesting 

differences in the ability of these two cell types in affecting their microenvironment. 

These differences could be explained if taking into account the biological 

significance of matrix remodeling in each of the microenvironments: in the tumour 

settings, matrix remodeling is a very important protumoural function and as such 

could be exerted by TAM and apoptotic tumour cells alike, assuming that the latter 

can often act in favour of the tumour. On the other hand, that might not be the 

case within a normal B cell microenvironment where apoptotic cells could exert 

different, yet unknown functions. Nevertheless, further investigation of this 

phenomenon in other normal and tumour cells types undergoing apoptosis is 
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required to better evaluate the extent to which it is associated with normal or 

tumour cell apoptosis in different settings.  

 

6.5 Future Research & Perspectives  

 

The significance and novelty of the work presented in this thesis lies primarily 

in the acquisition of the first in situ TAM transcriptome. The project presented 

numerous significant technical difficulties associated mainly with the method of 

TAM isolation, LCM, and subsequently with the requirements for successful gene 

expression profiling, namely high RNA quality and sufficient quantity for microarray 

hybridization. LCM, the only currently available technique for the in situ isolation of 

single cells from heterogeneous tissues, is renowned not only for its unique 

advantages of allowing the highest possibly purity of material obtained in a 

completely unbiased way, but even more so for its disadvantages, as it is technically 

very challenging and time consuming, requires several optimization steps and 

results in very limited material which, depending on the downstream application, 

may require several rounds of amplification. A large amount of effort and time was 

inevitably put on developing and optimizing an IF staining protocol compatible with 

LCM that allowed to overcome major difficulties such as TAM visualization on 

frozen BL tissue sections whilst preserving the tissue RNA quality to the highest 

possible extent.  This protocol was indeed successfully used for TAM 

microdissection from BL tissue sections in this thesis, and most importantly, it is 

currently utilized by other researchers in our institute for LCM and gene expression 

studies of Mφ from normal reproductive tissue (ie endometrium), Kupffer cells from 

diseased liver tissue, as well as TAM from murine cholangiocarcinoma, indicating a 

significant contribution of the work undertaken in the first part of the thesis in 

technique development.        

 Analysis of TAM global gene expression profile presented in Chapter 4, has 

offered invaluable insight into the real microenvironment of BL. The unbiased, 

undisturbed isolation of this population enabled to assess directly distinct 
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microenvironmental influences on TAM activation status. These influences seemed 

to be largely derived from apoptotic tumour cells as gathered from the number of 

up-regulated TAM transcripts and consequently functions associated with phases of 

the apoptotic cell clearance process. Due to time constraints and the project’s main 

focus lying on apoptotic cell conditioning of TAM phenotype, emphasis was placed 

on a specific TAM gene cluster comprised of MMPs among other ECM associated 

molecules, and the effect of apoptotic versus viable tumour cells on driving certain 

MMPs expression was assessed. However, aside this cluster, there are plenty of 

other differentially expressed genes with potentially significant functions in 

tumourigenesis that await further elucidation and likely novel tumour targets that 

remain still unidentified. Detailed manual inspection of BL TAM gene expression 

profile in the future, as was done to a certain extent in this thesis, is even more 

likely to provide a better understanding of TAM biology and into the ways TAM 

interact and behave within the BL tumour microenvironment. Additionally, further 

use of powerful analytical tools like the BioLayout Express3D will prove invaluable in 

analyzing and thus elucidating TAM gene expression in the context of other 

tumours, other diseases as well as normal settings, due to the potent ability of this 

software to extract cell- specific in silico gene signatures from highly heterogeneous 

microarray datasets.         

 Another aspect of future work that will complement TAM in situ molecular 

profiling and is likely to contribute substantially to our current knowledge of TAM 

functions relates to the investigation of their global protein expression in vivo, 

through use of LCM for TAM isolation in combination with proteomics arrays. 

Despite that global gene expression provides an invaluable insight into genes’ 

transcriptional activity at a given time in the cell, it can occasionally fail to represent 

precisely the proteins’ expression level and activity (Humphery-Smith et al. 1997; 

Gygi et al. 1999; Hancock et al. 1999) and might therefore lead to incorrect 

interpretations. As discussed in Chapter 5, Section 5.3, this can be due to the 

complex mechanisms regulating protein synthesis and secretion, such as 

translational and post-translational modifications.      
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 Moving to the last part of this thesis, work presented in Chapter 5 focused at 

dissecting the role of apoptotic versus viable NHL tumour cells in shaping TAM 

matrix remodeling phenotype and demonstrated that apoptotic cells were indeed 

very important in enhancing TAM matrix remodeling activity in vitro, suggesting 

that they are also responsible for driving this pro-tumoural aspect of TAM 

phenotype within the tumour microenvironment in vivo. Again, as discussed in 

detail in Section 5.3 of Chapter 5, the specific role of TAM-derived MMP12 in NHL 

tumorigenesis in vivo is currently being investigated in our laboratory using an 

MMP12-/- mouse BL transplantation model. Given that the reported roles for 

MMP12 in tumour progression within different tumour settings are both supportive 

and inhibitory depending largely on the tumour type (Gorrin-Rivas et al. 2000; 

Kerkela et al. 2000; Yang et al. 2001; Kerkela et al. 2002; Hofmann et al. 2005; 

Houghton et al. 2006), determining its precise function in NHL is of major interest to 

our group. Preliminary results from ongoing in vivo experiments show that tumour 

growth is significantly delayed in the MMP12-/- tumour bearing mice compared to 

their wild type controls, suggesting that TAM-derived MMP12 most likely exerts 

tumour-supportive functions at least in this model of murine NHL.   

 Finally the biological significance of yet another intriguing finding presented 

in this thesis, release of active MMP12 and MMP2 molecules from apoptotic human 

and mouse BL cells and apoptotic BL-derived microparticles is to be addressed in 

the future. The role of apoptotic BL-derived as opposed to TAM-derived MMP12 in 

tumour development could be accessed through generation of MMP12kd BL cells 

and evaluation of the growth rate of the MMP12kd BL xenograft tumours following 

their transplantation in SCID mice.        

 In conclusion, detailed studies in this thesis contributed towards 

understanding the role of the tumour microenvironment in shaping TAM gene 

expression profile, while providing the first insights into the in vivo molecular 

signature of these cells. The latter is most likely to provide the basis for 

identification of novel TAM targets as well as to become part of a generic in situ 

TAM gene signature to be generated from TAM microdissected from different 
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tumours in the near future. During the course of the thesis, research work focused 

on specific components of the BL microenvironment and novel roles for tumour cell 

apoptosis were identified with potentially critical implications in cancer growth and 

progression.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



270 

 

 

References 
 

A-Gonzalez, N., et al. (2009). "Apoptotic cells promote their own clearance and 
immune tolerance through activation of the nuclear receptor LXR." 
Immunity 31(2): 245-58. 

Acuff, H. B., et al. (2006). "Analysis of host- and tumor-derived proteinases using a 
custom dual species microarray reveals a protective role for stromal matrix 
metalloproteinase-12 in non-small cell lung cancer." Cancer Res 66(16): 
7968-75. 

Adema, G. J., et al. (1997). "A dendritic-cell-derived C-C chemokine that 
preferentially attracts naive T cells." Nature 387(6634): 713-7. 

Ait-Oufella, H., et al. (2007). "Lactadherin deficiency leads to apoptotic cell 
accumulation and accelerated atherosclerosis in mice." Circulation 115(16): 
2168-77. 

Alizadeh, A. A., et al. (2000). "Distinct types of diffuse large B-cell lymphoma 
identified by gene expression profiling." Nature 403(6769): 503-11. 

Allavena, P., et al. (2008). "The inflammatory micro-environment in tumor 
progression: the role of tumor-associated macrophages." Crit Rev Oncol 
Hematol 66(1): 1-9. 

Allavena, P., et al. (2000). "The chemokine receptor switch paradigm and dendritic 
cell migration: its significance in tumor tissues." Immunol Rev 177: 141-9. 

Alvarez, O. A., et al. (1990). "Inhibition of collagenolytic activity and metastasis of 
tumor cells by a recombinant human tissue inhibitor of metalloproteinases." 
J Natl Cancer Inst 82(7): 589-95. 

Antica, M., et al. (2010). "Gene expression in formalin-fixed paraffin-embedded 
lymph nodes." J Immunol Methods 359(1-2): 42-6. 

Arur, S., et al. (2003). "Annexin I is an endogenous ligand that mediates apoptotic 
cell engulfment." Dev Cell 4(4): 587-98. 

Aupeix, K., et al. (1997). "The significance of shed membrane particles during 
programmed cell death in vitro, and in vivo, in HIV-1 infection." J Clin Invest 
99(7): 1546-54. 

Azenshtein, E., et al. (2002). "The CC chemokine RANTES in breast carcinoma 
progression: regulation of expression and potential mechanisms of 
promalignant activity." Cancer Res 62(4): 1093-102. 

Babusyte, A., et al. (2007). "Patterns of airway inflammation and MMP-12 
expression in smokers and ex-smokers with COPD." Respir Res 8: 81. 

Bahram, F., et al. (2000). "c-Myc hot spot mutations in lymphomas result in 
inefficient ubiquitination and decreased proteasome-mediated turnover." 
Blood 95(6): 2104-10. 

Bakhshi, A., et al. (1985). "Cloning the chromosomal breakpoint of t(14;18) human 
lymphomas: clustering around JH on chromosome 14 and near a 
transcriptional unit on 18." Cell 41(3): 899-906. 

Balaz, P., et al. (2002). "Human macrophage metalloelastase worsens the prognosis 
of pancreatic cancer." Ann Surg 235(4): 519-27. 



271 

 

Balkwill, F. (2004). "Cancer and the chemokine network." Nat Rev Cancer 4(7): 540-
50. 

Balkwill, F., et al. (2005). "Smoldering and polarized inflammation in the initiation 
and promotion of malignant disease." Cancer Cell 7(3): 211-7. 

Balkwill, F. and A. Mantovani (2001). "Inflammation and cancer: back to Virchow?" 
Lancet 357(9255): 539-45. 

Bancroft, G. J., et al. (1986). "Regulation of macrophage Ia expression in mice with 
severe combined immunodeficiency: induction of Ia expression by a T cell-
independent mechanism." J Immunol 137(1): 4-9. 

Banda, M. J. and Z. Werb (1981). "Mouse macrophage elastase. Purification and 
characterization as a metalloproteinase." Biochem J 193(2): 589-605. 

Basset, P., et al. (1990). "A novel metalloproteinase gene specifically expressed in 
stromal cells of breast carcinomas." Nature 348(6303): 699-704. 

Belaaouaj, A., et al. (1995). "Human macrophage metalloelastase. Genomic 
organization, chromosomal location, gene linkage, and tissue-specific 
expression." J Biol Chem 270(24): 14568-75. 

Belaaouaj, A. A., et al. (2000). "Matrix metalloproteinases cleave tissue factor 
pathway inhibitor. Effects on coagulation." J Biol Chem 275(35): 27123-8. 

Bendardaf, R., et al. (2003). "Apoptotic index and bcl-2 expression as prognostic 
factors in colorectal carcinoma." Oncology 64(4): 435-42. 

Berard, C. (1969). "Histopathological definition of Burkitt's tumour." Bull World 
Health Organ 40(4): 601-7. 

Bergmann, U., et al. (1995). "Autolytic activation of recombinant human 72 
kilodalton type IV collagenase." Biochemistry 34(9): 2819-25. 

Bergsagel, P. L., et al. (1996). "Promiscuous translocations into immunoglobulin 
heavy chain switch regions in multiple myeloma." Proc Natl Acad Sci U S A 
93(24): 13931-6. 

Bhatia, K. G., et al. (1992). "The pattern of p53 mutations in Burkitt's lymphoma 
differs from that of solid tumors." Cancer Res 52(15): 4273-6. 

Bianchi, S. M., et al. (2008). "Impairment of apoptotic cell engulfment by pyocyanin, 
a toxic metabolite of Pseudomonas aeruginosa." Am J Respir Crit Care Med 
177(1): 35-43. 

Bingle, L., et al. (2002). "The role of tumour-associated macrophages in tumour 
progression: implications for new anticancer therapies." J Pathol 196(3): 
254-65. 

Biswas, S. K., et al. (2006). "A distinct and unique transcriptional program expressed 
by tumor-associated macrophages (defective NF-kappaB and enhanced IRF-
3/STAT1 activation)." Blood 107(5): 2112-22. 

Blum, K. A., et al. (2004). "Adult Burkitt leukemia and lymphoma." Blood 104(10): 
3009-20. 

Boehme, S. A., et al. (2000). "The chemokine fractalkine inhibits Fas-mediated cell 
death of brain microglia." J Immunol 165(1): 397-403. 

Boerma, E. G., et al. (2004). "Gender and age-related differences in Burkitt 
lymphoma--epidemiological and clinical data from The Netherlands." Eur J 
Cancer 40(18): 2781-7. 



272 

 

Boersma, B. J., et al. (2008). "A stromal gene signature associated with 
inflammatory breast cancer." Int J Cancer 122(6): 1324-32. 

Bogunovic, M., et al. (2009). "Origin of the lamina propria dendritic cell network." 
Immunity 31(3): 513-25. 

Bondanza, A., et al. (2004). "Inhibition of phosphatidylserine recognition heightens 
the immunogenicity of irradiated lymphoma cells in vivo." J Exp Med 200(9): 
1157-65. 

Bonner, R. F., et al. (1997). "Laser capture microdissection: molecular analysis of 
tissue." Science 278(5342): 1481,1483. 

Bornkamm, G. W. (2009). "Epstein-Barr virus and its role in the pathogenesis of 
Burkitt's lymphoma: an unresolved issue." Semin Cancer Biol 19(6): 351-65. 

Bottazzi, B., et al. (1990). "A paracrine circuit in the regulation of the proliferation of 
macrophages infiltrating murine sarcomas." J Immunol 144(6): 2409-12. 

Bottazzi, B., et al. (1983). "Regulation of the macrophage content of neoplasms by 
chemoattractants." Science 220(4593): 210-2. 

Botto, M., et al. (1998). "Homozygous C1q deficiency causes glomerulonephritis 
associated with multiple apoptotic bodies." Nat Genet 19(1): 56-9. 

Bournazou, I., et al. (2010). "Inhibition of eosinophil migration by lactoferrin." 
Immunol Cell Biol 88(2): 220-3. 

Bournazou, I., et al. (2009). "Apoptotic human cells inhibit migration of granulocytes 
via release of lactoferrin." J Clin Invest 119(1): 20-32. 

Brady, G., et al. (2007). "Epstein-Barr virus and Burkitt lymphoma." J Clin Pathol 
60(12): 1397-402. 

Brecht, K., et al. (2011 
). "Macrophages programmed by apoptotic cells promote angiogenesis via 

prostaglandin E2." Faseb J 25(7): 2408-17. 
Brinckerhoff, C. E. and L. M. Matrisian (2002). "Matrix metalloproteinases: a tail of a 

frog that became a prince." Nat Rev Mol Cell Biol 3(3): 207-14. 
Brooks, P. C., et al. (1996). "Localization of matrix metalloproteinase MMP-2 to the 

surface of invasive cells by interaction with integrin alpha v beta 3." Cell 
85(5): 683-93. 

Brown, S., et al. (2002). "Apoptosis disables CD31-mediated cell detachment from 
phagocytes promoting binding and engulfment." Nature 418(6894): 200-3. 

Buckanovich, R. J., et al. (2006). "Use of immuno-LCM to identify the in situ 
expression profile of cellular constituents of the tumor microenvironment." 
Cancer Biol Ther 5(6): 635-42. 

Burke, B., et al. (2003). "Hypoxia-induced gene expression in human macrophages: 
implications for ischemic tissues and hypoxia-regulated gene therapy." Am J 
Pathol 163(4): 1233-43. 

Burkitt, D. (1958). "A sarcoma involving the jaws in African children." Br J Surg 
46(197): 218-23. 

Burkitt, D. P. (1983). "The discovery of Burkitt's lymphoma." Cancer 51(10): 1777-
86. 



273 

 

Burmeister, T., et al. (2005). "Molecular heterogeneity of sporadic adult Burkitt-type 
leukemia/lymphoma as revealed by PCR and cytogenetics: correlation with 
morphology, immunology and clinical features." Leukemia 19(8): 1391-8. 

Byrne, A. and D. J. Reen (2002). "Lipopolysaccharide induces rapid production of IL-
10 by monocytes in the presence of apoptotic neutrophils." J Immunol 
168(4): 1968-77. 

Cairo, G., et al. (2011). "Iron trafficking and metabolism in macrophages: 
contribution to the polarized phenotype." Trends Immunol 32(6): 241-7. 

Campo, E., et al. (1999). "Mantle-cell lymphoma." Semin Hematol 36(2): 115-27. 
Capello, D., et al. (1997). "Point mutations of the BCL-6 gene in Burkitt's 

lymphoma." Br J Haematol 99(1): 168-70. 
Capello, D., et al. (2000). "Distribution and pattern of BCL-6 mutations throughout 

the spectrum of B-cell neoplasia." Blood 95(2): 651-9. 
Caretti, E., et al. (2008). "Comparison of RNA amplification methods and chip 

platforms for microarray analysis of samples processed by laser capture 
microdissection." J Cell Biochem 103(2): 556-63. 

Carmeliet, P., et al. (1997). "Urokinase-generated plasmin activates matrix 
metalloproteinases during aneurysm formation." Nat Genet 17(4): 439-44. 

Casciola-Rosen, L. A., et al. (1994). "Autoantigens targeted in systemic lupus 
erythematosus are clustered in two populations of surface structures on 
apoptotic keratinocytes." J Exp Med 179(4): 1317-30. 

Castellana, D., et al. (2009). "Membrane microvesicles as actors in the 
establishment of a favorable prostatic tumoral niche: a role for activated 
fibroblasts and CX3CL1-CX3CR1 axis." Cancer Res 69(3): 785-93. 

Castrillo, A. and P. Tontonoz (2004). "Nuclear receptors in macrophage biology: at 
the crossroads of lipid metabolism and inflammation." Annu Rev Cell Dev 
Biol 20: 455-80. 

Cesarman, E., et al. (1987). "Mutations in the first exon are associated with altered 
transcription of c-myc in Burkitt lymphoma." Science 238(4831): 1272-5. 

Chakrabarty, A. K. and H. Friedman (1970). "Nucleases in immunity. I. The effect of 
immunization on RNase and DNase activity in lymphoid tissues." Clin Exp 
Immunol 6(4): 609-18. 

Chandler, S., et al. (1996). "Macrophage metalloelastase degrades matrix and 
myelin proteins and processes a tumour necrosis factor-alpha fusion 
protein." Biochem Biophys Res Commun 228(2): 421-9. 

Chao, M. P., et al. (2010). "Anti-CD47 antibody synergizes with rituximab to 
promote phagocytosis and eradicate non-Hodgkin lymphoma." Cell 142(5): 
699-713. 

Chapman, C. J., et al. (1995). "Analysis of VH genes used by neoplastic B cells in 
endemic Burkitt's lymphoma shows somatic hypermutation and intraclonal 
heterogeneity." Blood 85(8): 2176-81. 

Chapman, C. J., et al. (1996). "VH and VL gene analysis in sporadic Burkitt's 
lymphoma shows somatic hypermutation, intraclonal heterogeneity, and a 
role for antigen selection." Blood 88(9): 3562-8. 



274 

 

Chen, G., et al. (2002). "Discordant protein and mRNA expression in lung 
adenocarcinomas." Mol Cell Proteomics 1(4): 304-13. 

Chen, W., et al. (2001). "TGF-beta released by apoptotic T cells contributes to an 
immunosuppressive milieu." Immunity 14(6): 715-25. 

Chene, A., et al. (2007). "A molecular link between malaria and Epstein-Barr virus 
reactivation." PLoS Pathog 3(6): e80. 

Cheng, P., et al. (2010). "Human macrophage metalloelastase correlates with 
angiogenesis and prognosis of gastric carcinoma." Dig Dis Sci 55(11): 3138-
46. 

Cherney, B. W., et al. (1997). "Role of the p53 tumor suppressor gene in the 
tumorigenicity of Burkitt's lymphoma cells." Cancer Res 57(12): 2508-15. 

Cinti, C., et al. (2000). "Genetic alterations disrupting the nuclear localization of the 
retinoblastoma-related gene RB2/p130 in human tumor cell lines and 
primary tumors." Cancer Res 60(2): 383-9. 

Cinti, C., et al. (2000). "Genetic alterations of the retinoblastoma-related gene 
RB2/p130 identify different pathogenetic mechanisms in and among 
Burkitt's lymphoma subtypes." Am J Pathol 156(3): 751-60. 

Clement-Ziza, M., et al. (2009). "Evaluation of methods for amplification of 
picogram amounts of total RNA for whole genome expression profiling." 
BMC Genomics 10: 246. 

Coffelt, S. B., et al. (2009). "Tumor-associated macrophages: effectors of 
angiogenesis and tumor progression." Biochim Biophys Acta 1796(1): 11-8. 

Cohen, O., et al. (1999). "DAP-kinase participates in TNF-alpha- and Fas-induced 
apoptosis and its function requires the death domain." J Cell Biol 146(1): 
141-8. 

Cohen, P. L., et al. (2002). "Delayed apoptotic cell clearance and lupus-like 
autoimmunity in mice lacking the c-mer membrane tyrosine kinase." J Exp 
Med 196(1): 135-40. 

Coleman, M. L., et al. (2001). "Membrane blebbing during apoptosis results from 
caspase-mediated activation of ROCK I." Nat Cell Biol 3(4): 339-45. 

Coller, H. A., et al. (2000). "Expression analysis with oligonucleotide microarrays 
reveals that MYC regulates genes involved in growth, cell cycle, signaling, 
and adhesion." Proc Natl Acad Sci U S A 97(7): 3260-5. 

Collier, I. E., et al. (1988). "H-ras oncogene-transformed human bronchial epithelial 
cells (TBE-1) secrete a single metalloprotease capable of degrading 
basement membrane collagen." J Biol Chem 263(14): 6579-87. 

Condeelis, J. and J. W. Pollard (2006). "Macrophages: obligate partners for tumor 
cell migration, invasion, and metastasis." Cell 124(2): 263-6. 

Corna, G., et al. (2010). "Polarization dictates iron handling by inflammatory and 
alternatively activated macrophages." Haematologica 95(11): 1814-22. 

Cornelius, L. A., et al. (1998). "Matrix metalloproteinases generate angiostatin: 
effects on neovascularization." J Immunol 161(12): 6845-52. 

Coussens, L. M., et al. (2000). "MMP-9 supplied by bone marrow-derived cells 
contributes to skin carcinogenesis." Cell 103(3): 481-90. 



275 

 

Coussens, L. M. and Z. Werb (2002). "Inflammation and cancer." Nature 420(6917): 
860-7. 

Crabbe, T., et al. (1993). "Human progelatinase A can be activated by autolysis at a 
rate that is concentration-dependent and enhanced by heparin bound to the 
C-terminal domain." Eur J Biochem 218(2): 431-8. 

Crabbe, T., et al. (1994). "Reciprocated matrix metalloproteinase activation: a 
process performed by interstitial collagenase and progelatinase A." 
Biochemistry 33(48): 14419-25. 

Crabbe, T., et al. (1994). "Human progelatinase A can be activated by matrilysin." 
FEBS Lett 345(1): 14-6. 

Curci, J. A., et al. (1998). "Expression and localization of macrophage elastase 
(matrix metalloproteinase-12) in abdominal aortic aneurysms." J Clin Invest 
102(11): 1900-10. 

Curiel, T. J., et al. (2004). "Specific recruitment of regulatory T cells in ovarian 
carcinoma fosters immune privilege and predicts reduced survival." Nat Med 
10(9): 942-9. 

D'Armiento, J., et al. (1992). "Collagenase expression in the lungs of transgenic mice 
causes pulmonary emphysema." Cell 71(6): 955-61. 

Daigneault, M., et al. (2010). "The identification of markers of macrophage 
differentiation in PMA-stimulated THP-1 cells and monocyte-derived 
macrophages." PLoS One 5(1): e8668. 

Dalla-Favera, R., et al. (1982). "Human c-myc onc gene is located on the region of 
chromosome 8 that is translocated in Burkitt lymphoma cells." Proc Natl 
Acad Sci U S A 79(24): 7824-7. 

Davi, F., et al. (1998). "Burkitt-like lymphomas in AIDS patients: characterization 
within a series of 103 human immunodeficiency virus-associated non-
Hodgkin's lymphomas. Burkitt's Lymphoma Study Group." J Clin Oncol 
16(12): 3788-95. 

Davies, B., et al. (1993). "Activity of type IV collagenases in benign and malignant 
breast disease." Br J Cancer 67(5): 1126-31. 

Davies, B., et al. (1993). "Levels of matrix metalloproteases in bladder cancer 
correlate with tumor grade and invasion." Cancer Res 53(22): 5365-9. 

Davis, R. E., et al. (2001). "Constitutive nuclear factor kappaB activity is required for 
survival of activated B cell-like diffuse large B cell lymphoma cells." J Exp 
Med 194(12): 1861-74. 

Degterev, A., et al. (2003). "A decade of caspases." Oncogene 22(53): 8543-67. 
Demedts, I. K., et al. (2006). "Elevated MMP-12 protein levels in induced sputum 

from patients with COPD." Thorax 61(3): 196-201. 
DeNardo, D. G., et al. (2009). "CD4(+) T cells regulate pulmonary metastasis of 

mammary carcinomas by enhancing protumor properties of macrophages." 
Cancer Cell 16(2): 91-102. 

DeNardo, D. G., et al. (2008). "Immune cells as mediators of solid tumor 
metastasis." Cancer Metastasis Rev 27(1): 11-8. 

Devitt, A., et al. (1998). "Human CD14 mediates recognition and phagocytosis of 
apoptotic cells." Nature 392(6675): 505-9. 



276 

 

Devitt, A., et al. (2003). "CD14-dependent clearance of apoptotic cells by human 
macrophages: the role of phosphatidylserine." Cell Death Differ 10(3): 371-
82. 

Dinapoli, M. R., et al. (1996). "The altered tumoricidal capacity of macrophages 
isolated from tumor-bearing mice is related to reduce expression of the 
inducible nitric oxide synthase gene." J Exp Med 183(4): 1323-9. 

Dirkx, A. E., et al. (2006). "Monocyte/macrophage infiltration in tumors: modulators 
of angiogenesis." J Leukoc Biol 80(6): 1183-96. 

Dolo, V., et al. (2005). "Shedding of membrane vesicles by tumor and endothelial 
cells." Ital J Anat Embryol 110(2 Suppl 1): 127-33. 

Donati, D., et al. (2006). "Increased B cell survival and preferential activation of the 
memory compartment by a malaria polyclonal B cell activator." J Immunol 
177(5): 3035-44. 

Donati, D., et al. (2004). "Identification of a polyclonal B-cell activator in 
Plasmodium falciparum." Infect Immun 72(9): 5412-8. 

Dong, Z., et al. (1997). "Macrophage-derived metalloelastase is responsible for the 
generation of angiostatin in Lewis lung carcinoma." Cell 88(6): 801-10. 

Duff, M. D., et al. (2007). "Analysis of gene expression in the tumor-associated 
macrophage." J Surg Res 142(1): 119-28. 

Dulak, J., et al. (2004). "Complex role of heme oxygenase-1 in angiogenesis." 
Antioxid Redox Signal 6(5): 858-66. 

Dunn, G. P., et al. (2002). "Cancer immunoediting: from immunosurveillance to 
tumor escape." Nat Immunol 3(11): 991-8. 

Duyndam, M. C., et al. (2002). "Vascular endothelial growth factor-165 
overexpression stimulates angiogenesis and induces cyst formation and 
macrophage infiltration in human ovarian cancer xenografts." Am J Pathol 
160(2): 537-48. 

Egeblad, M. and Z. Werb (2002). "New functions for the matrix metalloproteinases 
in cancer progression." Nat Rev Cancer 2(3): 161-74. 

Elgert, K. D., et al. (1998). "Tumor-induced immune dysfunction: the macrophage 
connection." J Leukoc Biol 64(3): 275-90. 

Elliott, M. R., et al. (2009). "Nucleotides released by apoptotic cells act as a find-me 
signal to promote phagocytic clearance." Nature 461(7261): 282-6. 

Elliott, M. R. and K. S. Ravichandran (2010). "Clearance of apoptotic cells: 
implications in health and disease." J Cell Biol 189(7): 1059-70. 

Emmert-Buck, M. R., et al. (1996). "Laser capture microdissection." Science 
274(5289): 998-1001. 

Epstein, M. A., et al. (1964). "Virus Particles in Cultured Lymphoblasts from Burkitt's 
Lymphoma." Lancet 1(7335): 702-3. 

Erwig, L. P. and P. M. Henson (2007). "Immunological consequences of apoptotic 
cell phagocytosis." Am J Pathol 171(1): 2-8. 

Espina, V., et al. (2006). "Laser-capture microdissection." Nat Protoc 1(2): 586-603. 
Fadok, V. A., et al. (2001). "Differential effects of apoptotic versus lysed cells on 

macrophage production of cytokines: role of proteases." J Immunol 166(11): 
6847-54. 



277 

 

Fadok, V. A., et al. (1998). "Macrophages that have ingested apoptotic cells in vitro 
inhibit proinflammatory cytokine production through autocrine/paracrine 
mechanisms involving TGF-beta, PGE2, and PAF." J Clin Invest 101(4): 890-8. 

Fadok, V. A., et al. (1992). "Exposure of phosphatidylserine on the surface of 
apoptotic lymphocytes triggers specific recognition and removal by 
macrophages." J Immunol 148(7): 2207-16. 

Farbman, A. I. (1968). "Electron microscope study of palate fusion in mouse 
embryos." Dev Biol 18(2): 93-116. 

Feinberg, M. W., et al. (2000). "Transforming growth factor-beta 1 inhibits cytokine-
mediated induction of human metalloelastase in macrophages." J Biol Chem 
275(33): 25766-73. 

Fend, F., et al. (1999). "Immuno-LCM: laser capture microdissection of 
immunostained frozen sections for mRNA analysis." Am J Pathol 154(1): 61-
6. 

Ferry, J. A. (2006). "Burkitt's lymphoma: clinicopathologic features and differential 
diagnosis." Oncologist 11(4): 375-83. 

Finak, G., et al. (2008). "Stromal gene expression predicts clinical outcome in breast 
cancer." Nat Med 14(5): 518-27. 

Fingleton, B. M., et al. (1999). "Matrilysin in early stage intestinal tumorigenesis." 
Apmis 107(1): 102-10. 

Fleige, S. and M. W. Pfaffl (2006). "RNA integrity and the effect on the real-time 
qRT-PCR performance." Mol Aspects Med 27(2-3): 126-39. 

Flinn, E. M., et al. (1998). "myc boxes, which are conserved in myc family proteins, 
are signals for protein degradation via the proteasome." Mol Cell Biol 
18(10): 5961-9. 

Freeman, T. C., et al. (2007). "Construction, visualisation, and clustering of 
transcription networks from microarray expression data." PLoS Comput Biol 
3(10): 2032-42. 

Freire-de-Lima, C. G., et al. (2006). "Apoptotic cells, through transforming growth 
factor-beta, coordinately induce anti-inflammatory and suppress pro-
inflammatory eicosanoid and NO synthesis in murine macrophages." J Biol 
Chem 281(50): 38376-84. 

Fulton, A. M., et al. (1984). "Mutagenic activity of tumor-associated macrophages in 
Salmonella typhimurium strains TA98 and TA 100." Cancer Res 44(10): 4308-
11. 

Gaidano, G., et al. (1991). "p53 mutations in human lymphoid malignancies: 
association with Burkitt lymphoma and chronic lymphocytic leukemia." Proc 
Natl Acad Sci U S A 88(12): 5413-7. 

Gaipl, U. S., et al. (2007). "Clearance deficiency and systemic lupus erythematosus 
(SLE)." J Autoimmun 28(2-3): 114-21. 

Garbisa, S., et al. (1986). "Transient expression of type IV collagenolytic 
metalloproteinase by human mononuclear phagocytes." J Biol Chem 261(5): 
2369-75. 



278 

 

Gardai, S. J., et al. (2005). "Cell-surface calreticulin initiates clearance of viable or 
apoptotic cells through trans-activation of LRP on the phagocyte." Cell 
123(2): 321-34. 

Ghassabeh, G. H., et al. (2006). "Identification of a common gene signature for type 
II cytokine-associated myeloid cells elicited in vivo in different pathologic 
conditions." Blood 108(2): 575-83. 

Ginhoux, F., et al. (2009). "The origin and development of nonlymphoid tissue 
CD103+ DCs." J Exp Med 206(13): 3115-30. 

Giraudo, E., et al. (2004). "An amino-bisphosphonate targets MMP-9-expressing 
macrophages and angiogenesis to impair cervical carcinogenesis." J Clin 
Invest 114(5): 623-33. 

Goerdt, S. and C. E. Orfanos (1999). "Other functions, other genes: alternative 
activation of antigen-presenting cells." Immunity 10(2): 137-42. 

Golpon, H. A., et al. (2004). "Life after corpse engulfment: phagocytosis of apoptotic 
cells leads to VEGF secretion and cell growth." Faseb J 18(14): 1716-8. 

Gong, J. Z., et al. (2003). "Burkitt lymphoma arising in organ transplant recipients: a 
clinicopathologic study of five cases." Am J Surg Pathol 27(6): 818-27. 

Goossens, T., et al. (1998). "Frequent occurrence of deletions and duplications 
during somatic hypermutation: implications for oncogene translocations and 
heavy chain disease." Proc Natl Acad Sci U S A 95(5): 2463-8. 

Gorden, D. L., et al. (2007). "Resident stromal cell-derived MMP-9 promotes the 
growth of colorectal metastases in the liver microenvironment." Int J Cancer 
121(3): 495-500. 

Gordon, S. (2003). "Alternative activation of macrophages." Nat Rev Immunol 3(1): 
23-35. 

Gordon, S. and P. R. Taylor (2005). "Monocyte and macrophage heterogeneity." Nat 
Rev Immunol 5(12): 953-64. 

Gorrin-Rivas, M. J., et al. (2000). "Mouse macrophage metalloelastase gene transfer 
into a murine melanoma suppresses primary tumor growth by halting 
angiogenesis." Clin Cancer Res 6(5): 1647-54. 

Gorrin-Rivas, M. J., et al. (2000). "Implications of human macrophage 
metalloelastase and vascular endothelial growth factor gene expression in 
angiogenesis of hepatocellular carcinoma." Ann Surg 231(1): 67-73. 

Graves, D. T., et al. (1989). "Identification of monocyte chemotactic activity 
produced by malignant cells." Science 245(4925): 1490-3. 

Gregg, J. L., et al. (2010). "Analysis of gene expression in prostate cancer epithelial 
and interstitial stromal cells using laser capture microdissection." BMC 
Cancer 10: 165. 

Gregory, C. D., et al. (1991). "Activation of Epstein-Barr virus latent genes protects 
human B cells from death by apoptosis." Nature 349(6310): 612-4. 

Gregory, C. D. and J. D. Pound (2010). "Cell death in the neighbourhood: direct 
microenvironmental effects of apoptosis in normal and neoplastic tissues." J 
Pathol 223(2): 177-94. 

Gregory, C. D. and J. D. Pound (2010). "Microenvironmental influences of apoptosis 
in vivo and in vitro." Apoptosis 15(9): 1029-49. 



279 

 

Gregory, C. D., et al. (1990). "Different Epstein-Barr virus-B cell interactions in 
phenotypically distinct clones of a Burkitt's lymphoma cell line." J Gen Virol 
71 ( Pt 7): 1481-95. 

Gregory, C. D., et al. (1987). "Identification of a subset of normal B cells with a 
Burkitt's lymphoma (BL)-like phenotype." J Immunol 139(1): 313-8. 

Gregory, M. A. and S. R. Hann (2000). "c-Myc proteolysis by the ubiquitin-
proteasome pathway: stabilization of c-Myc in Burkitt's lymphoma cells." 
Mol Cell Biol 20(7): 2423-35. 

Gronski, T. J., Jr., et al. (1997). "Hydrolysis of a broad spectrum of extracellular 
matrix proteins by human macrophage elastase." J Biol Chem 272(18): 
12189-94. 

Gude, D. R., et al. (2008). "Apoptosis induces expression of sphingosine kinase 1 to 
release sphingosine-1-phosphate as a "come-and-get-me" signal." Faseb J 
22(8): 2629-38. 

Guo, H., et al. (1998). "Brefeldin A-mediated apoptosis requires the activation of 
caspases and is inhibited by Bcl-2." Exp Cell Res 245(1): 57-68. 

Gutierrez, M. I., et al. (1992). "Molecular epidemiology of Burkitt's lymphoma from 
South America: differences in breakpoint location and Epstein-Barr virus 
association from tumors in other world regions." Blood 79(12): 3261-6. 

Gygi, S. P., et al. (1999). "Correlation between protein and mRNA abundance in 
yeast." Mol Cell Biol 19(3): 1720-30. 

Hagemann, T., et al. (2008). ""Re-educating" tumor-associated macrophages by 
targeting NF-kappaB." J Exp Med 205(6): 1261-8. 

Hagemann, T., et al. (2004). "Enhanced invasiveness of breast cancer cell lines upon 
co-cultivation with macrophages is due to TNF-alpha dependent up-
regulation of matrix metalloproteases." Carcinogenesis 25(8): 1543-9. 

Hagemann, T., et al. (2006). "Ovarian cancer cells polarize macrophages toward a 
tumor-associated phenotype." J Immunol 176(8): 5023-32. 

Hagemann, T., et al. (2005). "Macrophages induce invasiveness of epithelial cancer 
cells via NF-kappa B and JNK." J Immunol 175(2): 1197-205. 

Hall, M. O., et al. (2005). "Both protein S and Gas6 stimulate outer segment 
phagocytosis by cultured rat retinal pigment epithelial cells." Exp Eye Res 
81(5): 581-91. 

Haluska, F. G., et al. (1986). "The t(8; 14) chromosomal translocation occurring in B-
cell malignancies results from mistakes in V-D-J joining." Nature 324(6093): 
158-61. 

Haluska, F. G., et al. (1987). "The t(8;14) chromosome translocation of the Burkitt 
lymphoma cell line Daudi occurred during immunoglobulin gene 
rearrangement and involved the heavy chain diversity region." Proc Natl 
Acad Sci U S A 84(19): 6835-9. 

Hamilton-Dutoit, S. J., et al. (1993). "Epstein-Barr virus-latent gene expression and 
tumor cell phenotype in acquired immunodeficiency syndrome-related non-
Hodgkin's lymphoma. Correlation of lymphoma phenotype with three 
distinct patterns of viral latency." Am J Pathol 143(4): 1072-85. 



280 

 

Hammerschmidt, W. and B. Sugden (2004). "Epstein-Barr virus sustains Burkitt's 
lymphomas and Hodgkin's disease." Trends Mol Med 10(7): 331-6. 

Han, S., et al. (1997). "V(D)J recombinase activity in a subset of germinal center B 
lymphocytes." Science 278(5336): 301-5. 

Han, Y. P., et al. (2001). "TNF-alpha stimulates activation of pro-MMP2 in human 
skin through NF-(kappa)B mediated induction of MT1-MMP." J Cell Sci 
114(Pt 1): 131-139. 

Hanada, T., et al. (2000). "Prognostic value of tumor-associated macrophage count 
in human bladder cancer." Int J Urol 7(7): 263-9. 

Hanayama, R., et al. (2004). "Autoimmune disease and impaired uptake of 
apoptotic cells in MFG-E8-deficient mice." Science 304(5674): 1147-50. 

Hancock, W., et al. (1999). "Integrated genomic/proteomic analysis." Anal Chem 
71(21): 742A-748A. 

Harris, N. L. (1995). "A practical approach to the pathology of lymphoid neoplasms: 
a revised European-American classification from the International 
Lymphoma Study Group." Important Adv Oncol: 111-40. 

Harris, N. L., et al. (1994). "A revised European-American classification of lymphoid 
neoplasms: a proposal from the International Lymphoma Study Group." 
Blood 84(5): 1361-92. 

Hautamaki, R. D., et al. (1997). "Requirement for macrophage elastase for cigarette 
smoke-induced emphysema in mice." Science 277(5334): 2002-4. 

He, J., et al. (2009). "Antiphosphatidylserine antibody combined with irradiation 
damages tumor blood vessels and induces tumor immunity in a rat model of 
glioblastoma." Clin Cancer Res 15(22): 6871-80. 

Hecht, J. L. and J. C. Aster (2000). "Molecular biology of Burkitt's lymphoma." J Clin 
Oncol 18(21): 3707-21. 

Henderson, S., et al. (1991). "Induction of bcl-2 expression by Epstein-Barr virus 
latent membrane protein 1 protects infected B cells from programmed cell 
death." Cell 65(7): 1107-15. 

Henson, P. M. and D. A. Hume (2006). "Apoptotic cell removal in development and 
tissue homeostasis." Trends Immunol 27(5): 244-50. 

Heppner, K. J., et al. (1996). "Expression of most matrix metalloproteinase family 
members in breast cancer represents a tumor-induced host response." Am J 
Pathol 149(1): 273-82. 

Herr, B., et al. (2009). "The supernatant of apoptotic cells causes transcriptional 
activation of hypoxia-inducible factor-1alpha in macrophages via 
sphingosine-1-phosphate and transforming growth factor-beta." Blood 
114(10): 2140-8. 

Hikida, M., et al. (1996). "Reexpression of RAG-1 and RAG-2 genes in activated 
mature mouse B cells." Science 274(5295): 2092-4. 

Hildenbrand, R., et al. (1995). "Urokinase and macrophages in tumour 
angiogenesis." Br J Cancer 72(4): 818-23. 

Hildenbrand, R., et al. (1999). "Urokinase plasminogen activator receptor (CD87) 
expression of tumor-associated macrophages in ductal carcinoma in situ, 



281 

 

breast cancer, and resident macrophages of normal breast tissue." J Leukoc 
Biol 66(1): 40-9. 

Hiraoka, K., et al. (2008). "Inhibition of bone and muscle metastases of lung cancer 
cells by a decrease in the number of monocytes/macrophages." Cancer Sci 
99(8): 1595-602. 

Hiratsuka, S., et al. (2002). "MMP9 induction by vascular endothelial growth factor 
receptor-1 is involved in lung-specific metastasis." Cancer Cell 2(4): 289-300. 

Hla, T., et al. (2001). "Lysophospholipids--receptor revelations." Science 294(5548): 
1875-8. 

Hodge, S., et al. (2003). "Alveolar macrophages from subjects with chronic 
obstructive pulmonary disease are deficient in their ability to phagocytose 
apoptotic airway epithelial cells." Immunol Cell Biol 81(4): 289-96. 

Hofmann, H. S., et al. (2005). "Matrix metalloproteinase-12 expression correlates 
with local recurrence and metastatic disease in non-small cell lung cancer 
patients." Clin Cancer Res 11(3): 1086-92. 

Horino, K., et al. (1998). "A monocyte chemotactic factor, S19 ribosomal protein 
dimer, in phagocytic clearance of apoptotic cells." Lab Invest 78(5): 603-17. 

Hotchkiss, K. A., et al. (2003). "Mechanisms by which tumor cells and monocytes 
expressing the angiogenic factor thymidine phosphorylase mediate human 
endothelial cell migration." Cancer Res 63(2): 527-33. 

Houghton, A. M., et al. (2006). "Macrophage elastase (matrix metalloproteinase-12) 
suppresses growth of lung metastases." Cancer Res 66(12): 6149-55. 

Hristov, M., et al. (2004). "Apoptotic bodies from endothelial cells enhance the 
number and initiate the differentiation of human endothelial progenitor 
cells in vitro." Blood 104(9): 2761-6. 

Huang da, W., et al. (2009). "Systematic and integrative analysis of large gene lists 
using DAVID bioinformatics resources." Nat Protoc 4(1): 44-57. 

Huang da, W., et al. (2007). "The DAVID Gene Functional Classification Tool: a novel 
biological module-centric algorithm to functionally analyze large gene lists." 
Genome Biol 8(9): R183. 

Huang da, W., et al. (2007). "DAVID Bioinformatics Resources: expanded annotation 
database and novel algorithms to better extract biology from large gene 
lists." Nucleic Acids Res 35(Web Server issue): W169-75. 

Huang, S., et al. (2002). "Contributions of stromal metalloproteinase-9 to 
angiogenesis and growth of human ovarian carcinoma in mice." J Natl 
Cancer Inst 94(15): 1134-42. 

Hugel, B., et al. (2005). "Membrane microparticles: two sides of the coin." 
Physiology (Bethesda) 20: 22-7. 

Huh, J. R., et al. (2004). "Compensatory proliferation induced by cell death in the 
Drosophila wing disc requires activity of the apical cell death caspase Dronc 
in a nonapoptotic role." Curr Biol 14(14): 1262-6. 

Hume, D. A. (2011). "Applications of myeloid-specific promoters in transgenic mice 
support in vivo imaging and functional genomics but do not support the 
concept of distinct macrophage and dendritic cell lineages or roles in 
immunity." J Leukoc Biol 89(4): 525-38. 



282 

 

Hume, D. A. and S. Gordon (1983). "Optimal conditions for proliferation of bone 
marrow-derived mouse macrophages in culture: the roles of CSF-1, serum, 
Ca2+, and adherence." J Cell Physiol 117(2): 189-94. 

Hume, D. A., et al. (2010). "Functional clustering and lineage markers: insights into 
cellular differentiation and gene function from large-scale microarray 
studies of purified primary cell populations." Genomics 95(6): 328-38. 

Humphery-Smith, I., et al. (1997). "Proteome research: complementarity and 
limitations with respect to the RNA and DNA worlds." Electrophoresis 18(8): 
1217-42. 

Huynh, M. L., et al. (2002). "Phosphatidylserine-dependent ingestion of apoptotic 
cells promotes TGF-beta1 secretion and the resolution of inflammation." J 
Clin Invest 109(1): 41-50. 

Huynh, M. L., et al. (2005). "Defective apoptotic cell phagocytosis attenuates 
prostaglandin E2 and 15-hydroxyeicosatetraenoic acid in severe asthma 
alveolar macrophages." Am J Respir Crit Care Med 172(8): 972-9. 

Ichikawa, A., et al. (1993). "Mutations of the p53 gene in B-cell lymphoma." Leuk 
Lymphoma 11(1-2): 21-5. 

Iqbal, J., et al. (2007). "Distinctive patterns of BCL6 molecular alterations and their 
functional consequences in different subgroups of diffuse large B-cell 
lymphoma." Leukemia 21(11): 2332-43. 

Itoh, T., et al. (1999). "Experimental metastasis is suppressed in MMP-9-deficient 
mice." Clin Exp Metastasis 17(2): 177-81. 

Itoh, T., et al. (1998). "Reduced angiogenesis and tumor progression in gelatinase A-
deficient mice." Cancer Res 58(5): 1048-51. 

Jaillon, S., et al. (2009). "Endogenous PTX3 translocates at the membrane of late 
apoptotic human neutrophils and is involved in their engulfment by 
macrophages." Cell Death Differ 16(3): 465-74. 

Jais, A., et al. (2011). "Gene expression profile of vascular endothelial growth factor 
(VEGF) and its receptors in various cell types of the canine lymph node using 
laser capture microdissection (LCM)." Vet Immunol Immunopathol 140(3-4): 
207-14. 

Jares, P., et al. (2007). "Genetic and molecular pathogenesis of mantle cell 
lymphoma: perspectives for new targeted therapeutics." Nat Rev Cancer 
7(10): 750-62. 

Jenkins, S. J., et al. (2011). "Local macrophage proliferation, rather than recruitment 
from the blood, is a signature of TH2 inflammation." Science 332(6035): 
1284-8. 

Jinushi, M., et al. (2009). "Milk fat globule epidermal growth factor-8 blockade 
triggers tumor destruction through coordinated cell-autonomous and 
immune-mediated mechanisms." J Exp Med 206(6): 1317-26. 

Johann, A. M., et al. (2007). "Apoptotic cells induce arginase II in macrophages, 
thereby attenuating NO production." Faseb J 21(11): 2704-12. 

Johann, A. M., et al. (2008). "Apoptotic cell-derived sphingosine-1-phosphate 
promotes HuR-dependent cyclooxygenase-2 mRNA stabilization and protein 
expression." J Immunol 180(2): 1239-48. 



283 

 

Joos, S., et al. (1996). "Primary mediastinal (thymic) B-cell lymphoma is 
characterized by gains of chromosomal material including 9p and 
amplification of the REL gene." Blood 87(4): 1571-8. 

Joyce, J. A. and J. W. Pollard (2009). "Microenvironmental regulation of metastasis." 
Nat Rev Cancer 9(4): 239-52. 

Kacinski, B. M. (1995). "CSF-1 and its receptor in ovarian, endometrial and breast 
cancer." Ann Med 27(1): 79-85. 

Kagan, V. E., et al. (2002). "A role for oxidative stress in apoptosis: oxidation and 
externalization of phosphatidylserine is required for macrophage clearance 
of cells undergoing Fas-mediated apoptosis." J Immunol 169(1): 487-99. 

Kalman, M. (1989). "Dead cells can be phagocytosed by any neighboring cell in early 
developing rat brain." Int J Neurosci 46(3-4): 139-45. 

Kandasamy, A. D., et al. (2009). "Matrix metalloproteinase-2 and myocardial 
oxidative stress injury: beyond the matrix." Cardiovasc Res 85(3): 413-23. 

Kanekura, T., et al. (2002). "Basigin (CD147) is expressed on melanoma cells and 
induces tumor cell invasion by stimulating production of matrix 
metalloproteinases by fibroblasts." Int J Cancer 99(4): 520-8. 

Kataki, A., et al. (2002). "Tumor infiltrating lymphocytes and macrophages have a 
potential dual role in lung cancer by supporting both host-defense and 
tumor progression." J Lab Clin Med 140(5): 320-8. 

Kataoka, H., et al. (1993). "Tumor cell-derived collagenase-stimulatory factor 
increases expression of interstitial collagenase, stromelysin, and 72-kDa 
gelatinase." Cancer Res 53(13): 3154-8. 

Katzenellenbogen, R. A., et al. (1999). "Hypermethylation of the DAP-kinase CpG 
island is a common alteration in B-cell malignancies." Blood 93(12): 4347-53. 

Kawane, T., et al. (1999). "Induction of metalloelastase mRNA in murine peritoneal 
macrophages by diethylmaleate." Biochim Biophys Acta 1427(2): 155-60. 

Kelly, G., et al. (2002). "Epstein-Barr virus-associated Burkitt lymphomagenesis 
selects for downregulation of the nuclear antigen EBNA2." Nat Med 8(10): 
1098-104. 

Kelly, G. L., et al. (2006). "Three restricted forms of Epstein-Barr virus latency 
counteracting apoptosis in c-myc-expressing Burkitt lymphoma cells." Proc 
Natl Acad Sci U S A 103(40): 14935-40. 

Kennedy, G., et al. (2003). "Epstein-Barr virus provides a survival factor to Burkitt's 
lymphomas." Proc Natl Acad Sci U S A 100(24): 14269-74. 

Kerkela, E., et al. (2000). "Expression of human macrophage metalloelastase (MMP-
12) by tumor cells in skin cancer." J Invest Dermatol 114(6): 1113-9. 

Kerkela, E., et al. (2002). "Metalloelastase (MMP-12) expression by tumour cells in 
squamous cell carcinoma of the vulva correlates with invasiveness, while 
that by macrophages predicts better outcome." J Pathol 198(2): 258-69. 

Kerr, J. F. (1969). "An electron-microscope study of liver cell necrosis due to 
heliotrine." J Pathol 97(3): 557-62. 

Kerr, J. F. (1971). "Shrinkage necrosis: a distinct mode of cellular death." J Pathol 
105(1): 13-20. 



284 

 

Kerr, J. F. and J. Searle (1972). "A suggested explanation for the paradoxically slow 
growth rate of basal-cell carcinomas that contain numerous mitotic figures." 
J Pathol 107(1): 41-4. 

Kerr, J. F., et al. (1972). "Apoptosis: a basic biological phenomenon with wide-
ranging implications in tissue kinetics." Br J Cancer 26(4): 239-57. 

Kessenbrock, K., et al. (2010). "Matrix metalloproteinases: regulators of the tumor 
microenvironment." Cell 141(1): 52-67. 

Khokha, R. (1994). "Suppression of the tumorigenic and metastatic abilities of 
murine B16-F10 melanoma cells in vivo by the overexpression of the tissue 
inhibitor of the metalloproteinases-1." J Natl Cancer Inst 86(4): 299-304. 

Khorana, A. A., et al. (2003). "Vascular endothelial growth factor, CD68, and 
epidermal growth factor receptor expression and survival in patients with 
Stage II and Stage III colon carcinoma: a role for the host response in 
prognosis." Cancer 97(4): 960-8. 

Kim, D. W., et al. (2008). "High tumour islet macrophage infiltration correlates with 
improved patient survival but not with EGFR mutations, gene copy number 
or protein expression in resected non-small cell lung cancer." Br J Cancer 
98(6): 1118-24. 

Kim, H. K., et al. (2004). "Platelet microparticles induce angiogenesis in vitro." Br J 
Haematol 124(3): 376-84. 

Kim, J., et al. (1995). "IL-10 production in cutaneous basal and squamous cell 
carcinomas. A mechanism for evading the local T cell immune response." J 
Immunol 155(4): 2240-7. 

Kinnecom, K. and J. S. Pachter (2005). "Selective capture of endothelial and 
perivascular cells from brain microvessels using laser capture 
microdissection." Brain Res Brain Res Protoc 16(1-3): 1-9. 

Kischkel, F. C., et al. (2001). "Death receptor recruitment of endogenous caspase-10 
and apoptosis initiation in the absence of caspase-8." J Biol Chem 276(49): 
46639-46. 

Kitagawa, N., et al. (2000). "Epstein-Barr virus-encoded poly(A)(-) RNA supports 
Burkitt's lymphoma growth through interleukin-10 induction." Embo J 
19(24): 6742-50. 

Klausner, R. D., et al. (1992). "Brefeldin A: insights into the control of membrane 
traffic and organelle structure." J Cell Biol 116(5): 1071-80. 

Klein, U., et al. (1995). "Burkitt's lymphoma is a malignancy of mature B cells 
expressing somatically mutated V region genes." Mol Med 1(5): 495-505. 

Klimchenko, O., et al. (2011). "Monocytic cells derived from human embryonic stem 
cells and fetal liver share common differentiation pathways and homeostatic 
functions." Blood 117(11): 3065-75. 

Klimp, A. H., et al. (2002). "A potential role of macrophage activation in the 
treatment of cancer." Crit Rev Oncol Hematol 44(2): 143-61. 

Klimp, A. H., et al. (2001). "Expression of cyclooxygenase-2 and inducible nitric oxide 
synthase in human ovarian tumors and tumor-associated macrophages." 
Cancer Res 61(19): 7305-9. 



285 

 

Klion, F. M. and F. Schaffner (1966). "The ultrastructure of acidophilic "Councilman-
like" bodies in the liver." Am J Pathol 48(5): 755-67. 

Knies, U. E., et al. (1998). "Regulation of endothelial monocyte-activating 
polypeptide II release by apoptosis." Proc Natl Acad Sci U S A 95(21): 12322-
7. 

Knowles, D. M. (2003). "Etiology and pathogenesis of AIDS-related non-Hodgkin's 
lymphoma." Hematol Oncol Clin North Am 17(3): 785-820. 

Knowles, D. M., et al. (1988). "Lymphoid neoplasia associated with the acquired 
immunodeficiency syndrome (AIDS). The New York University Medical 
Center experience with 105 patients (1981-1986)." Ann Intern Med 108(5): 
744-53. 

Kobara, M., et al. (2008). "Apoptotic myocytes generate monocyte chemoattractant 
protein-1 and mediate macrophage recruitment." J Appl Physiol 104(3): 601-
9. 

Komano, J., et al. (1999). "Oncogenic role of Epstein-Barr virus-encoded RNAs in 
Burkitt's lymphoma cell line Akata." J Virol 73(12): 9827-31. 

Koolwijk, P., et al. (2001). "Proteolysis of the urokinase-type plasminogen activator 
receptor by metalloproteinase-12: implication for angiogenesis in fibrin 
matrices." Blood 97(10): 3123-31. 

Kossakowska, A. E., et al. (1993). "Patterns of expression of metalloproteinases and 
their inhibitors in human malignant lymphomas." Oncol Res 5(1): 19-28. 

Kovalchuk, A. L., et al. (2000). "Burkitt lymphoma in the mouse." J Exp Med 192(8): 
1183-90. 

Kuang, D. M., et al. (2009). "Activated monocytes in peritumoral stroma of 
hepatocellular carcinoma foster immune privilege and disease progression 
through PD-L1." J Exp Med 206(6): 1327-37. 

Kumar, R., et al. (1996). "Differential regulation of metalloelastase activity in murine 
peritoneal macrophages by granulocyte-macrophage colony-stimulating 
factor and macrophage colony-stimulating factor." J Immunol 157(11): 5104-
11. 

Kurn, N., et al. (2005). "Novel isothermal, linear nucleic acid amplification systems 
for highly multiplexed applications." Clin Chem 51(10): 1973-81. 

Kurosaka, K., et al. (1998). "Production of proinflammatory cytokines by phorbol 
myristate acetate-treated THP-1 cells and monocyte-derived macrophages 
after phagocytosis of apoptotic CTLL-2 cells." J Immunol 161(11): 6245-9. 

Lacy-Hulbert, A., et al. (2007). "Ulcerative colitis and autoimmunity induced by loss 
of myeloid alphav integrins." Proc Natl Acad Sci U S A 104(40): 15823-8. 

Lagarrigue, F., et al. (2010). "Matrix metalloproteinase-9 is upregulated in 
nucleophosmin-anaplastic lymphoma kinase-positive anaplastic lymphomas 
and activated at the cell surface by the chaperone heat shock protein 90 to 
promote cell invasion." Cancer Res 70(17): 6978-87. 

Lam, K. M., et al. (1991). "Circulating Epstein-Barr virus-carrying B cells in acute 
malaria." Lancet 337(8746): 876-8. 



286 

 

Lam, L. T., et al. (2005). "Small molecule inhibitors of IkappaB kinase are selectively 
toxic for subgroups of diffuse large B-cell lymphoma defined by gene 
expression profiling." Clin Cancer Res 11(1): 28-40. 

Lam, L. T., et al. (2008). "Cooperative signaling through the signal transducer and 
activator of transcription 3 and nuclear factor-{kappa}B pathways in 
subtypes of diffuse large B-cell lymphoma." Blood 111(7): 3701-13. 

LaMontagne, K., et al. (2006). "Antagonism of sphingosine-1-phosphate receptors 
by FTY720 inhibits angiogenesis and tumor vascularization." Cancer Res 
66(1): 221-31. 

Lane, H. C., et al. (1983). "Abnormalities of B-cell activation and immunoregulation 
in patients with the acquired immunodeficiency syndrome." N Engl J Med 
309(8): 453-8. 

Lauber, K., et al. (2003). "Apoptotic cells induce migration of phagocytes via 
caspase-3-mediated release of a lipid attraction signal." Cell 113(6): 717-30. 

Leber, T. M. and F. R. Balkwill (1998). "Regulation of monocyte MMP-9 production 
by TNF-alpha and a tumour-derived soluble factor (MMPSF)." Br J Cancer 
78(6): 724-32. 

Lee, J., et al. (2005). "Effects of RNA degradation on gene expression analysis of 
human postmortem tissues." Faseb J 19(10): 1356-8. 

Leek, R. D. and A. L. Harris (2002). "Tumor-associated macrophages in breast 
cancer." J Mammary Gland Biol Neoplasia 7(2): 177-89. 

Leek, R. D., et al. (1994). "Cytokine networks in solid human tumors: regulation of 
angiogenesis." J Leukoc Biol 56(4): 423-35. 

Leek, R. D., et al. (2000). "Macrophage infiltration is associated with VEGF and EGFR 
expression in breast cancer." J Pathol 190(4): 430-6. 

Leek, R. D., et al. (1996). "Association of macrophage infiltration with angiogenesis 
and prognosis in invasive breast carcinoma." Cancer Res 56(20): 4625-9. 

Lenoir, G. M., et al. (1985). "The use of lymphomatous and lymphoblastoid cell lines 
in the study of Burkitt's lymphoma." IARC Sci Publ(60): 309-18. 

Lenz, G. and L. M. Staudt (2010). "Aggressive lymphomas." N Engl J Med 362(15): 
1417-29. 

Lenz, G., et al. (2008). "Stromal gene signatures in large-B-cell lymphomas." N Engl J 
Med 359(22): 2313-23. 

Lenz, G., et al. (2008). "Molecular subtypes of diffuse large B-cell lymphoma arise by 
distinct genetic pathways." Proc Natl Acad Sci U S A 105(36): 13520-5. 

Leoncini, L., et al. (1993). "Correlations between apoptotic and proliferative indices 
in malignant non-Hodgkin's lymphomas." Am J Pathol 142(3): 755-63. 

Levens, J. M., et al. (2000). "Micro-environmental factors in the survival of human B-
lymphoma cells." Cell Death Differ 7(1): 59-69. 

Lewis, J. S., et al. (2000). "Expression of vascular endothelial growth factor by 
macrophages is up-regulated in poorly vascularized areas of breast 
carcinomas." J Pathol 192(2): 150-8. 

Li, J., et al. (2011). "Interleukin 17A Promotes Hepatocellular Carcinoma Metastasis 
via NF-kB Induced Matrix Metalloproteinases 2 and 9 Expression." PLoS One 
6(7): e21816. 



287 

 

Licht, R., et al. (2004). "Decreased phagocytosis of apoptotic cells in diseased SLE 
mice." J Autoimmun 22(2): 139-45. 

Lichtinghagen, R., et al. (2002). "Different mRNA and protein expression of matrix 
metalloproteinases 2 and 9 and tissue inhibitor of metalloproteinases 1 in 
benign and malignant prostate tissue." Eur Urol 42(4): 398-406. 

Lima, L. G., et al. (2009). "Tumor-derived microvesicles modulate the establishment 
of metastatic melanoma in a phosphatidylserine-dependent manner." 
Cancer Lett 283(2): 168-75. 

Lin, E. Y., et al. (2002). "The macrophage growth factor CSF-1 in mammary gland 
development and tumor progression." J Mammary Gland Biol Neoplasia 
7(2): 147-62. 

Lin, E. Y., et al. (2006). "Macrophages regulate the angiogenic switch in a mouse 
model of breast cancer." Cancer Res 66(23): 11238-46. 

Lin, E. Y., et al. (2001). "Colony-stimulating factor 1 promotes progression of 
mammary tumors to malignancy." J Exp Med 193(6): 727-40. 

Lin, E. Y. and J. W. Pollard (2007). "Tumor-associated macrophages press the 
angiogenic switch in breast cancer." Cancer Res 67(11): 5064-6. 

Lindmark, H., et al. (2004). "Gene expression profiling shows that macrophages 
derived from mouse embryonic stem cells is an improved in vitro model for 
studies of vascular disease." Exp Cell Res 300(2): 335-44. 

Liotta, L. A., et al. (1979). "Preferential digestion of basement membrane collagen 
by an enzyme derived from a metastatic murine tumor." Proc Natl Acad Sci 
U S A 76(5): 2268-72. 

Liotta, L. A., et al. (1980). "Metastatic potential correlates with enzymatic 
degradation of basement membrane collagen." Nature 284(5751): 67-8. 

Liss, C., et al. (2001). "Paracrine angiogenic loop between head-and-neck 
squamous-cell carcinomas and macrophages." Int J Cancer 93(6): 781-5. 

Lissbrant, I. F., et al. (2000). "Tumor associated macrophages in human prostate 
cancer: relation to clinicopathological variables and survival." Int J Oncol 
17(3): 445-51. 

Liu, Y. J., et al. (1991). "Germinal center cells express bcl-2 protein after activation 
by signals which prevent their entry into apoptosis." Eur J Immunol 21(8): 
1905-10. 

Livak, K. J. and T. D. Schmittgen (2001). "Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method." 
Methods 25(4): 402-8. 

Lochter, A., et al. (1997). "Misregulation of stromelysin-1 expression in mouse 
mammary tumor cells accompanies acquisition of stromelysin-1-dependent 
invasive properties." J Biol Chem 272(8): 5007-15. 

Loercher, A. E., et al. (1999). "Identification of an IL-10-producing HLA-DR-negative 
monocyte subset in the malignant ascites of patients with ovarian carcinoma 
that inhibits cytokine protein expression and proliferation of autologous T 
cells." J Immunol 163(11): 6251-60. 



288 

 

Lorimore, S. A., et al. (2001). "Inflammatory-type responses after exposure to 
ionizing radiation in vivo: a mechanism for radiation-induced bystander 
effects?" Oncogene 20(48): 7085-95. 

Luo, Y., et al. (2006). "Targeting tumor-associated macrophages as a novel strategy 
against breast cancer." J Clin Invest 116(8): 2132-2141. 

Ma, X. J., et al. (2009). "Gene expression profiling of the tumor microenvironment 
during breast cancer progression." Breast Cancer Res 11(1): R7. 

Mabbott, N. A., et al. (2010). "Meta-analysis of lineage-specific gene expression 
signatures in mouse leukocyte populations." Immunobiology 215(9-10): 724-
36. 

Mabbott, N. A., et al. (2011). "Expression of mesenchyme-specific gene signatures 
by follicular dendritic cells: insights from the meta-analysis of microarray 
data from multiple mouse cell populations." Immunology. 

MacDonald, K. P., et al. (2005). "The colony-stimulating factor 1 receptor is 
expressed on dendritic cells during differentiation and regulates their 
expansion." J Immunol 175(3): 1399-405. 

Magrath, I. T. (1991). "African Burkitt's lymphoma. History, biology, clinical features, 
and treatment." Am J Pediatr Hematol Oncol 13(2): 222-46. 

Mahoney, K. H. and G. H. Heppner (1987). "FACS analysis of tumor-associated 
macrophage replication: differences between metastatic and nonmetastatic 
murine mammary tumors." J Leukoc Biol 41(3): 205-11. 

Manis, J. P., et al. (2002). "Mechanism and control of class-switch recombination." 
Trends Immunol 23(1): 31-9. 

Mantovani, A. (1994). "Tumor-associated macrophages in neoplastic progression: a 
paradigm for the in vivo function of chemokines." Lab Invest 71(1): 5-16. 

Mantovani, A., et al. (1992). "The origin and function of tumor-associated 
macrophages." Immunol Today 13(7): 265-70. 

Mantovani, A., et al. (2007). "Inflammation and cancer: breast cancer as a 
prototype." Breast 16 Suppl 2: S27-33. 

Mantovani, A., et al. (1986). "Origin and regulation of tumor-associated 
macrophages: the role of tumor-derived chemotactic factor." Biochim 
Biophys Acta 865(1): 59-67. 

Mantovani, A., et al. (2002). "Macrophage polarization: tumor-associated 
macrophages as a paradigm for polarized M2 mononuclear phagocytes." 
Trends Immunol 23(11): 549-55. 

Martignetti, J. A., et al. (2001). "Mutation of the matrix metalloproteinase 2 gene 
(MMP2) causes a multicentric osteolysis and arthritis syndrome." Nat Genet 
28(3): 261-5. 

Martin, S. J., et al. (1995). "Early redistribution of plasma membrane 
phosphatidylserine is a general feature of apoptosis regardless of the 
initiating stimulus: inhibition by overexpression of Bcl-2 and Abl." J Exp Med 
182(5): 1545-56. 

Martinez-Maza, O. and E. C. Breen (2002). "B-cell activation and lymphoma in 
patients with HIV." Curr Opin Oncol 14(5): 528-32. 



289 

 

Maruo, S., et al. (2001). "Replacement of the Epstein-Barr virus plasmid with the 
EBER plasmid in Burkitt's lymphoma cells." J Virol 75(20): 9977-82. 

Masson, V., et al. (2005). "Contribution of host MMP-2 and MMP-9 to promote 
tumor vascularization and invasion of malignant keratinocytes." Faseb J 
19(2): 234-6. 

Matsumoto, S., et al. (1998). "Expression and localization of matrix 
metalloproteinase-12 in the aorta of cholesterol-fed rabbits: relationship to 
lesion development." Am J Pathol 153(1): 109-19. 

McBride, W. H. (1986). "Phenotype and functions of intratumoral macrophages." 
Biochim Biophys Acta 865(1): 27-41. 

McCachren, S. S. (1991). "Expression of metalloproteinases and metalloproteinase 
inhibitor in human arthritic synovium." Arthritis Rheum 34(9): 1085-93. 

McCawley, L. J. and L. M. Matrisian (2000). "Matrix metalloproteinases: 
multifunctional contributors to tumor progression." Mol Med Today 6(4): 
149-56. 

McDonald, P. P., et al. (1999). "Transcriptional and translational regulation of 
inflammatory mediator production by endogenous TGF-beta in 
macrophages that have ingested apoptotic cells." J Immunol 163(11): 6164-
72. 

Meagher, L. C., et al. (1992). "Phagocytosis of apoptotic neutrophils does not induce 
macrophage release of thromboxane B2." J Leukoc Biol 52(3): 269-73. 

Migliazza, A., et al. (1995). "Frequent somatic hypermutation of the 5' noncoding 
region of the BCL6 gene in B-cell lymphoma." Proc Natl Acad Sci U S A 
92(26): 12520-4. 

Miller, S. G., et al. (1992). "Post-Golgi membrane traffic: brefeldin A inhibits export 
from distal Golgi compartments to the cell surface but not recycling." J Cell 
Biol 118(2): 267-83. 

Milner, A. E., et al. (1993). "Apoptosis in Burkitt lymphoma cells is driven by c-myc." 
Oncogene 8(12): 3385-91. 

Milner, A. E., et al. (1992). "Prevention of programmed cell death in Burkitt 
lymphoma cell lines by bcl-2-dependent and -independent mechanisms." Int 
J Cancer 52(4): 636-44. 

Miselis, N. R., et al. (2008). "Targeting tumor-associated macrophages in an 
orthotopic murine model of diffuse malignant mesothelioma." Mol Cancer 
Ther 7(4): 788-99. 

Mitchell, S., et al. (2002). "Lipoxins, aspirin-triggered epi-lipoxins, lipoxin stable 
analogues, and the resolution of inflammation: stimulation of macrophage 
phagocytosis of apoptotic neutrophils in vivo." J Am Soc Nephrol 13(10): 
2497-507. 

Mitsiades, N., et al. (2001). "Matrix metalloproteinase-7-mediated cleavage of Fas 
ligand protects tumor cells from chemotherapeutic drug cytotoxicity." 
Cancer Res 61(2): 577-81. 

Miwa, K., et al. (1998). "Caspase 1-independent IL-1beta release and inflammation 
induced by the apoptosis inducer Fas ligand." Nat Med 4(11): 1287-92. 



290 

 

Miyanishi, M., et al. (2007). "Identification of Tim4 as a phosphatidylserine 
receptor." Nature 450(7168): 435-9. 

Molet, S., et al. (2005). "Increase in macrophage elastase (MMP-12) in lungs from 
patients with chronic obstructive pulmonary disease." Inflamm Res 54(1): 
31-6. 

Monet-Kuntz, C., et al. (1997). "Metalloelastase expression in a mouse macrophage 
cell line--regulation by 4beta-phorbol 12-myristate 13-acetate, 
lipopolysaccharide and dexamethasone." Eur J Biochem 247(2): 588-95. 

Mook, O. R., et al. (2004). "The role of gelatinases in colorectal cancer progression 
and metastasis." Biochim Biophys Acta 1705(2): 69-89. 

Moormann, A. M., et al. (2005). "Exposure to holoendemic malaria results in 
elevated Epstein-Barr virus loads in children." J Infect Dis 191(8): 1233-8. 

Morimoto, K., et al. (2001). "Alveolar macrophages that phagocytose apoptotic 
neutrophils produce hepatocyte growth factor during bacterial pneumonia 
in mice." Am J Respir Cell Mol Biol 24(5): 608-15. 

Morita, Y., et al. (2007). "Legumain/asparaginyl endopeptidase controls 
extracellular matrix remodeling through the degradation of fibronectin in 
mouse renal proximal tubular cells." FEBS Lett 581(7): 1417-24. 

Morrison, C. J., et al. (2001). "Cellular activation of MMP-2 (gelatinase A) by MT2-
MMP occurs via a TIMP-2-independent pathway." J Biol Chem 276(50): 
47402-10. 

Morse, A. M., et al. (2010). "Comparison between NuGEN's WT-Ovation Pico and 
one-direct amplification systems." J Biomol Tech 21(3): 141-7. 

Mosser, D. M. and J. P. Edwards (2008). "Exploring the full spectrum of macrophage 
activation." Nat Rev Immunol 8(12): 958-69. 

Mudgett, J. S., et al. (1998). "Susceptibility of stromelysin 1-deficient mice to 
collagen-induced arthritis and cartilage destruction." Arthritis Rheum 41(1): 
110-21. 

Murakami, H., et al. (2000). "IF-LCM: laser capture microdissection of 
immunofluorescently defined cells for mRNA analysis rapid communication." 
Kidney Int 58(3): 1346-53. 

Muramatsu, M., et al. (2000). "Class switch recombination and hypermutation 
require activation-induced cytidine deaminase (AID), a potential RNA editing 
enzyme." Cell 102(5): 553-63. 

Mussunoor, S. and G. I. Murray (2008). "The role of annexins in tumour 
development and progression." J Pathol 216(2): 131-40. 

Mwanda, O. W. (2004). "Clinical characteristics of Burkitt's lymphoma seen in 
Kenyan patients." East Afr Med J(8 Suppl): S78-89. 

Nabha, S. M., et al. (2008). "Bone marrow stromal cells enhance prostate cancer cell 
invasion through type I collagen in an MMP-12 dependent manner." Int J 
Cancer 122(11): 2482-90. 

Nakai, Y., et al. (2005). "Externalization and recognition by macrophages of large 
subunit of eukaryotic translation initiation factor 3 in apoptotic cells." Exp 
Cell Res 309(1): 137-48. 



291 

 

Nakajima, M., et al. (1987). "Degradation of basement membrane type IV collagen 
and lung subendothelial matrix by rat mammary adenocarcinoma cell clones 
of differing metastatic potentials." Cancer Res 47(18): 4869-76. 

Nakano, T., et al. (1997). "Cell adhesion to phosphatidylserine mediated by a 
product of growth arrest-specific gene 6." J Biol Chem 272(47): 29411-4. 

Naylor, M. S., et al. (1994). "Expression and activity of MMPS and their regulators in 
ovarian cancer." Int J Cancer 58(1): 50-6. 

Neri, A., et al. (1988). "Different regions of the immunoglobulin heavy-chain locus 
are involved in chromosomal translocations in distinct pathogenetic forms of 
Burkitt lymphoma." Proc Natl Acad Sci U S A 85(8): 2748-52. 

Nesbit, C. E., et al. (1999). "MYC oncogenes and human neoplastic disease." 
Oncogene 18(19): 3004-16. 

Neuberger, M. S., et al. (2003). "Immunity through DNA deamination." Trends 
Biochem Sci 28(6): 305-12. 

Newby, A. C., et al. (1994). "Extracellular matrix degrading metalloproteinases in the 
pathogenesis of arteriosclerosis." Basic Res Cardiol 89 Suppl 1: 59-70. 

Ng, K. T., et al. (2011). "Overexpression of matrix metalloproteinase-12 (MMP-12) 
correlates with poor prognosis of hepatocellular carcinoma." Eur J Cancer. 

Nielsen, B. S., et al. (1996). "92 kDa type IV collagenase (MMP-9) is expressed in 
neutrophils and macrophages but not in malignant epithelial cells in human 
colon cancer." Int J Cancer 65(1): 57-62. 

Nishie, A., et al. (1999). "Macrophage infiltration and heme oxygenase-1 expression 
correlate with angiogenesis in human gliomas." Clin Cancer Res 5(5): 1107-
13. 

Nogai, H., et al. (2011). "Pathogenesis of non-Hodgkin's lymphoma." J Clin Oncol 
29(14): 1803-11. 

O'Connor, G. T. (1970). "Persistent immunologic stimulation as a factor in 
oncogenesis, with special reference to Burkitt's tumor." Am J Med 48(3): 
279-85. 

O'Conor, G. T. (1961). "Malignant lymphoma in African children. II. A pathological 
entity." Cancer 14: 270-83. 

O'Sullivan, C., et al. (1993). "Secretion of epidermal growth factor by macrophages 
associated with breast carcinoma." Lancet 342(8864): 148-9. 

Ogden, C. A., et al. (2001). "C1q and mannose binding lectin engagement of cell 
surface calreticulin and CD91 initiates macropinocytosis and uptake of 
apoptotic cells." J Exp Med 194(6): 781-95. 

Ogden, C. A., et al. (2005). "Enhanced apoptotic cell clearance capacity and B cell 
survival factor production by IL-10-activated macrophages: implications for 
Burkitt's lymphoma." J Immunol 174(5): 3015-23. 

Ohmori, H. and M. Hikida (1998). "Expression and function of recombination 
activating genes in mature B cells." Crit Rev Immunol 18(3): 221-35. 

Ojalvo, L. S., et al. (2009). "High-density gene expression analysis of tumor-
associated macrophages from mouse mammary tumors." Am J Pathol 
174(3): 1048-64. 



292 

 

Ojalvo, L. S., et al. (2010). "Gene expression analysis of macrophages that facilitate 
tumor invasion supports a role for Wnt-signaling in mediating their activity 
in primary mammary tumors." J Immunol 184(2): 702-12. 

Okada, Y., et al. (1987). "Matrix metalloproteinases 1, 2, and 3 from rheumatoid 
synovial cells are sufficient to destroy joints." J Rheumatol 14 Spec No: 41-2. 

Oldenborg, P. A., et al. (2000). "Role of CD47 as a marker of self on red blood cells." 
Science 288(5473): 2051-4. 

Ollivier, V., et al. (2003). "Fractalkine/CX3CL1 production by human aortic smooth 
muscle cells impairs monocyte procoagulant and inflammatory responses." 
Cytokine 21(6): 303-11. 

Oltvai, Z. N., et al. (1993). "Bcl-2 heterodimerizes in vivo with a conserved homolog, 
Bax, that accelerates programmed cell death." Cell 74(4): 609-19. 

Overall, C. M., et al. (1991). "Transcriptional and post-transcriptional regulation of 
72-kDa gelatinase/type IV collagenase by transforming growth factor-beta 1 
in human fibroblasts. Comparisons with collagenase and tissue inhibitor of 
matrix metalloproteinase gene expression." J Biol Chem 266(21): 14064-71. 

Pagano, J. S., et al. (2004). "Infectious agents and cancer: criteria for a causal 
relation." Semin Cancer Biol 14(6): 453-71. 

Palaniyar, N., et al. (2004). "Nucleic acid is a novel ligand for innate, immune 
pattern recognition collectins surfactant proteins A and D and mannose-
binding lectin." J Biol Chem 279(31): 32728-36. 

Park, D., et al. (2007). "BAI1 is an engulfment receptor for apoptotic cells upstream 
of the ELMO/Dock180/Rac module." Nature 450(7168): 430-4. 

Park, S. Y., et al. (2008). "Rapid cell corpse clearance by stabilin-2, a membrane 
phosphatidylserine receptor." Cell Death Differ 15(1): 192-201. 

Pascal, L. E., et al. (2008). "Correlation of mRNA and protein levels: cell type-specific 
gene expression of cluster designation antigens in the prostate." BMC 
Genomics 9: 246. 

Pasqualini, R., et al. (2000). "Aminopeptidase N is a receptor for tumor-homing 
peptides and a target for inhibiting angiogenesis." Cancer Res 60(3): 722-7. 

Pasqualucci, L., et al. (2001). "Hypermutation of multiple proto-oncogenes in B-cell 
diffuse large-cell lymphomas." Nature 412(6844): 341-6. 

Pawitan, Y., et al. (2005). "Gene expression profiling spares early breast cancer 
patients from adjuvant therapy: derived and validated in two population-
based cohorts." Breast Cancer Res 7(6): R953-64. 

Pelicci, P. G., et al. (1986). "Chromosomal breakpoints and structural alterations of 
the c-myc locus differ in endemic and sporadic forms of Burkitt lymphoma." 
Proc Natl Acad Sci U S A 83(9): 2984-8. 

Perez-Garijo, A., et al. (2005). "Dpp signaling and the induction of neoplastic tumors 
by caspase-inhibited apoptotic cells in Drosophila." Proc Natl Acad Sci U S A 
102(49): 17664-9. 

Perez-Garijo, A., et al. (2009). "The role of Dpp and Wg in compensatory 
proliferation and in the formation of hyperplastic overgrowths caused by 
apoptotic cells in the Drosophila wing disc." Development 136(7): 1169-77. 



293 

 

Petalidis, L., et al. (2003). "Global amplification of mRNA by template-switching PCR: 
linearity and application to microarray analysis." Nucleic Acids Res 31(22): 
e142. 

Platt, N., et al. (1996). "Role for the class A macrophage scavenger receptor in the 
phagocytosis of apoptotic thymocytes in vitro." Proc Natl Acad Sci U S A 
93(22): 12456-60. 

Pollard, J. W. (2004). "Tumour-educated macrophages promote tumour progression 
and metastasis." Nat Rev Cancer 4(1): 71-8. 

Pollard, J. W. (2008). "Macrophages define the invasive microenvironment in breast 
cancer." J Leukoc Biol 84(3): 623-30. 

Potter, P. K., et al. (2003). "Lupus-prone mice have an abnormal response to 
thioglycolate and an impaired clearance of apoptotic cells." J Immunol 
170(6): 3223-32. 

Preudhomme, C., et al. (1995). "Clinical significance of p53 mutations in newly 
diagnosed Burkitt's lymphoma and acute lymphoblastic leukemia: a report 
of 48 cases." J Clin Oncol 13(4): 812-20. 

Pyke, C., et al. (1992). "Localization of messenger RNA for Mr 72,000 and 92,000 
type IV collagenases in human skin cancers by in situ hybridization." Cancer 
Res 52(5): 1336-41. 

Pyke, C., et al. (1993). "Messenger RNA for two type IV collagenases is located in 
stromal cells in human colon cancer." Am J Pathol 142(2): 359-65. 

Qian, B. Z. and J. W. Pollard (2010). "Macrophage diversity enhances tumor 
progression and metastasis." Cell 141(1): 39-51. 

Qu, P., et al. (2009). "Matrix metalloproteinase 12 overexpression in lung epithelial 
cells plays a key role in emphysema to lung bronchioalveolar 
adenocarcinoma transition." Cancer Res 69(18): 7252-61. 

Qu, P., et al. (2011). "Matrix metalloproteinase 12 overexpression in myeloid 
lineage cells plays a key role in modulating myelopoiesis, immune 
suppression, and lung tumorigenesis." Blood 117(17): 4476-89. 

Rae, F., et al. (2007). "Characterisation and trophic functions of murine embryonic 
macrophages based upon the use of a Csf1r-EGFP transgene reporter." Dev 
Biol 308(1): 232-46. 

Rambaldi, A., et al. (1987). "Expression of the M-CSF (CSF-1) gene by human 
monocytes." Blood 69(5): 1409-13. 

Ramiro, A. R., et al. (2004). "AID is required for c-myc/IgH chromosome 
translocations in vivo." Cell 118(4): 431-8. 

Ran, S., et al. (2005). "Antitumor effects of a monoclonal antibody that binds 
anionic phospholipids on the surface of tumor blood vessels in mice." Clin 
Cancer Res 11(4): 1551-62. 

Raschke, W. C., et al. (1978). "Functional macrophage cell lines transformed by 
Abelson leukemia virus." Cell 15(1): 261-7. 

Rasti, N., et al. (2005). "Circulating epstein-barr virus in children living in malaria-
endemic areas." Scand J Immunol 61(5): 461-5. 



294 

 

Raza, S. L., et al. (2000). "Proteinase-activated receptor-1 regulation of macrophage 
elastase (MMP-12) secretion by serine proteinases." J Biol Chem 275(52): 
41243-50. 

Recalcati, S., et al. (2010). "Differential regulation of iron homeostasis during human 
macrophage polarized activation." Eur J Immunol 40(3): 824-35. 

Reddy, S. M., et al. (2002). "Phagocytosis of apoptotic cells by macrophages induces 
novel signaling events leading to cytokine-independent survival and 
inhibition of proliferation: activation of Akt and inhibition of extracellular 
signal-regulated kinases 1 and 2." J Immunol 169(2): 702-13. 

Ren, Y., et al. (1995). "CD36 gene transfer confers capacity for phagocytosis of cells 
undergoing apoptosis." J Exp Med 181(5): 1857-62. 

Rivas, J. M. and S. E. Ullrich (1992). "Systemic suppression of delayed-type 
hypersensitivity by supernatants from UV-irradiated keratinocytes. An 
essential role for keratinocyte-derived IL-10." J Immunol 149(12): 3865-71. 

Robbiani, D. F., et al. (2008). "AID is required for the chromosomal breaks in c-myc 
that lead to c-myc/IgH translocations." Cell 135(6): 1028-38. 

Romieu-Mourez, R., et al. (2006). "Distinct roles for IFN regulatory factor (IRF)-3 and 
IRF-7 in the activation of antitumor properties of human macrophages." 
Cancer Res 66(21): 10576-85. 

Rosenwald, A., et al. (2002). "The use of molecular profiling to predict survival after 
chemotherapy for diffuse large-B-cell lymphoma." N Engl J Med 346(25): 
1937-47. 

Rosenwald, A., et al. (2003). "Molecular diagnosis of primary mediastinal B cell 
lymphoma identifies a clinically favorable subgroup of diffuse large B cell 
lymphoma related to Hodgkin lymphoma." J Exp Med 198(6): 851-62. 

Roulland, S., et al. (2006). "Follicular lymphoma-like B cells in healthy individuals: a 
novel intermediate step in early lymphomagenesis." J Exp Med 203(11): 
2425-31. 

Rowe, D. T., et al. (1986). "Restricted expression of EBV latent genes and T-
lymphocyte-detected membrane antigen in Burkitt's lymphoma cells." Embo 
J 5(10): 2599-607. 

Rowe, M., et al. (1987). "Differences in B cell growth phenotype reflect novel 
patterns of Epstein-Barr virus latent gene expression in Burkitt's lymphoma 
cells." Embo J 6(9): 2743-51. 

Ruf, I. K., et al. (1999). "Epstein-barr virus regulates c-MYC, apoptosis, and 
tumorigenicity in Burkitt lymphoma." Mol Cell Biol 19(3): 1651-60. 

Saccani, A., et al. (2006). "p50 nuclear factor-kappaB overexpression in tumor-
associated macrophages inhibits M1 inflammatory responses and antitumor 
resistance." Cancer Res 66(23): 11432-40. 

Sakai, Y., et al. (2008). "Common transcriptional signature of tumor-infiltrating 
mononuclear inflammatory cells and peripheral blood mononuclear cells in 
hepatocellular carcinoma patients." Cancer Res 68(24): 10267-79. 

Salghetti, S. E., et al. (1999). "Destruction of Myc by ubiquitin-mediated proteolysis: 
cancer-associated and transforming mutations stabilize Myc." Embo J 18(3): 
717-26. 



295 

 

Salo, T., et al. (1982). "Secretion of basement membrane collagen degrading 
enzyme and plasminogen activator by transformed cells--role in metastasis." 
Int J Cancer 30(5): 669-73. 

Samanta, M., et al. (2008). "Epstein-Barr virus-encoded small RNA induces IL-10 
through RIG-I-mediated IRF-3 signaling." Oncogene 27(30): 4150-60. 

Sasmono, R. T., et al. (2003). "A macrophage colony-stimulating factor receptor-
green fluorescent protein transgene is expressed throughout the 
mononuclear phagocyte system of the mouse." Blood 101(3): 1155-63. 

Savage, K. J., et al. (2003). "The molecular signature of mediastinal large B-cell 
lymphoma differs from that of other diffuse large B-cell lymphomas and 
shares features with classical Hodgkin lymphoma." Blood 102(12): 3871-9. 

Savill, J., et al. (2002). "A blast from the past: clearance of apoptotic cells regulates 
immune responses." Nat Rev Immunol 2(12): 965-75. 

Savill, J., et al. (1992). "Thrombospondin cooperates with CD36 and the vitronectin 
receptor in macrophage recognition of neutrophils undergoing apoptosis." J 
Clin Invest 90(4): 1513-22. 

Schoch, C., et al. (1995). "17p anomalies in lymphoid malignancies: diagnostic and 
prognostic implications." Leuk Lymphoma 17(3-4): 271-9. 

Schroeder, A., et al. (2006). "The RIN: an RNA integrity number for assigning 
integrity values to RNA measurements." BMC Mol Biol 7: 3. 

Schutze, K., et al. (1997). "Cut out or poke in--the key to the world of single genes: 
laser micromanipulation as a valuable tool on the look-out for the origin of 
disease." Genet Anal 14(1): 1-8. 

Scotton, C. J., et al. (2005). "Transcriptional profiling reveals complex regulation of 
the monocyte IL-1 beta system by IL-13." J Immunol 174(2): 834-45. 

Searle, J., et al. (1973). "The spontaneous occurrence of apoptosis in squamous 
carcinomas of the uterine cervix." Pathology 5(2): 163-9. 

Sebbagh, M., et al. (2001). "Caspase-3-mediated cleavage of ROCK I induces MLC 
phosphorylation and apoptotic membrane blebbing." Nat Cell Biol 3(4): 346-
52. 

Segundo, C., et al. (1999). "Surface molecule loss and bleb formation by human 
germinal center B cells undergoing apoptosis: role of apoptotic blebs in 
monocyte chemotaxis." Blood 94(3): 1012-20. 

Senft, A. P., et al. (2005). "Surfactant protein-D regulates soluble CD14 through 
matrix metalloproteinase-12." J Immunol 174(8): 4953-9. 

Serhan, C. N. and J. Savill (2005). "Resolution of inflammation: the beginning 
programs the end." Nat Immunol 6(12): 1191-7. 

Seth, D., et al. (2003). "SMART amplification maintains representation of relative 
gene expression: quantitative validation by real time PCR and application to 
studies of alcoholic liver disease in primates." J Biochem Biophys Methods 
55(1): 53-66. 

Shapiro, A. L., et al. (1966). "Synthesis of excess light chains of gamma globulin by 
rabbit lymph node cells." Nature 211(5046): 243-5. 

Shapiro, S. D. (1999). "Diverse roles of macrophage matrix metalloproteinases in 
tissue destruction and tumor growth." Thromb Haemost 82(2): 846-9. 



296 

 

Shapiro, S. D., et al. (1992). "Molecular cloning, chromosomal localization, and 
bacterial expression of a murine macrophage metalloelastase." J Biol Chem 
267(7): 4664-71. 

Shapiro, S. D., et al. (1993). "Cloning and characterization of a unique elastolytic 
metalloproteinase produced by human alveolar macrophages." J Biol Chem 
268(32): 23824-9. 

Shimura, S., et al. (2000). "Reduced infiltration of tumor-associated macrophages in 
human prostate cancer: association with cancer progression." Cancer Res 
60(20): 5857-61. 

Shipley, J. M., et al. (1996). "Metalloelastase is required for macrophage-mediated 
proteolysis and matrix invasion in mice." Proc Natl Acad Sci U S A 93(9): 
3942-6. 

Shipp, M. A. and A. T. Look (1993). "Hematopoietic differentiation antigens that are 
membrane-associated enzymes: cutting is the key!" Blood 82(4): 1052-70. 

Sica, A., et al. (2008). "Macrophage polarization in tumour progression." Semin 
Cancer Biol 18(5): 349-55. 

Sica, A., et al. (2006). "Tumour-associated macrophages are a distinct M2 polarised 
population promoting tumour progression: potential targets of anti-cancer 
therapy." Eur J Cancer 42(6): 717-27. 

Song, S., et al. (2011). "A requirement for the p85 PI3K adapter protein BCAP in the 
protection of macrophages from apoptosis induced by endoplasmic 
reticulum stress." J Immunol 187(2): 619-25. 

Spandidos, A., et al. (2009). "PrimerBank: a resource of human and mouse PCR 
primer pairs for gene expression detection and quantification." Nucleic Acids 
Res 38(Database issue): D792-9. 

Spina, M., et al. (1998). "Burkitt's lymphoma in adults with and without human 
immunodeficiency virus infection: a single-institution clinicopathologic study 
of 75 patients." Cancer 82(4): 766-74. 

Sprick, M. R., et al. (2002). "Caspase-10 is recruited to and activated at the native 
TRAIL and CD95 death-inducing signalling complexes in a FADD-dependent 
manner but can not functionally substitute caspase-8." Embo J 21(17): 4520-
30. 

Srinivas, S. K. and J. W. Sixbey (1995). "Epstein-Barr virus induction of recombinase-
activating genes RAG1 and RAG2." J Virol 69(12): 8155-8. 

Stammler, G., et al. (1997). "Apoptotic index, Fas and bcl-2 in initial and relapsed 
childhood acute lymphoblastic leukaemia." Apoptosis 2(4): 377-83. 

Stern, M., et al. (1996). "Human monocyte-derived macrophage phagocytosis of 
senescent eosinophils undergoing apoptosis. Mediation by alpha v beta 
3/CD36/thrombospondin recognition mechanism and lack of phlogistic 
response." Am J Pathol 149(3): 911-21. 

Sternlicht, M. D. and Z. Werb (2001). "How matrix metalloproteinases regulate cell 
behavior." Annu Rev Cell Dev Biol 17: 463-516. 

Stetler-Stevenson, W. G., et al. (1996). "Matrix metalloproteinases and tumor 
invasion: from correlation and causality to the clinic." Semin Cancer Biol 
7(3): 147-54. 



297 

 

Strongin, A. Y., et al. (1995). "Mechanism of cell surface activation of 72-kDa type IV 
collagenase. Isolation of the activated form of the membrane 
metalloprotease." J Biol Chem 270(10): 5331-8. 

Sunamura, M., et al. (2003). "Heme oxygenase-1 accelerates tumor angiogenesis of 
human pancreatic cancer." Angiogenesis 6(1): 15-24. 

Suzuki, S., et al. (2004). "Direct cell-cell interaction enhances pro-MMP-2 production 
and activation in co-culture of laryngeal cancer cells and fibroblasts: 
involvement of EMMPRIN and MT1-MMP." Exp Cell Res 293(2): 259-66. 

Swallow, C. J., et al. (1996). "Metastatic colorectal cancer cells induce matrix 
metalloproteinase release by human monocytes." Clin Exp Metastasis 14(1): 
3-11. 

Swann, J. B., et al. (2008). "Demonstration of inflammation-induced cancer and 
cancer immunoediting during primary tumorigenesis." Proc Natl Acad Sci U S 
A 105(2): 652-6. 

Talks, K. L., et al. (2000). "The expression and distribution of the hypoxia-inducible 
factors HIF-1alpha and HIF-2alpha in normal human tissues, cancers, and 
tumor-associated macrophages." Am J Pathol 157(2): 411-21. 

Tamaoki, T., et al. (1986). "Staurosporine, a potent inhibitor of 
phospholipid/Ca++dependent protein kinase." Biochem Biophys Res 
Commun 135(2): 397-402. 

Tang, Y., et al. (2004). "Tumor-stroma interaction: positive feedback regulation of 
extracellular matrix metalloproteinase inducer (EMMPRIN) expression and 
matrix metalloproteinase-dependent generation of soluble EMMPRIN." Mol 
Cancer Res 2(2): 73-80. 

Taraboletti, G., et al. (2002). "Shedding of the matrix metalloproteinases MMP-2, 
MMP-9, and MT1-MMP as membrane vesicle-associated components by 
endothelial cells." Am J Pathol 160(2): 673-80. 

Taub, R., et al. (1982). "Translocation of the c-myc gene into the immunoglobulin 
heavy chain locus in human Burkitt lymphoma and murine plasmacytoma 
cells." Proc Natl Acad Sci U S A 79(24): 7837-41. 

Taylor, R. C., et al. (2008). "Apoptosis: controlled demolition at the cellular level." 
Nat Rev Mol Cell Biol 9(3): 231-41. 

Theocharidis, A., et al. (2009). "Network visualization and analysis of gene 
expression data using BioLayout Express(3D)." Nat Protoc 4(10): 1535-50. 

Tomimori, Y., et al. (2000). "Ultraviolet-irradiated apoptotic lymphocytes produce 
interleukin-10 by themselves." Immunol Lett 71(1): 49-54. 

Trask, B. C., et al. (2001). "Induction of macrophage matrix metalloproteinase 
biosynthesis by surfactant protein D." J Biol Chem 276(41): 37846-52. 

Trogan, E., et al. (2002). "Laser capture microdissection analysis of gene expression 
in macrophages from atherosclerotic lesions of apolipoprotein E-deficient 
mice." Proc Natl Acad Sci U S A 99(4): 2234-9. 

Truman, L. A., et al. (2008). "CX3CL1/fractalkine is released from apoptotic 
lymphocytes to stimulate macrophage chemotaxis." Blood 112(13): 5026-36. 



298 

 

Truman, L. A., et al. (2004). "Macrophage chemotaxis to apoptotic Burkitt's 
lymphoma cells in vitro: role of CD14 and CD36." Immunobiology 209(1-2): 
21-30. 

Tsai, C. S., et al. (2007). "Macrophages from irradiated tumors express higher levels 
of iNOS, arginase-I and COX-2, and promote tumor growth." Int J Radiat 
Oncol Biol Phys 68(2): 499-507. 

Tsuchiya, S., et al. (1982). "Induction of maturation in cultured human monocytic 
leukemia cells by a phorbol diester." Cancer Res 42(4): 1530-6. 

Tun, H. W., et al. (2008). "Pathway analysis of primary central nervous system 
lymphoma." Blood 111(6): 3200-10. 

Tveita, A., et al. (2008). "Glomerular matrix metalloproteinases and their regulators 
in the pathogenesis of lupus nephritis." Arthritis Res Ther 10(6): 229. 

Ueno, T., et al. (2000). "Significance of macrophage chemoattractant protein-1 in 
macrophage recruitment, angiogenesis, and survival in human breast 
cancer." Clin Cancer Res 6(8): 3282-9. 

Uitto, V. J., et al. (1980). "Degradation of basement-membrane collagen by neutral 
proteases from human leukocytes." Eur J Biochem 105(2): 409-17. 

Ullrich, S. E., et al. (1990). "Suppression of the immune response to alloantigen by 
factors released from ultraviolet-irradiated keratinocytes." J Immunol 
145(2): 489-98. 

Underwood, J. C. (1974). "Lymphoreticular infiltration in human tumours: 
prognostic and biological implications: a review." Br J Cancer 30(6): 538-48. 

van den Bosch, C. A. (2004). "Is endemic Burkitt's lymphoma an alliance between 
three infections and a tumour promoter?" Lancet Oncol 5(12): 738-46. 

Van Gelder, R. N., et al. (1990). "Amplified RNA synthesized from limited quantities 
of heterogeneous cDNA." Proc Natl Acad Sci U S A 87(5): 1663-7. 

Van Ginderachter, J. A., et al. (2006). "Classical and alternative activation of 
mononuclear phagocytes: picking the best of both worlds for tumor 
promotion." Immunobiology 211(6-8): 487-501. 

van Ravenswaay Claasen, H. H., et al. (1992). "Tumor infiltrating cells in human 
cancer. On the possible role of CD16+ macrophages in antitumor 
cytotoxicity." Lab Invest 67(2): 166-74. 

Vandivier, R. W., et al. (2002). "Impaired clearance of apoptotic cells from cystic 
fibrosis airways." Chest 121(3 Suppl): 89S. 

Varshavsky, A. (1996). "The N-end rule: functions, mysteries, uses." Proc Natl Acad 
Sci U S A 93(22): 12142-9. 

Voll, R. E., et al. (1997). "Immunosuppressive effects of apoptotic cells." Nature 
390(6658): 350-1. 

von Smolinski, D., et al. (2006). "Validation of a novel ultra-short immunolabeling 
method for high-quality mRNA preservation in laser microdissection and 
real-time reverse transcriptase-polymerase chain reaction." J Mol Diagn 
8(2): 246-53. 

Wahl, S. M., et al. (1993). "Transforming growth factor beta enhances integrin 
expression and type IV collagenase secretion in human monocytes." Proc 
Natl Acad Sci U S A 90(10): 4577-81. 



299 

 

Wang, J. H., et al. (2009). "Mechanisms promoting translocations in editing and 
switching peripheral B cells." Nature 460(7252): 231-6. 

Ward, P. P., et al. (2005). "Multifunctional roles of lactoferrin: a critical overview." 
Cell Mol Life Sci 62(22): 2540-8. 

Warner, R. L., et al. (2004). "Role of metalloelastase in a model of allergic lung 
responses induced by cockroach allergen." Am J Pathol 165(6): 1921-30. 

Watkins, S. K., et al. (2007). "IL-12 rapidly alters the functional profile of tumor-
associated and tumor-infiltrating macrophages in vitro and in vivo." J 
Immunol 178(3): 1357-62. 

Weigert, A., et al. (2006). "Apoptotic cells promote macrophage survival by 
releasing the antiapoptotic mediator sphingosine-1-phosphate." Blood 
108(5): 1635-42. 

Weigert, A., et al. (2007). "Tumor cell apoptosis polarizes macrophages role of 
sphingosine-1-phosphate." Mol Biol Cell 18(10): 3810-9. 

Weis, N., et al. (2009). "Heme oxygenase-1 contributes to an alternative 
macrophage activation profile induced by apoptotic cell supernatants." Mol 
Biol Cell 20(5): 1280-8. 

Werb, Z. and S. Gordon (1975). "Elastase secretion by stimulated macrophages. 
Characterization and regulation." J Exp Med 142(2): 361-77. 

White, G. E., et al. (2010). "Fractalkine has anti-apoptotic and proliferative effects 
on human vascular smooth muscle cells via epidermal growth factor 
receptor signalling." Cardiovasc Res 85(4): 825-35. 

Wilbanks, G. D., et al. (1999). "Tumor cytotoxicity of peritoneal macrophages and 
peripheral blood monocytes from patients with ovarian, endometrial, and 
cervical cancer." Int J Gynecol Cancer 9(5): 427-432. 

Wilson, J. B., et al. (1996). "Expression of Epstein-Barr virus nuclear antigen-1 
induces B cell neoplasia in transgenic mice." Embo J 15(12): 3117-26. 

Wright, D. H. (1963). "Cytology and histochemistry of the Burkitt lymphoma." Br J 
Cancer 17: 50-5. 

Wright, G., et al. (2003). "A gene expression-based method to diagnose clinically 
distinct subgroups of diffuse large B cell lymphoma." Proc Natl Acad Sci U S 
A 100(17): 9991-6. 

Wu, L., et al. (2000). "Induction and regulation of matrix metalloproteinase-12 by 
cytokines and CD40 signaling in monocyte/macrophages." Biochem Biophys 
Res Commun 269(3): 808-15. 

Wyckoff, J., et al. (2004). "A paracrine loop between tumor cells and macrophages is 
required for tumor cell migration in mammary tumors." Cancer Res 64(19): 
7022-9. 

Wyllie, A. H. (1985). "The biology of cell death in tumours." Anticancer Res 5(1): 
131-6. 

Xiao, C., et al. (2008). "Lymphoproliferative disease and autoimmunity in mice with 
increased miR-17-92 expression in lymphocytes." Nat Immunol 9(4): 405-14. 

Xicoy, B., et al. (2003). "Post-transplant Burkitt's leukemia or lymphoma. Study of 
five cases treated with specific intensive therapy (PETHEMA ALL-3/97 trial)." 
Leuk Lymphoma 44(9): 1541-3. 



300 

 

Xu, Z., et al. (2011). "Effects of Macrophage Metalloelastase on the Basic Fibroblast 
Growth Factor Expression and Tumor Angiogenesis in Murine Colon Cancer." 
Dig Dis Sci. 

Yamamoto, H., et al. (2001). "Expression of matrix metalloproteinases and tissue 
inhibitors of metalloproteinases in human pancreatic adenocarcinomas: 
clinicopathologic and prognostic significance of matrilysin expression." J Clin 
Oncol 19(4): 1118-27. 

Yamashita, K., et al. (1998). "Expression and tissue localization of matrix 
metalloproteinase 7 (matrilysin) in human gastric carcinomas. Implications 
for vessel invasion and metastasis." Int J Cancer 79(2): 187-94. 

Yamazaki, T. and T. Kurosaki (2003). "Contribution of BCAP to maintenance of 
mature B cells through c-Rel." Nat Immunol 4(8): 780-6. 

Yamazaki, T., et al. (2002). "Essential immunoregulatory role for BCAP in B cell 
development and function." J Exp Med 195(5): 535-45. 

Yang, J., et al. (1997). "Prevention of apoptosis by Bcl-2: release of cytochrome c 
from mitochondria blocked." Science 275(5303): 1129-32. 

Yang, W., et al. (2001). "Human macrophage metalloelastase gene expression in 
colorectal carcinoma and its clinicopathologic significance." Cancer 91(7): 
1277-83. 

Ye, B. H., et al. (1993). "Alterations of a zinc finger-encoding gene, BCL-6, in diffuse 
large-cell lymphoma." Science 262(5134): 747-50. 

Yone, C. L., et al. (2006). "Persistent Epstein-Barr viral reactivation in young African 
children with a history of severe Plasmodium falciparum malaria." Trans R 
Soc Trop Med Hyg 100(7): 669-76. 

Young, K. H., et al. (2008). "Structural profiles of TP53 gene mutations predict 
clinical outcome in diffuse large B-cell lymphoma: an international 
collaborative study." Blood 112(8): 3088-98. 

Zabuawala, T., et al. (2010). "An ets2-driven transcriptional program in tumor-
associated macrophages promotes tumor metastasis." Cancer Res 70(4): 
1323-33. 

Zajac-Kaye, M., et al. (1988). "A point mutation in the c-myc locus of a Burkitt 
lymphoma abolishes binding of a nuclear protein." Science 240(4860): 1776-
80. 

Zeng, Z. S. and J. G. Guillem (1995). "Distinct pattern of matrix metalloproteinase 9 
and tissue inhibitor of metalloproteinase 1 mRNA expression in human 
colorectal cancer and liver metastases." Br J Cancer 72(3): 575-82. 

Zhu, D., et al. (2005). "Deregulated expression of the Myc cellular oncogene drives 
development of mouse "Burkitt-like" lymphomas from naive B cells." Blood 
105(5): 2135-7. 

Zhu, H., et al. (1995). "An ICE-like protease is a common mediator of apoptosis 
induced by diverse stimuli in human monocytic THP.1 cells." FEBS Lett 
374(2): 303-8. 

Ziegler, J. L., et al. (1982). "Outbreak of Burkitt's-like lymphoma in homosexual 
men." Lancet 2(8299): 631-3. 



301 

 

Zujovic, V., et al. (2000). "Fractalkine modulates TNF-alpha secretion and 
neurotoxicity induced by microglial activation." Glia 29(4): 305-15. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 


	PhD coversheet April 2012
	S.Petrova-PhD Thesis

