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Summary 

The tetraspanins are a superfamily of transmembrane proteins with a wide distribution in 

multicellular organisms. Tetraspanins have been involved in many cellular functions 

including adhesion, migration and the immune response. Tetraspanins are considered as 

cell membrane organizers and their function is likely to be due the ability to interact with 

cell membrane proteins. These interactions lead to them forming a large extended network 

known as tetraspanin enriched microdomains (TEM) or the tetraspanin web. There is 

growing evidence for the role of some tetraspanins in various fusion events including 

sperm-egg fusion, viral-cell fusion and monocyte fusion. 

Monocyte/macrophage fusion is associated with chronic inflammation and is thought to be 

important for immune defence. Monocyte fusion leading to multinucleated giant cell 

formation (MNGC) has been linked with the pathogenesis of Burkholderia pseudomallei a 

causative agent of melioidosis disease, a severe invasive disease endemic in south Asia and 

North Australia. However the mechanism of B.p-induced MNGC formation is unclear. 

The role of tetraspanins in MNGC formation has been demonstrated previously. Antibodies 

to CD9 and CD81 enhanced the fusion of con A stimulated peripheral blood monocytes and 

the deletion of CD9/CD81 resulted in enhanced MNGC formation in vivo and in vitro. In 

addition recombinant proteins of tetraspanin large extracellular domain (EC2) of CD9 

inhibited MNGC formation, suggesting that CD9 and CD81 are negatively regulating 

monocyte fusion (Takeda et al., 2003). These finding were confirmed by our research 

group, who also reported that CD63 is involved in this process as anti CD63 antibodies and 

CD63 EC2 proteins inhibited Con A-stimulated monocyte fusion whereas CD151 EC2 and 

CD82 EC2 had no effect (Parthasarathy et al., 2009). 

This thesis describes attempts made to investigate the role of tetraspanins in MNGC 

formation induced by B.thailandensis, a non-pathogenic species that is closely related to 

B.pseudomallei and widely used as a model to study B.p features. Using antibodies to 

tetraspanins, recombinant EC2 proteins, and tetraspanin deficient cell lines we found that 

tetraspanins are involved in B.thailandensis-induced cell fusion. Our data is partly in line 

with previous findings: antibodies to CD9 and CD81 enhanced MNGC formation, whereas 

CD9 EC2 and CD63 EC2 proteins inhibit fusion. In contrast with other results mentioned 

above, we found that CD81 EC2 proteins also inhibited B.t-induced fusion. The deletion of 

CD9 and CD82 resulted in an enhanced MNGC formation, confirming that CD9 negatively 

promotes B.t-induced cell fusion and suggesting the involvement of CD82 in this process. 

Further investigation revealed that the absence of tetraspanins could affect the expression 

level of other cell surface molecules that have been implicated in fusion at the protein level 

but not at the gene level, which may be relevant to their role as cell membrane organisers. 

The role of some of these molecules in B.t-induced fusion was also investigated in this 

study. 

Several studies showed that Burkholderia induced MNGC formation is facilitated by 

bacterial effectors, which bring the plasma membrane of infected cells to very close 

position where they can spread from one cell to another. It is likely that the bacteria 

regulate this process by affecting the expression of host cell membrane molecules including 

tetraspanins.     
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Chapter 1 Introduction  

1.1 The tetraspanin protein superfamily 

Tetraspanins are a superfamily of transmembrane glycoproteins expressed on cell surfaces 

and intracellular membranes of multiceluar organisms. Different members of the 

tetraspanins are expressed in nearly all cell types (Hemler, 2003). Tetraspanins have an 

important role in cell functions such as proliferation, activation, and mobility (Seigneuret et 

al., 2001, Figdor and van Spriel, 2010, Boucheix et al., 2001), the generation of immune 

responses, membrane dynamics and fusion, cell migration and invasion (Shearer et al., 

1992, Delaguillaumie et al., 2002, Hemler, 2003). 

The first member of the superfamily was identified in 1988 as melanoma-associated 

antigen ME491 (CD63), which had no significant sequence homology with other proteins at 

the time (Hotta et al., 1988). Later, ME491 was reported to have a similar sequence to the 

Sm23 protein of the human pathogen Schistosoma mansoni, and also to the target of anti-

proliferation, TAPA-1 (CD81), first identified on human lymphoma cell lines, and to the B-

lymphocyte antigen CD37 (Oren et al., 1990, Classon et al., 1990). Since then, many 

different members with variable functions and distributions have been discovered and the 

tetraspanin superfamily has grown to include 33 members in humans, 34 in mouse, 37 in 

Drosophila, 20 in Caenorhabditis elegans, and more than 17 members of the tetraspanin 

superfamily are expressed in plants (Garcia-Espana et al., 2008, Huang et al., 2005, Todres 

et al., 2000). The fact that tetraspanin genes have been conserved in animals from 

nematodes to  human cells, suggests that tetraspanin proteins have retained  their 

structure during evolution and play an essential role in cell development (Maecker et al., 

1997). 

Based on phylogenetic analysis the tetraspanin superfamily can be divided into four 

subfamilies: the CD family, the CD63 family, the uroplakin family, and the RDS family 

(Garcia-Espana et al., 2008). 

1.1.1 Tetraspanin Structure 

Tetraspanins are generally small proteins (25-30 KDa) composed of four hydrophobic 

transmembrane domains (TM1; TM2; TM3; TM4) forming two extracellular loops of 

unequal sizes, a small extracellular loop (EC1), which contains 20-28 amino acids and a large 

extracellular loop (EC2), which contains 76-131 amino acids. The extracellular domains are 

punctuated by a small intracellular loop, and flanked by short cytoplasmic tails: the C- and 

N- termini consisting typically of about 19 amino acids or less (Wright and Tomlinson, 1994, 

Maecker et al., 1997). 

Tetraspanins contain highly conserved residues present in both the extracellular and 

intracellular regions, although intracellular domains are reported to be conserved to a 

greater extent among species compared to the extracellular domains. For instance, the 

analysis of CD9, CD81, CD151 and TM4SF2/A15 showed a 43-58% identity in EC1 and EC2, 

compared to a 72-83% identity in intracellular domains between humans and zebra fish. 

The large extracellular loops have the greatest sequence diversity between tetraspanin 

members, and contain important functional sites. In addition  almost all of the monoclonal 

antibodies to tetraspanins recognize  EC2  (Stipp et al., 2003). 
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The most important feature that differentiates tetraspanins from other proteins which 

contain four transmembrane domains is that tetraspanins contain several highly conserved 

amino acid residues that are characteristic of their structure and functions. Several cysteine 

residues in the transmembrane or intracellular regions are considered to be palmitoylation 

sites, which are important for tetraspanin-tetraspanin complex formation. In addition, 

there are highly conserved amino acid residues such as asparagine in TM1 and glutamic 

acid or glutamine in TM3 and TM4, which are thought to be important in stabilising 

interactions between the TM domains (Wright and Tomlinson, 1994, Maecker et al., 1997). 

Some tetraspanins also contain a tyrosine-containing sorting motif (YXXØ, where X is any 

amino acid and Ø is a  hydrophobic amino acid) in the C-terminal cytoplasmic domain that 

may be involved in internalisation or targeting to intracellular vesicles such as lysosomes 

(Berditchevski and Odintsova, 2007). All tetraspanins also have four cysteine residues in the 

large extracellular domain, which are essential for disulphide bridge formation and thus for 

the correct folding of the EC2 region. Two of these are in the highly conserved cysteine-

cysteine-glycine motif (C-C-G) found in all family members and the proline, Xaa, Xaa, 

cysteine (PXXC) motif in found in about 95% of tetraspanins (Levy et al., 1991, Boucheix and 

Rubinstein, 2001) Figure (1.1.1). 
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1.1.1.1 The extracellular domain EC2 

Kitadokoro and co-workers have resolved the crystal structure of the large extracellular 

domain of CD81 at 1.6 Å resolution using recombinant His-tagged human CD81-EC2 

(Kitadokoro et al., 2001) figure 1.1.2. hCD81-EC2 is organized in a homodimeric structure, 

consisting of 176 residues and 194 solvent molecules per asymmetric unit. Each subunit in 

the dimer is composed of five α-helices (A, B, C, D and E), with a short helical segment 

which covers residues Leu162–Ala164. The α-helices  A and E are antiparallel and form the 

stalk of a mushroom-shaped molecule, with a head subdomain (∼60 residues) that is 

basically composed of the last two turns of the α helix A, B, C and D-helices and their 

intervening segments, and the DE loop. There are several specific interactions that stabilize 

the subunit fold of hCD81. The stalk region is held together by hydrophobic contacts along 

the A- and E-helices and by two salt bridges. The antiparallel pairing of the N- and C-

Figure 1.1.1 General structure of a tetraspanin. Tetraspanins consist of four 

transmembrane helices (1-4), a large EC2 domain and a small EC1 domain, short cytoplasmic 

N and C termini and a small putativde intracellular loop between transmembran helices 2 

and 3. (adapted from a figure provided by Dr P. Monk, Dept. of Infection and Immunity, 

University of Sheffield). 
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terminal α-helices allows the two termini of the expressed hCD81-LEL to be close to each 

other (Kitadokoro et al., 2001). The head subdomain is stabilized by the two tetraspanin-

invariant disulfide bridges, that are constructed from two adjacent (156 and 157) cysteine 

residues and extend approximately in opposite directions within the domain, connecting 

the C-terminal region of the B-helix (Cys156) to the first turn of the E-helix (Cys190), and 

the BC segment (Cys157) to the CD loop (Cys175). The head sub-domain is also stabilized by 

the Gly158 and Pro176 residues, which establish specific backbone conformations that 

accommodate the structure of Cys157–Cys175 disulfide bonds on the CD loop (Kitadokoro 

et al., 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The CD81 EC2 structure was used as a template for predicting the structure of other 

tetraspanin EC2s (Seigneuret et al., 2001). This structural comparison study revealed that 

the CD81 EC2 structural features are conserved partially among tetraspanins. The EC2 is 

essentially organized in two subdomains: the first subdomain, despite significant sequence 

diversity, seems to have a structurally conserved fold. A second subdomain, which has 

higher heterogeneity, is extremely variable in size, secondary structure and fold. The 

variable subdomain is integrated within the conserved subdomain and their relative 

topology is controlled by the presence of disulfide bridges. These variable regions are 

thought to be implicated in tetraspanin interactions, while the conserved region may 

control dimerisation (Seigneuret et al., 2001). This study also showed that, some 

tetraspanins have six or eight conserved cysteine residues in EC2 domain forming four 

disulphide bonds (Seigneuret et al., 2001). Recent NMR study of CD81EC2 suggests that 

helix D form a highly dynamic loop conformation which is important in CD81/HCV 

glycoprotein E2 interaction (Rajesh et al., 2012).   

Figure 1.1.2 structure of large extracellular domain EC2 of CD81. 

The five alpha helices (A to E). The two disulphide bridges are in 

yellow. (Kitadokoro et al., 2001) 
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1.1.2 Tetraspanin-enriched microdomains (TEMs) 

Although tetraspanins are widely expressed in a range of cell and tissue types, their direct 

functional contributions have not yet been well-classified, and they do not have 

conventional ligands. However, through the interactions with other membrane proteins, 

tetraspanins form an extended network termed tetraspanin-enriched microdomains (TEMs) 

which enable tetraspanins to contribute to many cell functions (Hemler, 2014). There is a 

huge list of proteins that can be co-immunoprecipitated with tetraspanins including 

integrins, immunoglobulin superfamily members (for example CD2, CD3, CD4, CD8, MHC 

proteins), growth factors (e.g. HB-EGF), structural proteins (e.g. claudin), adaptor molecules 

(e.g. syntenin), signalling molecules (e.g. phosphatidylinositol PI-4- kinase), proteoglycans 

(e.g. syndecan, CD44) and complement-regulatory proteins (e.g. CD21, CD46). Through 

these interactions, tetraspanins can be involved in cell processes such as adhesion, 

invasion, migration, signalling, infection and cell membrane fusion (Hemler, 2005, Boucheix 

and Rubinstein, 2001). The structure of TEMs is dynamic and their composition and cellular 

localization is subject to change in response to cell stimulation (Charrin et al., 2009). The 

size and the structure of TEMs are variable and depend on cell function (Barreiro et al., 

2008, Yanez-Mo et al., 2009). The interaction of tetraspanins with vascular cell adhesion 

protein 1 (VCAM-1) and intercellular adhesion molecular (ICAM-1) on the epithelial cells 

was found to be important to facilitate their adhesion properties (Barreiro et al., 2008). 

More advanced and recent technique showed that the possibility of visualization of 

individual tetraspanin web using super resolution microscopy provide better understanding 

of molecular mechanism of functions that are promoted by tetraspanins and their protein 

partners (Zuidscherwoude et al., 2015).         

TEM complexes can be classified into three categories depending on their strength and 

stability in different detergents: primary, or direct interactions, and indirect actions, which 

may be secondary or tertiary (Boucheix et al., 2001, Tarrant et al., 2003). (Figure 1.1.3). 
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Class 1 primary interactions are formed by the aggregation of tetraspanin and non-

tetraspanin molecules (Boucheix et al., 2001). Some tetraspanins have the ability to 

associate with different partners in different cell types. For instance, CD81 interacts with 

the B-lineage-specific molecule CD19 in B cells, whereas in T cells CD81 associates with CD4 

and CD8 (Todd et al., 1996). Primary interactions are strong and stable in strong 

hydrophobic detergents such as Triton X-100 and 1% NP-40. They are also direct, as 

demonstrated by chemical cross-linking. Such interactions are commonly formed with Ig 

proteins and integrins (for example CD151 and ɑ3β1 integrins) (Yauch et al., 2000).  

Class 2 secondary association involves indirect interactions between tetraspanin members, 

for instance the associations of CD9, CD81 and CD63 to form hetrobimolecular complexes 

with a wide range of effects on cell functions (Berditchevski et al., 1996). Secondary 

interactions are stable in mild detergents such as 1% Brij96 or 1% Brij97 and are stabilised 

by the presence of divalent cations (Charrin et al., 2002). Palmitoylation sites are normally 

required in these interactions (Berditchevski et al., 1996, Charrin et al., 2002), as their loss 

affects tetraspanin associations with other proteins, subcellular distribution, and protein 

stability during biosynthesis and cell morphology.  

In class 3 tertiary interactions, tetraspanins are associated indirectly with additional 

proteins forming complexes that are disrupted in detergents such as TritonX-100 but 

retained in mild detergents such as CHAPS (Levy and Shoham, 2005).  

Figure 1.1.3 Interactions of tetraspanins within the tetraspanin web. 

(adapted from (Martin et al., 2005)) 
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1.1.3 Tetraspanin distributions  

Some tetraspanins have wide cell and tissue distributions, whereas others are restricted to 

specific tissues. For example, CD9 has been shown to be expressed in a variety of cell types 

such as macrophages, eosinophils, basophils, fibroblasts and epithelial cells (Kotha et al., 

2008) and its contributions to processes such as cell morphology, adhesion and fusion have 

been demonstrated (Hemler, 2005, Boucheix et al., 2001). However, tetraspanins such as 

uroplakins UP1a and UP1b are localised in the urothelium (Sun et al., 1996). In addition, 

TSSC6, which was detected in embryogenesis in primitive blood cells, is only expressed in 

haematopoietic cells (Robb et al., 2001). Whilst many tetraspanins are found on the plasma 

membrane, some are also intracellular. CD63, known as a mainly intracellular tetraspanin, 

is strongly expressed in platelet lysosomes (Azorsa et al., 1991), in Weibel-Palade bodies of 

endothelial cells (Vischer and Wagner, 1993) and in the azurophil granules of neutrophil 

granulocytes (Kuijpers et al., 1991). CD63 has therefore been shown to play an essential 

role in trafficking. Tetraspanin CD151 is also found in the endosomes of endothelial cells 

(Sincock et al., 1999). Tetraspanins CD37, CD53, CD63, CD81 and CD82 are expressed in 

major histocompatibility (MHC) class II-enriched compartments (MIIC) of B lymphocytes 

(Escola et al., 1998). 

 

1.1.4 Tetraspanin interactions and associated functions 

Tetraspanin interactions with partner molecules produce functional units that regulate cell 

activities and roles in many different cell processes have been identified. The association 

between CD151 and ɑ3β1 and ɑ6β4 integrins are implicated in regulating cell morphology, 

adhesion and migration (Karamatic Crew et al., 2004). Many other tetraspanins have been 

shown to associate to integrins (Hemler, 2003), and their involvement in cell adhesion, 

migration and invasion is likely to related to very many studies that suggest a role in cancer 

(Rappa et al., 2015, Hemler, 2014).The full description of all cell function thought to involve 

tetraspanin is outside the scope of this introduction but their roles in processes relevant to 

the thesis will be described.   

Tetraspanins have been identified as general immune modulators that mediate immune 

responses through interactions with B cell receptors CD4, CD8, integrins and MHC 

molecules (van Spriel and Figdor, 2010). In addition to cell function, tetraspanins are 

involved in infectious diseases caused by bacteria, viruses and fungi (Mollinedo et al., 

1997).  

 

1.1.4.1 The role of tetraspanins in immune response 

Through their interactions tetraspanins have been implicated in both the innate and 

adaptive immune responses. Studying mice deficient in CD9 (Le Naour et al., 2000), CD37 

(Knobeloch et al., 2000), CD81 (Miyazaki et al., 1997), CD151 (Wright et al., 2004) revealed 

that, despite leucocytes growing normally in these mice, their functions were affected, 

particularly in relation to pattern recognition, antigen presentation by DCs and subsequent 

T-cell activation (Jones et al., 2011b).  
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Leukocyte-specific tetraspanin CD37 has been found to functionally interact with C-type 

lectin dectin-1; a pattern-recognition receptor essential for pathogen binding and uptake. 

CD37 controls dectin-1 stabilization in APC membranes and macrophages of CD37-deficient 

mice showed decreased dectin-1 membrane levels and increased dectin-1 internalization, 

whereas transfection of CD37 into a macrophage resulted in increased dectin-1 surface 

expression. This interaction also controls cytokine production as the absence of CD37 

resulted in an increase of dectin-1-induced IL-6 production. This is thought to be the reason 

for the resistance to Candida albicans in CD37 deficient mice (Meyer-Wentrup et al., 2007). 

It has been shown that CD9 regulates the response of macrophages upon stimulation with 

bacterial lipopolysaccharide (LPS). The disruption of CD9 with monoclonal antibody (mAb) 

treatment, small interfering RNA transfection, or gene knockout in RAW264.7 cells or bone 

marrow-derived macrophages results in increased pro-inflammatory cytokine production. 

On macrophages, CD9 expression was shown to interfere with the LPS-induced signaling 

mediators TLR-4 and CD14. In CD9 knockout macrophages, the expression of CD14 and 

TLR4 localization into the lipid raft, and their complex formation, were increased in 

response to LPS. In addition, deletion of CD9 in mice increased macrophage infiltration and 

TNF-alpha (tumour necrosis factor-alpha) production in the lung after intranasal 

administration of LPS in vivo (Suzuki et al., 2009).  

Major histocompatibility complex (MHC) proteins are cell surface molecules whose main 

function is to bind to peptide fragments derived from pathogens and display them on the 

cell surface for recognition by the T cell receptor (TCR) on T-cells thus initiating the adaptive 

immune cell response. The interaction of MHC І and MHC ІІ with tetraspanins CD9, CD37, 

CD81, CD53, CD63, CD81 and CD82 has been characterized (Szollosi et al., 1996, Schick and 

Levy, 1993, Angelisova et al., 1994, Engering and Pieters, 2001). These interactions were 

suggested to indicate an important role for tetraspanins in peptide trafficking and its 

association with MHC on the cell surface which is an essential step for T cell activation.  

The interaction of CD81 with B cell co-receptors CD19 and CD21 is found to be important 

for B cell activation; the expression of CD81 is essential for CD19 expression as CD81-/- 

mice showed reduced surface expression of CD19 and reduction in B cell activity (Tsitsikov 

et al., 1997, Miyazaki et al., 1997, Maecker and Levy, 1997). A complete absence of CD19 

expression was also found in an antibody deficiency patient whose CD19 gene was normal 

but had a mutation in the CD81 gene (van Zelm et al., 2010).  

Kaji and co-workers demonstrated that CD9 interacts with Fcγ receptors on macrophages 

and thus is involved in macrophage activation and function (Kaji et al., 2001). CD9 has been 

also suggested to be involved in IL-6-regulated chemotaxis and activation of human and 

mouse mast cells and it is likely to be the primary IL-6 receptor on the surface of human 

mast cell line HMC-1 (Qi et al., 2006).    

1.1.4.2 The role of tetraspanins in bacterial infections 

1.1.4.2.1 Corynebacterium diphtheria 

The involvement of tetraspanins in the pathogenesis of bacterial infections was reported 

for the first time in diphtheria bacterial toxin binding and sensitivity (Iwamoto et al., 1994). 

Diphtheria is caused by the bacterium Corynebacterium diphtheria that produces the 

diphtheria toxin DT, a cellular protein synthesis inhibitor (Pappenheimer, 1977). CD9 

interacts with pro heparin-binding EGF-like growth factor (proHB-EGF), a diphtheria toxin 
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receptor on host cells (Mitamura et al., 1992). Via this interaction CD9 may regulate DT 

binding and endocytosis (Iwamoto et al., 1994). 

 

1.1.4.2.2 Uropathogenic Escherichia coli (UPEC) 

Tetraspanins have also been implicated in uropathogenic Escherichia coli (UPEC) 

pathogenesis which causes urinary tract infections, the most common form of urinary 

infections. Type I fimbriae E. coli target bladder epithelial cells associated with uroplakins 

(Wu et al., 1996). It has been found that uroplakin 1a (TSPAN21) and uroplakin 1b (TSPAN 

20) are the major proteins in the urothelium, acting as the binding sites for E.coli on host 

cells via the interaction with FimH, the lectin expressed in Type I fimbriae E. coli (Zhou et al., 

2001, Xie et al., 2006). Internalized UPEC are found in CD63 positive vesicles within the 

bladder epithelium cells by which mechanism bacteria avoid elimination during voiding 

(Bishop et al., 2007). 

 

1.1.4.2.3 Listeria monocytogenes 

Listeria monocytogenes is a food-borne bacterial pathogen that causes listeriosis in 

pregnant women and meningitis in newborns. Tham and co-workers suggested a role for 

tetraspanins in bacterial invasion by this species. CD9, CD63 and CD81 were found to be 

recruited to the bacterial entry site upon infection with Listeria. Depletion of CD81 levels by 

siRNA resulted in inhibited bacterial uptake and impaired the activation and co-localization 

of PI4KIIalpha, a type II phosphatidylinositol-4-kinase that promotes Listeria uptake 

(Pizarro-Cerda et al., 2007)) to the bacterial entry site.  This data suggested that CD81 may 

act as a membrane organizer that facilitates Listeria entry (Tham et al., 2010). 

 

1.1.4.2.4 Chlamydia infection 

Chlamydia is an obligate intracellular bacterium, causing diseases such as sexually 

transmitted infections and eye infections. After the infection, internalized Chlamydia can 

replicate and migrate in host cells within vacuoles known as inclusion bodies. Upon 

Chlamydia infection, CD63 was found to mobilize from multivesicular bodies to assemble in 

Chlamydia inclusion bodies. Even though whole anti-CD63 antibodies interrupted this 

trafficking and reducing Chlamydia growth in host cells, siRNA knock down of CD63 and 

anti-CD63 Fab fragments showed no effect. This data suggested that results obtained from 

the divalent whole antibody were due to disruption of CD63-partner protein interactions 

(Beatty, 2006, Beatty, 2008). 

 

1.1.4.2.5 Tetraspanin mediated adherence of multiple bacterial strains      

Green and co-workers demonstrated that tetraspanins mediate the adhesion of several 

bacterial species to human epithelial cells including Staphylococcus aureus, Neisseria 

lactamica, Neisseri meningitides, Escherichia coli and Streptococcus pnemoniae. Bacterial 

adhesion was blocked or reduced by the pre-treatment of epithelial cells with CD9, CD63 

and CD151 antibodies or recombinant proteins of the EC2 domains of these tetraspanins. 

Blocking of tetraspanins had a lesser effect on the adhesion of Opa and pili mutant of 

Neisseria meningitides strains. These data suggested that tetraspanins are involved in 



 
 
 

10 
 

bacterial adhesion via their association with partner proteins which may include bacteria-

specific receptors thereby providing adhesion platforms for multiple bacterial strains 

(Green et al., 2011). 

 

1.1.4.3 The role of tetraspanins in fungal infections 

As mentioned previously, tetraspanin CD37 has been reported to play an essential role in 

the immune response to Candida albicans infection. CD37-/- mice are evidently better 

protected from infection than wild-type (WT) mice, due to increased levels of IL-6 and C. 

albicans-specific IgA antibodies in CD37-/- mice. However adoptive transfer of CD37-/- 

serum resulted in protection in WT mice. This suggested that CD37 regulates the anti-fungal 

immune response by inhibiting IgA responses (van Spriel et al., 2009). Also as described 

before, CD37 was shown to be important for the cell surface expression and stability of 

Dectin-1, a C-type lectin which is a pattern-recognition receptor essential for pathogen 

binding and uptake by antigen-presenting cells (APCs) (Meyer-Wentrup et al., 2007). The 

interaction between CD37 and Dectin-1 regulates Dectin-1-mediated IL-6 secretion in 

response to Toxoplasma gondii infection (Yan et al., 2014). Other tetraspanins have been 

shown to have a role in the immune response against fungi via their interactions with 

fungal receptors such as CD9/CD151-α5b1 integrin in Histoplasma capsulatum infection 

and CD9/CD81-TLR4 receptor for C. albicans (van Spriel and Figdor, 2010). 

CD82 and CD63 have also been suggested to be involved in fungal and host cell 

interactions. The dynamic rearrangement and specific recruitment of CD82 and CD63 to 

phagosomes of fungal-infected dendritic cells has been observed, including in infections 

with Cryptococcus neoformans, Candida albicans and Aspergillus fumigatus, as well as 

bacterial pathogens such as Staphylococcus aureus and Escherichia coli (Artavanis-Tsakonas 

et al., 2011).  

  

1.1.4.4 The role of tetraspanins in parasitic infections 

Plasmodium sporozoites, the causative agent of malaria disease, are transmitted from the 

insect to the mammalian host, which is an obligatory stage of the life cycle. Within 

hepatocytes, Plasmodium sporozoites develop in a membrane-bound vacuole, and 

differentiate into merozoites which then infect erythrocytes and cause the disease. 

Tetraspanin CD81 has been shown to be required on hepatocytes for human Plasmodium 

falciparum and rodent Plasmodium yoelii sporozoite infection. P. yoelii sporozoites are able 

to infect CD81-deficient mouse hepatocytes in vivo and in vitro, and anti-mouse and anti-

human CD81 antibodies suppressed the hepatic development of P. yoelii and P. falciparum, 

respectively. 

CD81 was linked to sporozoite entry into hepatocytes via formation of a parasitophorous 

vacuole (Silvie et al., 2003). Transfection with CD81 was not sufficient to allow infection in 

Hep G2, a P. falciparum-resistant cell line, even though this cell line was permissive for P. 

yoelii infection, suggesting that CD81 has an indirect role in P. falciparum host tropism 

(Silvie et al., 2006b). The Silvie group also demonstrated that CD81 is functionally linked 

with cholesterol during infection by malaria parasites, which is thought to be facilitated by 

TEMS (Silvie et al., 2006a). Yalaoui et al demonstrated that a region of 21 amino acid 
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residues at the junction between the A and B α helices of CD81 EC2 is crucial for 

plasmodium infection (Yalaoui et al., 2008).   

 

1.1.4.5 The role of tetraspanins in viral infection 

1.1.4.5.1 Hepatitis C virus 

The role of tetraspanins in viral infections was first demonstrated for CD81 in Hepatitis C 

virus (HCV) infection (Pileri et al., 1998). HCV is an enveloped RNA virus belonging to the 

Flaviviridae family that causes hepatic disease, often progressing to cirrhosis and 

hepatocellular carcinoma. E1 and E2, a heterodimer of HCV envelope proteins are involved 

in virus binding and entry into host cells (Op De Beeck et al., 2004).  HCV-E2 interacts 

specifically with CD81 EC2 (Pileri et al., 1998). 

Although CD81 is required for HCV-E2 binding, CD81-E2 alone has been shown to be not 

sufficient for HCV infection (Flint et al., 1999). It is suggested that HCV entry is regulated by 

co-receptors including CD81, scavenger receptor class B member1 (SR-B1) (Grove et al., 

2007), the tight junction protein claudin-1 (CLDN1) (Evans et al., 2007), occludin (Ploss et 

al., 2009), Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin 

(DC-SIGN), liver/lymph node-specific intracellular adhesion molecules-3 grabbing non-

integrin L-SIGN, Low-Density Lipoprotein Receptor LDLR, heparin sulphate, proteoglycans 

and the asialoglyco protein receptor (van Spriel and Figdor, 2010). After binding to the host 

cell, HCV enters into the cytoplasm by endocytosis and acid-dependent fusion (Meertens et 

al., 2006). It has been reported that CD81-HCV binding plays a role in HCV intercellular 

trafficking (Masciopinto et al., 2004). Despite CD81 being associated with HCV in 

intercellular tight junctions, CD81 was not found to be required for cell-cell transmission of 

HCV (Witteveldt et al., 2009, Timpe and McKeating, 2008). It has been found that HCV entry 

activates the PI3K-AKT signaling pathway that is involved in cell growth and metabolism. 

This activation was regulated by the interaction between the HCV E2 envelope protein and 

its co-receptors, CD81 and claudin-1 (Liu et al., 2012). By utilizing high-affinity anti-human 

CD81 monoclonal antibodies, recent data showed that CD81 is essential for HCV infection 

and virus spreading in vivo, and these antiCD81 antibodies may have potential as broad-

spectrum antiviral agents for the prevention and treatment of HCV infection (Ji et al., 2015). 

1.1.4.5.2 Human immunodeficiency virus (HIV) 

HIV-1 virus belongs to the Retroviridae family of viruses; HIV is responsible for acquired 

immune deficiency syndrome (AIDS). The virus initially targets CD4+ T cells, and antigen-

presenting cells such as dendritic cells and macrophages. Viral infection mediated by the 

interaction of viral envelope gp120 protein with CD4 is followed by its interaction with 

CCR5 or CXCR4 co-receptors on target cells. The fusion of viral envelope and host cell 

membrane is regulated by gp41 protein and viral RNA is then injected into host cells 

(Dalgleish et al., 1984, Freed and Martin, 1995). Tetraspanins have been shown to be 

involved in HIV-1 infection at different levels. These include the strong expression of CD63 

in binding structures and newly generated sites of HIV-1 in H9T cells (Meerloo et al., 1992), 

the concentration of CD81 and CD9 at the infection synapse between infected cells 

(Nydegger et al., 2006, Weng et al., 2009, Krementsov et al., 2009), the ability of 

recombinant tetraspanins (CD53, CD63, CD81, CD82 and CD151) and anti-CD63 antibodies 

to inhibit HIV-1 infection (von Lindern et al., 2003, Ho et al., 2006) as well as the ability of 

tetraspanins CD9 and CD81 to associate with CD4 and other receptors of HIV-1 and mediate 
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viral cell to cell transmission  (Gordon-Alonso et al., 2006). These all suggest that 

tetraspanins are important in the binding, entry, release and transmission of HIV-1 in target 

cells. 

 

1.1.4.5.3 Human T cell leukaemia virus 

Human T cell leukaemia virus (HTLV-1) belongs to the Retroviridae family (Deltaretro virus 

genus) which infects CD4+ve and CD8+ve T cells and is associated with human T cell 

leukaemia (Goncalves et al., 2010). HTLV-1 Gag protein, which is essential for viral assembly 

and release (Heidecker et al., 2004), is reported to interact with the tetraspanin CD82 on 

both surfaces of the plasma membrane of T cells (Heidecker et al., 2004, Mazurov et al., 

2006, Pique et al., 2000). Subsequently, CD82 has been suggested to play an important role 

in HTLV-1 assembly and transmission. Other tetraspanins reported to be co-localised with 

Gag proteins include CD53, CD81, CD82 and CD231 on the plasma membrane of Jurkat T 

cells (Mazurov et al., 2006). 

 

1.1.4.5.4 Porcine Reproductive and Respiratory virus 

PRRSV (family Arteriviride, genus Arterivirus) causes respiratory and reproductive disease in 

swine. CD151 has been reported to interact with three untranslated regions of PRRSV RNA 

(Shanmukhappa et al., 2007), which suggests it is critical for the viral replication process 

(Cao et al., 1992, Meulenberg et al., 1998). It has therefore been suggested that CD151 

plays a role in PRRSV replication, which may confirmed by the ability of CD151 antibodies to 

completely block virus infection (Shanmukhappa et al., 2007). 

 

1.1.4.5.5 Feline immunodeficiency virus  

FIV (family Retroviridae, genus Lentivirus) is associated with an AIDS-like syndrome in 

domestic cats. Anti-CD9 antibodies inhibit feline T cell infection with FIV through the 

inhibition of virus release, but not virus entry. CD9 is therefore involved in virus life-cycle 

processes rather than in virus entry. Moreover, CD9 antibodies have no effect on the 

infection of 3201 cells, which do not express CD9, whereas the ectopic expression of CD9 

on these cells enhances infection with FIV. This suggests that CD9 is directly involved in 

virus infections (Willett et al., 1997). 

 

1.1.4.5.6 Human alpha-papilloma virus 

HPV is associated with benign warts on epithelia and with cervical carcinoma (Doorbar, 

2006). Following the attachment of virus cells to a membrane, HPV16 is associated with 

CD63 and CD151, leading to virus entry into the host cell. CD63 and CD151-specific 

antibodies inhibit HPV16 infection, confirming the role of these tetraspanins in these 

processes (Spoden et al., 2008). 
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1.1.4.6 The role of tetraspanins in fusion 

Cell fusion is a critical process in a number of physiological and pathological conditions, 

including fertilization, development, bone and muscle homeostasis, and the response to 

certain pathogens and foreign materials. Cell fusion is a cell membrane event that includes 

the interaction between plasma membrane molecules of the fusing cells and the 

incorporation of the plasma membranes. Membrane fusion processes can occur in cell-cell 

fusion, intracellular vesicle fusion (a basic process for protein trafficking and exocytosis), 

and in viral infection. Tetraspanins CD9, CD81 and CD63 have been shown to be involved in 

various membrane fusion processes including sperm-egg fusion, myoblast fusion and virus 

syncytium formation. 

 

 1.1.4.6.1 Sperm-egg fusion 

In the process of fertilization, the essential biological event is the fusion of the sperm and 

the egg. The sperm penetrates the zona pellucida after binding on to it and gains entry into 

the perivitelline space. At this region the adhesion of the sperm plasma membrane to the 

egg plasma membrane occurs. Adhesion usually precedes the fusion of the sperm and the 

egg and is necessary for the fusion (Talbot et al., 2003). The tetraspanin CD9 is the only egg 

membrane protein that has been shown to be essential for fertilisation. Anti-CD9 

antibodies showed strong inhibition of sperm-egg fusion. CD9-/- mouse oocytes, but not 

sperm, showed severely reduced sperm–egg fusion (Miyado et al., 2000b, Le Naour et al., 

2000, Kaji et al., 2002), whereas the injection of human or murine CD9 mRNA into CD9-/- 

mouse oocytes restored fusion competence (Kaji et al., 2002). CD9 is also concentrated in 

oocyte microvilli, a structure on oocytes that captures sperm and brings it into contact with 

the oocyte’s plasma membrane (Runge et al., 2007) which suggests that CD9 is involved in 

adhesion processes. Sperm injected directly into the cytoplasm of CD9-/- oocytes yielded 

normal development (Miyado et al., 2000b). CD81 and CD151 are also involved in sperm-

egg fusion, as the injection of CD81 in CD9-/- mice restored the fertilisation up to 50%, 

which suggests that CD81 has the ability to compensate for the function of CD9 in sperm-

egg fusion, whereas CD151 antibodies led to a partial inhibition of fusion (Kaji et al., 2002). 

Deletion of the CD81 gene in mice reduced female fertility by about 40%. CD9 and CD81 

double knock-out mice were completely infertile, which indicated that CD9 and CD81 

together promote sperm-egg fusion (Rubinstein et al., 2006). It has been also shown that 

human CD9EC2 recombinant protein has inhibitory effects on sperm-egg binding whilst a 

mutated version of CD9EC2 had no effect, which suggests the importance of two disulphide 

bonds in the structure and function of CD9 (Higginbottom et al., 2003). Recently, a study 

suggested that CD9 and CD81 work independently upon fusion of sperm and oocyte as CD9 

and CD81 are expressed separately in the oocytes membrane as confirmed by 

immunocytochemical and  electron microscopic analysis (Ohnami et al., 2012). 

 

1.1.4.6.2 Myoblast formation 

Fusion of myoblasts is a crucial stage of myogenesis, the process of formation of the 

muscular component. During development, myoblasts initiate expression of the muscle 

specific genes. Then there is fusion of these mononucleate myoblasts to form the nascent 

multinucleate myoblasts which later form the myotubes and the myofibres. By the process 

of maturation these myofibers specific groups of muscles are formed. A crucial role for CD9 
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and CD81 in myoblast fusion has been demonstrated; Charrin and co-works reported that 

CD9 and CD81 have important roles in the restitution of normal muscle during the muscle 

regeneration. Mice lacking either CD9 or CD81 showed abnormal muscle regeneration due 

to a distinct and quick myofiber formation. The association of both tetraspanins with the 

immunoglobulin superfamily member CD9P-1 may have functional significance. In vitro, 

increased rates of myoblast and myotubes fusion was seen in the absence of CD9-1 or both 

CD9 and CD81 (Charrin et al., 2013). 

   

1.1.4.6.3 HIV-mediated syncytium formation 

Infection with HIV-1 results in cell-cell fusion and formation of syncytia which may indicate 

a way of virus spreading and escape from humoral immune responses. This fusion is found 

to be mediated both by viral proteins and host cell surface molecules.      

Roles for CD9 and CD81 in cell-cell fusion induced by HIV-1 were demonstrated. Anti-

tetraspanin antibodies enhance the syncytia formation mediated by HIV-1 envelope 

proteins and viral entry in human T lymphoblasts. CD9 and CD81 knock-down resulted in 

increased viral entry and syncytia formation, whereas CD9 and CD81 over expressing cells 

were less susceptible to HIV-envelop-mediated syncytia formation, suggesting that CD9 and 

CD81 facilitate syncytia formation mediated by gp120/CD4 interaction (Gordon-Alonso et 

al., 2006). Recently data showed that CD9 and CD63 arrest HIV-1-induced cell fusion at a 

particular stage of the fusion process (the transition from hemifusion to pore opening), and 

that may be due to their interaction with viral or host cell factors that regulate pore 

stability and/or extension (Symeonides et al., 2014).  

 

1.1.5 Multinucleated giant cell (MNGC) formation 

Multinucleated giant cells (MNGCs) are cells formed by the fusion of monocytes or 

macrophages at sites of inflammation. They are believed to increase the ability of cells to 

digest and reabsorb large extracellular infectious agents and are thus involved in immune 

defence. MNGCs are also important in bone remodelling and are associated with 

osteoporosis, inflammatory diseases and tumours (Han et al., 2000). The phenotypes of the 

MNGCs vary and depend on the local environment and the chemical and physical (size) 

nature of the inducing agent or the agent which the MNGCs and their 

monocyte/macrophage precursors are going to act against. It has been argued that MNGCs 

are a feature of granulomatous inflammation associated with chronic infections; for 

example tuberculosis, fungal infection and HIV, as reviewed in (Kumar et al., 2013)). 

However, the exact role of MNGCs in infection remains unknown. Although it has been 

suggested that MNGCs may limit the cell-cell spread of infection, they may cause 

inflammatory damage in infected tissues (Byrd, 1998).  

 

1.1.5.1 Types of multinucleated giant cell formation  

1.1.5.1.1 Langhans giant cells 

Langhans’ giant cells (LGCs) are seen in infective granulomatous diseases such as 

tuberculosis (TB) and schistosomiasis (reviewed in (Sandor et al., 2003)). LGCs are also 
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associated with sarcoidosis which is a granulomatous disorder of unknown etiology 

(Anderson, 2000). The production of cytokines and chemokines by Mycobacterium 

tuberculosis-infected lung macrophages stimulates the recruitment of macrophages, 

lymphocytes, and dendritic cells to the infected area and this cellular aggregation is named 

a granuloma; a major histopathological feature of tuberculosis. Within granuloma, 

macrophages differentiate into epithelioid cells or fuse to form LGCs (Lay et al., 2007).  

Granulomas are thought to suppress the infection in a localized area thus preventing 

bacterial spread; mice that lose the ability to form evident granulomas exhibited highly 

elevated bacterial loads (Saunders et al., 1999). The diagnostic feature of LGCs is the 

presence of a relatively small number of nuclei (<20), arranged in a circular peripheral or 

horse shoe shaped arrangement within the giant cell. For the formation of LGCs, interferon-

γ (IFN-γ) induction of the monocyte-macrophage fusion is thought to be required (Gasser 

and Most, 1999). The glycolipids of the mycobacterial envelope (DIMs and LM) are pro-

inflammatory, which induces macrophage aggregation and fusion of granuloma 

macrophages into multinucleated giant cells. The entire process is mediated through a Toll-

Like Receptor 2-dependent, Disintegrin and metalloproteinase domain-containing protein 9 

(ADAM9) and integrin β1- mediated pathway (Puissegur et al., 2007). 

In latent tuberculous, mycobacteria can penetrate into organs and tissues and persist there 

for decades before a possible activation of the tuberculous process followed by the 

development of active disease (Parrish et al., 1998). Analysis of granulomas from mice with 

latent TB infection showed that active acid-fast bacteria can be found in macrophages, 

dendritic cells and multinucleated LGCs (Ufimtseva, 2015). Recently, a study demonstrated 

that CD40-CD40 ligand interaction and the cytokine IFN-γ that is secreted by T cells are 

required for monocyte fusion and LGC formation. The authors also reported the 

involvement of Dendritic cell-specific transmembrane protein (DC-STAMP) in LGC formation 

as DC-STAMP was shown to be up-regulated in LGC formation and knockdown of DC-

STAMP inhibited LGC formation (Sakai et al., 2012). 

   

1.1.5.1.2 Foreign body giant cells   

Foreign body giant cells (FBGCs) are spotted at the tissue-material interface of medical 

devices implanted in tissue in vivo, and are thought to remain there for the lifetime of the 

device. FBGCs have been implicated in biodegradation of such devices. The characteristic 

feature of FBGCs are that they are larger cells than LGCs with greater numbers of nuclei 

(>20) arranged in an irregular manner throughout the cytoplasm of the giant cell. The 

induction and characteristics of FBGC formation at the device-tissue interface depends on 

the nature of the biomaterial and the surface area. Flat surfaces encapsulated within a thin 

(one or two cells in thickness) layer of macrophages and FBGCs can be seen in breast 

implants, whereas fabrics applied as vascular grafts stimulate high densities of FBGCs 

(Anderson, 2000). The significant importance of interleukin-4 in FBGC formation was 

demonstrated using recombinant human lymophokines. With freshly isolated human 

monocytes, interleukin-4 (IL-4) induced very large FBGCs  with a high rate of macrophage 

fusion (more than 72%) (McNally and Anderson, 1995). Type 2 T helper lymphocytes (Th2) 

are thought to play a role in the fusion of macrophages at the tissue-material interface, due 

to their capacity to secrete  IL-4 and IL-13, another cytokine that is implicated in FBGC 

formation (DeFife et al., 1997). β1 and β2 integrin receptor families have been implicated in 

the adhesion processes during IL-4-induced FBGC formation (McNally and Anderson, 
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2002). The specific alpha partners to the β1 and β2 integrins including αMβ2, αXβ2, 

α5β1>αVβ1>α3β1, and α2β1 have also been identified as FBGC mediators (McNally et al., 

2007). Studies of FBGC formation using genetically modified mice or cells derived from 

them have confirmed the requirement for matrix metalloproteinase MMP-9, and DC-

STAMP in this process (MacLauchlan et al., 2009, Yagi et al., 2005).  

 

1.1.5.1.3 Osteoclasts  

Osteoclasts are cells involved in physiological bone remodelling, a process controlled by the 

coordinated effort of bone-forming by osteoclasts and bone-resorbing by osteoclasts 

(Charles and Aliprantis, 2014). Imbalance in bone remodelling leads to bone disorders e.g. 

osteoporosis, an increased osteoclast activity which is also seen in rheumatoid arthritis and 

bone tumours, or a decrease in osteoclast activity  leading  to  the  accumulation  of  dense,  

but  brittle, bones (Boyle et al., 2003, Segovia-Silvestre et al., 2009, Jones et al., 2011a).  

The osteoclast is a tissue-specific macrophage induced by the differentiation and then 

fusion of myeloid precursor cells at or near the bone surface. Osteoclasts contain between 

5 and 10 nuclei and multinucleation is an essential process in the differentiation of 

osteoclasts, since mononucleotide macrophages cannot perform the resorption of bone 

effectively and efficiently (Vignery, 2005). The osteoclast is formed by the induction of the 

cytokines macrophage colony stimulating factor  (MCSF) and receptor activator of NF-kB 

ligand (RANKL) synthesized by  osteoblasts and/or osteocytes. RANKL interacts with its 

receptor RANK or with osteoprotegerin (OPG) which is produced by osteoblasts 

(Teitelbaum, 2006). OPG is a soluble protein that blocks osteoclast formation in vitro and 

bone resorption in vivo (Simonet et al., 1997) and the balance between RANKL and OPG 

production leads to normal bone remodeling. RANKL production is enhanced by osteoclast-

stimulating agents such as parathyroid hormone and TNF-α. RANKL triggers the expression 

of integrin αvβ3 which is absent on macrophage precursors but highly expressed by 

osteoclasts and considered as the osteoclast phenotype marker. The RGD (Arg-Gly-Asp) 

tripeptide sequence is recognized by αvβ3 integrin in several extracellular matrix 

macromolecules such as osteopontin, as well as fibronectin, vitronectin, and fibrinogen. 

Along with the increased osteoclast expression of αvβ3, mammalian osteoclasts also express 

α2β1, a collagen-laminin receptor, and αvβ1, another vitronectin receptor (Teitelbaum, 2006, 

Brodbeck and Anderson, 2009). The mechanism of how osteoclasts form remains unclear, 

despite several cell surface molecules having been demonstrated to be involved. Yagi and 

co-workers reported that DC-STAMP is essential of osteoclast formation; in DC-STAMP–

deficient mice osteoclast formation was completely abrogated, while osteoclast 

multinucleation was restored by retroviral introduction of DC-STAMP. Defects in osteoclast 

multinucleation in DC-STAMP-/- mice led to reduced bone resorbing activity, leading to 

osteopetrosis (Yagi et al., 2005). A role for tetraspanin CD9 in osteoclast formation has 

been reported and CD9 expression was enhanced by RANKL on the RAW264.7 macrophage 

cell line. Targeting CD9 using siRNA suppressed osteoclast formation and the distribution of 

CD9 into lipid raft microdomains was reported in RANKL-treated cells but not in untreated 

cells. This suggested the importance of CD9 and its distribution in lipid rafts during 

osteoclastogenesis (Ishii et al., 2006).  

1.1.5.1.4 Multinucleated giant cells in cancer  

Fusion of somatic cells is one of the primary theories of cancer etiology (Wang et al., 2012). 

Several types of cancer cell are fusogenic, for instance, melanoma cells fuse with 



 
 
 

17 
 

macrophages (Rachkovsky et al., 1998) and breast cancer cells fuse with endothelial cells 

(Mortensen et al., 2004). Tumour cells can fuse with themselves as well as with other 

somatic cells such as monocytes, to enhance metastasis, chromosomal aberration and 

epigenetic regulation (Duelli and Lazebnik, 2003). 

 

1.1.6 Macrophage activation   

Monocytes migrate from the blood into tissues where they are differentiated into 

macrophages. Macrophages are present in all organs and tissues, usually in sites where 

they are likely to be needed in defence against foreign entities (reviewed in (Martinez et al., 

2009)). In tissues, macrophages differ in their function and morphology, depending on 

particular environmental stimuli, giving rise to their tissue-specific names. For instance in 

bone (osteoclasts), in lung (alveoli), in brain (microglia), in connective tissue (histiocytes), in 

liver (Kupffer cells), spleen (littoral cells), in kidney (mesangial phagocytes) in joints 

(synovial A cells) (Gordon and Taylor, 2005, Gordon et al., 2014).  

Macrophages play an important role in both the innate and adaptive immune responses. 

Besides their function in defence against foreign entities, macrophages are responsible for 

eliminating host cells, dead cells and cellular debris. Macrophages are activated by direct 

contact with pathogens or their products, proteins of the complement or the blood 

coagulation system and host tissue breakdown. In the innate immune response, 

macrophages phagocytise and eliminate foreign bodies and secrete chemokines, cytokines, 

and growth factors which recruit other immune cells to inflammatory sites (Mosser and 

Edwards, 2008). In the adaptive response, macrophages function as antigen-presenter cells 

(APCs). They express on their surface MHCI and MHCII molecules, which can interact with T 

cell receptors on T helper and T cytotoxic cells that can lead to the activation of these cells. 

The activation of T helper cells leads to differentiation to either Th1 or Th2 cells. 

Macrophages also express receptors that can bind to antibodies (Fc receptors) thus they 

can uptake antigens that have been coated with antibodies (Mosser and Edwards, 2008). 

According to its mediators, the activation of macrophages has been classified into two 

pathways; a classic M1 and alternative M2. Interferon gamma (IFN-γ) and tumor-necrosis 

factor (TNF) (which is produced by APCs) are associated with M1 activation.  IFN-γ is 

produced by Th1 and other cells such as natural killer (NK) cells and macrophages. The M2 

pathway is mediated by interleukin IL-4 and IL-13 which are mainly produced by Th2 cells 

(Helming and Gordon, 2009, Martinez and Gordon, 2014). Mosser and Edwards reported 

that activated macrophages can be grouped into three populations with regard to their 

distinct homeostatic activities; immune regulation, host defence and wound healing. These 

population can be produced in response to either innate or adaptive immune signals 

(Mosser and Edwards, 2008).  
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Figure 1.1.4 macrophage activation. 

Macrophages function differently according to their responses to the immune cell that 

induces their production; classically activated macrophages are generated in response to 

TNF which is secreted by APCs, and IFNγ which can be produced during an adaptive 

immune response by Th1 cells or during an innate immune response by NK cells. Classically 

activated macrophages have been implicated in microbicidal activity. Wound-healing 

(alternatively activated) macrophages are generated in response to IL-4, which is produced 

in adaptive immune response by Th2 cells or in innate immune responses by granulocytes. 

Wound-healing macrophages are involved in tissue repair processes. Regulatory 

macrophages arise in response to diverse stimulatory factors, including immune complexes, 

prostaglandins, G-protein coupled receptor (GPCR) ligands, glucocorticoids, apoptotic cells 

or IL-10. Regulatory macrophages produce high levels of IL-10 to suppress immune 

responses. Adapted from (Mosser and Edwards, 2008). 

 

As mentioned previously, with the regard to macrophage fusion, IL-4 and IL-13 are major 

stimuli that are associated with macrophage fusion in vivo and in vitro. Both IL-4 and IL-13 

can bind to the common IL-4 receptor α chain, which then activates a common mechanism 

for macrophage fusion by up-regulation of the expression of receptors that may be 

essential participants in macrophage fusion (DeFife et al., 1997, Helming and Gordon, 

2007). An example is the activation of signal transducer and activator of transcription 6 

(STAT-6) pathway, which regulates the expression of fusion mediators such as DC-STAMP 

and E-cadherin; STAT-deficient mice showed significant inhibition of FBGC formation and 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=2724991_nihms84393f3.jpg
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also marked inhibition in the expression of DC-STAMP and E-cadherin  (Helming and 

Gordon, 2007, Moreno et al., 2007, Yagi et al., 2007). In contrast, STAT-1 is considered an 

inhibitor of multinucleation; its expression is up-regulated in STAT-6-/- mice and STAT-1-/- 

mice exhibit accelerated FBGC formation which suggested that both members regulate 

each other and control FBGC formation (Miyamoto et al., 2012). 

Whilst IL4 and IL13 are associated with FBGC formation (from M2 actifated macrophages), 

IFN-γ is associated with the formstion of langhans cells (from M1 activated macrophages). 

This is covered in review by (Anderson, 2000). 

 

1.1.7 Mechanism of macrophage fusion 

Although the activation of macrophages to be induced to form giant cells or osteoclasts by 

cytokines IL-4 and RANKL, respectively, are well defined, the mechanism of the fusion 

processes are still not well-characterized. However, previous studies have described the 

involvement of several membrane proteins, such as CD44, CD47, CD98, macrophage fusion 

receptors, P2X₇ receptors, ADAMs and integrins, in these processes (Han et al., 2000), as 

well as DC-STAMP as previously mentioned (Ohgimoto et al., 1995)(Yagi et al 2005) . It has 

been suggested that cell fusion involves sequential events: the activation of macrophages 

enhances up-regulation of fusion mediators, resulting in fusion-competent macrophages, 

then the cells move toward each other (chemotaxis), followed by cell-cell attachment, 

cytoskeleton rearrangements and membrane fusion (Helming and Gordon, 2009). Recent 

data demonstrated that the cytoplasmic protein tyrosine phosphatase PTP-PEST (also 

known as PTPN12) is involved in these events. PTP-PEST is necessary for macrophage fusion 

in vivo and in vitro; cell fusion into MNGC was markedly inhibited in IL-4-stimulated PTP-

PEST deficient macrophages, in RANKL-stimulated macrophages (osteoclasts), and following 

foreign body implantation in mice. PTP-PEST controls phosphorylation of protein tyrosine 

kinase Pyk2 and its adaptor paxillin, a key regulator of cell adhesion, migration and 

spreading. The absence of PTP-PEST therefore resulted in specific hyperphosphorylation of 

these molecules, thus the ability of macrophages to migrate in response to cytokines, 

undergo cell-cell adhesion and cytoskeleton rearrangement was suppressed (Rhee et al., 

2013). 

Another signalling pathway was shown by Helming and co-workers who identified that 

signaling through the transmembrane protein signaling adaptor protein DAP12 (DNAX 

activating protein of 12 kD), its associated receptor TREM-2 (triggering receptor expressed 

by myeloid cells 2), and the downstream protein tyrosine kinase Syk is crucial for cytokine-

stimulated macrophage fusion. The loss of DAP12 results in defects in MNGC and FBGC 

formation in vivo and in vitro, while over-expression of DAP12 enhances MNGC formation. 

DAP12 is involved in programming of macrophages through the regulation of gene and 

protein expression of molecules that regulate cell fusion such as DC-STAMP, MMP9 and 

cadherin to induce a fusion-competent state (Helming et al., 2008).  

Cytoskeleton rearrangement controls cell shape and cell migration. Shilagardi and co-

workers reported the importance of cytoskeleton rearrangement in MNGC formation. Actin 

cytoskeleton rearrangement was essential for cell fusion, as the actin cytoskeleton supplies 

an active driving force for cell-cell fusion by establishing membrane protrusions that are 

required and sufficient to control fusion promoted by fusogenic proteins (Shilagardi et al., 

2013) . 
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It has been proposed that cell fusion may involve a mechanism similar to phagocytosis 

(cellocytosis) figure 1.1.5 A. After the adhesion of one macrophage to another, one cell 

takes the lead and internalises the other macrophage which is then coated by two plasma 

membranes. Once these two membranes have been recycled, the cytoplasm and organelles 

of the internalized and host cells become integrated (Vignery, 2005). A phagocytic 

mechanism of macrophage fusion was also supported by evidence provided by McNally and 

Anderson. They proposed that cell fusion is promoted by endoplasmic reticulum-mediated 

phagocytosis, with ER markers such as calnexin and calregulin co-localized at fusion 

interfaces and on cell surfaces during FBGC formation in IL4-stimilated macrophages. The 

inhibition of ER components resulted in FBGC formation inhibition and reduced mannose 

receptor expression, which is known as a FBGC regulator (McNally et al., 1996, McNally and 

Anderson, 2005). 

Another proposed mechanism for macrophage fusion was suggested by Takito and co-

workers (figure 1.1.5 B). The fusion stages of multinucleated osteoclast formation were 

analysed using time-lapse confocal microscopy of RANKL-stimulated RAW264.7 cells 

transfected with EGFP–actin (Takito and Nakamura, 2012, Takito et al., 2012). The 

attachment of two macrophages is followed by a delay before fusion and this delay is 

thought to be required for forming of a temporary actin superstructure named the zipper-

like structure at the contact site. This structure disappears from a small area where the site 

of fusion was initiated and with time the gap is expanded in parallel with plasma membrane 

deformation following membrane fusion, resulting in the fusion of podosome belts of 

distinct osteoclasts (Takito and Nakamura, 2012). 
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A) 

 

B) 

 

 

Figure 1.1.5 mechanism of monocyte/macrophage fusion. 

(A) Macrophage fusion involving phagocytosis (cellocytosis): a) interdigitations of the 

plasma membrane initiated between fusing macrophages, b) higher-magnification of area 

labelled by red dotted line in a, c) internalized cell but not fused, d) multinucleated alveolar 

macrophage contains a large number of nuclei, e) the cellocytosis model describing MNGC 

formation (Vignery, 2005). 

(B) Time lapse confocal microscopy images indicate the fusion between EGFP-positive and 

EGFP-negative osteoclasts (Takito et al., 2012). The gray panel shows phase contrast 

images, the green panel shows fluorescence images. All images have been captured from 

the same field. Two cells come into close contact, a small gap present in EGFP-fluorescence 

indicates the disappearance of cell membrane in this region and this gap is increased with 

time until the fluorescence completely disappears from the contact area and the two cells 

are fused.        



 
 
 

22 
 

 

1.1.8 Tetraspanins in Multinucleated giant cell formation 

The role of tetraspanins CD9 and CD81 in MNGC formation was demonstrated by Takeda 

and co-workers. Expression of CD9 and CD81 and their complex formation with β1 and β2 

integrins was up-regulated when monocytes were cultured under normal conditions. 

However, under fusogenic conditions in the presence of Con A (a lectin that indirectly 

induces fusion), up-regulation of CD9 and CD81 was inhibited, whereas CD63 up-regulation 

was enhanced (Takeda et al., 2003). CD9 and CD81 null mice showed enhanced formation 

of MNGCs in vitro and in vivo, whilst CD9/CD81 double–null mice showed spontaneous 

development of MNGCs in the lungs and enhanced osteoclastogenesis in the bones. 

Moreover, anti-CD9 and anti-CD8 antibodies enhanced the fusion of monocytes (Takeda et 

al., 2003). Overall, while CD9 and CD81 are required in fusion events such as the fusion of 

gametes, myoblast fusion and viral infections, CD9 and CD81 basically seem to prevent 

monocyte fusion. These findings were confirmed using tetraspanin antibodies and a range 

of recombinant tetraspanin EC2 domains to understand their role in the formation of 

MNGCs. This study showed that anti-CD63 antibodies and recombinant CD63EC2 protein 

inhibited MNGC formation. CD63 is suggested to play a direct role in this process, whilst 

CD9 has a direct negative role in formation and CD81 has an indirect negative role as its EC2 

had no effect on the formation of MNGCs (Parthasarathy et al., 2009). 

By contrast, in osteoclast formation, CD9 has been found to be highly expressed in 

osteoclast cells in bone tissue that induced osteoporosis as well as at sites of bone erosion 

in arthritic lesions (Iwai et al., 2008). Another study suggested that CD9 is strongly 

expressed in osteoclasts and that anti-CD9 antibody significantly inhibited multinucleated 

osteoclast formation and strongly stimulated the activation of p44/42 mitogen-activated 

protein kinase (MAPK). CD9 has therefore been suggested to enhance the progress of 

osteoclastogenesis via the negative regulation of the concentration and duration of 

p44/42MAPK activation at a particular level (Yi et al., 2006). 

1.2 Burkholderia 

The phylogenetically well-defined and diverse genus Burkholderia contains approximately 

100 species and they occupy different ecological niches (Ginther et al., 2015). Burkholderia 

species have been organised into four groups, the B. pseudomallei group, the Burkholderia 

cepacia complex (BCC), the plant-associated beneficial and environmental (PBE) group and 

‘others (Suarez-Moreno et al., 2012, Choudhary et al., 2013). Most Burkholderia species are 

soil commensals and phytopathogens and rarely affect the human population. Burkholderia 

mallei (B.m) and Burkholderia pseudomallei (B.p), however, are primary pathogens 

affecting humans and animals, and causing glanders and melioidosis, respectively (Galyov 

et al., 2010). In addition Burkholderia cepacia complex contains 18 closely related species 

some of which affect cystic fibrosis patients (Mahenthiralingam et al., 2002).  
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1.2.1 Melioidosis disease 

1.2.1.1 Burkholderia pseudomallei (B.p), route of infection, Incubation period 

B. pseudomallei is an oxidase-positive, Gram-negative (Dance et al., 1989), motile, non-

spore forming, aerobic bacillus (Wiersinga et al., 2006) that exhibits different colony 

morphology depending on the medium type. B.p is a facultative intracellular bacterial 

organism and the etiological agent of melioidosis in humans and animals which is endemic 

in parts of Southeast Asia and north Australia (Dance, 1991, Cheng and Currie, 2005). It is a 

saprophytic organism and can be isolated from niches like water, moist soil and rice 

paddies. B.p infection is acquired through cutaneous inculcation, inhalation and aspiration 

in individuals exposed to environments containing B.p. Most cases present as septic shock 

associated with severe pneumonia (Wiersinga et al., 2006). The incubation period of the 

disease commonly ranges from one to 10 days. However, long incubation periods spanning 

several years are seen in recrudescent melioidosis, and an incubation period of up to 62 

years has been recorded before the occurrence of clinical manifestations after exposure to 

B.p (Ngauy et al., 2005).  

  

1.2.1.2 Characteristic of melioidosis disease, diagnosis, treatment and 

prevention   

B.p infection is diverse and can occur as localized infection, pulmonary infection, blood 

stream infection or disseminated infection (Wiersinga et al., 2006). Melioidosis has a variety 

of manifestations and produces a range of clinical symptoms, including seropositive 

subclinical conditions, and rapidly worsening septicaemia (Puthucheary et al., 1992). The 

patient may die within 48 hours of developing septic shock symptoms and melioidosis is 

responsible for 20% of all community-acquired septicaemias and 40% of sepsis-related 

mortality in northern Thailand (Wiersinga et al., 2006). The rates of morbidity and mortality 

are higher in patients with chronic pulmonary disease, diabetes mellitus, renal dysfunction 

and compromised immune systems (Limmathurotsakul et al., 2010). The clinical features of 

the disease include dissemination of the bacteria to distant sites resulting in septic shock. 

Infective organisms that are in the dormant state in the host can be triggered, leading to 

acute and fatal disease, particularly when the immune response is depressed (Currie et al., 

2000). B.p can be isolated on the Ashdown medium. Various additional methods that have 

been employed for the isolation and the identification of the organism and the diagnosis of 

melioidosis include gas-liquid chromatography analysis of bacterial fatty acid methyl esters 

(GLC-FAME), agglutinating antibody test and polymerase chain reaction (Wiersinga et al., 

2012).   

It is difficult to eradicate the infection due to the slow fever clearance time requiring 

prolonged antibiotic therapy and a very high relapse rate. Recurrent disease rate is 

reported to occur in approximately 6–13% of cases, due to relapse rather than reinfection, 

especially when occurring within a year of primary infection (Currie et al., 2000). The 

treatment protocol for melioidosis is different from other infectious diseases. There is an 

initial intensive therapy with ceftazidime or meropenem for at least 14 days, followed by an 

eradication therapy with trimethoprim-sulphamethoxazole for at least 3 months. 

Alternative therapies are sought in cases of allergy to penicillin (Chaowagul et al., 2005). 

Resistance to antibiotics is a major cause for concern while treating this disease; the main 
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antibiotic resistance mechanisms include enzymatic inactivation of the antibiotic, target 

deletion and efflux from the cell (Schweizer, 2012, Chantratita et al., 2011). Currently, there 

is no vaccine against melioidosis. However, research is being carried out to develop 

vaccines and possible candidates include whole killed cells, live attenuated cells, plasmid 

DNA, and dendritic cell vaccines. Peacock et al. have reviewed recent efforts for vaccine 

development (Peacock et al., 2012). 

1.2.1.3 Burkholderia pseudomallei pathogenesis   

The pathogenesis of this organism is mainly by the process of host cell invasion and escape 

from endocytic vesicles followed by intracellular multiplication and formation of actin tails 

and membrane protrusions resulting in cell to cell spreading. B. pseudomallei induce host 

cell fusion leading to multinucleated giant cell (MNGC) formation (Kespichayawattana et al., 

2000, Harley et al., 1998). It is also able to induce apoptotic death in infected host cells 

(Suparak et al., 2005).  

Several B.p virulence factors have been identified including pili, flagella, capsule, bacterial 

lipopolysacchride (LPS), and type ІІІ (TTSS/T3SS) and type VI (T6SS) secretion system 

(Allwood et al., 2011, Galyov et al., 2010, Zughaier et al., 1999).  

 

1.2.1.3.1 Burkholderia pseudomallei adhesion   

Infection with this organism begins at the epithelial cell layer of either mucosal surfaces or 

abraded skin. The attachment of B. pseudomallei to human pharyngeal epithelial cells is 

reported to be controlled by the bacterial capsule, a thin polysaccharide layer that coats 

the bacteria (Ahmed et al., 1999). The B.p capsule has been shown to be an essential 

virulence factor. For instance, the addition of purified capsule results in an increase in the 

virulence of a capsule mutant strain in the Syrian hamster model of acute melioidosis 

(Reckseidler-Zenteno et al., 2005). It has been suggested that the asialogangliosides GM1 

and GM2 are part of the receptor complex for B. pseudomallei on human pharyngeal 

epithelial cells (Gori et al., 1999). However, the receptor for adhesion and the exact 

mechanism of initial attachment remain unclear. The B.p capsule is considered as a 

virulence factor due to its crucial role in suppressing the immune response against the 

bacterium. Production of the B.p capsule enhances resistance to phagocytosis by reducing 

complement factor C3b binding to the bacterial surface thereby downregulating 

complement activation (Reckseidler-Zenteno et al., 2005). Flagellum-mediated adhesion 

was found to be important in B.p infection of the amoeba Acanthamoeba astronyxis but 

has no effect on mammalian cell infection(Haiko and Westerlund-Wikstrom, 2013). The B.p 

type IV pilin (pilA) has been implicated in the adhesion and the invasion. A pilA deletion 

resulted in decreased adhesion to human epithelial cells and reduction in the virulence in 

the nematode and the murine models (Essex-Lopresti et al., 2005). The adhesins BoaA 

(Burkholderia oligomeric coiled-coil adhesin A) and BoaB (Burkholderia oligomeric coiled-

coil adhesin B) have been shown to be involved in B.p adhesion to epithelial cell lines as 

A549 and Hep2 (Figure 1.2.1) (Balder et al., 2010). 

1.2.1.3.2 Internalization and colonization   

It has been demonstrated that the internalization of B.p is promoted by its virulence factor 

the type ІІІ secretion system cluster 3, known also as Burkholderia secretion apparatus 

(bsa), and it is essential for the virulence of B.p in animal models (Stevens et al., 2003, 

Stevens et al., 2004, Warawa and Woods, 2005). Notably B.p contains three T3SS clusters; 
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T3SS-1, T3SS-2 T3SS-3, that are thought to  promote the interaction of B.p with variable 

hosts (Sun and Gan, 2010).  TTSSs are protein complexes, consisting of about 20 different 

subunits that assemble into a syringe-like structure spanning both membranes of Gram-

negative bacteria, and inject effector proteins through the plasma membrane and into the 

host cell cytoplasm (Gong et al., 2015, Haraga et al., 2008, Mueller et al., 2008). The exact 

mechanism of invasion by B.ps remains unknown but it has been reported that B. p enters 

epithelial cells by a mechanism regulated by the Bsa T3SS-3 and one of its secreted effector 

proteins, bopE, as mutation of bopE resulted in suppressed bacterial invasion of epithelial 

cells (Stevens et al., 2003). However, by utilizing   a photothermal nanoblade to deliver B.t 

directly into cytosol, French and co-workers reported that T3SS-3 is required for escape 

from endosomes, but not for bacterial invasion (French et al., 2011). Intracellular B.p is 

initially seen in the vacuoles and later in the cytoplasm, where the bacteria can replicate 

(Puthucheary and Nathan, 2006, Inglis et al., 2000, Harley et al., 1998).  

The type VI secretion system (T6SS) is also used by Gram-negative bacteria to infect and 

survive within host cells, and it has also been hypothesised that the T6SS forms needle-like 

appendages to export effectors proteins directly into target cells (Miyata et al., 2013). T6SS 

has been implicated in B.p uptake and intracellular survival in phagocytic and non-

phagocytic cells, as reviewed in (Miyata et al., 2013). It is also involved in B.p-induced cell 

fusion leading to MNGC formation (see section 1.2.1.3.3 for more detail)(Schwarz et al., 

2014, Shalom et al., 2007).  

Once B.p effectors enter the cell, they alter the host cellular processes in order to promote 

bacterial survival and colonization. The exact mechanism of the secondary spread of B. 

pseudomallei is not well characterized, although invasion of macrophages would allow B.p 

to spread via the lymphatic system to the spleen and other organs. Cullinane and co-

workers reported that the induction of autophagy (a potent host cell defence pathway 

against intercellular pathogens) in response to B.p infection was increased or inhibited by 

treatment with pharmacological stimulators or inhibitors, respectively. However, B.p can 

actively evade this pathway and this is likely to be related to and promoted by the activity 

of the T3SS-3 effector, BopA. Intracellular survival of B.p decreased in a BopA mutant and 

B.p was shown to co-localise with the autophagy marker protein LC3, while inhibition of 

autophagy resulted in increased intracellular viability of the B. pseudomallei bopA mutant 

(Cullinane et al., 2008). Once B. pseudomallei escape from the entry vacuole and are free in 

the cytosol, they are able to induce their own propulsion by polymerizing actin at one 

bacterial pole by the activity of BimA protein. The actin-based motility of the pathogen was 

eliminated by mutation of bimA and restored by re-introducing the wild-type gene (Benanti 

et al., 2015, Stevens et al., 2005b). (Figure 1.2.2). 
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Figure 1.2.1 A diagram to illustrate selected steps of the B.p life cycle within infected 

cells. B. pseudomallei PilA protein and the adhesions BoaA and BoaB facilitate invasion of 

non-phagocytic cells. The uptake steps in non-phagocytic cells are controlled by the Bsa 

T3SS structural proteins BipD (translocator), BsaQ (structural component), and BopE 

(effector). The IrlRS two-component signal transduction system is suggested to regulate the 

expression of other essential gene(s) implicated in internalization. In phagocytic cells, the 

Bsa T3SS putative effector BopA and the alternative sigma factor RpoS promote bacterial 

uptake. Escape from the endocytic vesicle is facilitated by Bsa T3SS structural proteins BsaZ, 

BsaQ, and BsaU, the translocator protein BipD and the putative effector BopA. Once in the 

cytosol B.p can replicate and move by actin-based motility in a BimA-dependent manner. B. 

pseudomallei capsule only weakly triggers IFN secretion resulting in reduced iNOS 

expression. B. pseudomallei up-regulates the expression of suppressor of cytokine signaling 

3 (SOCS3) and cytokine-inducible Src homology 2-containing (CIS) proteins that prevent the 

Janus kinases–signal transducers and activators of transcription (JAK–STAT) signaling 

pathway. Proteins involved in purine (PurM, PurN), histidine (HisF), and para-

aminobenzoate (PabB) biosynthetic pathways are important for intracellular replication and 

survival, while the B. pseudomallei T6SS-1 Hcp protein and the alternative sigma factor 

RpoS are implicated in inducing cell-to-cell fusion andMNGC formation. NOD2 refers to the 

nucleotide-binding oligomerization domain-containing protein 2. Green arrows show 

progression of time. Inhibitory interactions are shown by red T-bar arrows whilst secretion 

system components are in blue, translocators in black and structural components in red 

(Allwood et al., 2011). The role of additional factors is shown that are not discussed in the 

text. 

 

1.2.1.3.3 Cell to cell transmission (or ‘spread’), cell fusion and multinucleated giant cell 

MNGC formation 

Burkholderia pseudomallei are highly capable of intercellular spreading via membrane 

protrusions which extend onto neighbouring cells and via which the bacteria travel by actin-
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mediated motility, this notable feature of B. pseudomallei leads to the induction of cell 

fusion and MNGC formation, enabling the bacterium to spread from cell to cell. (Benanti et 

al., 2015, Stevens et al., 2005b, Kespichayawattana et al., 2000, Sitthidet et al., 2011). This 

survival capability is thought to be responsible for the relapse of the disease, and may also 

be involved in B. pseudomallei pathogenicity as MNGC are found in tissues of patients with 

melioidosis (including the lung, kidney and spleen), which provides useful diagnostic 

evidence (Wong et al., 1995).  

In tissue culture models, B.p  can induce MNGC formation in phagocyte and non-phagocyte 

cell lines (Harley et al., 1998). Following multinucleated giant cell formation and cell to cell 

spread, the organism induces apoptotic cell death of the infected host cell 

(Kespichayawattana et al., 2000). The apoptotic changes that are seen include; condensed 

and fragmented nuclei, DNA ladder formation, cleavage of the DNA-repairing enzyme PARP 

and translocation of membrane phosphatidylserine (PS) from the cytoplasmic side to the 

external surface, which is typical for cells undergoing apoptotic change (Lengwehasatit et 

al., 2008). Another typical feature of apoptosis which is peripheral chromatin condensation 

can be demonstrated in B. pseudomallei-infected cells using transmission electron 

microscopy (Kespichayawattana et al., 2000). At present, several specific bacterial factors 

have been shown to be involved in B.p-induced cell fusion leading to MNGC formation.  

The role of the Bsa T3SS effector protein, BipB in the cell biology and virulence of B.p has 

been reported by Suparak and co-workers. Mutation of bipB reduced MNGC formation and 

cell-to-cell transmission of bacteria and promoted apoptosis of the J774A.1 macrophage 

cell line. The bipB mutant was also significantly debilitated following intranasal challenge of 

BALB/c mice where the bipB mutant showed a significant reduction in virulence, which 

could be completely recovered by complementation with a functional bipB gene (Suparak 

et al., 2005).  

Utaisincharoen and colleagues demonstrated a role for B. pseudomallei RpoS (RNA 

polymerase sigma factor) protein in B.p-induced cell fusion. RpoS is a global regulatory 

factor known to control the expression of a large number of chromosomal genes involved 

in resistance to stress conditions. The B. pseudomallei rpoS null mutant was comparable to 

the wild type in terms of its ability to survive and replicate within macrophages, but 

incapable of stimulating MNGC formation (Utaisincharoen et al., 2006). B.p rpoS has been 

also implicated in the regulation of cell death in mouse macrophages since the B.p RpoS 

mutant failed to induce cytotoxicity in a mouse macrophage cell line (RAW 264.7) 

(Lengwehasatit et al., 2008).  

B. pseudomallei encodes six T6SSs referred to as T6SS-1 to T6SS-6 (Schell et al., 2007; 
Shalom et al., 2007). It should be noted that the names assigned to each T6SS in B.p and 
B.m, and the names of some of the component subunits, differs between the two research 
groups. The nomenclature of Shalom et al., 2007 will be used here. It has been 
demonstrated that T6SS-5 (referred to as the ‘cluster 1’ T6SS by Schell et al., 2007)  T6SS is 
related to the contractile tail of certain types of bacteriophage, such as T4, and that it is 
comprised of four main components: the tail tube (consisting of stacked rings of Hcp (TssD) 
with a tail spike located at the tip (consisting of a trimer of VgrG (TssI)), a contractile sheath 
(consisting of polymerised TssB and TssC, also referred to as VipA and VipB), a baseplate 
complex (consisting of TssE, -F and -G, and possibly TssA) and a membrane complex that 
includes TssJ, -L and -M. TssK may be a baseplate protein or it may link the baseplate to the 
cell membrane complex (Durand et al., 2014, Schell et al., 2007, Shalom et al., 2007). 
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T6SS-5 has an important role in B.p virulence. Firstly, it was shown to be upregulated upon 

infection of RAW cells (Shalom et al., 2007). Moreover, investigation of B. pseudomallei hcp 

gene deletion mutants (∆hcp1 to ∆hcp6) showed that only the hcp-5 (tssD-5) mutant 

(hcp1 according to Schell et al. 2007) was attenuated for virulence in a Syrian hamster 

model (Burtnick et al., 2011). Although inactivation of hcp5 had no effect on B.p uptake by a 

mouse macrophage cell line, it showed delayed intracellular growth and reduced levels of 

actin-based motility and was unable to induce cell fusion and MNGC formation in this cell 

line. The defect in MNGC formation might explain the reduction in intracellular growth, as 

the fusion of B.p-infected MNGC with uninfected cells provides nutrients that are required 

for bacterial growth (Burtnick et al., 2011).  The T6SS-5 tail-spike protein, VgrG5 (TssI-5), 

has been implicated in cell membrane fusion during intercellular spread by B.p and its close 

relative B. thailandensis as MNGC formation was inhibited in B.p 340 and B.t E264 ∆vgrG5 

mutant-infected cells figure 1.2.2 (Toesca et al., 2014). Schwarz et al reported that VgrG-5 

production is specifically activated during host cell infection, and VgrG-5 C-terminal domain 

is essential for the virulence, as vgrG-5∆CTD mutant was avirulent in mice and unable to 

induce cell fusion (Schwarz et al., 2014). 

Boddey and co-workers demonstrated that B.p lfpA mRNA (lactonase family protein A) 

expression is dramatically up-regulated in bacteria during infection of the RAW264.7 cell 

line compared to bacteria growing in the absence of RAW264.7 cells. lfpA was found to 

promote the expression of the osteoclast (a type of MNGC) markers, calcitonin receptor 

(CTR), cathepsin K (CTSK) and tartrate-resistant acid phosphatase (TRAP), as mutation of 

lfpA significantly inhibited the expression of these markers. This data suggested that B.p are 

able to stimulate several host cells factors involved in membrane fusion processes (Boddey 

et al., 2007). 

 The role of several host cell surface molecules in B.p-induced MNGC formation in the 

human macrophage cell line U937 has been identified by utilizing monoclonal antibodies. 

Antibodies specific to a fusion regulatory protein (CD98), E-selectin (CD62E), integrin-

associated protein (CD47), and E-cadherin (CD324) could almost completely suppress B.p-

induced MNGC formation, while monoclonal antibodies against ICAM-1 (CD54), LFA-1 

(composed of CD11a and CD18) and CD172a partially inhibited MNGC formation (Suparak 

et al., 2011). Flow cytometry analysis revealed that the expression levels of adhesion 

molecules CD47 and CD98 increased on U937 cells in response to B.p infection, whereas no 

significant increases in surface expression of CD62E or CD324 were detected suggesting 

that B.p-induced fusion is associated with up-regulation of CD47 and CD98, the mechanism 

by which these molecules facilitate B.p cell fusion in unknown, however it is likely to 

promote cell attachment and enable close contact for cell membranes, also it is possible 

that B.p induce the fusion by regulating the expression of these molecules (Suparak et al., 

2011).  
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Figure 1.2.2 A hypothetical model of Burkholderia pseudomallei-induced cell fusion.  B. 

pseudomallei stimulates the formation of MNGCs to promote intercellular spread once 

sufficient bacterial replication has occurred within an infected cell. A possible explanation 

of the mechanism of B.p-induced cell fusion could be that the lateral flagella or actin 

polymerization provide movement thereby facilitating the contact between bacteria and 

the plasma membrane (PM), which brings adjacent host membranes into close apposition. 

A close contact with the membrane activates contraction of the T6SS-5 sheath and VgrG5 is 

inserted across the infected and adjacent cell membranes , inducing a region of localized 

disturbance of lipid bilayers and creating a disordered hemifusion zone that leads to 

membrane fusion (Toesca et al., 2014). 

   

1.2.1.4 Host cell response and inflammation  

The immune status of a patient can have an effect on the onset and advancement of 

melioidosis and the diverse outcomes of the disease are basically correlated with the way in 

which the host immune system responds (Gan, 2005). The acute melioidosis of the BALB/c 

mice resulting in hyper-production of pro-inflammatory cytokines leads to an inappropriate 

cellular response including release of reactive oxygen species (ROI) and stimulation of 

autophagy which leads to increased replication and intracellular survival of the bacterium. 

Thus this response fails to eliminate the infection and contributes instead to tissue 

destruction and multiple organ failure. In contrast, in the chronic condition the immune 

response is less exaggerated, with a small increase in cytokine levels which triggers 

macrophages and allows B.p phagocytosis, thus allowing time for an adaptive immune 

response to occur (Koo and Gan, 2006, Ulett et al., 2002, Tan et al., 2008).  

Toll like receptors (TLRs) are one of the critical innate immune signaling mechanisms that 

have a significant role in B.p defence. TLRs recognise conserved molecular patterns 

associated with pathogens and set into motion an inflammatory immune response. 

Wiersinga and colleagues found that the monocytes and granulocytes of melioidosis 

patients exhibited up-regulated TLR2 and TLR4 expression and mRNA levels. In addition, 

these TLRs can be activated by B.p in vitro (Wiersinga et al., 2007). West et al. showed that 

TLR2 and TLR4 can be stimulated by heat-killed B.p., TLR4 can also be activated by B.p 

lipopolysaccharide (LPS) and lipid A thus these B.p molecules are TLR4 ligands (West et al., 

2008). They also reported that cytokine TNF-α (tumour necrosis factor-alpha) and MIP 

(macrophage inflammatory proteins) production by macrophages stimulated with B. 

pseudomallei LPS or lipid A was entirely dependent on TLR4 as TLR4-/- cells failed to 

produce these cytokines (West et al., 2008). 
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Infection with B.p activates neutrophils and macrophages. Activated neutrophils are rapidly 

recruited to the lungs in response to B.p infection and reduction of these cells results in an 

acute and severe melioidosis. This increased susceptibility was associated with a 

suppression of the early pro-inflammatory cytokine response in the lungs (Easton et al., 

2007). Within  macrophages, B.p can remain viable due to a reduced level of lysosomal 

fusion and B.p survival in macrophages is likely to be responsible for chronic melioidosis 

(Puthucheary and Nathan, 2006).  

One of the mechanisms by which B.p avoid killing by macrophages is the failing in activation 

of inducible oxide Synthase (iNOS), the expression of iNOS is induced by IFN-β (interferon-

beta) and other cytokines. Failure of B.p-infected macrophages to produce sufficient level 

of these cytokines may be due to the lipopolysacchride (LPS) of B.p which differs from the 

LPS of other Gram-negative bacteria that stimulate the production of IFN-β and 

consequently induce significant levels of iNOS (Arjcharoen et al., 2007, Jacobs and Ignarro, 

2001, Utaisincharoen et al., 2001). It has been reported that in B.p-infected macrophages 

the bacteria can suppress the activation of nitric oxide Synthase (iNOS) by activating two 

negative regulators; SOCS3 (suppressor of cytokine signalling 3) and CIS, a cytokine-

inducible src homology 2 protein. Intracellular B. pseudomallei activate these regulators 

through intercellular receptors that are unknown (Ekchariyawat et al., 2005). 
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Figure 1.2.3   Burkholderia pseudomallei pathogenesis. From its ecological niches, B.p is 

transmitted to epithelial cells of the skin or lungs, where it initiates binding, likely via the 

bacterial capsule and type IV pili. Following invasion of epithelial cells, the T3SS3 effectors 

promote vacuolar escape and intracellular movement by utilizing BimA-mediated actin 

polymerization and inhibit killing by autophagy. TLR2 and TLR4 are activated by B. 

pseudomallei lipopolysaccharide (LPS) and/or flagella, leading to induction of innate 

immune cells including neutrophils, natural killer cells (NK) and macrophages. These cells 

are responsible for the pro-inflammatory cytokine release that causes host tissue damage 

seen in acute melioidosis, providing an additional intracellular niche for the replication of B. 

pseudomallei. Once bacterial replication within macrophages reaches a critical threshold, as 

determined by the action of regulatory factors such as QS molecules and RpoS, B. 

pseudomallei escapes via induction of apoptosis. Secondary spread can be facilitated by 

lymphatic vessels, with bacteria possibly carried within macrophages, or via the capillary 

vessels, with bacterial serum resistance mediated by the capsule and LPS. As the B.p 

infection progresses, the host mounts an adaptive immune response with T cells recruited 

in response to IFN-γ production allowing a cell mediated immunity (CMI) response, and B 

cells producing antibodies (Lazar Adler et al., 2009). 
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1.2.2 Burkholderia thailandensis as an alternative model for Burkholderia 

pseudomallei studies  

The related species B. thailandensis was considered to be an avirulent biotype of B.p as 

most characteristics in both species are very similar (Brett et al., 1998, Anuntagool et al., 

1998). However, in 1998 a 16S rDNA phylogenetic analysis demonstrated genotypic and 

phenotypic dissimilarities between two related species of Burkholderia, B.p 1026b, a 

virulent clinical isolate, and B.p-like E264, an environmental isolate, which was then named  

B. thailandensis (Brett et al., 1998). 

B.p and B.t have the ability to invade, survive and replicate in a range of phagocytic and 

non-phagocytic cells (Kespichayawattana et al., 2004, Charoensap et al., 2009) and exhibit a 

particular intracellular life cycle (Wiersinga et al., 2006, Galyov et al., 2010). After uptake 

and escape from endosomes, they are able to replicate in the cytoplasm and induce plaque 

formation and cell fusion (Charoensap et al., 2009, Kespichayawattana et al., 2004). 

However, a difference in the rates of invasion, adherence capacity, growth and resistance 

to phagocytosis in some cell types is suggested to relate to the ability of B.p to produce an 

exopolysaccharide capsule (Reckseidler-Zenteno et al., 2005, Kespichayawattana et al., 

2004). The notable difference between B.p and B.t is the ability of B.t to assimilate L-

arabinose, whereas B.p lacks the entire arabinose assimilation operon (Lertpatanasuwan et 

al., 1999, Haraga et al., 2008), which may be responsible the virulence of B.p (Moore et al., 

2004) . B.p is considered to be at least 10⁶-fold more virulent than B.t in BALB/C mice(Ulett 

et al., 2001). The infection dose of B.p ranges from 50 to 50,000 cfu (colony forming units) 

in murine models (Titball et al., 2008). 

Although B.t is considered to be non-pathogenic for humans, infected patients with similar 

symptoms to melioidosis have been reported in Thailand and the United States (Chen and 

Folch, 2006, Lertpatanasuwan et al., 1999, Brett et al., 1997). B.t has been shown to be 

lethal in the model system Caenorhabditis elegans (C. elegans) (O'Quinn et al., 2001). In 

addition, an inhalation challenge on mice with B.t caused severe infections that may be 

dependent on one or more virulence factors shared with B.p (Galyov et al., 2010). 

Intranasal challenge models with doses higher than 10⁴cfu of B.t showed that B.t-infected 

mice were killed by B.p disease phenotypes, despite B.t having been shown to be less 

virulent than B.p (Titball et al., 2008). Moreover, the inhalation of B.t in C56BL/6 mice 

induced lung pathologies similar to those stimulated by B.p (Wiersinga et al., 2008).  

Bsa T3SS is considered to be a virulence encoding region which promotes the ability of B.p 

to escape from endocytic vesicles replicate and spread to other cells. This region is 

conserved to a large extent between B.p and B.t (Haraga et al., 2008). However, it has also 

been noted that the B.t Bsa T3SS is negatively regulated by incubation in a medium 

containing L-arabinose, which may affect the virulence of this bacteria (Moore et al., 2004). 

Furthermore, the absence of a gene cluster which regulates capsular polysaccharide 

production may also contribute to the reduced virulence of B.t (Reckseidler et al., 2001). 

These findings are suggestive of similar pathogenesis factors of the two species in animal 

models, which leads to the possibility of using B.t as an alternative infection model to study 

the behaviour of B.p and understand the pathogenesis of melioidosis. 

Proteome analysis of B.p and B.t highlighted the expression of 14 hypothetical proteins of 

unknown function in B.p but not in B.t (Arjcharoen et al., 2007). The crystallography study 

of some these proteins revealed the structure of protein, which identified as Burkholderia 
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lethal factor 1 (BLF1) (Cruz-Migoni et al., 2011). Recombinant BLF1 is toxic and kills mice 

and cultures of macrophages, in addition, a partial in-frame deletion of the gene encoding 

BLF1 resulted in 100-fold less potent at killing mice (Cruz-Migoni et al., 2011). BLF-1 

promotes deamidation of glutamine-339 of the translation initiation factor eIF4A, 

abolishing its helicase activity and inhibiting translation (Cruz-Migoni et al., 2011). 

  

1.3 The aim and brief description of this study 

As mentioned previously, there has been extensive research that showed the involvement 

of tetraspanins in cell fusion, an important process in health and disease. Takeda and co-

workers, as well as our own group, demonstrated a role for tetraspanins in the fusion of 

monocytes/macrophages using mainly the model of con A-stimulation (Takeda et al 2003, 

Parthasarathy 2009 et al and Fanaei 2013). The role of tetraspanins in membrane fusion 

events which are associated with viral infectivity and spread has been widely studied. 

However, currently there is no research on the role of tetraspanins in cell fusion mediated 

by bacteria.  

As discussed above, certain members of the Burkholderia genus have been shown to 

promote cell fusion leading to multinucleated giant cell formation, including Burkholderia 

pseudomallei the causative agent of melioidosis, and the closely related but non-

pathogenic species Burkholderia thailandensis. The ability of the bacteria to induce cell 

fusion and MNGC formation has been associated with melioidosis pathogenesis. 

Burkholderia cell-cell spread and MNGC formation suggested to be controlled by its type VI 

secretion system; however the involvement of host cell factors in MNGC formation 

processes remains poorly understood. A Previous study shows that B.p-induced cells fusion 

can be inhibited by monoclonal antibodies to host cell surface molecules, and suggests the 

contribution of several cell membrane molecules in this process (Suparak et al., 2011).  

Therefore we hypothesised a possible role for tetraspanins (a superfamily of cell membrane 

proteins) in monocyte/macrophage fusion induced by Burkholderia, and the aim was: 

To investigate the role of tetraspanins in MNGC formation induced by Burkholderia 

thailandensis. 

Initially the conditions under which B.thailandensis induces multinucleated giant cell 

formation in mouse macrophage cell lines were investigated as well as in human 

monocytic/macrophage cell lines. The possible role of tetraspanins on B.thailandensis-

induced MNGC formation was investigated utilizing specific anti-tetraspanin antibodies, 

recombinant proteins corresponding to the large extracellular domains of tetraspanins 

(EC2) and synthetic peptides representing the EC2 domain. Further investigation was 

carried out using tetraspanin mutant cell lines. 

To try to further explain the results that were achieved the expression levels of tetraspanins 

and other cell surface molecules in response to B.thailandensis infection were investigated. 

The expression levels of these molecules in the absence of certain tetraspanins were also 

studied. In addition, the project aimed to investigate B.t and host cell interactions using EM 

microscopy as well as investigating B.t and tetraspanin colocalization in MNGC using 

confocal microscopy. We further investigated the gene expression profiles of mouse 

macrophages lacking the tetraspanin CD9 by microarray analysis. 
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Chapter 2 Materials and Methods 

2.1 Materials 

2.1.1 General buffers and reagents  

Ultrapure water was prepared using the Purite Neptune System (Scientific Laboratory 

Supplies Limited). This was used for the preparation of all buffers and solution unless 

otherwise stated. Bacteria culture media, buffers, glassware, tips and reagents were 

sterilised by autoclaving at 121°C, 15 psi for 20 min. Antibodies, antibiotics and other 

laboratory reagents were filter sterilised using 0.2 µm disposable filters (Sartorius).  

2.1.1.1 Buffers and solution  

General buffers and solutions used in this study are listed in table 2.1.1 

 

Buffer Preparation 

BBN (washing/dilution) 0.1% sodium azide, 0.2% BSA(bovine serum albumin) 

Dissolved in BSS, stored at 4°C  

BSS (balanced salt solution) 43.36g (NaCl), 1.83g (KCl), 8.19g (D-sorbitol), 3.00g 

(K₂HPO₄3H₂O), O.7g (KH₂PO₄) and 12.09g HEPES. All 

dissolved in 4.8L ddH₂O, pH was adjusted to 7.2-7.4 using 

1M (NaOH) then the final volume was adjusted to 5L, filter-

sterilised and stored at 4°C  

PBS (phosphate buffer saline) 

10x 

80g (NaCl), 2g (KCl), 11.5g (Na₂HPO₄), 2g (KH₂PO₄). 

Dissolved in 1L H2O   

M9 salts 10x 60g (Na₂HPO₄), 30g (KH₂PO₄), 5g (NaCl0, 10g (NH₄Cl). 

Dissolved in 1L dd H₂O, autoclaved and stored at room 

temp. 

PFA (Paraformaldehyde 

solution) 4% 

4g paraformaldehyde were dissolved in 50ml of ddH20 plus 

1ml 1M (NaOH) in a glass bottle by heating in a H2O bath 

for 1hr at 60°C. This was left to cool, then 10ml of 10x PBS 

was added, the pH adjusted to 7.4, then topped to 100 mls 

with ddH2O and it was filter sterilized and stored at 4°C.    

Con A (Sigma) stock solution Dissolved to 1mg/ml in BSS, filter-sterilised and stored in 

aliquots at -20°C  

Propidium Iodide 1mg/ml 

solution(Sigma) 

1/1000 diluted in PBS 

Lysis buffer (Triton X-100) 0.1%  in PBS 

Giemsa solution (Sigma) 0.6% w/v 

Acid /ethanol 5% acetic acid(v/v), 5% dH₂O, 90% ethanol(v/v) 
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HBSS (modified) No Mg2+, Ca2+, no phenol red (Lonza) 

Blocking buffer (Western blot) 5% w/v semi-skimmed milk powder made in 1x TBS buffer, 

0.15% Tween 20 

Blotting buffer (10x)no 

methanol 

30.3g Tris, 144 glycine, made up to 1 L 

Blotting buffer (1x)  100 ml 10x blotting buffer, 200ml 10x blotting buffer, 

200ml methanol, made up to 1L with water 

SDS-PAGE running buffer (10x) 30g Tris-base, 144g glycine, 10g SDS, made up to 1L water 

SDS-PAGE stacking gel buffer 

(4x) 

6.06g Tris-base, 4ml 10% w/v SDS, pH adjusted to 6.8 and 

made up to 100ml in water stored at 4°C 

SDS-PAGE separating gel 

buffer (4x) 

18.17g Tris-base, 4ml 10% w/v SDS, pH adjusted to 8.8 and 

made up to 100ml in water stored at 4°C 

Tris buffer saline tween 20 

(TBST) 

8.8g NaCl, 0.2 KCl, 3g Tris-base, 500µl Tween 20, pH 

adjusted to7.4 and made up 1L water 

Table 2.1.1 Buffers and solutions.  

 

2.1.1.2 Electrophoresis gel materials  

Gel Composition 

SDS-PAGE separating gel 

(12.5%) 

2.5ml water, 3ml 30% acrylamide, 1.9ml separating 

buffer(4x), 112µl 10% ammonium persulphate (made up 

in water) 5µl TEMED 

SDS-PAGE stacking gel (5%) 1ml water, 300µl 30% acrylamide, 444µl stacking 

buffer(4x), 28µl 10% ammonium persulphate (made up in 

water) 5µl TEMED 

Table 2.1.2 Electrophoresis gel 

 

2.1.1.3 SRB assay buffers and solutions 

Reagent preparation 

0.4% w/v SRB solution 40mg of sulforhodamine B salt (Sigma, cat. no S9012) in 

10ml of 1% acetic acid solution 

50% Trichloroacetic acid 

solution (TCA) 

50g Trichoroacetic acid was dissolved in 80ml water, and 

the final volume was adjusted to 100ml with water and 

was stored at 4°C  

Unbuffered Tris-base 

(10mM) 1 

1.21g Tris-base was dissolved in 95ml water and pH 

adjusted to 10.5, final volume 100ml  

   Table 2.1.3 Reagent and solution for SRB assay 



 
 
 

37 
 

 

2.1.2 Antibodies 

The primary antibodies, isotype controls and secondary antibodies used for 

immunofluorescent studies, fusion assays and Western blots are summarised in Tables 

(2.1.4), (2.1.5) and (2.1.6) respectively. 

 

2.1.2.1 Primary antibodies 

Antibody Target 

antigen 

specificity Label Conc. 

Used 

source Cat. NO Isotype 

Mouse anti-

human CD9 

(602.29) 

CD9 Human - 10µg/ml Prof. 

Andrews 

Dept.of 

BMS, Univ. 

of Sheffield 

NA Mouse 

IgG1 

Mouse anti 

human(H5C6) 

CD63 Human - 10µg/ml In house NA Mouse 

IgG1 

Mouse anti 

human CD37 

CD37 Human - 10µg/ml Abcam ab 76522 Mouse 

IgG1 

Mouse anti 

human CD53 

CD53 Human - 10µg/ml Serotec ACA723F Mouse 

IgG1 

Mouse anti-

human CD151 

(14.A2) 

CD151 Human - 10µg/ml Prof. Leonie 

Ashman 

University of 

Newcastle, 

Australia 

NA Mouse 

IgG1 

Mouse anti 

human CD81 

CD81 Human - 10µg/ml Serotec MCA1847

T 

Mouse 

IgG1 

Mouse anti 

human CD82 

CD82 Human - 10µg/ml Serotec Mac1311 Mouse 

IgG1 

Rat anti-

mouse CD9 

CD9 Mouse - 10µg/ml Serotec MCA2749 Rat IgG2b 

Hamster anti-

mouse CD81 

CD81 Mouse - 10µg/ml Serotec MCA1846 IgG1 

Anti-mouse 

CD63 

CD63 Mouse - 10µg/ml Biolegend 143902 Rat 

IgG2a,κ 

Rat anti-

mouse CD47 

CD47 Mouse - 10µg/ml Biolegend 127502 Rat 

IgG2a,κ 

Rat anti- CD98 Mouse - 10µg/ml Biolegend 128202 Rat 
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mouse 

CD98 

IgG2a,κ 

 Rat anti-

mouse/huma

n CD44 

CD44 Mouse/ 

human 

- 10µg/ml Biolegend 103002 Rat 

IgG2b,κ 

Rat anti-

mouse CD200 

CD200 Mouse - 10µg/ml Biolegend 123802 Rat 

IgG2a,κ 

Rat anti -

mouse 

CD206 

CD206 Mouse - 10µg/ml Biolegend 141702 Rat 

IgG2a,κ 

Rat anti -

mouse 

CD172a 

CD172a Mouse - 10µg/ml Biolegend 144002 Rat IgG1,κ 

anti-mouse 

CD36 

CD36 Mouse - 10µg/ml Biolegend 102602 Armenian 

Hamster 

IgG 

Rat anti-

mouse CD324 

CD324 Mouse - 10µg/ml Biolegend 147302 Rat IgG1,κ 

Anti-DC-

STAMP 

DC-

STAMP 

Mouse 

/Human  

- 10µg/ml MILLIPORE MABF39 IgG2a,κ 

PE anti-

mouse/rat/hu

man MCP1 

MCP1 Mouse/ra

t/human 

PE 10µg/ml Biolegend 505904 Armenian 

Hamster 

IgG 

Table 2.1.4 Primary antibodies   

 

2.1.2.2 Isotype controls 

 

Isotype Label Conc. used Source Cat. No 

Mouse IgG1, κ 

(clone JC-1) 

- 10µg/ml In house NA 

PE Armenian 

hamster IgG 

PE 10µg/ml Biolegend 400908 
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Rat IgG2a,κ - 10µg/ml Biolegend 400502 

Rat IgG2b,κ - 10µg/ml Biolegend 400602 

Armenian 

Hamster IgG 

- 10µg/ml Serotec MCA2356 

Mouse IgG1,κ - 10µg/ml Biolegend 400101 

Mouse IgG2a,κ - 10µg/ml Biolegend 401501 

Table 2.1.5 The isotype control  

 

2.1.2.3 Secondary antibodies 

 

Antibody Target 

antigen 

Label Conc. used Source Cat. No 

 anti-mouse IgG Mouse IgG FITC 1:250 Sigma F-2653 

anti-hamster IgG Hamster 

IgG 

FITC 1:100 Bio RAD  MCA 2357 

anti-rat IgG Rat IgG FITC 1:350 Sigma F-9387 

Alexa Fluor® 546 

Phalloidin 

Rat IgG Alexa 

Fluor 

1:200 Life science A22283 

Goat anti-Rat HRP  Rat HRP 1:5000 abcam® Ab97057 

Table 2.1.6 Secondary antibodies 

 

2.1.3 Recombinant tetraspanin proteins 

The GST-fusion proteins of the tetraspanin large extracellular domains (EC2) of CD9, CD63, 

CD81, CD151 and Tspan 2 were constructed and purified in the laboratory by co-workers 

Marzieh Fanaei, John  Palmer and Ibrahim Yaseen  as described in detail by Higginbottom 

and co-workers (Higginbottom et al., 2003) and in sections 2.2.4.1 -2.2.4.3 .  
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2.1.4 Bacteriology work   

2.1.4.1 Bacteriological reagent  

Media and other reagents used for bacteriological work are summarized in Table 2.1.7. 

Media Preparation 

LB (Luria-Bertani) Broth 10g tryptone, 5g yeast extract, 10g NaCl. Dissolved in 1L 

H₂O pH adjusted to 7, and autoclaved 

LB  Agar 10g tryptone, 5g yeast extract, 10g NaCl, 15g 

bacteriological agar. Dissolved in 1L dd H₂O, pH adjusted 

to 7, and autoclaved 

M9 Minimal Agar 0.5g glucose, 1.5g bacteriological agar. Dissolved in 90ml 

H₂O, autoclaved then 10ml M9 salts, 0.1ml 1M 

MgSO₄7H₂O, 0.1ml 0.1M CaCl₂ (sterile) were added 

Kanamycin solution  A stock solution was made at 25mg kanamycin/ml in H2O 

and then was filter sterilized and stored at -20°C 

Amikacin solution A stock solution was made at 25mg amikacin /ml in H2O 

and then was filter sterilized and stored at -20°C 

Chloramphenicol solution A stock solution was made at 34mg chloramphenicol /ml 

in ethanol and then was filter sterilized and stored at -

20°C 

Table 2.1.7 Bacterial reagents  

 

2.1.4.2 Burkholderia thailandensis strains  

E264 an environmental isolate, sequenced strain (Brett et al., 1998, Yu et al., 2006).  

CDC2721121 clinical isolate from Louisiana, abbreviated as CDC272 (Glass et al., 2006)  

Current stocks of both strains were kind gifts from the laboratory of Professor Richard 

Titball, Biosciences, University of Exeter. 

2.1.4.3 Fluorescent protein-encoding plasmids 

PIN 25 (GFP) plasmid and PIN29 (DS Red) plasmid (INSERT REFERENCE – SEE BELOW) were 

used for labelling the bacteria and these were obtained from Dr Mark Thomas (Dept. 

Infection and Immunity,  Medical School, University of Sheffield) (Vergunst et al., 2010).  

  

2.1.6 Mammalian cell culture work 

2.1.6.1 Mammalian cell lines 

J774.2 This is a mouse BALB/c monocyte/macrophage cell line that was recloned from 

J774.1 the original ascites and solid tumour [118, 119]. These cells were obtained from Prof 

H. Harris and Dr R.Sutherland (Sir William Dunn School of Pathology Oxford). 
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RAW 264.7 This is a mouse BALB.c monocyte/macrophage cell line that was established 

from ascites of a tumour induced in a male mouse by intraperitoneal injection of Abselon 

Leukaemia virus (A-MuLV) [120, 121]. Current stocks were from Dr Peter Grabowski 

(Medical School, University of Sheffield), obtained from the American Type Culture 

Collection (ATCC). 

U937 cells This is  a human histiocytic  lymphoma cell line with monocytic characteristics 

(Sundstrom and Nilsson, 1976). They were originally obtained from Dr. Jim Gallagher (Dept. 

Human Metabolism, Medical School, University of Sheffield).  

THP-1 cells This is a human monocytic cell line derived from a patient with acute monocytic 

leukaemia (Tsuchiya et al., 1980). These were obtained from ECACC.  

Mutant cell lines and their corresponding wild-type 

CD9WT and CD9KO cells These are macrophage cell lines derived from CD9 knockout and 

the corresponding wild type C57BL/6 mice (Ha et al 2005). CD9-/- mice were generated in 

which the CD9 gene was disrupted by gene targeting in embryonic stem (ES) cells using 

homologous recombination. The recombination was confirmed by southern DNA blot and 

absence of CD9 was verified by flow cytometry analysis and immunohistochemistry as 

described by the authors (Le Naour et al., 2000, Ha et al., 2005). Peritoneal mouse 

macrophages were transformed using J2 transforming retrovirus (Ha et al 2005).  These 

cells were kindly provided by Dr. Gabriela Dveksler, Dept. Pathology. Uniformed Services 

University of Health Sciences, Bethesda, MD, US. 
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CD82WT and CD82KO cells These are mouse macrophage cell line derived from and CD82-

/- and the corresponding wild type C57BL/6 mice. CD82 was deleted by homologous 

recombination-based gene targeting in (ES) cells and deletion of CD82 was confirmed by 

Southern blot and PCR analysis (Risinger et al., 2014, Wei et al., 2014). These cells were 

kindly provided by Professor Jatin Vyas, Division of Infectious Disease, Massachusetts 

General Hospital, Boston. 

   

2.1.6.2 Media 

 Dulbecco's Minimal Essential (DMEM) 4.5 g/l Glucose Medium (Gibco). 

 Dulbecco's Minimal Essential Medium (DMEM) GlutaMAX™ media (Gibco). 

 RPMI 1640 medium (Gibco). 

 Foetal Calf Serum (FCS) (Biowest). 

The media were purchased ready-made as 1x solution, FCS was added to a final 

concentration of 10%. 

2.1.6.3 Cell culture solutions and reagent 

 Cell dissociation solution (CDS). 

 Phorbol 12-Myristate 13-acetate (PMA)(Sigma P1585). Stock solution was prepared 

in DMSO (Sigma D2650) at 50-100µg/ml, filter sterilised and stored in aliquots at -

http://www.lifetechnologies.com/uk/en/home/life-science/cell-culture/mammalian-cell-culture/media-supplements/glutamax-media.html
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20°C. The solution was diluted 1/10 in fresh DMSO prior to use at final 

concentrations of 20-50ng/ml in tissue culture medium. 

 Poly-L-lysine solution (Sigma P4707), 0.01% sterile-filtered in water, stored at 4°C.  

 2x10-3 M 2-Mercaptoethanol ( 14µl neat 2-ME was diluted to 10ml with 0.15M 

NaCl, 1ml of this solution was added to 9ml of saline to make the 2x 10-3 M stock, 

which was filter sterilised and stored in aliquots at -20°C).  

 Trypan blue with colour intensity 23850. The solution was prepared by dissolving 

0.2g trypan blue in 100ml 0.013M citrate buffered saline. 

 Freezing Mixture was 90% FCS, 10% dimethyl sulphoxide (DMSO), protected from 

the light and stored at 4°C or in aliquots at -20°C. 

 CelLyticTM M Mammalian Cell Lysis/Extraction Reagent (Sigma C2978). 

 Protease Inhibitor Cocktail (Sigma P8340) stored in aliquots at -20°C.  

 

2.1.6.4 Mountants  

 DPX Mountant for histology (Sigma 44581). 

  Vectashield mountant with DAPI (Vector Labs H-1200) 

 

2.1.7 Laboratory equipment and instrumentation  

Equipment Supplier 

Flow cytometry Becton Dickinson (BD)FACS Calibre 

LSR II (BD) 

 Class I Microbiological safety  

cabinet   

WALKER  

Class II Microbiological safety 

cabinet 

BioMAT² 

Microscopes Eclipse E400 (fluorescence) (Nikon) 

CK40 (light) (Olympus) 

A1+ Confocal imaging system (Nikon)  

Incubators BIOHIT 

LTE laboratory thermal equipment LTD 

SDS-PAGE and Western 

blotting equipment 

Biorad Mini-PROTEAN Tetra Cell and Mini-Transblot Module 

Table 2.1.8 Laboratory equipment. 

 

2.1.8 General laboratory consumables 

Consumable Supplier 
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Cell culture dishes Corning Inc 

Petri dishes Sterilin 

12x75mm FACS tubes Elkay 

Lab-Tek II chamber slides Nalgene Nunc International 

Multi well plates  Corning Inc 

25cm cell scraper Sarstedt 

Microscope slides Thermo Scientific 

Spectrophotometer cuvettes Sarstedt 

Universal tubes Sarstedt 

 0.5/1.5ml tubes Eppendorf 

gloves Glovco powder free nitrile 

Pipette tips Starlabs  

Aluminium foil Aluchef 

Cryovials Nunc 

Pasteur pipettes Mexcel 

Parafilm Sigma-Aldrich 

Table 2.1.9 laboratory consumables. 

2.1.9 Software 

 GraphPad Prism 6 Statistical analysis software was used for data analysis. 

 Lucia G Immunofluorescence software was used for Image processing. 

 Cell Quest Pro Flow cytometry software was used for data acquisition and analysis. 

 Flow Jo software: was used for Flow cytometry data analysis. 

 NIS-Elements confocal software was used for capturing the images. 

 Image J and Fiji software: were used for image analysis. 

 QLUCORE software: was used for microarray data analysis. 

2.2 Methods 

2.2.1 Tissue culture methods 

2.2.1.1 Growth conditions 

Cell lines were cultured in standard tissue culture flasks at 37°C under different CO2 

concentration; 8% (J774 and RAW264.7) or 5% (THP1, U937, CD9WT, CD9KO, CD82WT and 

CD82KO) in a humidified atmosphere. Cells were harvested and subcultured depending on 

the type of the cells. 
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J774.2 cells were cultured in DMEM+2mM glutamine + 4.5g/l glucose with 10% FCS. Once 

cells were confluent the medium was removed and the adherent cells were harvested with 

10ml medium using a cell scraper and cells were split 1:6 to 1:13 using fresh medium.   

RAW264.7 cells were cultured in DMEM with GlutaMAX +10% FCS. Cells were harvested 

and subculture the same as J774 cells. 

THP1 cells were cultured in RPMI medium + 50µM 2-mercaptoethanol+ 10% FCS. Cells were 

harvested by centrifugation at 400g for 5 minutes, and then were resuspended in 10 ml of 

medium. Cells were split 1:3 to 1:10 in medium and incubated as described above.    

U937 cells were cultured in RPMI medium 10% FCS. Cells were harvesting and subcultured 

the same as THP1. 

CD9 WT and CD9KO cells were cultured in DMEM+2mM Glutamine + 4.5g/l glucose + 10% 

FCS. Once cells were about 80% confluent the medium was removed and the adherent cells 

were harvested with 10ml medium using a cell scraper and cells were split 1:3 to 1:10 using 

fresh medium. 

CD82 WT and CD82KO cells were cultured in RPMI medium 10% FCS. Once cells were 

confluent the medium was removed and cells were harvested with 10ml medium using a 

cell scraper and cells were split 1:3 to 1:6 using fresh medium. 

2.2.1.2 Cell counting and viability measurement 

Cells were counted using an Improved Neubauer haemocytometer. The viability of growing 

cells was tested by trypan blue exclusion after incubation at 1:5 for 3 min.  

 

2.2.1.3 Cell freezing 

When new batches of cells were growing well in log phase with good viability (>90%) (1-

5x10⁶cell /ml), an appropriate volume of suspension was centrifuged for 5 min, at 400g. 

The supernatant was discarded and the pellet was placed on ice, then resuspended with 

freezing mixture then 1ml of cell suspension was transferred into each chilled freezing vial 

(labelled with the cell line and the date). The vials then transferred to a biological freezing 

plug for gradual chilling (1C per minute) in the vapour phase of a liquid nitrogen dewar for 

1.5 hr. After that the vials were a placed in a storage cane and transferred to liquid 

nitrogen.  

2.2.1.4 Cells thawing  

The vials were removed from liquid nitrogen and agitated under the hot tap until nearly 

thawed, then wiped with tissue soaked in ethanol and placed on ice. The contents were 

transferred quickly to a chilled universal tube standing on ice. 9 ml of pre-warmed medium 

(no FCS) was added, the mixture was centrifuged at 200g for 5min, the supernatant was 

discarded and the cells were resuspended with appropriate medium containing 10%FCS 

and placed into new culture flask. The viability and cell growth were monitored over the 

next few days.  
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2.2.2 Stimulation of U937 and THP1 with phorbol 12-myristate 13-acetate 

(PMA) 

Cells were pelleted and resuspended at a cell density of 0.3x106/ml in RPMI medium + 

50µM 2-mercaptoethanol+ 10% FCS for THP1 cells and RPMI medium 10% FCS for U937 

cells. Phorbol ester (PMA) was added at final concentration 160 nM. Cells were incubated 

for 72hr. 

 2.2.3.1 Immunofluorescence for cells grown on slides 

The cells were harvested using medium and the suspension was diluted to 0.7x105/ml and 

0.5ml was dispensed into the wells of a Lab-Tek™ chamber slide (each slide has 8 

chambers) and incubated overnight. The cells were washed once with HBSS, fixed and 

permeabilized with acetone (0.5 ml/chamber) for 5 min. at RT. Cells were then washed 

twice with 1x PBS followed by a third wash for 10 minutes in a tank of PBS with stirring. 

Cells were incubated with 100µl of primary antibody or isotype control (10µg/ml in BBN) 

for 45-60 minutes. Cells were washed with 1x PBS 3 times as before. Cells were incubated 

with 100µl/chamber of appropriate secondary- labelled antibody for 30 min, at room 

temperature under humid conditions in the dark. The slides then were washed as before 

with PBS. The nuclei were staining by adding 100µl/chamber propidium iodide (1µg/ml 

diluted with PBS) for 3 minutes at RT. Slides were washed with PBS as described previously. 

The plastic chamber compartments were removed according to manufacturer’s 

instructions. Remaining PBS was removed from each section by using a Pasteur pipette 

before adding small drop of mountant to each. The slides were covered with a large size 

coverslip and sealed using nail varnish and stored at 4°C in the dark until examined by 

fluorescence microscopy.  

 

2.2.3.2   Assessment of antigen expression by flow cytometry  

2.2.3.2.1 Detection of surface antigen expression 

For estimation of the expression level of surface antigen the experiment was carried out 

using live cells with high viability (>90%) at 4°C to avoid capping, internalisation and 

shedding of the antigen. Cells were harvested and counted and resuspended in BBN. The 

suspension was centrifuged for 5 minutes at 400g, the supernatant was discarded and the 

cells were resuspended with cold BBN at 0.5-1x10⁶/ml. The suspension was dispensed in 

1ml aliquots in round bottomed plastic test tubes (FACS tubes) and centrifuged at 400g for 

5 minutes. Cells were washed twice with cold BBN by centrifugation. Cell pellets were 

incubated with 50µl of primary antibody (10µg/ml in BBN unless otherwise stated) for 1hr 

on ice. Cells then were washed twice with BBN with centrifugation at 400g for 5min. 50µl 

labelled secondary antibody was added to the cell pellet and incubated for 1hr in the dark 

on ice, and then washed as before. For analysis by flow cytometry cells were resuspended 

with 0.3ml BBN and stored on ice until sampled.  Flow cytometry was carried out using a 

FACS LSRII machine at the Medical School Flow Cytometry Facility, University of Sheffield. 

Data analysis was carried out using Flow Jo software. 

2.2.3.2.2 Detection of surface and intracellular antigen  

In these experiments cells were fixed and permeabilized using a permeabilization kit (Life 

Science GAS-003) which allows access of antibody to intracellular targets. Cells were 

harvested, washed and transferred into FACS tubes as described above (2.2.3.1.1). At this 
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step tubes were separated into two groups; in the first group samples were fixed (for 

surface staining only) and in the second group cells were fixed and then permeabilized (for 

surface and intercellular staining). Cells were fixed with 50µl reagent A (fixative) for 15 

minutes at RT. Cells were washed twice with BBN and 50µl of primary antibody or isotype 

control and either reagent B (for permeabilization) or 50µl BBN (or fixed cells only) were 

added for 30 minutes. Cells were washed twice with BBN and incubated with 50µl of FITC-

labelled secondary antibody and either reagent B or 50µl BBN (for fixed cells only) for 30 

minutes in dark. Cell were washed twice and resuspended in 300µl of 2% 

paraformaldehyde solution (PFA) and stored at 4°C in the dark before FACS analysis. 

2.2.3.2.3 Flow cytometry gating strategy 

Initially, the negative control sample (unstained cells with viability > 98%) was used to 

adjust the forward lights scatter and side scatter then the cell population of interest was 

gated to include for further analysis. 

2.2.3.2.4 Controls 

 Negative control (unstained cells). 

 Negative control (cells stained with labelled secondary antibody only). 

 Isotype control (cells incubated with isotype control flowed by staining with 

secondary labelled antibody).  

 

   2.2.4 Production of recombinant GST-EC2 of tetraspanins     

The recombinant proteins corresponding to the large extracellar domains (EC2s) of 

tetraspanins were produced in our laboratory for studying tetraspanin functional activities. 

The glutathione S-transferase (GST) gene fusion system was used to produce GST-EC2 

proteins as described previously (Higginbottom et al., 2003), with DNA corresponding to the 

tetraspanin EC2 regions cloned into the pGEX-KG expression vector (Guan and Dixon, 1991). 

The next section describes the method in more detail.  These proteins were produced by 

other laboratory members.   

2.2.4.1 Recombinant protein GST-EC2 production 

Protein expression was carried out in E.coli Rosetta-gami B (DE3) pLysS (Novagen). The 

transformation was performed as instructed by the manufacturer, with minor 

modifications. Aliquots of competent cells (10µl) were defrosted on ice for 5minutes. 1µl of 

tetraspanin expression plasmid (1ng/µl stock) was added to the cells, mixed by gentle 

swirling and incubated for 5 minutes on ice. The DNA was transformed into E.coli by heat 

shock for 30 seconds in water bath at 42°C. Cells were then incubated immediately on ice 

for 2 minutes. 190µl SOC medium was added and cells were incubated for an hour at 37°C 

with shaking (250rpm). 25-100µl of the culture was plated on LB agar selection plates 

supplemented with antibiotics (Table 2.1.7), and incubated at 37°C overnight. Single 

colonies from overnight plates were inoculated into 5ml selective (antibiotic-containing) LB 

broth overnight at 37°C with shaking (250rpm). Aliquots of 1ml from the culture were 

inoculated into 500ml LB antibiotic selective media and cultured overnight at 37°C with 

shaking (100rpm). The optical density of the bacterial culture was measured and the culture 

was diluted with LB to reach an OD600 of 0.6-0.8. The expression of recombinant protein was 

then induced by culture with 0.1mM IPTG for 4 hours at 37°C with shaking (250rpm). The 
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cultures were pelleted by centrifugation at 4,500g for 20 minutes at 4°C. The supernatant 

was discarded and pellets were stored at -80°C. 

2.2.4.2 Recombinant protein GST-EC2 extraction and purification 

Frozen pellets were defrosted on ice and resuspended gently in 1x ice-cold PBS buffer (5-

10ml PBS/g of bacteria pellet) containing 1 in 100 v/v dilution of Halt Protease Inhibitor 

Cocktail (Thermoscientific). The bacterial suspension was split into chilled universal tubes 

and sonicated (each tube was sonicated at an amplitude of 15 microns for two 10 second 

bursts and this was repeated for 5-6 rounds then tubes were  placed in a beaker containing 

50% ice-water. Lysed bacteria were centrifuged at 24,000g at 4°C for 20 minutes to pellet 

insoluble cell debris. The supernatant was transferred into a fresh chilled Falcon tube, and 

purified immediately or stored at -80°C until purification. Recombinant protein was purified 

using glutathione-Sepharose beads (G4B, GE Healthcare). The supernatant was mixed with 

about 1.33ml (100µl/g of bacteria ballet) of glutathione beads, incubated at RT for 1hr or 

overnight at 4°C with gentle rotation on a blood mixer. Beads were pelleted by 

centrifugation at 500g at 4°C for 5 minutes. The supernatant was discarded and the beads 

were then washed in 5 bead volumes of ice-cold 1x PBS and centrifuged as before. This was 

repeated twice more. Beads then were resuspended in 25mM glutathione elution buffer 

(about 0.5-1ml/g of original bacterial pellet) and incubated at RT with gentle rotation on 

blood mixer to elute the recombinant protein. Beads were centrifuged and the supernatant 

was transferred into a fresh ice cold tube (the first elution). Beads were resuspended again 

in elution buffer (the volume this time was half that used in the first time) and incubated as 

before. Beads were then pelleted and the supernatant was transferred into fresh ice-cold 

microfuge tubes (the second elution). Tubes were stored at -80°C unless used immediately. 

The protein concentration of the first and second elutions was estimated 

spectrophotometircally by Bradford assay and samples with the same protein 

concentration were mixed. Protein samples were run on SDS-PAGE gels and subjected to 

Coomassie staining to visualise all proteins present or subjected to Western blot using 

conformation-sensitive antibodies to confirm correct folding of the GST-EC2 tetraspanins as 

described previously (Parthasarathy et al 2009). 

2.2.4.3 Reduction of LPS contamination by Triton X-114  

In some cases, steps were taken to reduce potential LPS contamination of the recombinant 

GST-EC2 proteins using the method described in (Reichelt et al., 2006). Following 

incubation of bacterial cell lysate with GST-Sepharose beads for 2hr, the tubes were 

centrifuged and the supernatant was discarded. The beads were placed on ice for 5 minutes 

then incubated with 50 bead volumes of ice-cold 0.1%v/v Triton X-114/PBS at 4°C for 2 

minutes with rotation on a blood mixer. The tubes were centrifuged at 500g for 5 minutes 

at 4°C, and the pelleted beads were washed three times with 20 volumes of PBS. 

Recombinant GST-tagged protein was eluted from the beads as described in 2.2.4.2. 

 

2.2.5 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

12.5% separating gels and 5% stacking gels were prepared as described in Table 2. The 

protein samples were mixed with the loading buffer (4x reducing for Coomassie staining 

and 2x non-reducing for Western blot) and were boiled for 15 minutes. 16µl of protein 
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sample and 7µl of standard protein marker (All Blue Precision Plus, Biorad, 161-0373) were 

loaded into the gel. Gels were first run at low voltage (60-70v) to let the sample cross the 

stacking gel (for ~30 minutes), then the voltage was set to 100v for 60-90 minutes. 

2.2.6 Western Blotting  

Once the protein samples had run on SDS-PAGE, it was transferred from the gel to 

nitrocellulose membrane (Hybond ECL, Amersham) for immunoblotting. A gel sandwich was 

assembled containing sponge, blotting paper, the SDS-PAGE gel, nitrocellulose membrane 

and these were all soaked in blotting buffer. The sandwich was then placed in a blot 

module with the nitrocellulose membrane at the anode side. An ice pack was also placed in 

the module and the module was filled with blotting buffer. The protein was transferred at 

250mA for 2hr. The membrane was removed from the cassette and placed in blocking 

buffer at 4°C overnight to block non-specific protein binding sites.    

2.2.7 Nitrocellulose membrane-probing 

Appropriate primary antibodies and isotype controls were prepared in blocking buffer. The 

membranes were washed with dH2O to remove the excess blocking buffer and then were 

washed with TBST for 5 minutes 2 times. Membranes were washed with dH2O and were 

incubated with primary antibodies for 1-2hr at RT with rocking. The membranes were 

washed once with dH2O and the with TBST 3 times each for 5 minutes with rocking. 

Secondary HRP-labelled antibodies were also prepared in blocking buffer at appropriate 

concentration and incubated with the membranes for 1hr with rocking. The membranes 

were washed for 25 minutes with TBST with several changes of buffer. Membranes were 

then incubated with SuperSignal West Pico chemiluminescent substrate (Thermo Scientific). 

Membrane were placed in a cassette and exposed to CL-Xposure X-ray film (Pierce) for 

varying times. The exposed film was immersed in developing solution for 30 seconds until 

the appearance of the bands, then washed with tap water,  and immersed in fixative 

solution for 30 seconds, washed with water and left to dry. 

    

2.2.8 Microbiology Methods   

2.2.8.1 Bacteria growth condition 

B.t E264 and B.t CDC272 were stored using minimal agar plates (M9-glucose agar). The 

bacteria were streaked on the agar, incubated at 37°C for 48hrs and then the plates were 

stored at 4°C.  

 2.2.8.2 Bacterial glycerol stock  

Bacteria were cultured overnight in LB broth at 37C° with shaking. 700µl of culture was 

added to 300µl of 50% glycerol (final concentration 15%). The mixture was transferred into 

labelled cryovial tubes and mixed using a vortex mixer and tubes were stored at -80C°. 

2.2.8.3 Estimation of viable bacteria 

The number of viable bacteria was estimated by culturing a tenfold serial dilution of growth 

culture on LB agar plates. The number of bacteria was assessed using the Miles and Misra 

method (Miles et al., 1938). The relationship between bacteria numbers and optical density 

(OD) of the culture was determined and accordingly the number of the bacteria in the 



 
 
 

50 
 

culture at OD~ 0.4 at 600 nm was (~ 1x108/ml), and cultures at this OD were used in the 

following assays. 

2.2.8.4 Labelling of Burkholderia with fluorescent protein-encoding plasmids 

Burkholderia strains were inoculated in 6ml of LB broth and incubated overnight at 37°C 

whilst shaking and an extra empty culture (no plasmid) was used as a control. The culture 

was transferred into four 1.5ml micro-centrifuge tubes and centrifuged at 22289g for 2 

minutes at RT. The supernatant was discarded and the pellet was gently re-suspended in 1 

ml sterile 300mM sucrose solution, the resuspended pellets were centrifuged as before for 

1 minute and this step was repeated for 2 minutes. The pellets in four tubes were 

resuspended with 100µl of 300mM sucrose solution sequentially with the same 100µl. 

100µl of this suspension was transferred into a 2 mm-gap electroporation cuvette and 

500ng of appropriate vector DNA (2.1.2.3 ) was add. The pulse was applied using the 

automated bacteria P. aeruginosa setting in the Bio-Rad gene pulser (25µF, 200Ω, 2.5kV). 

Immediately, 1ml of LB was added and the culture then transferred into a universal tube 

and incubated at 37°C for 2hr with shaking. 10-fold serial dilutions were made and 50-100µl 

of selected dilutions were spread onto antibiotic-containing selection plates and incubated 

at incubated at 37°C for 24hr. The success of transformation was confirmed using 

fluorescence microscopy.           

  

2.2.9 Multinucleated giant cell formation assay 

2.2.9.1 Stimulation of cells with Concanavalin A (Con A) 

The cells were treated with Con A in an attempt to induce cell fusion and MNGC formation. 

Con A is a carbohydrate binding lectin and is a well-known mitogen which stimulates 

monocytes to form multinucleated giant cells (MGCs) in vitro (Takeda et al., 2003, 

Parthasarathy et al., 2009)). J774.2 and RAW264.7 cells were resuspended to 0.7x104 and 

1.4x10⁴ /ml with medium. 0.5ml aliquots of suspension were dispensed into the wells of 

Lab-Tek™ chamber slides. The cells were cultured overnight, and then the medium was 

removed from the chambers. 0.5ml of medium containing Con A at various final 

concentrations (10, 20, 50, and 100) µg/ml was added to the cells growing in the chambers. 

The dilutions were made up using sterile culture medium and each was tested in duplicate. 

As a control an equivalent volume of BSS was added to the medium for each dilution. Slides 

were then incubated for 72hr. 

2.2.9.2 Staining and analysis of cell lines treated with Con A 

Con A-stimulated cells were fixed and stained as described in 2.2.3.1. The primary antibody 

was mouse anti-actin (unlabelled monoclonal antibody, clone NH3 produced “in house”) 

and the secondary was FITC-labelled anti-mouse IgG antibody.  Images were captured with 

x20 objective of Nikon Eclipse E400 immunofluorescence microscope. 
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2.2.10 Burkholderia thailandensis-induced multinucleated giant cell assays 

2.2.10.1 Burkholderia uptake and intercellular survival assay 

Initially, an optimization trial for a suitable multiplicity of infection (MOI) was carried out. 

Mammalian cells were seeded at 2 x 10⁵ cells/ml in 24-well plates and cultured overnight. 

An overnight culture of bacteria was washed with 1X PBS twice with centrifugation, and the 

pellet was resuspended with LB medium to OD ~ 0.4, and then diluted with tissue culture 

medium to reach an appropriate number of bacteria. Cells were infected at a multiplicity of 

infection (MOI) of 3, 5, 10, 50, and 100. The cell monolayers were incubated at 37C°, 5%CO₂ 

for 2h, the cells then washed with PBS and incubated with media containing 500µg/ml 

kanamycin for an additional 2hr to eliminate extracellular bacteria. As a negative control, 

cells were treated with cytochalasin D for 1hr prior to infection to prevent bacteria uptake; 

also the supernatant from the cells was examined for viable bacteria. Cells then were 

washed with 1x PBS and lysed in 0.01% Triton x-100 in PBS for 5 min.  The lysis mixture was 

diluted and a selection of dilutions were plated on LB agar plates and incubated for 28hr at 

37C° and the numbers of colonies (CFU/ml) were counted.  

2.2.10.2 Optimization of Burkholderia thailandensis-induced multinucleated giant 

cell formation assays  

Although MNGC formation is of interest to our group and fusion assays have been widely 

performed by previous researchers in the laboratory, where human monocytes were 

induced to fuse using various reagents, the present study was the first time that bacteria 

had been used. Therefore attempts to optimize the conditions for Burkholderia-induced cell 

fusion were made, using variations of the methods described by Wand and co-workers 

(Wand et al 2011). Cells were infected with bacteria using varied conditions. Cells were 

cultured into 24-well plates directly or in 24-well plates containing glass coverslips. Cells 

were infected at MOIs of 1, 3 and 10 for 30, 60 or 120 minutes and to suppress growth of 

extracellular bacteria kanamycin alone or with in combination with amikacin at 

concentrations of 100, 250 and 500µg/ml were investigated. According to the results of the 

optimization experiments, the MOI of 3:1 and 2hr infection with f kanamycin and amikacin 

(at 500µg/ml for each) were chosen as the optimal conditions for the B.t-induced cell fusion 

assay. After an appropriate time post-infection cells were washed with 1x PBS and fixed 

using acid/ethanol (5% acetic acid (v/v), 5% dH₂O and 90% ethanol (v/v)) for 30minutes at 

RT. Cells were washed with PBS and stained with Giemsa solution (0.1% solution w/v) for 30 

minutes at RT, then washed with dH₂O and allowed to dry. Images were captured with 

Nikon light microscope using the 40X objective. 

 

2.2.10.3 Evaluation of multinucleated giant cell formation  

Images were analysed using Image J software. Images of 10 random fields captured  at 400x 

magnification were analysed and cells with 3 nuclei or more were present were considered 

to be MNGCs. Data from all 10 fields/well were combined, and then the percentage of 

MNGCs and the average MNGC size were calculated  using following formula 

(Parthasarathy et al., 2009). 
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𝑷𝒆𝒓𝒄𝒆𝒏𝒕 𝒐𝒇 𝑴𝑵𝑮𝑪𝒔 (𝒇𝒖𝒔𝒊𝒐𝒏 𝒊𝒏𝒅𝒆𝒙)

=
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒏𝒖𝒄𝒍𝒆𝒊 𝒊𝒏 𝒈𝒊𝒂𝒏𝒕 𝒄𝒆𝒍𝒍𝒔

𝒕𝒐𝒕𝒂𝒍 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒏𝒖𝒄𝒍𝒆𝒊 𝒄𝒐𝒖𝒏𝒕𝒆𝒅
𝒙𝟏𝟎𝟎 

 

 𝑴𝑵𝑮𝑪 𝒔𝒊𝒛𝒆 =
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒏𝒖𝒄𝒍𝒆𝒊 𝒊𝒏 𝒈𝒊𝒂𝒏𝒕 𝒄𝒆𝒍𝒍𝒔 

𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒈𝒊𝒂𝒏𝒕 𝒄𝒆𝒍𝒍𝒔
 

 

 

2.2.10.5 Effects of tetraspanins on Burkholderia thailandensis-induced 

multinucleated giant cell formation 

2.2.10.5.1 Effects of a short incubation with tetraspanin reagents on B.t-induced MNGC 

formation 

Cells were seeded at 2x105/ml in 96 well plates (100µl/well) overnight. Cells were washed 

twice with PBS and incubated in presence or absence of (10µl/ml) anti tetraspanin 

antibodies or matching isotype controls or 500nM of recombinant proteins or GST for 1hr. 

Cells were then washed with PBS and infected at MOI of 3:1 and MNGC formation 

performed as described in 2.2.6.2.  

2.2.10.5.2 Effects of a long incubation of tetraspanin reagents on B.t-induced MNGC 

formation 

Cells were cultured into 96 well plates as previously. Cells were infected with B.t strains at 

MOI of 3:1 as described in 2.2.6.1. After 2hr post infection cells were washed with PBS 

twice and were incubated with antibiotics in the presence or absence of tetraspanin 

reagents. At an appropriate time cells were fixed stained and MNGC formation was 

quantified as described in section 2.2.6.3. 

2.2.10.6 Effects of other reagents on B.t-induced MNGC formation 

The role of other (non-tetraspanin) cell surface molecules in B.t-induced MNGC formation 

was investigated using appropriate specific monoclonal antibodies (Table 2.1.3). Monolayer 

of cells were cultured in 96 well plates as described above and  cells were pre-treated with 

the 10µg/ml antibodies or their matching isotype controls for 1hr post infection and then 

the MNGC assay was performed as described in 2.2.6.2. The effects of pre-treatment with 

different concentrations of LPS (10, 50, 100, 200ng/ml) were similarly investigated as 

described in 2.2.6.2.    
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2.2.11 Effect of GST-EC2 tetraspanins on cell number 2.2.10.1 

Sulforhodamine B (SRB) assay 

The sulforhodamine B (SRB) is a rapid, sensitive, and inexpensive method used for 

measuring the cellular protein content colorimetrically and it was primarily developed as an 

assay for testing anticancer drugs (Skehan et al., 1990). Here the SRB assay was adopted for 

investigating any possible effects of GST-EC2 tetraspanin on cell number (i.e. on cell 

proliferation or viability). 

2.2.11.1 Calibration of cell number vs optical density  

J774 cells were harvested by scraping, counted and diluted to 2x105/ml in medium. 100µl 

cells were plated (20,000 cells) in the wells of a 96 well plate, and then serially diluted 2-

fold across the plate (some wells were incubated with just medium to measure the 

background optical density). These were incubated for 2hr at 37°C in CO2. Cells were fixed 

by layering 50µl of ice cold 50% TCA on the top of the medium to a final concentration of 

10% TCA and incubated for 5 minutes at RT then for 1hr at 4°C. The plate was washed 5 

times with tap water, and allowed to dry. Cells were stained with 100µl of 4% 

sulforhodamine B sodium salt (Sigma, S9012-5G) dissolved in 1% acetic acid for 30 minutes. 

The SRB was removed and the plate was rinsed 4 times with 1% acetic acid (to remove 

unbound dye) and allowed to dry. Cell bound dye was solubilised with 100µl of 10mM 

unbuffered Tris base (pH 10.5) for 5 minutes using a gyratory shaker. The OD at 570 nm was 

measured using ELISA plate reader.    

2.2.11.2 Effect of short incubation of GST-EC2 tetraspanins 

Cells were cultured in 96 well plates as before. Cells were incubated in the presence or 

absence of GST-EC2 tetraspanin/GST at concentrations of 100, 500 or 1000nM  for 1hr. cells 

were then washed 2 times with PBS and incubated with medium for about 14 hr, then  fixed 

with TCA  and the SRB assay was carried out as described above. 

2.2.11.3 Effects of long incubation of GST-EC2 tetraspanins 

In this experiment cells were incubated in the presence or absence of GST-EC2 

tetraspanin/GST at concentrations 100, 500 or 1000nM for 72hr and then fixed with TCA 

and the SRB assay was carried out as described above. 

2.2.12 Effect of CD9 and CD82 deficiency on Burkholderia thailandensis 

behaviour 

The role of tetraspanins in B.t-induced cell fusion was also investigated in cells lines lacking 

tetraspanin CD9 or CD82 (2.1.6.1.). (The work with CD82 cells was carried out in part by 

Jocelyn an undergraduate project student in this Department).  

2.2.12.1 Effect of CD9 or CD82 deficiency on B.t uptake 

The  effect of CD9 or CD82 deletion on B.t uptake were investigated using kanamycin 

protection assay as described in 2.2.6.1. Briefly, B.t invasion rate in these cells was 

determined at different MOIs and at different times post infection and comparing to the 

corresponding wild-type cells.   
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2.2.12.2 Effect CD9 or CD82 deficiency on B.t-induced MNGC formation. 

The effect of CD9 or CD82 deletion on B.t-induced cell fusion was investigated as described 

previously in 2.2.6.2. A time course assay was also performed in CD9KO cells compared to 

corresponding wild-type cells, in which MNGC formation was assessed at different time 

points (8, 11, 14, 17, 20, and 23) hr post-infection as described in 2.2.6.2.    

2.2.12.3 Effect CD9 or CD82 deficiency on the expression level of cell surface 

molecules 

The expression levels of cell surface membrane molecules by C9KO and CD82KO cells in 

comparison with the corresponding WT cells was determined by FACS analysis as described 

in section 2.2.3.2. Cells were harvested and prepared for FACS analysis as described 

previously and cells were incubated with 10µl of primary antibodies directed to CD9, CD36, 

CD44, CD47, CD63, CD98, CD200, CD206, DC STAMP or appropriate isotype control (Table 

2.1.5). After 1hr incubation cells were washed twice with BBN and were then incubated 

with appropriate secondary antibody (2.1.6).    

2.2.13 Gene expression profiling of CD9 WT and CD9KO cells 

2.2.13.1 RNA extraction 

Total RNA from CD9KO and CD9WT cells was extracted using RNeasy®Mini RNA ISOLATION 

KIT (Qiagen-70022) according to manufacturer's instruction. Briefly, cells were harvested (~ 

1x107) and pelleted. Cells were lysed with 600µl of buffer RLT containing guanidine 

isothiocyanate and 1 volume of 70% ethanol was added to the lysate and mixed well by 

pipetting. 700ul of the sample was transferred to an RNeasy spin column placed in a 2ml 

collection tube and centrifuged at 8000g for 15 seconds. The flow-through was discarded 

and the column was washed with 700µl of RW1 buffer (containing guanidine salt+ phenol 

to remove molecules such as proteins and fatty acids) with centrifugation as before. The 

flow-through was discarded and the sample was washed twice with 500µl RPE buffer and 

centrifuged at 8000g for 5 seconds and 2 minutes respectively. The RNA sample was then 

dissolved with 30-50µl nuclease free water and stored at -80°C.   

All subsequent steps were performed with the collaboration with Dr Paul Heath, Sheffield 

Institute for Translational Neuroscience University of Sheffield.  

2.2.13.2 RNA evaluation  

2.2.13.2.1 Evaluation of RNA quality  

The quality of RNA samples was evaluated by determining its A260/A280 ratio of absorbance 

using a NanoDrop spectrophotometer. 

2.2.13.2.2 Evaluation of RNA integrity and quantity 

Integrity and the quantity of extracted RNA was evaluated using the Agilent 2100 

Bioanalyzer (an automated bio-analysis machine using microfluidics technology that  

provides an automated and reproducible electrophoretic separations (Mueller et al., 2000)) 

and RNA LabChip (Agilent RNA 6000 Nano Kit) according to manufacturer's instruction.  

Gel preparation 550µl of RNA gel matrix was transferred into a spin filter and centrifuged 

at 1500g for 10 minutes at RT, 65 µL of filtered gel were aliquoted into 0.5 ml RNase-free 

microcentrifuge tubes and stored at 4°C.  
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Gel-Dye Mix RNA dye concentrate was allowed equilibrating to RT for 30 minutes, and then 

mixed by vortexing for 10 seconds. 1µl of dye was mixed with 65µl aliquots of filtered gel 

with vortexing then the mixture was centrifuged at 13000g for 10 minutes at RT. 

Loading the Gel-Dye Mix RNA A chip was placed into the priming station and 9µl of gel-dye 

mix was loaded in the well-marked G. 5µl of RNA marker was loaded in 12 sample wells. 1µl 

of prepared ladder was loaded in the well that marked “ladder”. 1µl of sample was loaded 

in each of 12 sample wells. The chip was replaced horizontally in the vortexer and vortexed 

for 1 minute at 2400 rpm. The chip was then run in the Agilent 2100 Bioanalyzer instrument 

within 5 minutes.  

2.2.13.3 Preparing control RNA 

An RNA positive control was used to insure that the reagents are working effectively and 

was prepared using RNA from HeLa cells (1mg/ml) that was included with the kit. On ice, 

2µL of the Control RNA was dispensed in 78µl of nuclease-free water for a total volume of 

80µl (25ng/µl).   

2.2.13.4 Preparing Poly-a RNA controls 

The poly-A RNA kit contains four exogenous poly-adenylated prokaryotic positive controls 

that monitor the whole target preparation. Their resultant signal intensities on GeneChip 

arrays provide a sensitive indicator of the labelling reaction efficiency. The Eukaryotic 

GeneChip probe array contains probe sets for several B. subtilis genes that are absent in 

eukaryotic samples (lys, phe, thr, and dap). Poly-A control stock was diluted with the Poly-A 

control dilution buffer. To prepare the Poly-A RNA dilutions for 100ng of total RNA:2µl of 

Poly-A RNA control stock was added to 38µl of the buffer for the first dilution (1:20).2µl of 

first dilution was added to 98µl of the buffer for the second dilution (1:50). 2µl of second 

dilution was added to 98µl of the buffer for the third dilution (1:50).2µl of third dilution was 

added to 18µl of the buffer for the fourth dilution (1:20). 

2.2.13.5 Preparing total RNA/ POLY-A RNA control mixture 

1µl of total RNA was added to 2µl of the fourth dilution of Poly-A RNA control and 2µl of 

nuclease-free water. 

2.2.13.6 Synthesis First-strand cDNA  

For preparing the first-strand master mixture (for each sample), on ice and in nuclease-free 

tube 4µL of 3' first-strand buffer were added to 1µl of 3' first-strand enzyme and mixed by 

gently vortexing. The tubes were centrifuged briefly to collect the mixture at the bottom. 

 On ice, 5µl of total RNA and Poly-A RNA mixture were added with mixing and 

centrifugation as before. The first-strand synthesis reaction was incubated at 42°C 

for 2hr in a thermal cycler using the first-strand cDNA synthesis program. 

 After the incubation tubes were centrifuged briefly to collect the first-strand cDNA 

at the bottom of the tube and incubated on ice for 2minutes. Then synthesis 

second-strand cDNA proceeded immediately. 
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2.2.13.7 Synthesis second-strand cDNA  

For preparing the second-strand master mixture (for each sample), on ice and in a nuclease-

free tube, 13µl of nuclease-free water, 5µl 3' second-strand buffer and 2µl 3' second-strand 

enzyme were mixed and centrifuged as before. 

On ice, 20µl of second-strand master mix was transferred to each 10µl first-strand cDNA. 

The second-strand synthesis reaction was incubated at 16°C for 1hr and for 10 minutes at 

65°C in a thermal cycler using the second-strand cDNA synthesis program. 

After incubation tubes were centrifuged briefly as before and replaced on ice for 2 minutes 

and then synthesis of labelled aRNA was performed immediately.  

 2.2.13.8 Synthesis labeled aRNA by in vitro transcription  

To prepare IVT master mixture (for each sample), at room temperature in a nuclease-free 

tube 4µl of 3' IVT biotin label, 20µl IVT buffer and 6µL IVT enzyme were mixed and 

centrifuged briefly as before. 

30µl of the mixture was added to each 30µl of second-strand cDNA sample and mixed then 

centrifuged. The tubes were then incubated at 40°C for 16hr in a thermal cycler using the In 

vitro Transcription aRNA synthesis program. 

After the incubation tubes were centrifuged briefly and replaced on ice before purifying the 

labeled aRNA or alternatively stored at -20°C. 

2.2.13.9 aRNA purification    

100µl of purification beads were added to each (60µl) aRNA sample and mixed by pipetting 

up and down. The mixture was then transferred to a well of a U-bottom plate and mixed by 

pipetting up and down 10 times then incubated for 10 minutes at RT. The plate was then 

moved to a magnetic stand to capture the purification beads for 5 minutes and the 

supernatant was discarded. Beads were washed with 200µl of 80% ethanol wash solution 

to each well and incubated for 30 seconds then the supernatant was discarded. This was 

repeated 2 times more. Beads were allowed to dry for 5minutes.To elute aRNA, the plate 

was removed from the magnetic stand, 50µl of preheated (65°C) nuclease-free water was 

added to each well and incubated for 1 minute, then the samples were mixed by pipetting 

up and down 10 times.The plate was replaced on the magnetic stand for 5 minutes. The 

supernatant which contains eluted aRNA was transferred to a nuclease-free tube and 

stored at -20°C.  

2.2.13.10 Quantitation and expected yield of aRNA 

The concentration of aRNA was determined by measuring the absorbance of 2µl of the 

sample at 260nm using a NanoDrop spectrophotometer, aRNA size distribution was 

analysed using an Agilent Bioanalyzer and RNA6000 nano kit loaded with 300ng of aRNA 

per well. 

2.2.13.11 Fragmentation of labeled aRNA 

The aRNA fragmentation mixture was prepared on ice by mixing 15µg?  (in 32µl) of labeled 

aRNA with 8µl 3' fragmentation buffer and centrifuged briefly. The fragmentation reaction 

was incubated for 35 minutes at 94°C in a thermal cycler using the fragmentation program. 

The tubes were centrifuged and replaced on ice. The size of aRNA fragments was 
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determined by running a 300ng sample on an Agilent bioanalyzer using an RNA6000 Nano 

kit.   

2.2.13.12 Array Hybridization 

The array hybridization was carried out using the GeneChip® Mouse Genome 430 2.0 Array 

Kit (Affymetrix 900495). The array was allowed to equilibrate to room temperature. 

Meanwhile, hybridization cocktail for single probe array was prepared by mixing 12.5µg 

(33.3µl) of fragmented and labeled aRNA, 4.2µl of control oligonucleotide  B2 (3nM), 12.5µl 

of 20x hybridization control, 125µl of 2x hybridization mix, 25µl of DMSO and 50µl 

nuclease-free water. The hybridization cocktail was incubated at 99°C for 5minutes then at 

45°C for 5 minutes in a thermal cycler using the hybridization cocktail program. The array 

was dehydrated with 200µl of Pre-Hybridization mixture and incubated with 60 rpm 

rotation for 10-30 minutes at 45°C. The hybridization cocktail was centrifuged for 5 minutes 

to collect any insoluble material from the hybridization mixture. The pre-hybridization mix 

was extracted from the array and the appropriate volume of the clarified hybridization 

cocktail was loaded into the array and the array was then incubated with rotation at 60 rpm 

for 16hr at 45°C. 

2.2.12.13 Array washing and scanning 

After the incubation the hybridization cocktail mixture was extracted from the array chip, 

and the array was filled with wash buffer and allowed to equilibrate to RT. The array chip 

was then stained and washed using the Affymetrix Fluidics System 450, and scanned using a 

GeneChip 30007G scanner. 

 

2.2.14 Effect of Burkholderia infection on the expression of tetraspanins 

and other cell surface molecules  

The expression levels of cell surface membrane proteins by uninfected and infected J774 

were measured by FACS analysis. Cells were cultured in 12 well plates at 1x106/well for 2hr 

to allow cell adhesion. Cells were cultured without/with B.t CDC 272 for 2hr. Bacteria were 

then removed and cells were washed with PBS twice and cultured with antibiotics. At 3 or 

9hr post-infection cells were harvested and prepared for FACS analysis as described in 

2.2.3.2 using appropriate primary antibodies and matching isotype controls and 

appropriate FITC-labelled secondary antibodies shown in Tables 2.1.4, 2.1.5 and 2.1.6 

respectively. 

2.2.15 confocal microscopy  

Cells were seeded on glass coverslips placed into 24-well plates at 2x105 /well and cultured 

at 37°C. Cells were infected with Burkholderia strains transformed with florescent plasmid 

pIN25 (GFP) or pIN29 (DS Red) at MOI of 3 as already described in 2.2.6.1. At appropriate 

time points cells were washed 3 times with PBS and fixed with 4% paraformaldehyde for 15 

minutes at RT. Cells were washed 3 times with PBS for 5 minutes each. Cells were covered 

with 0.1% sodium azide in PBS and plates were kept in foil at 4°C until staining. For staining, 

cells were permeabilized with 0.1% Triton X-100 in PBS for 30 minutes at RT then washed 3 

times with PBS as before.  Cells were incubated with 1x bovine serum albumin (BSA) in 

HBSS for 10 minutes for preventing nonspecific binding. Cells were incubated with 
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appropriate concentrations of primary antibody (Table 2.1.4) for 1hr at RT. cells were 

washed with PBS 3 times as before and incubated with 1% BSA for 10 minutes. Cells were 

then incubated with appropriate concentrations of matching FITC-labelled secondary (Table 

2.1.6) antibodies for 30 minutes at RT. Cells were then washed 3 times with PBS. The 

coverslips were removed and mounted onto microscopy slides using Vectashield mounting 

medium containing DAPI. Samples were analysed using a Nikon A1 confocal microscopy or 

widefield Deconvolution Delta vision microscope.         

2.2.16 EM microscopy 

Cells were harvested and centrifuged and the supernatant was then discarded. The tubes 

were placed on ice and were processed by the EM Unit, Department Biomedical Science. 

Specimens were fixed as a pellet in 3% glutaldehyde/0.1M phosphate buffer overnight, 

washed in buffer and dehydrated in ethanol, cleared in epoxypropane (EPP) and infiltrated 

with a 50/50 araldite resin:EPP mixture overnight on a rotary mixer.  This mixture was 

replaced twice over 8 hours with fresh araldite resin mixture before embedding and curing 

at 60° C for 48-72 hours. Ultrathin sections, approximately 85nm thick, were cut on a 

Reichert Ultracut E ultramicrotome on 200 mesh copper grids and stained for 30 mins with 

saturated aqueous uranyl acetate followed by staining with Reynold’s lead citrate for 10 

mins. Sections were examined using a Transmission Electron Microscope at an accelerating 

voltage of 80Kv. Electron micrographs were recorded using a Gatan digital camera. 
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Chapter 3  

Burkholderia thailandensis infection and multinucleated giant 

cell formation in monocyte/macrophage cell lines  
 

3.1 Introduction 

3.1.1 MNGC formation: a feature of melioidosis  

Burkholderia pseudomallei (B.p) is a gram negative bacteria that causes melioidosis; an 

endemic disease in Southeast Asia and north Australia. Melioidosis produces a variety of 

clinical symptoms ranging from seropositive subclinical conditions to rapidly severe 

septicemia. B.p is highly resistant to a range of antibiotics and there is no vaccine against 

melioidosis. B p infects a range of cell types, is able to avoid killing by macrophages and is 

also able to promote cell fusion and induce multinucleated giant cell (MNGC) formation 

(Wong et al., 1995) 

MNGCs are formed by monocyte/ macrophage fusion as an immune response to foreign 

bodies or pathogenic microorganisms in inflammation sites associated with chronic 

infection including tuberculosis, fungal infection and HIV (Anderson, 2000). MNGCs are 

suggested to enhance the ability of cells to digest and eliminate large components (Han et 

al., 2000), and may eliminate cell to cell spread of infection (Byrd, 1998). By contrast MNGC 

formation induced by B.p is thought to be important in cell: cell spread. In addition B.p can 

remain inactive but viable for a long time within MNGCs, which are thought to be a feature 

of B.p pathogenicity since these cells were observed in tissues of melioidosis patients 

(Ngauy et al., 2005). Known bacterial factors and unknown host effectors promote B.p-

induced cell fusion. Burkholderia pseudomallei virulence factors such as motility protein 

Bim A, the cluster 3 type III secretion system (T3SS-3), and the cluster 1 type VI secretion 

system (T6SS-1) are thought to play important roles in macrophage invasion and fusion 

leading to MNGC formation (Shalom et al., 2007, Suparak et al., 2005); however the exact 

mechanism of B.p-induced cell fusion is unclear.  

 

3.1.2 Burkholderia thailandensis non-pathogenic species used for studying 

B.pseudomallei life cycle  

Burkholderia thailandensis (B.t) is a gram-negative environmental saprophyte bacterium 

that was identified as a non-pathogenic biotype of Burkholderia pseudomallei, due to the 

similarity in their morphological and biochemical characteristics (Brett et al., 1997, 

Anuntagool et al., 1998). Brett and co-workers  in 1998 reported  significant genotypic and 

phenotypic differences between the two organisms that led to the classification of a new 

species of Burkholderia named thailandensis (Brett et al., 1998). Nevertheless, 

B.pseudomallei and B.thailandensis express nearly identical virulence factors that include 

type ІІІ, type VI secretion systems and lipopolysacchride LPS (Brett et al., 2003, Haraga et 

al., 2008, Heiss et al., 2012, Shalom et al., 2007). In addition, B.p and B.t share the ability to 

invade and replicate within a range of phagocytic or non-phagocytic cell lines and promote 

actin polymerization to facilitate intracellular motility, cell-cell spread and multinucleated 
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giant cell formation (Kespichayawattana et al., 2000, Stevens et al., 2005b, 

Kespichayawattana et al., 2004, Stevens et al., 2005a). Therefore B.thailandensis is 

considered very useful as a model for studying certain aspects related to B.pseudomallei 

pathogenicity. 

In this study two strains of B.thailandensis were used: B.t E264 environmental isolate strain 

(Brett et al., 1998); B.t CDC272 clinical isolate strain (Glass et al., 2006). Both strains have 

been shown to infect a variety of eukaryotic cell lines and promote multinucleated giant 

cell formation (Harley et al., 1998, Wand et al., 2011, French et al., 2011). 

3.1.3 Cell line models for studying B.thailandensis- induced MNGC 

formation 

Several cell lines were used in this study. We started with the J774.2 mouse macrophage 

cell line that was re-cloned from the original ascites and solid tumour J774.1 (Ralph and 

Nakoinz, 1975). RAW 264.7, a mouse macrophage cell line which was established from an 

ascitic tumour induced in a mouse by intraperitoneal injection of Abselon leukaemia virus 

cells (Ralph and Nakoinz, 1977) was also used. These cells have an efficient growth rate so 

they can be obtained in high numbers, which may be required for some assays. They are 

also adherent cells which is useful in MNGC formation assays. In addition these cells have 

been used as a model in Burkholderia-induced fusion studies (Suparak et al., 2005, 

Utaisincharoen et al., 2006), so they are good candidates for investigating the role of 

tetraspanins in B.t-induced cell fusion. 

Other cell lines used in this study were human monocytic cell lines, which should have 

characteristics similar to human monocytes or macrophages. In addition there are more 

antibodies available for human tetraspanins that could be used to investigate the effect of 

tetraspanins in B.t-induced cell fusion. U937 a  human monocytic cell line that was derived 

from the pleural effusion of a histiocytic lymphoma patient has the phenotype of an 

immature monocyte or monoblast (Sundstrom and Nilsson, 1976). Previous data showed 

that U937 cells can be stimulated to fuse by B.pseudomallei (Suparak et al., 2011). The 

THP1 cell line, which is also a human monocytic cell line derived from a patient with acute 

monocytic leukaemia (Tsuchiya et al., 1980), was also used. THP1 has been widely used to 

study monocyte and macrophage function and regulation (recently  reviewed by (Chanput 

et al., 2014). U937 and THP1 both can be stimulated to differentiate with phorbol 12-

Myristate 13-acetate (PMA). However differentiated THP1 cells behave more like native 

monocyte-derived macrophages compared to other human monocytic cell lines, such as HL-

60, U937, KG-1, or HEL cell lines (Auwerx, 1991).  

3.2 Aims   

The aims of the work described in this Chapter were 

 To investigate the expression level of tetraspanins on cell lines used in this project. 

 To optimise the method of multinucleated giant cells formation induced by 

Burkholderia thailandensis using different cell lines.  
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3.3 Results 

3.3.1 The expression of tetraspanin on cells under study  

In order to study the role of tetraspanins on B.t-induced MNGC formation, and to choose 

suitable cell lines for this study, the expression level of tetraspanins on different cell lines 

was tested by flow cytometry and FACS analysis. 

3.3.1.1 Expression of tetraspanins on mouse macrophage cell lines 

Currently monoclonal antibodies to mouse tetraspanins are limited for almost all of the 

tetraspanin proteins. Therefore only the level of tetraspanins CD9, CD63 and CD81 was 

tested on mouse macrophage cell lines J774.2 and RAW264.7 by flow cytometry as 

described in section (2.2.3.2.1). More than 80% of J774.2 and RAW264.7 cells expressed 

CD9 and CD81 on their surface, with high levels for CD9. A low surface expression level of 

CD63 was detected on RAW cells, whereas no CD63 was detected on J774.2 cells figures 

(3.3.1) (3.3.2). As it is known that CD63 is mainly expressed in intracellular membranes, the 

intracellular expression of CD63 was checked by FACS in fixed and permeabilized cells as 

mentioned in (2.2.3.2.2). However, only weak expression was detected in J774.2 and 

RAW264.7 cells (figure 3.3.3). 

A                                                                           B 

R
a
t 

Ig
G

2
b

C
D

9

R
a
t 

Ig
G

2
a

C
D

6
3

H
a
m

s
te

r  
Ig

G

C
D

8
1

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0

M
F

I

****

****
ns

         

R
a
t 

Ig
G

2
b

C
D

9

R
a
t 

Ig
G

2
a

C
D

6
3

H
a
m

s
te

r  
Ig

G

C
D

8
1

0

5 0

1 0 0

1 5 0

%
 o

f 
F

T
T

C
 p

o
s

it
iv

e
 c

e
ll

s

**** ****

ns

 

 

Figure 3.3.1 Surface expression of tetraspanins on J774 cells. Tetraspanins surface 

expression was tested by FACS analysis as described in section (2.2.3.2.1). Primary anti 

tetraspanin antibodies were used (anti-CD9, anti-CD63 and anti-CD81), with isotype 

controls (rat IgG2b, rat IgG2a, hamster IgG) as appropriate. Secondary antibodies were anti 

rat-IgG-FITC antibody or anti hamster IgG-FITC antibody. The experiment was done twice in 

duplicate and the significance of differences was measured by unpaired t-test where ****is 

significant at P < 0.0001. (A) MFI= Median fluorescent intensity, (B) percentage of FITC 

positive cells. 
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Figure 3.3.2 Surface expression of tetraspanins on RAW264.7 cells. Tetraspanin surface 

expression was tested by FACS analysis as described in section (2.2.3.2.1). Antibodies and 

controls were as described for Figure 3.3.1. The experiment was done twice in duplicate 

and the significance of differences was measured by unpaired t-test where ****is 

significant at P < 0.0001, ***is significant at P < 0.0005. (A) MFI= Median fluorescent 

intensity, (B) percentage of FITC positive cells. 
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Figure 3.3.3 Total expression of tetraspanin CD63 on J774.2 and RAW 264.7 cells. Cells 

were fixed and permeabilized before staining as described in section (2.2.3.2.2). Primary 

antibody anti-CD63 with corresponding rat IgG2a isotype control and secondary anti-rat 

IgG-FITC antibody were used. (A) MFI= Median fluorescent intensity, (B) percentage of FITC 

positive cells. The experiment was done twice in duplicate and the significance of 

differences was measured by unpaired t-test where ****is significant at P < 0.0001. (A) 

MFI= Median fluorescent intensity, (B) percentage of FITC positive cells. 
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Figure 3.3.4 Expression of CD9 by fluorescence microscope. Cells were grown in Lab-Tek™ 

chamber slides overnight then fixed and stained as described in (2.2.3.1), using antibodies 

as described in Figure 3.3.1, Nuclei were stained with with propidiun iodide (red). Slides 

were imaged using a Nikon Eclipse E400 fluorescence microscope using the 20x objective. 

(A) CD9 on J774.2 cells, (B) CD9 on RAW264.7 cells (C) J774 4.2 Cells stained with isotype 

control. Scale bar 25µm. 
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3.2.1.2 Expression of tetraspanins on human monocytic cell lines. 

3.2.1.2.1 Expression of tetraspanins on THP1 cells (unstimulated and stimulated) 

The expression of tetraspanins on unstimulated and stimulated THP1 was examined. Cells 

were stimulated with phorbol ester as described in section (2.2.2). There was a visible 

change in cell morphology as shown in figure (3.3.5), and a change from suspension 

growing into adherent cells as observed with the microscope. These changes were also 

detected by flow cytometry in the form of an increase in forward scatter and side scatter 

(Figure 3.3.6 A). The level of tetraspanins in stimulated cells was compared to unstimulated 

cells. There was a significant increase in the expression levels of CD9, CD53, CD63 and CD81 

in stimulated cells compared to unstimulated (Figure 3.3.6 B). 

 

 

         

 

Figure 3.3.5 Light microscopic images of human monocytic cell line THP1.  Cells were 

cultured in 24 well plates and stimulated with PMA for 72hr as described in (2.2.2). (A) 

Unstimulated THP1 (B) stimulated THP1. The images were captured with a Nikon inverted 

microscope using the 20x objective. 
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Figure 3.3.6 Surface expression of tetraspanins on THP1 cells. Cells were stimulated with 

PMA as described in section (2.2.2). The expression of tetraspanins was tested on 

unstimulated and stimulated THP1 using primary antibodies anti-CD9, anti-CD37, anti-

CD53, anti-CD81, anti-CD82, anti-CD151, IgG JC1 isotype control and the secondary was 

anti-mouse IgG FITC. (A) Scatter plots showing the change in size of stimulated THP1 

compared with unstimulated THP1, and overlay histogram of FSC and SSC of unstimulated 

and stimulated THP1. (B) Expression of tetraspanins on unstimulated cells compared to 

stimulated cells. The experiment was performed three times in duplicate and the 

significance was determined by using two-way ANOVA with Holm-Sidak's multiple 

comparisons test. MFI=median fluorescent intensity. 

 

3.2.1.2.2 Expression of tetraspanins on U937 cells (unstimulated and stimulated): 

The expression of tetraspanins on the monocytic cell line U937 was investigated. Cells were 

stimulated with PMA and the level of tetraspanins was measured by FACS analysis as 

described in section (2.2.3.2.1). Stimulated U937 changed from growing in suspension to 

adherent clumps of cells and their morphology also changed (Figure 3.3.7. A B). This was 
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confirmed by flow cytometry, with an increase in cell granularity and size (Figure 3.3.8 A). 

There was a significant increase in the expression levels of CD9 and CD82 in stimulated 

U937 compared to unstimulated U937.  The level of CD151 significantly decreased in 

stimulated U937 cells Figure (3.3.8 B). Other tetraspanins showed no significant change in 

expression.  

 

   

Figure 3.3.7 Light microscopic images of human monocytic cell line U937.  Cells were 

cultured into 24 well plates in the presence of PMA for 72hr as described in (2.2.2). (A) 

Unstimulated U937 (B) stimulated U937. The images were captured with a Nikon inverted 

microscope using the 20x objective. 
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Figure 3.3.8 Surface expression of tetraspanins on unstimulated U937 and stimulated 

U937. Cells were stimulated with PMA as described in section (2.2.2). The expression of 

tetraspanins was tested on unstimulated and stimulated U937 using antibodies as 

described in Fig. 3.3.6. (A) Scatter plots showing the change in size of stimulated U937 

compared with unstimulated U937, and overlay histogram of FSC and SSC of unstimulated 

and stimulated cells. (B) The expression of tetraspanins on unstimulated and stimulated 

cells. The experiment was performed three times in duplicate and the significance was 

determined by using two-way ANOVA with Holm-Sidak's multiple comparisons test. 

MFI=median fluorescent intensity. 

 

3.2.2 Burkholderia thailandensis uptake  

This section shows the results of optimising the conditions of the Burkholderia thailandensis 

uptake assay in a various cell lines. Two isolated strains of B.thailandensis; B.t CDC and B.t 

E264 were used in this study, and their ability to infect was tested in macrophage cell lines 

J774.2 and RAW264.7 as well as in human monocytic cell lines THP1 and U937.  
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3.2.2.1 Burkholderia thailandensis uptake by mouse macrophage cell lines J774.2 

and RAW264.7  

A kanamycin protection assay was used to estimate the number of intracellular bacteria in 

infected cells as described in (2.2.10.1). For negative controls, cells were treated with 

cytochalasin D for 1hr prior to infection, to prevent uptake.    

As shown in Figure 3.3.9, B.t CDC272 and B.t E264 were able to infect J774.2 and RAW cells.  

J774.2 cells were more susceptible to the infection compared to RAW264 cells. The B.t CDC 

strain was shown to be more virulent than B.t E264. The results also show that the number 

of intracellular bacteria increased when using a higher MOI. A statistically significant 

increase in number of intracellular bacteria was found in cells infected at MOI of 10:1 

compared to cells infected at MOI of 3:1. There were no intracellular bacteria evident in 

cells treated with cytochalasin D. 
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Figure 3.3.9 Burkholderia thailandensis B.t CDC272 and B.t E264 uptake by J774.2 and 

RAW264.7 cell lines. Cells were infected at multiplicity of infection (MOI) 3:1 or 10:1 as 

described in section (2.2.10.1). The number of intracellular bacteria was measured after 4hr 

post infection. The experiment was performed three times in duplicate. Statistical analysis 

was done using two-way ANOVA with Holm-Sidak's multiple comparisons test 

****p<0.0001. CFU= colony-forming unit.  

 

3.2.2.2 Burkholderia thailandensis uptake by human monocytic cell lines THP1 and 

U937 

The invasion rate of B.t CDC272 and B.t E264 inhuman monocytic cell lines THP1 and U937 

was investigated as described in (2.2.10.1). THP1 and U937 cells were stimulated with PMA 

at 50ng/ml as described in (2.2.2).  Unstimulated and stimulated cells were infected with 

B.t CDC272 or B.t E264 at an MOI of 10 and the number of intracellular bacteria detected 

after 4hr post infection.  The results showed that both strains can infect unstimulated and 

stimulated THP1 and U937 cells. There was a slight increase in B.t uptake within stimulated 
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cells compared to unstimulated cells. U937 cells were more susceptible to the infection 

than THP1 cells. This suggested that the B.t invasion and survival are cell type dependent to 

some extent. The CDC272 strain again appeared more virulent figure (3.3.10). 
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Figure 3.3.10 Burkholderia thailandensis B.t CDC272 and B.t E264 uptake by human 

monocytic cells lines THP1 and U937. Cells were stimulated with PMA for 72hr as described 

in section (2.2.2). Unstimulated cells and stimulated cells were infected with B.t CDC272 or 

B.t E264 at an MOI of 10:1. The number of intracellular bacteria was tested after 4hr post 

infection in unstimulated and stimulated cells. 

3.2.3 Optimizing the conditions for the B.t-induced multinucleated giant cell 

formation assay. 

In order to establish optimal MNGC formation, various different assay conditions were 

initially tested. Experiments using different macrophage cell densities, MOIs, and infection 

times were carried out. We started with J774.2 and RAW cells. Cells were cultured on cover 

slips in 24 well plates at 2, 3, 4 or 5 x105 cells/ml and cultured overnight. Cells were infected 

with B.t CDC or B.t E264 at MOIs of 1, 3 or10 as described in (2.2.10.2). Cells were fixed and 

stained with fluorescent stain or with Giemsa as described in (2.2.9.2) and (2.2.10.2) 

respectively. The rate of MNGC formation was estimated as described in (2.2.10.3) for in 10 

fields of view for each sample (coverslip) using light microscopy. MNGC formation was 
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measured as fusion index (the percentage of the number of nuclei in MNGCs relative to the 

total number of nuclei in all cells) and MNGC size (the number of nuclei in MNGCs relative 

to the number of MNGCs. The results showed that using a lower MOI was more efficient in 

generating MNGC formation. Using an MOI of 10 caused cell death and detachment from 

the slide surface; therefore very few cells were found on the cover slips.  According to the 

results shown in Figure 3.3.11 an MOI of 3:1 was chosen as the optimal condition for the 

MNGC formation assay. 
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Figure 3.3.11 Multinucleated giant cell (MNGC) formation induced by B.t CDC272 and B.t 

E264 in the macrophage cell line RAW264.7. Cells were infected at MOI 1:1 or 3:1 as 

described in section (2.2.10.2). Cells were fixed and stained with Giemsa.  Fusion index and 

size of MNGCs were calculated as described in section (2.2.6.3). 

A suitable time for optimal MNGC formation and the best concentration of antibiotics to kill 

any extracellular bacteria were also checked. Cells were infected for 2hr at an MOI of 3:1 

and incubated with medium containing 250, 500 or 1000 µg/ml kanamycin alone or in 

combination with amikacin at 250, 500 or 1000 µg/ml. At different time points cells were 

fixed and stained as described in (2.2.10.2). The results showed that MNGC formation 

increased with time. RAW cells which were infected with B.t CDC272 showed extremely 

large MNGC after 24 hr post infection whereas almost of all J774 cells were dead by this 

time. Therefore 16hr post infection and 500µg/ml of kanamycin and 500µg/ml of amikacin 
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were chosen as the optimal conditions for B.t-induced MNGC formation. 500µg/ml 

(kanamycin and amikacin) showed no effect on macrophage cell viability after 24 hr 

incubation as checked with trypan blue dye.  

 

 

Figure 3.3.12 Burkholderia thailandensis induced cell fusion in mouse macrophage cell 

line J774. The images show the nuclei in uninfected cell (A) and in B.t-E264 infected cells 

(B). Cells were infected as described in 2.2.10.2. Cells were fixed and the Nuclei were 

stained with propidium iodide (red). The images were captured with a Nikon Eclipse E400 

fluorescence microscope (green channel) using the 40x objective, scale bar= 20µm. 
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Figure 3.3.13 MNGC induced by B.t CDC272 and B.t E264 in the macrophage cell line 

RAW264.7. Cells were infected as described in section (2.2.10.2), fixed at 8, 12 and 24 hr 

post infection and stained with Giemsa. Fusion index (A) and MNGC size (B) were calculated 

as was mentioned in (2.2.10.3) in 10 fields of view.  
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Figure 3.3.14 Immunofluorescence images of multinucleated giant cells. RAW 264.7 cells 

were cultured on cover slips in 24 well plates overnight and  then infected with B.t E264 as 

described in (2.2.10.2). Cells were fixed at 8, 12, 16, 24 hr post infection (A, B, C, D) 

respectively. Cells were stained using mouse anti- actin  antibody followed by anti-mouse 

Ig-FITC (green). Nuclei were stained with propidiun iodide (red). The images were captured 

with a Nikon Eclipse E400 fluorescence microscope using 20 x objectives, scale bar= 25µm. 
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Figure 3.3.15 B. thailandensis induced MNGC formation inRAW264.7. Cells were infected 

as described above and fixed and stained with Geimsa. (A) uninfected cells (B) cells infected 

with B.t CDC272 (C) cells infected with B.t E264 D) necrotic B.t-infected cell (loss of cell 

membrane). Images were captured using by light microscopy using the 40x objective, scale 

bar 20µm. 

  

3.3.4 Multinucleated giant cells formation in human monocytic cell lines 

THP1 and U937 

Many attempts were made to induce cell fusion and MNGC formation in human cell lines 

THP1 and U937 using Burkholderia thailandensis B.t CDC and B.t E264, since more antibody 

reagents are available for human tetraspanins. Various conditions were used: unstimulated 

and PMA-stimulated THP1 and U937 were cultured in 24 well plates pre-coated or not with 

poly L lysine (to enhance adhesion), on glass cover slips or directly in the wells of 24-well 

plates. Cells were infected with B.t strains at different MOIs and at different time points. All 

the conditions that were used showed that B.t strains were not capable of inducing 

sufficient and distinct MNGC formation within THP1 and U937. PMA-stimulated U937 cells 

formed clumps, as described in 3.2.1.2., and consequently it was difficult to distinguish 

whether the cells fused or not. In an attempt to overcome this, after stimulation cells were 

harvested with cell dissociation solution, washed 3X with PBS and re-plated before infecting 

with B.t. However, under these conditions the cells were growing poorly and no MNGCs 

formation were noted. A few MNGC were observed within THP1 cells, however almost all of 

cells appeared to undergo apoptosis after 9hr post infection.   



 
 
 

75 
 

Because of the poor results obtained with B.t-induced MNGC formation in human 

monocytic cell lines, investigations on the role of tetraspanins on B.thailandensis-induced 

cell fusion was carried out using the mouse macrophage cell lines J774.2 and RAW264.7.  
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3.4 Discussion 

3.4.1 Tetraspanins are expressed on different monocyte/macrophage cell 

lines 

The expression levels of different tetraspanins were investigated on cells used in this study 

by flow cytometry analysis.  Currently, monoclonal anti-mouse tetraspanin antibodies are 

limited, therefore the expression of only three members of tetraspanins have been 

investigated: CD9, CD63 and CD81. High levels of CD9 and CD81 were detected on both 

mouse macrophage cell lines RAW264 and J774; therefore these cells were good 

candidates for this study as the role of both tetraspanins in several cell fusion events has 

been identified (Takeda et al., 2003, Charrin et al., 2013).  To take advantage of the fact 

that more monoclonal antibodies against human tetraspanin are available, we included two 

human monocyte cell lines in this project; U937 and THP1. The level of tetraspanins CD9, 

CD37, CD53, CD63, CD81, CD82 and CD151 were examined on these cells before and after 

differentiation upon stimulation with PMA. In U937 only CD9 and CD82 were upregulated 

upon differentiation whereas in THP1 expression of almost all tetraspanins was 

upregulated. This  may be because THP1 are generally more differentiated than U937 and 

exhibit a morphology of normal monocyte-derived-macrophages compared with  U937 

(Tsuchiya et al., 1980), as  also noted from the observation of cell morphology under the 

microscope.  

  

3.4.2 Burkholderia thailandensis infection  

As it mentioned previously, Burkholderia thailandensis is very closely related to 

Burkholderia pseudomallei and is widely used as a model to study B.p behaviour. Two 

Burkholderia thailandensis isolates were chosen for this project, the clinical isolate 

B.thailandensis CDC272, which were isolated from pleural wound (Glass et al., 2006) and 

the environmental isolate B.thailandensis E264 that have not been associated with human 

disease (Brett et al., 1998, Yu et al., 2006). The intracellular survival of bacteria in 

monocyte/macrophage cell lines was investigated  using a modified protection assay (Wand 

et al., 2011). Both strains were able to internalize and survive within all cell lines used in 

this study. This result was in agreement with previous work that showed that Burkholderia 

species such as B.pseudomallei, B.mallei, B.cepacia and B.thailandensis have the ability to 

invade and survive within various cell lines derived from several species of mammal, and 

that is consistent with the observation of broad B.p-affected tissues found in patients with 

melioidosis (Harley et al., 1998). Notably, the number of intracellular B.t CDC272 at 4 hrs 

post infection was higher than the numbers of intracellular B.t E264. In agreement with this 

result, CDC strains (CDC 272 and CDC301) were shown to have an increased ability to grow 

and replicate within macrophages compared to E264. This may due to differences in 

bacterial behaviour within host cells rather than a variation in bacterial suitability, because 

there was no differences in the growth rates of these strains when they were cultured in 

free antibiotic medium (Wand et al., 2011, Sim et al., 2010).  

The number of intracellular bacteria increased according to increased MOIs used in the 

infection assay. The J774 cell line was shown to be more susceptible to the infection than 

the RAW264.7 cell line, probably because each cell line regulates bacterial uptake 

(phagocytosis) differently. Other cells were used in this study represent human monocytes; 
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THP1 and U937. These cells are known to be more mature after stimulation with reagent 

such as PMA (Hattori et al., 1983). The results indicated that the B.t infection rate was 

increased upon stimulation by PMA, which is likely to be due to the enhanced phagocytosis 

capacity of PMA-stimulated cells, or possibly in contrast due to the efficiency of 

unstimulated cell to digest and eliminate the intracellular bacteria compared with PMA-

stimulated cells.  

 

3.4.3 Burkholderia thailandensis induced cell fusion in mouse macrophage 

cell lines. 

The first basic step in this study was to establish a MNGC formation assay. We started with 

mouse macrophages as these cells have an efficient growth rate and they are adherent cells 

which is useful for MNGC formation assays. In addition these cells have been used as a 

model in Burkholderia-induced fusion studies (Suparak et al., 2005, Utaisincharoen et al., 

2006). Although both J774 and RAW are mouse macrophages, their responses to 

B.thailandensis infection is different. MNGC formation was observed early in J774 and 

these cells also showed rapid morphological change and programmed cell death which may 

due to the susceptibility of these cells to the infection resulting in a rapid intracellular 

bacterial life cycle (escaping from phagosomes, replication and cell-cell spreading). By 

contrast, RAW264 cells appeared to be relatively more resistant to the infection; however 

extremely large giant cells were observed in B.t-infected RAW264 cell. In a comparable 

study utilizing several environmental and clinical isolates of Burkholderia and different cell 

lines including phagocytic and non-phagocytic cell lines, B.pseudomallei-infected RAW264 

showed the most rapid MNGC formation compared with  other cells including J774 cells and 

this was thought to be  due to increased bacterial load within these cells   (Harley et al., 

1998).  

In order to find the most appropriate MNGC formation assay, different conditions were 

tested initially. It was important to control bacterial growth in order to delay apoptosis and 

cell death which causes cells to detach. A combination of kanamycin and amikacin was 

found to be effective in this assay and a sufficient cell viability rate was obtained under 

these conditions (Shalom et al., 2007). The results showed that using lower MOIs resulted 

in controlled progression to MNGC formation. As MNGC formation is increased over time 

leading to eventual cell death, the appropriate time for cell fixation and MNGC assessment 

was another important factor need to be considered.   

                              

3.4.4 B.thailandensis infected human monocyte/macrophage cell lines 

Despite both B.thailandensis strains used in this study promoting cell fusion and MNGC 

formation in mouse macrophages cell lines, these bacteria was poorly promoted cell fusion 

and MNGC formation in the human monocyte/macrophage cell lines U937 and THP1. 

Diverse conditions were used including different MOIs, times of infection, PMA-stimulation 

and poly-lysine for enhancing cell adhesion; however there were no reasonable numbers of 

fusion events that could be assessed. In a comparable study, Harly and co-workers showed 

that several strains of both B.p and B.t were unable to induce cell fusion in the monocyte-

like cell line U937, in this study unstimulated U937 grow in suspension were used, so the 

cells could not contact and adhere properly to each other to establish fusion process 
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leading MNGC formation (Harley et al., 1998). In contrast, Suparak and co-workers showed 

the ability of B.pseudomallei K96243 to induce MNGC formation in PMA-stimulated U937 

cells; however the fusion rate in these cells was relatively low (Suparak et al., 2011). 

Differentiated THP1 more closely represent the morphology of normal monocyte-derived-

macrophages than U937; however, very few cells were noted to form MNGC formation 

with 4 to 5 nuclei. Even when cells were incubated for 24hr, no improvement was noted. 

Although MNGC formation is induced by Burkholderia, the cell responses to infection by 

these bacteria may have different possible effects. Horton and co-workers showed that B.p 

and B.t  infection of human monocyte-derived dendritic and macrophage cells dramatically 

declined by 12 hr post-infection and that bacteria  were unable to survive and replicate 

within DC cells (Horton et al., 2012). It has been shown that viable bacteria are required for 

the fusion process as heat-killed B.p were unable to induce MNGC formation (Suparak et 

al., 2011).   The long term survival and replication of B.t within THP1 and U937 was not 

investigated in this study (only viability 4hr post-infection was tested). Death of the bacteria 

might be one possible explanation for the inability  of B.t to induce fusion in these cells; this 

explanation is consistent with results showing that the B.t strain UE5 had a decreased 

survival rate and failed to replicate after 16hr post infection within  primary human 

monocyte-derived macrophages compared with B.pseudomallei strain 844, although the 

numbers of both organisms were similar in the early stages of growth(Charoensap et al., 

2009).      

According to these poor results with human monocytes the project was carried out 

thereafter using mouse macrophages cell lines. 
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Chapter 4  

Effects of tetraspanins in Burkholderia thailandensis-induced 

multinucleated giant cells formation 
 

4.1 Introduction 

 4.1.1 Molecules implicated in cells fusion and MNGC formation    

As mentioned in Chapter 1, previous studies showed roles for several surface proteins in 

cell fusion and MNGC formation. Scavenger receptor CD36 contributes to macrophage 

fusion induced by the cytokines IL-4 and GM-CSF, as anti-CD36 antibody inhibits 

macrophage fusion (Helming and Gordon, 2009). Integrin-associated protein CD47 

participates  in cell fusion, as blocking CD47 by using monoclonal antibodies strongly 

inhibited formation of tartrate resistant acid phosphatase (TRAP) multinucleated 

osteoclasts in a murine cell culture system(Lundberg et al., 2007). Convincing evidence 

suggested a role for CD98, a fusion regulatory protein, in syncytiotrophoblast cell fusion; 

CD98 expression is up-regulated following cell fusion and when CD98 protein expression is 

inhibited by transfection with siRNAs to CD98, cell fusion was suppressed, whereas 

scrambled siRNAs had no significant effect (Kudo and Boyd, 2004). In contrast, anti-CD98 

mAbs enhanced MNGC formation in the HIV gp160 gene-transfected CD4+ U937 cell line 

(Ohgimoto et al., 1995). Dendritic cell–specific transmembrane protein DC-STAMP showed 

an essential impact in cell fusion.  Considerable multinucleated giant cell formation was 

noted in osteoclasts derived from wild-type mice, whereas no fusion was produced in DC-

STAMP−/− osteoclasts. In addition, MNFBGCs induced by implantation of foreign bodies 

were also inhibited in DC-STAMP−/− mice (Yagi et al., 2005).  Antibodies against Intracellular 

adhesion protein ICAM-1 (CD54) as well as antibodies against the transmembrane adhesion 

molecule CD44 inhibit macrophage fusion (Sterling et al., 1998). In Burkholderia 

pseudomallei- induced cell fusion, antibodies specific to CD47, CD98 and E-cadherin 

(CD324) inhibit significantly U937 macrophage fusion, whereas antibodies against CD44, 

and CD14 (LPS receptor) have no effect in B.p-induced U937 fusion (Suparak et al., 2011). 

Previous studies have reported  roles for tetraspanins in cell fusion and MNGC formation 

(Takeda et al., 2003, Parthasarathy et al., 2009), in HIV-induced syncytia formation, 

(Gordon-Alonso et al., 2006), sperm-egg fusion (Kaji et al., 2000) and myoblast fusion 

(Tachibana and Hemler, 1999). 

Our research group and others showed the contribution of tetraspanins in MNGC formation 

by using recombinant proteins corresponding to the large extracellular domain EC2 of 

tetraspanins. EC2 proteins of CD9, CD81 and CD63 inhibit MNGC formation in con A-

stimulated monocytes (Takeda et al., 2003, Parthasarathy et al., 2009). Therefore, it was of 

interest to investigate a possible role for tetraspanins in cell fusion induced by Burkholderia, 

which may enhance knowledge about MNGCs formation mechanism and melioidosis 

pathogenesis. 

4.1.2 Functional studies of tetraspanins using specific antibodies 

Monoclonal antibodies (mAbs) to cell surface proteins are powerful tools that have been 

widely used in research studies and in clinical diagnosis and therapy. Anti-tetraspanin 
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antibodies have been useful in identifying and characterising tetraspanins and also in 

studying their functions. MAbs have helped demonstrate roles for tetraspanins in cell-cell 

fusion. Some evidence suggested  that CD9 positively regulates cell fusion, as anti-CD9 

antibodies significantly inhibit sperm-egg fusion (Kaji et al., 2000) and anti-CD9 and anti-

CD81 antibodies delayed  myoblast fusion and induced early myotube degeneration 

(Tachibana and Hemler, 1999). By contrast, anti-CD9 and anti-CD81 antibodies enhanced 

monocyte fusion which suggested that CD9 and CD81 negatively regulate cell fusion and 

MNGC formation (Takeda et al., 2003, Parthasarathy et al., 2009). In addition, anti-CD9 and 

anti-CD81 enhance HIV-induced lymphocyte membrane fusion (Gordon-Alonso et al., 

2006). 

 

4.1.3 EC2 proteins in tetraspanin functional studies 

The large extracellular domain of tetraspanins (EC2) is variable in length and amino acid 

sequence among tetraspanin members. This region is thought to be important for 

tetraspanin partner interactions, and consequently it facilitates tetraspanin functions. 

Recombinant proteins corresponding to tetraspanin extracellular domain EC2s are an 

alternative tool to mAbs that are used in determining tetraspanin functions. These proteins 

are usually expressed in E.coli as fusion proteins with glutathione S-transferase. These GST 

fusion proteins are soluble and stable so can be purified using non denaturing procedures 

(Smith and Johnson, 1988).  

Tetraspanin EC2 proteins have been effectively used in functional studies that suggested 

the involvement of tetraspanins in various cell processes. Recombinant GST-CD9EC2 

protein strongly inhibited sperm-egg fusion (Zhu et al., 2002), which has also been 

confirmed by Higginbottom et al using both mouse and human GST-CD9EC2 recombinant 

proteins (Higginbottom et al., 2003). Takeda and co-workers found that human GST-

CD9EC2 inhibited monocyte fusion whereas murine GST-CD9EC2 showed no effect (Takeda 

et al., 2003). Parthasarathy and co-workers also showed that GST-CD9EC2 inhibited MNGC 

formation; however mouse GST-CD9EC2 which has 77% identity with human CD9EC2 had 

no significant effect on MNGC formation (Parthasarathy et al., 2009). In addition, they 

showed that recombinant GST-CD63EC2 inhibited MNGC formation, whereas GST-CD81EC2 

had no effect. Recombinant EC2 proteins have also been used to demonstrate roles for 

tetraspanins in virus infection. An essential role for CD81 in hepatitis C virus binding was 

suggested, since GST-CD81EC2 significantly inhibited the binding of hepatitis C virus 

envelop glycoprotein E2 to CD81 expressed on human and rat cells (Higginbottom et al., 

2000). The involvement of tetraspanins in human immunodeficiency virus infection was 

also demonstrated with GST-EC2 proteins of CD9, CD63, CD81 and CD151 inhibiting HIV 

infection of macrophages (Ho et al., 2006). 

Tetraspanin EC2 fusion proteins that were used in this study were generated by other 

workers in the laboratory. Tetraspanin GST-EC2 production methods are described in detail 

by (Higginbottom et al., 2003)(Fanaei, 2013 PhD thesis). 
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4.2 Results 

 4.2.1 Effects of anti-tetraspanin antibodies in B.t-induced MNGC formation 

 Anti-tetraspanin antibodies are widely used in studying tetraspanin functions and 

interactions. However, there were few anti-tetraspanin antibodies against mouse 

tetraspanins, which were available at the date of performing these experiments. Therefore, 

only the effect of antibodies to tetraspanins CD9, CD63 and CD81 were tested on 

B.thailandensis-induced cell fusion in J774.2 and RAW264.7 cells. As shown previously, CD9 

and CD81 are highly expressed on J774.2 and RAW264.7 cells, whereas CD63 was poorly 

expressed on these cells. However, it  was of interest to include anti-CD63 antibody in this 

experiment, since anti-CD63 antibodies were previously shown to inhibit Con A-induced 

MNGC formation of human monocytes, which also express relatively low levels of CD63 

(Parthasarathy et al. 2009).  Isotype controls were also used to investigate a possible effect 

of nonspecific binding of antibodies. Also for a negative control, the effect of antibodies on 

non-infected cell was tested.  

 An antibody concentration of 10 µg/ml was used, as this is known to give saturating 

binding. After the treatment with antibodies as described in 2.2.10.5.1, cells were co-

cultured with B.t CDC or B.t E264 at MOI of 3:1 as mentioned in 2.2.10.2. Cells were fixed 

and stained with Giemsa and the fusion index and MNGCs size determined as described in 

2.2.10.3.  

 

4.2.1.1 Effects of antibodies in B.t-induced MNGC formation in the J774.2 cell line 

The effects of antibodies on MNGC formation induced by B.t-CDC 272 and B.t E264 in 

J774.2 cells are shown in figures 4.2.1 and figure 4.2.2 respectively. The data was 

normalized to the mean of non-antibody treated cells (control for each independent 

experiment) to compensate for the effect of the variation between the experiments.  

Anti-CD9 antibody and anti-CD81 antibody strongly enhanced MNGC formation in cells 

infected either with B.t CDC272 or B.t E264.  There was a dramatic increase in fusion index 

and MNGC size in cells treated with anti CD9 or anti CD81 antibodies compared to 

untreated cells or cells treated with isotype controls (rat IgG2b and hamster IgG 

respectively). There was no effect with cells treated with anti-CD63 in J774 cells, possibly 

because of the low level of CD63 on J774.2 cells. B.t CDC stimulated cells showed about a 2-

fold increase in MNGC size in the presence of antibodies compared to those in control 

cultures.   

There was no cell fusion in uninfected cells, which were incubated with medium containing 

10µg/ml anti-tetraspanin antibodies, meaning that the antibodies themselves were unable 

to induce cell fusion and MNGC formation. However, they promote MNGC formation in B.t 

infected cells, as earlier cell fusion was noted in infected cells in the presence of antibodies 

compared to controls.   
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Figure 4.2.1 Effects of tetraspanin antibodies on Burkholderia thailandensis induced 

MNGC formation in the mouse macrophage cell line J774.2 (CDC 272 strain). Cells were 

cultured in 96 well plates overnight, and then incubated for 1hr in the presence or absence 

of antibodies at 10ug/ml (anti-CD9; anti-CD63 or anti-CD81) isotype controls: rat IgG2a, rat 

IgG2b, or hamster IgG. Cells then were infected with B. thailandensis CDC 272 as described 

in (2.2.8.1). Cells were fixed and stained with Giemsa.  Fusion index (A) and MNGC size (B) 

was calculated from 10 fields of view per test as described in (2.2.6.3). The experiment was 

performed at least four times in triplicate. Data are normalized to non-antibody treated 

cells (control) and plotted as mean ± SEM. The significance of differences between antibody 

treated and non-treated cells and with isotype controls was tested using Ordinary one-way 

ANOVA with Holm-Sidak multiple comparison test. ***P<0.001, ****P< 0.0001, ns = not 

significant.  
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Figure 4.2.2 Effects of tetraspanin antibodies on Burkholderia thailandensis induced 

MNGC formation in the mouse macrophage cell line J774.2 (E264 strain). Cells were 

cultured, incubated with antibodies or isotype controls then infected with B.thailandensis 

E264 as described in Figure 3.3.14. (A) Fusion index (B) MNGC size. The experiment was 

performed at least four times in triplicate. Data are normalized to non-antibody treated 

cells (control) and plotted as mean ± SEM. Statistical analysis was performed as described in 

3.1.14. 

 

4.2.1.2 Effects of antibodies in B.t-induced MNGC formation in the RAW cell line 

 Similar results were obtained with the mouse macrophage cell line RAW264.7; anti-CD9 

and anti-CD81 significantly enhance cell fusion and multinucleated giant cell formation 

induced by B.t CDC272 and B.t E264. There was a large increase of MNGCs in RAW cells 

treated with anti-CD9 or anti-CD81 (about 3- fold compared to untreated cells). The anti-

CD63 antibody showed no effect compared to isotype effect. The data was normalized to 

non-antibody treated cells (control) to eliminate the effect of the variation between the 

experiments figures (2.2.3)(1.2.4).  
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Figure 4.2.3 Effects of tetraspanin antibodies on Burkholderia thailandensis induced 

MNGC formation in mouse macrophage cell line RAW 264.7. Cells were cultured, 

incubated with antibodies or isotype controls then infected with B.t. CDC 272 as described 

in Figure 4.2.1. (A) Fusion index (B) MNGC size.  The experiment was performed at least 

four times in triplicate. Data are normalized to non-treated cells (control) and plotted as 

mean ± SME. Statistical analysis was performed as described above.  
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Figure 2.2.4 Effects of tetraspanin antibodies on Burkholderia thailandensis induced 

MNGC formation in mouse macrophage cell line RAW 264.7. Cells were cultured, 

incubated with antibodies or isotype controls then infected with B.t. E264 as described in 

Fig. 3.3.14. The experiment was performed at least four times in triplicate. Data are 

normalized to non-treated cells (control) and plotted as mean ± SEM. Statistical analysis 

was performed as described in Fig. 3.3.14. 

 

  

4.2.1.3 Overnight treatment antibodies  

Since pre-treatment for 1 hr with 10µg/ml anti-tetraspanin antibodies dramatically 

enhanced B.t- induced cells fusion, the effect of longer incubation of antibodies on B.t-

induced MNGC formation was investigated. (In previous work from our group, the effect of 

anti-tetraspanin antibodies on Con A-induced MNGC formation was greater when 

antibodies were left in situ during the process (Parthasarathy et al 2009; Parthasarathy PhD 

Thesis University of Sheffield 2005)). J774 cells were infected as described previously with 

B.t. E264, cells were washed 3 times with PBS and incubated in medium contains antibiotics 

and in the presence or absence of 10µg/ml antibodies throughout the 16 hr incubation 

period. From the data shown in Figure 3.3.20, it appears that there was again a significant 

increase in MNGC formation in cells treated anti-CD9 and anti-CD81 antibodies compared 
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to untreated cells. Interestingly, anti-CD63 antibodies produced a slight but significant 

reduction in the amount of MNGC formation (Figure 4.2.5 A). The overnight incubation with 

antibodies also produced a significant enhancement in MNGC size, ~ 3-fold and ~ 2-fold in 

cells treated with anti-CD9 and anti-CD81 antibodies, respectively, compared to untreated 

cells. Anti CD63 antibodies showed no significant effect on this parameter (Figure 4.2.5 A). 
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Figure 4.2.5 Effects of overnight treatment with anti-tetraspanin antibodies on B.t- 

induced MNGC formation in J774.2 cells. Cells were infected with B.t E264 as described in 

(2.2.8.2), and then cells incubated with medium contain 10µg/ml (anti-CD9, anti-CD63 or 

anti-CD81) and antibiotics as previously. (A) Fusion index, (B) MNGC size. The experiment 

performed twice in duplicate and significant differences between the non-treated cells and 

antibody treatment was tested by unpaired t test. ***P<0.001, ****P<0.0001, ns= Non-

significant.  

 

4.2.1.4 Effects of anti-tetraspanin antibodies on B.t uptake  

Since the anti-tetraspanin antibodies affected B.t.-induced MNGC formation, their possible 

effects on the B.t uptake was investigated. Thus the effects of tetraspanin antibodies on B.t 

uptake were tested as described in (2.2.10.4). Briefly, a monolayer of J774 cells was treated 

with 10µg/ml of antibody or appropriate isotype control for 1 hr prior to infection. After 

infection, a kanamycin protection assay was used to determine the number of viable 

intracellular bacteria.  The anti tetraspanin antibodies showed no effect on the invasion of 

J774 cells by B.t E264 in J774. There was a slight decrease in uptake of B.t CDC272 in anti-
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CD9 and anti-CD81 treated J774 cells relative to non-antibody treated cells, but there was 

no effect compared with the isotype controls. This suggests that the tetraspanins CD9 and 

CD81 are involved in B.t-induced cells fusion at the stage where MNGCs are produced, 

rather than the initial infection (Figure 4.2.1.4). 
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Figure 4.2.1.4 Effects of anti -tetraspanin antibodies on Burkholderia thailandensis 

uptake. Overnight cultures of J774 cells were incubated in presence or absence of 10µg/ml 

anti-tetraspanin antibody or appropriate isotype control for 1 hr prior to infection. The 

kanamycin protection assay was then curried out as described before. The experiment was 

performed twice in duplicate and significant differences were assessed using Ordinary one-

way ANOVA with the Holm-Sidak multiple comparison test. *P<0.05 and ns= non significant. 

 

4.2.2 Effects of recombinant tetraspanin EC2 proteins on B.t-induced MNGC 

formation 

 As described previously, recombinant proteins corresponding to the large extracellular 

domain EC2 of tetraspanin are other tools that have been used extensively in studying 

tetraspanin functions. It was therefore of interest to investigate the effects of these on 

MNGC formation induced by Burkholderia thailandensis. The EC2s used here were 

generated by other members of the group. The proteins were produced as fusion proteins 

with glutathione S-transferase (GST) in E.coli as described in (2.2.4). Therefore GST proteins 

were used as negative controls in EC2 protein experiments. Recombinant proteins 

produced in bacteria are contaminated with LPS. Some workers report that LPS interferes 

with Con A-induced MNGC formation (Takashima et al 1993; Marzieh Fanaei PhD thesis 

2013), whereas others have found no effect (Parthasarathy, 2009). As a precaution, 

wherever possible, recombinant proteins that had been treated with triton X-114 to reduce 

LPS contamination (Reichelt et al. 2006) were included in these assays. These detergent-

treated recombinant proteins are denoted by an “X” throughout.  
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4.2.2.1 Effects of GST-EC2 CD9 on B.t-induced MNGC formation 

Given the strong effect of anti-CD9 antibody on B.t-induced MNGC formation, initial 

experiments were performed using CD9 EC2 expressed as a GST fusion protein.  

4.2.2.1.1 Effects of pre-treatment of GST-EC2CD9 on B.t-MNGC formation 

 GST-CD9EC2 and GST proteins were expressed in E.coli strain Rosetta-gami as described in 

2.2.4.The effects of these proteins on B.t-induced MNGC formation was investigated as 

described in (2.2.10.5.1). Briefly, J774.2 cells were cultured overnight in 96 well plates then 

treated with 500nM GST or GST-EC2CD9 for 1 hr before infection. Cells were fixed, stained 

and fusion index and MNGC size calculated as described previously.  

Results in figures (4.2.6) and (4.2.7) show the effects of CD9 EC2 proteins on MNGC 

formation in J774.2 induced by B.t CDC272 and B.t E264 respectively. There was a highly 

significant inhibitory effect on fusion index on B.t-induced cells fusion in cells treated with 

GST-CD9 (detergent-treated or not) compared to either untreated cells or cells treated with 

GST proteins. The effects of the recombinant proteins on MNGC size was more variable 

depending on the strain of bacterium used and whether or not the proteins had been 

treated with detergent.  
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Figure 4.2.6 Effects of tetraspanin GST-CD9 proteins on B. Thailandensis CDC272- induced 

MNGC formation in J774.2 cells. Cells were cultured on 96 well plates overnight then 

incubated for 1hr with or without 500 n M GST-CD9 proteins or GST (control) before 

infection    as described in (2.2.10.5.1). Cells were fixed, stained with Giemsa and analysed 

as described in (2.2.10.2) and (2.2.10.3). (A) Fusion index (B) MNGC size. The experiment 

was performed at least four times in triplicate. Data are normalized to non-treated cells 

(control) and plotted as mean ± SEM. Statistical analysis was performed as described 

previously (Figure 3.3.14). 
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Figure 4.2.7 Effect of tetraspanin GST-CD9 proteins on B. thailandensis E264-induced 

MNGC formation in J774.2 cells. Cells were cultured, treated with or without GST proteins, 

infected with bacteria and analysed as described in Figure 4.2.7. (A) Fusion index (B) MNGC 

size.  

 

 

4.2.2.1.2 Effects of overnight-treatment of GST-EC2CD9 on B.t-MNGC formation 

Since pre-treatment of J774 cells with GST-CD9 proteins inhibited on B.t-induced cell fusion 

by >50%, the effect of a longer incubation with EC2 proteins was investigated. In this assay, 

following the infection with the bacteria, J774 cells were incubated in the presence of 500 

nM recombinant protein. (GST; GST X; GST-CD9 or GST-CD9 X) and 500 µg/ml (kanamycin 

and amikacin) at 37C°. Cells were fixed and stained with Giemsa. Fusion index and MNGC 

size was calculated as shown in (2.2.10.3). Inhibition of fusion was observed (4.2.8) with a 

reduced fusion index for GSTEC2CD9 X compared to untreated and GST-X controls. 

However, there was also some inhibition with the GST control (for fusion index and MNGC 

size) and the GST-X control (for MNGC size), suggesting non-specific effects of the 

recombinant proteins during the longer incubation.  
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Figure 4.2.8 Effects of overnight treatment with GSTCD9EC2 proteins on B.t- induced 

MNGC formation in J774.2 cells. Cells were infected with B.t E264 as described previously 

then incubated for 16hr in the presence or absence of 500 n M of recombinant proteins. 

The experiment was performed twice in duplicate and differences between the non-treated 

and GST treated cells were analysed using unpaired t test. **P<0.005, ****P<0.0001, ns= 

Non-significant.    

 

  

4.2.2.2 Effects of GST-EC2CD9 cysteine mutant on B.t-induced MNGC formation 

Since pre-treatment with GST-EC2CD9 showed inhibitory effects on B.t-induced cells fusion, 

the effects of EC2CD9 mutants on B.t-induced cell fusion were also tested.  GST-EC2CD9 

proteins containing mutations at cysteine 153 (cysteine to alanine) and cysteine 152 

(cysteine to alanine) were investigated. These mutants have been described previously 

(Higginbottom et al 2003) and are thought to be important for EC2 disulphide bond 

formation and conformation. Interestingly, the GSTEC2CD9 mutants showed a significant 

decrease in fusion index in cells infected with B.t CDC272 compared to  control, but  there 

was no effect in cells infected with B.t E264 (Figure 4.2.9).  
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Figure 4.2.9 Effects of mutations of cysteine 152 and 153 in GSTEC2CD9 on MNGC 

formation induced by B.thailandensis. Cells were treated with mutant proteins for 1hr 

prior to infection as previously described. (A) J774 infected with B.t CDC272, (B) J774.2 

infected with B.t E264. The experiment was performed twice in triplicate and results were 

analysed using Ordinary one-way ANOVA with Holm-Sidak’s multiple comparison test. 

***P<0.001 and ns= non significant. 

 

 

4.2.2.3 Effects of CD9-derived peptides on B.t-induced MNGC formation 

Synthetic peptides corresponding to different regions of the CD9 EC2 have previously been 

shown to have activity similar to the intact EC2 in some biological assays (Daniel Cozens, 

Jenny Ventress, personal communication).  Since CD9 EC2 protein showed inhibitory effects 

in B.t induced MNGC formation, the effects of synthetic CD9-based peptides was also 

investigated. The peptides used are shown in Table 4.2.1 and Figure 4.2.10.  This 

experiment aimed to identify the effective region of the EC2 CD9 protein that might 

promote cell fusion induced by B.thailandensis.  
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J774 cells were pre-treated with 50nM peptides for 1hr at 37C° and the MNGC formation 

assay performed as usual. From preliminary data shown in Figure (4.2.11), none of the 

peptides tested had any effects on B.t E264-induced cell fusion.  Effects were seen with B.t 

CDC-infected cells or when peptides were incubated with cells after infection overnight 

(data not shown). 

  

peptide sequence  

8001 Ser Lys His Asp Glue Val Ile Lys Glu Val Gln Glu Phe Tyr 

8001 scrambled Glu Glu Val lys Lys Phe Glu Ser Gln His Asp Ile Tyr Val 

800 Glu Pro Gln Arg Glu Thr Leu Lys Ala Ile His Tyr Ala Leu Asn 

800 scrambled Ala Tyr Pro His Leu Glu Arg Asn Leu Glu Glu Ile Ala  Lys Thr 

810 Gly Pro Lys Lys Asp Val Leu Glu Thr Phe Thr Val Lys Ser 

810 scrambled Thr Ser Lys Glu Lys Leu Val Gly Pro Asp Thr Lys Val Phe 

Table 4.2.1 CD9 EC2 derived peptide sequence. 

 

 

 

 

Figure 4.2.10 Synthetic peptides corresponding to different regions of CD9EC2. Peptide 

8001 was designed to mimic a part of the A-helix region, 800 corresponds to part B of the 

head region and 810 corresponds to part of the sub loop D created by the disulphide bonds. 
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Figure 4.2.11 Effects of CD9-derived peptides on B.t E264-induced cells fusion. Cells were 

treated with peptides at final concentration 500nM for 1hr prior infection.  (A) Fusion 

index, (B) MNGC The experiment was performed twice in duplicate. 

 

 

3.2.2.4 Effects of GST-EC2CD9 on Burkholderia thailandensis uptake by the macrophage cell 

line J774 

In this experiment we hypothesised that the inhibitory effects of CD9EC2 proteins on MNGC 

formation might be related to an effect on B.t uptake, since CD9EC2 has been shown to 

inhibit infection of human cells by some bacterial species (Green et al., 2011). Therefore the 

kanamycin protection assay was carried out to assess the number of intracellular bacteria in 

cells treated with GSTEC2CD9 proteins prior to infection. Briefly, J774 were incubated in 

presence or absence of 500 nM GST proteins (control) or GSTEC2CD9 proteins for 1hr, 

before the kanamycin protection assay was carried out as described before. The results 

showed that GST-CD9EC2 proteins did not have any effect on the invasion rate of B.t E264 

compared to untreated cells, although GSTEC2CD9-X showed small but significant increase 

in infection compared to its negative control GST-X (Figure 4.2.12).  
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Figure 4.2.12 Effects of GSTEC2CD9 proteins on B.t E264 uptake by J774 cells. J774 cells 

seeded overnight in 24well plates were treated with EC2 protein for 1hr before infection 

and the kanamycin protection assay carried out as described in 2.2.6.1 to determine the 

number of viable intracellular bacteria. The experiment performed two times in duplicate 

and analysed using Ordinary one-way ANOVA with Holm-Sidak multiple comparison test. 

*P<0.05 and ns= non significant. 

 

  

4.2.3 Effects of CD81EC2 and CD63EC2 on B.t-induced MNGC formation 

To investigate the role of tetraspanin EC2 proteins on B.t-induced cell fusion, the effects of 

a range of GST-EC2 of CD63, CD81, CD151 and Tspan 2 proteins were tested (figure 4.2.13 

and figure 4.2.14). As previously, these recombinant proteins had been generated by other 

members of the group (Marzieh Fanaei, John Palmer, Ibrahim Yaseen, and Arunya 

Jiraviriyakul). Note that detergent-treatment to remove LPS for some of these proteins was 

not possible, due to low yields and loss of protein following dialysis. However, in the case of 

CD63, a comparison was made with recombinant protein that had been produced in 

HEK293 mammalian cells (CD63M) which did not contain detectable endotoxin. J774 cells 

were treated with EC2 proteins for 1 hr before infection with B.t CDC272 or B.t E264, and 

then MNGC assay was carried out as described previously. 

The results show that both GST- EC2CD63 proteins produced in bacteria and EC2CD63 

produced in mammalian cells significantly inhibited MNGC formation induced by B.t CD272 

and B.t E264 compared to controls. GST-EC2 CD81 showed an inhibitory effect on MNGC 

formation in cells infected with B.t CDC There was no significant difference in fusion index 

in cells treated neither with GST-EC2CD151 nor with GST-EC2 Tspan 2. There was a small 

effect noted in MNGC size in cells treated with GST-EC2 Tspan 2 compared with untreated 

cells but not with GST treated cells.  
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Figure 4.2.13 Effects of tetraspanin EC2 proteins on B. thailandensis CDC 272-induced 

MNGC in J774.2 cells. Cells were cultured, treated with or without recombinant proteins 

for 1hr, and then MNGC assay was performed as in 2.2.10.2 analysed as described in 

2.2.10.3. The experiment was performed at least four in triplicate and analysed using 

Ordinary one-way ANOVA with Holm-Sidak multiple comparison test.   
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Figure 4.2.14 Effect of tetraspanin EC2 proteins on B. thailandensis E264-induced MNGC 

in J774.2 cells. Cells were cultured, treated with or without recombinant proteins for 1hr, 

infected with bacteria and analysed as described in Figure 3.3.22. The experiment was 

performed at least four in triplicate and analysed using Ordinary one-way ANOVA with 

Holm-Sidak multiple comparison test. 
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4.2.4 Effects of bacteria lipopolysacchride (LPS) on B.t-induces MNGC 

formation. 

As mentioned previously, the EC2 proteins that were used in this study produced in E.coli, 

and are likely to contain LPS, which some workers have reported that affects Con A-induced 

monocyte fusion and may contribute to the activity EC2proteins (Abe et al., 1984, Enelow 

et al., 1992, Lazarus et al., 1990, Takashima et al., 1993). Although a GST control, 

CD151EC2-GST and Tspan2EC2-GST (which had similarly been produced in bacteria) showed 

little or no effects, however the levels of LPS in preparations of recombinant proteins might 

vary. The effect of LPS on B.t-induced cell fusion was therefore investigated.          

The effects of pre-treatment with LPS on MNGC formation induced by B.t were tested at 

different concentrations as indicated in Figures 4.2.15 and 4.2.16.  The effect of LPS on non-

infected was also tested. From the results it was observed that LPS had slight significant 

inhibitory effect on fusion index in cells infected with B.t CDC272 at concentrations 100, 50 

and 10 ng/ml, whereas 200 ng/ml showed no significant effect. However there was no 

effect of LPS was noted for cells infected with B.t E264. In addition, small and very few 

MNGCs were formed in uninfected cells treated with LPS, suggested that LPS itself is 

capable of stimulating cell fusion.  
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Figure 4.2.16 Effects of bacterial lipopolysacchride (LPS) on B.t CDC272-induced MNGC 

formation. Cells were incubated for 1hr in presence or absence of LPS at (200, 100, 50, 10) 

ng/ml. After washing, J774.2 cells were infected and MNGC assay was performed as in 

(2.2.10.2.1). (A) fusion index, (B) MNGC size The experiment was done three times in 
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duplicate and analysed using Ordinary one-way ANOVA with Holm-Sidak multiple 

comparison test.  
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Figure 4.2.16 Effects of bacterial lipopolysacchride (LPS) on B.t –E264-induced MNGC 

formation. Cells were incubated with LPS and infected with bacteria as described in Figure 

3.3.32 A) fusion index, (B) MNGC size. The experiment was done three times in duplicate 

and analysed as in Figure 4.2.16.  

  

 

4.2.5 Effects of EC2 proteins on J774 cell number. 

Since the GST-EC2 proteins of CD9, CD63 and CD81 showed significant inhibition of B.t 

induced cell fusion; possible adverse effects of these proteins on cell number were 

investigated using the sulforhodamine B (SRB) assay. This assay estimates cell number 

colorimetrically, using a dye that stains cellular protein and was originally developed as an 

assay for testing toxicity of anticancer drugs (Skehan et al., 1990). 
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4.2.5.1 Effects of pre-treatment with EC2 proteins on J774 cell number 

In this assay cells were treated with tetraspanin EC2 proteins in the same way as that used 

to study their effect on B.t-induced MNGC formation i.e. cells were cultured overnight in 96 

well plates, incubated in presence or absence of tetraspanin EC2 proteins for 1 hr, then 

washed twice with PBS and incubated overnight in medium. The cells were then fixed with 

TCA, and the SRB assay was performed as described in (2.2.11.2). The absorbance at 570 

nm gives a measure of cellular protein, which is proportional to cell number, as described in 

2.2.11.1 and figure 2.2.17. There was no significant effect on cell number on treatment with 

GST-EC2 proteins compared to untreated cells. This suggests that GST-EC2 of CD9, CD63 

and CD81 proteins have no effects on J774 viability or proliferation under the conditions 

usually employed for the MNGC assay (figure 4.2.18).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.17 Standard curve for SRB assay for J774 macrophage cell line. Cell number was 

titrated as described in 2.2.11.1 (Dr Lynda Partridge, personal communication).  
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Figure 4.2.18 Effect of pre-incubation of recombinant EC2 proteins on cell number. J774 

cells were cultured and treated with or without GST-EC2 proteins for 1hr as described for 

the MNGC assay then washed and incubated with medium overnight. Cells were fixed and 

SRB assay was performed as described in (2.2.11.2). The results are the mean of 

absorbance of 3 experiments performed in quadruplicate and were analysed by Ordinary 

one-way ANOVA with Holm-Sidak multiple comparison test.  

 

4.2.5.2 Effects of long incubation with EC2 proteins on J774 number 

Although pre-treatment with GST-EC2 of CD9, CD63 or CD81 under the conditions used for 

the MNGC assay showed no effect on cell number it was of interest to investigate the effect 

of a longer incubation with these proteins on the cells. Here, cells were incubated in the 

continuous presence or absence of GST-EC2 proteins for 72hr, before performing the SRB 

assay. The results showed that the GST-EC2s of CD9, CD63 and CD81 have a negative effect 

on cell number compared with untreated cells, whereas GST alone has no effect. These 

results indicated that the viability and/or proliferation of J774 are affected by long-term 

incubation with the GST-EC2 proteins (figure 4.2.19). 
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Figure 4.2.19 Effect of longer treatment with GST-EC2 proteins on cell number. J774 cells 

were cultured and incubated with or without GST-EC2 proteins continuously for 72 hr, 

before performing the SRB assay as described in (2.2.11.3). The results are the mean of 

absorbance of 3 experiments performed in quadruplicate and were analysed by Ordinary 

one-way ANOVA with Holm-Sidak multiple comparison test. 
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4.3. Discussion 

The data presented in this chapter details the effects of anti tetraspanin antibodies and GST 

fusion proteins of large extracellular proteins (EC2s) on multinucleated giant cell formation 

induced by Burkholderia thailandensis.    

 

4.3.1 Effects of monoclonal antibodies  

The effect of a short incubation with anti CD9, anti CD63 or anti CD81 antibodies on B.t-

induced MNGC formation was tested as described above.  Briefly, cells were pre-treated 

with anti tetraspanin antibodies for 1hr at 37°C, and then the cells were washed to remove 

unbound antibodies before being infected with B.thailandensis and the MNGC assay was 

performed as described above. For controls, cells were treated with corresponding isotype 

controls to test the effect of any unspecific binding on B.t-induced MNGC formation and 

untreated cells were another control used in this study. The results revealed that anti-CD9 

antibody and anti-CD81 antibody strongly enhanced MNGC formation in cells infected 

either with B.t CDC272 or B.t E264.  There was a dramatic increase in fusion index and 

MNGC size in cells treated with anti CD9 or anti CD81 antibodies compared to untreated 

cells or cells treated with isotype controls. The effects of longer incubation of antibodies on 

B.t-induced MNGC formation were also investigated. Cells were infected with 

B.thailandensis, and then the cells were washed and incubated in the presence or absence 

of antibodies throughout the incubation period. There was again a significant increase in 

MNGC formation in cells treated anti-CD9 and anti-CD81 antibodies compared to untreated 

cells and the long incubation with antibodies also produced a significant enhancement in 

MNGC size. There was no cell fusion in uninfected cells, which were incubated with medium 

containing anti-tetraspanin antibodies, meaning that the antibodies themselves were 

unable to induce cell fusion and MNGC formation. However, they promote MNGC 

formation in B.t infected cells, as earlier cell fusion was noted in infected cells in the 

presence of antibodies compared to controls.  

These results are in agreement with results showed by Takeda and co-workers (Takeda et 

al., 2003), and Parthasarathy and co-workers  (Parthasarathy et al., 2009) that showed that 

anti CD9 and anti CD81 antibodies enhance Con A-induced monocyte fusion. Gordon-

Alonso and co-workers reported similar enhanced effects of anti CD9 and anti CD81 on 

syncytia formation induced by HIV-1 envelope proteins (Gordon-Alonso et al., 2006), 

suggesting that CD9 and CD81 may modulate B.thailandensis-induced cell fusion by a 

comparable mechanism. 

There was no effect observed with J774 and RAW264 cells pre-treated with anti-CD63 on 

B.t-induced cell fusion and MNGC formation, possibly because of the low level of CD63 on 

both cell lines as shown by FACS analysis in this study (Chapter 3). However notably, the 

long incubation with anti CD63 antibodies produced a slight but significant reduction in the 

amount of MNGC formation, but not on the size of MNG cells. There are contradictory 

results about the effects of anti CD63 on MNGC formation, as Parthasarathy and co-worker 

showed a significant inhibitory effect for anti CD63 on Con A-induced MNGC formation, 

whereas Takeda and co-worker reported that anti CD63 antibody has no effect (Takeda et 

al., 2003, Parthasarathy et al., 2009). These inconsistent results may be due to the effect of 

different parameters and methods used including antibodies and cell resources.  
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4.3.2 Effects of tetraspanin EC2 proteins 

The effect of tetraspanins on B.t-induced MNGC formation in mouse macrophage cell lines 
was tested using human tetraspanins GST-EC2 (CD9, CD63, CD81, CD151 and Tspan2), the 
amino acid sequence of these tetraspanins has 77.38%, 67.32%, 77.53%, 88.07% and 
87.01% identity with murine tetraspanins respectively. Figure 4.3.1 shows the alignment of 
the amino acid sequence of human EC2s with murine EC2s analysed using Clustalo-Omega. 
Taking advantage of the high degree of sequence identity these proteins were used to 
investigate their effects on B.t-induced MNGC formation in the mouse macrophage cell 
lines.  It has been shown that the injection of human CD9 mRNA or mouse CD9 mRNA in 
CD9 KO oocytes restores their fusion ability (Zhu et al., 2002, Kaji et al., 2002). The EC2s of 
mouse and human CD9 differ by 18 residues, including nine non-conservative substitutions, 
indicating that certain changes of amino acids in mouse EC2 does not affect its functional 
activity (Zhu et al., 2002). It has also been reported that, human and murine GST-CD9 
proteins both significantly inhibit murine sperm-oocyte fusion (Higginbottom et al., 2003).    
 
CD9_HUMAN SHKDEVIKEVQEFYKDTYNKLKTKDEPQRETLKAIHYALNCCGLAGGVEQFISDICPKKD  

CD9_MOUSE THKDEVIKELQEFYKDTYQKLRSKDEPQRETLKAIHMALDCCGIAGPLEQFISDTCPKKQ  

          :********:********:**::************* **:***:** :****** ****: 

CD9_HUMAN VLETFTVKSCPDAIKEVFDNKFHI  

CD9_MOUSE LLESFQVKPCPEAISEVFNNKFHI  

          :**:* ** **:**.***:***** 

  

CD81_HUMAN FVNKDQIAKDVKQFYDQALQQAVVDDDANNAKAVVKTFHETLDCCGSSTLTALTTSVLKN  

CD81_MOUSE ---KDQIAKDVKQFYDQALQQAVMDDDANNAKAVVKTFHETLNCCGSNALTTLTTTILRN  

              ********************:******************:****.:**:***::*:* 

CD81_HUMAN NLCPSGSNIISNLFKEDCHQKIDDLFSGK  

CD81_MOUSE SLCPSGGNILTPLLQQDCHQKIDELFSGK  

           .*****.**:: *:::*******:***** 

  

CD63_HUMAN AGYVFRDKVMSEFNNNFRQQMENYPKNNHTASILDRMQADFKCCGAANYTDWEKIPSMSK  

CD63_MOUSE AGYVFRDQVKSEFNKSFQQQMQNYLKDNKTATILDKLQKENNCCGASNYTDWENIPGMAK  

           *******:* ****:.*:***:** *:*:**:***::* : :****:******:**.*:* 

CD63_HUMAN NRVPDSCCINVTVGCGINFNEKAIHKEGCVEKIGGWLRKNV  

CD63_MOUSE DRVPDSCCINITVGCGNDFKESTIHTQGCVETIAIWLRKNI  

           :*********:***** :*:*.:**.:****.*. *****: 

 

CD151_HUMAN AYYQQLNTELKENLKDTMTKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWIRS  

CD151_MOUSE VYYQQLNTELKENLKDTMVKRYHQSGHEGVSSAVDKLQQEFHCCGSNNSQDWQDSEWIRS  

            .*****************.***** ***.*:****:****************:******* 

CD151_HUMAN QEAGGRVVPDSCCKTVVALCGQRDHASNIYKVEGGCITKLETFIQEHLR  

CD151_MOUSE GEADSRVVPDSCCKTMVAGCGKRDHASNIYKVEGGCITKLETFIQEHLR  

             ** .**********:** **:*************************** 

 

TSN2_HUMAN GKGVAIRHVQTMYEEAYNDYLKDRGKGNGTLITFHSTFQCCGKESSEQVQPTCPKELLGH  

TSN2_MOUSE GKDVAIRHVQSMYEEAYSDYLKDRARGNGTLITFHSAFQCCGKESSEQVQPTCPKELPGH  

           ** *******:******.******.:**********:******************** ** 

TSN2_HUMAN KNCIDEIETIISVKLQL  

TSN2_MOUSE KNCIDKIETVISAKLQL  

           *****:***:**.**** 

 

Figure 4.3.1 Alignment of extracellular domain EC2 amino acid sequence of human 

tetraspanins with their corresponding murine tetraspanins using Clustalo-Omega.  

 
 
 
The GST-CD9, GST-CD63, GST-CD81 showed a strong and significant inhibitor effect on B.t-

induced MNGC formation in both bacterial strains, but no effects were observed with GST-

CD151 and GST-TSPAN-2. However, due to a lack of specific monoclonal antibodies to the 

mouse tetraspanins, it was not possible to determine if this might relate to low expression 
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levels of CD151 and Tspan-2 on the surface of the cells used here. Previous results obtained 

by Takeda and co-workers showed that GST-CD9 inhibited con A-induced MNGC formation 

(Takeda et al., 2003), Parthasarathy and co-workers also showed the GST-CD9 and GSTCD63 

inhibited con-A induced MNGC formation while GST-CD81 and GST-CD151 had no effect 

(Parthasarathy et al., 2009), which was partly in line with results obtained in B.t-induced 

MNGC formation. In other consistent results, GST-CD9 (Zhu et al., 2002) and GST-CD81 have 

also been shown to inhibit sperm oocyte fusion (Zhu et al., 2002, Higginbottom et al., 

2003).     

Our data therefore suggest negative regulatory roles for CD9 and CD81 in B.t-induced 

MNGC formation as blocking of CD9 and CD81 resulted in enhancement of MNGC 

formation whereas binding of CD9EC2 and CD81EC2 to the cells disrupted B.t-induced 

MNGC formation. Despite a short incubation with anti-CD63 showing no effect, long 

incubation with the antibody as well as GST-CD63 pre-treatment resulted in inhibition 

MNGC formation. Notably CD63 showed a poor expression level on J774 cells, therefore the 

inhibition on MNGC formation could be due to interaction of CD63 EC2 with a molecule 

other than CD63, which could be another tetraspanin or another molecule of a different 

family. CD63 is known to interact with tetraspanins such as CD9, CD81, CD82 and CD151 

and with other proteins including integrins such as β1 integrin, syntenini-1 and TIMP-1 

(Berditchevski, 2001, Jung et al., 2006, Latysheva et al., 2006). 

 

Since the recombinant proteins had been produced in the E.coli, it is likely that the proteins 

contain bacterial lipopolysaccharide (LPS) which may contribute to their activity. A recent 

study in our research group suggested that the functional activity of CD9 EC2 proteins 

(produced in bacteria) in con A-induced monocyte fusion may due to the activity of LPS   

contamination rather than the direct effect of EC2 itself. In that study the contribution of 

LPS to EC2 protein activity was elucidated by utilizing reduced LPS batches of the proteins, 

referred to as GST X and GST-CD9 X. The level of inhibitory effects of these proteins was 

significantly reduced compared to GST and GST-CD9. In addition there were no significant 

differences in the activity of boiled proteins compared to native proteins in MNGC assay 

(Marzieh Fanaei PhD thesis 2013). It has also been found that LPS could inhibit the 

monocyte fusion induced by Con A, which is thought to be due to LPS binding to receptors 

that are involved in cell-cell adhesion (Takashima et al., 1993). In contrast, other studies 

showed that bacterial cell wall proteins can stimulate MNGC formation such as muramy1 

dipeptide (MDP) which can trigger epithelioid cell granulomas (Tanaka and Emori, 1980), 

and enhance Con A-induced monocyte fusion(Mizuno et al., 2001b). In a similar manner LPS 

has been found to enhance Con A-induced MNGC (Mizuno et al., 2001a). Previous findings 

in our group showed the ability of LPS to stimulate monocyte fusion and LPS treated cells 

produced a higher fusion rate compared to untreated cells in presence of Con A 

(Parthasarathy, PhD thesis 2005). Recently, an insignificant effect for LPS on Con A-induced 

fusion has been reported by our group (Hulme et al., 2014).  Therefore, to determine the 

possible interference of LPS on recombinant protein activity, GST X and GST-CD9 X (where 

LPS levels were reduced by treatment with detergent, produced by Marzieh Fanaei) were 

used in the B.t-induced MNGC formation assay. 

The results revealed that GST-CD9 and GST-CD9X both showed strong and highly significant 

inhibitory effects as shown by reduction in fusion in both B.t strains compared to the effect 

of GST and GST X respectively and there was no significant difference between the effects 
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of GST-CD9 and GST-CD9 X when cells pre-treated with these reagents before the infection. 

However long incubation with these proteins after the infection showed a significant 

inhibitory effect for GST-CD9, which was also observed with the GST control compared to 

untreated cells. This effect was reduced in GST X and a significantly reduced effect for GST-

CD9 X was observed. The long incubation result was compatible with previous result 

showed inhibitory effect of GST on con A-induced MNGC formation where long incubations 

were used (M. Fanaei PhD thesis 2013). The effects that were observed in long incubations 

with GST-treated cells may therefore be due to LPS contamination.  

It has been reported that human CD9 EC2 (where the GST tag has been removed) was 

slightly less active than GST-CD9 EC2, suggesting that GST contributes to the 

stability/activity of CD9 EC2 or that GST alone has weakly inhibitory effects in sperm-egg 

fusion (Higginbottom et al., 2003). However, Parthasarathy and co-workers reported 

similarly significant inhibitory effects for cleaved CD63 EC2, and highly purified his-tagged 

CD9 EC2 and CD63 EC2 compared to GST-CD63EC2 in Con A-induced cell fusion 

(Parthasarathy et al., 2009).      

For further investigation, the effect of pure LPS on B.t-induced MNGC was tested. The 

effect of pre-treated of LPS at different concentrations was examined. A slight inhibition 

effect in fusion index was observed in cells infected with B.t CDC at low concentration, 

whereas 200ng showed no effect. However no effects noted with B.t E264-infected cells, 

suggesting that LPS has little contribution to the recombinant protein activity and the 

inhibition in B.t-induced MNGC formation is due to the EC2 proteins themselves.  Notably, 

almost all of the recombinant proteins tested in these studies are produced in bacteria, so 

it would be expected that the possibility of LPS contamination is equal. As mentioned 

above, CD151 and TSPAN-2 showed no significant effect on B.t-induced fusion, although the 

LPS content in these protein preparations was higher compared to the amount in the CD9-

EC2 protein as shown in figure 4.3.2 (John Palmer personal communication). In addition, 

CD63-EC2 produced in mammalian cells showed a similar   inhibitory effect to that observed 

with CD63-EC2 produced in bacteria in B.t-induced MNGC formation.       
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Figure 4.3.2 The concentration of LPS in recombinant EC2 proteins (determined by using a 

LAL Chromogenic Endotoxin Quantitation kit (Pierce). X refers to detergent treated proteins 

to reduce LPS concentration in EC2 proteins. This experiment was performed by John 

Palmer from our research group (J. Palmer, personal communication). 

  

The effect of GST-EC2 recombinant proteins on overall cell number was examined by using 

the SRB assay (Skehan et al., 1990). Preliminary experiments revealed that this assay gave a 

linear correlation between the optical density and cell number. The experiments were 

performed in order to evaluate any possible anti-proliferative or cytotoxic effect of these 

proteins. Cells were treated with EC2 proteins for 1hr, and then washed and cultured for 16 

hr in EC2-free medium. Alternatively, cells were incubated for 72hr in the presence of EC2 

proteins. Interestingly, no effects were noted in cells pre-treated with EC2 compared to 

untreated cells, which indicates that the effects of GST-EC2s on B.t-induced MNGC 

formation are not due to anti-proliferative or cytotoxic activity. However, a longer 

incubation resulted in a significant reduction in cell number at higher concentrations, thus 

GST-EC2 proteins are likely to promote time- and dose-dependent anti-proliferative and/or 

cytotoxic activities or may affect cell adhesion. That was in contrast with the result that 

showed no effect of a long incubation with GST-CD9 and GST-CD63 proteins on the number 

of primary human monocytes. Also no effects on cell adhesion and aggregation were 

observed in that study (Parthasarathy et al 2009). Recent work in our group showed no 

effects of CD9, CD63, CD81 or CD151 on the adhesion of RBL2H3 cells treated overnight 

with the proteins (J. Palmer, PhD thesis University of Sheffield 2016). 

Since GST-EC2CD9 showed inhibitory effects on B.t-induced cells fusion, the effects of 

EC2CD9 mutants on B.t-induced fusion were examined. GST-EC2CD9 proteins containing 

mutations at cysteine 153 (cysteine to alanine) and cysteine 152 (cysteine to alanine) were 

investigated. These mutants have been described previously (Higginbottom et al 2003) and 

are thought to be important for EC2 disulphide bond formation and conformation, as these 

mutants are not recognised by conformation-dependent antibodies.  Interestingly, the 

GSTEC2CD9 mutants showed a significant decrease in fusion index but no effect on MNGC 
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size in cells infected with B.t CDC272, whereas no effect for these proteins observed in cells 

infected with B.t E264. Previous data showed that Cys152 and Cys153 mutated EC2 

proteins can slightly inhibit sperm/oocyte fusion (Higginbottom et al., 2003), and the 

Cys153 mutation appeared to also have some inhibitory effect on Con A-induced cell fusion 

(Parthasarathy et al., 2009). These effects indicate that regions outside of the variable 

subloop region of CD9EC2 may be involved in the cell fusion process. Notably Higginbottom 

and co-workers showed that these mutants were unable to inhibit sperm/oocyte binding as 

strongly as wild type CD9EC2, demonstrating the importance of folding correct of CD9 EC2 

in this process (Higginbottom et al., 2003).     

We also attempted to identify the effective region of the EC2 CD9 protein that might 

promote cell fusion induced by B.thailandensis using short synthetic CD9-derived peptides. 

From preliminary data, none of the peptides tested had any effects on B.t E264-induced cell 

fusion. However, effects were observed with B.t CDC-infected cells or when peptides were 

incubated with cells after infection overnight (data not shown). We suggest that more 

effort should be attempted in these experiments, for example by using different 

concentrations of these peptides. These peptides have been shown to significantly reduce 

meningococcal and other bacterial pathogen adherence to an endometrial epithelial cell 

line (Daniel Cozens, personal communication) and S. aureus adhesion to human 

keratinocytes and a 3D model of human skin (Ventress et al., submitted to Journal of 

Infectious Disease).    

 

 4.3.3 Effects of tetraspanins on B.t uptake  

Several studies indicate a role for tetraspanins in bacterial adhesion and entry into host 

cells, as discussed in more detail in Chapter 1. To investigate the role of tetraspanins in 

bacterial infection was also of interest to our research group. By utilizing anti-tetraspanin 

antibodies, EC2 proteins and gene knockdown by siRNA, the role of tetraspanins in bacterial 

attachment and entry has been demonstrated. Green and co-workers showed an inhibitory 

effect of anti tetraspanin CD9, CD63 and CD151 but not CD81 antibodies on bacterial 

adhesion to epithelial cells including adhesion of Neisseria meningitides, Staphylococcus 

aureus and Escherichia coli (Green et al., 2011). Previous and recent data from our group 

also showed a role for tetraspanins in Salmonella infection.   Tetraspanins CD9, CD63, CD37 

and CD151 have been shown to be involved in Salmonella typhimurium infection of human 

monocyte-derived macrophages at different stages (Noha Hassuna, PhD thesis 2010). A 

more recent finding showed that anti-CD9 and anti-CD81 antibodies inhibited S. 

typhimurium uptake by J774 cells whilst anti CD63 antibody had a slight effect. These 

effects seem to be cell line-dependent as anti-CD63, anti-CD81 and anti-CD151 showed a 

significant reduction in the bacterial infection in PMA-stimulated THP-1 cells with an 

insignificant effect for anti-CD9 (Fawwaz Ali personal communication). Recombinant 

CD9EC2 protein and short synthetic peptides mimicking CD9EC2 showed significant 

inhibitory effects on the adhesion of several bacterial isolates including meningococcal 

bacteria to human cells (Daniel Cozen, personal communication). The CD9-EC2 and 

peptides also inhibit S.aureus adhesion to human keratinocytes and a human skin model 

(Ventress et al., submitted to the Journal of Infectious Disease). In addition, anti tetraspanin 

CD9 and CD81 antibodies significantly inhibited the adhesion of Pseudomonas earuoginosa 

on U937 and HaCaT cell lines respectively (Jehan Alrahimi, personal communication). Based 

on these findings the effects of tetraspanin reagents on B.t uptake were examined. 
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 Since the anti-tetraspanin antibodies and recombinant EC2 protein affected B.t-induced 

MNGC formation, the question was whether these finding was as a consequence of their 

effects on B.t uptake, resulting in the enhancement or the reduction in MNGC formation. 

The effect of pre-treatment of these reagents on cells infected at MOI 3:1 was examined, 

which were the same conditions used in the MNGC formation assays. There was a slight 

decrease in uptake of B.t CDC272 in anti-CD9 and anti-CD81-treated J774 cells relative to 

non-treated cells, but that was not significant compared to the effects of the isotype 

controls.  In addition a slight increased invasion rate was observed in cell pre-treated with 

CD9EC2 protein. This suggests that the tetraspanins CD9 and CD81 (under these 

experimental conditions) are involved in B.t-induced cells fusion at the stage where MNGCs 

are produced, rather than the initial infection.  
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Chapter 5  

Effects of CD9 deletion and CD82 deletion on Burkholderia 

thailandensis-induced multinucleated giant cell formation 

 

5.1 Introduction 

Results described in the previous chapter showed clearly that tetraspanin CD9 is involved in 

Burkholderia thailandensis-induced cell fusion and multinucleated giant cell formation. To 

gain insight into the role of CD9 in bacterial-induced cell fusion, the MNGC formation assay 

was performed using macrophage cell lines derived from CD9 knockout mice and 

corresponding wild type mice.  The CD9 knockout mice were generated by Le Naour and co-

workers. Briefly, the CD9 gene was disrupted by gene targeting in embryonic stem cells; the 

promoter and exon 1 were replaced by the neomycin resistance gene and the knock-out 

was confirmed at the DNA level by Southern blotting and cells from knockout mice showed 

no expression of CD9 by flow cytometry and immunohistology (Le Naour et al., 2000). CD9-/- 

and wild-type macrophage cell lines were kindly provided by Dr. Gabriela Dveksler, Dept. 

Pathology, Uniformed Services University of Health Sciences, Bethesda, MD, US. The 

macrophage cell lines were derived from the CD9 knock-out or wild type mice by retroviral 

transformation of bone marrow-derived macrophages. These cells had been used in an 

investigation of the function of pregnancy-specific glycoprotein (PSG) and its association 

with CD9 (Ha et al., 2005). An attempt was made by a previous researcher in our group to 

induce MNGC formation in these cells using Con A and cytokine TNF-α; however no cell 

fusion from CD9WT and CD9KO cells was observed (Parthasarathy PhD thesis, University of 

Sheffield, 2005). Therefore, to take advantage of these cell lines, MNGC formation assays 

were performed using B.thailandensis.  

CD82, also known as KAII, is a member of the tetraspanin superfamily that has been shown 

to be involved in a wide range of cell functions including cell dynamics and signalling (more 

details in Chapter 1). CD82 interacts with cell surface molecules including other 

tetraspanins, integrins, chemokine receptors and growth factor receptors; these 

interactions have been implicated in processes such as metastasis suppression (Sridhar and 

Miranti, 2006, Miranti, 2009). Since CD82 is involved in processes that affect cell fusion 

such as cell adhesion and migration, we hypothesised a possible role for CD82 in MNGC 

formation induced by B.thailandensis.   

The CD82 gene has been disrupted using the recombination and cre-loxP deletion 

technique and the final recombination plasmid was then used for targeting embryonic stem 

cells, and by selective breeding CD82 null mice were obtained. CD82 knockout was 

confirmed by immunoblotting, immunohistochemistry, PCR, and qPCR (Risinger et al., 2014, 

Wei et al., 2014). Macrophage cell lines from CD82 -/- and corresponding wild type mice 

were kindly provided by Professor Jatin Vyas (Harvard University) for these studies. CD82 

macrophage and corresponding wild type cell lines were also generated from bone 

marrow-derived macrophages by retroviral transformation (Jatin Vyas, personal 

communication). 
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5.1.1 Tetraspanin deficiency studies 

The influence of gene disruption has been investigated for several tetraspanins, which have 

revealed tetraspanin functions and interactions in vivo, despite tetraspanin mutations 

resulting in few detectable abnormal phenotypes.  

 Although there was no obvious abnormal phenotype in CD63 null mice, CD63 deficiency 

was associated with altered water balance and kidney impairment (Schroder et al., 2009). 

The CD151-null mice exhibit varying phenotypes, with some mice developing glomerular 

kidney disease, depending on the mouse strain used to generate the knock-out (Baleato, 

RM et al 2008). Mutation of CD151 is also associated with renal disease in humans 

(Karamatic Crew et al, 2004). An absence of CD151 in mice also causes a minor abnormality 

in haemostasis, an increase in bleeding times and re-bleeding occurrences and also defects 

in wound healing due to poor migration of keratinocytes. In addition, mitogenic-stimulated 

CD151-/- T lymphocytes exhibit abnormal proliferative rates (Wright et al., 2004, Cowin et 

al., 2006).  CD151-null mice also showed a reduction in cancer metastasis that is likely due 

to impaired tumour-endothelial interactions, and disorders in extracellular matrix 

production in mouse lung endothelial cell (Takeda et al., 2011).  

CD37 lacking mice showed poor T-cell dependent antibody responses to antigen or viral 

infection; however this defect can be recovered by antigen-adjuvant administration 

(Knobeloch et al., 2000). CD81 null mice exhibited an increased number of microglia and 

astrocytes and subsequently an increase in brain size and weight, which demonstrated a 

role for CD81 in the regulation of proliferation of these cells (Geisert et al., 2002). Studying 

the effects of Tetraspanin 32 (Tssc6) deletion reveals the role of this tetraspanin in T-

lymphocyte proliferation (Tarrant et al., 2002). As previously described in Chapter 1, CD9-

defficient mouse studies indicated precise information about CD9 functional properties; 

CD9 was shown to be essential for fertilization as knockout mouse females displayed a 

severe inhibition of fertility due to defects in sperm-egg fusion (Le Naour et al., 2000). 

Alveolar macrophages and bone marrow cells derived from mice lacking CD9 formed large 

number of MNGC compared to those of wild-type (Takeda et al., 2003). Abnormal muscle 

regeneration with formation of large giant myofibres were found in mice lacking either CD9 

or CD81; this data suggested that CD9 and CD81 control the regeneration of normal muscle 

(Charrin et al., 2013). CD81 knock-out also causes reduced fertility in female mice and 

CD9/CD81 double knockout mice are completely infertile (Rubinstein et al., 2006). Also 

CD9/CD81 double knockout show spontaneous MNGC formation in vivo and increased 

osteoclastogenesis (Takeda et al., 2003).  Despite CD82 deficient mice exhibiting no 

phenotype abnormalities, gene ontology analysis revealed that the genes related to 

immune response, cell adhesion, proliferation and mitosis were those  whose expression 

was most changed in the knock out animals  (Risinger, Custer et al. 2014) . Also recent data 

showed that CD82 knock-out mice have increased angiogenic responses, likely due to 

increased expression of adhesion-related molecules including CD44 (Wei et al., 2014). 

5.1.2 Cell surface molecules involved in cell fusion processes 

As mentioned previously in Chapters 1 and 4, a number of other cell surface molecules 

have been implicated MNGC formation. The properties of the proteins studied in this 

Chapter are described in more detail below.  
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5.1.2.1 CD36  

CD36 is a membrane glycoprotein known as a member of the class B scavenger receptor 

family. CD36 is expressed on many cell types including monocytes (Talle et al., 1983), blood 

platelets and microvasculature endothelial cells (Swerlick et al., 1992). The main feature of 

CD36 is its capacity to recognize and  bind to various ligands including bacterial 

lipopeptides, Plasmodium falciparum parasitized erythrocytes (PEs), oxidized low density 

lipoprotein (ox LDL), collagen and fatty acids (Moore and Freeman, 2006). Therefore CD36 

has been implicated in immunity, lipid metabolism and angiogenesis (Silverstein and 

Febbraio, 2009). CD36 mediates the phagocytosis of P.falciparum and is thought to be 

involved in malaria clearance (McGilvray et al., 2000). In addition, CD36 functions as a 

phagocytic receptor for both gram-positive and gram-negative bacteria including 

Salmonella typhimurium, Staphylococcus aureus, Klebsiella pneumoniae and Escherichia coli 

(Baranova et al., 2008). CD36 is also involved in HIV-1 dissemination as anti-CD36 mAb 

block release of HIV from macrophages and virus transmission to CD4+ cells (Berre et al., 

2013).  Macrophage CD36 mediates the binding and internalization of ox LDL and thus 

contributes to foam cell formation and atherosclerotic plaques (Podrez et al., 2000, 

Febbraio et al., 2000). CD36 promotes apoptotic cell removal by macrophages by 

recognizing and binding to phosphatidylserine (PS) expressed on apoptotic cells (Ren et al., 

1995). A role for CD36 in cell fusion has been demonstrated. Helming and co-workers 

showed that CD36 promotes cytokine-induced macrophage fusion; anti-CD36 antibodies 

significantly inhibited IL-4/GM-CSF-induced murine macrophage fusion. Cell fusion was also 

strongly impaired in macrophages from CD36KO compared to that of CD36WT mice. 

Although CD36 surface expression showed no change after IL-4 stimulation, CD36 was 

localized in the cell-cell contact zones, however M-CSF/RANKL-induced osteoclasts was not 

affected by anti-CD36 antibodies or CD36KO, thus CD36 seems to  selectively contribute to 

MNGC formation but not osteoclastogenesis (Helming et al., 2009). CD36 recognises the 

lipid, phosphatidylserine (PS), which is transiently expressed on the membrane of fusing 

cells, Helming and co-workers showed that masking PS also blocked fusion and so 

hypothesised that the role of CD36 in fusion related to recognition of PS. Similarly, masking 

of CD36 prevented fusion of embryonic stem cells with microglial cells and neurones 

(Cusulin et al., 2012)    

Recently CD36 has been shown to be involved in myoblast fusion during myogenic 

differentiation. The expression of CD36 was significantly up-regulated during myoblast 

differentiation and it was localized in multinucleated myotubes. CD36 knockdown markedly 

inhibited myotube formation suggesting that CD36 is essential for myogenic differentiation 

(Park et al., 2012).  

CD36 is implicated in Mycobacterium tuberculosis infection. CD36 deficiency resulted in 

resistance to the infection in vivo and in vitro models. CD36 null mice showed a decrease in 

mycobacterial load in liver and spleen compared with wild-type animals, as well as 

reduction in granuloma formation which promotes bacterial dissemination. Mycobacterial 

growth and survival was also reduced in CD36KO macrophages (Hawkes et al., 2010).  

5.1.2.2 CD44 

 CD44 is a transmembrane glycoprotein expressed broadly on a variety of cell types and 

exists as various isoforms. CD44 is implicated in a number of physiological and pathological 

processes such as cell-cell and cell-substrate adhesion. Several studies showed the 

involvement of CD44 in infectious disease and the inflammatory response; CD44 promotes 
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E.coli infection of the murine urinary tract, as CD44 deficient mice showed a decrease in 

E.coli intracellular proliferation (Rouschop et al., 2006). CD44 deficiency was also associated 

with reduction in proliferation and dissemination of Klebsiella pneumoniae accompanied by 

increased lung inflammation (van der Windt et al., 2010). In Mycobacterium tuberculosis it 

has been demonstrated that CD44 promotes bacterial phagocytosis, macrophage 

recruitment and immune response to pulmonary tuberculosis. The average number of 

bacteria binding and uptake by CD44 deficient macrophages was lower compared with 

wild-type and granuloma formation was reduced in CD44-/- mice (Leemans et al., 2003). In 

contrast, in Cryptosporidium parvum infection (an intracellular parasite), CD44 deficient 

mice showed increases in the number and size of granulomas formed after the infection 

compared to wild-type (Schmits et al., 1997).  

CD44 has also been implicated in cell fusion including osteoclast and multinucleated giant 

cell formation. Sterling and co-workers reported that CD44 controls macrophage fusion as 

CD44 expression was up-regulated by macrophages under fusogenic conditions in vivo and 

in vitro. CD44 ligands strongly inhibited macrophage fusion and multinucleated giant cell 

formation and it was also reported that the recombinant extracellular domain of CD44 

prevents macrophage fusion by interacting with a cell-surface binding site (Sterling et al., 

1998). Kania and co-workers reported that monoclonal antibodies to CD44 inhibit 

osteoclast formation in a dose and time-dependent manner by blocking the development 

of osteoclast progenitor cells, and that this might due to cross-linking of CD44 molecules as 

Fab monomer fragments showed no effect on this process (Kania et al., 1997). CD44 

associated with its ligand osteopontin (OPN, a glycoprotein that regulates mineral crystal 

growth) in osteoclast formation. Strong  expression of CD44-OPN complexes was seen  in 

processes including filopodia and pseudopodia during osteoclast formation; these 

processes were reduced and cell fusion was blocked in CD44 -/- and OPN -/- mice which 

suggested the involvement of CD44 in processes leading to cell fusion (Suzuki et al., 2002). 

CD44 has also been shown to be essential for the formation of multinucleated myofibers. 

CD44 deficiency delays muscle regeneration in vivo and myoblast fusion in vitro. This defect 

is linked with the negative effects of CD44 deletion on myoblast chemotaxis response and 

cell migration, which is thought to be essential for the fusion (Mylona et al., 2006). 

 In contrast with these finding, Vries and co-workers showed that the role of CD44 in fusion 

might be relate to the microenvironment of osteoclast formation. The effect of CD44 

deficiency was investigated under three conditions: in vivo by analysis of the osteoclast 

formation in bones from CD44KO and wild-type mice and in vitro using bone marrow cells 

from CD44KO and wild-type on plastic or on bone. There was a significant increase in 

multinucleated osteoclast formation in CD44KO cells, however on bone and in vitro CD44 

deficiency has no effect (de Vries et al., 2005).  

5.1.2.3 CD47 and CD172a   

CD47, an integrin-associated protein (IAP), is a transmembrane glycoprotein that belongs to 

the immunoglobulin superfamily and acts as a regulator of integrin function (Oldenborg, 

2013). CD47 is reported to be important for macrophage fusion and multinucleation as 

monoclonal antibodies and a recombinant protein corresponding to the CD47 extracellular 

domain inhibit macrophage fusion and MNGC formation (Han et al., 2000). CD47 acts as a 

ligand for CD172a (also called macrophage fusion receptor MFR, signal regulator protein α 

SIRPα); a transmembrane glycoprotein which belongs to the immunoglobulin superfamily 

and its role in macrophage fusion has been reported (Saginario et al., 1998). CD47-CD172a 
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interaction promotes macrophage fusion processes (Han et al., 2000). One of proposed 

mechanisms of macrophage fusion has been constructed based upon the interaction 

between these proteins. First CD47 interacts with a long form of CD172a (via the amino-

terminal immunoglobulin variable domain IgV loop) which stabilizes plasma membranes. 

Other molecules such as CD44 might be also associated with CD172a at this stage. Then the 

interaction of CD47 with the short form of CD172a brings the opposing plasma membranes 

to be close enough (down to 5-10 nm) to undergo fusion (Han et al., 2000, Saginario et al., 

1998). This finding is supported by recent data reporting the involvement of the interaction 

of CD47 with its receptor CD172a in osteoclast formation. Koskinen and co-workers have 

reported that CD47 deficiency inhibits stromal cell CD172a signalling and thus impairs 

stromal cell differentiation and osteoclast formation (Koskinen et al., 2013). 

 

 

                            

 

Figure 5.1.1 Hypothetical mechanism for homoptypic fusion of macrophage. Macrophage-

macrophage adhesion is mediated by binding of MFR (CD172a) to CD47. Initial association 

with the long form of MFR followed by association with the short form (MFR-s, lacking 2 

membrane proximal Ig domains) with CD47 reduces the distance between the plasma 

membranes. The distance could be reduced further to 5–10 nm if MFR-s and CD47 bend 

upon binding. Shedding of the extracellular domain of CD44 might facilitate closer 

interaction and fusion. Image courtesy of (Vignery, 2005).  

5.1.2.4 CD98  

CD98 is a type II transmembrane protein with a large, heavily glycosylated extracellular 

domain, and a short transmembrane domain and cytoplasmic tail. CD98  (also known as 

fusion regulatory protein-1 or FRP-1) has been implicated in adaptive immunity and cancer 

(reviewed by(Cantor and Ginsberg, 2012)). Monoclonal antibodies to CD98 induced MNGC 

formation in vitro without any other trigger of cell fusion, suggesting that MNGC formation 

might be induced in vivo by the interaction between FRP-1 and its ligand (Tabata et al., 
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1994, Higuchi et al., 1998, Ohgimoto et al., 1995). Anti-CD98 mAbs also enhanced MNGC 

formation in HIV gp160 gene-transfected CD4+ U937 cell line (Ohgimoto et al., 1995). It has 

been reported that CD98 is expressed on the surface of eggs as part of a “tetraspanin web” 

that includes tetraspanins CD9 and CD81, ADAM 3 and integrins that promote sperm-egg 

adhesion and fusion (Takahashi et al., 2001).  

5.1.2.5 DC-STAMP  

DC-STAMP (dendritic cell-specific transmembrane protein) is a seven-transmembrane 

domain-containing protein originally identified in human monocyte-derived dendritic cells 

(Hartgers et al., 2000). It has been reported that DC-STAMP is critically involved in 

osteoclastogenesis. The expression of DC STAMP is upregulated in RANKL-stimulated cells 

and siRNA and specific antibody to DC-STAMP suppressed osteoclast formation, whereas 

DC-STAMP over expression enhanced RANKL-induced multinucleation of osteoclasts (Kukita 

et al., 2004). In DC-STAMP-deficient mice the osteoclast fusion and foreign body giant cell 

formation were abrogated, and this was restored by retroviral introduction of DC-STAMP 

(Yagi et al., 2005). Mensah and co-workers reported that DC-STAMP is internalized in some 

RANKL-stimulated osteoclasts precursors (DC-STAMPlo), which following interaction with 

DC-STAMP ligand became “master fusogens”. By contrast, cells that had not internalised 

DC-STAMP (DC-STAMPhi) acted only as mononuclear donors. Interestingly gene expression 

analysis showed that the transcript levels of CD9 and CD47 were unregulated in the DC-

STAMPlo cells, whereas the levels of CD44 and CD172a were higher in DC-STAMPhi. These 

findings suggested the possibility of the involvement of these molecules in DC-STAMP 

mediated osteoclast fusion (Mensah et al., 2010).  

5.2 Aims of work in this Chapter 

In this chapter the effects of CD9 and CD82 deletion on B.thailandensis-induced MNGC 

formation was investigated. Initially the loss of CD9 expression on CD9KO macrophages was 

confirmed by FACS analysis, immunoblotting and immunofluorescence microscopy. 

However, because anti-mouse antibodies to CD82 are not available, the loss of CD82 

expression on CD82KO cells could not be confirmed in this study. To start with, the ability of 

B.thailandensis to invade these cells and promote cell fusion was investigated. A time 

course experiment was performed to determine the influence of CD9-deficiency on 

B.thailandensis -induced cell fusion. 

As described previously, it is well known that tetraspanins act as membrane organizers, 

interacting with another membrane molecules including tetraspanins and forming TEM 

web. The possibility that the absence of one of the tetraspanins might affect the expression 

of other partners, especially those who have been involved in cells fusion, an event that is 

organized by cell membrane molecules was considered. Therefore the expression level of 

other molecules on CD9-/- and CD82-/- was investigated by FACS analysis, and for further 

investigation the effect of CD9 gene disruption on gene expression profile was examined by 

microarray analysis.  
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5.3 Results 

5.3.1 Expression of CD9 on CD9 WT and CD9KO cells by flow cytometry 

Initially CD9 expression level on CD9-deficient cells was compared with that on CD9 wild-

type cells by flow cytometry as described in 2.2.3.2.1 There was a significant different in 

CD9 expression level in between wild type and CD9 KO cells. The results showed that about 

80% wild type cells are highly expressing CD9. The mean of normalized median florescent 

intensity was 6.28±0.542 and 1.83±0.057 in wild type and CD9-/- respectively. 

Unexpectedly, about 2-7% of CD9KO cells showed a positive expression for CD9. Therefore 

further examination was required to confirm the loss of CD9 expression on CD9-/- 

macrophages (Figure 5.3.1).                                                                
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Figure 5.3.1 Expression of CD9 on CD9WT and CD9KO cells by flow cytometry. Cells were 

analysed using primary rat anti-mouse CD9, isotype control (rat IgG2a) and secondary anti-

rat IgG-FITC. (A)(B) The overlying histogram of fluorescence intensity of CD9 on CD9WT and 

CD9KO cells respectively. (C) The normalized median fluorescence intensity of CD9 on CD9 

KO cells compared to that on CD9WT cells. (D) Shows the percentage of positive cells in 

CD9KO cells compared to CD9WT cells. The experiment performed three time in duplicate 

and the significant was determined by using unpaired t test where ***significant at P< 
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0.001. n MFI= MFI of sample/ MFI of isotype control . % of positive cells = % of positive in 

sample - % of positive in the isotype control. 

 

5.3.2 Confirmation of the loss CD9 expression on CD9-/- macrophages by 

immunofluorescence microscopy. 

Since the flow cytometry experiment appeared to show slight positive expression of CD9 on 

CD9KO cells, immunofluorescence microscopy was used to determine the expression of 

CD9 on CD9KO cells and to compare that with its expression on CD9WT cell as described in 

2.2.3.1. Images in Figure 4.4.2 showed the positive expression for CD9 on CD9WT, whereas 

no signal for CD9 stain was observed on CD9KO cells.  

 

 

Figure 5.3.2 Immunofluorescence microscopy of CD9WT and CD9KO cells. Cells were 

cultured overnight in Lab-Tek™ chamber slides, then fixed and stained as described in 

2.2.3.1. (A) Isotype control, (B) CD9WT cells. C CD9KO cells 20. The images were captured 

with a Nikon Eclipse E400 immunofluorescence microscope using 20X objective.  

 

5.3.3 Western blot confirmed the loss of CD9 expression 

CD9 deficiency was also confirmed by immunoblotting as described in 2.2.6 and 2.2.7. The 

result indicated a complete loss of CD9 protein expression on CD9KO cells with highly CD9 

expression level on wild-type cells figure (5.3.3). The apparent low expression of CD9 on the 

CD9-/- cells observed in flow cytometry may have been due to slightly higher non-specific 

binding of the anti CD9 antibody relative to the isotype control. 
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Figure 5.3.3 Western blot analysis of CD9WT and CD9KO cells. Proteins present in whole 

cell lysates were separated by SDS-PAGE, transferred to nitrocellulose membrane and then 

incubated with antibodies as described in 2.2.7. 1 and 3 lysates from CD9 wild type cells 

and 2 and 4 lysates from CD9 knock-out cells. (A) probed with anti-CD9 and (B) probed with 

isotype control.  

 

 

5.3.4 Evaluation of intracellular B.thailandensis at different times of 

infection   

To start with, the ability of B.thailandensis to infect and survive within CD9 deficient cell 

line (CD9KO) and in its corresponding wild type cells line (CD9WT) was investigated. 

Numbers of intracellular B.thailandensis CDC272were assessed in CD9WT and CD9KO cells 

at different time points after infection using kanamycin protection assay. The results 

showed that there was a significant difference in intracellular CDC272 in CD9KO compared 

to CD9WT cells after 30 and 60 min post infection. This difference was not significant after 

90 and 120 min post infection. Therefore, the time of 120 min was chosen for carrying out 

MNGC formation assay in CD9WT and CD9KO cells. This is in line with the observation with 

J774 where anti CD9 antibodies showed no significant effect on B.t uptake after 2hr post 

infection (figure 5.3.4).  
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Figure 5.3.4 B.thailandensis uptake by mouse macrophage CD9WT and CD9KO cells. The 

number of intracellular bacteria was estimated at different time points as described in 

(2.2.10.1). The experiment was performed twice in duplicate. Significance of differences 

was tested by unpaired t test P<0.05.   

 

5.3.5 Effect of CD9 deficiency on giant cell formation induced by 

Burkholderia thailandensis. 

To investigate the effect of CD9knockout on B.t-induced cell fusion a MNGC formation 

assay was performed as described in 2.2.10.2.  

5.3.5.1 Enhanced MNGC formation in CD9 KO mouse macrophage cell line 

A considerably earlier onset of MNGC formation was noted in CD9 knockout cells (after 

approximately 4hr post infection) compared to CD9 wild type cells (figure 5.3.5 A). After 

14hr post infection 60-80% of CD9KO cells were a part of MNGC, which was sevenfold more 

than those of CD9WT cells. Also, the size of these MNGCs was higher in CD9KO cells than 

CD9WT cells, which increased about threefold and sixfold in E264 and CDC272-infected 

cells, respectively (figure 5.3.5 B).   
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Figure 5.3.5 MNGC formation in macrophage CD9WT and CD9KO cells induced by 

B.thailandensis. Cells were cultured overnight in 24 well plates and then infected with 

CDC272 or E264 at MOI 3:1 as described in 2.2.11.2. MNGC formation was determined at 

14 hr post infection. Cells were fixed and stained with Giemsa. The fusion index (A) and 

MNGC size (B) were assessed in 10 fields of view as described in 2.2.6.3.The experiment 

was done three times in duplicate. Significance of differences was tested by unpaired t test 

P<0.05. 

 

5.3.5.2 The progress of MNGC formation is affected by CD9 deletion 

Since the deletion of CD9 showed a considerable effect on B.thailandensis -induced MNGC 

formation, a time-course experiment was performed to track MNGC formation in CD9WT 

and CD9KO cells during the 23hr post infection period. At various time points post-

infection, cells were fixed, stained and MNGC formation was assessed as before. Results in 

figure 5.3.6 A showed that after about 8hr more than 10% of CD9KO cells were part of 

MNGC, whereas less than 5% of CD9WT cells formed MNGC. A dramatic increase in MNGC 

formation was noted in CD9KO cells after 11hr post infection, and there was a significant 

difference in fusion index within CD9KO cells (60-80%) compared with that of wild type cells 

(about 10-15%) after 14 hr post infection. After 23 hr post infection more than 90% of 

CD9KO cells formed MNGC and less than 89% of CD9WT cells fused. At this stage there was 

no difference noted between CD9KO and CD9WT which were infected with CDC272; 

however the differences in MNGC formation was still significant between E264-infected 

cells. With regard to MNGC size in figure 5.3.6 B, CD9KO cells showed larger MNGC 
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compared with CD9WT cells. At 19 hr post infection an average of about 40 and 80 nuclei 

were present within CD9KO MNGC infected with E264 and CDC, respectively, with fewer in 

wild type MNGC (20 and 30 nuclei within E264 and CDC-infected cells, respectively).  
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Figure 5.2.7 Progress of MNGC formation CD9WT and CD9KO macrophages induced by 

B.thailandensis. Cells were cultured overnight in 24 well plates and infected with CDC272 

or E264 at MOI 1:1 as described in 2.2.10.2. MNGC formation was determined at various 

times post infection. Cells were fixed and stained with Giemsa. Fusion index (A) and MNGC 

size (B) were assessed in 10 fields of view as described in 2.2.10.3. 
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5.2.7 The expression levels of tetraspanins CD81 and CD63 markedly 

decrease upon CD9 deletion. 

CD9 has been described as a cell membrane organiser and its interaction with tetraspanins 

and other molecules are involved in various cell functions.  We therefore speculated that 

the disruption of the CD9 gene might affect the expression level of other partner molecules, 

which might be relevant to the mechanism by which CD9 deletion enhances macrophage 

fusion. 

 We started to examine whether deletion of CD9 affects the expression of tetraspanins 

CD81 and CD63, well-known CD9 tetraspanin partners. Initially their expression on CD9KO 

cells were compared with that on wild-type cells using immunofluorescence microscopy as 

described in 2.2.3.1 and FACS analysis technique as described in 2.2.3.2.2. Images in Figure 

5.3.7 showed that the expression level of CD63 and CD81 was lower in CD9KO cells 

compared to their expression in CD9WT cells. However, poor staining was obtained with 

CD81 that might be due to the effect of the fixation on the CD81 epitope. Accordingly, flow 

cytometry analysis was performed to confirm the result, where all the staining process 

could be applied on live cells. Data obtained from the FACS analysis were normalized 

according to the appropriate isotype control in each experiment. The results revealed that 

CD81 expression was significantly decreased in CD9KO cells compared to that on wild type: 

the normalized median florescence intensity declined from 14.47±0.32 to 6.21±0.28 

respectively (Figure 5.3.8). In both cell lines poor signals were detected for CD63 on the cell 

surface; however there was a small but significant decrease in cell surface CD63 expression 

in CD9KO compared to wild type cells (mean of nMFI 1.65±0.094 and 1.26±0.0219, 

respectively).   

To determine the extracellular and intracellular expression of CD63, the experiment was 

performed using fixed and permeabilized cells as described in 2.2.3.2.2. The analysis 

revealed that the total expression of CD63 decreased on CD9KO relative to wild type (mean 

of nMFI 7.21±1.311 and 4.16±0.905, respectively), but this was not significant at p<0.05. 

(Figure 5.3.9). 
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Figure 5.3.7 Effect of CD9 deletion on the expression level of CD63 and CD81. Cells were 

cultured overnight in Lab-Tek™ chamber slides. The cells were fixed and stained as 

described above using appropriate tetraspanin-specific antibodies or matched isotype 

controls. A and D isotype controls. B and C CD63 in CD9WT and CD9KO respectively. E and F 

CD81 on CD9WT and CD9KO respectively. The images were captured with a Nikon Eclipse 

E400 immunofluorescence microscope using 20X objective. 
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Figure 5.3.8 The expression of CD81 is decreased on CD9KO cells. The expression level of 

CD81 on CD9KO and CD9WT cells was tested by flow cytometry analysis. (A)(B) The 

overlying histogram of fluorescence intensity of CD81 on CD9WT and CD9KO cells 

respectively. (C) The normalized (to isotype control) median fluorescence intensity (nMFI) 

of CD81 on CD9 KO cells compared to that on CD9WT cells.(D) shows the percentage of 

cells that expressed CD81. The experiment was performed three times in duplicate and the 

significance of differences was determined by unpaired t test where ***significant at P< 

0.001, ** significant at P< 0.05. 
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Figure 5.3.9 Decrease in the expression level of CD63 in CD9KO cells. The expression level 

of CD63 on CD9KO and CD9WT cells was tested by flow cytometry analysis. (A)(B) The 

overlying histogram of fluorescence intensity of CD63 expressed on the surface of CD9WT 

and CD9KO cells respectively. (C)(D) The overlying histogram of fluorescence intensity of 

total CD63 expressed in CD9WT and CD9KO cells respectively. (E and F) nMFI and the 

percentage of positive cells of extracellular CD63 (a) and all CD63 (b). The experiment 

performed three times in duplicate and the significance of differences was determined by 

unpaired t test where * significant at P< 0.05.  
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5.3.8 Several cell surface molecules are up- or down-regulated in the 

absence of CD9  

To try to further elucidate the effect of CD9 deletion on cell fusion the expression level of 

other surface molecules that have been shown to promote cell fusion and MNGC formation 

was investigated by FACS analysis. Such information might explain the behaviour of CD9 

deficient cells as well as illustrating the results of MNGC formation assays. The expression 

levels of scavenger receptor CD36, immunoglobulin superfamily member CD47 and its 

receptor CD172a, type II integral membrane protein CD98, integral membrane glycoprotein 

CD44, and dendritic cell-specific transmembrane protein DC STAMP were examined by 

FACS analysis in CD9KO cells in comparison with CD9WT cells as described in 2.2.3.2.1.   

As shown in figures 5.3.8. a and 5.3.8 b, the expression level of several cell membrane 

proteins was affected by the absence of tetraspanin CD9. The expression level of scavenger 

receptor CD36 was significantly lower on CD9KO cells compared to that on wild type (MFI 

2412 and 1238 in CD9 WT and CD9KO cells, respectively) and the percentage of cells that 

showed a positive expression for CD36 was also slightly lower in CD9KO macrophages. The 

expression level of CD44 was significantly lower on CD9KO compared to its level on wild 

type (MFI about 3848 on CD9WT and 1932 on CD9KO cells). The percentage of CD44 

positive cells was also significantly decreased by about 10% in CD9KO. No significant effect 

was observed in the expression of CD47. Despite CD98 and CD172 being expressed at 

comparable level on both cell lines with respect to MFI, the parentage of positive cells for 

these molecules was significantly lower by about 10% and 6% respectively on CD9KO 

compared to wild type. Interestingly the expression level of DC STAMP was shown to be up-

regulated in the absence of CD9 (MFI raised from about 1811 in CD9WT cells to about 2390 

in CD9KO cells).        
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A:  Expression of CD36 on CD9WT and CD9KO cells 
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B: Expression of CD44 on CD9WT and CD9KO cells 
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C: Expression of CD47 on CD9WT and CD9KO cells 
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D: Expression of CD98 on CD9WT and CD9KO cells 
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E:  Expression of CD172a on CD9WT and CD9KO cells 
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Figure 5.3.10a Expression of plasma membrane molecules on CD9 WT and CD9KO cells.  

FACS analysis was performed as described in 2.2.32.1 using specific monoclonal antibodies 

and isotype-matched controls. The mean fluorescence intensity (MFI) of each antigen (pink 

histogram) was normalized to the appropriate isotype control negative control (blue 

histogram). nMFI= MFI of sample/ MFI of isotype control. % of FITC positive cells = % of FITC 

positive of sample - % of FITC of isotype control. The significance of differences was tested 

by unpaired t-test p<0.05.   
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F: Expression of DC STAMP on CD9WT and CD9KO cells 
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Figure 5.2.11b Expression of DC STAMP on CD9 WT and CD9KO cells. The histogram 

represents (blue and brown) CD9WT and CD9KO cells labelled with isotype control 

respectively, (green and red) CD9WT and CD9KO cells labelled with anti DC STAMP antibody 

respectively. nMFI= MFI of sample/ MFI of isotype control. % of FITC positive cells = % of 

FITC positive of sample - % of FITC of isotype control. The significance of differences was 

tested by unpaired t-test p<0.05.    

 

 

5.3.9 Effects of disruption of tetraspanin CD82 on B.thailandensis- induced 

cell fusion   

Generally the experiments performed in this work were carried out by Jocelyn Pinto (an 

undergraduate project student in this Department) with my collaboration and supervision. 

The aim of this project was to investigate the role of CD82 in B.thailandensis-induced 

MNGC formation using a macrophage cell line derived from mice in which CD82 gene was 

disrupted, and the corresponding wild type macrophages. 

The effect of CD82 deficiency on B.thailandensis uptake and MNGC formation was 

investigated. Further experiments including FACS analysis, electron microscopy and analysis 

of adhesion under flow conditions using microfluidics were undertaken to try to elucidate 

the results of MNGC formation assays.  
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5.3.9.1 B.thailandensis uptake is reduced in CD82 deficient macrophages 

The effect of CD82 deletion on CDC272 and E264 internalization was investigated. Cells 

were infected at MOI 1:1 or 3:1 and the number of intracellular bacteria was determined at 

4hr post infection as described in 2.2.6.1. The results showed that B.thailandensis uptake 

decreased in CD82KO cells compared to CD82WT (Figure 4.2.12). The number of 

intracellular bacteria was significantly decreased in CD82KO cells infected with CDC at MOI 

3:1 (the mean of intracellular bacteria in CD82WT and CD82KO was 3.97x106±315 and 

2.74x106±247, respectively). This finding suggested that CD82 might be implicated in the 

process of B.thailandensis uptake. Notably, this result was in contrast with the result that 

was obtained in CD9 deficient cells, where CD9KO cells were significantly more susceptible 

to B.t infection compared with CD9WT.       
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Figure 5.3.11 Effect of CD82 deficiency on B.thailandensis uptake. Cells were infected at 

MOI 1:1 or 3:1 and the number of intracellular bacteria was assessed as described in 

section (2.2.10.1). The experiment was performed three times in triplicate and significance 

of differences was tested at *P< 0.05 unpaired t-test.  

 

5.3.9.2 CD82 negatively promotes B.thailandensis -induced cell fusion 

In order to determine the time at which cells start to form MNGC, after 2, 4, 6, 8, 10 post 

infections CD82WT and CD82KO cells were fixed, stained and MNGC formation was 

evaluated as described in 2.2.10.3. Obvious MNGC was noted after 6hr post infection and 

this increased with time. At 10-12 hr post infection fused and unfused cells appeared to 

undergo apoptosis leading to cell death, which caused cell loss in washing and staining 

processes. Therefore, 9hr post infection was the optimal time for assessing B.thailandensis -

induced MNGC formation in these cell lines.  

Across all conditions tested it was clear that CD82KO cells had undergone fusion extensively 

compared to CD82WT.  The fusion index in CD82 deficient cells was about 5-8 fold higher 
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than that in CD82WT cells and this was significant statistically (e.g. in B.t E264-infected cells 

at MOI of 3:1 the mean of fusion index was 4.44±1.64 and 25.13±3.82 in CD82WT and 

CD82KO, respectively).  However, no statistical differences were apparent in comparison 

between different MOIs and different strains (Figure 5.3.13).   
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Figure 5.3.12 Effects of CD82 deficiency on B.thailandensis-induced MNGC formation. 

Cells were infected at MOI 1:2 or 3:1 and at appropriate times post-infection cells were 

fixed, stained and fusion index was assessed as described in 2.2.10.1. The experiment was 

performed three times in triplicate and significance of differences was tested by unpaired t-

test at *P< 0.05.  

 

Despite the extensive differences noted in fusion index between CD82WT and CD82KO 

cells, the increase in MNGC size in CD82KO cells compared to CD82WT across all conditions  

was statistically insignificant (e.g. the mean of MNGC size in E264-infected cells was 

4.53±0.47 and 5.637±0.47 in CD82WT and CD82KO cells, respectively)(Figure 5.3.13).     
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Figure 5.3.13 Effects of CD82 deficiency on B.thailandensis-induced MNGC formation. 

Cells were infected at MOI 1:2 or 3:1 and at appropriate times post-infection cells were 

fixed, stained and MNGC size was assessed as described in 2.2.6.2. The experiment was 

performed three times in triplicate and significance of differences was tested by unpaired t-

test at *P< 0.05.  

 

5.3.10 Several cell surface molecules up or down regulated in CD82 

deficient macrophages 

Since the absence of CD9 affects the expression level of other cell surface proteins that 

have been implicated in cell-cell fusion, this experiment aimed to investigate a possible 

effect for CD82 deletion on the expression level of the surface molecules mentioned above 

(section 5.3.8). Expression levels were determined using FACS analysis as described in 

2.2.3.2.1. These experiments were performed by myself. 

The results revealed that CD44, CD47, CD98 and CD172a were differently expressed on 

CD82KO compared to cells wild type. The mean nMFI of these molecules was 14.74±3.28, 

3.53±22, 13.82±1.50 and 5.82±0.9, respectively, on wild type and this decreased in CD82 -/- 

cells (mean of nMFI was 5.65±1.95, 2.93±0.34, 6.07±1.52 and 3.08±.56 respectively). 

However, unpaired t-tests showed only significant differences in the expression levels of 

CD98 and CD172a at P< 0.05. Significant decreases in the percentage of positive CD82KO 

cells compared to wild type was found only for CD44 and CD172a. Finally, despite the 

increase in the intensity of DC STAMP in CD82KO compared to CD82WT (mean of nMFI was 

5.87±1.4 in WT and 7.18±2.23 in CD82KO) this increase was not proved statistically.   
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Figure 5.3.14 Expression levels of cell surface molecules on CD82WT and CD82KO.  FACS 

analysis was performed as described in (2.2.3.2.1) using specific monoclonal antibodies and 

isotype-matched controls. The experiment was performed at least three times in duplicate. 

The mean fluorescence intensity of each antigen was normalized to appropriate isotype 

control (negative control) n MFI= MFI of sample/ MFI of isotype, % of positive cells= % of 

positive sample- % of positive isotype control.  
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5.3.11 Effect of CD82 ablation on cell adhesion   

From the observations of the MNGC assay there was a notable difference between CD82KO 

and CD82WT cells in the number of cells that remained adherent during washing processes, 

which suggested that CD82 might be involved in cell adhesion. Therefore, cell adherence 

was examined under flow conditions using a microfluidic assay. This work was carried out 

by Jocelyn Pinto in collaboration with Dr Cecile Perrault (Dept. Mechanical Engineering, 

University of Sheffield). A three-flow channel microfluidic device was used to examine the 

susceptibility of cells to comparatively low flow rates. CD82KO cells appeared to be more 

susceptible to detachment than CD82WT as an average of 53.7±8.4% reduction in cell 

number was recorded under flow conditions in wild type cells and 74.3±0.9 percent 

reduction in CD82KO; however the different between two cell lines was not statistically 

significant. (Figure 5.3.15). 
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Figure 5.3.15 Effect of CD82 knockout on cell adhesion under flow conditions. A three-

flow channel microfluidic device of polydimethylsiloxane was constructed using soft-

lithography and photoligraphy techniques. Three channels were used for each cell type in 

each experiment. The channels were coated with CD82WT or CD82KO cells and left to 

adhere for 2hr. Thereafter RPMI medium was injected through the inlets of sample 1 and 

sample 2 (sample 3 was a control) at 1µl/min for 45 min. to equilibrate with the external 

flow rate. The flow rate was increased to 15µl/min Cell migration was recorded at several 

pre-determined positions every 3 min for 2hr using a time-lapse microscopy and 

Metamorph Microscopy Automation and Image Analysis Software. Strength of adhesion of 

each type was then quantified by obtaining the percentage difference in cell count after 1hr 

under 15µl/min flow conditions.  

  

5.3.12 Electron microscopy analysis of B.thailandensis infection and cell-cell 

interaction in CD9 and CD82 knock-out and wild type cells 

This work aimed to provide a qualitative analysis of phenotypes related to B.thailandensis 

infection in CD9-/- and CD82-/- macrophage cells and the corresponding wild types at high 

magnification. The experiment was performed as described in 2.2.16 using fixed pellets of 
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infected cells. B.thailandensis E264-infected CD9WT and CD9KO as well as CD82WT and 

CD82KO were examined at 6hr and 9hr post-infection, respectively, which is the 

prospective time of MNGC onset in these cell lines. The observation of cells at 

magnification 690x-4900x showed detailed characteristic features that are associated with 

B.thailandensis uptake, life cycle, bacterial transmission and cell interactions that may lead 

to cell fusion.  

Some bacteria were observed at the cell surface, having apparently just been enclosed 

within a phagosome (Fig. 5.3.16 (A, B)), also bacteria can be seen within phagosome (Fig. 

5.3.16 (C)). In addition, actively replicating bacteria also can be observed (Fig. 5.3.16 (D)). 

Interestingly, bacteria can be detected in the junction area where two adjacent cells were 

joined ((Fig. 5.3.16 (E)), which may represent an early stage of B.thailandensis cell-cell 

spreading. Bacterial cells were also located free in the cytosol where no phagosomal 

membrane can be detected (Fig. 5.3.16 (F)) whereas; other damaged bacteria could be 

observed within phagolysosomes (Fig. 5.3.16 (G)). Bacteria located at the edge of cells 

observed in ((Fig. 5.3.16 (H)). Intact bacteria were also observed within an extracellular 

vesicle, which suggests another mechanism for bacterial transmigration and survival ((Fig. 

5.3.16 (I)). 

Moreover, electron micrographs of infected macrophages reveal phenotypes associated 

with their responses to the B.thailandensis infection. A primary contact between 

macrophage pseudopodia can be detected (Fig. 5.3.17 (A)). In some micrographs, close 

contacts between cells were clear, and discontinuous plasma membrane between two 

adjacent cells could also be observed, indicating cell fusion ((Fig. 5.3.17 (C, B)), and MNGC 

can be observed ((Fig. 5.3.17 (d)).  Morphological aspects of apoptosis and necrosis at early 

and advanced stages were noted in all infected cell lines used, such as nuclear 

condensation, cytoplasmic vacuolization, induction of  apoptotic bodies and destruction of 

intracellular  cytoplasmic membranes ((Fig. 5.2.18 (E, F)).        
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Figure 5.2.17 Intracellular B.thailandensis observed by electron microscopy. A and B show 

B.t within a phagosomal membrane near the cell surface. C shows intracellular vacuoles 

containing B.t. D show surviving bacilli. F indicates channels initiated between a giant cell 

and its neighbours and a possible route of B.t cell-cell transmission. F shows intracellular 

bacteria within the cytosol no phagosome membrane can be distinguished. G shows 

phagolysosomes containing destroyed bacteria near the nuclear region. G shows surviving 

B.t located at the edge of two cells. I show B.t surviving within extracellular vesicles, which 

might represent another mechanism for bacterial cell-cell transmission. 
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Figure 5.2.18 Electron microscopy analysis of WT and KO B.t-infected cells. A shows 

unfused cells, their cell membranes can be distinguished. B and C Cells in close contact at 

different magnifications. D and E MNGCs show morphological aspects of apoptosis. F 

indicates necrotic cells.  

 

5.3.14 Determination of the localisation of CD9 on B.thailandensis -infected 

cells by confocal microscopy 

According to the above results that have shown that CD9 negatively promoted B.t-induced 

cell fusion, it was speculated that its cell surface expression might change under the 

Infected CD82WT 1900X  

Infected CD82KO 1200X  

F 

E 



 
 
 

146 
 

conditions of fusion that are promoted by B.thailandensis. Therefore, the localization of 

CD9 in B.thailandensis -infected cells was investigated using confocal microscopy. 

Initially, to visualise B.thailandensis, the bacteria were transfected with plasmids encoding 

green fluorescent protein (GFP) or Discosoma red fluorescent protein (DS RED) as described 

in section 2.2.4.5. J774 cells were co-cultured with transfected bacteria and at different 

time points, cells were fixed and stained as described in 2.2.15. 

The confocal image in Figure 5.3.18 shows the distribution of CD9 on uninfected and 

B.thailandensis (E264) infected J774.2 which formed MNGC. CD9 is densely and quite 

evenly expressed at the cell periphery on uninfected cells, whilst on MNGC CD9 is restricted 

to patches on the cell membrane with relatively weak staining on other areas. It seems that 

there is no co-localization of CD9 with the bacteria. 

 

 

 

 

Figure 5.3.18 Confocal images of CD9 expression on uninfected and B.thailandensis E264 

infected J774.2 cells. (A) uninfected J774.2 and (B) E264- GFP-infected J774 cells. Cells were 

fixed and stained after 6hr post infection as described in 2.2.14. Cells were incubated with 

primary rat anti mouse-CD9 antibody followed by anti- rat Alexa fluor secondary antibody.  

Nuclei were counter-stained with DAPI.  

Images in figure 5.3.19 show the localization of CD9 on B.thailandensis CDC-infected cells. 

Again, the distribution of CD9 is patchy compared to that of uninfected cells (A and B), with 

some areas of the membrane having little CD9. Interestingly CD9 seems to be clustered in 

cell-cell contact sites where unfused cells adhere to large MNGC (C, D). 

Images using Widefield microscope equipped with fluorescence and phase contrast in 

figure 5.3.20 also show the distribution of CD9 on infected J774.2 cells. Notably, CD9 shows 

intracellular distribution in MNGC cells which may explain the decrease in its extracellular 

level after the infection and under fusion conditions as described previously. Another 

important observation is t the localisation of CD9 at the cell-cell contact area in figure 



 
 
 

147 
 

5.3.21 where to cells seem to be undergoing fusion processes (maybe at the hemifusion or 

fusion pore opening stage). Also CD9 seems to co-localise with the bacteria in this area.      

 



 
 
 

148 
 

 

Figure 5.3.19 Confocal images of the distribution of CD9 on infected and uninfected J774 cells. Cells were fixed and stained after 4hr post infection as 

shown in 2.2.14. Non infected and infected cells were incubated with anti-CD9 antibody for 1hr. Cells were then incubated with FITC-conjugated antibody 

Nuclei were counter-stained with DAPI. (A) un-infected J774 and (B) B.t CDC-infected J774 cells (C and D) the localisation of CD9 in cell- cell contact region. 
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Figure 5.2.20. Widefield images of CD9 localization on B.thailandensis (E264 GFP) infected J774 cells. The images are single optical section from 

deconvolved sets obtained under identical conditions using a Deltavision widefield microscope (objective 60x oil). (A)  nuclei stained with DAPI. (B) cells 

were immunostained with anti-CD9 mAb, followed by staining with Alexa fluor-conjugated anti-rat antibody. (C) B.t-GFP. (D) phase contrast. (D) merge.  
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Figure 5.2.21. Widefield images of CD9 localization on B.thailandensis (E264 GFP) infected J774 cells. The images are single optical section 

from deconvolved sets obtained under identical conditions using a Deltavision widefield microscope (objective 60x oil). CD9 distributions (red), B.t E264 

(green), nuclei (blue), phase contrast (grey). 
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5.3.15 Gene expression profile of CD9 deficient macrophages 

As described in section 5.3.7 and 5.3.8, the cell surface expression levels of several 

molecules other than CD9 were altered in CD9KO cells compared to wild type. To try to 

further understand the influence of CD9 gene deletion on cell behaviour, we therefore 

investigated the gene expression profile of CD9KO cells using microarray analysis, and the 

variations in gene expression levels were compared with their expression levels in wild type 

cells.     

This work was carried out with the collaboration with Dr Paul Heath; Sheffield Institute for 

Translation Neuroscience University of Sheffield (SITranN). Initially the extracted RNA yield 

and RNA quality were examined as described in 2.2.13.1 and 2.2.13.2 respectively, 

confirming that the RNA was of high quality with no DNA contamination. All RNA 

preparations were shown to have an RNA integrity number (RIN) of greater than 9 based on 

their electrophoretic mobility (Schroeder et al., 2006). Microarray analysis was then carried 

out using the GeneChip 3'IVT Expression Kit, as described in 2.2.13.3. Three independent 

analyses were performed. 

 The signal values were determined and analysed using the Affymetrix Expression Console 

using the MAS5 algorithm for normalisation. Affymetrix CEL file data were analysed using 

QLUCORE OMICS EXPLORER to obtain a list of genes that were differentially regulated  in 

CD9KO cells compared to CD9WT cells. Principle component analysis (PCA) of the 

expression levels of all probe sets on the array data (in three independent experiments) 

showed that the data clustered in two goups  according to the similarity of the data in each 

group (Figure 5.3.21). All statistical calculations were carried out using logarithmic values of 

signals to base 2 (Bayatti et al., 2014). Further analysis was carried out using the 

bioinformatics tool DAVID (Huang da et al., 2009). About 45,000 transcripts that were 

detected at least in these arrays were included in this analysis. Differentially expressed 

genes between CD9 knockout  and  wild type were determined by Two Group Comparison 

(t-test). There were 788 down-regulated and 263 up-regulated transcripts showing a  one 

fold change at p-value <0.05, whereas there were 147 down-regulated and 48 upregulated 

transcripts showing one fold change at p<0.01 in CD9KO cells relative to CDWT cells. At 

p<0.05 with a fold change of 1.5 there were only 6 down-regulated and 3 upregulated 

genes.  
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Figure 5.3.21 Principal component analysis (PCA) of the expression levels of probe sets of 

three independent experiments. The analysis was performed using QLUCORE OMICS 

Explorer. The dots represent the arrays that are clustered in two groups. 

 
Five genes in addition to CD9 were shown to be down-regulated in CD9 knockout cells; X-
inactive specific transcripts, Smpi3a (sphingomyelin phosphodiesterase, acid-like 3A) and 
Cdkn2a (cyclin-dependent kinase inhibitor 2A). Three genes were showed to be up-
regulated in CD9KO: PVL3 (poliovirus receptor-related 3) and SPINK5 (serine peptidase 
inhibitor kaza type5) Figure 5.3.22, table 5.3.1. 
 
 

   
Figure 5.3.22 Genes that are differentially expressed in CD9KO cells compared to wild 

type. Red represents up-regulated genes, green represents down-regulated genes, at p< 

0.05 t-test and fold change 1.5. 
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Table 5.3.1 Differentially expressed genes (up- or down-regulated) by CD9 ablation in 

macrophages derived from CD9-/- mice compared to wild type cells. The list shows  

statistical analysis of normalized data log 2 and the significance was at p< 0.05 and fold 

change 1.5. 

 

Gene ontology analysis of the genes up- or down-regulated by 1.5 fold at p<0.05 showed 

that genes  related to protein metabolism and cell adhesion were those  up-regulated gene 

in CD9KO cells, whilst genes related to leukocyte activation, cell growth and immune 

response were amongst the down-regulated genes in these cells (Table 5.3.2).  

 

ID Gene Name Biological process 

1416066_at CD9 antigen 

Membrane fusion, cell-cell junction assembly, 

cell adhesion, single fertilization, fusion of 

sperm to egg plasma membrane, negative 

regulation of cell proliferation, cellular 

component assembly involved in 

morphogenesis, membrane organization. 

Gene ID 
Gene 

Symbol Gene Title p-value Difference 

1427263_at Xist 

inactive X specific 

transcripts 0.003409 -1.28359 

1416066_at Cd9 CD9 antigen 0.009066 -0.83892 

1436936_s_at Xist 

inactive X specific 

transcripts 0.014853 -0.85036 

1427262_at Xist 

inactive X specific 

transcripts 0.025858 -1.21228 

1416635_at Smpdl3a 

sphingomyelin 

phosphodiesterase, acid-

like 3A 0.028011 -0.91719 

1437534_at --- --- 0.039206 0.707157 

1450140_a_at Cdkn2a 

cyclin-dependent kinase 

inhibitor 2A 0.041312 -0.84293 

1423331_a_at Pvrl3 

poliovirus receptor-

related 3 0.045487 0.762419 

1430567_at Spink 5 

Serine peptidase 

inhibitor kaza type5 0.045807 0.663089 
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1450140_a_at 
cyclin-dependent 

kinase inhibitor 2A 

Regulation of cyclin-dependent protein kinase 

activity, regulation of cell growth, negative 

regulation of immune system process, 

regulation of leukocyte activation. 

1427263_at, 1427262_at, 

1436936_s_at 

inactive X specific 

transcripts 

Inactivation of X chromosome, regulation of 

gene expression 

1430567_at 

Serine peptidase 

inhibitor, Kazal type 

5 

Negative regulation of macromolecule 

metabolic process, regulation of cell adhesion, 

negative regulation of cellular protein 

metabolic process, negative regulation of 

proteolysis. 

1416635_at 

sphingomyelin 

phosphodiesterase, 

acid-like 3A 

Membrane lipid metabolic process, 

phospholipid metabolic process, sphingolipid 

metabolic process. 

Table 5.3.2 Biological processes associated with up/down-regulated genes in CD9-/- 

macrophages. 
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Figure 5.3.23 Histogram illustrating the expression levels (mRNA) of genes that are 

up/down-regulated significantly in CD9KO macrophage. 

 

Although cell surface protein expression profiles for tetraspanins and for several fusion-

associated molecules showed differences between CD9-/- and wild type cells, the gene 

profile analysis of these molecules showed no significant differences between the cell types 

(Figure 5.3.24).  
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Figure 5.3.24 The expression levels (mRNA) of tetraspanins A, and fusion molecules B in 

CD9KO macrophages and wild type. In (A) the Tspan nomenclature (Tspan1 – Tspan33) is 

used rather than CD nomenclature (Tspan 29 = CD9).  
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5.4 Discussion 

The results in this chapter provided more evidence for the role of tetraspanin CD9 in MNGC 

formation induced by Burkholderia thailandensis. We examined the effect of CD9 deficiency 

on bacterial invasion and MNGC formation. We also showed the involvement of CD82 in 

B.t-induced cell fusion.   

5.4.1 Effect of CD9 knock-out on   Burkholderia thailandensis uptake.  

Initially the effects of the absence of CD9 on the number of intracellular bacteria within the 

infected CD9WT and CD9KO cells at MOI 3:1 was examined at different time points. The 

results revealed that the number of intracellular bacteria was higher in CD9KO compared 

with that within CD9WT cells. However, these increased numbers in CD9KO cells was only 

significant after 30 and 60 min post infection. In a comparable study, the infection rate of 

Salmonellas typhimurium at MOI 5:1 and 30 min post infection was found to be higher in 

CD9KO cells compared with CD9WT cells (Fawwaz Ali, personal communication). However, 

after 90 and 120 min post infection the differences in the number of internalized B.t 

become insignificant, suggesting that the effect of CD9 deletion on B.t uptake is time-

dependent. However it may also suggest that the bacteria are initially taken up more 

readily by the CD9KO cells, but are then able to survive similarly in both cells. This result 

was in line with the results obtained with anti-CD9 antibodies and CD9EC2 proteins, where 

no significant difference was observed in the number of intracellular bacteria within 

untreated and treated J774 cells after 120min post infection (chapter 4), the time chosen as 

standard for the MNGC assay. To try to minimise effects caused by the variable load of 

bacteria in cell fusion 120min post infection was used to investigate the effect of CD9KO on 

B.t-induced MNGC formation. 

5.4.2 Enhanced MNGC formation in CD9 Knock-out macrophages  

The effect of CD9 deletion on Burkholderia thailandensis- induced cell fusion was 

investigated. Fusion index and MNGC size were both significantly higher in CD9KO cells 

relative to those of CD9WT cells. According to these result, a time course assay was 

performed and MNGC formation were assessed at different time points. The results 

showed a considerably earlier onset of MNGC formation in CD9 knockout cells compared 

with wild type cells. CD9KO cells showed a dramatic increase in MNGC formation after 11hr 

post infection; at 14hr post-infection the fusion index was about 6-fold higher in CD9KO 

cells and  the MNGC were  about four times larger in CD9KO cells relative to CD9WT cells. 

This data showed clearly that CD9 is involved in B.t-induced cell fusion leading MNGC 

formation. The early MNGC formation in CD9KO cells compared to CD9WT cells suggested 

that CD9 down regulation might be essential for the early onset of cell fusion induced by 

B.thailandensis. This data is in agreement with the previous findings of Takeda and co-

workers, who showed enhanced MNGC formation in the absence of CD9 in vivo in response 

to Propionibacterium acnes and in vitro in response to Con A (Takeda, Tachibana et al. 

2003). These finding suggested that CD9 negatively regulated MNGC formation. In contrast, 

CD9 was shown to be a positive regulator for sperm/oocyte fusion, as the fertility of CD9 

null mice is reduced due to the reduction in sperm-egg fusion (Le Naour et al., 2000).  
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5.4.3 CD9 abrogation affected the expression level of other fusion-related 

proteins 

To gain insight into the function of CD9 in cell fusion and MNGC formation, the effect of 

CD9 deletion on the expression level of several cell membrane proteins that have been 

associated with cell fusion was examined using flow cytometry analysis. The expression 

level of these molecules on CD9KO cells were compared with their expression level on wild 

type cells. Two parameters were used to assess the level of the expression; the intensity of 

staining of the antigen on cell surface and the percentage of cells that positively expressed 

the antigen, with the data were normalized relative to the isotype control for each antigen. 

The results showed a significant decrease in the level of CD81 on CD9KO cells relative to its 

expression on CD9WT cells, while CD63 showed a comparable extra/intracellular expression 

levels in both cell lines. This data indicated that the deletion of CD9 gene influences the 

expression of CD81 at the protein level. These two molecules are known to be relatively 

close and have been linked and associated with several biological processes.  A similar role 

for CD9 and CD81 in cell fusion and MNGC formation has been demonstrated; MNGCs were 

spontaneously induced in CD9/CD81 double-null mice (Takeda et al., 2003). Although  

myoblasts isolated from CD9 or CD81 null mice showed normal fusion, those form 

CD9/CD81 double null mice showed greatly enhanced fusion, suggesting an integrated role 

for CD9 and CD81 in this process (Charrin et al., 2013). In addition, the deletion of CD9 or 

CD81 severely or partly inhibited sperm-oocyte fusion respectively, however, fusion was 

completely inhibited in mice lacking both CD9 and CD81 (Le Naour et al., 2000, Rubinstein 

et al., 2006). The comparable role for CD9 and CD81 in these fusion process are likely due 

to their highly identity and their ability to interact with same partner proteins including 

EWI-1 and CD9P-1 (Stipp et al., 2001, Charrin et al., 2001). Charrin and co-workers showed 

that CD9P-1 and EWI-1 associated with CD9 and CD81 on primary myoblasts and this 

interaction was thought to regulate the fusion of myoblast (Charrin et al., 2013). Also the 

interaction of CD9 and CD81 regulated CD9P-1 induced cell motility through a β1-integrin 

dependent mechanism  (Chambrion and Le Naour, 2010). With regard to monocyte fusion, 

Takeda and co-workers showed that CD9 and CD81 form a complex with β1 and β2 

integrins in freshly isolated blood monocytes and this complex was up-regulated in normal 

condition; however under fusogenic conditions this complex was down regulated, 

suggested significance of this complex in regulating MNGC formation (Takeda et al., 2003).  

For further investigation, the expression levels of scavenger receptor CD36, 

immunoglobulin superfamily member CD47 and its receptor CD172a, type II integral 

membrane protein CD98, integral membrane glycoprotein CD44, and dendritic cell-specific 

transmembrane protein DC STAMP were also examined by FACS analysis in CD9KO cells in 

comparison with their levels on CD9WT cells. These molecules have been implicated in cell 

fusion (reviewed in 5.1.2). The data revealed that CD36 and CD44 showed lower expression 

levels in CD9KO cells relative to their expression on CD9WT cells, whereas DC-STAMP 

showed an increased expression level in CD9KO cell compared to that of CD9WT. CD47, 

CD98 and CD172a have a comparable expression level on both cell lines, despite the 

percentage of positive cells that expressed CD172 being lower on CD9KO cells. This data 

suggested that the absence of CD9 on cell fusion could influence the levels of cell surface 

molecules that facilitate cell fusion and MNGC formation. 

CD9 has been associated with CD44 (Jones et al., 1996, Toyo-oka et al., 1999, Yashiro-

Ohtani et al., 2000) and with CD47 (Longhurst et al., 1999). The interaction between CD9 

and CD98 has been implicated in sperm-oocyte adhesion and fusion, by promoting sperm 
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ADAMs and multiple egg β1 integrins interactions leading to sperm-egg binding and fusion 

(Takahashi et al., 2001). CD9 has also been shown to associate with CD36 (Miao et al., 2001, 

Kazerounian et al., 2011). On macrophages the loss of this association by  deletion of CD9 

led to significant decrease in CD36-mediated  foam cell formation (Huang et al., 2011). 

CD9 has been linked with DC-STAMP in osteoclast formation. It has been shown that DC-

STAMP is internalized in some RANKL-stimulated osteoclasts precursors (DC-STAMPlo), 

which following interaction with DC-STAMP ligand and became “master fusogens”. By 

contrast, cells that had not internalised DC-STAMP (DC-STAMPhi) acted only as mononuclear 

donors. Interestingly gene expression analysis showed that the transcript levels of CD9 and 

CD47 were upregulated in the DC-STAMPlo cells, whereas the levels of CD44 and CD172a 

were higher in DC-STAMPhi. These findings suggested the possibility of the involvement of 

these molecules in DC-STAMP-mediated osteoclast fusion (Mensah et al., 2010). 

 

5.4.4 Gene expression profile of CD9WT and CD9KO cells 

Since the deletion of CD9 gene affected the expression of several cell surface molecules at 

the protein level, we aimed to investigate its possible effects on the expression at gene 

level. Therefore, the gene expression profiles of CD9 wild type cells and CD9 deficient cells 

were examined using microarray analysis and differentially expressed genes between 

CD9KO and wild type were determined. The results revealed that none of the molecules 

that are expressed differentially on CD9KO cells relative to CD9WT cells at protein level was 

expressed differentially at gene level. The reduction or increase in the surface expression of 

these molecules was therefore not because of changes in gene expression, but more likely 

to be due to changes protein processing or trafficking. This is perhaps not surprising, as 

tetraspanins have often been shown to regulate trafficking of cell surface expression of 

proteins they interact with. For example, tetraspanins have been shown to modulate 

expression of membrane type-1 matrix metalloproteinase (Schroder et al., 2013) and CD81 

is known to regulate expression of the B cell marker CD19 (Shoham et al., 2003). 

However, there were several genes including CD9 found to up/down regulated in CD9KO 

cells compared to WT cells at p<0.05 (t.test) and by 1.5 fold change. In addition to CD9, X-

inactive specific transcripts, Smpi3a (sphingomyelin phosphodiesterase, acid-like 3A) and 

Cdkn2a (cyclin-dependent kinase inhibitor 2A) were found to be down-regulated in CD9 KO 

cells. PVL3 (poliovirus receptor-related 3) and SPINK5 (serine peptidase inhibitor kaza 

type5) were found to be up-regulated in CD9KO relative to that of CD9WT cells.  

Smpdl3a has been identified as a cholesterol-regulated gene and encodes Sphingomyelin 

Phosphodiesterase Acid-Like 3A (SMPDL3A) protein. Its mRNA, intracellular expression 

protein and secretion are up-regulated in response to increased cholesterol levels in 

macrophages and also to liver X receptor ligand (LXR) in monocytes and macrophages, 

suggesting a role in lipid metabolic processes (Traini et al., 2014, Noto et al., 2012). 

The Cdkn2a is an important tumour suppressor gene that arrests cell cycle in G1 phase; this 

gene encodes the p14/ARF and p16/INK4A proteins that are expressed from related mRNAs 

that differ in exon-1 and exon-2 and are subsequently translated in distinct reading frames 

(Jennings et al., 2015). P14 and p16 belong to the family of cyclin dependent kinase 

inhibitors (CDKIs) that modulate the activity of cyclin dependent kinase (CDK) cell cycle 

regulators, for instance the expression of p16/INK4A results in inhibition of CDK-4/6 activity 
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at the G1/S checkpoint in the cell cycle (Burke et al, 2014). The disruption of CDKN2a is 

often associated with more aggressive tumours, while reconstitution of their expression in 

tumour cell lines results in cell cycle arrest; this evidence suggests they function as tumour 

suppressors (Tanner et al., 2000, Wong et al., 2002, Serrano, 1997, Agarwal et al., 2013, 

DeInnocentes et al., 2009).  

The Pvrl3 gene encodes poliovirus receptor-related 3 protein, which is also known as 
nectin-3 or CD113. Nectin-3 is member of immunoglobulin superfamily which also includes 
nectin-1 and nectin-2. Nectins have been essentially described as cell adhesion molecules 
that promote the formation of adhesion and tight junctions in epithelial cells (Takai et al., 
2003, Takai and Nakanishi, 2003). Nectins  are involved in cell processes such as  migration, 
proliferation and polarization though their interactions with adhesion-molecules including 
integrins, cadherins and growth factor receptors ( reviewed in (Takai et al., 2008)). These 
molecules have also been associated with tetraspanins. Recently studies reported that the 
expression of nectin-3 can be an a prognostic factor for lung adenocinoma and pancreatic 
cancer (Izumi et al., 2015).   
 
The Spink 5 gene, encodes the serine peptidase inhibitor kaza type5, also known as 

Lympho-epithelial Kazal-type-related inhibitor (LEKTI), which controls the homeostasis of 

epithelial tissue (Galliano et al., 2005). Spink 5 has been identified as the gene defective in 

Netherton syndrome, a severe autosomal recessive skin disorder (Chavanas et al., 2000, 

Judge et al., 1994). The effect of recombinant LEKTI protein in inhibiting the activity of 

plasmin, trypsin, subtilisin A, cathepsin G, and elastase suggested its role in functions 

associated with tissue homeostasis and disorders (Mitsudo et al., 2003, Descargues et al., 

2005). 

The interaction of tetraspanins with these molecules has not to our knowledge been 

reported. With the exception pg Pvrl3 these genes have no obvious link to cell fusion.  

              

5.4.5 Tetraspanin CD82 negatively regulate B.t-induced MNGC formation 

CD82/ KAI1 is a metastasis suppressor in various tumour cells and its role in this process has 

been widely studied. However, a role for CD82 in MNGC formation has not to our 

knowledge been reported. It was of interest to examine the effect of knock-out of another 

tetraspanin apart from CD9 and here we aimed a preliminary characterisation of the role of 

CD82 in B.t-induced cell fusion.        

Initially the effect of CD82 knock-out on B.t uptake was examined, and data in general 

showed that the efficiency of bacteria uptake was higher in CD82WT cells than in CD82KO 

cells. A significant reduction in the number of intercellular B.t CDC was shown within 

CD82KO compared to that of CD82 cells, while the reduced of B.t E264 uptake by CD82KO 

cell was insignificant. Notably, in a comparable study, the absence of CD82 showed no 

effect on Salmonella typhimurium uptake (Fawwaz Ali, personal communication). This data 

may suggest some selective involvement of CD82 in B.t CDC uptake by macrophages. CD82 

has been linked with the infection of HIV and HTLV-1 and has also been shown to be 

recruited to the phagosome after uptake of fungal pathogens including Cryptococcus 

neoformans, Candida albicans and Aspergillus fumigatus, as well as bacterial pathogens 

including; Staphylococcus aureus and Escherichia coli (Artavanis-Tsakonas et al., 2011). 

Based on our results it would be interesting to perform further investigations on the 

involvement of CD82 in B.t uptake, which was not the main aim in this present study.      
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The next step was to investigate the effect of the loss of CD82 on B.t-induced MNGC 

formation.  The result indicated a contribution of CD82 to the formation of MNGC, as 

CD82KO cells were found to undergo MNGC formation earlier and more rapidly than 

CD82WT cells. Despite CD82KO being less efficient in bacterial uptake, they were about 10 

times more active in the formation of giant cells in response to B.t infection. This indicates 

that CD82 may be positively involved in bacteria uptake, however may also negatively be 

involved in B.t-induced MNGC formation. This data also suggested that the induction of cell 

fusion in such cell lines does not depend directly on the load of intracellular bacteria. Our 

finding is in line with previous results showing that CD82 negatively regulates cell fusion. 

CD82 has specifically been implicated in HTLV-1-induced syncytium formation (Fukudome 

et al., 1992, Imai et al., 1992, Imai and Yoshie, 1993). The co-expression of CD82 proteins 

with HTLV-1 envelope glycoproteins inhibited the syncytium formation, whereas CD82 

proteins had no effect on HIV-1 envelope protein-induced syncytium formation (Pique et 

al., 2000). . CD82 also suppressed cell-to-cell transmission of HTLV-1 (Pique et al., 2000). 

CD82 was identified as a metastasis suppressor gene (Dong et al., 1995). Down-regulation 

of CD82 expression is widely associated with the advanced stages of many types of cancer 

(Tonoli and Barrett, 2005, Miranti, 2009). CD82 suppression of metastasises likely due to 

the inhibition of multiple processes including proliferation, motility, invasion and apoptosis 

by modulating the activity and the trafficking of molecules essential for metastasis (Tsai and 

Weissman, 2011). CD82 organizes E-cadherin-mediated intercellular adhesion of cancer 

cells, thus preventing the migration of cancer cells from the primary site of the tumour (Abe 

et al., 2008). The expression of CD82 was showed to attenuate the integrin α6-mediated 

cell adhesion in prostate cancer cell lines; upon the expression of CD82 the surface 

expression of integrin α6 was reduced and that was in conjunction with the enhanced 

internalization of α6 (He et al., 2005). CD82 has also been found to regulate integrin α4β1-

medated erythroblasts adhesion; anti CD82 antibody enhanced the adhesion of 

proerythroblasts to Vascular Cell Adhesion Molecule-1 (VCAM-1) on macrophages and 

extracellular matrix fibronectin (Spring et al., 2013). CD82 was found to enhance the 

adhesion of hematopoietic stem cells (HSPC) to the marrow microenvironment, by utilizing 

super resolution microscope, CD82 was found to regulate the membrane organization of α4 

integrin; CD82 over-expression enhanced the density of α4 within the cell membrane 

leading to increased cell adhesion (Termini et al., 2014). These findings suggest a variable 

mechanisms of CD82 in regulating integrin- mediated cell adhesion.  

    

To gain deeper insight into the effect of the absence of CD82 on the cells characters and 

behaviour, the expression of cell surface proteins (CD36, CD47, CD44, CD98, CD172a and 

DC-STAMP) were assessed in comparison with that of wild type. Flow cytometry analysis 

showed that, in regard of staining intensities, the level of CD98 and CD172a were 

significantly lower in CD82KO. The reduction in the level of CD44 and the increased level of 

DC-STAMP were insignificant, although it should be noted that these experiments were 

only performed three times in duplicate due to time constraints. CD36 showed comparable 

levels in both cell lines. In addition the percentage of cells that expressed CD44 and CD172 

were also reduced by 50% and 30% respectively in CD82KO cells compared to wild type. 

CD82 has been found to interact with cell adhesion molecules including CD44; endothelial 

cells lacking CD82 showed enhanced migration and invasion, due to the increased levels of 

cell adhesion molecules including integrins and CD44 on the cell surface, in contrast to the 

preliminary data presented here (Wei et al., 2014). CD9 and CD82 were found to be down-
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regulated in metastatic cell lines compared to their level on primary tumour cells; despite 

CD44 being associated with the tetraspanin web on these cells its expression levels showed 

no change here (Le Naour et al., 2006). The effect of CD82 on expression of CD44 (and 

other molecules) may therefore vary between cell types. 

 

5.3.6 Electron microscopy 

For further investigation the phenotype associated with infected CD9-/- and CD82-/- was 

examined at high magnification using electron microscopy. The observation of micrographs 

revealed bacteria located at different stages of uptake and cellular events. Bacteria were 

found to be within phagosomes, where some damaged bacteria can be detected and other 

free bacteria were observed in the cytosol. In addition intracellular actively replicating 

bacteria can also be noted. The bacteria within vacuoles which were adjacent to the cell 

membrane were observed, which may be in the process of endocytosis or exocytosis. 

Notably intact bacteria were also observed within extracellular vesicles suggesting another 

mechanism for bacteria transmigration and survival. It has been demonstrated that B.t as 

well as B.p promote escape from endosomes using T3SS-3 (Haraga et al., 2008, Galyov et 

al., 2010, French et al., 2011).The analysis of B.p-infected RAW by EM microscopy showed 

that T3SS-3 mutant bacteria are significantly less efficient in the phagosome escape 

compared to wild type (Gong et al., 2015). It has also been shown that B.p remain viable 

within macrophages due to a reduced level of phagosome-lysosomal fusion (Puthucheary 

and Nathan, 2006); this EM study showed that efficient in phagosome-lysosomal fusion was 

reduced  in macrophages of melioidosis patients, suggesting the importance of these 

mechanisms in bacterial clearance.  

Close contact of adjacent cells was observed and in some regions the discontinued plasma 

membrane between two adjacent cells can be distinguished where two cells seem to share 

the same cytosol, suggests that macrophage fusion induced by B.t is likely to be in 

processes. The mechanism is similar to that proposed by Takito, which revealed that the 

attachment of two macrophages is followed by a delay before fusion and this delay is 

thought to be required for forming of a temporary actin superstructure named the zipper-

like structure at the contact site. This structure disappears from a small area where the site 

of fusion was initiated and with time the gap is expanded in parallel with plasma membrane 

deformation following membrane fusion, resulting in the fusion of podosome belts of 

distinct osteoclasts (Takito and Nakamura, 2012). 

   

5.3.7 The distribution of CD9 on MNGCs 

The confocal images showed that the CD9 is densely and quite evenly expressed at the cell 

periphery on uninfected cells, whilst on MNGC CD9 is restricted to patches on the cell 

membrane with relatively weak staining on other areas. Interestingly, the confocal images 

showed that the distribution of CD9 on MNGCs was more obvious in two areas; at 

perinuclear and at the region of MNGC-unfused cell contact. Widefield images also 

confirmed these observations. These finding are in line with Takeda and co-workers 

observations, where CD9 staining on murine macrophages was shown to be weak under 

fusogenic condition (Takeda et al., 2003). Our observations indicate that although  CD9 

shows  less even distribution on cell membrane of MNGC, it is also more condensed in cell-
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cell connect area suggesting the involvement of CD9 in processes that precede the fusion 

for instance cell movement and/or cell adhesion. Interestingly CD9 has been shown to 

control the clustering of membrane proteins including integrin α 6 β1 involved in sperm-egg 

fusion (Ziyyat et al., 2006) It would be interesting in future to examine the  co-localisation 

of CD9 and integrins on infected cells. Widefield microscope images showed that CD9 

clustered near cell-cell contact area that are likely to correspond to the pore opening stage 

and showed co-localisation with the bacteria. Symeonides and co-workers suggested that 

the over expression of CD9 and CD63 inhibited HIV-1-induced cell-cell fusion at a post-

hemifusion stage, and tetraspanin may interact with host cell or viral factors that control 

fusion pore stabilisation and/or expansion (Symeonides et al., 2014). In our case of B.t-

induce fusion we found that CD9 deficiency resulted in enhancement in cell-cell fusion. It 

might be tempting to speculate that if CD9 is a negative regulator of fusion, infection 

induces clustering of CD9 away from areas of the membrane where fusion is initiated, but 

future studies would be necessary to understand the mechanism by which CD9 is involved 

in B.t-induced fusion.  
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Chapter 6 General discussion 
 

Tetraspanins are cell membrane proteins that facilitate various cell functions such as 

activation, trafficking and adhesion. Their role in different fusion processes has also been 

demonstrated including sperm-egg fusion (Le Naour et al., 2000, Miyado et al., 2000a, Kaji 

et al., 2002, Ziyyat et al., 2006, Zhou et al., 2009, Jankovicova et al., 2015), muscle fusion 

(Tachibana and Hemler, 1999, Charrin et al., 2013), virus-host cell fusion and virus-induced 

cell-cell fusion (Fukudome et al., 1992, Imai et al., 1992, Gordon-Alonso et al., 2006, Weng 

et al., 2009, Nydegger et al., 2006, Singethan et al., 2008, Symeonides et al., 2014)and 

monocyte/macrophage fusion (Takeda et al., 2003, Parthasarathy et al., 2009, Ishii et al., 

2006, Yi et al., 2006, Hulme et al., 2014).  

Monocyte/ macrophage fusion is a feature of granulomatous inflammation associated with 

chronic infections; for instance tuberculosis, fungal infection and HIV, as reviewed in 

(Kumar et al., 2013). However, the exact role of MNGCs in infection remains unknown. 

Although it has been suggested that MNGCs may limit the cell-cell spread of infection, they 

may cause inflammatory damage in infected tissues (Byrd, 1998). Burkholderia 

pseudomallei the causative agent of melioidosis, induces cell-cell fusion leading to 

multinucleated giant cell formation; however in this case MNGC formation is correlated 

with  pathogenesis and appears to be used by the bacterium as means of cell-cell spreading 

(Wong et al., 1995). However, the mechanism of these processes is not fully understood.  

In this study the role of tetraspanins in Burkholderia thailandensis-induced MNGC 

formation has been investigated. (B.t.) is a non pathogenic species that relatively closely 

related to Burkholderia pseudomallei (B.p.).   

Initially, as described in chapter 3 the susceptibility of mouse and human cell lines to the 

infection with B.t was confirmed, and the appropriate conditions for B.t-induced MNGC 

formation in mouse macrophage cell lines J774.2 and RAW264.7 was optimized. The ability 

of B.t to induce cell fusion was examined in human monocyte cell lines THP1 and U937, in 

order to take advantage of the availability of anti human tetraspanin antibodies and these 

cells showed positive expression of several tetraspanin which was increased upon PMA 

stimulation. However, unfortunately the results obtained with these cells were not 

sufficient to assess MNGC formation by either the parameter of fusion index or MNGC size. 

After PMA stimulation U937 cells formed cell aggregates and thus it was difficult to 

determine whether these cells were fused or not. In addition, few MNGC were formed in 

infected THP1 cells, with only about five nuclei /MNGC, even when cells were incubated for 

up to 24hr. Therefore, the project was carried out using mouse macrophage cell lines. 

Notably, only a few antibodies against mouse tetraspanins were available at the time of 

performing this study, but these included anti CD9, anti CD63 and anti CD81. Flow 

cytometry analysis showed high expression levels of CD9 and CD81 on J774.2 and 

RAW264.7 cells with weak surface expression of CD63.      

Previously Takeda and co-workers demonstrated roles for CD9 and CD81 in Con A-induced 

MNGC formation; anti CD9 and anti CD81 antibodies enhanced MNGC formation, whereas 

recombinant proteins representing CD9 EC2 inhibited cell fusion (Takeda et al., 2003). 

Similar results were also obtained by our research group; Parthasarathy and co-workers 

showed also the involvement of CD63  in this process as anti CD63 antibodies and 

recombinant CD63 EC2 proteins inhibited Con A-induced cell fusion. By contrast , CD81 and 
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CD151 GST-EC2 showed no effect (Parthasarathy et al., 2009) (Parthasarathy, PhD thesis, 

University of Sheffield, 2006). The results described in chapter 4 on the effect of 

tetraspanin-based reagents on MNGC formation induced by B.t. in the mouse macrophage 

cell lines were partly in line with these findings. The effects of anti-tetraspanin antibodies 

were compared with untreated cell or cells treated with corresponding isotype controls. 

The effects were tested by pre-treating cells with the antibodies before the infection and 

also by examining the effect of longer incubation with these antibodies during and after the 

infection. (The latter conditions more closely follow those used previously to investigate the 

role of tetraspanins in Con A induced MNGC formation of human monocytes.) In both 

cases, antibodies to CD9 and CD81 enhanced B.t-induced MNGC formation, as shown by a 

significant increase in fusion index and MNGC size. Pre-treatment of cells with anti CD63 

showed no effect, whilst longer treatment with the antibody resulted in inhibition of MNGC 

formation.  Pre-treatment of J774 cells with GST-EC2 proteins of CD9, CD63 and CD81 

suppressed B.t-induced MNGC formation, whereas GST-EC2 proteins of CD151 and Tspan-2 

had no effect. These data therefore suggests negative regulatory roles for CD9 and CD81 in 

B.t-induced MNGC formation. Despite the poor expression level of CD63, significant 

reduction was noted with long incubation with anti CD63 and pre-treatment with GST-EC2 

CD63 proteins. The inhibition of fusion likely resulted from interaction with a molecule 

other than CD63, which could be another tetraspanin or another molecule of a different 

family. CD63 is known to interact with tetraspanins such as CD9, CD81, CD82 and CD151 

and with other proteins including integrins such as β1 integrin, syntenin-1 and TIMP-1 

(Berditchevski, 2001, Jung et al., 2006, Latysheva et al., 2006). Previous work in our group 

showed that CD9EC2 and CD63EC2 can bind specifically to Con A-stimulated monocyte 

which express relatively low levels of CD63 (Parthasarathy et al., 2009). In this case 

immunoprecipitation and pull-down assays may reveal the molecules that the tetraspanin 

EC2s are associating with. 

Further investigation on the effect of EC2 proteins on B.t-induced MNGC formation were 

performed as discussed in chapter 4. Some previous work indicated that the inhibitory 

effect of CD9 EC2 protein in monocyte fusion was due to the contamination with LPS rather 

than direct effect of the EC2 protein (Marzieh Fanaei PhD thesis 2013). In fact there are 

contradictory reports about the activity of bacterial products on cell fusion, with some 

indicating that  LPS could inhibit the monocyte fusion induced by Con A (Takashima et al., 

1993) whereas other studies showed that bacterial cell wall proteins can stimulate MNGC 

formation (Tanaka and Emori, 1980) and enhance Con A-induced monocyte fusion(Mizuno 

et al., 2001a, Mizuno et al., 2001b, Parthasarathy et al., 2009). Other recent data showed 

an insignificant effect for LPS on Con A-induced  MNGC formation(Hulme et al., 2014). Here 

we tested different batches of EC2 proteins (GST-CD9 and GST-CD9X where LPS in the 

protein was reduced).  

Both GST-CD9 and GST-CD9X significant inhibited B.t-induced cell fusion, and there was no 

significant difference between the effects of GST-CD9 and GST-CD9X when cells were pre-

treated with these reagents before the infection. However, long incubation with these 

proteins after the infection resulted in some inhibitory effect on MNGC formation with the 

GST control, as well for GST-CD9. This effect was reduced in GSTX; thus the difference 

between the effects of GST-CD9X and GSTX was statically significant. These results 

suggested a small and time dependent effect for LPS on EC2 activity. Pure LPS showed a 

slight effect on B.t CD272-induced cell fusion but not with B.t E264. Notably, almost all of 

the recombinant proteins tested in these studies are produced in bacteria, so it would be 
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expected that the possibility of LPS contamination is equal. As mentioned above, CD151 

and TSPAN-2 had no effect on B.t-induced fusion, although the LPS content in these protein 

preparations was higher compared to the amount in the CD9-EC2 protein. In addition, 

CD63-EC2 produced in mammalian cells showed a similar inhibitory effect to that observed 

with CD63-EC2 produced in bacteria in B.t-induced MNGC formation. Overall, the data 

suggests that LPS has little contribution to the recombinant protein activity and the 

inhibition in B.t-induced MNGC formation is due to the EC2 proteins themselves. 

It has been reported that human CD9 EC2 (where the GST tag has been removed) was 

slightly less active than GST-CD9 EC2, suggesting that GST contributes to the 

stability/activity of CD9 EC2 or that GST alone has weakly inhibitory effects in sperm-egg 

fusion (Higginbottom et al., 2003). However, Parthasarathy and co-workers reported 

similarly significant inhibitory effects for cleaved CD63 EC2, and highly purified his-tagged 

CD9 EC2 and CD63 EC2 compared to GST-CD63EC2 in Con A-induced cell fusion 

(Parthasarathy et al., 2009). It would be of interest to examine cleaved CD9 in the B.t-

induced cell fusion assay.  

It was important  to determine whether the inhibitory effect of EC2 proteins was  due to 

any cytotoxic/cytostatic effects. This was investigated using the SRB cytotoxicity assay. Pre-

treatment of J774 cells with EC2 proteins for 2hr had no effect on the number of cells, 

however long incubation resulted in reduction in cell number at higher concentrations. This 

suggests that the long-term incubation with EC2s may affect cell functions shuch as 

adhesion or and proliferation which may affect the activity of these protein in cell fusion. 

Hovever other data from our research group showed no effect of EC2 proteins over  72hr 

incubation on human moncyte adhesion or cell number (Parthasarathy et al., 2009). 

The effect of synthetic peptides corresponding to different regions of the CD9 EC2 have 

previously been shown to have activity similar to the intact EC2 in some biological assays 

(Daniel Cozens, Jenny Ventress, personal communication). Since the GST-CD9 EC2 proteins 

inhibited B.t-induced fusion, the effect of these peptides was also examined. Preliminary 

data showed no significant effect for these peptides on B.t-induced cell fusion. This 

suggests that the whole EC2 is needed to cause inhibition of fusion or that the regions of 

the EC2 that these peptides represent are not involved. However, these experiments were 

preliminary and it would be interesting to perform more investigations for example using 

different concentrations or combining the peptides. 

A previous study showed that B.p but not B.t induced MNGCs are analogous to osteoclasts. 

B.p infected RAW 264 cells expressed osteoclast markers similar to those induced by 

RANKL, a stimulator of osteoclastogenesis, whereas the level of these markers in B.t-

induced cells was similar to that of uninfected cells. The change in the level of these 

markers is correlated with the activation of lfpA, the gene for lactonase family protein A, 

which is absent in B.t (Boddey et al., 2007). CD9 has been found to positively regulate 

osteoclastogenesis; anti CD9 antibodies inhibit osteoclast formation whereas over 

expression of CD9 enhances this process (Yi et al., 2006, Ishii et al., 2006). Herein, CD9 was 

found to negatively regulate B.t-induced MNGC formation, which is similar to its role in Con 

A-induced monocyte fusion. It has been reported that Con A induced MNGC formation have 

characteristics that mimic Langhans giant cells (Parthasarathy et al., 2009). B.p and B.t 

infection caused a similar cytokine production profile in human monocyte-derived dendritic 

cells (Horton et al., 2012). The cytokine response to B.t infection in the presence or absence 

of tetraspanins has not been investigated in this study, nevertheless, Takeda and co-
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workers noted that anti CD9 and anti CD81 antibodies had no effect on the production of 

cytokines by Con A-stimulated monocytes (Takeda et al., 2003). In conclusion, whether 

tetraspanins could have similar or different effects on B.p-induced MNGC formation would 

be interesting to investigate, but that would require category 3 containment facilities. 

Our data suggests that CD9 and CD81 negatively regulate cell fusion induced by B.t, since 

anti CD9 and anti CD81 enhance MNGC formation while EC2 proteins of CD9 and CD81 

inhibited this process. More evidence for the role of CD9 was obtained from the examining 

B.t-induced fusion in macrophages derived from CD9-/- mice. The data appear to confirm 

that CD9 negatively regulates MNGC formation induced by B.t., as discussed in chapter 5. 

CD9KO cells showed enhanced MNGC formation compared to the wild type control cell line. 

A time course experiment showed that the fusion event started earlier in infected CD9KO 

cells and there was a dramatic increase in fusion index and MNGC in these cells with the 

time compared to WT cells. This is in agreement with Takeda and co-workers, where 

alveolar and bone-marrow derived macrophages from CD9 null mice and CD81 null mice 

showed enhanced MNGC formation in response to Propionibacterium acnes in vivo and in 

vitro. In addition CD9/CD81 double knockout mice exhibited spontaneous MNGCs in the 

lung and enhanced osteoclastogenesis in the bone. In contrast, the same group noted that 

CD9 appeared to be essential for P.acnes-promoted hepatic granuloma formation in vivo, 

as CD9 null mice showed bacterial dissemination and a reduction in the number and size of 

granulomas compared to wild type (Yamane et al., 2005). In addition, the induction of 

granuloma-inducing cytokines, TNF-alpha and IFN-gamma, was delayed and chemotactic 

activity for macrophages was inhibited in the liver of CD9 null mice. CD9 expression was-

upregulated on P.acnes-infected hepatocytes in wild type mice, although its expression 

levels on monocyte recruited into granulomas was low (Yamane et al., 2005). It would be 

interesting to perform in vivo studies to find out the role of CD9 in such immune responses 

to Burkholderia infection.   

Observations of CD9 distribution in B.t. infected cells by confocal microscope and widefield 

microscopy revealed that, on uninfected cells CD9 was  densely and quite evenly expressed 

at the cell periphery, whilst on MNGC CD9 is restricted to patches on the cell membrane 

with relatively weak staining on other areas. CD9 did not appear to co-localise with the 

bacteria at the cell periphery. Notably, the distribution of CD9 on MNGCs was more obvious 

in two areas; at perinuclear and at the region of MNGC-unfused cell contact. These finding 

are in line with Takeda and co-workers observations, where CD9 staining on murine 

macrophages was shown to be weak under fusogenic condition and they noted that CD9 

stain was weak in cell-cell contact regions (Takeda et al., 2003). In contrast, our 

observations indicate that although  CD9 shows  less even distribution on cell membrane of 

MNGC, it is also more condensed in cell-cell connect area suggesting the involvement of 

CD9 in processes that precede the fusion for instance cell movement and/or cell adhesion. 

Interestingly CD9 has been shown to control the clustering of membrane proteins including 

integrin α 6 β1 involved in sperm-egg fusion (Ziyyat et al., 2006). It would be interesting in 

future to examine co-localisation of CD9 and integrins on infected cells. It is tempting to 

speculate that if CD9 is a negative regulator of fusion, B.t. infection induces clustering of 

CD9 away from areas of the membrane where fusion is initiated, but further image analysis 

is necessary.    

 A role for CD82 in B.t-induced fusion has also been shown, using macrophages derived 

from CD82 null mice and corresponding wild type cells. Initially, the rate of bacteria uptake 

was tested and wild type cells were found to be more susceptible to the infection than 
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CD82KO cells. CD82 has been linked with the infection of HIV and HTLV-1 and has also been 

shown to be recruited to the phagosome after uptake of fungal pathogens including 

Cryptococcus neoformans, Candida albicans and Aspergillus fumigatus, as well as bacterial 

pathogens including Staphylococcus aureus and Escherichia coli (Artavanis-Tsakonas et al., 

2011). It would be interesting to perform further investigations on the involvement of CD82 

in B.t uptake. With regard to MNGC formation, CD82KO cells were found to undergo cell-

cell fusion more readily than wild type cells, suggesting that CD82 also negatively regulates 

B.t-induced MNGC formation. CD82 has specifically been implicated in HTLV-1-induced 

syncytium formation (Fukudome et al., 1992, Imai et al., 1992, Imai and Yoshie, 1993). The 

co-expression of CD82 with HTLV-1 envelope glycoproteins inhibited the syncytium 

formation, although CD82 expression had no effect on HIV-1 envelope protein-induced 

syncytium formation (Pique et al., 2000). CD82 expression also suppressed cell-to-cell 

transmission of HTLV-1 (Pique et al., 2000). 

The effects shown with anti-tetraspanin antibodies and EC2 proteins on B.t-induced MNGC 

formation in J774 cells was not due effects on bacterial uptake, as these reagent showed 

slight or no effect on the number of intracellular bacteria under the conditions used in 

MNGC formation assay. CD9KO cells showed greater uptake of bacteria at 30 and 60 

minutes post infection compared to wild type, however after 90 and 120 minutes post 

infection the number of intracellular in CD9KO cells and WT cells was comparable. In 

contrast, CD82WT cells were shown to be more susceptible to the infection; after 120 

minutes post infection the number of intracellular bacteria in WT cells was significantly 

higher compared to CD82KO cells, suggesting the importance of CD82 in bacteria uptake. 

The role of tetraspanins in infectious  disease has been demonstrated (Monk and Partridge, 

2012). The effect of tetraspanins in bacterial adhesion and internalisation is of interest to 

our research group: Green and co-workers showed an inhibitory effect of anti tetraspanin 

CD9, CD63 and CD151 but not CD81 antibodies on bacterial adhesion to epithelial cells 

including adhesion of Neisseria meningitides, Staphylococcus aureus and Escherichia coli 

(Green et al., 2011) as discussed in greater detail in Chapter 3. 

 

Electron micrographs of infected cells revealed the bacteria in different stages of 

phagosomal maturation. Morphologically-appearing live bacteria were located within 

phagosomes, some of them were damaged and others free in the cytosol. In addition 

intracellular actively replicating bacteria can also be observed. The bacteria also are seen 

within vacuoles that adjacent to the cell membrane, which might be in the process of 

endocytosis or exocytosis. Notably intact bacteria were also observed within extracellular 

vesicles suggesting another mechanism for bacteria transmigration and survival. B.t as well 

as B.p promote escape from endosomes using T3SS-3 (Haraga et al., 2008, Galyov et al., 

2010, French et al., 2011).The analysis of B.p-infected RAW by EM microscopy showed that 

T3SS-3 mutant bacteria are significantly less efficient in the phagosome escape compared 

to wild type (Gong et al., 2015). B.p was shown to  remain viable within macrophages due 

to a reduced level of phagosome-lysosomal fusion (Puthucheary and Nathan, 2006); this EM 

study showed that efficient phagosome-lysosomal fusion was reduced  in macrophages of 

melioidosis patients, suggesting the importance of these mechanisms in bacterial clearance. 

It has also been showed that B.p are able to evade autophagy, a multifunctional, 

intracellular process that is important for protecting eukaryotic cells and maintaining 

intracellular homoeostasis (Devenish and Lai, 2015). 
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We noted that CD9KO and CD82KO cells seemed to be more sensitive to the infection as 

they showed apoptotic and necrotic cell characteristics more often compared to the wild 

type (data not shown), which may indicate a contribution of these proteins to the bacterial 

life cycle. Further investigation is needed to elucidate this phenomena using immunogold 

labelling for CD9 and CD82 and that would provide obvious details.  

Close contact of adjacent cells was observed and in some regions the discontinued plasma 

membrane between two adjacent cells can be distinguished where two cells seem to share 

the same cytosol, suggesting that macrophage fusion induced by B.t is likely to be in 

process. The mechanism is similar to that proposed by Takito, which revealed that the 

attachment of two macrophages is followed by a delay before fusion and this delay is 

thought to be required for forming of a temporary actin superstructure named the zipper-

like structure at the contact site. This structure disappears from a small area where the site 

of fusion was initiated and with time the gap is expanded in parallel with plasma membrane 

deformation following membrane fusion, resulting in the fusion of podosome belts of 

distinct osteoclasts (Takito and Nakamura, 2012).  

We found that the deletion of CD9 as well as the deletion of CD82 affects the expression 

level of cell surface molecules that have been implicated in cell-cell fusion (discussed in 

chapter 5). CD9KO cells showed lower levels of CD81, CD36 and CD44, and higher levels of 

DC-STAMP relative to their level on wild type cells. These molecules have been associated 

with CD9 in fusion and other cell function (discussed in chapter5). Takeda and co-workers 

showed that CD9 and CD81 form a complex with β1 and β2 integrins in freshly isolated 

blood monocytes and this complex was up-regulated in normal conditions. However, under 

fusogenic conditions this complex was down regulated (Takeda et al., 2003), suggesting the 

significance of this complex in regulating MNGC formation. It would be interesting to look 

at the effect of CD9 deletion on the cell surface expression of these proteins. The 

interaction between CD9 and CD98 has been implicated in sperm-oocyte adhesion and 

fusion, by promoting sperm ADAMs and multiple egg β1 integrins interactions leading to 

sperm-egg binding and fusion (Takahashi et al., 2001). CD9 is also involved in DC-STAMP-

mediated osteoclast fusion (Mensah et al., 2010). 

The gene expression profiles of CD9KO and wild type showed that none of the molecules 

that are expressed differentially on CD9KO cells relative to CD9WT cells at the protein level 

was expressed differentially at gene level. The reduction or increase in the surface 

expression of these molecules was therefore not because of changes in gene expression, 

but more likely to be due to changes in protein processing or trafficking. This is expected, as 

tetraspanins have often been shown to regulate trafficking of cell surface expression of 

proteins they interact with. For example, tetraspanins have been shown to modulate 

expression of membrane type-1 matrix metalloproteinase (Schroder et al., 2013) and CD81 

is known to regulate expression of the B cell marker CD19 (Shoham et al., 2003). 

A role for several cell surface molecules including CD47, CD89 and CD172a in B.p-induced 

MNGC formation in human U937 cells has been suggested (Suparak et al., 2011). 

Monoclonal antibodies to these molecules inhibited MNGC formation whereas anti-CD44 

had no effect. The expression levels of CD47 and CD98 was upregulated in infected cells, 

with the comparable levels of CD44 and CD172a. Our preliminary data showed that B.t-

induced MNGC formation in J774 cells was also inhibited in cells treated with anti CD47 and 

anti DC-STAMP antibodies, whereas anti CD44 antibody enhanced B.t-MNGC. The 

expression level of CD9, CD81 and CD44 was down regulated after 3hr post infection, 
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whereas the level of DC-STAMP was upregulated. CD47 expression was at similar levels on 

infected and uninfected cells. It might be interesting to look at the effect of infection of 

fusion defective variants of B.t on the expression of these molecules to see if the changes 

relate to fusion. Suparak and colleagues propose that specific cell surface molecules of B.p 

infected-cells undergoing fusion may promote the attachment of cells and bring cell 

membranes into close contact and it is likely that B.p may facilitate this process by altering 

the surface expression of these molecules (Suparak et al., 2011).  

The importance of T6SS-5 in Burkholderia induced cell fusion is well established (Schell et 

al., 2007, Shalom et al., 2007, Schwarz et al., 2010, French et al., 2011, Burtnick et al., 

2011). Recently B.p has been shown to facilitate membrane fusion and intercellular spread, 

using the T6SS-5 spike protein VgrG5 (valine-glycine repeat protein). VgrG5 was found to be 

conserved and functionally interchangeable among Burkholderia species including B.t, B.m 

suggesting  that they share a similar mechanism of cell-cell spread (Toesca et al., 2014). This 

group proposed a hypothesis for this mechanism: bacterial movement by flagella or actin 

polymerization generates the force needed to bring the membrane of infected cells into 

close position with adjacent cells, and then by membrane attachment or some of the T6SS-

5 proteins the resulting energy drives the VgrG5 across the cell membranes, resulting a 

disordered zone then merging of the membranes. Although VgrG is required, they 

proposed that  it is likely to be insufficient for fusion and  additional bacterial effectors and 

cell membrane proteins are also required for perfecting this process (Toesca et al., 2014). 

Our work suggests that tetraspanins are amongst the host cell proteins that regulate the 

B.t- induced fusion. The fusion mechanisms of B.t and B.p are believed to be similar. Our 

finding that tetraspanins are involved in this processes, which related to B.p pathogenesis 

and spread may therefore relative to melioidosis disease.  

 

Conclusion and Future Directions 

This work was the first study that explored the involvement of tetraspanins in cell 

fusion induced by bacteria. Our data provide advances for the role of tetraspanins CD9, 

CD81 and CD82 in B.thailandensis-induced multinucleated giant cell formation. Further 

work might be performed following the results that have been shown in this thesis: 

 

- Investigate the region of CD9EC2 that may be involved in the fusion process by using 

peptide fragments of CD9EC2. 

- Investigate cell response to B.t infection by testing the cytokines produced in the 

presence and the absences of tetraspanins CD9 and CD82. 

- In vivo assays using tetraspanins mutant mice would provide more detail about the 

involvement of tetraspanins in B.t-induced cell fusion.       

- Further investigation is needed to elucidate the localization of CD9, CD82 and CD82 

by EM using immunogold labelling for CD9, CD81 and CD82 and that would provide 

greater  details. 

- Investigating whether tetraspanins could have similar or different effects on B.p-

induced MNGC formation would be interesting. 

- Investigate the involvement of CD82 in B.t uptake and its possible role in bacterial 

pathogenesis. 
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- Investigate the mechanism by which tetraspanins involve in B.t-induced cell fusion 

for example study the interaction with cell membrane fusion molecules, which could 

be  performed by using pull down assays, confocal microscopy or/and high 

resolution microscope. 
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