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[bookmark: _Toc7559563]Abstract 
Tetraspanins (TSPANs) are a family of transmembrane proteins that are highly conserved and found on the cell membrane and within extracellular vesicles such as exosomes. To date 33 members of this family have been discovered in mammalian cells and some of these have been implicated in supporting tumour growth, invasion, tumour engraftment and metastasis.
Macrophages are the dominant leukocyte population found in the tumour microenvironment. These tumour-associated macrophages (TAMs) actively promote all aspects of tumour initiation, growth, and development, however very little is known regarding the role of TSPANs in TAMs and this will form the basis of this study.
In this study, we characterized the expression of all TSPAN members at the gene level using real time qPCR in freshly isolated human monocytes, human monocyte-derived macrophages (MDMs), MDMs cultured in tumour conditioned medium derived from a human breast cancer cell line (to mimic in vitro macrophages exposed to tumour factors), MDMs activated by either LPS or IL-4.  After that, we determined the expression of some TSPAN members (TSPAN5, CD9 and CD63) at the protein level using flow cytometry and western blotting.
Our data showed that all 33 TSPAN members were differentially expressed by different macrophages subsets; however, following exposure to tumour-derived factors we see a significant increase in TSPAN5. We therefore hypothesise that TSPAN5 plays a role in supporting the pro-tumour activities of TAMs. 
To test this hypothesis, we confirmed the expression of TSPAN5 at the protein level by immunohistochemistry in breast cancer tissue and used siRNA knockdown to determine the role of TSPAN5 in human MDMs. NextSeq500 was performed to identify how TSPAN5 influences gene expression in BMDMs prepared from C57Bl/6J wild-type (WT) and mice with a genetic deletion of TSPAN5. The role of TSPAN5 in a mammary carcinoma (E0771) model in C57BL/6 WT and TSPAN5KO mice was also determined. 
Our data showed that knockdown of TSPAN5 increased human MDM migration and NextSeq500 (n=3) revealed significant changes in genes involved in cell adhesion (Fn1, Cdh11, Lamb1, Cyr61, Postn and Wisp2) and immune regulation (PTGS2, GPX8 and Crip2) in BMDMs from TSPAN5KO mice compared to WT mice. Moreover, both genetic and antibody ablation of TSPAN5 in C57BL/6 significantly reduced primary EO771 tumour growth and enhanced the survival of tumour bearing mice. The importance of TSPAN5 expressing TAMS in the promotion of tumour growth was further confirmed by clodronate liposome depletion of macrophages, where loss of these cells promoted tumour growth in the TSPAN5KO mice.
Our study demonstrates for the first-time that TAMs are the main source of TSPAN5 in breast cancer and targeting TSPAN5 in cancer may be a novel therapeutic approach
vi
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[bookmark: _Toc441917393][bookmark: _Toc7559566]1.1 Tetraspanin overview
Tetraspanins (TSPANs) are a large group of transmembrane proteins that are evolutionarily conserved and located on the cell membrane and within the cellular compartments. These proteins were first described in humans in 1981; TSPAN P-24/CD9 was the first discovered TSPAN in the surface of human lymphohemopoietic progenitor cells in normal and leukemic bone marrow (Kersey et al., 1981), and to date 33 members have been discovered in mammalians (Veenbergen and van Spriel, 2011). In spite of being expressed broadly, the functional contribution of TSPAN molecules have not been studied extensively (Hemler, 2014). Some TSPAN members such as CD9 or CD81 are expressed in most cell types (Yunta and Lazo, 2003), whereas highly specialised patterns of expression have been exhibited by others cell types. For example, CD53 is expressed in the lymphoid and myeloid cell lineage (Maecker et al., 1997), CD37 in mature B-cells (Knobeloch et al., 2000a), Uroplakins (TSPAN20 and TSPAN21) in the bladder epithelium and TSPAN22 in the retina (Lazo, 2007).

Members of the TSPAN family of proteins have four transmembrane domains, which contribute to the creation of a small (EC1) and large (EC2) extracellular loop. The large extracellular loop contains a conserved Cys-Cys-Gly amino acid motif (CCG-motif), as well as two other conserved cysteine residues. Most of these proteins are glycosylated and usually range between 20 and 50 kDa. The glycosylation and size characteristics serve to identify the TSPANs from other proteins with the same general structure (Yunta and Lazo, 2003). How most TSPANs work is still poorly understood. However, TSPAN molecules are known to interact with one another to form tetraspanin-enriched microdomains (TEMs), a functional complex on the cell surface. These molecules can also interact with particular receptors and signalling proteins for example, the signalling of beta-catenin in endothelial cells in response to the ligand Norrin act together with TSPAN12 to promote multimers and in vitro siRNA targeting of TSPAN12 in human retinal microvascular endothelial cells (HRMVECs) leads to defect in the Norrin/ beta-catenin signalling pathway (Junge et al., 2009). 

TSPAN molecules are important in many vital cellular activities, such as cell migration, proliferation, differentiation, invasion, fusion, infection by cancer-causing viruses, morphology and survival (van Spriel and Figdor, 2010). The importance of TSPANs in innate and adaptive immunity is well-recognised and studies on the molecular interaction of TSPANs with immune cell-surface molecules on antigen-presenting cells, T-cells, natural killer (NK) cells, granulocytes and macrophages is becoming better understood. 


TSPANs have essential roles in immune cells, it was reported that different TSPAN members form a complex interaction with different immune cells and knockout of these TSPAN members led to alteration in leukocyte function such as T-cell activation CD81 (Miyazaki et al., 1997, Naour et al., 2000, Wright et al., 2004a). 

Macrophages are a type of innate leukocyte derived from a monocyte precursor. Macrophages play an important role in defence against pathogens, inflammation resolution as well as wound healing. Macrophages can be broadly classified into two broad types depending on the activation pathway, classically activated macrophage or M1-like macrophages which are induced by microbial endotoxins such as lipopolysaccharide (LPS) or by Th1-cytokines like IFN-γ and identified by high expression of proinflammatory cytokines such as IL-1 and TNF-α (Biswas et al., 2013, Allavena et al., 2008). The second macrophage phenotype is alternatively activated macrophages or M2-like macrophages which are stimulated by Th2-cytokines such as IL-4 and are characterised by expression of anti-inflammatory cytokines like IL-10. This macrophage phenotype constitutes the infiltrating macrophages found in most solid tumours (Biswas et al., 2013, Allavena et al., 2008, Sica et al., 2006). In the tumour microenvironment, tumour derived factors recruit monocytes into tumours where they differentiate into tumour associated macrophages (TAMs). TAMs can either facilitate development of tumours or have anti-tumour properties (Sica et al., 2006, Sica et al., 2008). Whilst we know TSPANs are expressed by macrophages such as CD9 and CD81 very little is known regarding their role in TAMs and this role will be discovered during this project.
[bookmark: _Toc432621566][bookmark: _Toc441917394][bookmark: _Toc7559567]1.2 TSPAN structure
All TSPAN molecules have the same overall structure, which is identified by four transmembrane (TM) domains, two extracellular loops (large and small) and two cytoplasmic regions (amino and carboxyl tails).  The small extracellular loop is bound by TM1 and TM2 while the large extracellular loop is flanked by TM3 and TM4 (Fig. 1-1).  
The large extracellular loop (LEL) can be further divided into constant regions which contains A, B and E helixes and variable regions bound by conserved amino acid residues including cysteine-cysteine-glycine (CCG) motif that forms disulphide bonds with additional conserved cysteine residues. Each structural region of the TSPAN molecules is linked with specific biological activities in which protein interactions are facilitated by the variable regions of the large extracellular loop and the associations with cytoskeletal molecules are provided by cytoplasmic regions (Veenbergen and van Spriel, 2011). TSPAN molecules undergo post-translational addition of palmitic acid. Palmitoylation sites are found on intracellular conserved cysteine residues within the cytoplasmic domains and this palmitoylation leads to the covalent attachment of fatty acids, such as palmitic acid, to protein residues for example cysteine and less frequently serine and threonine. Palmitoylation helps to stabilize the interaction of TSPAN members with each other, this was observed in CD9-transfected Daudi cells, in which the association with CD81 was impaired after the mutation in CD9 palmitoylation sites (Charrin et al., 2002). Palmitoylation promotes the assembly of the tetraspanin web, in which highly overlapping complexes are found in palmitoylated integrins (α3, α6, and β4) and TSPANs (CD81, CD63 and CD9). Yang and co-workers reported that cell signalling and spreading are impaired after deletion of the palmitoylation sites of β4 integrin. Moreover, deletion of β4 palmitoylation reduced the associations with CD81, CD63 and CD9 and diminished cell surface CD9 clustering. This suggested there is a functional association between CD9 and β4 integrins (Yang et al., 2004). It was reported by Zimmerman and co-workers that transmembrane segments of CD81 pack as two largely separated pairs of helices, capped by the large extracellular loop (EC2) at the outer membrane leaflet. The two pairs of helices converge at the inner leaflet to create an intramembrane pocket with additional electron density corresponding to a bound cholesterol molecule within the cavity. Molecular dynamics simulations identify an additional conformation in which EC2 separates substantially from the transmembrane domain. Cholesterol binding appears to modulate CD81 activity in cells, suggesting a potential mechanism for regulation of TSPAN function (Zimmerman et al., 2016)
[image: ]
[bookmark: _Toc16588604]Figure 1.1. General structure of a TSPAN protein.  TSPAN proteins are composed of four transmembrane (TM) domains, two extracellular loops (large and small), two intracellular domains amino (N-terminus) and carboxy (C-terminus) or helices. 

[bookmark: _Toc432621567][bookmark: _Toc441917395][bookmark: _Toc7559568]1.3 TSPAN microdomains
TSPAN molecules have the ability to interact with themselves and with a wide range of transmembrane proteins, like the integrins mentioned above. They can arrange themselves as a core structure bound by their partner proteins (Figure 1-2). The involvement of TSPANs in the core structure and the nature of interacting proteins play a fundamental role to increase the complexity of microdomains (Yunta and Lazo, 2003).
The interaction capability of TSPANs with their partner and the signals transduced over different TSPAN group members have led to the assumption that TSPANs mostly exist in a microdomain or supramolecular complex which is known as the TSPAN web. The structure of the TSPAN web was identified using disruptive detergents such as Triton X-100. This web consists of small primary structures that are composed of specific TSPANs linked to non-TSPAN proteins, the primary structures are involved in TSPAN–TSPAN interactions to form a secondary interaction which is known as the web (Espenel et al., 2008). TSPANs and interacting protein clusters exist in unique surface microdomains or form a part of other recognized surface domains. To date, reports suggest that TSPANs form a complex in relation to lipid microdomains (‘rafts’). Tetraspanin microdomains are independent units, present within lipid rafts and non-raft domains. The existence of TSPAN complexes are also recognised in type III glycosynapses, which are microdomains of glycosphingolipids that co-exist in, or with, lipid rafts. For example glycosphingolipids play a role in the inhibition of cell growth, cell adhesion and cell migration and these inhibitory effects are improved when the glycosphingolipids form a complex with TSPANs CD82, CD81 and CD9 (Hakomori, 2010). These processes may have particular relevance to cancer progression. Thus, biochemical information provides the assumption that the key function of TSPANs is the modulation of other proteins into supramolecular complexes at the cell membrane (Tarrant et al., 2003). Studies have confirmed that the tetraspanin microdomain composition and localisation are extremely dynamic which might provide the cell with constant adaptation to its environment and demonstrate why the interactions of different TSPAN molecules are weak or temporary (van Spriel and Figdor, 2010). 
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[bookmark: _Toc16588605]Figure 1.2. TSPAN interactions with partner proteins. TSPAN assembly is enhanced by the palmitoylation of conserved cysteine residue in the intracellular domains (right figure). TSPAN molecules are shown in blue, integrin molecules are in purple, and those of the immunoglobulin superfamily are in red and green. 
[bookmark: _Toc7559569]1.4 TSPANC8
TSPANC8 are a highly conserved subfamily of TSPANs, which consist of TSPAN5 (NET-4), TSPAN10 (OCULOSPANIN), TSPAN14 (DC-TM4F2), TSPAN15 (NET-7), TSPAN17 (FBX23) and TSPAN33 (Penumbra). This subgroup of TSPANs is characterised by their structure which contain eight cysteine residues within the large extracellular loop (LEL) while other TSPANs have either 4 or 6 cysteine residues (Saint-Pol et al., 2017). Six members of the TSPANC8 are expressed in mammalian cells and the common partner proteins, A Disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) are shared between them (Dornier et al., 2012, Haining et al., 2012, Prox et al., 2012).

ADAM10 plays an essential role in the ectodomain shedding mechanism, whereby the different transmembrane proteins of the extracellular region are cleaved by membrane-anchored enzymes (Blobel, 2005, Saftig and Reiss, 2011). More than 40 transmembrane protein ectodomains are cleaved by ADAM10, these include cell adhesions e.g. N-cadherin and E-cadherin, growth factor receptor ligands such as EGFR ligands (e.g. TGF-α, EGF and epiregulin) and cytokines (e.g. TNF-α and IL-6R) (Saftig and Reiss, 2011, Hikita et al., 2009, Matthews et al., 2003, Sahin et al., 2004, Haining et al., 2012). ADAM10 also cleaves amyloid precursor protein (APP) and inhibits amyloid peptide Aβ formation which is a main part in the amyloid plaque of Alzheimer’s disease (F., 2011). ADAM10 has an important role in the Notch signalling pathway and cleaves the Notch ectodomain and facilitates its release and nucleus translocation (Kopan and Ilagan, 2009, Groot et al., 2014).

TSPANC8 interact with ADAM10 and regulate its trafficking, which is important for development of the embryo and involved in inflammatory disorders, Alzheimer and cancer (Isozaki et al., 2015, Sogorb-Esteve et al., 2018, Zheng et al., 2019). TSPANC8 are required for the ADAM10 maturation process by which proprotein convertases cleave ADAM10 prodomain during its biosynthesis process and is necessary for ADAM10 trafficking out from the endoplasmic reticulum (ER) and cell surface trafficking (Noy et al., 2016, Haining et al., 2012).

Several aspects of ADAM10 are regulated by TSPANC8. They regulate ADAM10 trafficking from the ER to the plasma membrane by TSPAN5, TSPAN14, TSPAN15 and TSPAN33 or to the late endosomes via TSPAN10 and TSPAN17 (Dornier et al., 2012, Haining et al., 2012, Prox et al., 2012). ADAM10 substrate specificity is also regulated by the TSPANC8 subfamily, in which the Notch signalling pathway is negatively regulated by TSPAN15 and TSPAN33 and positively regulated by TSPAN5 and TSPAN14 (Dornier et al., 2012, Jouannet et al., 2016). Some members of TSPANC8 subfamily have been linked to cancer development. For example, TSPAN33 was reported to have high mRNA expression in different types of human lymphoma (diffuse large B-cell lymphoma (DLBCL) and Burkitt’s lymphoma), in 11 cell lines of DLBCL (e.g. OCI-LY1, SU-DHL-2 and RC-K8) and three cell line of human Burkitt’s lymphoma (Raji, Ramos, and Daudi), whereas a mouse pro-B cell line (Baf3) showed no expression for TSPAN33 (Luu et al., 2013). TSPAN33 was also reported to have high protein expression in patient biopsies of different lymphoma, Hodgkin’s lymphoma n=6 and DLBCL=6, whereas no expression was detected in Mantle Cell lymphoma n=2 (Luu et al., 2013).

In addition to TSPAN33, TSPAN15 was also reported recently to have a role in cancer, it was found that TSPAN15 mRNA expression significantly increased in 28/46 (60.9%) oesophageal squamous cell carcinoma  (OSCC) metastatic tissues in comparison with corresponding non-tumorous tissues (Zhang et al., 2018a). Zhang et al., also reported that TSPAN15 was also highly expressed at the protein level (IHC) in OSCC sections in comparison with corresponding non-tumorous tissues, TSPAN15 was overexpressed in 169/266 (63.5%) of OSCC whereas rarely detected in corresponding non-tumorous tissues (Zhang et al., 2018a). Moreover, mRNA and blotting expression of TSPAN15 significantly increased in OSCC cell lines (EC18, KYSE30, KYSE140, KYSE180, KYSE410, KYSE510, KYSE520 and HKESC1) compared to immortalized oesophagus cell line (NE1) (Zhang et al., 2018a). Zhang and his co-workers also found that patients with high expression of TSPAN15 was strongly linked with OSCC lymph node metastasis, advanced clinical stage of OSCC, and poor prognosis (Zhang et al., 2018a).
[bookmark: _Toc432621568][bookmark: _Toc441917396][bookmark: _Toc7559570]1.5 TSPAN interactions with other membrane receptor proteins
The most unique feature of TSPAN molecules is the interaction capability with their partner proteins and with several other transmembrane molecules (Table1-1) such as integrin, immunoglobulin, cytokine receptor and growth factor receptor thereby acting as molecular coordinators to modulate the functional cluster construction of proteins on tetraspanin-enriched microdomains. For instance, the interaction of TSPANs with growth factor receptors including epidermal growth factor receptor (EGFR) and c-Met, showed that CD82 associated with EGF receptor in various cell types and attenuates its signalling by facilitating ligand-induced endocytosis of the receptor (Odintsova et al., 2000). TSPANs have been implicated in a wide range of cellular functions by modulating several proteins involved in cell adhesion, movement, proliferation, and morphogenesis that have an effect on fertilization, immune disease, and tumour metastasis. For example, in vitro and in vivo studies demonstrated that removal of CD9 by using siRNA and CD9-knockout mice respectively decreased lymphangiogenesis in mice (Iwasaki et al., 2013a).













	Interacting Protein
	TSPAN
	Reference

	Growth factor receptors/C-Met
	CD82
	(Takahashi et al., 2007)

	Growth factor receptors/EGF-R
	CD82
	(Odintsova et al., 2013)

	Growth factor receptors/TGF-α
	CD9
	(Imhof et al., 2008)

	Immunoglobulin superfamily/EWI-2
	CD9, CD81
	(Stipp et al., 2001)

	Immunoglobulin superfamily/EWI-F
	CD81
	(Sala-Valdés et al., 2006)

	Integrins/Precursor β1
	CD9
	(Rubinstein et al., 1997)

	Integrins/α3β1
	CD151, CD82, CD9, CD63, CD81
	(Novitskaya et al., 2013, OKOCHI et al., 1997, Bari et al., 2009, Berditchevski et al., 1996)

	Integrins/α4β1
	CD9, CD53, CD63, CD81, CD82, CD151
	(Rubinstein et al., 1994, Mannion et al., 1996, FITTER et al., 1999)

	Integrins/α5β1
	CD9, CD81, CD82, CD151
	(Rubinstein et al., 1994, Tachibana and Hemler, 1999, Ono et al., 2000, FITTER et al., 1999)

	Integrins/α6β1
	CD9, CD63, CD81, CD82, CD151
	(Berditchevski et al., 1996, Mannion et al., 1996, FITTER et al., 1999)

	Integrins/α6β4
	CD9, CD151
	(Jones et al., 1996, Sterk et al., 2000)

	Membrane proteins/ADAM10
	TSPAN5, 10, 14, 15, 17, 33
	(Haining et al., 2012)

	Membrane proteins/CD2
	CD53
	(Bell et al., 1992)

	Membrane proteins/CD4
	CD81, CD82
	(Imai et al., 1995)

	Membrane proteins/CD8
	CD81
	(Witherden et al., 2000)

	MHC/HLA-DM
	CD82, CD63
	(Hammond et al., 1998, van den Hoorn et al., 2012)

	MHC/HLA-DO
	CD82, CD63
	(Hammond et al., 1998)

	MHC/HLA-DR
	CD82, CD81, CD37, CD53, CD63
	(Hammond et al., 1998, Angelisová et al., 1994, Rubinstein et al., 1996)


[bookmark: _Toc16588649]Table 1-1. TSPAN primary interactions with other proteins. TSPANs have the ability to interact with a wide range of membrane proteins including integrins, MHC and other membrane proteins. 
	
Depending on the interaction strength, TSPAN-partner protein associations are categorised into different groups. Level 1 (primary) represent direct associations, which are stable in strong detergents such as TritonX-100. Level 2 interactions (secondary) represent indirect interactions and exhibit less stability in strong detergent but remain stable in quite hydrophobic detergents, such as Brij 96 and Brij 97, and finally level 3 (tertiary) are indirect interactions which display weaker interactions and are only detected in mild detergents such as (3-chloamidopropyl) dimethylammonio-1-propanesulfonate (CHAPS) (Tarrant et al., 2003).
The interaction of TSPANs with other proteins can occur either in the intracellular vesicle before moving to the membrane, or in the membrane before incorporation into the TSPAN complex. For example, CD63 and CD81 are localized on intracellular vesicles of human fibrosarcoma cells (van Niel et al., 2011). Other protein associations may occur through various parts of the TSPAN protein such as, the transmembrane domain or the second extracellular loop. The main region of the association with non-TSPAN proteins is the large second extracellular loop. Consequently, this large extracellular domain otherwise known as the EC2 region confers the specificity to TSPAN molecules (Yunta and Lazo, 2003). Studies from the University of Sheffield have shown that formation of human multinucleated giant cells are controlled by distinct regions of the large extracellular domain (EC2) of CD9 (Hulme et al., 2014). In this study, they found that formation of multinucleated giant cells can be inhibited by using soluble recombinant proteins corresponding to EC2 of human but not mouse CD9, while this effect can be antagonised by using human CD81 EC2. They also used chimeric and point mutations of CD9/CD81 EC2 to map the specific regions of the CD9 EC2 involved in the formation of multinucleated giant cells (Hulme et al., 2014).

TSPAN proteins can also interact with MHC and its chaperone human leukocyte antigen (HLA)-DM. The interactions of four TSPAN proteins (CD63, CD81, CD82 and CD9) with MHC-II and HLA-DM have been investigated in multivesicular bodies (MVB) which are enriched with TSPANs CD63 and CD82 using biochemical experiments (van den Hoorn et al., 2012). In this study, the expression of MHC-II was improved by mRNA silencing of TSPANs CD63, CD81 and CD9 but not CD82. Using confocal FRET technology showed that TSPANs dynamically interact with MHC-II and HLA-DM without altering MHC-II peptide loading, in which CD63 and CD82 strongly associated with MHC-II and HLA-DM respectively, while the interaction of CD82 with MHC-II and CD63 with HLA-DM are less stable (van den Hoorn et al., 2012). FRET technology showed that TSPANs dynamically interact with other proteins within one subcellular structure.
[bookmark: _Toc441917400][bookmark: _Toc7559571]1.6 The functional importance of TSPANs in Exosomes
Exosomes are small extracellular vesicles less than 100 nm in size that originated from plasma membranes or from MVB and are found in most biological fluids which include blood, urine, plasma, serum and cultured medium of cell cultures (van der Pol et al., 2012). Exosomes are composed of a phospholipid membrane consisting of cholesterol, sphingomyelin and lipid rafts. These vesicles contain several proteins that participate in membrane transport and fusion, such as integrins, heat shock proteins and TSPANs (Simons and Raposo, 2009). Other molecular components also found in exosomes include lipids, microRNA (miRNA) and mRNA (Mathivanan and Simpson, 2009).
TSPAN content is highly prevalent in exosomes with about 7-124 fold expression in comparison with parental cells, in human B-cell derived exosomes (RN B-cells), the expression (western blotting) of CD63, CD37, CD82 and CD81 increased 7±2, 36±4, 41±7, 124±10 fold respectively over parental cell expression (Escola et al., 1998).

Several studies have demonstrated that TSPAN CD81, CD9 and CD63 are the most expressed proteins on exosomes, and could be used as protein markers for this extracellular vesicle (Théry et al., 1999b, Mathivanan and Simpson, 2009). However, these are most extensively studied TSPANs and it is yet to be ascertained if others TSPANs are also found in exosomes. Exosomes can be formed by two mechanisms depending on the involvement of cytosolic protein complexes, known as ESCRT (endosomal sorting complex required for transport). The ESCRT dependent pathway involves 20 proteins that arrange themselves into ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III complexes together in association with VPS4,VTA1 and ALIX proteins (Henne et al., 2011). There is no role for TSPAN proteins in this pathway, unlike the ESCRT independent mechanism which seems to be regulated by TSPAN molecules (van Niel et al., 2011). It was found that the secretion of exosomes from dendritic cells is defective in CD9 knockout mice in comparison with wild type cells (Chairoungdua et al., 2010). Interestingly, TSPANs have been proposed to have a role in the regulation of protein sorting into extracellular vesicles, it has been reported that breast cancer migration and metastasis are stimulated by CD81 enriched fibroblast derived exosomes via autocrine WNT/planar cell polarity (PCP) pathway (Luga et al., 2012).
It was reported recently that secretion of exosomes from methylcholanthrene-induced (MCA) chemically induced tumours was significantly reduced in TSPAN8KO, CD151KO and TSPAN8KO/CD151KO (double knockout) C57BL/6 mice (Zhao et al., 2018). Authors also found that TSPAN8KO, CD151KO and TSPAN8KO/CD151KO significantly reduced, invasion (matrigel) and penetration of the MCA cells and the impaired invasiveness of TSPAN8KO and CD151KO was restored by co-culturing of knockout MCA cells with wild-type tumour exosomes, suggesting the contribution of exosome in tissue invasion and matrix degradation (Zhao et al., 2018).

Brzozowski and co-workers reported recently that secretion of extracellular vesicles (EVs) was not significantly modified according to shRNA knockdown of CD9 or lipofectamine overexpression of CD151 in prostate cancer cell line RWPE-1, modification of CD9 and CD151 expression in RWPE-1 cells has no effect on the size of EVs as the nanoparticle tracking analysis (NTA) revealed that all vesicles were within 30–120 nm in size (Brzozowski et al., 2018).

Modification of TSPAN expression in parental cells led to a significant alteration of their expression by EVs, as the extracellular vesicles CD151 increased in response to CD151 overexpression in RWPE-1 cells. Whereas EV CD9 expression was reduced in response to shRNA knockdown in parental cells and modification of CD9 and CD151 expression also led to alteration of the EV proteome. Isobaric tags (iTRAQ™ labels) revealed that shRNA knockdown of CD9 led to upregulation in 91 proteins and downregulation in 18 proteins, overexpression of CD151 led to upregulation in 77 proteins and downregulation in 6 proteins, of these proteins, the expression of transforming growth factor beta-induced protein (TGFBI) in EVs was significantly increased in response to CD9 knockdown or CD151 overexpression. (Brzozowski et al., 2018). 
TSPANs have been used mainly to identify vesicles like exosomes and this is not surprising given their abundance in the cell membrane. Their function within vesicles like exosomes has yet to be determined. 

[bookmark: _Toc432621569][bookmark: _Toc441917397][bookmark: _Toc7559572]1.7 TSPANs and immunity
The cellular expression of TSPANs in immune cells varies and this is summarised in Table 1-2. Despite the wider cellular expression of some family members, TSPANs have important roles in immune cells, as demonstrated in studies using TSPAN-deficient mice. Mice deficient in CD81 (Miyazaki et al., 1997) CD9 (Naour et al., 2000) CD151 (Wright et al., 2004a) and CD37 (Knobeloch et al., 2000a) have been developed. In general, leukocyte development in these mice was normal. However, leukocyte functions were altered, particularly in relation to pattern recognition, antigen presentation by antigen presenting cells and subsequent T-cell activation. The diverse immune functions influenced by TSPANs were due to a complex interplay of molecular interactions that regulate recognition and signal transduction. Table 1-2 provides a summary of the major molecular interactions and TSPAN functions.

 

                                                                                                                                                         
	TSPAN
	Deficient model generated
	Tissue distribution
	APCs
	Innate immune cells
	T-cells
	Refs

	TSPAN32
	Yes
	Haemopoietic cells
	Ag. presentation
	
	TDH
	(Tarrant et al., 2002, Gartlan et al., 2010)

	CD37
	Yes
	Leucocytes (B-cells)
	MHC II, co-stim, stable Dectin-1 expression
	
	TDH, Lck
	(Knobeloch et al., 2000b, Gartlan et al., 2010, Meyer-Wentrup et al., 2007, Angelisová et al., 1994, Escola et al., 1998, Sheng et al., 2009, van Spriel et al., 2004)

	CD9
	Yes (deficiency causes infertility)
	Broad
	MHC II TLR4 signalling complex formation
	
	Co-stim, PI4K
	(Rubinstein et al., 1996, Kropshofer et al., 2001, Unternaehrer et al., 2007, Tai et al., 1996, Zhang et al., 2001, Yauch and Hemler, 2000)

	CD53
	No
	Leucocytes
	MHC I, MHC II, MIIC
	AbX causes granulocyte activation
	CD2
	(Szöllósi et al., 1996, Angelisová et al., 1994, Escola et al., 1998, Bell et al., 1992, Yauch and Hemler, 2000)

	CD63
	Yes
	Broad
	MHC II, MIIC, Dectin-1
	AbX ↑ NK migration, co-localize† with granules in neutrophils, eosinophils, basophils, CTLs
	PI4K
	(Mantegazza et al., 2004, Mahmudi-Azer et al., 2002, Schröder et al., 2009, Rubinstein et al., 1996, Escola et al., 1998, Yauch and Hemler, 2000, Zhang et al., 2001)

	CD81
	Yes
	Broad
	MHC I, MHC II, MIIC
	AbX ↓ NK activation, ↑ NK migration
	TDH, Lck, PI4K, PKC, CD4, CD8
	(Miyazaki et al., 1997, Crotta et al., 2010, Crotta et al., 2002, Krämer et al., 2009, Schick and Levy, 1993, Angelisová et al., 1994, Rubinstein et al., 1996, Escola et al., 1998, Mittelbrunn et al., 2002, Soldaini et al., 2003, Imai et al., 1995, Yauch and Hemler, 2000, Zhang et al., 2001)

	CD82
	No
	Broad
	MHC I, MHC II, MIIC
	AbX ↓ NK activation
	co-stim., CD4, CD8
	(Crotta et al., 2006, Rubinstein et al., 1996, Escola et al., 1998, Delaguillaumie et al., 2002, Lebel-Binay et al., 1995, Imai et al., 1995, Yauch and Hemler, 2000)

	CD151
	Yes
	Broad
	Ag. presentation 
	
	TDH, PKC, PI4K
	(Wright et al., 2004a, Sheng et al., 2009, Yauch and Hemler, 2000, Zhang et al., 2001)


[bookmark: _Toc16588650]Table 1-2. TSPANs and their effect in cellular immunity. AbX, antibody cross-linking; Ag. presentation, antigen presentation; co-stim, co-stimulation; CTLs, cytotoxic T-lymphocytes; Lck, lymphocyte-specific protein tyrosine kinase; PKC, protein kinase C; TDH, tetraspanin-deficient hyperproliferative T-cells.



As described above, these interactions have also been categorised into direct (primary or ‘level 1’) and indirect (secondary or ‘level 2’; and tertiary or ‘level 3’) based on their strength (Tarrant et al., 2003). These TSPAN–receptor interactions on immune cells are functional. For example, TSPAN CD81 interacts with integrin α4β1 and facilitates B-cell adhesion to vascular cell adhesion molecule 1 (VCAM1). This integrin-TSPAN interaction is important as it promotes immune cell adhesion to an endothelial ligand such as fibronectin whilst it is undergoing shear flow (Feigelson et al., 2003). Another example is the functional interaction between TSPAN CD37 and the C-type Lectin, Dectin-1, on antigen presenting cells (APCs). In a study by Meyer-Wentrup and colleagues, Dectin-1 was shown to functionally interact with TSPAN CD37 on the surface of human APCs. Importantly, in CD37-deficient mice (CD37−/−) macrophages had a significant increase of dectin-1 induced IL-6 production compared with wild type cells, despite reduction in dectin-1 expression. These results show that CD37 is essential for stabilization of dectin-1 in the membrane of antigen presenting cells like macrophages and controls dectin-1 mediated IL-6 production (Meyer-Wentrup et al., 2007).
[bookmark: _Toc441917398][bookmark: _Toc7559573]1.8 TSPANs in cancer 
As mentioned earlier TSPAN proteins play an important role in many biological processes for example, cell proliferation and migration, probably due to their ability to control signalling complexes. Expression of many TSPAN molecules such as CD53, CD63, CD9, CD151 and CD82 has been shown to correlate with cancer growth, invasion and metastasis (Table 1-3). 
The TSPAN role in cancer pathology might be complex and several components of the tetraspanin web are included. For instance, the interactions of TSPANs with pro-growth factors (e.g. interaction of CD9 with proHB-EGF) and growth factor receptors (e.g. interaction of CD9 with EGFR) or participation in the production of matrix-metalloproteases provide a hypothetical contribution to the development of cancer (Higashiyama et al., 1997, Murayama et al., 2008). In the same tumour, various TSPANs can display contrasting expression profiles, depending on the specific expression of TSPAN-associated partner molecules (integrin heterodimers or growth factors) in the growing tumour. For example, increased expression of CD9/CD82 indicates a positive prognosis in lung and colon cancer, whereas CD151 indicates a poor prognosis (Tokuhara et al., 2001, Hashida et al., 2003). Thus, the opposing expression profiles might reflect the roles of TSPAN partner molecules in tumour biology. It thought that tumour pathogenesis is regulated by the association of TSPAN proteins and particular partner like integrin proteins (Hemler et al., 1996). For example, the interaction of TSPAN CD63 with β1 integrins changes the metastatic potential of melanoma.  A study using the melanoma cell line KM3 showed that CD63 transfection resulted in a higher migration rate than untransfected cells (Radford et al., 1997). However, this was only carried out in vitro. It was reported recently that treatment of immunodeficient mice (C.B-17/Icr-scid/scid) with anti-CD63 antibody significantly inhibited the metastasis of MDA-MB-231-luc-D3H2LN to the axillary lymph nodes, lungs and thoracic cavity (Nishida-Aoki et al., 2017). Additionally, tumour cell migration might be influenced by different TSPANs through mechanisms involving E-cadherin and other cell adhesion receptors. For instance, RhoA activation and dynamic stability of carcinoma cell to cell contacts are regulated by TSPAN CD151, and silencing of CD151 in A431 epidermal carcinoma cells leads to extreme RhoA activation (a small GTPase protein from the Rho family involved in regulating cell-to-cell heterogeneity), loss of actin organization at cell-cell junctions, and excess actin stress fibres at the basal cell surface (Johnson et al., 2009). Cell-cell contact within CD151-silenced monolayers display a 3-fold increase in the remodelling rate of the cells and reduce cell viability compared to wildtype cells.  This suggests that TSPAN CD151 plays a critical role in regulating tumour cell adhesion and motility and is important in controlling cancer cell migration.

CD151 is the first TSPAN protein that is known to act as a metastatic promoter (Testa et al., 1999), where it has been demonstrated that prostate cancer cell migration and invasion are stimulated by CD151 and CD151 interacts with integrins on cell-cell and cell-stroma, this study was performed in vitro using the human prostate cancer cell lines PC3, LNCaP and DU-145 (Detchokul et al., 2013). The authors went on to investigate the role of CD151 in a xenograft model of human prostate cancer cell line (PC-3), they found that protein expression of CD151 (IHC) is higher  in  primary lesions of mice that developed lymph node metastases in comparison with those that did not form metastasis (Detchokul et al., 2013).
Li and co-workers found that CD151 was upregulated in human skin carcinoma, furthermore CD151 knockout mice revealed that CD151 promoted de novo tumour initiation and promotion by influencing signalling through β4 integrin, EGFR, PKCα and STAT3. (Li et al., 2013).
Although a different cancer, Ha et al., also found that CD151 is highly expressed in 24.2 % of 491 gastric carcinoma samples, CD151 expression was therefore linked with higher lymphatic invasion and poor patient prognosis (Ha et al., 2014a). 

CD82 is known to have anti-tumour activity in various cancers. CD82 is thought to suppress metastasis by multiple mechanisms including inhibition of cell motility and invasion, promotion of cell polarity as well as induction of senescence and apoptosis in response to extracellular stimuli (Tsai and Weissman, 2011). The anti-tumour activity of CD82/KA11 was identified firstly in prostate cancer by Dong et al. In this study, the mRNA level of CD82 was downregulated in 70% of 49 primary human prostate cancer samples (Dong et al., 1996b). CD82 was shown to suppress the metastasis of rat AT6.1 prostate cancer cells in SCID mice, overexpression of CD82 in AT6.1 reduced the formation of metastases without affecting primary tumour growth, as the number of lung metastasis reduced from 58 per mouse to 6-7 per mouse (Dong et al., 1995, Dong et al., 1996a). Another study (in vitro) using the human non-small cell lung carcinoma cell line (h1299) suggested that tumour metastasis is suppressed by TSPAN CD82 through the canonical Wnt signalling pathway via controlling the cellular distribution of β-catenin in tumour cells (Chigita et al., 2012). CD82 inhibits canonical Wnt signalling by controlling β-catenin cellular distribution which regulates the tumorigenicity of cancer cells and poor cancer prognosis is associated with the accumulation of β-catenin in the nucleus, β-catenin make complexes in nucleus with TCF/LEF (T cell factor/ lymphoid enhancer factor) which leads to activation of genes responsible for growth and development of tumour cells (Chigita et al., 2012). The protein expression of Wnt ligands Fzd2, Fzd3, Fzd5, Fzd7 and Fzd9 in h1299 cell line are decreased in response to CD82 expression and shRNA knockdown of CD82 in h1299 cell line reverted the expression of these Wnt ligands (Chigita et al., 2012). In the absence of Wnt ligands, CD82 expression led to inhibition of β-catenin phosphorylation at Ser45, Ser33, Ser37 and Thr41 through downregulation of glycogen synthase kinase-3β (GSK-3β) and kinase casein kinase 1α (CK1α), reduction in  GSK-3β and CK1α expression led to membrane accumulation of cytoplasmic β-catenin rather than nucleus accumulation (Chigita et al., 2012)

CD9 is another TSPAN that displayed inverse association with tumour growth and invasion. In vitro ectopic expression of CD9 through transfection of CD9‐negative Colo320 colon carcinoma cell with human CD9 cDNA stimulated the adhesion of Colo320 cells to β1‐integrin ligand Ln and Fn, and consequently decreased the tumourigenicity and proliferation of Colo320 cells. (Ovalle et al., 2007). The authors also showed that in vivo growth of Colo320 cells in male nude mice is reduced in mice inoculated with CD9‐expressing Colo320 cells compared to CD9-negative Colo320 cells (Ovalle et al., 2007). Ovalle and co-workers also showed that intratumoral injections of anti-CD9 mABs (VJ1/20 or PAINS‐13) significantly inhibited the growth of human colon adenocarcinoma cells BCS‐TC2.2 in male nude mice compared to control mice (Ovalle et al., 2007).
In another study, CD9 was reported to display a positive association with tumour growth and metastasis. The protein expression (IHC) of CD9 significantly increased in Esophageal squamous cell carcinoma tissues (ESCC) n=104 compared to corresponding ESCC adjacent tissues n=53 and normal esophageal tissue n=15 (Huan et al., 2015). Authors also found that increased CD9 expression is associated with tumour stage, with greater CD9 expression observed in stage III-IV compared to stage I-II of ESCC, the expression of CD9 was also higher in specimens with lymph node metastasis compared to non-metastatic specimens of ESCC (Huan et al., 2015).

TSPAN8/CO-029 has been described to have a role in tumour progression; the pro-tumour activity of TSPAN8 is reported by the upregulation of mRNA and protein levels in patients with hepatocellular carcinoma (Kanetaka et al., 2001). A further study reported that siRNA knockdown of TSPAN8 decreased the invasion capability of melanoma cells but had no effect on cell proliferation (Berthier-Vergnes et al., 2011).  TSPAN8 was shown to promote the metastatic invasion of gastric cancer through the interaction with extracellular-signal regulated kinase-mitogen-activated protein kinase (MEK-ERK) pathway, this study involved using tumour tissues and different types of gastric cancer cell lines; AGS, BGC-823 MGC-803 and MKN-28 and gastric epithelial cell line (GES-1) (Wei et al., 2015). Protein expression of TSPAN8 was higher in gastric malignant tissue lysate compared to corresponding normal tissue (n=15), mRNA (RT-qPCR) and protein (western blotting) expression of TSPAN8 was also higher in AGS, BGC-823 MGC-803 and MKN-28 cell line compared to gastric epithelial cell line (GES-1) (Wei et al., 2015).

Overexpression of TSPAN8 in MKN-28 (human gastric cancer cell line) using TSPAN8-pcDNA3.1 significantly increased the number of migrated cells in transwell-matrigel assay from 20±3 in untreated cells to 45±5 in TSPAN8-overexpressed cells. Overexpression of TSPAN8 also enhanced the proliferation of MKN-28 in MTT assays, the survival rate of TSPAN8-overexpressed cells significantly increased compared to untreated cells (Wei et al., 2015). The authors also found that protein expression of phospho-MEK1/2 and phospho-ERK1/2 significantly increased in response to TSPAN8 overexpression and suppressed the expression of MER-ERK significantly reduced the effect of TSPAN8-pcDNA3.1 overexpression regarding cell invasion and proliferation (Wei et al., 2015).

TSPAN1 was reported recently to have role in cancer development, Yaowu Cai and co-workers reported that TSPAN1 expression is linked with gastric cancer state (stage II or stage III) and larger tumour size, advanced gastric cancer TNM staging, and patient survival rates (Cai et al., 2017). In 150 patient samples, TSPAN1 was expressed at the gene (mRNA) and protein levels (IHC) in 87 cases, and this expression was associated with increased gastric cancer stage, larger tumour size as well as lower survival rates (Cai et al., 2017).

Angiogenesis can be defined as the process of arising new blood vessels from the pre-existing vessels which is required for solid neoplasms growing and survival (Hasina and Lingen, 2001). As this process is only linked with reproductive cycle, tissue growing and repair, occurrence of angiogenesis is uncommon in normal adult tissues (Hall, 2005). Angiogenesis is required for the growing and metastasis of tumour cells in which energetic requirements are delivered through the formation of new blood vessels, and solid tumours are not able to expand 2-3mm in their size without this process (LOPES-BASTOS et al., 2016). In the tumour microenvironment, formation of tumour vessels is carried out by the tumour signals. In particular, specific genes in the surrounding normal tissue are activated by these tumour signals and translated to the proteins which facilitate the formation of tumour vessels (Gupta and Qin, 2003). Angiogenesis is established by different tumours upon the secretion of angiogenic factors, several angiogenic factors have been known to express by different types of human breast cancer including vascular endothelial growth factor A, B, and C, platelet-derived endothelial cell growth factor (PD-ECGF), basic fibroblast growth factor (bFGF), transforming growth factor beta-1 (TGFβ-1) and Placental growth factor (PlGF) (Srabovic et al., 2013, Toi et al., 1995, Todorović-Raković-N et al., 2017, Vitiello et al., 2018, Taylor et al., 2010). Increased angiogenesis in breast cancer and other cancer types such prostate cancer and squamous cell carcinoma is likely correlated with poor patient prognosis (Weidner et al., 1991, Leek-RD, 2001, van Moorselaar and Voest, 2002, NÄYHÄ and STENBÄCK, 2007).

Different TSPAN members such as TSPAN8, CD9, CD81, CD81 and CD151 are expressed by human endothelial cells (Bailey et al., 2011). Various TSPAN members particularly CD151 and CD9 were known to have essential roles in endothelial cell migration and angiogenesis, it was found that knockout of CD151 in C57BL/6J mice diminished angiogenesis and reduced the growth of Lewis lung carcinoma cells (LLC) (Takeda et al., 2007a). This reduction in tumour growth might be due to the role of CD151 in spreading, invasion, intrinsic migration, and chemotaxis of endothelial cells. The same authors showed that spreading and invasion of mouse lung endothelial cells (MLECs) on matrigel was significantly decreased in cells isolated from CD151-null mice compared to wild-type mice, and transwell migration of MLECs toward bFGF chemoattractant was significantly decreased in CD151-null cells compared to wild-type cells (Takeda et al., 2007a).

It was also reported recently that in vitro shRNA knockdown of CD151 in the oestrogen receptor positive human breast cancer cell line ‘MCF-7’ significantly decreased the branching of new capillaries compared to untreated cells and gene expression of VEGF was significantly downregulated after knockdown of CD151 in MCF-7 cells (Devi-V et al., 2017).

CD9 is the other TSPAN that facilitates endothelial cell migration and angiogenesis, it was found that lymph node metastasis and angiogenesis (assessed by anti-CD31) of Lewis lung carcinoma cells (LLC) decreased in C57BL/6J mice that lack the expression of CD9 compared to wild-type mice (Iwasaki et al., 2013a).   




















	TSPAN
	Tumour
	Role in cancer
	Reference

	CD151
	Breast cancer
	Pro-Tumour
	(Yang et al., 2008b, Devi-V et al., 2017, Roselli et al., 2014)

	CD151
	Gastric cancer
	Pro-Tumour
	(Kang et al., 2013, Ha et al., 2014b)

	CD151
	skin squamous cell
carcinoma
	Pro-Tumour
	(Li et al., 2013)

	CD151
	Prostate cancer
	Pro-Tumour
	(Detchokul et al., 2013)

	CD151
	Lung cancer 
	Pro-Tumour
	(Takeda et al., 2007a)

	CD63
	Ovarian/Gastric cell lines
	Pro-Tumour
	(Seubert et al., 2015)

	CD63
	Breast cancer
	Pro-Tumour
	(Nishida-Aoki et al., 2017)

	CD81
	Breast cancer
	Pro-Tumour
	(Zhang et al., 2018b)

	CD82
	Prostate cancer
	Anti-Tumour
	(Dong et al., 1996b)

	CD82
	Lung cancer
	Anti-Tumour
	(Chigita et al., 2012)

	CD82
	Breast cancer
	Anti-Tumour
	(Aram et al., 2017)

	CD9
	Colon cancer
	Anti-Tumour
	(Ovalle et al., 2007)

	CD9
	Esophageal cancer
	Pro-Tumour
	(Huan et al., 2015)

	CD9
	Lung cancer
	Pro-Tumour
	(Iwasaki et al., 2013b)

	CD9
	Breast cancer
	Pro-Tumour
	(Rappa et al., 2015, KISCHEL et al., 2012)

	TSPAN1
	Gastric cancer
	Pro-Tumour
	(Cai et al., 2017)

	TSPAN12
	Breast cancer
	Pro-Tumour
	(Knoblich et al., 2014)

	TSPAN13
	Breast cancer
	Pro-Tumour
	(Zhou et al., 2016)

	TSPAN5
	Gastric cancer
	Anti-Tumour
	(He et al., 2016)

	TSPAN8
	Liver cancer
	Pro-Tumour
	(Kanetaka et al., 2001)

	TSPAN8
	Skin cancer
	Pro-Tumour
	(Berthier-Vergnes et al., 2011)

	TSPAN8
	Gastric cancer
	Pro-Tumour
	(Wei et al., 2015)

	TSPAN15
	Oesophageal cancer
	Pro-Tumour
	(Zhang et al., 2018a)

	TSPAN33
	Lymphoma
	Pro-Tumour
	(Luu et al., 2013)


[bookmark: _Toc16588651]Table 1-3. Expression of TSPAN proteins in different tumour cells and their role in cancer.

[bookmark: _Toc7559574][bookmark: _Toc432621575][bookmark: _Toc441917399]1. 9 TSPANs in breast cancer 
This PhD will focus on breast cancer so this section will describe some of the published studies of TSPANs in this disease. Breast cancer is the most predominant cancer among women worldwide and was firstly diagnosed by ancient Egyptians about 1500 years B.C. Hippocrates identified breast cancer as a humoral disease in 460 BC, he defined the terminology karkinos, a Greek word for crab/cancer (Ebeid, 1999, Akram and Siddiqui, 2012). After that, Galen in 200 A.D. who classified abnormal growths reported that cancer might be developed in any part of the body especially in the breast of woman with either inconsistent or abnormal menstruation (Papavramidou et al., 2010).
Clinically, breast cancer can be identified as a heterogeneous disease in which great variations are exhibited among different patients and within specific tumours (inter-tumour intra-tumour heterogeneity, respectively) (Turashvili and Brogi, 2017). Breast cancers can be classified into five distinct subtypes based on immunohistochemical expression of oestrogen, progesterone, human epidermal growth factor receptor-2 (HER-2) and Ki67 (Table 1-4) (Goldhirsch et al., 2011, Dai et al., 2015).

	Breast cancer subtype
	Marker expression

	Luminal A
	ER+  and/or PR+, HER2- and low Ki67

	Luminal B
	ER+ and/or PR+, HER2- and high Ki67

	HER2-Enriched
	ER/PR- and HER2+

	TNBC/ basal-like
	ER-,PR-,HER2- and basal marker+

	Normal-like
	ER+  and/or PR+, HER2- and Ki67-


[bookmark: _Toc16588652]Table 1-4. Molecular subtypes of breast cancer. 

As described above, many TSPAN members have been studied for their role in tumour growth, tumour invasion and metastasis, some TSPAN members have been studied for their effect on breast cancer invasion and metastasis.

CD82 has been reported as a suppressor for breast cancer growth. In a recent study, it was reported that overexpression of CD82 in the human triple-negative breast cancer (TNBC) cell line MDA-MB-231, significantly reduced cell migration in a scratch wound assay, where control cells healed after 24 hours, whereas the wound of CD82 overexpressing cells was significantly delayed (Aram et al., 2017). In another study, it was found that protein expression of CD82 by immunohistochemistry was higher in ER- compared to ER+ breast tumours. Here, 57% of ER-ve  primary tumours (n=65) and 43 of ER-ve metastatic tumours (n=58) were positive for CD82 compared to 8% of ER+ve primary tumours (n=144) and 15 of ER+ve metastatic tumour (n=34) (Christgen et al., 2009).

CD9 was reported to play an important role in promoting metastasis and tumorigenesis of breast cancer cells. In a study by Rappa et al.,  the metastatic capacity of the TNBC MDA-MB-231s was suppressed in a mouse xenograft model after the shRNA knockdown of CD9, this was reduced by 40% in the axillary lymph node, 20% in the lungs and 40% in the brain (Rappa et al., 2015). In another study by Kischel and co-workers, it was found that histological expression of CD9 in human breast cancer is higher in bone metastases compared to the primary tumour and visceral metastases (liver, lung and kidney) of the same patients, albeit this is a small cohort of n=7 patients (KISCHEL et al., 2012). Authors also found that incubation of MDA-MB-231-B02 (bone homing derivative of MDA-MB-231) with anti-CD9 antibody prior to intravenous injection into Balb/c mice significantly reduced the bone metastasis of MDA-MB-231-B02 compared to negative control (56% at day21, 40% at day 28 and 20% at day 35) (KISCHEL et al., 2012).

TSPAN12 is also thought to display pro-tumour activities and support the interaction of tumour cells with endothelial cells (β-catenin pathway regulates the cell function via cell to cell adhesion and tumour cell behaviour might be affected by β-catenin signalling disorders). The role of TSPAN12 has been shown in vivo in a mouse xenograft model. Nude mice were implanted into the mammary fat pads with the MDA-MB-231 cells silenced with siRNA for TSPAN12.  TSPAN12 siRNA knockdown showed a significant reduction in primary tumour growth and increased tumour apoptosis (Knoblich et al., 2014). Silencing TSPAN12 also resulted in reduced metastasis to the lungs following injection of the tumour cells into circulation. To explain these effects the authors showed that TSPAN12 knockdown resulted in reduced interaction of β-catenin/Low-density lipoprotein receptor-related protein 5 (LRP5) and its receptor Frizzled-4 protein (FZD4). TSPAN12 works via stabilising the interaction of FZD4 with LRP5 loss of this TSPAN changes the gene expression of several genes controlled by β-catenin (e.g. CCNA1, CCNE2, WISP1, ID4, SFN, ME1). This may help to explain altered tumour growth and metastasis in this model. 



CD81 is the other TSPAN member reported recently to have a role in breast cancer development. CD81 expression significantly increased in breast cancer compared to normal breast tissues and this elevation in CD81 expression was linked to breast tumour metastasis to lymph nodes as well as with poor prognosis. The authors used an immunohistochemistry approach and revealed that 51% of the breast cancer sections stained for CD81 (n=140) compared to 36% of normal breast tissues (n=77) (Zhang et al., 2018b). In support of this, in vitro studies showed that overexpression of CD81 significantly increased the proliferation and migration of human breast cancer cell lines, MDA-MB-231 and MDA-MB-435S, and the shRNA knockdown of CD81 decreased cell proliferation and migration (Zhang et al., 2018b). Of note, the MDA-MB-435 cell line is now classed as melanoma in origin.

CD151 was also suggested to support the development and metastasis of different breast cancer subtypes, Gayatri and co-workers reported recently that CD151 is important in the growth of oestrogen positive human breast cancer and the in vitro shRNA silencing of CD151 in MCF-7 cells reduced cell adhesion, proliferation, invasion, migration as well as MCF-7 angiogenesis (Devi-V et al., 2017). In another study, it was reported that knockout of CD151 delayed the onset of PyMT tumours by about 20 days in CD151 knockout FVB x C57BL/6 hybrid mice compared to CD151+/+ FVB mice. Authors also reported that total tumour weight was significantly reduced in CD151 knockout mice compared to control mice, however, the number and size of lung metastasis was not effected in response to CD151 silencing (Roselli et al., 2014).

TSPAN13 was also reported to support the proliferation of breast cancer; it was found that shRNA knockdown of TSPAN13 in human breast cancer cell line ZR-75-30 significantly reduced cell proliferation using MTT assay, as the proliferation of ZR-75-30 cells reduced at day 3 following the shRNA knockdown of TSPAN13, number and size of ZR-75-30 colony formation was also reduced in response to TSPAN13 silencing compared to control cells (Zhou et al., 2016). Moreover, the cell cycle of ZR-75-30 cells was influenced by knockdown of TSPAN13, in flow cytometry, G0/G1 cell proportion significantly increased to about 20% in TSPAN13 knockdown cells compared to control cells (from 57.31% to 77.25%) (Zhou et al., 2016).
[bookmark: _Toc7559575]1.10 TSPANs in other diseases
TSPAN proteins are involved in many bacterial, viral and protozoan infections. The importance of TSPANs in pathogen entrance has been reported in many studies. For instance, CD151 TSPAN was found to support the entrance of human papillomavirus 16 (HPV16) into keratinocytes. In the early steps of HPV16 infection, it was found that surface-bound HPV16 and CD151 move together within the membrane plane before they co-internalise into endosomes, reduction of CD151 has no effect on the binding of viral particles to cells but resulted in a reduction of HPV16 endocytosis (Scheffer et al., 2013).

The early indication for TSPAN involvement in bacterial infections was derived from the study by Iwamoto et al., they found that binding of diphtheria toxin (bacterial toxin) was improved by TSPAN CD9, number of diphtheria toxin-binding sites, affinity and sensitivity was increased when mouse L cells (isolated from c3h mouse fibroblast) were transfected with diphtheria toxin receptor (DTR) and CD9 compared to mouse L cells transfected with DTR only (Iwamoto et al., 1994). TSPAN CD81 also supports the entrance of Listeria monocytogenes into target cells. Tham and co-workers targeted CD63, CD9 and CD81 in the HeLa cell line to identify if these contribute to Listeria internalisation then performed gentamicin invasion assays using Listeria BUG 1641 strain, the entry of Listeria into HeLa cells wasn’t modified in response to CD63 or CD9 shRNA knockdown, whereas a significant reduction was observed after knockdown of CD81 (Tham et al., 2010).
[bookmark: _Toc7559576]1.11 Targeting of TSPANs with monoclonal antibodies
As described above some members of TSPAN family such as TSPAN8, CD151 and CD37 play an important role in cancer development and facilitate tumour growth, tumour invasion and metastasis, targeting of these TSPAN members by monoclonal antibodies has led to the development of a new therapeutic approach for the prevention and treatment of different types of tumours. Different TSPAN antibodies to the same TSPAN exhibited different properties in which varied results were obtained, this treatment variation suggests the importance of the TSPAN specific epitopes for tumour treatment. For example, PAINS-13 monoclonal antibody which is specific for CD9 is more effective than another CD9 mAB VJI/20. In a study of  human colon adenocarcinoma BCS‐TC2.2 cells grown in nude mice, there was a significant inhibition following intratumoral injection of PAINS-13 mAB compared to the VJI/20 mAB (Ovalle et al., 2007).

In addition to anti-CD9, the therapeutic effect of anti-CD151 mAB has been studied extensively, Zijlsra and co-workers reported that intravenous injection of anti-CD151 mAB significantly reduced lung metastasis of human epidermoid carcinoma (HEp3) and human fibrosarcoma (HT1080) in SCID mice (Zijlstra et al., 2008), anti-CD151 mAB inhibited the in vivo migration of tumour cells, GFP-expressing HEp3 and HT1080 cells were injected intravenously with either anti-CD151 or anti-IgG control, tumour cell of anti-CD151 group was arrested in the stroma whereas tumour cells in the control group expanded and spread throughout the stroma (Zijlstra et al., 2008).

As mentioned earlier TSPAN8 has been known to facilitate the metastasis of pancreatic and colorectal cancers, and targeting of TSPAN8 has led to development of new therapeutic agents. Ailane and co-workers observed that primary growth of human colorectal tumour cell line (SW480-TSPAN8, cells were transfected with TSPAN8 cDNA to get the same expression as the other cell line) in Balb/c mice was reduced up to 70% upon the early injection of anti-TSPAN8 mAB (mice intraperitoneally injected with antibody after tumour implantation) (Ailane et al., 2014). In addition to SW480 cells, the growing of human colon adenocarcinoma cell line (HT29) in Balb/c mice was reduced by 50% in response to early injection (tumour implantation day) of anti-TSPAN8 mAB, whereas the late injection (10 days after tumour implantation) led to 40% reduction in tumour growth (Ailane et al., 2014). 
Tumours started to grow rapidly at day 14 and this might give the explanation as to why early injection of anti-TSPAN8 antibody was more effective.  

CD37 is the other TSPAN member that plays a role in cancer development. It is highly expressed by most types of B-cell malignancies such as B-cell non-Hodgkin lymphoma (NHL) and B-cell chronic lymphocytic leukaemia (B-CLL) (Zhao et al., 2010, Robak, 2014).
Targeting of CD37 has led to the development of new anti-tumour agents that treat different types of B-cell malignancies and anti-CD37 is the first TSPAN monoclonal antibody which has been applied clinically at different trial phases. TRU-016 also known as Otlertuzumab is an anti-CD37 mAB that is used to treat chronic lymphocytic leukaemia and peripheral T-cell lymphoma, TRU-016 is currently in phase 1b clinical trials in combination with other cancer therapies including rituximab, obinutuzumab, rituximab and idelalisib, or ibrutinib in chronic lymphocytic leukaemia and with bendamustine in peripheral T-cell lymphoma. 123 patients were involved in this study which started in September 2012 and is estimated to end in December 2019 (https://clinicaltrials.gov/ct2/show/NCT01644253).

AGS67E is the other anti-CD37 that is specified for refractory or relapsed lymphoid malignancies. AGS67E is presently at phase one in clinical trials. A study started in October 2014 and is expected to end by June 2019 in which 78 patients are participating in this study (https://clinicaltrials.gov/ct2/show/NCT02175433). These antibodies and their use in clinical trials represent an exciting phase in TSPAN research. They demonstrate that these TSPANs are important in the cancer and by targeting them this may have significant patient benefit. So far only a few TSPANs have been investigated but results from these clinical trials may open up new avenues for further therapeutic targeting TSPANs to be developed. 

[bookmark: _Toc432621570][bookmark: _Toc441917401][bookmark: _Toc7559577]1.12 Macrophages
Macrophages are phagocytic immune cells that are mainly derived from monocyte precursors and are found in most multicellular organisms (Pollard, 2009). These differentiated cells are recognised by particular phenotypic features and by the expression of specific surface markers such as the expression of CD16 and CD68 by human macrophages and the expression of CD11b, F480 and CD115 in mice (Qian and Pollard, 2010). Tissue resident macrophages are found in most organs. For example, Kupffer cells in the liver, red pulp in the spleen and microglia in the spinal cord and brain (Labonte et al., 2014).
Macrophages are often divided into two broad types depending on their expression of transcription factors, growth factors and signalling pathways (Figure 1-3) (Gordon, 2003). These two phenotypes are described as either classically activated or ‘M1 macrophages, which are activated by pro-inflammatory cytokines such as interferon gamma (IFN- and have a supporting role in tumour suppression, defence against pathogens via phagocytosis and chronic inflammation. The other macrophage type is referred to as alternatively activated or ‘M2’ macrophages that are activated by anti-inflammatory cytokines such as IL-3, IL4 and IL-10. These M2 macrophages play a role in wound healing, tissue repair and angiogenesis (Guha et al., 2015). M2-like macrophages can be classified into four further subdivisions (M2a, M2b, M2c and M2d) depending on the specific stimulation. M2a macrophages are activated by IL-4 and IL-13 which stimulates type II inflammation, killing of parasites and induces Th2 response. M2b are activated by immune complex with TLR or ligands of IL-1 that controls metastasis via suppression of tumour growth and induce Th1 response. M2c activated macrophages are responsive to IL-10 and TGF-β which is responsible for immune-regulation and tissue remodelling and M2d macrophages are activated by IL-6 which are typically tumour-associated macrophages (TAMs) that promotes angiogenesis (Evita Weagel et al., 2015).


[image: ]
[bookmark: _Toc16588606][bookmark: _Toc432621571]Figure 1.3. Differential activation of macrophages. Monocyte precursors in circulation differentiate into macrophages.  Classically activated or M1 macrophages are induced by Toll Like receptor ligands (TLRs) and IFN-resulting in pro-inflammatory activities including increased phagocytic capacity, production of reactive species, increased migration and the production of effector molecules that contribute to the development of inflammatory mediators such as TNF, IL-1, IL-6 and IL-8. Conversely, alternatively activated M2 macrophages have anti-inflammatory, wound healing and fibrotic activities including the production of IL-10, TGF-β, IL-1 receptor antagonist and lipid resolving.

[bookmark: _Toc441917402][bookmark: _Toc7559578]1.13 TSPANs in macrophages and monocytes 
As mentioned above TSPANs associate with a wide range of leukocyte receptors including CD2, CD4, CD8, CD5, CD19, CD21, Fc receptors and MHC class I and class II, but the immunological implications of these associations remain to be established. It is thought that TSPANs have the potential to stimulate signals transduced through many of the most important receptors in the immune system (Tarrant et al., 2003). So far scientists have discovered up to 20 TSPANs are expressed by leukocytes and 18 of them are expressed by monocytes and macrophages (Wright et al., 2004c). These include CD9, CD53, CD63 and CD81 and others as shown in Table 1-5. In macrophages, TSPAN CD37 is known to have a role in the stabilization of plasma membrane dectin-1 (which is essential for pro-inflammatory cytokines production such as IL-6) and macrophages of CD37 knockout mice expressed significantly less dectin-1 membrane levels, due to increased dectin-1 internalisation. Furthermore, overexpression of CD37 the  macrophage cell line (RAW 264.7) increased the surface expression of endogenous dectin-1 (Meyer-Wentrup et al., 2007). This suggests that CD37 is important for dectin-1-mediated IL-6 production in macrophages which is important in fungal infections.

Also it has been demonstrated that activation of macrophages by LPS/TLR4 is affected by TSPAN CD9 and loss of CD9 function improves the activation of macrophages, suggesting a role for CD9 in the formation of CD14/TLR4 complex at the plasma membrane (Veenbergen and van Spriel, 2011). In addition, CD9 has been shown to regulate M1 macrophage polarisation. This was supported by increased macrophage infiltration and TNF secretion by these cells in CD9 deficient mice (Suzuki et al., 2009). 




























	TSPAN
	Cell Type
	Species
	Reference

	TSPAN3
	RAW264.7
Monocyte/Macrophage
	Mouse 
	(Iwai et al., 2007)

	TSPAN4
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	TSPAN5
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	TSPAN13
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	CD9
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	CD37
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	CD53
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	CD63
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	CD81
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	CD82
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	CD151
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	TSPAN31
	RAW264.7
Monocyte/Macrophage
	Mouse
	(Iwai et al., 2007)

	TSPAN33
	Murine macrophage
	Mouse
	(Ruiz-García et al., 2016)

	CD9
	Monocyte
	Human
	(Champion et al., 2018, Tippett et al., 2013a)

	CD37
	Monocyte
	Human
	(Champion et al., 2018)

	CD53
	Monocyte
	Human
	(Champion et al., 2018, Tippett et al., 2013a)

	CD63
	Monocyte
	Human
	(Champion et al., 2018, Tippett et al., 2013a)

	CD81
	Monocyte
	Human
	(Champion et al., 2018, Tippett et al., 2013a)

	CD82
	Monocyte
	Human
	(Champion et al., 2018)

	CD151
	Monocyte
	Human
	(Champion et al., 2018)

	CD9
	Macrophage
	Human
	(Hassuna et al., 2017, Tippett et al., 2013a)

	CD37
	Macrophage
	Human
	(Hassuna et al., 2017)

	CD53
	Macrophage
	Human
	(Tippett et al., 2013a)

	CD63
	Macrophage
	Human
	(Hassuna et al., 2017, Tippett et al., 2013a)

	CD81
	Macrophage
	Human
	(Hassuna et al., 2017, Tippett et al., 2013a)

	CD151
	Macrophage
	Human
	(Hassuna et al., 2017)


[bookmark: _Toc16588653]Table 1-5. Expression of TSPAN Proteins by Monocyte and Macrophage.
[bookmark: _Toc432621572][bookmark: _Toc441917403][bookmark: _Toc7559579]1.14 Tumour associated macrophages
Of interest to this PhD are the TAM subset. These are important regulators of the tumour microenvironment and support cancer development via different pathways such as promoting angiogenesis and tumour migration (Figure 1-4). The presence of TAMs in the tumour is associated with a poorer patient prognosis in numerous cancer types, e.g. breast, gastric, lung, prostate and thyroid cancers (Yang et al., 2018, Su et al., 2018, Zhang et al., 2016, Montuenga and Pio, 2007, Lanciotti et al., 2014, Ryder et al., 2008). Mu-Yang and his colleagues reported recently that high number of stromal TAMs in basal-like breast cancer is linked with large primary breast tumour size, higher tumour histological grade, higher 5-year breast cancer recurrence rate and higher 5-year mortality (Yang et al., 2018).

In TNBC, high infiltration of TAMs is associated with cancer recurrence, tumour grade, axillary lymph node metastasis and lymphovascular invasion, high TAMs in TNBCs is also associated with epithelial-mesenchymal transition phenomenon (EMT) which is indicated by reduced expression of E-cadherin (EMT marker) (Zhang et al., 2018c).

In gastric cancer, a high density of TAMs is also associated with EMT phenomenon, as high expression of CD68 is linked with loss E-cadherin expression, high expression of TAMs is also associated with aggressive tumour metastasis and poor patient prognosis (Zhang et al., 2016).

In prostate cancer, it was reported that TAMs promote tumour migration and in vitro co-culturing of human prostate cancer cell lines PC-3, DU145 and LNCaP with conditioned medium from human macrophage cell lines U937 and U937-M led to significant increase in prostate cancer cells transwell migration and invasion (Maolake et al., 2016).

TAMs can also display anti-tumour activity in the tumour microenvironment (Figure 1-5) through classical activation of macrophages by LPS or IFN-γ, following activation, cytotoxicity of classical macrophages directly secreted towards tumour cells results in their lysis. Macrophages can also become indirectly cytotoxic to tumour cells by stimulating anti‐tumour properties of other tumour microenvironment cell types such as NK cells and Th‐1 cells (Bingle et al., 2002).

Direct cytotoxicity of macrophages includes macrophage‐mediated tumour cytotoxicity (MTC) in which TAMs release cytotoxic factors such as TNF-α, reactive nitrogen intermediates and serine proteases towards neoplastic cells resulting in their lysis (Bingle et al., 2002). TAMs also target cancer cells through IL-12 secretion that promote the production of cytokines (e.g. IFN‒γ) as well as proliferation and cytotoxic activity in NK cells and T cells.  TAMs also produced macrophage migration inhibitory factor (MIF) which stimulates phagocytosis activity of macrophage (Onodera et al., 1997) and inhibits the random migration of macrophages (David, 1966, Bloom and Bennett, 1966). Evidence for cytotoxic macrophages is limited and most studies have focused on tumour-promoting TAMs.

TAMs are likely derived from monocytes that have infiltrated into the tumour from circulation by the induction of tumour and stromal chemo-attractants. It was highlighted that a member of the chemokine family, CCL2 referred to as monocyte chemotactic protein (MCP) is linked with high TAM numbers in tumours (Siveen and Kuttan, 2009). Indeed, a study in 151 primary human breast cancer samples revealed the level of CCL2 was associated significantly with TAM accumulation. In the immunohistochemical analysis of the samples using antibodies to the human CD68 antigen, CCL2 expression was observed in both infiltrating macrophages and tumour cells (Ueno et al., 2000). A study in a mouse model provided a link to the ability of CCL2 to recruit inflammatory monocytes that facilitate breast tumour metastasis (Qian et al., 2011). They showed that the recruitment of inflammatory monocytes was stopped by the inhibition of CCL2-CCR2 signalling, this also inhibited the in vivo lung metastasis of cancer cells (this was done by intraperitoneal injection of anti-mouse CCL2 into FVB female mice shortly before intravenous injection of Met-1 cells). 

Tumour cell extravasation is promoted by inflammatory monocytes in a process that requires monocyte-derived vascular endothelial growth factor (VEGF). The expression of CCL2 and infiltration of macrophage are associated with poor clinical outcome in patients with breast cancer. It was reported recently that TAMs induce invasiveness in human breast epithelial MCF10A through the secretion of CCL2 by TAMs, in which the in vitro co-culturing of TAMs with MCF10A resulted in high mRNA levels of ERO1-α and MMP-9 (a promoter of breast cancer malignant development) which is induced by high secretion of TAM CCL2 (Lee et al., 2018a).

Other chemokine members including CCL3, CCL4, CCL5, CCL7, CCL8, CXCL12, have also been reported to stimulate macrophage recruitment into tumours (Zhang et al., 2012). CCL5 was known to have high expression level in breast cancer TAMs and blocking of CCL5 led to low infiltration of TAMs and subsequently slower TNBC tumour growth in the murine 4T1.2 in Balb/c mice (Frankenberger et al., 2015).

Wang and co-workers also reported recently that breast cancer TAMs secreted high level of CXCL1 which induce in vivo migration and invasion of murine breast cancer and silencing of the receptor CXCR1 in TAMs (using MDA-MB-231 co-injected with THP-1 shRNA CXCR1). This slowed the growth of lung metastasis in human TNBC MDA-MB-231/THP-1 in NOD/SCID mice (Wang et al., 2018).
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[bookmark: _Toc16588607]Figure 1.4. The role of tumour-associated macrophages (TAMs) in cancer development. TAMs stimulate cancer development via different pathways include promotion of signal transduction and angiogenesis.
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[bookmark: _Toc16588608]Figure 1.5. Anti-tumour activities of TAMs. TAMs display anti-tumour activities via different pathways include cytokines production and MIF nuclear translocation.

TAMs have been described as a “double-edged sword”, capable of both promoting and opposing tumour development (Mantovani and Sica, 2010). M1 macrophages are able to reject tumours cells and have anti-tumour properties (Fidler and Schroit, 1988) (Eubank et al., 2009). However, once established most tumours lack any substantial immune-mediated limitation on tumour growth. One possible explanation is that something changes or prevents macrophages from killing tumour cells, such as an immunosuppressive microenvironment (Qian and Pollard, 2010). 

As describe above, we know that TSPANs play an important role in cancer. However, very little has been published about TSPAN expression by TAMs or the role these TSPANs play in myeloid cells such as monocytes and macrophages in tumours and this will form part of this PhD.
[bookmark: _Toc441917404][bookmark: _Toc7559580]Hypothesis and Aims
Given the literature so far regarding TSPANs in cancer and the importance of TSPANs in immune cells, it is high likely these proteins are involved in TAM activities in cancers, an area that has not been investigated. We therefore hypothesise that TSPANs play a role in supporting the pro-tumour activities of TAMs. 
To test this hypothesis, we aim to:
1. Determine which TSPANs are expressed by myeloid cell subsets (monocytes and monocyte derived macrophages) and investigate if this expression is modified in response to tumour-derived factors, LPS stimulation and IL-4 activation using real-time qPCR, flow cytometry and western blotting. 
TSPANs are increasingly being implicated in a range of human diseases, particularly cancer. From aim 1 we identified that the expression of TSPAN5 was affected in response to tumour derived factor, so this project aims to comprehensively characterise the expression TSPAN5 in macrophages and macrophages in tumours thus contributing to our knowledge of the role of TSPAN5 in myeloid cells and cancer. To test this, we aim to:
2. Characterise the role of TSPAN5 on MDM motility, viability and phagocytosis after knockdown of TSPAN5. Accell siRNA was used to perform the knockdown of TSPAN5 in human MDMs and knockdown efficiency was evaluated at the gene level by qPCR and protein level by western blotting
3. Determine how TSPAN5 effects differential gene expression in bone marrow derived macrophages (BMDM) from wildtype (WT) and TSPAN5KO mice.
4. Determine TSPAN5 expression in TAMs in human and mouse breast cancer tissue.
5. Determine the effect of TSPAN5 ablation (genetic and antibody silencing) in a mammary carcinoma model in C57BL/6j mice.
6. Determine the effect of TSPAN5 expressing macrophages in a mammary carcinoma model using clodronate liposomes.



[bookmark: _Toc7559581][bookmark: _Toc441917405]Chapter 2
[bookmark: _Toc7559582]Materials and Methods



















[bookmark: _Toc441917407][bookmark: _Toc7559583]2.1 Materials
[bookmark: _Toc441917408][bookmark: _Toc7559584]2.1.1 Chemicals and reagents
The following chemicals and reagents were used during this study:
	Reagent
	Company

	4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI)
	Invitrogen

	Absolute Ethanol
	Thermo Fisher Scientific

	Acetone
	Thermo Fisher Scientific

	Bovine serum albumin
	Sigma Aldrich

	Cryo-M Bed Optimal Cutting Temperature Compound (OCT)
	VWR International

	Dextran, Oregon Green
	Thermo Scientific™

	Dimethyl Sulfoxide (DMSO)
	Sigma Aldrich

	DPX Mounting medium
	Sigma Aldrich

	Dulbecco’s Phosphate Buffered Saline (DPBS)
	Lonzo BioWhittaker Ltd

	FcR blocking reagent, mouse
	Miltenyi Biotec

	Ficoll-Hypaque
	GE Healthcare

	Foetal calf serum (FCS)
	Gibco

	Growth Factor Reduced (GFR) Matrigel
	Corning

	Human AB serum (2%)
	Lonzo BioWhittaker Ltd

	Iscove's Modified Dulbecco's Medium (IMDM)
	Lonzo BioWhittaker Ltd

	L-Glutamine (4mM)
	Lonzo BioWhittaker Ltd

	Normal Goat Serum
	Vector Laboratories

	Paraformaldehyde
	Sigma Aldrich

	Phosphate Buffered Saline
	Lonzo BioWhittaker Ltd

	ProLong Gold Antifade mountant
	Invitrogen

	Protease and phosphatase inhibitors
	Thermo Fisher Scientific

	RIPA buffer 
	Thermo Fisher Scientific

	Secondary Antibody, Alexa Fluor® 488
	Invitrogen-Thermo Fisher

	Sodium azide
	BDH

	Super PAP pen
	Thermo Fisher Scientific

	TO-PRO-3
	Thermo Fisher Scientific

	Trypsin/EDTA
	Sigma Aldrich

	TWEEN 20
	Thermo Fisher Scientific

	Xylene
	Thermo Fisher Scientific


[bookmark: _Toc16588654]Table 2-1. Chemicals and Reagents and details of supplier.
[bookmark: _Toc441917409][bookmark: _Toc7559585]2.1.2 Equipment and apparatus 
The following equipment and apparatus were used in this study:
	Equipment and apparatus
	Company

	7900HT Fast Real-Time PCR
	Applied Biosystems

	Automated Cell Counter
	BIO-RAD

	Bench centrifuge
	SANYO

	Compound light microscope
	Olympus

	FACSCalibur
	Becton Dickinson

	In Vivo Bioluminescence/Fluorescence IVIS Lumina II
	PerkinElmer

	Incubator
	SANYO

	Laminar airflow hood
	Heraeus

	Micropipette
	Eppendorf

	Nanodrop
	Thermo Scientific

	NanoDrop 2000
	Thermo Fisher Scientific

	Nikon Widefield Live-Cell System
	Nikon

	PIPETBOY
	INTEGRA

	Refrigerator
	BioCold

	Sensitive balance
	Sartorius

	Shaker 
	Thermo Fisher Scientific

	Thermocycler
	G-STORM

	Water bath
	Grant


[bookmark: _Toc16588655]Table 2-2. Equipment and Apparatus and details of supplier.




[bookmark: _Toc7559586]2.1.3 Antibodies
The following antibodies were used during this study:
	Antibody
	Clone Number
	Supplier

	Mouse anti-CD63
	H5C6
	University of Sheffield,  Dr Lynda Partridge

	Mouse anti-CD151 
	14A2
	University of Sheffield,  Dr Lynda Partridge

	Mouse anti-CD9
	602-29
	University of Sheffield,  Dr Lynda Partridge

	Rabbit anti-CD63
	EPR5702
	Abcam

	Rabbit anti-CD9
	Polyclonal
	Abcam

	Rabbit anti-TSPAN5
	Polyclonal
	Novusbio

	Rabbit anti-TSPAN5
	Polyclonal
	Sigma Aldrich

	Mouse anti-CD68
	PG-M1
	DAKO

	Rat anti-F4/80
	A3-1
	Bio-Rad

	Alexa Fluor® 647 rat anti-CD31 antibody
	MEC13.3
	Biolegend

	Rabbit anti-MRC1
	Polyclonal
	Abcam


[bookmark: _Toc16588656]Table 2-3. Antibodies and details of supplier.
[bookmark: _Toc441917410][bookmark: _Toc7559587]2.1.4 Human materials
Human platelet-depleted waste buffy coats were supplied by the Sheffield Blood Transfusion Service. This was carried out under ethics SMBRER139.
[bookmark: _Toc441917411][bookmark: _Toc7559588]2.1.5 Primers 
Primers were designed using NCBI primers blast. Parameters that were taken into consideration included exon-exon junction, product length and GC ratio (Ye et al., 2012).
All of the primers were purchased from Sigma Aldrich Company; the primers were supplied in liquid form at 100 M and stored at -200C. Primers were diluted in ddH2O and were use at 10M concentration (Table 2-4).
	Primer Name
	Species
	Primer Sequence

	TSPAN1
	Human
	FW 5’CGACCAAAAAGTAGAGGGTTGC
RV 5’ACAATCATGGCAGCCAGCTC

	TSPAN2
	Human
	FW 5’AAGGGGGTAGCTATCCGACA
RV 5’TGGACCTGTTCGGAGCTTTC

	TSPAN3
	Human
	FW 5’CCTCATCTTCTGGTTTGTCATCATC
RV 5’ GGGTTGGTTCCATTGTAGGTCT

	TSPAN4
	Human
	FW 5’GTGGCTGTGGAGAGCTTGG
RV 5’GCCACAGGAAAGAGACCAGG

	TSPAN5
	Human
	FW 5’GTGGGCATGGAATGAAAAAGGAG
RV 5’CCAATGCACCCTGCAAATCC

	TSPAN6
	Human
	FW 5’TTTGCAAAGGCAAGCAAGGC
RV 5’ATAACGCCAGTGATCTGCGA

	TSPAN7
	Human
	FW 5’TCGTCTTCTGGATCACTGGG
RV 5’CCGATGAGCACATAGGGAGC

	TSPAN8
	Human
	FW 5’GCCCCAGGAGCTATGACAAG
RV 5’AGAGATTTCTGTATCCACGGACATT

	TSPAN9
	Human
	FW 5’TTGTTTGTCAGCAGCCAAGG
RV 5’ACAGCCACAGAGCCAGAATATC

	TSPAN10
	Human
	FW 5’GAAGCAAAGACGAGCATCCG
RV 5’GGGCTAGTCTGTGCATGGAG

	TSPAN11
	Human
	FW 5’CATGTGAGCAGGCCCAGAA
RV 5’CCCCGACCCAGAAGAAGAAG

	TSPAN12
	Human
	FW 5’CCTGCTCTACGCCCTCAATC
RV 5’ACTGCTTCCTCTACCCTCGT

	TSPAN13
	Human
	FW 5’GACACCTGTCTGGCTAGCTG
RV 5’GGCCAATGCCACCAACAAAT

	TSPAN14
	Human
	FW 5’CAAGGTCAGCTGCTGGTACA
RV 5’GACAACTCCAGCCAACCAGA

	TSPAN15
	Human
	FW 5’GAGCGCCCAGGATGCC
RV 5’CCAATCAGCCAGAACACGGT

	TSPAN16
	Human
	FW 5’GAAATGACAACGGGCCACAC
RV 5’AACAGCCCTTCTGGTGGATG

	TSPAN17
	Human
	FW 5’CTCAAACTGGTGAGAGGGGAG
RV 5’ATGCCAAAGATCTGGAGGAGG

	TSPAN18
	Human
	FW 5’ACATCTCAACGCTGGCTCTC
RV 5’GCCCCGCCCAGAAATATGAA

	TSPAN19
	Human
	FW 5’ACGCAGCATTTCAGGGACTG
RV 5’GTCCAAGAACCAAGAAAGCTCC

	TSPAN20
	Human
	FW 5’TCCCGAAGATGGCCAAAGAC
RV 5’GCAATGCCGCAACAACCAAT

	TSPAN21
	Human
	FW 5’CTGTTCACCAAGGGCTGCTTC
RV 5’GGATGGCAAACCCAAACCAC

	TSPAN22
	Human
	FW 5’GGCTCTTCGAGGTGACCATT
RV 5’GGCTCTCGCTCTCAGATTCC

	TSPAN23
	Human
	FW 5’GCCAAAAGGCTGGTGGATGA
RV 5’TTGCTCTGGATCCGGTCAGC

	CD151
	Human
	FW 5’TGCGCCTGTACTTCATCCTG
RV 5’GCTGCTGGTAGTAGGCGTAG

	CD53
	Human
	FW 5’TTTTACACAAATAGCCCCGGA
RV 5’ATTCTTGCCCTTTTCCAGGCA

	CD37
	Human
	FW 5’TTCGTGTCCTTTGTGGGCTT
RV 5’AAAATACAGGCCCAGGAGGC

	CD82
	Human
	FW 5’GGCTGCTGAAGCAGGAGAT
RV 5’CAGCACTTCACCTGAGCCTG

	CD81
	Human
	FW 5’ACTGGGTTGGACGACACTTG
RV 5’CTCCAGCCAGCTGGGAAC

	CD9
	Human
	FW 5’AGGTCCCGCCAGTCCC
RV 5’CCGGCAAGCCAGAAGATGAA

	CD63
	Human
	FW 5’AGCCCTTGGAATTGCTTTTGTTT
RV 5’AGACCCCTACATCACCTCGT

	TSPAN31
	Human
	FW 5’GAAGACGGTCCCCAATACCC
RV 5’GCTCACCAGCATGTAGACCA

	TSPAN32
	Human
	FW 5’TCTGAGTCTGCCCTATCCACAG
RV 5’CCCGCAGAGAAGGCCCATT

	TSPAN33
	Human
	FW 5’AGCCCGCTGGTGAAATACCT
RV 5’AGGGCTGCTTCTGCATGCTT

	IL-6
	Human 
	FW 5’TCTCCACAAACATGTAACAAGAGT
RV 5’TCACCAGGCAAGTCTCCTCA

	IL-8
	Human
	FW 5’TGTGAAGGTGCAGTTTTGCCA
RV 5’GGGGTGGAAAGGTTTGGAGTA

	IL-10
	Human
	FW 5’AAGACCCAGACATCAAGGCG
RV 5’AATCGATGACAGCGCCGTAG

	IL-1B
	Human
	FW 5’ACCAAACCTCTTCGAGGCAC 
RV 5’TGGCTGCTTCAGACACTTGAG

	ARG1
	Human
	FW 5’ACTTAAAGAACAAGAGTGTGATGTG
RV 5’CGCTTGCTTTTCCCACAGAC

	ADAM10
	Human
	FW 5’TTCTCCCTCCGGATCGATGT
RV 5’ATACTGACCTCCCATCCCCG

	House Keeping gene (GAPDH)
	Human
	FW 5’TGCACCACCAACTGCTTAGC 
RV 5’GGCATGGACTGTGGTCATGAG

	Fbln2
	Mouse
	FW 5’TGTCCTGTGAAGACATCAATGAG
RV 5’GTGAGCGCCTTGTAGCATTG

	Timp1
	Mouse
	FW 5’GGCATCTGGCATCCTCTTGT
RV 5’TAGCCCTTATGACCAGGTCCG

	Slco2a1
	Mouse
	FW 5’ATTAAACGGTTCCCCCGCAT
RV 5’CTGAGGAGAAGGTGCACTGG

	Fkbp10
	Mouse
	FW 5’AACTGTTCTCTGCTGGACGG
RV 5’CCTCATAGTCGTGGGACGAG

	Fn1
	Mouse
	FW 5’GCCACCATTACTGGTCTGGA
RV 5’GTCATACCCAGGGTTGGTGAT

	Ccl11
	Mouse
	FW 5’AGAGCTCCACAGCGCTTCTA
RV 5’GGAAGTTGGGATGGAGCCTGG


[bookmark: _Toc16588657]Table 2-4. Primers used to analyse mRNA gene expression by real-time qPCR.






[bookmark: _Toc441917412][bookmark: _Toc7559589]2.1.6 Commercial experimental assays 
Kits that were used for experiments are described in Table 2-5.
	Kit
	Company

	Accell siRNA
	Dharmacon

	DNA-free™ DNA Removal Kit
	Thermo Scientific™

	High-Capacity cDNA Reverse Transcription Kit
	Applied Biosystems

	Precision 2X q-PCR Mastermix
	PrimerDesign

	RNeasy Mini Kit
	QIAGEN


[bookmark: _Toc16588658]Table 2-5. These commercial kits were purchased from the manufacturer and used for different experiments.
[bookmark: _Toc441917413][bookmark: _Toc7559590]2.2 Methods
[bookmark: _Toc441917414][bookmark: _Toc7559591]2.2.1 Generation of macrophages 
For these studies we used primary monocyte derived macrophages (MDM) generated from human blood and mouse bone marrow derived macrophages using the protocols described below. 
[bookmark: _Toc441917415][bookmark: _Toc7559592]2.2.1.1 Monocyte isolation and differentiation
Monocytes were isolated from blood using Ficoll density gradient centrifugation according to (Muthana et al., 2011a, Muthana et al., 2013b).The following protocol was used; In a laminar airflow hood, 15ml of blood was diluted with 30ml of PBS in a 50ml falcon tube. Ficoll-hypaque (20ml) was pipetted into another 50ml falcon tube and 30ml of the blood/PBS mix was layered on top of the Ficoll-hypaque. The tubes were centrifuged at 1400rpm with the brake off for 40 min. This results in 4 layers (Plasma, PBMCs, Ficoll-hypaque and red blood cells); the central white layer contains all the lymphocytes and this was isolated using a plastic Pasteur pipette and washed twice in PBS. The supernatant was removed and the cell pellet was resuspended in complete IMDM medium (supplemented with 2% human AB serum and 4mM L-Glutamine). After that, the cells were counted using the automated cell counting machine (Bio-Rad) to establish how much of the cell suspension was needed to make a solution of 50,000,000 cells/ml. To attach the monocytes, 50 million cells were resuspended in 5 ml of complete IMDM in T75 flasks and incubated for 2 hours (370C at 5% CO2). This resulted in plastic adherence of monocytes to the flasks; the entire medium containing the non-adherent lymphocytes was removed and replaced with fresh IMDM complete medium. In experiments using monocytes cells were used after 2 hours of culture.
[bookmark: _Toc441917416][bookmark: _Toc7559593]2.2.1.2 Culturing of primary MDM 
Monocyte derived macrophages (MDM) were prepared by culturing the attached monocytes for a further 7 days in IMDM complete medium. IMDM medium was replenished after 3 days. At day 7, cells were washed with PBS and used in experiments.
[bookmark: _Toc7559594]2.2.1.3 Differentiation of MDMs into M1, M2 and TAMs
Monocyte derived macrophages (MDM) were prepared by culturing the attached monocytes for a further 6 days in IMDM complete medium. IMDM medium was replenished after 3 days. At day 6, cells were washed with PBS and polarised to either M1 macrophages by culturing them in IMDM complete medium with 1ng/ml of LPS and 10ng/ml of IFN-γ, or M2 macrophages by culturing them in IMDM complete medium with 20ng/ml of IL-4 for 24 hours. For TAMs, at the day 6, the medium was replaced with supernatants taken from the MDA-MB 231 triple negative breast cancer cell line to undergo tumour conditioning  (see 2.2.1.4) for 24 hours.
[bookmark: _Toc441917417][bookmark: _Toc7559595]2.2.1.4 Culturing of breast cancer cells
For these studies we used human breast cancer cell lines MDA-MB-231 and MCF-7 and murine breast cancer cell lines EO771 and TS-1. The human breast cancer cell line MDA-MB-231 was purchased from the ATCC. These are mammary gland/breast; derived from metastatic pleural effusion. Cells were cultured in RPMI supplemented with 10% Foetal Bovine Serum. Cells were sub-cultured once a week at a ratio of 1:4 with medium changes twice weekly. Tumour-conditioned medium was collected 72 h after subculture and centrifuged to remove any cellular debris before storing at -20oC.
MCF-7 were purchased from the ECACC and were originally derived from a human Caucasian breast adenocarcinoma patient. These are oestrogen receptor positive cells and were cultured in Dulbecco’s Modified Eagles Medium (DMEM) with 10% FBS and 5% Non-essential Amino Acids (NEAA) (Lonza®) and cultured at 370C with 5% CO2 in an incubator.
EO771 cell was provided by Dr. Penelope Ottewell, University of Sheffield. EO771is a basal-like murine breast adenocarcinoma which is positive for ER and negative for PR and HER2 and developed spontaneously in the mammary gland of C57BL/6 mouse (Sugiura and Stock, 1952, Rampoldi et al., 2016). Cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM) with 10% FBS and cultured at 370C with 5% CO2 in an incubator.
TS-1 cells were obtained from Professor Janet Joyce, Memorial Sloan Kettering Cancer Research Centre. The TS-1 line is ER/PR negative and HER-2 positive murine breast cancer, derived from the transgenic MMTV-PyMT tumours that spontaneously develop in mammary tumours that metastasise to the lung (Lin et al., 2003, Shree et al., 2011). Cells were cultured in Dulbeccos Modified Eagles Medium (DMEM) ultraglutamine with 10% FBS and cultured at 370C with 5% CO2 in an incubator. 
[bookmark: _Toc7559596]2.2.1.5 Culturing of L929 cells 
L929 cell were purchased from the ECACC. The L strain cell was originally derived from normal subcutaneous areolar and adipose tissue of a 100-day-old male C3H/An mouse in 1940. The L929 clone of L strain was later derived by The National Collection of Type Cultures (NCTC) in 1948. L929 cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM) with 10% FBS and cultured at 370C with 5% CO2 in an incubator.
[bookmark: _Toc441917418][bookmark: _Toc7559597]2.2.1.6 Harvesting of MDM
Monocyte derived macrophages (MDM) were prepared according to 2.2.1.1 and for RNA extraction, MDM were enzymatically detached from the T75 flasks by addition of 3 ml of trypsin/EDTA solution to each flasks and incubating for 40 min (370C at 5% CO2), flasks were then tapped and 7ml of medium was added, after that any remaining cells were gently scraped and collected in 50 ml falcon tubes then centrifuged at 1400rpm for 10 min.
[bookmark: _Toc441917419][bookmark: _Toc7559598]2.2.2 RNA extraction
To investigate TSPAN gene expression in MDM, RNA was extracted using the QIAGEN RNeasy Mini Kit according to the following protocol. In brief, cells were scraped from the surface of T75 flasks and centrifuged at 1400rpm for 10 min. The cells were resuspended in 350 L of RLT lysis buffer and were kept on ice at all times. 350L of 70% ethanol was added to the lysed cells. All 700L was transferred to filter tubes (pink) placed in a 2ml collection tube and centrifuged at 8000 rpm for 15 seconds. The flow through in the collection tube was discarded and 700L of RW1 buffer was added and centrifuged at 8000 rpm for 15 seconds followed by 500L of RPE buffer and centrifugation at 8000 rpm for 15 seconds. 500L of RPE buffer was added and centrifuged at 8000 rpm for 2 min and finally 50L of RNA-free water was added and centrifuged for 1 min at 8000 rpm to release the RNA. The concentration of mRNA was determined using the NanoDrop Spectrophotometer ND 1000. The concentration of the RNA was standardised by diluting the sample in RNase/DNase-free water and then stored at -80°C.
[bookmark: _Toc441917420][bookmark: _Toc7559599]2.2.3 cDNA synthesis 
The cDNA was prepared for q-PCR using the High-Capacity cDNA Reverse Transcription Kit. All RNA samples were normalised to the same concentration. According to the manufacturer’s instructions, the 2X RT Master Mix was prepared as shown in Table 2-6 for each reaction.
	Reagent
	Volume (l)

	10X RT buffer
	2.0

	25X dNTP Mix (100mM)
	0.8

	10X RT Random Primer
	2.0

	MultiScribe Reverse Transcriptase
	1.0

	Nuclease-free H2O
	4.2


[bookmark: _Toc16588659]Table 2-6. Components of 2X RT Mastermix.

RNA samples (10 l) were added to 10 l of 2X RT Master Mix and the samples were loaded in the thermal cycler machine. Thermal cycler was set as described in Table 2-7 and the resultant cDNA samples were stored at -200C for q-PCR.
	Step
	Temperature
	Time

	Step 1
	25oC
	10 Min

	Step 2
	37oC
	120 Min

	Step 3
	85oC
	5 Min

	Step 4
	4oC
	Hold


[bookmark: _Toc16588660][bookmark: _Toc331173180][bookmark: _Toc331174111][bookmark: _Toc331346325][bookmark: _Toc422158307]Table 2-7. Thermocycler parameters for generation of complementary DNA (cDNA).


[bookmark: _Toc441917421][bookmark: _Toc7559600][bookmark: _Toc331173183][bookmark: _Toc331174114][bookmark: _Toc331346328][bookmark: _Toc422158313]2.2.4 Real-Time quantitative Polymerase Chain Reaction (RT-qPCR)
Real-time q-PCR was performed to determine mRNA expression of TSPAN genes and M1-M2 macrophage expressing gens. The 2X q-PCR Mastermix was prepared according to Table 2-8. q-PCR reaction was performed in 384-well plate (three wells per gene and sample) and 7900HT AbiPrism sequence detection system was used. Ct (cycle threshold) values were calculated by determining the number of cycles needed to reach the threshold. The Ct (cycle threshold) is defined as the number of cycles required for the fluorescent signal to cross the threshold (i.e. exceeds background level). Ct levels are inversely proportional to the amount of target nucleic acid in the sample, so the lower the Ct value the greater the amount of mRNA expression. 
	Reagent
	Volume (l)

	SYBR green Mastermix
	5

	Nuclease-free H2O
	3

	Forward Primer
	0.5

	Reverse Primer
	0.5

	cDNA
	1


[bookmark: _Toc16588661]Table 2-8. Components of 2X qPCR Mastermix.

A total volume of 9l that included SYBR green mastermix, nuclease-free H2O, forward and reverse primers were added to each well of the qPCR 384 well plate. 1l of cDNA was added to the specified wells and the qPCR plate was centrifuged at 2000rpm for 2 min. After that, the qPCR plate was placed into the 7900HT AbiPrism sequence detection system and run according to the following cycles (Table 2-9). 
	Cycles
	Reaction Step
	Temperature
	Cycle length

	x1 cycle
	Enzyme Activation
	10 min
	95oC

	x50 cycles
	Denaturation
	15 seconds	
	95oC

	
	Data Collection
	1 min
	60oC


[bookmark: _Toc16588662]Table 2-9. qPCR reaction parameters.




[bookmark: _Toc441917422][bookmark: _Toc7559601]2.2.5 Flow cytometry
Next, we wanted to assess TSPAN protein expression. Since TSPANs are mostly expressed on the cell surface flow cytometry was performed using available antibodies. Mouse anti-CD63, anti-CD151 and anti-CD9 antibodies were kindly provided by Dr Partridge (Department of Molecular Biology and Biotechnology, University of Sheffield, Sheffield, UK) (Parthasarathy et al., 2009), and Rabbit anti-TSPAN5 were used to assess TSPAN surface expression. Monocytes, MDMs and MDMs cultured in tumour conditioned medium (TCM) were harvested and washed twice in cold wash buffer (PBS with 1% bovine serum albumin) and 0.1% sodium azide. This wash buffer was used throughout. Cells were resuspended at 0.5 x 106 per test to which 50 µl (10µg/ml) of primary antibody was added. The antibody and cells were incubated for 45 min on ice. The cells were resuspended in wash buffer and washed twice at 400g for 5 min followed by the addition of 50 µl (5.0µg/ml) of Goat anti-Mouse Alexa Fluor 488 secondary antibody for 45 min on ice. The cells were resuspended and washed twice at 400g for 5 min and cell pellets were resuspended in 300 µl of wash buffer and immediately analysed by flow cytometry. Samples were examined using FACSCalibur with 10,000 live events collected and just before analysis TO-PRO-3 (1:300 of 1μM solution) was added to exclude dead cells. Data were analysed used FlowJo software; cell population was gated using forward scatter (FSC) for size and side scatter (SSC) for granularity.  A threshold for positively stained cells was set using isotype control. Median fluorescence index was normalised to IgG isotype control as the following equation; 
                     Median fluorescence intensity of positively staining cells
                     Median fluorescence intensity of isotype staining 

[bookmark: _Toc7559602][bookmark: _Toc441917423]2.2.6 Cell lysis and protein extraction 
Cell lysis was performed to extract the proteins from Monocyte, MDMs, MDMs cultured in tumour condition medium and BMDMs. Cells were washed twice with cold PBS. And 200µl of lysis buffer (RIPA buffer mixed with protease and phosphatase inhibitors) were added to extract the proteins. Cells were scraped and collected into Eppendorf tubes. After that, lysed cells were passed through a 21-G needle a few times to rupture the cell wall and incubated on ice for 30 min to allow full lysis. Lysed cells were centrifuged at 15,000×g for 15 min at 4oC. The supernatants were collected and stored at -80 oC until further use. 
[bookmark: _Toc7559603]2.2.7 Protein quantification
The Thermo-Scientific Pierce™ BCA Protein Assay Kit was used to measure protein concentration to load equal amount of protein for western blotting (SDS-PAGE). The principle of this method is the reduction of Cu2+ to Cu1+ by the protein in an alkaline condition and Cu1+ is calorimetrically detected by bicinchoninic acid. This complex produces a purple-coloured reaction that can be detected at 562nm in a spectrophotometer. Bovine serum albumin (BSA) was prepared at a final concentration of 0.2mg/ml after that the standard dilutions were prepared according to Table 2-10. Different dilutions of samples were also prepared according to Table 2-11.
	No
	Standard (µg/ml)
	BSA µl of 0.2mg/ml working stock
	µl of dH2O

	1
	0
	0
	1000

	2
	2.5
	12.5
	987.5

	3
	5
	25
	975

	4
	7.5
	37.5
	962.5

	5
	10
	50
	950

	6
	15
	75
	925

	7
	20
	100
	900


[bookmark: _Toc16588663]Table 2-10. Preparation of BSA standard dilutions.

	Sample dilution
	µl of sample (Lysate)
	µl of dH2O

	1:50
	20
	980

	1:100
	10
	990

	1:200
	5
	995


[bookmark: _Toc16588664]Table 2-11. Preparation of Sample for protein quantification.

150µl of standard and sample lysate were added in triplicate to each well of a 96 well plate and 150µl of the prepared working reagent (2.5ml of reagent A, 2.4ml of reagent B and 0.1ml of reagent C) were added to each well. After that. the plate was incubated at 37 oC for two hours then measured on a spectrophotometer. The protein concentration of each sample was calculated according to the standard curve using GraphPad prism (regression analysis).
[bookmark: _Toc7559604]2.2.8 Western blotting
Western blotting was performed to measure TSPAN protein expression on whole cell lysates, 40µl of cell lysate with equal protein concentrations (20 to 50 µg) were mixed with 10µl of 4x loading sample and reducing agent buffer. The mixtures were incubated at 90oC for 5 min and 40µl were loaded to each well of the SDS-PAGE gel. 5µl of prestained protein ladder (10-250 kDa, Thermo Scientific™) was loaded into one lane to identify the molecular weight of each band. Cell lysates were loaded into 10% Mini-PROTEAN TGX precast gels (BIO-RAD) and the gel was run in a tank containing 1X TGS running buffer (BIO-RAD). The gel was run at 120v for 30 min and the voltage was increased until the blue dye ran off the bottom of the gel. The gel was transferred to a nitrocellulose membrane using the iBlot® 7-Minute Blotting System (Thermo Scientific™). After that, membranes were blocked for 1hr with 5% milk powder at RT and incubated overnight with primary Ab (optimum dilution) at 4oC. On the following day, the membranes were washed with TBST (x5) for 5 min each. After that, the membranes were incubated with appropriate secondary antibody for 1hr at RT and washed with TBST (x5) for 5 min each. LumiGLO Reserve® Chemiluminescent Substrate Kit (KPL cat.No. 54-71-01) was added to the membrane and was left for 2 min to react then imaged using ChemiDoc™ MP System (BIO-RAD).
[bookmark: _Toc7559605]2.2.9 Immunocytochemistry
Immunocytochemistry was used to measure the expression of TSPAN5 in MDMs and MDMs cultured in TCM. MDMs were prepared according to protocol 2.2.1.2. at the day 6, MDMs were seeded on small coverslip placed in 24 well plate at 200,000 cells/well. MDMs were cultured overnight with IMDM complete medium and with MDA-MB-231 TCM. The following day, cells were washed 3 times with PBS. Cells were fixed in 300µl of 2% paraformaldehyde (PFA) and incubated for 15 min (370C at 5% CO2) then washed 3 times with PBS. After that, cells were blocked with 5% goat serum and incubated for 30 min at RT. Primary Ab (rabbit anti human TSPAN5) was added at dilution 1:100 and incubated for 1hr at RT then washed 3 times with PBS.  Secondary Ab (goat anti rabbit Alexa Fluor® 488) was added at a dilution of 1:400 and incubated for 30 min at RT then washed 3 times with PBS. Coverslips were removed from the wells and mounted with DAPI Vectashield and covered by slides.
[bookmark: _Toc7559606]2.2.10 Immunohistochemistry
Immunohistochemistry staining was carried out to detect the expression of TSPAN5 and CD68 (macrophage marker) in paraffin wax embedded human breast (normal and tumour) tissues. Slides were dewaxed two times with xylene 5 min each and hydrated through alcohol gradients (100%, 95%, 90% and 70%) 3 min each, then rinsed in tap water for 2 min. Slides were immersed into 3% H2O2 (270ml methanol+30ml of 30% H2O2) and rocked for 20 min at RT.  After that, antigen retrieval was performed using Tris-EDTA pH 9 at 1000C for 20 min in a water bath. Slides were cooled on ice for 15 min and tissues were circled using a wax pen. Next sections were blocked in 1% BSA for 20 min at RT and stained with primary Ab rabbit anti-human TSPAN5 for 1 hr at RT then washed 2 times with PBST using a shaker for 3 min each. Sections were incubated with alkaline phosphatase (AP) for 30 min at RT then washed 2 times with PBST and impressed with the ImmPACT Vector Red alkaline phosphatase substrate for 30 min at RT and washed 2 times with PBST. Tissues were blocked again for 20 min at RT then stained with primary Ab mouse anti-human CD68 for 1hr and washed 2 times with PBST. Tissues were then incubated with horseradish peroxidase (HRP) for 30 min and washed 2 times with PBST. After that, tissues were impressed with ImmPACT DAB Vector Peroxidase substrate for 20 min and washed 2 times with PBST. Tissues were immersed in Hematoxylin for 3 min and rinsed in tap water for 1 min. Finally, tissues were dehydrated through alcohol gradients (70%, 90%, 95% and 100%) for 2 min and 2 times followed by xylene 5 min each then mounted with DPX. Slides were scanned using a Hamamatsu slide scanner at Sheffield Institute for Translational Neuroscience and analysed using ImageScope software.
[bookmark: _Toc7559607]2.2.11 Immunofluorescence
Immunofluorescence was performed to visualize the expression of TSPAN5 and CD68 (macrophage marker) in paraffin wax embedded human breast (normal and tumour) tissues, slides were dewaxed twice with xylene for 5 min each and hydrated through alcohol gradients (100%, 95%, 90% and 70%) for 3 min each then rinsed in tap water for 2 min. After that, antigen retrieval was performed using Tris-EDTA pH 9 at 1000C for 20 min in a water bath. Slides were cooled on ice for 15 min and tissues were circled using a wax pen. Tissues were blocked in 1% BSA and 10% goat serum for 30 min and stained with primary Abs (TSPAN5 and CD68) then washed with TBST 2 times for 3 min each. Tissues were stained with secondary Abs (goat anti-rabbit Alexa Fluor® 488 for TSPAN5 and rabbit anti-mouse Alexa Fluor® 595 for CD68) for 1 hr at RT then washed with TBST 2 times 3 min each. Tissues were stained with DAPI for 3 min and washed with TBST for 15 min (TBST changed after 5 min). Tissues were mounted with prolong gold antifade and covered with coverslips. Slides were scanned using Nikon Widefield Live-Cell System and analysed using ImageJ software.
[bookmark: _Toc7559608]2.2.12 Extraction of exosomes
This experiment was done to detect the expression of TSPAN5 using macrophage-derived exosomes. Monocytes were isolated from blood and differentiated to MDMs according to protocol 2.2.1.1. At the day 3 MDM were washed twice in flasks with PBS and cultured in IMDM exosome free medium (exosome free FBS) for 4 days. At the day 7 the culture medium was collected and centrifuged at 300×g and 2,000xg for 10 min at 4oC (to get rid of cellular debris). The supernatants were collected and centrifuged at 10,000xg for 30 min at 4oC. After that, the supernatants were collected and ultra-centrifuged at 100,000 for 2 hrs at 4oC. The supernatants were discarded and the pellet was resuspended in RIPA buffer. Western blotting was performed to detect the expression of TSPAN5 in addition to exosome markers CD63 and CD9 (as described in section 2.2.8).
[bookmark: _Toc7559609]2.2.13 Investigating the role of TSPAN5 in macrophages
The following experiments were performed to investigate the role of TSPAN5 knockdown in MDM viability, migration and phagocytosis. 
[bookmark: _Toc7559610]2.2.13.1 Knockdown of TSPAN5
TSPAN5 Knockdown (KD) on MDMs was done by using Accell siRNA materials (which used for the difficult-to-transfect cells without any additional transfection reagents, virus, or instruments). MDMs were prepared according to protocol 2.2.1.1. At the day 4, cells were seeded in 6 well plates 1million/well and cultured in IMDM complete medium overnight (370C at 5% CO2). The following day, cells were washed twice with PBS and cultured in IMDM serum free medium for 2hrs (370C at 5% CO2). After that, TSPAN5 and non-targeting control Accell siRNA were added to the cells (7,5µl of 100 µm siRNA to 750µl of IMDM serum free medium) and incubated for 96 hrs (370C at 5% CO2). At the day 9, cells were washed with PBS and either lysed with the RNeasy Mini Kit RLT lysis buffer for qPCR as described in section 2.2.4 or with RIPA buffer for western blotting (as described in section 2.2.8).
[bookmark: _Toc7559611]2.2.13.2 MTS assay
MTS was used to determine the effect of TSPAN5KD on MDM viability. MDMs were prepared according to protocol 2.2.1.1. At day 4, cells were seeded in 96 well plates 20,000/ well and cultured in IMDM complete medium overnight (370C at 5% CO2). The following day cells were washed twice with PBS and cultured in IMDM serum free medium for 2 hrs (370C at 5% CO2) then TSPAN5 and non-targeting control accell siRNA were added to the cells (1µl of 100 µm siRNA to 100µl of IMDM serum free medium) and incubated for 36hrs (370C at 5% CO2) as described in 2.2.13.1. At day 8, 20µl of MTS solution (Promega) was added to each well of a 96 well plates (either containing medium or cells) and incubated for 3 hrs (370C at 5% CO2), the plate was read using a plate reader at 490 nm.
[bookmark: _Toc7559612]2.2.13.3 Scratch assay
A scratch assay was used to determine the effect of TSPAN5KD on MDM migration. MDMs were prepared according to protocol 2.2.1.1. At the day 4, cells were seeded in 96 well plates 50,000/ well and cultured in IMDM complete medium overnight (370C at 5% CO2). The day after cells were washed twice with PBS and cultured in IMDM serum free medium for 2 hrs (370C at 5% CO2). After that, TSPAN5 and non-targeting control accell siRNA were added to the cells (1µl of 100 µm siRNA to 100µl of IMDM serum free medium) and incubated overnight (370C at 5% CO2) as described above. The following day, cells were imaged using a light microscope then a scratch across the cells was made using a sterile pipette tip and imaged, cells were also imaged after 24, 36 and 48 hrs. The effect of TSPAN5KD on MDM migration was determined by calculating the number of cells that migrated into the scratched (clear) area. This was compared to migration of cells in negative control (untreated cells).
[bookmark: _Toc7559613]2.2.13.4 Phagocytosis assay
This assay was performed to determine the effect of TSPAN5KD on MDM phagocytosis. MDMs were prepared according to protocol 2.2.1.1. At the day 4, cells were seeded in 6 well plates 1million/well and cultured in IMDM complete medium overnight (370C at 5% CO2). The next day, cells were washed twice with PBS and cultured in IMDM serum free medium for 2 hrs (370C at 5% CO2). After that, TSPAN5 and non-targeting control accell siRNA was added to the cells (7.5µl of 100 µm siRNA to 750µl of IMDM serum free medium) and incubated for 48 hrs (370C at 5% CO2). At day 8, cells were washed with PBS and then incubated overnight with Dextran, Oregon Green™ 488; 70,000 MW (Thermo Scientific™) at 1mg/ml. The following day, samples were examined using FACSCalibur with 10,000 live events collected and just before analysis TO-PRO-3 was added to exclude dead cells.
[bookmark: _Toc7559614]2.2.14. Culturing of Bone Marrow Derived Macrophages (BMDMs)
Bone marrow derived macrophages (BMDMs) were prepared by culturing bone marrow for 14 days in DMEM medium containing penicillin (100 U/ml), streptomycin (100 µg/ml) with 10% heat inactivated FCS and 10% L929 conditioned medium. Cells were counted and resuspended in medium at 2.5x105 cells/ml. DMEM medium was replenished after 5 days and on day 14, cells were washed with PBS and either lysed with lysis buffer (RLT) from the RNeasy Mini Kit (as described in 2.2.2) for gene studies or with RIPA buffer for western blotting (as described in 2.2.6).
[bookmark: _Toc7559615]2.2.14.1 RNA-Seq analysis 
BMDMs were prepared according to 2.2.14 and RNA was prepared according to 2.2.2. RNA from wildtype and TSPAN5KO samples were sent to Cambridge Genomic Services (10µl). The data from next generation sequences were processed by Cambridge Genomic Services (http://www.cgs.path.cam.ac.uk/). Differential expression analysis was performed using counted reads and the R package edgeR.  The data were first processed to filter genes and genes having more 0.5cpm (counts per million) in at least 2 samples were included. After that, normalization factors were calculated using TMM (trimmed mean of M-values) normalization. Sample relationships were showed using (multidimensional scaling) MDS, heat maps, and scatter plots. MDS plots were used to show distances in terms of biological coefficient of variation. Heat map plots represent the correlation values between samples, which is calculated using log2-cpm. Scatter plots are also based on log2-cpm. Finally, the data were statistically compared using a paired information. EdgeR used FDR approach for multiple testing corrections. The results were averaged for the two group and the resulting p-values were compared. Transcripts with a p-value of less than 0.01 and a fold change of greater than 0.5 were considered significant and used in further analysis. Significant genes underwent functional annotation clustering analysis using DAVID software to produce hierarchal functional groups based on enrichment scores. 
[bookmark: _Toc7559616]2.2.15. Murine model of breast cancer
C57BL/6J TSPAN5KO mice were provided by Dr. Eric Rubinstein, University of Paris-Sud, France. Four heterozygote females, two heterozygote males and three homozygote males from the C57BL/6J TSPAN5KO colony were provided. Mice were bred at our biological service facilities to get the required number of homozygote C57BL/6J TSPAN5KO female mice. 
These TSPAN5 knockout mice were created by injection of embryonic stem cells (Black/6) obtained from The European Conditional Mouse Mutagenesis Program (EUCOMM) into blastocysts of C57BL/6J mouse, after that, TSPAN5 genetrap was removed with flippase and two exons of TSPAN5 were removed with Cre. Mice were crossed several times and a constitutive knockout of TSPAN5 was created. This information was provided by Dr. Eric Rubinstein, University of Paris-Sud, France.
C57BL/6J wildtype mice were purchased from Envigo at 6-8 weeks old and housed in the University of Sheffield Biological Services Unit and cared for according to the University of Sheffield code of ethics and Home Office regulations. The designated site personal licence number is I6D3E92AD.
Mice were injected into the nipple with 3x105 EO771-Luc cells using the following protocol. Inhalant isoflurane (IsoFlo) was used to anaesthetise mice, hair removal cream was applied around the whole abdominal area (to expose both nipples) and Hibiscrub was used to disinfect the skin.  Following this, 3x105 EO771 cells (which were collected from flasks during their exponential growth phase) in 20μL DPBS and growth factor reduced (GFR) matrigel at a ratio of 1:1 were injected into the nipple using an insulin syringe. Mice were monitored daily and weighed every three days. Tumour volume was measured using callipers and also recorded every three days using the following equation:   
                                                 
For assessing bioluminescence and potential metastasis, mice received intra-peritoneal injection of d-Luciferin (150mg/kg body weight) for 15 min prior to imaging. Then, the non-invasive in vivo imaging system (IVIS 200 System, Xenogen) was used to image the mice under isoflurane anaesthesia delivered via a nose cone. Once the tumours reached ~1500mm3 mice were culled by cervical dislocation, and the organs and tumour were removed and stored in liquid nitrogen for post-mortem analysis.
[bookmark: _Toc7559617]2.2.15.1 Antibody depletion of TSPAN5 
The anti-TSPAN5 antibody was provided by Dr. Eric Rubinstein, University of Paris-Sud, France. The antibody was generated by immunization of TSPAN5 knockout mice twice with human bone osteosarcoma epithelial cells (U2OS) that stably express TSPAN5-GFP (a human cell line was used because TSPAN5 has identical homology in human, rat and mouse)(Saint-Pol et al., 2017). Hybridomas were screened by labelling of live U2OS and flow cytometry analysis performed, hybridomas that stably stained U2OS-TSPAN5 cells proportionally to the same level of TSPAN5-GFP expressed by the cells were selected in over 3000 clones. In order to characterise the specificity of the anti-TSPAN5 antibody, GFP-TSPAN5 was immunoprecipitated from U2OS/TSPAN5 cells using GFP trap beads after lysis in RIPA buffer, this lysis buffer was used to dissociate all associated proteins from TSPAN5, western blotting was also performed to recognise the specificity of the anti-TSPAN5 antibody in TSPAN5 expressing cells (Saint-Pol et al., 2017).
In our studies, wildtype C57BL/6J mice implantated with E0771:LUC cells (according to 2.2.15) received an intravenous injection of 200ug/mouse anti-TSPAN5 antibody on day 5 and day 16 following tumour implantation. This concentration of antibody was selected according to published protocols with other TSPAN depletion studies (Zijlstra et al., 2008, Pereira et al., 2015). Mouse tumour volume was measured three times/week using callipers and calculated using this formula length x width2/2. Tumour growth was also monitored at weekly intervals using the non-invasive in vivo imaging system (IVIS 200 System, Xenogen) to detect any spontaneous metastasis as described above. Once the tumours reached ~1500mm3 mice were culled by cervical dislocation, and the organs and tumour were removed and stored in liquid nitrogen for post-mortem analysis.
[bookmark: _Toc7559618]2.2.14.2 Targeting of macrophage with Clodronate liposomes
Clodronate (dichloromethylene diphosphonic acid; Sigma-Aldrich) or sterile PBS-containing liposomes were used to deplete macrophages in wild-type and TSPAN5KO C57BL/6J mice. Mice received an intravenous injection of 200 µl of Clodronate liposomes or sterile PBS-containing liposomes as described in the literature (Weisser et al., 2012). The following day, mice were implanted with E0771:Luc labelled cells as described above (2.2.15). Tumour growth was monitored with callipers and at weekly intervals using the non-invasive in vivo imaging system. Once the tumours reached ~1500mm3 mice were culled by cervical dislocation, and the organs and tumour were removed and stored in liquid nitrogen for post-mortem analysis. The effect of Clodronate depletion on macrophage numbers within the tumour was detected by F4/80 immunofluorescence staining of frozen tissues according to 2.2.15.4. 
[bookmark: _Toc7559619]2.2.15.3 Tissue preparation of samples for post-mortem analysis
Once the tumours reached ~1500mm3, mice were culled by cervical dislocation, tumours and organs were collected and embedded in optimal cutting temperature (OCT). Tissue were frozen at -80oC in preparation for cryostat cutting. After that, tissues were sectioned (10µM thick) for immunofluorescence staining using cryostat machine.
[bookmark: _Toc7559620]2.2.15.4 Immunofluorescence staining of frozen tissues
Immunofluorescence staining of frozen tissues was carried out to detect the expression of TSPAN5, F4/80, MRC1 and CD31 in frozen mouse breast tissues sections, a dark humidified chamber was used for all incubations to prevent fluorescent antibodies from reacting with light. Tissue were fixed with ice-cold acetone for 10 min at RT then rehydrated with PBST for 1 min. After that, tissues were surrounded using a Super PAP barrier pen and blocked for 30 min at RT using 5% Goat serum, 10% Murine FcR blocking solution and 1% BSA made in PBST. Tissues were incubated with primary or conjugated antibodies for 1hr at RT then washed 3 times with PBST. After that, tissues were incubated with appropriate secondary antibodies for 30 min at RT then washed 3 times with PBST.  Tissue were then mounted by prolong gold anti-fade with DAPI and covered by coverslips. Slides were scanned using Nikon Widefield Live-Cell System and analysed using ImageJ software.
[bookmark: _Toc7559621]2.2.15.5 Haematoxylin and Eosin staining
Tumours were first sectioned as described in 2.2.15.3. Tissues were fixed in 50:50 acetone- methanol for 20 min. Tissues were then washed x2 in PBS and placed in Gill’s Haematoxylin solution for 1 min followed by a wash in tap water for 5 min until the water was clear. Tissues were then placed in 70% ethanol for 3 min then 90% ethanol for a further 2 min. After that, tissues were placed in eosin (2g eosin dissolved in 400mL 95% ethanol) for 1 min before rinsing in 100% ethanol for 5 min. Tissues were then mounted using DPX mounting medium. Slides were scanned using a Hamamatsu slide scanner at Sheffield Institute for Translational Neuroscience and analysed using ImageScope software. 


[bookmark: _Toc7559622]2.2.16 Statistical Analyses
Statistical analyses were calculated using GraphPad Prism 7 software; t-tests were used when comparing two different conditions. A one-way ANOVA with multiple comparisons was performed when comparing more than 2 conditions; a two-way ANOVA was used when comparing two-different variables on different treatments.  P<0.05 was taken to be significant. Data were presented as mean ± SEM. 
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[bookmark: _Toc7559624]Tetraspanin expression in macrophages in response to stimuli



















[bookmark: _Toc7559625][bookmark: _Toc441917426]3.1 Introduction
Macrophages are phagocytic immune cells that are derived from monocyte precursors and are found in most multicellular organisms (Pollard, 2009). These differentiated cells are recognized by particular phenotypic features and by the expression of specific surface markers such as the expression of CD16 and CD68 by human macrophages and the expression of CD11b, F480 and CD115 in mice (Qian and Pollard, 2010). Tissue resident macrophages are found in most organs. For example, Kupffer cells in the liver, red pulp in the spleen and microglia in the spinal cord and brain (Labonte et al., 2014). Macrophages are often divided into two broad types depending on their expression of transcription factors, growth factors and signalling pathways (Gordon, 2003). These two phenotypes are broadly described as either classically activated ‘M1’ macrophages, which are activated by pro-inflammatory cytokines such as interferon gamma (IFN- and have a supporting role in tumour suppression, defence against pathogens via phagocytosis and chronic inflammation. The other macrophage type is referred to as alternatively activated ‘M2’ macrophages that are activated by anti-inflammatory cytokines such as IL-3, IL-4 and IL-10. These M2 macrophages play a role in wound healing, tissue repair and angiogenesis Figure 1.3 (Guha et al., 2015).
Tumour-associated macrophages (TAMs) are important regulators of the tumour microenvironment and support cancer development via different pathways such as promoting angiogenesis and tumour migration. These TAMs are likely derived from monocytes that have infiltrated the tumour from circulation by the induction of different tumour and stromal chemo-attractants such as CXCL12, CSF1, CCL2, CCL18, CCL20 and VEGFA (Yang et al., 2017a). In a xenograft model of VEGF‐A‐induced skin carcinogenesis, it was found that monocyte are recruited and differentiated into tumour-associated macrophages by VEGFA  and the depletion of these TAMs suppressed the growth of  HaCaT–VEGF‐A tumours (Linde et al., 2012). Also, it was found that in vitro stimulation of human monocytes by CCL2 significantly increased the expression of mannose receptor (CD206)  which is a typical marker of TAMs (Roca et al., 2009).
Tetraspanins function as cellular scaffolds and contribute to cell development, reproduction and immunity. This family of proteins crosses the cell membrane 4 times and forms interactions between each other and other transmembrane proteins, resulting in a network of interactions referred to as tetraspanin enriched microdomains (TEMs). These domains provide a signalling platform involved in many important cellular functions including cell-cell interactions but are also linked with disease development, particular, cancer. The importance of tetraspanins in several steps of cancer formation, communication with the tumour microenvironment, dissemination and metastasis is well-recognised and targeting may be a promising anti-cancer strategy. 
CD82 has been known to have anti-tumour activity in various cancers which supress cancer growth, invasion and metastases. The anti-tumour activity of CD82/KA11 was identified firstly in prostate cancer by Dong et al. In this study, the mRNA level of CD82 is downregulated in 70% of 49 primary human prostate cancer samples (Dong et al., 1996a). The tumour suppressor role of CD82 was demonstrated in an in vitro study that reported the downregulation of CD82 protein levels in human MDA-MB-231 breast cancer cells (Yang et al., 2000). Another in vitro study using a human non-small cell lung carcinoma cell line (h1299) suggested that tumour metastasis was suppressed by TSPAN CD82 through canonical Wnt signalling pathway via controlling the cellular distribution of β-catenin in tumour cells. β-catenin cellular distribution regulates the tumorigenicity of cancer cells and poor cancer prognosis is associated with the accumulation of β-catenin in the nucleus, β-catenin make complexes in nucleus with TCF/LEF (T cell factor/ lymphoid enhancer factor) which leads to activation of genes responsible for growth and development of tumour cells (Chigita et al., 2012). 
Hypothesis
Given the importance of TAMs in the tumour microenvironment and the tumour-promoting capability of TSPANs, we hypothesise that TSPANs also support the tumour-promoting properties of macrophages.  
Aims
Very little is known about TSPANs and macrophages particularly in the cancer setting. The aim of the work described in this chapter was to characterise the expression of all 33 TSPAN members at the gene level on human freshly isolated monocytes and monocyte derived macrophages (MDMs). Of note, tetraspanins 24-30 have different nomenclature and are known as CD151, CD53, CD37, CD82, CD81, CD9 and CD63 respectively. TSPAN expression by the different macrophage subsets was also assessed. MDMs were either cultured in tumour conditioned medium to mimic TAMs, stimulated with LPS to mimic ‘M1’ macrophages and activated by IL-4 to mimic ‘M2’ macrophages. After that, the expression of significantly affected TSPANs was characterised at the protein level using flow cytometry, western blotting and immunocytochemistry. 
[bookmark: _Toc7559626]3.2 Monocytes Isolation and Differentiation into MDMs
Human monocytes were isolated from buffy coats following Ficoll-Hypaque density centrifugation (Muthana et al., 2011b, Muthana et al., 2013a). They were cultured in T75 tissue culture flasks and observed by light microscopy before and after differentiation. Human monocytes immediately adhered to the plastic flask without stimulus and differentiated into MDM over 7 days of incubation. Monocytes became larger in size and appeared more granular as they differentiated to macrophages. On average a typical buffy coat gave yields of 12-18 million macrophages, a yield of ~2-4% the starting population. 

[bookmark: _Toc7559627]3.3 Human monocytes express all 33 TSPAN members
Monocytes are the precursor cell for macrophages. These circulating cells give rise to tissue resident macrophages throughout the body, as well as other cell types including dendritic cells and osteoclasts. Monocytes start life in the bone marrow from a myeloid progenitor that is shared with neutrophils, and they are then released into peripheral blood, where they circulate for a few days before entering into tissues/organs and replenishing the tissue macrophage populations (Volkman and Gowans, 1965). Mature monocytes in the peripheral circulation are heterogeneous, and constitute ∼5–10% of all peripheral-blood leukocytes in humans. Monocytes exhibit a dual role in tumour development, which might display tumour cytotoxic, or tumour promoter properties. Kleinerman and co-workers reported that systemic treatment of different cancer patients (breast, colon and renal cancers) with human recombinant γ-Interferon might activate their monocytes to become tumour cytotoxic (Kleinerman et al., 1986). On the other hand, a recent study reported that the numbers of tumour-infiltrating monocytes significantly increased in mammary tumours of mice following doxorubicin treatment (Nakasone et al., 2012) and blockade of pathways mediating monocyte/macrophage recruitment with CSF1R-signaling antagonists, in combination with chemotherapy, significantly decreased primary tumour progression and reduced metastasis in another model of mammary adenocarcinomas (DeNardo et al., 2011). 


In this study, we sought to determine if macrophage precursors display differences in TSPAN expression compared to their mature differentiated counterpart.
To do this we have used real-time PCR where TSPAN mRNA expression is determined by a positive reaction detected by accumulation of the fluorescent signal (Sybr green). The Ct (cycle threshold) is defined as the number of cycles required for the fluorescent signal to cross the threshold (i.e. exceeds background level). Ct levels are inversely proportional to the amount of target nucleic acid in the sample, so the lower the Ct value the greater the amount of mRNA expression. Six healthy donors were used to examine TSPAN expression in freshly isolated monocytes. RNA was extracted from monocytes after that cDNA was synthesised for qPCR with primers for TSPANs 1-33. The qPCR results showed that all TSPANs were expressed by monocytes with TSPAN1, 4, 16, 17, CD9 and CD37 showing the highest expression levels. Given the large panel of TSPANs the data is presented over 3 graphs (Figure 3.1).  Of note, in some instance there is more mRNA expression of the gene of interest (TSPAN) than the house keeping gene (GAPDH), resulting in negative delta Ct values. On the graphs this is represented as a negative value. This suggests that in monocytes TSPAN mRNA is abundant.
















[bookmark: _Toc16588609]Figure 3.1.  TSPAN expression by human monocytes. Monocyte mRNA quantification of TSPANs 1-11 (Upper panel), TSPANs 12-22 (Middle panel) and TSPANs 23-33 (Lower panel) using the SYBR-GREEN primer design kit. All these data have been normalized to the house keeping gene (GAPDH) and the Delta CT values are shown on the Y-axis. Data is presented as Mean ± SEM for n=6 independent donors.

[bookmark: _Toc441917427][bookmark: _Toc7559628]3.4 Expression of TSPAN by MDM
Previous studies reported that some TSPAN members are expressed by both monocytes and macrophages, including CD9, CD53 and CD63 (Tippett et al., 2013b). Real time PCR was used to investigate expression of all 33 TSPANs in day 7 MDMs. The data presented is the relative gene expression where the gene of interest (TSPAN) is calculated relative to a housekeeping gene (GAPDH). In total eleven healthy donors were used to examine TSPAN expression in day 7 MDM. RNA was extracted from cells and cDNA reverse transcribed for qPCR with primers for TSPANs 1-33. The qPCR showed that all TSPANs were expressed by MDM with TSPAN-1, 4, CD9 and CD37 showing the highest expression levels. Given the large panel of TSPANs the data is presented in 3 graphs (Figure 3.2). 



























[bookmark: _Toc16588610]Figure 3.2.  TSPAN expression by human MDM. Macrophage mRNA quantification of TSPANs 1-11 (Upper panel), TSPANs 12-22 (Middle panel) and TSPANs 22-33 (lower panel) using the SYBR-GREEN primer design kit. All these data have been normalized to the house keeping gene (GAPDH) and the Delta CT values are shown in the Y-axis. Data is presented as Mean ± SEM for N=11 independent donors.
Next the expression of TSPANs in MDM and monocyte was compared by relative quantification. Interestingly the data indicated that significantly higher TSPAN mRNA levels were detected on monocytes compared to MDMs (Figure 3.3). This difference was especially noted for TSPAN 1, 4, 5, 12, 16, 18, 20 and CD81. The differential expression of each of these TSPANs on monocytes and MDM suggests that TSPANs can be modulated by cellular differentiation and that TSPANs may be involved in facilitating different immune functions in each of these cell types.
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[bookmark: _Toc16588611]Figure 3.3. Increased monocyte expression of TSPANs compared to day-7 MDMs. mRNA quantification of TSPANs 1-11 (Upper panel), TSPANs 12-22 (Middle panel) and TSPANs 23-33 (Lower panel) using the SYBR-GREEN primer design kit. All these data have been normalized to the housekeeping gene (GAPDH) and the Delta CT values are shown in the Y axis. Data is presented as Mean ± SEM for n=6 independent donors. Statistical significance was determined using the two-way ANOVA with multiple comparisons * = p 0.0333, **= p 0.0049, ****= p < 0.0001.
[bookmark: _Toc441917429][bookmark: _Toc7559629]3.5 Expression of TSPANs by MDM Cultured in Tumour Conditioned Medium. 
The aim of this experiment was to compare the expression of TSPANs in MDM exposed to tumour-conditioned medium (TCM) with healthy macrophages. MDM were cultured for 24 hours in tumour medium collected from the breast cancer cell line MDA-MB-231, to best mimic in vitro the type of factors found in the tumour microenvironment. RNA was extracted from MDM exposed to TCM and the extracted RNA was used to synthesise cDNA for qPCR. Relative quantification using the delta delta Ct method was used to compare TAMs to healthy macrophages using the equation 2^(-delta delta Ct). Interestingly, the results show that TSPAN5 (Figure 3.4, Upper panel) and TSPAN19 (Figure 3.4 Middle panel) are significantly up regulated in TAMs. In contrast, other TSPANs displayed significant down regulation in TCM including CD9, CD37, CD53, CD63, CD81, CD82 and TSPAN23, TSPAN31, TSPAN32 and TSPAN33 (Figure 3.4). Other TSPANs were not significantly affected. This change in TSPAN expression in response to tumour-derived factors may have implications on the properties of macrophages within the tumour microenvironment and this will be explored during this PhD project.  
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[bookmark: _Toc16588612]Figure 3.4. TSPAN expression in tumour conditioned macrophages. mRNA expression of TSPAN 1-11 (upper panel), TSPAN 12-21 (middle panel) and TSPAN 22-33 (lower panel) in MDMs cultured in TCM. Expression relative to untreated cells was calculated using the 2-ΔΔCt method following normalisation of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=7 independent donors. Statistical significance was determined using the one-way ANOVA test with multiple comparisons. * = p<0.05, **= p<0.001. Red line is the comparison to control untreated macrophages. 
[bookmark: _Toc7559630][bookmark: _Toc441917430]3.6 Expression of TSPANs by LPS Induced MDM.
Lipopolysaccharide (LPS) is a potent stimulator of immune responses, LPS generates pro-inflammatory cytokines such as interleukin-1, interleukin-6 and tumour necrosis factor alpha (TNF)-α by interacting with CD14 (Meng and Lowell, 1997). LPS activates macrophages towards the classical pathway (typically M1 macrophages), which have a supporting role in tumour suppression, defence against pathogens via phagocytosis and chronic inflammation (Guha et al., 2015).
The aim of this experiment was to compare the expression of TSPANs in MDM induced by LPS with healthy macrophages. MDM were stimulated by LPS as described in 2.2.1.3 to mimic in vitro the classical activated macrophages (M1 macrophages). RNA was extracted from MDM exposed to LPS and the extracted RNA was used to synthesis cDNA for qPCR, relative quantification using the delta delta Ct method was used to compare LPS treated to healthy macrophages using the equation 2^(-delta delta Ct). Interestingly, the results show that TSPAN15, TSPAN19 (Figure 3.5 Middle panel), TSPAN22, CD82 and CD81 (Figure 3.5 lower panel) are significantly up regulated in response to LPS stimulation. While other TSPANs were not significantly affected. 
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[bookmark: _Toc16588613]Figure 3.5. TSPAN expression by LPS treated macrophages. Macrophage mRNA expression of TSPAN 1-11 (upper panel), TSPAN 12-21 (middle panel) and TSPAN 22-33 (lower panel) in MDMs stimulated by LPS. Expression relative to untreated cells was calculated using the 2-ΔΔCt method following normalisation of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=5 independent donors. Statistical significance was determined using the one-way ANOVA test with multiple comparisons. * = p<0.05, **= p<0.001. Red line is the comparison to control untreated macrophages. 
[bookmark: _Toc7559631]3.7 Expression of TSPANs by IL-4 Induced MDM
Alternatively-activated macrophages (typically M2 macrophages) are a type of macrophage that are activated by anti-inflammatory cytokines such as IL-3, IL4 and IL-10. These M2 macrophages play a role in wound healing, tissue repair and angiogenesis (Guha et al., 2015).
The aim of this experiment was to compare the expression of TSPANs stimulated with IL-4 with healthy macrophages. MDM were stimulated by IL-4 as described in 2.2.1.3 this approach is used to mimic in vitro alternatively activated macrophages (M2-like) (Zhang et al., 2010). RNA was extracted from MDM exposed to IL-4 and was used to synthesis cDNA for qPCR. Relative quantification using the delta delta Ct method was used to compare IL-4 treated to healthy macrophages using the equation 2^(-delta delta Ct). The results show that the expression of TSPAN5 (Figure 3.6 upper panel), TSPAN31 and TSPAN32 (Figure 3.6 lower panel) were significantly increased, whereas TSPAN11 (Figure 3.6 upper panel) and TSPAN19 (Figure 3.6 middle panel) were significantly decreased in response to IL-4 stimulation, other TSPANs members were not significantly affected. Interestingly we also observed an increase in TSPAN5 in macrophages exposed to TCM suggesting that TSPAN5 may be a marker for TAMs and M2-like macrophages. 
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[bookmark: _Toc16588614]Figure 3.6. TSPAN expression by IL-4 activated macrophages. Macrophage mRNA expression of TSPAN 1-11 (upper panel), TSPAN 12-21 (middle panel) and TSPAN 22-33 (lower panel) in MDMs stimulated by IL-4. Expression relative to untreated cells was calculated using the 2-ΔΔCt method following normalisation of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=3 independent donors. Statistical significance was determined using the one-way ANOVA test with multiple comparisons. * = p<0.05, **= p<0.001. Red line is the comparison to control untreated macrophages. 
[bookmark: _Toc7559632]3.8 Characterisation of TSPAN expression by Flow Cytometry.
In the following experiments TSPAN expression was confirmed at the cell surface level by flow cytometry. These studies were performed on a small antibody panel including well characterised TSPANs for which antibodies are widely available (e.g. CD9, CD63 and CD151). In addition, we also included TSPAN5 as this was found to be increased in both MDMs exposed to TCM and also IL-4. Anti-TSPAN5, Anti-CD9, Anti-CD63 and Anti-CD151 primary antibodies were used to confirm the expression of TSPANs at the protein level in MDMs and MDMs cultured in TCM. Cells were gated based on size (FSC) and granularity (SSC) to exclude the contaminating lymphocytes in the cell preparation and any cellular debris. The exclusion of dead cells was further performed by the addition of the viability dye TO-PRO-3. From the scatter plots MDMs were selected and a gate was placed around these. Fluorescent quadrant plots were created from this gated population where cells in the upper left quadrant are TO-PRO-3 positive dead cells and were excluded from the analysis. TSPAN-expressing cells are shown in the lower right-hand quadrant (Figure 3.7 & 3.8) Flow cytometry data showed that TSPAN5, CD9 and CD63 are expressed by macrophages and TAMs.  For untreated macrophages expression of TSPAN5 is 43.5%, CD9 22.08%, CD63 68.5% and CD151 2.9%, and for tumour-conditioned macrophages TSPAN5 is 71.4%, CD9 9.1%, CD63 54.03% and CD151 3.5%. CD151 was weakly expressed at the protein level in both groups. This could be due to the fact that CD151 is located in the intracellular compartments and is therefore not detected on the cell surface. Sincock and co-workers reported that CD151 is mainly intracellular and 66% of the total CD151 expressed is within intracellular compartment in endothelial cells  (Sincock et al., 1999). Another recent study reported that CD151 surface expression is very low on human monocyte-derived macrophage (Hassuna et al., 2017), and this is consistent with our finding for the surface expression of CD151.

Next a comparison of the expression of TSPAN TSPAN5, CD9, CD63 and CD151 between macrophages and TCM was made. The normalised median fluorescence intensity and the percentage positive expression of each TSPAN was plotted and analysed for statistical differences. From the flow cytometry data, no significant change in the expression of TSPAN5, CD9, CD63 and CD151 between MDMs and tumour-conditioned MDMs was detected. The flow cytometry data did not reflect our qPCR findings whilst TSPAN5 showed a trend of up regulation this was not statistically significantly, similarly % expression of CD9 and CD63 showed down-regulation but again this was not statistically significantly (Figure 3.9). 
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[bookmark: _Toc16588615]Figure 3.7. Expression of TSPAN CD9, CD63, CD151 and TSPAN5 in human MDM. Flow cytometry dot plots were used to draw a gate around the monocyte population and exclude out cellular debris or contaminating leukocytes. Representative dot plots of the gated monocyte population are shown for FL1-H (X-axis for each TSPAN) against FL4-H (Y-axis for TO-PRO-3). Quadrant analysis of the dot plots was used to determine expression of each TSPAN fluorescing in FL1-H (CD9, CD63 and CD151) as well as the isotype control (IgG1). Data in the graphs is shown for TSPAN median fluorescence intensity and percentage positive expression in live cells (normalised to isotype control). Data is Mean and SEM of N=3.
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[bookmark: _Toc16588616]Figure 3.8. Expression of TSPAN CD9, CD63, CD151 and TSPAN5 in tumour-conditioned macrophages. Flow cytometry dot plots were used to draw a gate around the monocyte population and exclude cellular debris or contaminating leukocytes. Representative dot plots of the gated monocyte population are shown for FL1-H (X-axis for each TSPAN) against FL4-H (Y-axis for TO-PRO-3). Quadrant analysis of the dot plots was used to determine expression of each TSPAN in FL1-H (CD9, CD63 and CD151) as well as the isotype control (IgG1). Data in the graphs is shown for TSPAN median fluorescence expression and percentage positive expression in live cells (normalised to isotype control). Data is Mean and SEM of N=3 independent macrophage donors.
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[bookmark: _Toc16588617]Figure 3.9. Flow cytometry showed no significant difference in CD151, CD63, CD9 and TSPAN5 expression in control macrophages and tumour-conditioned macrophages.  Upper panel shows the differences in median fluorescence intensity between MDMs and TAMs. Lower panel shows the differences in percentage positive expression between MDMs and TAMs. Data is presented as Mean ± SEM for n=3. There was no statistical significance between the different subsets this was analysed by two-way ANOVA with multiple comparisons. 



[bookmark: _Toc7559633]3.9 TSPAN 5 was up regulated in TCM whole cell lysates 
Here western blotting was performed to confirm TSPAN expression at the protein level in whole cell lysates of MDMs and MDMs cultured in tumour conditioned medium. Protein lysates of cultured MDMs were prepared using RIPA buffer and quantified by using Bicinchoninic acid assay (BCA) as described in section 2.2.7. Western blotting data showed that TSPAN5, CD9 and CD63 was expressed by both MDMs and MDMs cultured in TCM. TSPAN5 expression increased after culturing of MDM in the TCM, while the expression of CD9 and CD63 were downregulated in response to tumour derived factors. Data from the whole cell lysates reflect the expression of TSPAN5, CD9 and CD63 at the mRNA level (Figure 3.10). This suggests that TSPANs are located both on the cell surface and intracellular compartments and both should be considered when measuring levels of expression. 
[image: E:\Presentation1.jpg]
[bookmark: _Toc16588618]Figure 3.10.  Representative western blots showing upregulation of TSPAN5 and down regulation of CD9 and CD63 in tumour conditioned MDMs. Western blotting was performed on whole cell lysates, 40µl of cell lysate with equal protein amount (20-50µg) were mixed with 10µl of 4x loading sample and reducing agent buffer. The mixtures were incubated at 90oC for 5min and 40µl were loaded to each well of western blotting (SDS-PAGE). membranes were blocked with 5% milk and incubated overnight with primary Ab at 4oC. On the following day, the membranes were washed and incubated with appropriate secondary antibody for 1hr at RT and washed. LumiGLO Reserve® Chemiluminescent Substrate Kit was added to the membrane then imaged using ChemiDoc™ MP System (BIO-RAD). Representative data of n=1






[bookmark: _Toc7559634]3.10 Punctate expression of cytoplasmic TSPAN5 
Anti-TSPAN5 primary antibody was used to determine the localisation of TSPAN5 in MDMs and MDMs cultured in TCM. Cells were grown on round glass coverslips and following exposure to TCM, cells were fixed and stained with TSPAN5 antibody and Dapi that binds strongly to A-T rich regions in DNA in the nuclei. Immunocytochemistry data showed that TSPAN5 is expressed by macrophages and TAMs (Figure 3.11). It is clear from the image that in tumour-conditioned macrophages the expression is brighter and more punctate. To quantify expression of TSPAN5 cells were counted using ImageJ, TSPAN5 was expressed in 23.0% of total MDMs (Figure 3.11 Upper Panel) whereas for tumour-conditioned MDMs this increased to 95.4% (Figure 3.11 Middle Panel). The lower panel shows specificity of the TSPAN5 antibody (Figure 3.11 Lower Panel) and is stained with the Alexa fluor 488 secondary antibody. These data are consistent with the expression of TSPAN5 at the mRNA level.


















      
[image: ]   [image: ]   [image: ]MDMs

[image: ]   [image: ]   [image: ]TAMs

[image: ]   [image: ]   [image: ]Alexa fluor 488

[image: ]
[bookmark: _Toc16588619]Figure 3.11. Cellular TSPAN5 expression increased when MDM were cultured in TCM. Immunocytochemistry was performed on MDM cultured in TCM. Upper panel is the expression of TSPAN5 in MDMs, TSPAN5 (green, 23.0%) and nuclei (blue). Middle panel showed the expression of TSPAN5 in TCM, TSPAN5 (green, 95.4%) and nuclei (blue) and the Lower panel showed non-specific binding of the secondary antibody. Data is presented as Mean ± SEM for n=3. Statistical significance was determined using the T-test * = p<0.05, **= p<0.001, ***= p<0.0001 and ****= p<0.00001.
[bookmark: _Toc7559635]3.11 TSPAN5 expression by human macrophages-derived extracellular vesicles.
Exosomes are small extracellular vesicles of 50–100 nm diameter that are secreted through endocytic processes by different cell types. Different body fluids can be used for exosome extraction such as plasma, serum, saliva, milk, cerebrospinal fluid and urine (van der Pol et al., 2012). Exosomes are highly enriched by some TSPAN members such as CD9, CD63, CD37, CD81 and CD82 which are used as biomarkers for exosomes (Andreu and Yáñez-Mó, 2014). CD9 was the first TSPAN member characterised by exosome derived from dendritic cells (Théry et al., 1999a). 
To date, there is no information regarding the expression of TSPAN in exosomes or exosomes derived from macrophages. The aim of this experiment was to detect the expression of TSPAN5 by macrophage-derived extracellular vesicles. EVs were extracted from N=3 macrophage donors according to protocol 2.2.12. This is the protocol used specifically for isolation of exosomes (Livshits et al., 2015). A qNano was used to determine the size distribution and concentration of EVs through Tunable Resistive Pulse Sensing (TRPS), western blotting was performed to detect the expression of TSPAN5 in addition to exosome markers CD9 and CD63.  Our data showed that macrophages-derived extracellular vesicles are about 78nm in diameter with a concentration of 6.6 x 109 particles/ml. We show for the first time that macrophage-derived extracellular vesicles express TSPAN5 albeit at low level compared to CD9 and CD63, which were abundantly expressed. This suggests that TSPAN5 may have a role in signalling between cells. 
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[bookmark: _Toc16588620]Figure 3.12. TSPAN5 expression by macrophage-derived extracellular vesicles. A. Representative size distribution and concentration plot of EVs by qNano. B. Representative western blots of CD63, CD9 and TSPAN5 in macrophage-derived vesicles. Western blotting was performed on whole cell lysates, 40µl of cell lysate with equal protein amount were mixed with 10µl of 4x loading sample and reducing agent buffer. The mixtures were incubated at 90oC for 5 min and 40µl were loaded into each well (SDS-PAGE). Membranes were blocked with 5% milk and incubated overnight with primary Ab (optimum dilution) at 4oC. On the following day, the membranes were washed and incubated with appropriate secondary antibody for 1hr at RT and washed. LumiGLO Reserve® Chemiluminescent Substrate Kit was added to the membrane then imaged using ChemiDoc™ MP System (BIO-RAD).

[bookmark: _Toc7559636]3.12 Discussion
Monocytes are a major leukocyte subset of the immune system that have important roles in immune defence against pathogens, inflammation and homeostasis (Boyette et al., 2017). 33 mammalian TSPAN members have been discovered and some of these members have been reported in the literature to be expressed by different subsets of human leukocytes. CD9, CD37, CD53, CD63, CD81 and CD82 are known to be expressed by B lymphocytes, TSPAN2, TSPAN4, CD9, CD37, CD53, CD63, CD81, CD82 and CD151 are expressed by monocytes, and TSPAN16, CD9, CD37, CD53, CD63, CD81, CD82, and CD151 are known to expressed by macrophages (Wright et al., 2004b). Here we examined the expression of all 33 TSPANs at the mRNA level in monocytes, MDMs cultured in TCM and those polarised to become M1 or M2-like macrophages. In summary, we have shown abundant expression of TSPANs by both their precursor the ‘monocyte’ and in fully differentiated macrophages. 
[bookmark: _Toc7559637]3.12.1 Monocytes
Our study showed that all 33 TSPANs are expressed by monocytes at the gene level with TSPAN1, 4, 16, 17, CD9 and CD37 showing the highest expression levels. This is in agreement with Tippett and co-workers who observed that CD9, CD53, CD63 and CD81 are expressed by different subset of human monocytes at the cell surface (Tippett et al., 2013a). 
In a recent study, it was reported that CD9, CD37, CD53, CD63, CD81, CD82 and CD151 are expressed by different subset of human monocytes at the cell surface, they showed that more than 80% of human monocyte subsets are positive for CD53, CD81 and CD82 (Champion et al., 2018).
Together these studies along with those shown in this chapter suggest that monocytes express TSPANs and this may be important for their fundamental biological functions. Future work looking in more detail of the role these TSPANs play in monocytes is warranted. 
[bookmark: _Toc7559638]3.12.2 Macrophages
Our data showed that all TSPANs were expressed by MDM with TSPAN-1, 4, CD9 and CD37 showing the highest expression levels. Interestingly, the expression of most TSPAN members were downregulated following monocyte differentiation to macrophages especially TSPAN 1, 4, 5, 12, 16, 20 and CD81. It is unknown why the macrophage expression of TSPANs are lower than monocyte, this differential expression suggests that TSPANs can be modulated by cellular differentiation and that TSPANs may be involved in facilitating different immune functions in each of these cell types. Our finding are consistent with Champion and co-workers who reported that the surface expression of CD9, CD37, CD81, CD82 and CD151 are downregulated 72 h after plastic adherence of monocytes compared to freshly isolated human monocytes (Champion et al., 2018). 
[bookmark: _Toc7559639]3.12.3 Tumour-conditioned macrophages
Next we compared the expression of all 33 TSPANs after exposure of macrophages to TCM. Our study showed no significant difference in the expression of TSPAN 1, 2, 3, 4, 6, 7, 8, and 9, whereas the expression of TSPANs 5 and 19 was significantly up regulated. Interestingly, TSPAN5 has been shown to play a role in macrophage fusion during osteoclastogenesis. This is an essential process for bone remodelling (bone metabolism), which takes place following the fusion of monocyte/macrophages in response to RANK/RANKL activation (Iwai et al., 2007) In vitro siRNA knockdown of TSPAN5 in the mouse macrophage cell line RAW264.7 inhibited cell fusion during the osteoclastogenesis process (Iwai et al., 2007). There is no information available to date about the role of TSPANs 5 and 19 in tumour-associated macrophages. However, given the findings from this study it would be interesting to carry out more in depth studies on their roles in macrophages particularly in tumours. On the other hand, the expression of TSPANs TSPAN23, CD53, CD37, CD82, CD81, CD9, CD63 and TSPAN31, TSPAN32 and TSPAN33 was significantly down regulated in TCM. 
After characterisation of TSPAN expressions at the gene level, we examined the expression of a small number of TSPANs CD9, CD63, CD151 and TSPAN5 at the protein level for which there was commercially available antibodies using a combination of techniques including flow cytometry, immunofluorescence and western blotting. Flow cytometry results of CD9, CD63 and TSPAN5 by macrophages in TCM are inconsistent with the gene expression data; no significant changes were observed in macrophages exposed to tumour-conditioned medium. This could be for a number of reasons, for example, tumour-derived factors may influence gene expression but not TSPAN protein expression, TSPANs may not be limited to only the cell membrane. Therefore, expression was also confirmed at the protein level using immunocytochemistry and western blotting. Here TSPAN5 expression was significantly increased by macrophages in tumour-conditioned medium, consistent with the gene expression data, as the expression of TSPAN5 significantly increased in response to tumour derived factors (Figure 3.4, Upper panel). 
CD9 and CD82 are known to have tumour suppressor activities in different cancers. For example, Huang and co-workers reported histological staining of CD9 and CD82 in 109 breast tumour sections (66.0% and 38.2% expression, respectively); and the tumour sections with reduced CD9 and CD82 expression were associated with poor clinical outcome (Huang et al., 1998). In support of this, another histological study reported that patients with ovarian cancer also displayed an inverse correlation between tumour grade and the expression of CD9 and CD82 in ovarian epithelial carcinomas, here they found the expression of CD9 and CD82 was reduced in metastatic cases (Houle et al., 2002).  CD9 has been suggested to have anti-tumour properties in various other cancers. For example, its expression was shown to be down regulated in tissue specimens of patients with malignant gastric carcinoma (Zou et al., 2012). Also in gallbladder adenocarcinoma samples, the mRNA/protein expression of CD9 in metastasised tissues was significantly lower than that of non-metastasised patient specimens (Chen et al., 2011). Together these studies imply that CD9 and CD82 may have antitumour properties and that tumours may down-regulate these as a mechanism for survival. Conversely, CD63 has been used as a marker for early stages of melanoma development (Radford et al., 1997). Previous studies reported that CD63 staining of primary melanoma strongly expressed this marker, whereas CD63 was down regulated in the highly metastatic lesions (Kondoh et al., 1993). Of note, this study was performed in small cohort of N=5 patients. Chen and co-workers found in gastric carcinoma the mRNA level of CD63 was associated with tumour stage and the status of lymph nodes, in which lower expression was observed in highly metastatic tissue samples (Chen et al., 2011). Whilst it is clear from the above studies that down-regulated expression of CD9 and CD63 are linked to cancer progression, it is unclear which cell types express these markers as this was not specified. 
It would be interesting to determine which cell types have this reduction in CD9 and CD63. Particularly since we also show that CD9 and CD63 expression was down regulated in MDM exposed to TCM. However, our study is the first to note an up regulation in TSPAN5 and TSPN19 in tumour-conditioned macrophages. TAMs are abundant in the tumour microenvironment and are known to support tumour progression (Mantovani et al., 2006). We know TSPANs may play an important role in cancer but these studies have been limited to some of the more well-characterised TSPANs and have not focused on TAMs. Li and co-workers found that CD151 was upregulated in human skin carcinoma, 83 skin cancer microarray cases were used to characterise the expression of CD151. CD151 expression were high in most squamous cell carcinoma cases, which about 67% of cells stained for CD151 with higher expression in Grade II in comparison to Grade I samples. Furthermore, CD151 knockout mice revealed that CD151 promoted de novo tumour initiation and promotion by influencing signalling through β4 integrin, EGFR, PKCα and STAT3(Li et al., 2013).  In a different study, it was found that CD151 is highly expressed in 24.2 % of 491 gastric carcinoma samples, CD151 expression was linked with higher lymphatic invasion and poor patient’s prognosis (Ha et al., 2014b). Whilst this study did not specify which cell types expressed the CD151 within the tumours it clearly showed that a proportion of patients displayed this phenotype. 
[bookmark: _Toc7559640]3.12.4 Classically activated macrophages (M1-like phenotype)
LPS is a common stimulator of inflammation in macrophages and other cell types (Fang et al., 2004). Our data also showed that LPS stimulation of MDMs significantly increased the mRNA expression of TSPAN15, TSPAN19, TSPAN22, CD82 and CD81. While other TSPANs were not significantly affected. It has been reported that CD82 expression is upregulated in rheumatoid arthritis (RA) an auto inflammatory joint disease, in which higher CD82 mRNA expression were found in rheumatoid arthritis synovial fibroblasts (RASFs) compared to non-inflammatory osteoarthritis (Neumann et al., 2002). In a recent study, it was found that CD82 expression is upregulated in response to proinflammatory stimulation of synovial fibroblasts, in which qPCR fold change of CD82 is significantly increased in response to LPS stimulation of RASF (Neumann et al., 2018). 
[bookmark: _Toc7559641]3.12.5 Alternative activated macrophages (M2-like phenotype)
IL-4 is a common stimulator of M2-like macrophages (Zhang et al., 2017). Our data also showed that IL-4 stimulation of MDMs significantly increased the expression of TSPAN5, 31 and 32, while the expression of TSPANs 11 and 19 was significantly downregulated in response to IL-4 stimulation, other TSPANs members were not significantly affected. TSPAN5 expression was also increased in MDMs exposed to TCM suggesting  role for TSPAN5 in M2-like macrophages.
[bookmark: _Toc7559642]3.12.6 TSPAN5 expression in macrophage extracellular vesicles
Exosomes are small extracellular vesicles that originate from plasma membranes or from MVB and are found in most biological fluids (van der Pol et al., 2012). These nano-scaled vesicles play important roles in tumour development and metastasis through cellular communication between cancer cells and other surrounding cell types (Tai et al., 2018).
Exosomes are known to express high level of some TSPAN members and different studies have showed that CD9, CD81 and CD63 are the most expressed proteins on exosomes (Théry et al., 1999b, Mathivanan and Simpson, 2009). Our data also showed that human macrophage-derived extracellular vesicles are highly enriched with CD9 and CD63 and express a low level of TSPAN5. CD9 is the first TSPAN member used to characterise exosomes derived from dendritic cells (Théry et al., 1999a). Other TSPAN members such as CD63, CD37, CD81 and CD82 have also been reported to be expressed by exosomes. There is no evidence in the literature for the existence of TSPAN5 by human macrophage-derived extracellular vesicles or of that matter other cell types. Interestingly, our research was the first study to characterise the expression of TSPAN5 by human macrophages-derived extracellular vesicles.  
It is important to note that were limitations to characterise the expression of TSPANs at the protein level, as many of the TSPANs are not well characterised proteins and there are no commercially available antibodies to look at the other TSPANs affected in response to tumour derived factor e.g. TSPAN19 (where expression significantly increased after culturing of macrophage in tumour conditioned medium).  On the other hand, primary cells were used to perform this study, freshly isolated monocytes and monocyte derived macrophages, while cell lines were used with other studies e.g. RAW264.7 macrophages and THP-1 macrophages.
This chapter demonstrates for the first time that all 33 TSPAN proteins differentially expressed by monocytes and MDS, The role TSPANs play in modulating these myeloid subsets in tumours requires further investigation. Given the increase in TSPAN5 in TCM and M2-skewed macrophages, the following chapters an attempt to characterise TSPAN5 in human MDMs and TAMs
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[bookmark: _Toc7559644]The role of TSPAN5 expression in human and murine macrophages




















[bookmark: _Toc7559645]4.1 Introduction
TSPAN5 is a member of subfamily of TSPAN which known as TSPANC8 and have 8 cysteine residues in the LEL (Huang et al., 2005, Haining et al., 2012). 
TSPAN5 is highly conserved protein in different species as the mouse, rat and human TSPAN5 proteins are identical with each other. Also high similarity of TSPAN5 structure are found in Drosophila melanogaster, Caenorhabditis elegans and Danio rerio (Serru et al., 2000, Dornier et al., 2012). 
TSPAN5 protein expresses in different organ of the body, The Human Protein Atlas data showed that TSPAN5 expresses mainly in the brain, ovary, thyroid gland, breast and smooth muscles of the body which their RNA tissue expression are 75.9, 57.2, 30.7, 19.5  and 24.1 TPM respectively (https://www.proteinatlas.org/ENSG00000168785-TSPAN5/tissue). Atlas data also showed that TSPAN5 expresses in varies types of cancer such as renal cancer, breast cancer and liver cancer (https://www.proteinatlas.org/ENSG00000168785-TSPAN5/pathology).
In chapter 3 we demonstrated that TSPAN5 expression is upregulated in response to TCMs and IL-4 stimulation of MDMs (M2-skewed macrophages). Given the change in TSPAN5 expression in response to TCM and IL-4, we hypothesis that TSPAN5 play a role in macrophage functional characteristics.
The aim of this chapter is to characterise the effect of TSPAN5KD on human monocyte derived macrophages and bone marrow-derived macrophages derived from C57BL/6J TSPAN5KO mice. Objective 1. Accell siRNA was used to perform the knockdown of TSPAN5 on human MDMs and knockdown efficiency was evaluated at the gene level by qPCR and protein level by western blotting. The role of TSPAN5 on MDM motility, viability and phagocytosis were characterised after knockdown of TSPAN5 and the effect of TSPAN5 knockdown on the expression of C8 TSPANs, ADAM10 and M1- M2-like markers was characterised at the mRNA level. 
Objective 2. The effect of TSPAN5 on differential gene expression was determined in second part of this chapter, bone marrow derived macrophages (BMDMs) were prepared from three wild type and three TSPAN5KO C57BL/6J mice, RNA was extracted and next generation sequencing (NextSeq500) was performed to identify how TSPAN5 influences differential gene expression, Protein ANalysis THrough Evolutionary Relationships classification system (PANTHER) was used to process the NextSeq500 data.
[bookmark: _Toc7559646]4.2 Knockdown of TSPAN5 on Human Monocyte Derived Macrophages.
To determine the effect of TSPAN5 on human monocyte derived macrophages (MDMs) Accell siRNA KD was performed. MDMs were seeded in 6 well plates and observed by light microscopy before and after TSPAN5KD.  Five healthy donors were used to detect the effect of TSPAN5KD on MDMs. Interestingly all wells where TSPAN5 was knocked down displayed increased clustering of MDMs (Figure 4.1).  Knockdown efficiency was measured at both gene and protein levels. qPCR was used to detect the efficiency of Accell siRNA KD at the gene level. RNA was extracted from MDMs after that cDNA was synthesized for qPCR with primer for TSPAN5. The qPCR results showed  81 % downregulation in TSPAN5 expression at the gene level 72h after transfection (Figure 4.2).  Western blotting was performed to assess TSPAN5 KD efficiency at the protein level with Anti-TSPAN5 antibody (Novus Biologicals). Western blotting showed a 67.08% downregulation in TSPAN5 expression at the protein level after treating MDMs (Figure 4.3).  
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[bookmark: _Toc16588621]Figure 4.1. Clustering of human MDMs after TSPAN5 KD. TSPAN5 KD was performed with Accell siRNA on day 5 of culture. Representative images were taken 3 days after transfection on a light microscope (company) at 4X magnification. Knockdown of TSPAN5 on MDMs increased the clustering of cells. 
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[bookmark: _Toc16588622]Figure 4.2. The efficiency of TSPAN5 knockdown at mRNA level. TSPAN5 KD was performed with Accell siRNA on day 5 of culture for 72h.  qPCR was used to characterise TSPAN5 accell siRNA knockdown on human MDMs. mRNA expression relative to negative control was calculated using the (2-ΔΔCt) method following normalization of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=5 independent experiments. Statistical significance was determined using the T-test * = p<0.05, **= p<0.001, ***= p<0.0001 and ****= p<0.00001.
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[bookmark: _Toc16588623]Figure 4.3. The efficiency of TSPAN5 knockdown at the protein level. TSPAN5 KD was performed with Accell siRNA on day 5 of culture for 96h. Western blotting was used to characterise TSPAN5 accell siRNA knockdown on human MDMs. 40µl of cell lysates with equal protein amount were mixed with 10µl of 4x loading sample and reducing agent buffer. The mixtures were incubated at 90oC for 5min and 40µl were loaded to each well of western blotting (SDS-PAGE). membranes were blocked with 5% milk and incubated overnight with anti-TSPAN5 Ab (1/2000 dilution) at 4oC. On the following day, the membranes were washed and incubated with appropriate secondary antibody for 1hr at RT and washed. LumiGLO Reserve® Chemiluminescent Substrate Kit was added to the membrane then imaged using ChemiDoc™ MP System (BIO-RAD). Protein expression relative to negative control was calculated by densitometry following normalization of the data to the house keeping gene B-actin. Data is presented as Mean ± SEM for n=5. Statistical significance was determined using the T-test * = p<0.05, **= p<0.001, ***= p<0.0001 and ****= p<0.00001.


[bookmark: _Toc7559647]4.2.1 TSPAN5KD increases MDM mobility.
Macrophages are terminally differentiated cells of the monocyte precursor, cell migration is an essential feature of their function, macrophages use podosomes not actin stress fibres for their migration (Pixley, 2012).   In total three healthy donors were used to examine the effect of TSPAN5KD on MDMs motility, cells were seeded in 96 well plates and cultured in IMDM complete medium, cells were imaged then a scratch across the wells was introduced using a pipette tip and imaged. The effect of TSPAN5KD on MDMs migration was determined by calculating the number of cells migrated into the scratched area. Cell scratch assay data showed that knockdown of TSPAN5 significantly increased MDMs motility (Figure 4.4). 
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[bookmark: _Toc16588624]Figure 4.4. TSPAN5 knockdown increased MDM migration. The effect of TSPAN5KD on MDMs migration was detected by a cell scratch assay. At the day 4, cells were seeded in 96 well plates 50,000/ well and cultured in IMDM complete medium overnight (370C at 5% CO2). The day after. cells were washed twice with PBS and cultured in IMDM serum free medium for 2hrs (370C at 5% CO2). After that, TSPAN5 and non-targeting control accell siRNA were added to the cells (1µl of 100 µm siRNA to 100µl of IMDM serum free medium) and incubated overnight (370C at 5% CO2). The following day, cells were imaged using light microscope (Left images) then a scratch across cells were made using sterile tips and imaged, cells were also imaged after 48hrs (Right images). Representative scratch images of the NC, NTC and TSPAN5KD are shown. Data in the graphs is shown for number of cells after 24 hours. Data is Mean and SEM of N=3. Statistical significance was determined using the one-way ANOVA test with multiple comparisons. * = p<0.05, **= p<0.001.
[bookmark: _Toc7559648]4.2.2 TSPAN5KD has no effect on MDM viability.
MTS was used to determine the effect of TSPAN5 KD on MDMs viability. Three healthy donors were used to examine the effect of TSPAN5 KD on MDMs viability, macrophages were seeded in 96 well plates and cultured in IMDM complete medium, MTS solution (Promega) were added to each well of 96 well plates and incubated for three hours. After 3hrs, the plate read using plate reader at 490nm. Our data showed that knockdown of TSPAN5 has no significant effect on MDMs viability (Figure 4.5).
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[bookmark: _Toc16588625]Figure 4.5. The effect of TSPAN5 knockdown on MDM viability. The effect of TSPAN5KD on MDMs viability was detected by the MTS assay. In brief, cells were seeded in 96 well plates 20,000/ well and cultured in IMDM complete medium overnight (370C at 5% CO2). The following day. cells were washed twice with PBS and cultured in IMDM serum free medium for 2hrs (370C at 5% CO2) then TSPAN5 and non-targeting control Accell siRNA were added to the cells (1µl of 100 µm siRNA to 100µl of IMDM serum free medium) and incubated for 36hrs (370C at 5% CO2). At the day 8, 20µl of MTS solution (Promega) were added to each well of 96 well plates (either containing medium or cells) and incubated for 3hrs (370C at 5% CO2). After 3hrs, the plate read using plate reader at 490nm. Representative survival fraction of the NC, NTC and TSPAN5KD are shown. Data in the graphs is the for percentage of live cells after 24 hours. Data is Mean and SEM of N=3 independent experiments.


[bookmark: _Toc7559649][bookmark: OLE_LINK2]4.2.3 TSPAN5KD does not influence macrophage phagocytosis.
Phagocytosis is a type of endocytosis which can be characterised by the engulfment of solid particulate within a cellular plasma membrane (Gordon, 2016). There are two main categories of phagocytic cells, professional phagocytes which include neutrophils, monocytes, monocytes derived macrophages (MDMs) and tissue resident macrophages and non-professional phagocytes which include all other cells with phagocytic capability (e.g. epithelial cells)  (Lim et al., 2017). Here the effect of TSPAN5KD on the phagocytic potential of MDMs was examined in three healthy donors. At the day 4, cells were seeded in 6 well plates 1million/ well and cultured in IMDM complete medium overnight (370C at 5% CO2). The next day, cells were washed twice with PBS and cultured in IMDM serum free medium for 2hrs (370C at 5% CO2). After that, TSPAN5 and non-targeting control accell siRNA were added to the cells (7,5µl of 100 µm siRNA to 750µl of IMDM serum free medium) and incubated for 48hrs (370C at 5% CO2). At the day 8, cells were washed with PBS and then incubated overnight with Dextran, Oregon Green™ 488; 70,000 MW (Thermo Scientific™) at 1mg/ml. the following day. flow cytometry was used to analyse the effect of TSPAN5 KD on MDMs. Cells were gated based on size (FSC) and granularity (SSC) to exclude the contaminating lymphocytes in the cell preparation and any cellular debris. The exclusion of dead cells was further performed by the addition of the viability dye TO-PRO-3. From the scatter plots, live MDMs were selected and a gate was placed around these to exclude debris, dying cells or contaminating leukocyte subsets. Fluorescent quadrant plots were created from this gated population where cells in the upper left quadrant are TO-PRO-3 positive dead cells and were excluded from the analysis. Dextran engulfed cells are shown in the lower right-hand quadrant. As shown in (Figure 4.6) there is no significant effect for TSPAN5 knockdown on MDMs phagocytosis. 




                                  
[image: \\stfdata06\home\MD\Mdp14mam\ManW10\Desktop\Phagocytosis.jpg]Figure 4.6. TSPAN5 knockdown does not affect MDM phagocytosis. Cells were seeded at the day 4 in 6 well plates 1million/ well and cultured in IMDM complete medium overnight (370C at 5% CO2). The next day, cells were washed twice with PBS and cultured in IMDM serum free medium for 2hrs (370C at 5% CO2). After that, TSPAN5 and non-targeting control accell siRNA were added to the cells (7,5µl of 100 µm siRNA to 750µl of IMDM serum free medium) and incubated for 48hrs (370C at 5% CO2). At the day 8, cells were washed with PBS and then incubated overnight with Dextran, Oregon Green™ 488; 70,000 MW (Thermo Scientific™) at 1mg/ml. the following day. Flow cytometry dot plots were used to measure dextran uptake by MDMs. Representative dot plots of the gated MDM population are shown for FL1-H (X-axis for dextran 70 KD) against FL4-H (Y-axis for TO-PRO-3). Quadrant analysis of the dot plots was used to determine expression of dextran in FL1-H. Data in the graphs is shown for normalised dextran median fluorescence intensity (MFI) expression in live cells. Data is Mean and SEM of N=3.
[bookmark: _Toc7559650]4.2.4 Silencing TSPAN5 alters the expression of the C8 TSPAN family
TSPAN5 is a member of C8 TSPAN family (TAPANC8), which includes TSPAN5, TSPAN10, TSPAN14, TSPAN15, TSPAN17 and TSPAN33. This subgroup of TSPANs are characterised by eight cysteine residues within the large extracellular loop (LEL), TSPANC8 TSPANs interact with disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) and regulate its trafficking, TSPANC8 TSPANs are required for ADAM10 maturation process by which proprotein convertases cleave ADAM10 prodomain during the biosynthesis, and are necessary for existence of ADAM10 from the endoplasmic reticulum (ER) and the cell surface trafficking (Noy et al., 2015). 
The aim of this experiment was to compare the expression of TSPANC8 and ADAM10 after the knockdown of TSPAN5 on human MDMs. Three healthy donors were used to determine the effect of TSPAN5 knockdown on TSPANC8 and ADAM10, RNA was extracted 3 days after transfection with Accell siRNA. The extracted RNA was used to synthesis cDNA for qPCR and relative quantification using the delta delta Ct method (2–∆∆Ct) was used to compare TSPAN5KD to control macrophages. Interestingly, the results show that the expression of TSPAN10, TSPAN14, TSPAN15 and ADAM10 were significantly downregulated, whilst TSPAN17 and TSPAN33 also appeared to be reduced this was not statistically significant (Figure 4.7).
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[bookmark: _Toc16588626]Figure 4.7. The effect of TSPAN5 knockdown on TSPANC8 TSPAN and ADAM10 expressions. mRNA expression of TSPAN10, TSPAN14, TSPAN15, TSPAN17, TSPAN33 and ADAM10 in MDMs after TSPAN5 knockdown. Expression relative to untreated cells was calculated using the 2-ΔΔCt method following normalization of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=3 Statistical significance was determined using the one-way ANOVA test with multiple comparisons. * = p<0.05, **= p<0.001. Red line is the comparison to control untreated macrophages. 
[bookmark: _Toc7559651]4.2.5 The Effect of TSPAN5 KD on macrophages polarisation 
Next, the effect of TSPAN5 knockdown on the expression of typical M1 and M2 markers was investigated. Accell SiRNA transfection was carried out on MDMs, RNA was extracted after 3 days of transfection and used to synthesis cDNA for qPCR. Relative quantification using the delta delta Ct method was used to compare TSPAN5 knockdown to control macrophages using the equation 2^(-delta delta Ct). our data showed that knockdown of TSPAN5 on MDMs has no significant effect on the expression of IL-10, IL-1B, IL-8 and ARG1 (Figure 4.8).
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[bookmark: _Toc16588627]Figure 4.8. The effect of TSPAN5 knockdown on M1-M2 marker expressions. mRNA expression of IL-10, IL-1B, IL-8 and ARG1 in MDMs after TSPAN5 knockdown. Expression relative to negative control calculated using the 2-ΔΔCt method following normalization of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=3.




                                 
[bookmark: _Toc7559652]4.3 Culturing of Mouse Bone Marrow Derived Macrophages (BMDMs)
Bone marrow derived macrophages (BMDMs) were prepared by culturing bone marrow for 14 days in DMED with L929 conditioned medium (Weischenfeldt and Porse, 2008). Bone marrow was collected from three wild type (Wt) and three TSPAN5KO C57BL/6J mice. Cells became larger in size and appeared more granular as they differentiated to macrophages. On average a typical bone marrow gave yield of 0.6-1.0 million macrophages by day 14 an approximate yield of 40-60% the starting population.
[bookmark: _Toc7559653]4.3.1 RNA-Seq Next Generation Sequencing of BMDMs
RNA-Seq next generation sequencing was carried out on the three Wt and three TSPAN5KO bone marrow derived macrophages (BMDMs). Mice were killed by cervical dislocation and bone marrow cells flushed from the bones. Cells were incubated at 37°C for 14 days in DMEM with L929 conditioned medium. RNA was extracted from BMDMs and the TSPAN5KO samples were tested for knockout efficiency at the mRNA level before performing next generation sequencing. As shown in Figure 4.9 TSPAN5 expression was significantly reduced compared to Wt mice (WT 100% vs. TSPAN5KO 36.24%). However, expression was not completely lost in these cells. This is typical in Knockout mice. RNA samples (100-200nm, 10μl) were sent to Cambridge Genomic Services for RNA-Seq profiling. Average transcript expression for the three samples was determined using a volcano plot (Figure 4.10). Genes with a p-value larger than 0.01 were discarded. In total 137 genes were significantly affected, of these 121 genes upregulated and 16 genes downregulated in BMDMs from TSPAN5KO compared to wild-types. 
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[bookmark: _Toc16588628]Figure 4.9. The efficiency of TSPAN5 knockout at mRNA level. qPCR was used to detect TSPAN5 knockout on mouse BMDMs. mRNA expression relative to wild-type was calculated using the 2-ΔΔCt method following normalization of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=3 independent experiments. Statistical significance was determined using the T-test * = p<0.05, **= p<0.001, ***= p<0.0001 and ****= p<0.00001. 
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[bookmark: _Toc16588629]Figure 4.10. The effect of TSPAN5 knockout on differential gene expression. Differential expression analysis was performed using the R package edgeR to detect the effect of TSPAN5KO. The MAplot shows the number of significantly up regulated (121) or down regulated genes (16) after multiple testing corrections at 0.01 for each of the comparisons.
Protein ANalysis THrough Evolutionary Relationships classification system (PANTHER) system was used to characterise the role of significantly affected genes. This system can be used for genes identification and classification which allows to categorise the differentially affected genes into molecular function, biological process, and cellular component (Thomas et al., 2003). For this chapter, PANTHER was used to assess the effect of TSPAN5KO on panther pathway, molecular function, biological process, and cellular component.
Panther pathway data showed that 31 pathways were highlighted in BMDMs derived from TSPAN5KO mice (Figure 4.11). The genes identified in these pathways are described in Table 4-1. Of the total genes affected, 20% of these participated in the integrin signalling pathway.  Integrins are glycoprotein receptors which are expressed widely and facilitate cellular interactions with the extracellular matrix. Interactions between integrins and extracellular matrix are important for growth factor signalling to organise cell proliferation and survival. Integrin signalling pathway has six main categories, GnRH signalling, transendothelial migration of leukocytes, integrin pathway, FAK1signalling, inhibition of angiogenesis by TSP1 and UPA-UPAR pathway, this pathway is controlled by 568 genes (http://pathcards.genecards.org/card/integrin_pathway). Of these genes the collagen family were significantly increased in BMDMs derived from TSPAN5KO [(Col6a2, 3.5 fold), (Col6a1, 3.1 fold), (Col5a1, 4.5 fold), (Col1a2, 4.8 fold), (Col6a3, 3.4 fold), (Col1a1, 5.1 fold) and (Col16a1, 4.8 fold)] (Table 4-1). The second affected pathway after knockout of TSPAN5 is inflammation mediated by chemokine and cytokine signalling pathway. About 11% of the differentially regulated genes from TSPAN5KO mice participated in this signalling pathway. Expression of some of these genes significantly increased in BMDMs from the TSPAN5KO mice [(Col6a2, 3.5 fold), (Ccr3, 1.4 fold), (Col6a1, 3.1 fold), (Ptgs2, 3.0 fold), (Acta2, 2.5 fold), (Ccl11, 10.9) and (Col6a3, 3.4 fold)]. Inflammation mediated by chemokine and cytokine signalling pathway is important for leukocyte migration and adhesion to sites of inflammation, inhibition of these chemokines might prevent leukocytes from excessive recruitment to the inflammation areas.

[image: ]
[bookmark: _Toc16588630]Figure 4.11. The effect of TSPAN5 knockout on the PANTHER pathways. All the significantly altered genes (p<0.01) were analysed using the PANTHER system. Genes were categorised into clusters of a variety of pathways. 31 pathways were effected in TSPAN5KO BMDM, the most affected one was integrin signalling pathway.  PANTHER pathway clusters with their percentage are shown in the pie chart. 

	PANTHER pathway
	Gene Names

	Alanine biosynthesis
	Bcat1

	Alzheimer disease-presenilin pathway
	Acta2, Mmp2 and Fstl1

	Angiogenesis 
	Efnb2, Pdgfrb and Pdgfra

	Axon guidance mediated by Slit/Robo
	Slit2, Enah, Cxcl12 and Slit3

	Axon guidance mediated by netrin
	Enah

	Axon guidance mediated by semaphorins
	Dpysl3

	Blood coagulation
	Serpine1

	CCKR signalling map
	Ptgs2, Clu, Serpine1 and Cck

	Cadherin signalling pathway
	Acta2, Fstl1, Cdh11 and Fat1

	Cytoskeletal regulation by Rho GTPase
	Acta2 and Enah

	Dopamine receptor mediated signalling pathway 
	Epb41l3

	EGF receptor signalling pathway 
	Phldb2

	Endothelin signalling pathway
	Ptgs2

	Gonadotropin-releasing hormone receptor pathway
	Inhbb and Cav1

	Huntington disease
	Acta2 and Capn11

	Inflammation mediated by chemokine and cytokine signalling pathway 
	Col6a2, Ccr3, Col6a1, Ptgs2, Acta2, Ccl11 and Col6a3

	Integrin signalling pathway
	Col6a2, Col6a1, Col5a1, Col1a2, Acta2, Lama4, Cav1, Fn1, Col6a3, Col1a1, Col16a1, Lamb1 and Col3a1

	Interferon-gamma signalling pathway 
	Socs2

	Isoleucine biosynthesis 
	Bcat1

	Leucine biosynthesis 
	Bcat1

	Nicotinic acetylcholine receptor signalling pathway 
	Acta2

	PDGF signalling pathway
	Pdgfrb and Pdgfra

	Plasminogen activating cascade
	Serpine1 and Mmp3

	Pyrimidine Metabolism 
	Dpysl3

	TGF-beta signalling pathway 
	Inhbb and Bmp1

	Toll receptor signalling pathway
	Ptgs2

	Ubiquitin proteasome pathway
	Nedd4

	Valine biosynthesis 
	Bcat1

	Wnt signalling pathway
	Acta2, Fstl1, Cdh11 and Fat1

	P38 MAPK pathway
	Il1r1

	P53 pathway 
	Thbs1 and Serpine1


[bookmark: _Toc16588665]Table 4-1. Pathways and their genes highlighted in panther in TSPAN5KO BMDMs. All the significantly altered genes (p<0.01) were analysed using the PANTHER system. Genes were categorised into clusters of a variety of pathways. PANTHER pathway cluster genes are shown in the table.

Next PANTHER was used to assess molecular functions; this gives an indication of protein roles on its direct molecular targets. Data showed that 7 molecular function pathways were affected by the knockout of TSPAN5 on BMDMs (Figure 4.12). Of these 54% of the total affected genes possess cell binding function, cellular binding includes antigen binding, calcium ion binding, calcium-dependent phospholipid binding, nucleic acid binding, cytoskeletal protein binding and other receptor binding such as cytokine receptor binding and transforming-growth factor beta receptor binding. The 42 genes which participated in cellular binding are listed in Table 4-2, these include Ighv5-6 1(5.0 fold), Timp1 (4.1 fold) and Fn1 (3.6). 
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[bookmark: _Toc16588631]Figure 4.12. Molecular function pathways of TSPAN5KO BMDMs. All the significantly altered genes (p<0.01) were analysed using PANTHER system. Genes were categorised into clusters of a variety of molecular function. 7 molecular function pathways were effected in TSPAN5KO BMDM, the most affected one was cell binding function. PANTHER molecular function clusters with their percentage are shown in the pie chart.




	PANTHER molecular function
	Gene Names

	Antioxdinent activity 
	Gpx8

	Binding
	Traf4, Socs2, Inhbb, Ddr1, Prelp, Ltbp1, Cyr61, Postn, Midk, Efnb2, Ccr3, Timp1, Ryk, Vasn, Map1a, Dcn, Pdgfra, Clu, Ccl11, Fstl1, Map1b, Slit2, Eml1, Cav1, Sparc, Fhl2, Bgn, Fn1, Ighv7-1, Zfp69, Crlf1, Cdh11, Tagln, Cnn3, Efemp1, Slit3 and Ighv5-6

	Catalytic activity
	Socs2, Gpx8, Timp1, Ptgs2, Steap2, Ccl11, Aebp11, Dpysl3 and Capn11

	Receptor activity
	Ddr1, Mgl2, Ccr3, Ryk, Pdgfra, Il1r1 and Lamb1

	Signal transducer activity
	Ddr1, Ccr3, Ryk and Pdgfra

	Structural molecule activity
	Fn1, Ltbp1, Epb41l3, Crip2, Acta2, Cav1, Tagln, Cnn3 and Efemp1

	Transporter activity
	Slco2a1 and Nedd4


[bookmark: _Toc16588666]Table 4-2. Molecular function pathways and genes of TSPAN5KO BMDMs. All the significantly altered genes (p<0.01) were analysed using PANTHER system. Genes were categorised into clusters of a variety of molecular function. PANTHER molecular function cluster genes are shown in the table.

Panther biological process data showed that 12 biological processes were affected by the knockout of TSPAN5 on BMDMs (Figure 4.13). Both cellular process (19%) and Multicellular organismal process (19%) were shown to contain the greatest number of differentially regulated genes. Cellular process activity includes cell growth, cell cycle, cell recognition, cellular communication and component movement. Of the identified genes, 51 participated in cellular process including Mgl2 (2.7 fold), Slco2a1 (8.0 fold) and Pdgfrb (3.4) (Table 4-3). In the multicellular organismal process there was 28 genes these genes are usually involved in cell recognition and system process such as muscle contraction, neurological system process and visual perception. These included Ddr1 (4.5 fold), Prelp (4.0 fold) and Ltbp1 (5.0 fold).
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[bookmark: _Toc16588632]Figure 4.13. The effect of TSPAN5 knockout on biological process. All the significantly altered genes (p<0.01) were analysed using PANTHER system. Genes were categorised into clusters of a variety of biological process.  12 biological processes were effected in TSPAN5KO BMDM, the most affected one was multicellular organismal process. PANTHER biological process clusters with their percentage are shown in the pie chart.













	PANTHER biological process
	Gene Names

	Biological adhesions 
	Cyr61, Mgl2, Postn, Col1a2, Fn1, Cdh11, Lamb1 and Col3a1

	Biological regulation
	Ddr1, Prelp, Cyr61, Efnb2, Ccr3, Timp1, Ryk, Vasn, Nedd4, Map1a, Dcn, Pdgfra, Crip2, Ccl11, Map1b, Slit2, Bgn, Ighv7-1, Eda2r, Slit3 and Ighv5-6

	Cellular component organization or biogenesis
	Prelp, Postn, Efnb2, Igkc, Col1a2, Vasn, Nedd4, Map1a, Dcn, Epb41l3, Crip2, Map1b, Dcn, Slit2, Eml1, Cav1, Bgn, Ighv7-1, Cdh11, Col3a1, Slit3 and Ighv5-6

	Cellular process
	Traf4, Socs2, Inhbb, Ddr1, Prelp, Ltbp1, Cyr61, Mgl2, Postn, Slco2a1, Efnb2, Pdgfrb, Ccr3, Timp1, Ryk, Igkc, Col1a2, Vasn, Nedd4, Map1a, Dcn, Pdgfra, Epb41l3, Acta2, Il1r1, Steap2, Ccl11, Bmp1, Map1b and Tead1

	Developmental process
	Phldb2, Fbn1, Inhbb, Ddr1, Prelp, Ltbp1, Cyr61, Rbp1, Efnb2, Pdgfrb, Ccr3, Ryk, Col5a1, Vasn, Nedd4, Map1a, Dcn, Pdgfra, Crip2, Bmp1, Map1b, Tead1, Dcn, Slit2, Cav1, Sparc, Bgn, Hspg2, Wisp2 and Lamb1

	Immune system process
	Mgl2, Gpx8, Ccr3, Igkc, Col1a2, Ptgs2, Crip2, Ccl11, Igkv3-10, Igkv1-110, Igkv10-96, Ighv7-1, Col3a1 and Ighv5-6

	Localization
	Mgl2, Slco2a1, Ccr3, Igkc, Acta2, Steap2, Ccl11, Cav1, Ighv7-1 and Ighv5-6

	Locomotion
	Prelp, Efnb2, Ccr3, Dcn, Vasn, Ccl11, Slit2, Bgn and Slit3

	Metabolic process
	Socs2, Inhbb, Ddr1, Gpx8, Pdgfrb, Timp1, Ryk, Igkc, Nedd4, Pdgfra, Ccl11, Tead1, Loxl1, Fhl2, Ighv7-1, Zfp69, Aebp1, Dpysl3, Capn11, Eda2r and Ighv5-6

	Multicellular organismal process 
	Ddr1, Prelp, Ltbp1, Efnb2, Pdgfrb, Ryk, Col5a1, Igkc, Vasn, Nedd4, Map1a, Dcn, Pdgfra, Bmp1, Map1b, Tead1, Dcn, Slit2, Bgn, Ighv7-1, Rbp1, Hspg2, Cdh11, Tagln, Cnn3, Lamb1, Slit3 and Ighv5-6

	Reproduction
	Crip2

	Response to stimulus 
	Inhbb, Ddr1, Prelp, Cyr61, Mgl2, Gpx8, Efnb2, Pdgfrb, Ccr3, Timp1, Ryk, Igkc, Vasn, Dcn, Pdgfra, Ccl11, Osmr, Tead1, Slit2, Bgn, Ighv7-1, Crlf1, Wisp2, Eda2r, Slit3 and Ighv5-6


[bookmark: _Toc16588667]Table 4-3. The effect of TSPAN5 knockout on biological process. All the significantly altered genes (p<0.01) were analysed using PANTHER system. Genes were categorised into clusters of a variety of biological process. PANTHER biological process cluster genes are shown in the table.



The cellular component data of Panther system showed that 7 cellular components were affected by TSPAN5 knockout on BMDMs (Figure 4.14). Of the differentially regulated genes 25% have a role in Cell part. These genes have roles in different parts of the cell including plasma membrane, cell projection, neuronal cell body as well as intracellular components of cell part such as the cytoplasm. Of these, 24 genes were identified such as Socs2 (3.7 fold) and Ddr1 (4.5 fold) which were significantly upregulated in TSPAN5KO BMDMs while Xlr was downregulated (2.9 fold). Extracellular regions was the other cellular component affected by the knockout of TSPAN5. Here 23% of the total genes were linked to this component such as Inhbb (4.4 fold), Ltbp1 (5.0 fold) and Cyr61 (-2.4 fold).
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[bookmark: _Toc16588633]Figure 4.14. The effect of TSPAN5 knockout on cellular component. All the significantly altered genes (p<0.01) were analysed using PANTHER system. Genes were categorised into clusters of a variety of cellular component. 7 cellular components were effected in TSPAN5KO BMDM, the most affected one was the cell part. PANTHER cellular component clusters with their percentage are shown in the pie chart.








	PANTHER cellular component
	Gene Names

	[bookmark: OLE_LINK1]Cell junction
	Cav1 and Cdh11

	Cell part
	Socs2, Ddr1, Xlr, Pdgfrb, Ryk, Nedd4, Map1a, Pdgfra, Epb41l3 and Crip2

	Extracellular matrix
	Cyr61, Postn, Timp1, Col1a2, Vasn, Mmp2, Mmp3, Hspg2, Wisp2, Lamb1 and Col3a1

	Extracellular region
	Inhbb, Ltbp1, Cyr61, Postn, Serpina3n, Timp1, Igkc, Vasn, Clu and Serpinf1

	Macromolecular complex
	Socs2, Ddr1, Pdgfrb, Ryk, Igkc, Pdgfra, Tead1, Cav1, Ighv7-1, Cdh11 and Ighv5-6

	[bookmark: OLE_LINK34]Membrane
	Ddr1, Slco2a1, Efnb2, Pdgfrb, Ccr3, Ryk, Igkc, Pdgfra, Cav1, Ighv7-1, Cdh11, Tm4sf1, Eda2r and Ighv5-6

	[bookmark: OLE_LINK41]Organelle
	Xlr, Map1a, Epb41l3, Clu, 3830403N18Rik, Steap2, Map1b, Tead1, Dcn, Eml1, Fhl2, Zfp69, Tagln and Cnn3


[bookmark: _Toc16588668]Table 4-4. The effect of TSPAN5 knockout on cellular component. All the significantly altered genes (p<0.01) were analysed using PANTHER system. Genes were categorised into clusters of a variety of cellular component. PANTHER cellular component cluster genes are shown in the table.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Tope affected genes by TSPAN5KO BMDMs (Fbln2, Timp1, Slco2a1, Fkbp10, Fn1 and Ccl11) were validated at the gene level. RNA was extracted from WT and TSPAN5KO BMDMs. The extracted RNA was used to synthesis cDNA for qPCR and relative quantification using the delta delta Ct method (2–∆∆Ct) was used to compare tope genes expression between TSPAN5Ko and WT BMDMs (Figure 4.15). The expression of Timp1, FN1 and Ccl11 were significantly upregulated while Fbln2, Slco2a1 and Fkbp10 expression were not significantly affected.
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[bookmark: _Toc16588634]Figure 4.15. The effect of TSPAN5 knockout on differential gene expressions. mRNA expression of Fbln2, Timp1, Slco2a1, Fkbp10, Fn1 and Ccl11 after TSPAN5 knockout. Expression relative to wild-type calculated using the 2-ΔΔCt method following normalization of the data to the house keeping gene GAPDH. Data is presented as Mean ± SEM for n=3. Statistical significance was determined using the one-way ANOVA test with multiple comparisons. * = p<0.05, **= p<0.001. Red line is the comparison to wild-type BMDM.













[bookmark: _Toc7559654]4.4 Discussion
The overall aims of the first part in this chapter were to knockdown of TSPAN5 in human monocyte derived macrophages (MDMs) and to study the effect of TSPAN5 knockdown on the function including cell migration, viability and phagocytosis. Given that TSPAN5 is part of the TSPANC8 family we also investigated the effect of knockdown on TSPANC8 and ADAM10. 
Our study showed that knockdown of TSPAN5 on MDMs increased cell migration capability in the cell culture dish as evidence by cell clustering also in the scratch assay. This suggests that TSPAN5 may play a role in regulating cell migration. There is no evidence in the literature that suggests that TSPAN5 has a role in cell migration of any cell type, but it has been reported that other TSPAN members play a role in cell migration and cell to cell adhesion. For example, it was found that CD82 TSPAN inhibits Du145 prostate cancer cell migration by attenuating actin cortical network formation and stress fibres on the extracellular matrix (ECM) (Liu et al., 2012). In contrast, it was reported that CD151 TSPAN promotes NIH3T3 (mouse embryonic) cell migration by regulation of integrin trafficking (Liu et al., 2007).

In the first part of this chapter we also showed that Accell siRNA knockdown of TSPAN5 on MDM disturbed the expression of TSPANs C8. The expressions of TSPAN10, TSPAN14 and TSPAN15 were significantly downregulated whereas TSPAN17 and TSPAN33 expressions were not significantly affected. Silencing of TSPAN5 not only effects the expression of TSPANC8 TSPANs but also the partner proteins ADAM10. Our finding is consistent with a previous study, where it was reported that TSPANC8 regulates ADAM10 maturation and expression at the cell surface of HeLa cells, and transient transfection of TSPAN5 in HeLa cells increased the surface expression of ADAM10 (Dornier et al., 2012).
Silencing of TSPAN5 by Accell siRNA on human MDMs has no significant effect on the expressions of IL-10, IL-1b, Il-8 and ARG1, no evidence was found for the role of TSPAN5 on M1-M2 markers, but from RNA-Seq data we found that in vitro data are consistent with the ex-vivo data as the expressions of IL-10, IL-1b, IL-8 and ARG1 were not significantly influenced by the knockout of TSPAN5 on BMDMs.
We found that knockout of TSPAN5 increased the expression of Fn1, Postn and Cdh11 which are important for cell adhesion and migration. In one study, it has been reported that siRNA knockdown of Fn1 gene on Hep2 cells suppressed cellular migration and fewer number of cells were migrated after knockdown of Fn1 (Wang et al., 2011).  In different study, it was reported that silencing the expression of Postn gene on human periodontal ligament mesenchymal stem cells (hPDLSCs) decrease hPDLSCs migration (Yi et al., 2017).  Upregulating the expression of genes that important for cell adhesion and migration such as Fn1, Postn and Cdh11 after knockout of TSPAN5 on BMDMs may give the explanation why MDMs migration increased after TSPAN5 Knockdown.
Our data showed that no significant effect for TSPAN5KD on MDMs viability and phagocytosis, it was reported that phagocytosis promoted by specific genes such as eIF5A, Meg3, Tubb5, Sparcl-1, Uchl-1, CD147, Ube2v1 and Pamr1 (Jeon et al., 2010). Our next generation data showed that the expression of these phagocytosis-promoting genes were not significantly changed after TSPAN5 knockout and this may explain why TSPAN5 knockdown has no significant effect on MDMs phagocytosis. 
In the second part of this chapter we showed the effect of BMDMs TSPAN5 knockout on signalling pathway, molecular function, biological process and cellular component. The main pathways that influenced by the knockout of TSPAN5 on BMDMs are integrin signalling, inflammation mediated by chemokine and cytokine signalling and Wnt signalling pathway. Integrins are the main partner protein for TSPANs, different integrin-TSPAN interactions have been reported in different cell types for example, it was found that TSPAN CD151 regulates the trafficking of integrin dependent cell migration in NIH3T3 cell line (Liu et al., 2007). 
Knockout of TSPAN5 on BMDMs also influenced the expression of genes that are required for biological process, 12 biological process were affected by the TSPAN5 knockout, cellular process activities such as cell growth and cell cycle were the highly affected biological process, there is no evidence in the literature for the TSPAN5 to have cellular process roles, but other TSPAN members have been reported to play a role in cellular process, for example, it was reported that TSPAN CD151 regulates the growth of mammary epithelial cells in 3-D extracellular matrix (Novitskaya et al., 2010).
It is important to note that were limitations to knockout of TSPAN5 in human monocyte derived macrophages (MDMs). As MDMs are terminally differentiated cells, CRISPR/Cas9 technique could not be used to perform TSPAN5 knockout on MDMs. On the other hand, primary cells were used to perform this study, monocyte derived macrophages, while cell lines were used with other studies e.g.  RAW264.7 macrophages and THP-1 macrophages.
This chapter demonstrates for the first time that TSPAN5 play a role in MDMs migration and knockdown of TSPAN5 increased the migration of MDMs, and BMDM from TSPAN5KO showed a significant increase in the expression of Fn1, Postn and Cdh11, which are important for cell adhesion and migration.
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[bookmark: _Toc7559657]5.1 Introduction
Breast cancer is the most common type of cancer that affects women and the main cancer induced death in women worldwide. Approximately 2.1 million cases are being diagnosed each year (http://www.who.int/cancer/prevention/diagnosis-screening/breast-cancer/en/). Breast cancers can be classified into distinct subtypes based on immunohistochemical expression of gene receptors which includes oestrogen, progesterone, human epidermal growth factor receptor-2 (HER-2) and Ki67 (Goldhirsch et al., 2011).
Five distinct molecular subtypes of breast cancer are known, (1) Luminal A breast cancer that is positive for ER and/or PR, negative for HER2 and low Ki-67 expression, (2) Luminal B breast cancer that is ER and/or PR-positive, either HER2 positive or negative with high Ki-67 expression, (3) Triple-negative/basal-like breast cancer which is negative for ER, PR and HER2 with mutation in BRCA1 gene, (4) HER2-enriched breast cancer which is positive for HER2 and negative for ER and PR, and finally normal-like breast cancer which is similar to Luminal A breast cancer (Schnitt, 2010).
Oestrogen and progesterone are hormones that belong to a steroid group; these hormones have an important role in the growth and development of the normal mammary gland and also the progression of breast cancer (Lindsten et al., 2017).
These steroid hormones facilitate signal transduction via intracellular receptors (oestrogen and progesterone receptors). About 75% of malignant breast cancers are positive for the oestrogen receptors and more than 50% of oestrogen positive breast cancers are progesterone receptor positive (Thomas and Gustafsson, 2011). Also about 20-30% of total breast cancers are tested positive for HER-2 (Ferretti et al., 2007).  
HER-2 (human epidermal growth factor receptor 2) breast cancer is a type of breast cancer that expresses high HER-2 protein levels. This protein receptor belongs to a family of membrane tyrosine kinase receptors that play an essential role in cell growth and survival (Krishnamurti and Silverman, 2014). Approximately 15-20% of the all breast cancers are positive for the HER-2 receptor making them sensitive to anti-HER-2 receptor therapeutics (trastuzumab/ Herceptin) (Ross et al., 2009).
Triple negative breast cancer (TNBC) is an aggressive subtype of breast cancer that lacks the expression of the all the receptors, ER, PR and HER-2. TNBC constitute about 10-15% of breast cancers and is associated with poor prognosis (Dawson et al., 2009). Together these receptors are used to classify breast cancers subtypes (Lindsten et al., 2017).
Treatment of breast cancer depends on specific receptors of the different molecular subtypes, for example, tamoxifen was used to treat ER positive breast cancer and trastuzumab (Herceptin) was used to treat breast cancer with HER2 positive. Despite the fact that breast cancer with hormone receptors have good-targeted therapy, triple-negative breast cancer has no effective therapy (Kalimutho et al., 2015, Gu et al., 2016)
Breast cancer treatments have been improved extensively in the last 40 years, as the 10 years survival rate in the UK was increased from 40% in 1970s to 80% nowadays (https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer#heading-Three). Despite the treatment of primary breast cancer is highly efficient now in which the 5 years survival rate for stage I/II breast cancer is 80-99%, metastatic breast cancer still lack the efficient treatment in which the survival rate was declined to 65% at the 20 years post diagnosis (https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer#heading-Three). Malignant tumours are made up of tumour stroma, smooth muscle cells, endothelial cells and immune cells such as macrophages that comprise the most common immune cell type in the tumour microenvironment (Hanahan and Weinberg, 2011, Sica and Mantovani, 2012, Allavena et al., 2008). 
In breast cancer, tumour microenvironment is composed of different types of cell which include endothelial and myoepithelial cells, adipocytes, fibroblasts and leukocytes such as macrophages and lymphocytes. In addition to these cells, tumour microenvironment also contains other components such as extracellular matrix and soluble factors which include enzymes, growth factors, hormone and cytokines (Coleman et al., 2013). In human breast cancer, up to 50% of tumour mass is composed of these inflammatory cells with high percentage of macrophages and these tumour-associated macrophages are highly linked with poor prognosis (Zhao et al., 2017). As breast cancer has different biological characteristics, tumour treatments and patient survival rates are different from each other. 
In the tumour microenvironment (TME), tumour derived factors differentiate monocytes to tumour associated macrophages (TAMs). TAMs have a dual role in the TME and in response to different factors these TAMs either facilitate development of tumours or may have anti-tumour properties (Sica et al., 2006, Sica et al., 2008). These properties will vary depending on tumour type and tumour stage. 
The presence of these TAMs in high numbers is linked with poor patient prognosis of different human cancer types such as, breast, thyroid and bladder cancer (Leek et al., 1999, Hanada et al., 2000, Ryder et al., 2008). TAMs can support tumour progression by influencing tumour invasiveness, tumour angiogenesis or by the immunosuppression of anti-tumoural cells such as cytotoxic T cells (Lewis and Pollard, 2006, Noy and Pollard, 2014). 
While the role of TSPAN5 in breast cancer is still unknown, other TSPAN members such as CD9 and CD82 have been studied for their effect on breast cancer invasion and metastasis. For example, CD9 was reported to play an important role in promoting metastasis and tumorigenesis of breast cancer cells. In a study by Rappa et al., the metastatic capacity of the TNBC MDA-MB-231s was suppressed in a mouse xenograft model after the knockdown of CD9, this was reduced by 40% in the axillary lymph node, 20% in the lungs and 40% in the brain (Rappa et al., 2015). 
In another study by Kischel and co-workers, it was found that the IHC expression of CD9 in human breast cancer is higher in bone metastases compared to the primary tumour and visceral metastases (liver, lung and kidney) of the same patients, albeit this is a small cohort of n=7 patients (KISCHEL et al., 2012).
CD82 is the other TSPAN member that has been shown to have a role in breast cancer development, a recent study reported a significant correlation between CD82 expression and the grade of breast cancer and stage of TNM (T describes tumour site, N describes regional lymph node and M describes metastatic spread) in a north Indian population (Kumar, 2016). In particular, 83 breast cancer and 83 control histological cases were used to detect CD82 gene expression by qRT PCR and protein expression by IHC. It was found that CD82 expression inversely correlated with breast cancer staging as the mRNA level in early stages (Stage I & II) was higher than advanced stages (Stage II & IV) (2.87 ± 0.63, p<0.05). The same result was reported at the protein level whereby CD82 protein expression in early disease stages was higher than in the advanced stages (1.35 ± 0.24, p<0.05) (Kumar, 2016). This suggest that CD82 is associated with a more aggressive form of breast cancer and loss of CD82 may be considered a prognostic indicator in predicting metastatic disease. 
In addition to CD9 and CD82, CD151 has also been shown to participate in breast cancer development. It was reported that the expression of CD151 increased in all types of human breast cancer as the IHC tissue microarray (n=124) of CD151 increased by 31% in invasive type of breast cancer compared to the normal breast tissues especially in high grade types with 45% overexpression of CD151 in TNBC samples (Yang et al., 2008a).
In the previous chapters, we demonstrated that tumour derived factors from MDA-MB-231 increased TSPAN5 expression in MDMs and knockdown of TSPAN5 increased the migration of MDMs, we hypothesis that TSPAN5 play a role in TAMs in breast cancer. The aim of this chapter was to characterise the expression of TSPAN5 in human and mouse breast cancer tissue sections using immunohistochemistry and immunofluorescence.
Specific aims:
1. To perform immunohistochemistry staining of human breast cancer tissue sections of n= 20 patients using antibodies to CD68 and TSPAN5.
2. To perform immunofluorescence staining of human breast cancer tissue sections in n=10 patients using CD68 and TSPAN5 antibodies.
3. To determine the expression of TSPAN5 in murine breast cancer tissue sections in the EO771 and TS-1 tumours by immunofluorescence using F4/80 and TSPAN5 antibodies.









[bookmark: _Toc7559658]5.2 Expression of TSPAN5 in human breast cancer tissue
CD68 is a well identified surface marker of myeloid cells particularly macrophages as this is extensively expressed on these cells (Betjes et al., 1991). CD68 has been being used as a marker for macrophages in breast cancer to detect TAMs in tumours (Medrek et al., 2012, Robinson et al., 2009). It was found that some CD68 antibody clones bind to macrophages and to other cells in the TME. For example, CD68 of the KP1 clone binds to fibroblasts in human breast cancers (Ruffell et al., 2012) whereas CD68 of the PG-M1 clone was reported as the most specific clone for macrophages and was therefore used in our studies (Falini et al., 1993). Immunohistochemistry staining was carried out to detect the presence of CD68+ve macrophages and TSPAN5 in paraffin wax embedded human breast tissues sections. Sections were obtained from collaborators within the University of Sheffield and elsewhere (Ottawa Hospital Research Institute and Michigan Medicine Breast Oncology Clinic/ Brighton Center for Specialty Care) (This included 20 tumour sections and 3 normal (non-cancerous sections). There was very little information available on the patients (e.g. if they had received previous treatment or their age) and what was available is summarised in Table 5-1 
In brief, slides were dewaxed with xylene and hydrated through alcohol gradients (100%, 95%, 90% and 70%) then rinsed in tap water. Slides were immersed into 3% H2O2. After that, antigen retrieval was performed. Tissues were blocked and stained with primary rabbit anti-human TSPAN5 antibody (1:100 dilution; Novusbio). Tissues were incubated with alkaline phosphatase (AP) then impressed with the ImmPACT Vector Red alkaline phosphatase substrate. Tissues were blocked again then stained with primary mouse anti-human CD68 antibody (clone PG-M1; 1:100 dilution; DAKO). After that, tissues were incubated with horseradish peroxidase (HRP) and impressed with ImmPACT DAB Vector Peroxidase substrate. Tissues were immersed in Haematoxylin then dehydrated through alcohol gradients (70%, 90%, 95% and 100%) and xylene, tissues were mounted with DPX. All sections were scanned using a Hamamatsu slide scanner at Sheffield Institute for Translational Neuroscience and positive cells were quantified using ImageScope software. Immunohistochemistry staining showed that 69% of the total cells in the TME tumour were positive for the macrophage marker CD68 (Brown cells) and 53% of tumour microenvironment cells were positive for TSPAN5 (Pink cells).  Approximately 44% of the total cells were positive for both CD68 and TSPAN5 proteins (Figure 5.1). This suggests that most of the TSPAN5 expression was that of tumour-associated macrophages.
While all commercial TSPAN5 Abs are only characterised for chromogenic methods, using this method it was difficult to visually distinguish the brown colour of CD68 and red colour of TSPAN5 expression, this issue was overcome by using immunofluorescence staining.
Immunofluorescence staining was performed to determine the expression of CD68+ve (macrophage marker) and TSPAN5 in 10 sections of paraffin wax embedded human breast tumour tissues. Tissues were dewaxed, rehydrated and antigen retrieval achieved. After that, tissues were blocked with 10% goat serum (Vector laboratories) and 1% BSA then stained with a mixture of primary Abs including mouse anti-human CD68 (clone PG-M1; 1:100 dilution; DAKO) and rabbit anti-human TSPAN5 (1:80 dilution; Novusbio). Tissue sections were then stained with a mixture of secondary Abs (goat anti-rabbit and rabbit anti-mouse) and then mounted using prolong gold anti-fade with DAPI (Invitrogen). Immunofluorescence staining showed that 51.8% of the total cells in TME were positive for the macrophage marker CD68 and 43.2% of TME cells were positive for TSPAN5 (ImmPACT Vector Red, pink).  Approximately 40% of the total cells were positive for both CD68 and TSPAN5 proteins (Figure 5.2). Again, this suggests that most of the TSPAN5 expression was confined to TAMs. However, the data needs to be interpreted with caution as this is only available for a small number of patients with limited cancer subtypes. Next, we sought to look at TSPAN5 expression in animal models of mammary carcinoma. 

	Patient ID 
	Subtype Status 
	Source

	23069A1, NH13, 312
	Normal (non-cancerous)
	Professor Angie Cox/ University of Sheffield

	33076C, NH13, 335
	Normal (non-cancerous)
	Professor Angie Cox/ University of Sheffield

	33802C, NH13, 332
	Normal (non-cancerous)
	Professor Angie Cox/ University of Sheffield

	TH35462, 1A, 0162
	Unknown
	Professor Angie Cox/ University of Sheffield

	24531 (5-T)
	Unknown
	Professor Angie Cox/ University of Sheffield

	16/24
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	23/2
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	29/96
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#2
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#3
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#3
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#6
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#7
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#8
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#8
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#9
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#9
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#10
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#11
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#12
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#13
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#17
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#19
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#21
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#22
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#23
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#26
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	#27
	ER+
	Catherine Hall Van Poznak/ Michigan Medicine Breast Oncology Clinic

	24319
	TNBC
	Dr. Christina Addison/Ottawa Hospital Research Institute

	32346
	TNBC
	Dr. Christina Addison/Ottawa Hospital Research Institute

	33988
	TNBC
	Dr. Christina Addison/Ottawa Hospital Research Institute

	37546
	TNBC
	Dr. Christina Addison/Ottawa Hospital Research Institute

	51445
	TNBC
	Dr. Christina Addison/Ottawa Hospital Research Institute


[bookmark: _Toc16588669]Table 5-1. Molecular subtypes of breast cancer tissues. 
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[bookmark: _Toc16588635]Figure 5.1. TAMs express TSPAN5 in human breast cancer tissue. Representative images of immunohistochemistry staining carried out to detect the expression of TSPAN5 and CD68 (macrophage marker) in paraffin embedded human breast tissues for isotype control (A), normal breast tissue section (B) and breast tumour section (C). CD68 positive TAMs stain brown and TSPAN5 positive cells stain pink, dual staining for both markers is appears dark brown. Data was quantified using Imagescope and is presented as the Mean ± SEM for n=20 patients (D).
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[bookmark: _Toc16588636]Figure 5.2. TSPAN5 is expressed predominantly by TAMs in human breast cancer tissue. Immunofluorescence staining was carried out to detect the expression of TSPAN5 and CD68 (macrophage marker) in paraffin wax embedded human breast tissue. Representative images for the isotype control (A) and tumour sections (B) is shown. TAMs stain red and TSPAN5 positive cells stain green, dual staining for both markers is appears yellow. Data is presented as Mean ± SEM for n=10 patients. (C).




[bookmark: _Toc7559659]5.3 Expression of TSPAN5 in mouse breast cancer tissue
The aim of the current experiment was to identify the protein expression of macrophages and TSPAN5 in mouse breast cancer sections. Immunofluorescence staining was carried out to determine the expression of F4/80 (macrophage marker) and TSPAN5 in frozen mouse breast tissues sections that were made available to us by colleagues in our research group. In these studies female mice of either the C57BL/6J and FvB/N strains were injected into the mammary fat pads with 3x105 of murine EO771 and TS-1 cells, respectively. Mice were monitored regularly and when tumours reached the maximum permitted size of 15 mm diameter, mice were culled by cervical dislocation, tumours were embedded in optimal cutting temperature (OCT) before freezing then sectioned using the cryostat. Immunofluorescence staining was carried out to detect the expression of F4/80 (macrophage marker) and murine TSPAN5.  Tissues were fixed in acetone, rehydrated and blocked with  5% Goat serum, 10% Murine FcR blocking solution and 1% BSA then stained with a mix of primary Abs including rat anti-mouse F4/80 (1:100 dilution; Bio-Rad) and rabbit anti-mouse TSPAN5 (1:80 dilution; Novusbio). Tissue were stained with secondary Abs then mounted by prolong gold anti-fade with DAPI (Invitrogen). In the EO771 C57BL/6J breast tumour model, TAMs constitute about 38.03% (Figure 5.3B) of the tumour microenvironment and TSPAN5 was expressed by ~59% of the total cells (Figure 5.3C). Interestingly, all the TAMs were TSPAN5 positive and 64.22% of total TSPAN5 were expressed by F4/80+ve cells. Further investigation into which other cell types express TSPAN5 is warranted. 
TS1 FvB/N model, TAMs represent 47.72% of the tumour microenvironment (Figure 5.4B), TSPAN5 was expressed by 58.25% of the total cells (Figure 5.4C) and 81.92% of the total TSPAN5 was expressed by TAMs (Figure 5.4D). Interestingly, this preliminary mouse data agrees with the human sections in which most macrophages were positive for TSPAN5 expression. As the mouse mammary fat-pad is small, the expression of F4/80 and TSPAN5 were not characterised in normal murine breast tissues. These cells are small and were not typically tumour cells. It would be interesting to add a leucocyte markers or specifically a monocyte marker to see if these are the macrophage precursors recruited into the tumour. 
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[bookmark: _Toc16588637]Figure 5.3. Murine TAMs express TSPAN5. Immunofluorescence staining was carried out to detect the expression of TSPAN5 (red) and F4/80 (green) in EO771 murine breast cancer frozen sections. DAPI positive nuclei (A), F4/80 (B), TSPAN5 (C) and Merged (D). All images were taken on a wide-field microscope at x40 magnification. Data was quantified using ImageJ and is presented as the Mean ± SEM for n=3 (E).
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[bookmark: _Toc16588638]Figure 5.4. Murine TAMs express TSPAN5. Immunofluorescence staining was carried out to detect the expression of TSPAN5 (red) and F4/80 (green) in TS-1 murine breast cancer frozen sections. DAPI positive nuclei (A), F4/80 (B), TSPAN5 (C) and Merged (D). All images were taken on a wide-field microscope at x40 magnification. Data was quantified using ImageJ and is presented as the Mean ± SEM for n=3 (E).
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The TME in breast cancers are made of tumour cells and recruited cells of the host such as adipocyte, macrophages, lymphocytes, blood vessels, fibroblast as well as extracellular matrix (ECM). TAMs represent the main components of breast cancer microenvironment and are highly linked with poor prognosis of solid tumours (Zhang et al., 2012) (Junjeong Choi, 2018).
Different macrophage markers are expressed by tumour associated macrophages such as CD68, CD23 and CD14, in addition to these proteins; TAMs also have the ability to express vascular endothelial growth factors (VEGF)-C and (VEGF)-D as well as VEGFR-3 (Schoppmann et al., 2002).
Several studies have characterised TAMs in tumour microenvironment by the expression of CD68 which is a transmembrane glycoprotein of 110-KD in size and linked with the endosome/lysosome of cells (Holness and Simmons, 1993).
Whilst CD68 is not the ideal marker for macrophages it has been used widely to detect TAMs in breast cancer and other cancer types (Yang et al., 2015, Gwak et al., 2015). 
In this chapter, we characterised the expression of TSPAN5 by tumour-associated macrophages in both human and mouse breast cancer sections. Our data showed that tumour-associated macrophages constitute about 69% of human breast tumour microenvironment (Figure 5.1) in the small sample number investigated. 
Our data are consistent with previous studies, Medrek and co-workers reported that CD68 is expressed at high level in human breast cancer in which 108 of 144 (75%) cases were positive for CD68 in both the tumour stroma and tumour nest (Medrek et al., 2012).
In another study by Yang and co-workers, they reported that human breast cancers highly expressed the CD68 protein with the average number of 61.14±23.76 cells per high-power field (HFP) in 100 breast cancer cases and high CD68 expression associated with larger tumour size and higher cancer stages (Yang et al., 2015). 
Data from the Human Protein Atlas showed that TSPAN5 was differentially expressed in 17 different cancers and high expression is unfavourable in renal and stomach cancer, and high expression is linked with poor survival rates. In breast cancer, TSPAN5 expression is variable.  676 samples showed high TSPAN5 expression whereas 399 of BC samples showed low TSPAN5 expression. It is not clear from the Atlas data which cell types express the TSPAN5 as the data represent the expression of TSPAN5 in the whole dissociated tumour (https://www.proteinatlas.org/ENSG00000168785-TSPAN5/pathology/tissue/breast+cancer). 

[bookmark: OLE_LINK6][image: G:\thesis chapters\ATLAS all cancer.JPG]Figure 5.5. TSPAN5 RNA expression in different cancer types. RNA expression of TSPAN5 in tissues derived from 17 different cancer types. Data was taken from the human protein atlas database (https://www.proteinatlas.org/ENSG00000168785-TSPAN5/pathology).

In the present chapter, we found that TSPAN5 was expressed by 53% of cells in the TME (Figure 5.1). Interestingly, TSPAN5 was expressed mostly by TAMs and ~64% of these tumour-associated macrophages were positive for TSPAN5 expression. While other TSPAN members such as CD151, CD9 and CD82 have been reported to have a role in breast cancer, our study represents the first to characterise the expression of TSPAN5 in the breast TME and its expression by TAMs. Most tissues used in this study were ER+. Data from CANCERTOOL database showed that TSPAN5 expression was not significantly affected by the ER status of BC (Figure 5.6), our finding is consistent with CANCERTOOL data, as we demonstrated that TAMs are the main source of TSPAN5 and TSPAN5 expression is not affected by different molecular subtypes of BC (http://web.bioinformatics.cicbiogune.es/CANCERTOOL/results.php?file=1556399829_geneList).
[image: G:\thesis chapters\ER2.JPG]
[bookmark: _Toc16588639]Figure 5.6. TSPAN5 expression according to ER status of BC. TSPAN5 expression was not significantly affected in response to ER status of BC. Data was taken from the CANCERTOOL database (http://web.bioinformatics.cicbiogune.es/CANCERTOOL/results.php?file=1556399829_geneList).

Whilst 64% of the macrophages are positive for TSPAN5, we believe this number may under represent macrophage expression of TSPAN5.  One of the limitations of using the chromogen method was that it was sometimes difficult to distinguish the red (TSPAN5) from the brown (CD68) especially when they co-localized at the same cell or the staining intensity of one antibody was stronger than the other. It may be possible to repeat this study using another chromogen such as Methyl green-pyronin (MGP). This binds to DNA/RNA in the cell, also great on its own but problematic when combing with other chromogens 
To overcome the problems with the chromogens we used immunofluorescence staining. We have already optimised protocols in our group for staining paraffin wax embedded sections for immunofluorescence using the staining techniques described in section 2.2.11. From this we showed that 77.2% of macrophages are positive for TSPAN5 (Figure 5.2). It was much easier to distinguish TSPAN5 from CD68 positive cells as both antibodies were imaged using different filters (488 for TSPAN5 and 595 for CD68) and the merged images produced a different colour. Despite the advantages of immunofluorescence staining over the chromogenic approach, tissue autofluorescence was a limitation with this method, this is mostly induced by the tissue endogenous effects such as lipofuscin and collagen as well as tissue with formalin (Baschong et al., 2001). Future studies would include a much larger patient cohort, preferably with BC tissue sections from different patient subtypes. It would also be interesting to compare TSPAN5 expression before and after treatment as it is known that the phenotype of TAMS can change post-therapy (Genard et al., 2017). In addition, if more time were available during this PhD project it would be useful to compare the TSPAN5 expressing TAMs and their position in the TME, e.g. perivascular TAMs, hypoxic TAMs and stromal TAMs (Lewis et al., 2016, Jeong et al., 2019, Yang et al., 2018).
In the second part of this chapter, we characterised the expression of TSPAN5 in tumour-associated macrophages in two different mouse breast cancer models EO771 and TS-1 cells. EO771 is a basal-like murine breast adenocarcinoma which is positive for ER and negative for PR and HER2 that developed spontaneously in the mammary gland of C57BL/6 mouse (Sugiura and Stock, 1952, Rampoldi et al., 2016). 
Whereas the TS-1 line is ER/PR negative and HER-2 positive murine breast cancer, derived from the transgenic MMTV-PyMT tumours that spontaneously develop in mammary tumours that metastasise to the lung (Lin et al., 2003, Shree et al., 2011). To identify the TAMS in these sections we used F4/80 also known as EMR1 or Ly71. This is a well-characterised murine macrophage marker that is expressed highly on different types of mouse macrophages such as red pulp macrophages (RPMs), Kupffer cells, microglia, Langerhans cells (LC), macrophages of the connective tissue, kidney, heart as well as reproductive and neuroendocrine systems (Austyn and Gordon, 1981, Morris et al., 1991). The F4/80 antigen is a mature murine cell surface glycoprotein, which is 160 kDa in size and has 68% amino acid identity with human EGF-like module-containing mucin-like hormone receptor-like 1 (EMR1). Several studies have characterised murine TAMs in the TME by the expression of F4/80 and there are too many to reference (De Beule, 2013).
Our data showed that TAMs constitute about 35-47% of the murine breast TME with 35.57% in C57BL/6J breast tumour model and 47.72% in the FvB/N model (Figure 5.3 and 5.4). In agreement with the data of human breast cancer tumour-associated macrophages, TSPAN5 was also  expressed by most TAMs in these models with 83.2% of TAMs in the C57BL/6J EO771 model and 93.7% in the TS1 FvB/N model. 
Of note, one of the limitations in this chapter is that the TSPAN5 commercial antibodies used for the staining, have not been tested for immunofluorescence. This is why we focused on the chromogenic approach to being with, as this approach is also more suited to tissue sections that are paraffin wax embedded. The commercial antibody selection was limited as there are only three antibodies available commercially.
The other limitation in this work was the cross reactivity between antibodies. All the TSPAN5 antibodies were polyclonal and raised in rabbit, therefore we were unable to further characterise TSPAN5 expressing TAMs. It would have been useful to determine the phenotype of the TAMS in the human tissue sections using multi-colour immunofluorescence. This would have determined whether these TSPAN5 expressing TAMs were pro or anti-inflammatory. However, this was not possible as the antibodies in question e.g. MRC1, iNOS were also raised in rabbit. 
This chapter demonstrates for the first time the expression of TSPAN5 by TAMs in both human and mouse breast cancer sections.  Together the data suggests that TAMs are the main source of TSPAN5 in the breast TME and the following chapter will attempt to determine the importance of TSPAN5 expressing TAMs in a murine mammary model of cancer in the TSPAN5 knockout mouse model. 
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[bookmark: _Toc7559662]Understanding the role of TSPAN5 expressing macrophages in mammary carcinoma





















[bookmark: _Toc7559663]6.1 Introduction
Animal models have been used widely to develop new therapeutic strategies for studying primary and metastatic breast cancer. These include immunocompetent mouse models where murine tumour cells are engrafted into the site of the primary tumour (Yang et al., 2017b) or to study human tumours xenograft models. The latter include mouse models where human cell lines such as MDA-MB 231 are engrafted to immunocompromised mice (Caligiuri et al., 2012, Liu et al., 2013) or patient-derived xenograft (PDX) models where cancerous cells or tissues from human primary tumours are engrafted to immunocompromised mice (Lai et al., 2017).
In spite of xenograft models being relatively straightforward and commonly used in breast cancer research these systems have some limitations as there is no inter-tumoural heterogeneity among them, also these systems have a poor record of predicting clinically effective therapies (Whittle et al., 2015). Additionally, most xenograft models such as MDA-MB-231 are obtained from the highly aggressive types of breast cancer which make them less efficient for addressing primary breast tumours. Moreover, xenograft models are not ideal systems to characterise immune responses to cancer development as the mice have no thymus, resulting in the absence of the adaptive immune system (Richmond and Su, 2008).
In addition there are spontaneous mouse models of breast cancer In order to characterise the immune response to cancer development, immunocompetent mouse models are ideal models in which murine tumour cell lines are engrafted into the same inbred mouse strains, such as the implantation of EO771 murine breast cancer cell line into C57BL/6J mice or the grafting of 4T1 breast cancer cell line into Balb/c mice. There are a number of available murine mammary tumour models (Table 6-1). Many of these have been used as tools to study breast cancer.
	Mouse strain
	Cell Line
	Marker Expression 
	Reference

	C57BL/6J	
	EO771
	ER+, PR- & HER2-
	(Sugiura and Stock, 1952, Rampoldi et al., 2016)

	FVB/N
	TS-1
	ER/PR- &HER2+
	(Lin et al., 2003, Shree et al., 2011)

	BALB/c	
	4T1
	ER/PR- &HER2-
	(Bouchard et al., 2016)

	FVB/N
	Met-1
	ER/PR- &HER2+
	(Lin et al., 2003, Borowsky et al., 2005)


[bookmark: _Toc16588670]Table 6-1. Murine breast cancer models. Common murine breast cancer models.


The C57BL/6J mouse strain are the most commonly used system for the characterisation of immune response to cancer development as a great number of genetically engineered backgrounds such as knockout or knock-in mouse models are available for this mouse strain (Caligiuri et al., 2012, Kuperwasser et al., 2000). Some TSPAN knockout models have been developed in this strain of mice and have been used for studying cancer development. For example, CD151KO mice were created to study the role of CD151 in angiogenesis. CD151 was firstly deleted from 129SvEv mice then CD151KO mice were backcrossed for more than 7 generations into the C57BL/6J mouse strain (Takeda et al., 2007b). CD151 is known to have essential roles in endothelial cell migration and angiogenesis, it was found that knockout of CD151 in C57BL/6J mice diminished angiogenesis and reduced the growth of Lewis Lung carcinoma cells (LLC) (Takeda et al., 2007b) 
Indeed, a mouse model of TSPAN5 knockout has been developed, these knockout mice were created by injection of embryonic stem cells (Black/6) obtained from The European Conditional Mouse Mutagenesis Program (EUCOMM) into blastocysts of C57BL/6J mouse, after that, TSPAN5 genetrap was removed with flippase and two exons of TSPAN5 were removed with Cre (a site specific recombinase enzyme). Mice were crossed several times and a constitutive knockout of TSPAN5 was created. This information was provided by Dr. Eric Rubinstein, University of Paris-Sud, France.
In the previous chapter we demonstrated that TAMs are the main source of TSPAN5 in the breast TME and given the importance of TAMs in the TME, we hypothesised that TSPAN5 plays a role in supporting the pro-tumour activities of TAMs.
The aim of the work in this chapter was to characterise the effect of TSPAN5 depletion on primary tumour growth in the C57BL/6J TSPAN5KO mouse model and compare this to wildtype mice. Dr. Eric Rubinstein, University of Paris-Sud, France, provided us with four heterozygote females, two heterozygote males and three homozygote males C57BL/6J TSPAN5KO mice. Mice were bred at our biological service facilities to get the required number of homozygote C57BL/6J TSPAN5KO female mice. Homozygote female mice were determined by genotyping mouse ear tissues at our Biological Services Unit.



Specific aims:
1- To characterise the antitumour effects of genetic silencing of TSPAN5 on mammary tumour growth.
2- To characterise the antitumour effect of antibody silencing of TSPAN5 on mammary tumour growth, mouse body weight and mouse survival. 
3- To characterise the effect of clodronate depletion of macrophages on mammary tumour growth, in wild type and TSPAN5KO mice.
[bookmark: _Toc7559664]6.2 Implantation of EO771 murine model
EO771 is a murine breast adenocarcinoma cell line, which developed spontaneously in the mammary gland of C57BL/6J mouse at the Jackson laboratory in 1940 (Sugiura and Stock, 1952, Dunham and Stewart, 1953). This murine cell line is syngeneic to C57BL/6J mouse and easily grows subcutaneously. EO771 is a basal like breast cancer, which is positive for ER and negative for PR and HER2 (Johnstone et al., 2015, Rampoldi et al., 2016). This cell line spontaneously develops metastasis to the lung in C57BL/6J mouse model (Johnstone et al., 2015).
Wild-type and TSPAN5KO C57BL/6J mice were used to study the effect of TSPAN5 on tumour growth. Eight weeks old mice received an intra-nipple injection of 3x105 EO771:LUC luciferase labelled cells (these were used in the exponential phase of growth) in 20μL DPBS and growth factor reduced (GFR) matrigel at a ratio of 1:1. Mice were monitored regularly (three times/week).
[bookmark: _Toc7559665]6.3 Genetic silencing of TSPAN5 reduces mammary tumour growth
In order to assess the impact of TSPAN5 on tumour growth ten wild-type and ten TSPAN5KO C57BL/6J mice were used. Mouse tumour volume was measured three times/week using callipers and calculated using this formula length x width2/2 (Coffelt et al., 2010). Tumour growth was also monitored at weekly intervals using the non-invasive in vivo imaging system (IVIS 200 System, Xenogen), so as to detect metastasis. In order to image by IVIS, mice received an intra-peritoneal injection of luciferin 15 min prior to imaging at a concentration 150mg/kg body weight. 
Data showed that in tumour bearing mice genetic ablation of TSPAN5 in C57BL/6J showed no significant difference in mouse body weight compared to wild-type mice (Figure 6.1A). However, there was a significantly reduction in primary EO771 tumour growth in TSPAN5KO mice compared to wild-type mice (Figure 6.1B and C). For example, at day 23 post-tumour implantation TSPAN5KO mice had a tumour volume of ~278mm3 ±200mm3 compared to ~1115mm3±200mm3 in wild-type mice (p=0.0004). When tumours reached the maximum permitted size (15mm either length or width) mice were culled and a survival curve was plotted. Interestingly, our data showed that knockout of TSPAN5 on C57BL/6 mice significantly enhanced mouse survival post-tumour implantation to ~34 days in TSPAN5KO mice compared ~23 days in wild-type mice (Figure 6.1D). 
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[bookmark: _Toc16588640]Figure 6.1. Genetic silencing of TSPAN5 reduces mammary tumour growth. Wild type and TSPAN5KO C57BL/6J mice were implanted with 3x105 EO771:LUC cells and tumour growth monitored over time. (A) Genetic ablation of TSPAN5 does not affect the weight C57BL/6J tumour bearing mice but (B) significantly reduced tumour growth as assessed using calipers. (C) Representative bioluminescence IVIS imaging images taken on day 26 post tumour implantation also confirmed this reduction in primary tumour growth. (D) Kaplan Meier curves show all the tumour bearing mice in the TSPAN5KO group survived longer than the wild type mice. Data is presented as the Mean ± SEM for n=10 wild-type mice (WT), 10 TSPAN5KO mice. Statistical significance was determined using the student’s T-test for tumour volume and the Log-rank (Mantel-Cox) test was used for the mouse survival curves.

[bookmark: _Toc7559666]6.4 Anti-tumour properties of TSPAN5KO 
Next, we determined the anti-tumour properties of TSPAN5KO on tumour necrosis, tumour vascularity and spontaneous lung metastasis of EO771 cells. 
Tumour necrosis can be defined as the death of tumour cells in the inner regions of solid tumour which resulted from the insufficient supply of blood to the solid tumour areas and consequently deprivation in the oxygen-glucose level that display hypoxia and induce the necrotic death (Lee et al., 2018b). The role of TSPAN5 knockout on primary tumour necrosis was determined by immunohistochemistry using haematoxylin and eosin staining.  Murine breast tumour tissues were collected from the wild-type and TSPAN5KO and C57BL/6J mice when either tumour width or length reached 15mm in size, tumours were embedded in optimal cutting temperature (OCT) before freezing then sectioned using cryostat machine.  H&E staining was carried out to examine the impact of TSPAN5 knockout on the EO771 primary tumour necrosis. Necrotic areas are indicated by white patches (no cells) which have detached from the tissue containing non-necrotic cells. H&E staining showed that knockout of TSPAN5 has no significant effect on primary tumour necrosis (Figure 6.2A). However, this data was obtained from tumours that have reached the maximum permitted size. It would be interesting to also compare necrosis at earlier time points.
Angiogenesis can be defined as the process of arising new blood vessels from the pre-existing vessels, which are required for solid neoplasm growth and survival (Hasina and Lingen, 2001). As this process is only linked with the reproductive cycle, tissue growing and repair, occurrence of angiogenesis is uncommon in normal adult tissues (Hall, 2005). Angiogenesis is required for the growth and metastasis of tumour cells in which energetic requirements are delivered through the formation of new blood vessels and solid tumours are not able to expand 2-3mm in their size without this process (LOPES-BASTOS et al., 2016). 
In the tumour microenvironment, formation of tumour vessels is carried out by the tumour signals. In particular, specific genes in the surrounding normal tissue are activated by these tumour signals and translated to the proteins, which facilitate the formation of tumour vessels (Gupta and Qin, 2003). For example, tumour vessel growth is mediated by pro-angiogenic cytokines such as VEGF-A which are produced by TAMs (Lewis et al., 2000).

The effect of TSPAN5 knockout on the expression of CD31 in the breast tumour microenvironment was characterised. Immunofluorescence staining was carried out to determine the expression of CD31 in frozen mouse breast tissues sections. In brief, tissues were fixed in acetone, rehydrated and blocked with 5% Goat serum, 10% Murine FcR blocking solution and 1% BSA then stained with Alexa Fluor® 647 rat anti-mouse CD31 antibody. Tissue were then mounted by prolong gold anti-fade with DAPI. Immunofluorescence data showed that knockout of TSPAN5 on C57BL/6J mice has no significant effect on the total number of blood vessels in the breast tumour microenvironment (~5.8 and ~4.3 in wild-type and TSPAN5KO, respectively). Interestingly, knockout of TSPAN5 causes shrinking in the tumour blood vessels and leads to a significant reduction in the length of tumour blood vessels as the mean of blood vessel length was reduced from 0.180 mm in wild-type to 0.080 mm in TSPAN5KO mice, p=0.0016 (Figure 6.2B).
Breast tumour metastasis is the most common cause of cancer induced death in women worldwide, in which the five-year survival rate dropped from 99.1, 87.6 and 55.1 in stage I, II and III respectively to 14.7 in patients with stage IV breast cancer (https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer/survival#).
EO771 spontaneously develops metastasis of primary tumours to the lung in C57BL/6J mouse model (Johnstone et al., 2015). In order to assess the effect of TSPAN5 genetic silencing in the development of spontaneous pulmonary metastasis of EO771 cells, Haematoxylin and Eosin staining was performed on the lungs of mice. Pulmonary metastasis areas are indicated by a cluster of tightly packed cells which represent the metastasised cancer cells in the lung. H&E staining data revealed that knockout of TSPAN5 in C57BL/6J mice reduces pulmonary metastasis, however this data is not significant compared to wild type mice, where p=0.0571 (Figure 6.2C).
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[bookmark: _Toc16588641]Figure 6.2. TSPAN5KO reduces tumour vascularity. Representative images of (Hematoxylin and Eosin staining) and immunofluorescence staining carried out to detect the anti-tumour properties of TSPAN5KO (A) Genetic ablation of TSPAN5 has no significant effect on necrosis of EO771 grown in C57BL/6J mice. (B) Genetic ablation of TSPAN5 reduces blood vessels length (C). Genetic ablation of TSPAN5 reduces the pulmonary metastasis of EO771.  Data is quantified using Imagescope at 200um scale bar and is presented as the Mean ± SEM for n=5 WT and 5 TSPAN5KO mice. Statistical significance was determined using the student’s T-tests.





[bookmark: _Toc7559667]6.5 TSPAN5KO reprogrammes tumour-associated macrophages 
TAMs are a main cellular component within the breast tumour microenvironment and high numbers of TAMs are linked with poor patient prognosis of different human cancer types such as, breast, thyroid and bladder cancer (Leek et al., 1999, Hanada et al., 2000, Ryder et al., 2008). 
We characterised the surface expression of TSPAN5 in four different breast cancer cell lines, two murine breast cancer cell lines EO771 and TS-1, and two human breast cancer cell lines MDA-MB-231 and MCF-7. Our data showed that very low TSPAN5 was expressed by tumour cells (Figure 6.3) and from our human and murine (C57BL/6J EO771 and TS-1 FvB/N models) breast cancer tissue sections the expression of TSPAN5 in the breast tumour microenvironment was mainly by monocytes/macrophage (as shown in chapter 5). Together this suggests that myeloid cells are the main source of TSPAN5 within the tumour microenvironment.  After that, we aimed to identify the impact of TSPAN5 knockout on the macrophage population within the breast tumour microenvironment. Immunofluorescence staining was carried out to determine the expression of F4/80 (macrophage marker) and MRC1 (TAMs-M2 marker) in frozen mouse mammary tumour sections. Tissues were fixed in acetone, rehydrated and blocked with  5% Goat serum, 10% Murine FcR blocking solution and 1% BSA then stained with a mix of primary Abs including rat anti-mouse F4/80 (1:100 dilution; Bio-Rad) and rabbit anti-mouse MRC1 (1:100 dilution). Tissue were stained with secondary goat anti-rabbit antibody (1:100 dilution, immunoreagents) then mounted with prolong gold anti-fade with DAPI.  
Immunofluorescence staining showed that knockout of TSPAN5 in C57BL/6J had no significant effect on the total number of macrophages in the breast tumour microenvironment, as the F4/80 constitutes about 38% and 36% of total breast tumour microenvironment in wild-type and TSPAN5KO mice, respectively. Interestingly, genetic silencing of TSPAN5 significantly reduced the number of F4/80+/MRC1+ macrophages from ~59% in WT to ~45% in TSPAN5KO mice where p=0.0172 (Figure 6.4). This suggests that TSPAN5 may promote a pro-tumour TAM phenotype. Although, a broader panel of antibodies is needed to fully determine the phenotype of the macrophages.
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[bookmark: _Toc16588642]Figure 6.3. Low expression of TSPAN5 in breast cancer cell lines. Flow cytometry dot plots were used to draw a gate around the cell population and exclude cellular debris. Representative dot plots of the gated population was established for secondary antibody and applied for the TSPAN5 antibody in all cell lines, SSC-A (X-axis for each cell) against FL4-H (Y-axis for TSPAN5). Gated dot plots were used to determine expression of TSPAN5 in FL4-H for (A) EO771, (B) TS-1 (C) MDA-MB-231 and (D) MCF-7 cell lines.
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[bookmark: _Toc16588643]Figure 6.4. TSPAN5KO reprograms tumour-associated macrophages. Representative images of immunofluorescence staining carried out to detect the effect of TSPAN5KO on the expression of F4/80 (green) and MRC1 (red) for (A) wild-type C57BL/6J mice and (B) TSPAN5KO C57BL/6J mice. (C) showed the percentage of cells expressed F4/80 and (D) showed the percentage of MRC1 expressed by F4/80+ cells. All images were taken on a wide-field microscope at x40 magnification. Data was quantified using ImageJ and is presented as the Mean ± SEM for n=5 WT and 5 TSPAN5KO C57BL/6J mice. Statistical significance was determined using the student’s T-test statistical analysis.

[bookmark: _Toc7559668]6.6 Antibody blocking of TSPAN5 reduces mammary tumour growth
As described in chapter one some members of TSPAN family such as TSPAN8, CD151 and CD37 play an important role in cancer development and facilitate tumour growth, tumour invasion and metastasis, targeting of these TSPAN members by monoclonal antibodies has led to the development of a new therapeutic approach for the prevention and treatment of different types of tumours. 
This experiment aimed to identify the effect of anti-TSPAN5 antibody on mouse weight, tumour growth and mouse survival. The anti-TSPAN5 antibody was provided by Dr. Eric Rubinstein, University of Paris-Sud, France. The antibody was generated by immunization of TSPAN5 knockout mice twice with human bone osteosarcoma epithelial cells (U2OS) that stably express TSPAN5-GFP (human cell line was used because TSPAN5 has identical homology in human, rat and mouse)(Saint-Pol et al., 2017). Hybridomas were screened by labelling of live U2OS and flow cytometry analysis performed, hybridomas that stably stained U2OS-TSPAN5 cells proportionally to the same level of TSPAN5-GFP expressed by the cells were selected over 3000 clones. In order to characterise the specificity of anti-TSPAN5 antibody, GFP-TSPAN5 was immunoprecipitated from U2OS/TSPAN5 cells using GFP trap beads after lysis in RIPA buffer, this lysis buffer was used to dissociate all associated proteins from TSPANs, western blotting was also performed to recognise the specificity of anti-TSPAN5 antibody in TSPAN5 expressing human colon cancer cell line (HCT116) and mouse colon cancer cell line (CT26) (Saint-Pol et al., 2017).
To characterise the impact of anti-TSPAN5 antibody, wildtype C57BL/6J mice were used. N=10 mice were untreated and only received tumour implantation and N=5 mice received intravenous injection of 200ug/mouse anti-TSPAN5 antibody on day 5 and day 16 following tumour implantation. Mouse tumour volume was measured three times/week using callipers and calculated using this formula length x width2/2 (Coffelt et al., 2010). Tumour growth was also monitored at weekly intervals using the non-invasive in vivo imaging system (IVIS 200 System, Xenogen), so as to detect any spontaneous metastasis. In order to image by IVIS, mice received an intra-peritoneal injection of luciferin 15 min prior to imaging at a concentration 150mg/kg body weight.
[bookmark: OLE_LINK7]Data showed that in tumour bearing mice silencing of TSPAN5 using the anti-TSPAN5 antibody showed no significant difference in mouse body weight compared to wild-type mice (Figure 6.5A). However, there was a significantly reduction in primary EO771 tumour growth in the anti-TSPAN5 treated mice compared to wild-type mice (Figure 6.5B and C). For example, at day 23 post-tumour implantation anti-TSPAN5 treated mice had a tumour volume of ~228mm3±150mm3 compared to ~1115mm3±200mm3 in wild-type mice (p= 0.0028). When tumours reached the maximum permitted size (15mm either length or width) mice were culled and a survival curve was plotted. Interestingly, our data showed that silencing of TSPAN5 significantly enhanced mouse survival to ~36 days in the anti-TSPAN5 treated mice compared ~23 days post-tumour implantation in wild-type mice (Figure 6.5D). 
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[bookmark: _Toc16588644]Figure 6.5. Anti-TSPAN5 antibody reduces mammary tumour growth. Wild type C57BL/6J mice were implanted with 3x105 EO771:LUC cells and tumour growth monitored over time. (A) antibody silencing of TSPAN5 does not affect the weight C57BL/6J tumour bearing mice but (B) significantly reduced tumour growth as assessed using callipers. (C Representative bioluminescence IVIS imaging images taken on day 26 post tumour implantation also confirmed this reduction in primary tumour growth. (D) Kaplan Meier curves show all the tumour bearing mice in the anti-TSPAN5 treated group survived longer than the wild type mice. Data is presented as the Mean ± SEM for n=10 wild-type mice (WT), n=5 anti-TSPAN5 mice. Statistical significance was determined using the student’s T-test for tumour volume and the Log-rank (Mantel-Cox) test was used for the mouse survival curves.
[bookmark: _Toc7559669]6.7 Anti-tumour properties of anti-TSPAN5 antibody treatment
Anti-tumour properties of anti-TSPAN5 antibody were determined by characterising the silencing impact on tumour necrosis, tumour vascularity and lung metastasis of EO771 cells. Haematoxylin and eosin staining was performed to characterise the role of anti-TSPAN5 antibody on tumour necrosis.  Murine breast tumour tissues were collected from the negative control and mice treated with anti-TSPAN5 antibody when either tumour width or length reached 15mm in size, tumours were embedded in optimal cutting temperature (OCT) before freezing then sectioned and  H&E stained as described above.  Necrotic areas were indicated by the white patch, which detached from the tissue containing non-necrotic cells. H&E staining showed that treatment of C57BL/6J with anti-TSPAN5 increased necrosis but this was not statistically significant (Figure 6.6A).
After that, we identified the impact of anti-TSPAN5 antibody on protein expression of CD31 in breast tumour microenvironment by immunofluorescence staining on frozen mouse breast tissues sections as described above. Immunofluorescence data showed that antibody silencing of TSPAN5 on C57BL/6J mice has no significant effect on the total number of blood vessels in the breast tumour microenvironment (~5.8 and ~4.1 in untreated and anti-TSPAN5 treated mice, respectively). Interestingly, silencing of TSPAN5 caused shrinking of the tumour blood vessels and led to a significant reduction in the length of tumour blood vessels as the mean of blood vessel length in C57BL/6J mice reduced from 0.180 mm in untreated mice to 0.041 mm in mice that received anti-TSPAN5 therapy, p=0.0006 (Figure 6.6B).
The effect of anti-TSPAN5 antibody on the pulmonary metastasis of EO771 was also determined. H&E staining data revealed that treatment of C57BL/6J mice with anti-TSPAN5 antibody reduces pulmonary metastasis, however this data was not significant compared to wild type mice, p=0.1000 (Figure 6.6C).
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[bookmark: _Toc16588645]Figure 6.6. Anti-tumour properties of anti-TSPAN5 antibody. Representative images of (hematoxylin and eosin staining) and immunofluorescence staining carried out to detect the anti-tumour properties of the anti-TSPAN5 antibody (A) Treatment of mice with anti-TSPAN5 has no significant effect on necrosis of EO771 grown in C57BL/6J mice.(B) Treatment of mice with an anti-TSPAN5 antibody reduces blood vessel length (C). Treatment of mice with anti-TSPAN5 antibody reduces the pulmonary metastasis of EO771.  Data is quantified using Imagescope at 200um scale bar and is presented as the Mean ± SEM for n=5 WT and n=5 anti-TSPAN5 antibody treated mice. Statistical significance was determined using the student’s T-test.



[bookmark: _Toc7559670]6.8 Anti-TSPAN5 antibody reprograms tumour-associated macrophages
The aim of the current experiment was to identify the effect of anti-TSPAN5 antibody on protein expression of macrophages and infiltration of TAMs to the breast tumour microenvironment. Immunofluorescence staining was carried out to determine the expression of F4/80 (macrophage marker) and MRC1 (TAMs-M2 marker) in frozen mouse breast tissues sections as described above. Immunofluorescence staining showed that antibody silencing of TSPAN5 in C57BL/6J has no significant effect on the total number of macrophages in breast tumour microenvironment, as the F4/80 constitutes about 38% and 34% of total breast tumour microenvironment in untreated and anti-TSPAN5 treated mice respectively. Interestingly, like in the genetic silencing experiments, antibody silencing of TSPAN5 significantly reduced the number of F480+/MRC1+ from ~59% in untreated to ~33% in anti-TSPAN5 treated mice where p=0.0027 (Figure 6.7).
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[bookmark: _Toc16588646]Figure 6.7. Anti-TSPAN5 antibody reprograms tumour-associated macrophages. Representative images of immunofluorescence staining carried out to detect the effect of anti-TSPAN5 antibody on the expression of F4/80 (green) and MRC1 (red) for (A) wild-type C57BL/6J mice and (B) anti-TSPAN5 antibody treated C57BL/6J mice. (C) showed the percentage of cells expressed F4/80 and (D) showed the percentage of MRC1 expressed by F4/80+ cells. All images were taken on a wide-field microscope at x40 magnification. Data was quantified using ImageJ and is presented as the Mean ± SEM  for n=5 WT and 5 anti-TSPAN5 antibody treated C57BL/6J mice. Statistical significance was determined using the student’s T-test.
[bookmark: _Toc7559671]6.9 Targeting macrophage with Clodronate liposomes reduces mammary tumour growth
As described earlier, TAMs represent the main component of breast tumour microenvironment.  Macrophages depletion has been used widely to study the role of macrophages in tumour progression of breast, ovarian and colon cancers (Yang et al., 2013, Reusser et al., 2014, Bader et al., 2018)
In the current experiment, we treated wild-type and TSPAN5KO C57BL/6J mice with clodronate liposomes 24 hours before tumour implantation to prevent the infiltration of macrophages into the tumour microenvironment. This experiment aimed to determine how important the TAMs were in the observed reduction of tumour growth in the TSPAN5KO mice. 
Following injection of clodronate liposomes (CL), macrophages and other phagocytic cells recognise CL as invading particles and phagocytic cells proceed with destroying these foreign particles through phagocytosis. CL are engulfed by the phagocytic cells into an internal vesicle known as a phagosome, following CL engulfment; the phagolysosome is formed by the fusion of the phagosome with lysosomes that contain different types of destructive enzymes, such as phospholipases. The internal pH of the phagolysosome is lowered by the proton pumps of the lysosomal membrane. CL is released by the contribution of phospholipases, low pH and other macromolecular interactions. CL reach the cytosol by the contribution of phagolysosome low internal pH and are mistakenly recognised as cellular pyrophosphate in the cytosolic medium and several Class II aminoacyl-tRNA synthetases use CL to produce a non-hydrolyzable ATP analog, adenosine 5’-( β,γ -dichloromethylene) triphosphate (AppCCl 2 p). After that, AppCCl 2 p will cross the outer membrane of mitochondria and bind to the ATP/ADP translocase then cross to the inner membrane of mitochondria. In the inner membrane of mitochondria, pore openings will be initiated by the inhibition of translocase enzyme, which damages the inner membrane of the mitochondria and consequently lead to cell death, initiated through apoptosis (Xiao and Jiang, 2014, Rogers et al., 1992, Rogers et al., 1994, Frith et al., 1997, Lehenkari et al., 2002, Berg et al., 1993).
The effect of macrophage depletion on mouse weight, tumour growth and mouse survival were determined as described above. Tumour growth was also monitored at weekly intervals using the non-invasive in vivo imaging system (IVIS 200 System, Xenogen), so as to detect metastasis. 
Data showed that in tumour bearing mice clodronate depletion of macrophages showed no significant difference in mouse body weight compared to wild-type and TSPAN5KO mice (Figure 6.8A). However, as expected there was a significant reduction in primary EO771 tumour growth in CL treated mice compared to wild-type mice (Figure 6.8B and C). For example, at day 23 post-tumour implantation CL treated mice had a tumour volume of ~320mm3±150mm3 compared to ~1115mm3±200mm3 in wild-type mice. By contrast, clodronate depletion of macrophages promoted tumour growth in TSPAN5KO mice, for example, at day 28 post-tumour implantation clodronate treated TSPAN5KO mice had a tumour volume of ~1492mm3±100mm3 compared to ~505mm3±120mm3 in TSPAN5KO mice. When tumours reached the maximum permitted size (15mm either length or width) mice were culled and a survival curve was plotted. Interestingly, our data showed that clodronate depletion of macrophages in C57BL/6 mice significantly enhanced mouse survival to ~28 days compared to ~23 days post-tumour implantation in wild-type mice, but survival in all clodronate treated mice was reduced compared to the  TSPAN5KO mice,  ~28  days in clodronate treated mice compared to ~34 in TSPAN5KO mice (Figure 6.8D). This suggests that macrophages may play a role in the delayed tumour growth in TSPAN5KO mice.
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[bookmark: _Toc16588647]Figure 6.8. Clodronate liposomes reduces mammary tumour growth. Mice were implanted with 3x105 EO771:LUC cells and tumour growth monitored over time. (A) Clodronate depletion of macrophages does not affect the weight C57BL/6J tumour bearing mice but (B) significantly reduced tumour growth as assessed using calipers. (C) Representative bioluminescence IVIS imaging images taken on day 26 post tumour implantation also confirmed this reduction in primary tumour growth. (D) Kaplan Meier curves show most the tumour bearing mice in the clodronate treated group survived longer than the wild type mice but shorter than TSPAN5KO mice. Data is presented as the Mean ± SEM for n=10 wild-type mice (WT), 5 clodronate treated wild-type (WT+CL), 10 TSPAN5KO and 5 clodronate treated TSPAN5KO C57BL/6J mice (TSPAN5KO+CL). Statistical significance was determined using the student’s T-test for tumour volume and the Log-rank (Mantel-Cox) test was used for the mouse survival curves.
[bookmark: _Toc7559672]6.10 Clodronate liposomes decrease F4/80 expression
The aim of current experiment was to identify the effect of CL on macrophages in the breast tumour microenvironment. Immunofluorescence staining was carried out to determine the expression of F4/80 (macrophage marker) in frozen mouse breast tumour tissues sections from wild-type, TSPAN5KO and CL treated wild-type and TSPAN5KO mice as described (2.2.15.4). 
Immunofluorescence staining showed that treatment of wild-type and TSPAN5KO C57BL/6J mice with CL significantly reduced the number of F4/80+ cells from ~38% to ~24%  in wild-type mice (Figure 6.9A) and from ~36% to ~28% in TSPAN5KO (Figure 6.9B).

[image: E:\Chapter6 Final\CL+WT-KO.jpg]
[bookmark: _Toc16588648]Figure 6.9. Clodronate liposomes reduce F4/80 expression. Representative images of immunofluorescence staining carried out to detect the effect of clodronate liposomes on the expression of F4/80 (green) for (A) wild-type and CL treated wild-type mice and (B) TSPAN5KO and CL treated TSPAN5KO C57BL/6J mice. All images were taken on a wide-field microscope at x40 magnification. Data was quantified using ImageJ and presented as the Mean ± SEM for n=5 wild-type, 5 CL treated wild-type, 5 TSPAN5KO and 5 CL treated  TSPAN5KO C57BL/6J mice. Statistical significance was determined using the T-test statistical analysis.


[bookmark: _Toc7559673]6.11 Discussion
Breast cancer, being the most common cancer worldwide in females in which 2,088,849 million new cases were diagnosed in 2018 which accounts for 12.3% of the total cancer cases (https://www.wcrf.org/dietandcancer/cancer-trends/worldwide-cancer-data).
As described in chapter five, some TSPAN member such as CD9, CD82 and CD151 have been studied widely for their role in breast cancer development and metastasis (Rappa et al., 2015, KISCHEL et al., 2012, Kumar, 2016, Kwon et al., 2012, Yang et al., 2008a). However, there is no study to date about the role of TSPAN5 in breast cancer.  
TSPAN5 was reported as an independent favourable prognostic factor in gastric cancer by Peirong-He and co-workers, in a study that involved the use of 114 pairs of gastric tumour tissues and matched adjacent non-tumour tissues on tissue microarray, they reported that TSPAN5 was strongly expressed by adjacent normal tissues (9.66±2.30) compared to tumour tissues (4.51±2.61) and the expression of TSPAN5 inversely correlated with gastric cancer TNM staging in which a moderate expression of TSPAN5 was found by stage II gastric cancer,  a weak expression by TNM stage III and there was no expression for TSPAN5 by stage IV gastric cancer (He et al., 2016). Peirong-He and co-workers also reported that TSPAN5 expression inversely associated with gastric cancer patients’ overall survival in which low expression is linked with poor prognosis of gastric cancer patients (He et al., 2016).
The Human Protein Atlas (HPA) is a Swedish tool that maps all the human proteins in cells, tissues and cancer patients (pathology), which showed analysis for 17 cancer types and used data from 8,000 patients. Cancer patient data from the Human Protein Atlas database indicated that high TSPAN5 expression is unfavourable in patients with stomach and renal cancer in which high TSPAN5 expression is associated with poor prognosis in patients with these types of cancer (Figure 6.10). 


[image: \\stfdata06\home\MD\Mdp14mam\ManW10\Desktop\discussion figure.JPG]Figure 6.10. TSPAN5 expression reduces the survival of renal and stomach cancer patients. The effect of TSPAN5 expression on the prognosis of renal and stomach cancer patients’, blue colour represents low TSPAN5 expression and purple colour was for high TSPAN5 expression. Data was taken from the human protein atlas database (https://www.proteinatlas.org/ENSG00000168785-TSPAN5/pathology).

By contrast, Peirong He and co-workers also reported that overexpression of TSPAN5 in a gastric cancer cell line ‘AGC’ led to the reduction in primary tumour growth in BALB/c nude mice, in which the primary tumour volume was reduced from 746.40±57.15 in mice implanted with AGS control cells to 84.17±7.39 in mice implanted with TSPAN5- overexpressing AGS cells. He reported that this reduction in primary tumour growth occurred as a result of decreased Ki67 expression in mice implanted with TSPAN5-overexpressing AGS cells while the tumour cell apoptosis was not significantly affected in mice implanted with TSPAN5-overexpressing AGS cells, in which the expression of activated-caspase 3 was not significantly changed in both groups (He et al., 2016). They showed that expression of p27 and p15 was upregulated in TSPAN5-overexpressing AGS cells compared to control cells, whereas the expression of D1, CDK4, pRB and E2F1 was downregulated in TSPAN5-overexpressing AGS.
With respect to breast cancer, Choi and co-workers performed a differential gene expression study using four primary TNBC and three brain-metastatic TNBC patient samples. The purpose of the study was to characterise the genes involved in brain metastasis of TNBC. They reported that 119 genes were differentially expressed between TNBC and brain-metastatic TNBC, in which the expression of 45 genes were down-regulated and 74 genes upregulated. Interestingly, among these genes, the expression of TSPAN5 increased by 6.2 fold in brain-metastatic TNBC samples compared to primary TNBC samples, suggesting a role for TSPAN5 in TNBC brain metastasis (CHOI et al., 2013).
It is not clear from any of these studies what role TSPAN5 expressing macrophages play in the tumour microenvironment. This is important given the pertinent role of TAMs in promoting tumour growth and metastasis. 
In the current study we characterised the effect of TSPAN5KO on mouse weight, tumour growth and mouse survival of C57BL/6J mice, our data revealed that knockout of TSPAN5 significantly reduced the growth of EO771 in C57BL/6J mice, in which the volume of primary tumour at day 23 post-tumour implantation ~278mm3 ±200mm3 in TSPAN5KO mice compared to ~1115 mm3±200mm3in wild-type mice (Figure 6.1B and C). Knockout of TSPAN5 also enhanced the survival of tumour bearing mice (Figure 6.1D). 
Our finding is inconsistent with Peironh-He et al, they indicated that over expression of TSPAN5 has anti-tumour properties in gastric cancer. However, this was not constitutive expression of TSPAN5 here they over-expressed by transfecting tumour cells with pLNCX2-TSPAN5 expression vector (retroviral expression vectors). In our studies we did not over express TSPAN5 in either macrophages or our cancer cell lines and this is something we are considering. Indeed, we have started some experiments whereby TSPAN5 is overexpressed in a zebrafish macrophage reporter line. However, the data for this is not yet available and will be described further in the final discussion. The data so far on TSPAN5 in cancer is limited and the published studies on stomach cancers are conflicting. As TAMs constitute a main component of the gastric cancer tumour microenvironment and a high density of TAMs is associated with patients’ poor prognosis (Yan et al., 2016, Su et al., 2018), it would be very interesting to characterise TAM expression of TSPAN5 in gastric cancers. 
Our data also indicated that TSPAN5 displayed pro-metastatic behaviour and the knockout of TSPAN5 in C57BL/6J mice reduced the number of EO771 lung metastasis. This data fits with the findings of Choi et al, where it was reported that TSPAN5 expression led to increased brain-metastasis in TNBC, suggesting a role for TSPAN5 in metastasis in TNBC (CHOI et al., 2013). If more time was available it would have been good to perform a metastasis study comparing development of metastatic seeding of E0771 tumour cells in the TSPAN5KO mouse and compared this to wildtype mice, this could be done in a number of ways for example the primary tumour could be resected from the mammary fatpad and metastasis followed IVIS imaging. Or the E0771 cells could be injected via the intracardiac or intravenous routes and differences in seeding of cells to sites of metastasis could be tracked overtime. 
In chapter 5, we found that TAMs are the main source of TSPAN5 in human breast cancer tissue sections in which ~93% of cells that expressed TSPAN5 were CD68+. Other studies have reported that macrophages express high level of TSPAN5 in RAW264.7 and BMDM of C57BL/6J mice (Iwai et al., 2007, Zhou et al., 2014). Also, here we showed that EO771, TS1, MDA-MB-231 and MCF-7 had very little expression for TSPAN5 (Figure 6.3). We are therefore confident that in our cancer model the main source of TSPAN5 in the tumour is derived from macrophages.
The idea of targeting TSPAN members using monoclonal antibodies has been suggested as a new therapeutic approach for the treatment of different cancer types. For example, treatment of human colon adenocarcinoma BCS‐TC2.2 cells grown in nude mice with specific anti-CD9 antibodies (PAINS-13) inhibited the tumourigenicity of BCS-TC2.2 cells, in which the tumour size was significantly reduced in anti-CD9 treated mice compared to control mice (Ovalle et al., 2007).
Furthermore, anti-CD151 also showed a significant inhibitory effect on the development of spontaneous lung metastasis of human epidermoid carcinoma (HEp3) in SCID mice, in which human alu PCR technique revealed that number of cells/50mg lung was reduced from 4360 in control mice to 420 in mice treated with anti-CD151 mAB (Zijlstra et al., 2008).
In the current study, we characterised the effect of anti-TSPAN5 antibody on the tumourigenicity of EO771 cells in C57BL/6J mice. Our data showed that like in the genetic TSPAN5KO mice, treatment with an anti-TSPAN5 antibody significantly reduced primary EO771 tumour growth (Figure 6.5B and C) and significantly enhanced the survival of tumour bearing mice. We also see a reduction in pulmonary metastasis, however this data was not significant. 
In summary, genetic ablation and TSPAN5 antibody treatment inhibited primary tumour growth. Whilst no effect was observed for tumour necrosis, our data indicated that both genetic and antibody silencing of TSPAN5 showed a significant reduction in tumour blood vessel length (Figure 6.2B & 6.6C). This suggests a role for TSPAN5 in the tumour vasculature that could have implications for metastasis and is an area that warrants further exploration. In support of this, our data indicates that silencing TSPAN5 in our mouse model reduces pulmonary metastasis.
We know TAMs are highly linked with poor prognosis of solid tumours (Zhang et al., 2012, Junjeong Choi, 2018). Therefore, targeting of TAMs is an exciting and evolving therapeutic approach for breast cancer and other types of cancer.  Here we propose that silencing TSPAN5 could be a revolutionary way of targeting TAMs and the anti-tumorigenic effects seen following genetic ablation and antibody silencing of TSPAN5 might be linked to the role of this TSPAN in the polarisation of TAMs. Indeed, both genetic ablation and antibody silencing of TSPAN5 resulted in a significant reduction in the percentage of MRC1 expressing TAMs (F480+/MRC1+)(Figure 6.4 and 6.7). MRC1 is a multi-ligand endocytic mannose receptor (CD206/MRC1) that is highly expressed by TAMs that are known to contribute to tumour immunosuppression, angiogenesis, metastasis and relapse. A number of agents have been developed for detection and imaging of MRC1 expressing TAMs. The Manocept™ family of multi-mannose analogue diagnostic imaging compounds target the lectin domain of MRC1/CD206. Some of these agents have been FDA approved including a technetium-99 Tc-labeled version of Manocept™, γ-Tilmanocept (Azad et al., 2015, Movahedi et al., 2012, Blykers et al., 2015). These have been used for imaging the lymph nodes that drain from a primary tumour site where there is a high probability of concealing cancer cells.  More recently, Scodeller et al., identified a peptide called “UNO” that targets MRC1/CD206 on TAMs across a spectrum of solid tumours including melanoma (B16F10), glioma (WT-GBM), gastric carcinoma (MKN45-P) and 4T1 and MCF-7 breast carcinoma. They suggested applications for the UNO peptide in diagnostic imaging and therapeutic targeting of TAMs and showed that UNO-coated polymersomes with a potential therapeutic payload were taken up better by TAMs that uncoated polymersomes (Scodeller et al., 2017). In a similar way, perhaps TSPAN5 could be used as new imaging/targeting marker for TAMs and silencing TSPAN5 expressing TAMs maybe a new therapeutic approach for cancer. 
Additional studies looking specifically at the phenotype of these MRC1 depleted TAMs would have been useful and provided a more definitive characterisation of these cells. For example, staining the TAMs with additional markers including CD163, IL-12, iNOS, MHC class II, CD11b and CD204 would have allowed for better classification. In addition looking at other immune subsets within the tumour microenvironment may have provided in sight into how the knockdown influenced other cell types
To further confirm the importance of TSPAN5 expressing TAMs in our studies, we used clodronate liposomes (CL) to characterise the impact of macrophage depletion on mouse weight, tumour growth and mouse survival. Our data showed that clodronate depletion of macrophages showed a significant reduction in primary EO771 tumour growth and prolonged mouse survival compared to wild-type mice (Figure 6.8B-D). This was expected as clodronate depletion is an accepted in vivo method for eliminating macrophages. This has been shown to reduce tumour growth in many cancer models including ovarian cancer (SKOV3ip1) in nude mice and ID8-VEGF in C57BL/6J mice (Reusser et al., 2014),  lung adenocarcinoma (Fritz et al., 2014) and breast cancer (Carron et al., 2017). Clodronate depletion of macrophages significantly reduced the growth of mammary tumour 4T1 cells in Balb/c mice (Iwanowycz et al., 2016) and in Carron et al., macrophage depletion with CL in PN1a tumours implanted into the mammary fat pads of mice delayed the progression of pre-invasive lesions during the early stages of tumorigenesis. 
Importantly in support of a role for TSPAN5 expressing TAMs in the promotion of tumour growth, we found that clodronate depletion of macrophages promoted tumour growth in the TSPAN5KO mice. For example, at day 28 post-tumour implantation clodronate treated TSPAN5KO mice had a tumour volume of ~1492mm3±100mm3 compared to ~505mm3±120mm3 in TSPAN5KO mice. Together, our data suggests that silencing TSPAN5 can reduce mammary cancer growth and that this maybe via the reprogramming of macrophages, since loss of macrophages using CL reverses this effect. Another way to confirm this is to develop a TSPAN5 specific macrophage knockout mouse model. This was not possible during this PhD program but is something that should be considered and will be discussed further in the next chapter. 
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[bookmark: _Toc7559676]7.1 Summary of major findings and general conclusion 
Several studies have characterised the role of different TSPAN members in monocytes and macrophages. However, the role of TSPANs in TAMs is still unknown. In this study, we demonstrated for the first time that human freshly isolated monocytes and monocyte-derived macrophages (MDMs) differentially expressed all 33 TSPAN members at the gene level. TSPAN-1, 4, 16, 17, CD9 and CD37 showed the highest expression levels in human monocytes (Figure 3.1) and TSPAN-1, 4, CD9 and CD37 showed the highest expression levels in MDMs (Figure 3.2).  Our findings are in agreement with previously reported data that characterised monocyte and macrophage expression of some TSPAN members. Tippett and co-workers characterised monocyte expression of four TSPAN members (CD9, CD53, CD63 and CD81), they reported that human monocytes expressed these four TSPAN members at the cell surface (Tippett et al., 2013a). In a different study, monocyte expression of seven TSPAN members was observed; Champion and co-workers reported that CD9, CD37, CD53, CD63, CD81, CD82 and CD151 are expressed by monocytes but the distinct monocyte subsets differ in expression. They looked at classical (CD14++CD16−), intermediate (CD14++CD16+), and non-classical (CD14+CD16+) monocyte subsets. Classical monocytes consisted of high CD9 and low CD9 populations and the authors concluded that TSPAN expression is complex in these immune cells and the role they play still requires a lot of attention. 
Using real-time PCR, tumour-conditioned macrophages were shown to express high TSPAN5 and TSPAN19 compared to untreated MDMs, whilst other TSPANs were significantly downregulated in CD9, CD37, CD53, CD63, CD81, CD82 and TSPAN23, TSPAN31, TSPAN32 and TSPAN33 expression (Figure 3.4). There is no information available to date about the role of TSPANs 5 and 19 in tumour-associated macrophages and this is the first study to characterise the impact of tumour-derived factors on TSPAN expression. We performed further studies to confirm TSPAN5 expression at the protein level using flow cytometry, western blotting and immunocytochemistry. The data were consistent with the qPCR data and showed TSPAN5 expression was upregulated in TAMs compared to untreated MDMs (Figure 3.8-11). This data demonstrated that TSPAN5 expression is influenced by tumour-derived factors, suggesting the important role of TSPAN5 on macrophage properties within the tumour microenvironment.
Further investigations into the role of TSPAN5 on macrophages were performed. TSPAN5 knockdown with Accell siRNA was performed and the role of TSPAN5 on MDM motility, viability, phagocytosis and on the expression of C8 TSPANs, ADAM10 and M1- M2-like markers was assessed. We showed that MDM migration was increased after knockdown of TSPAN5 on MDMs (Figure 4.4), whereas TSPAN5KD had no significant impact on MDM viability and phagocytosis. We also demonstrated that TSPANC8 expression (TSPAN 10, 14, 15, 17 and 33) was affected in response to TSPAN5 knockdown, as the expression of TSPAN 10, 14 and 15 was significantly downregulated (Figure 4.7). Knockdown of TSPAN5 also affected the expression of TSPANC8 partner protein ADAM10 that was significantly downregulated  (Figure 4.7). It was reported previously that siRNA knockdown of TSPAN5 in human prostate cell line (PC3) significantly reduced the surface expression of ADAM10 (Jouannet et al., 2016). Our in vitro findings in human MDMs were consistent with our next generation data on bone marrow derived macrophages (BMDM) from TSPAN5KO C57BL/6J mice. The RNA-Seq next generation sequencing data demonstrated that knockout of TSPAN5 led to a significant increase in the expression of Fn1, Postn and Cdh11, which are important for cell adhesion and migration, whereas the expression of phagocytosis-promoting genes (eIF5A, Meg3, Tubb5, Sparcl-1, Uchl-1, CD147, Ube2v1 and Pamr1) were not significantly changed. Together this suggests that TSPAN5 appears to be involved in macrophage migration and differentially regulates other TSPANs in its TSPANC8 family. Loss of TSPAN5 also affects ADAM10 expression. Others have already shown that other TSPANC8 family members are essential for ADAM10 maturation (Haining et al., 2012), this is the first time this has been demonstrated for TSPAN5 in macrophages. Time permitting it would have been interesting to investigate this further, particularly given that ADAM10 is known to regulate tumour growth (Zheng et al., 2019).   
After we demonstrated that TSPAN5 expression increased in response to breast cancer-derived factors, we then aimed to characterise TSPAN5 expression in human and mouse breast cancer tissue. We found that TSPAN5 was highly expressed in human breast cancer tissues with ~53% of the cells positive for TSPAN5 (Figure 5.1). Interestingly we found that TAMs were the main source of TSPAN5 expression, as ~64-77.2% of the macrophages were positive for TSPAN5 (Figure 5.1-2). Our mouse mammary cancer tissue sections were consistent with the human data. We found that ~59% of the cells in C57BL/6J EO771 model and ~58% in TS1 FvB/N model were positive for TSPAN5, in agreement with the human tumour data, TAMs were the main source of TSPAN5 with ~83.2% of TAMs in the C57BL/6J EO771 model and ~93.7% in the TS1 FvB/N model, positive for TSPAN5 (Figure 5.3-4). Our data demonstrated for the first time that TSPAN5 is highly expressed in the breast cancer TME and TAMs are the main source of TSPAN5 expression. There are many studies that have investigated TSPAN expression in cancer tissue sections but these have not focused on specific cell types with the TME so it is difficult to compare to our observations. It maybe that, like in our studies, TAMs are also a major source of TSPAN expression in other tumour types. 
Next, we aimed to determine the importance of TSPAN5 expressing TAMs in a murine mammary model of cancer. Our data showed for the first time that genetic and antibody silencing of TSPAN5 in C57BL/6J mice significantly slowed the primary growth of EO771 tumours and enhanced the survival of tumour bearing mice (Figure 6.1, 5). Importantly, a preliminary study using clodronate liposomes further confirmed the importance of TSPAN5 expressing macrophages in the promotion of tumour growth, as loss of macrophages in the TSPAN5KO mice promoted tumour growth. This suggests that if macrophages do not express TSPAN5 or TSPAN5 is depleted then macrophages may have an antitumour role. 
Interestingly, a previous study showed that TSPAN5 expression increased by 6.2 fold in human brain-metastatic TNBC samples compared to primary TNBC samples, suggesting a role for TSPAN5 in TNBC brain metastasis (CHOI et al., 2013). Together, with our findings this suggests that TSPAN5 promotes tumour growth and metastasis and could be a potential therapeutic target in breast cancer. 
[bookmark: _Toc7559677]7.2 Limitations of studies 
One of the major limitations of these studies is that commercial antibodies were not available for all TSPAN members. Much of the research on TSPANs have focused on a few such as CD9, CD63 and CD151 to which excellent antibodies are available. Our qPCR data showed that TSPANs 5 and 19 were upregulated in response to breast-cancer derived factors, we aimed to characterise the importance of these TSPANs but there was no commercial antibody available for TSPAN19. Moreover, there were limited TSPAN5 antibodies available commercially and it was very difficult to select a suitable TSPAN5 antibody characterised for both flow cytometry and immunofluorescence staining techniques. The commercial TSPAN5 antibody was not tested for these two techniques and much optimisation was required. 
Another limitation to these studies, is that it would be important to characterise the other cell types expressing TSPAN5 in breast cancer TME, we demonstrated that TAMs are the main source for TSPAN5 expression in both human and mouse breast cancer tissues, and in the last chapter we showed that TSPAN5 was not expressed by different breast cancer cell lines (e.g. MDA-MB-231, MCF-7, EO771 and TS-1). TSPAN5 could also be expressed by the other component of breast cancer TME such as endothelial and myoepithelial cells, fibroblasts and lymphocytes, and to avoid antibodies cross reactivity problem, this could be done by FACS using TAM markers CD163 and CD11b, endothelial marker CD31, T-cell markers CD3, CD4 and CD8 in addition to TSPAN5 antibody.
To obtain more details about TSPAN5 expressing TAMs, FACS sorting could be used to isolate different subsets of TSPAN expressing TAMS in the TME and next generation techniques could be used to get a much-detailed picture of the profile of these TSPAN5 expressing TAMs.
Laser micro-dissection in the human breast cancer tissue section could also be used to extract RNA from TSPAN5 expressing TAMs and either RNA-Seq or NanoString used to get more information about of these TSPAN5 expressing TAMs and what they express.
An additional limitation to these studies, is that it was not exactly understood how TSPAN5 genetic and antibody silencing reduced tumour growth and enhanced mouse survival, our data showed that the population of MRC1 expressing TAMs was significantly reduced in response to TSPAN5 silencing, TAM reprogramming through genetic and antibody silencing might give us an explanation for the pro-tumour effects of TSPAN5. However, we would need to perform a wider panel of antibodies to determine the phenotype of our TAMs in response to TSPAN5 silencing e.g. CD163, IL-12, iNOS, MHC class II, CD11b and CD204.
Furthermore, it would be important to characterise the effect of genetic and antibody targeting of TSPAN5 on immune subsets but due to the time limitation, it was not possible to achieve during this PhD program. For example, immunostaining with CD3, CD4, CD8 for T-cells and IFN- for Th1, IL-4 for Th2, FoxP3 for Regulatory T cells (Treg), alpha-GalCerCD1d-tetramer and TCR-beta surface for NK cells.

Finally, in these studies we used a total TSPAN5 knockout model, it would be important to confirm the pro-tumour effect of TSPAN5 TAMs through developing a mouse model with specific macrophage knockout. Time-permitting bone marrow transplantation of the TSPAN5 knockout mice with bone marrow from wild-type mouse may have been useful, as this would have shed light on the reconstitution of wildtype macrophages and how this influenced tumour growth.
In addition to bone marrow transplantation, site-specific modulation such as Cre/loxP could also be used to create macrophage specific conditional knockout, this can be done by creating knockout in mouse with two loxP sites at distant introns within TSPAN5 and crossing this mouse with the mouse that has Cre recombinase transgene under the direction of the bone marrow-TSPAN5 promoter, this would lead to a monocyte/macrophage specific TSPAN5 knockout (Shi et al., 2018).
In these studies, we haven’t investigated the impact of macrophage behaviour after overexpression of TSPAN5. Studies in Iwan Evans lab at the University of Sheffield are currently assessing this in zebrafish embryos. Reporter lines over expressing TSPAN5 have crossed these with the macrophage reporter lines (cfmsgal4:uas nFSBmcherry). Using the zebrafish embryos provides a platform to investigate the behaviour of macrophages after overexpression of TSPAN5 using confocal microscopy. 

[bookmark: _Toc7559678]7.3 Future work 
In future, it would be useful to combine anti-TSPAN5 antibody therapy with other breast cancer chemotherapeutic agents such as doxorubicin and to characterise the combination effects on mammary tumour growth, mouse survival, primary tumour necrosis, tumour metastasis and assess the effect on polarisation of TAMs. Other TSPAN members such as CD37 are already being targeted in clinical trials for cancer e.g. TRU-016 (anti CD37 mAB) is currently in phase 1b clinical trials in combination with other cancer therapies.
  
It would be useful to characterise TSPAN5 silencing in different mouse breast cancer models such as TS-1 FvB/N as we showed in our data TSPAN5 was highly expressed by TAMs in the TME in these tumours. 

In addition, a comparison of TSPAN5 monocytes to TAMs, in human breast cancer samples and also monocytes in blood samples from patients would be interested. Particularly, given that we showed blood monocytes displayed very high TSPAN5 expression. Having a greater understanding of how this expression changes between these subsets may help to paint a clearer picture of the role these TSPANs play in breast cancer.
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