

The Role of Tetraspanins in Bacterial Adhesion to Human Cells and the Therapeutic potential of their 
Peptide Fragments




A thesis submitted for the Degree of Doctor of Philosophy

Daniel John Cozens


Supervisors: Dr. Peter N. Monk, Prof. Robert C. Read, Dr. Lynda J. Partridge & Prof. Sheila MacNeil




Academic Unit of Infection and Immunity
Infection, Inflammation and Immunity
Department of Medicine
University of Sheffield

September 2015


Declaration
The work presented in this thesis is the work of the candidate, with the following exceptions:
Isolation of human peripheral-blood monocytes was performed by Katie Cooke
The production of the tetraspanin EC2 fusion proteins was performed by Dr. Marzieh Fanaei, John Palmer and Dr. Rachel Hulme.
The design of the synthetic tetraspanin-derived peptides was performed by Dr. Peter Monk.
The production of the experimental antimicrobial peptide was performed by Dr. Amanda Harvey
The Streptococcus pneumoniae adhesion assay was performed by Claire Hetherington under the supervision of the author as part of the Sheffield Undergraduate Research Experience (SURE) scheme. This portion of the project was funded by the Wellcome trust.
Section 1.2.2. ‘Anti-adhesion therapies’ and Section 1.2.3. ‘The Future of Anti-adhesion Therapy’ were taken from ‘Anti-adhesion methods as novel therapeutics for bacterial infections’ (Cozens and Read, 2012), published by the author and with consent from the journal to be reproduced in this thesis.


Abstract
Tetraspanins are a superfamily of eukaryotic membrane-bound proteins involved in a wide array of cellular processes, such as adhesion and migration. They do this by forming large extended networks on the surface of the cell, known as tetraspanin-enriched microdomains (TEMs), whereby they can act as membrane organisers to partner proteins, including integrins and components of the immune system. This ensures these proteins are in conformations that aid in their function. Many of these partner proteins are also the receptors to which bacteria can adhere, using adhesins. TEMs may cluster these receptors together to allow for multiple interactions between pathogen and host, resulting in firm adhesion. 
It was shown that by disrupting the TEMs through pre-treatment of epithelial cells with a variety of recombinant tetraspanin extracellular domains (EC2s), it can significantly inhibit the ability of a bacterium to attach to a human epithelial cell line. Chimeric EC2 proteins highlighted important regions of the domain for achieving this phenomenon. This effect was successfully replicated using synthetic peptides based on regions of the CD9 EC2 peptide sequence, in a dose response-like fashion. This has been demonstrated using the bacterial pathogens Neisseria meningitidis, Streptococcus pneumoniae and Staphylococcus aureus. The antimicrobial protection is slowly lost from the cell over time, possibly due to recycling of the tetraspanins from the cell surface.  The effect is likely due to disruption of the TEMs, as cholesterol depletion, which similarly disorders TEMs, removes the effect of subsequent treatment with synthetic peptides. EC2s of some tetraspanin molecules (particularly CD9 and CD63) and synthetic peptide derivatives show signs of promise for possible use as anti-adhesion therapeutics for treating bacterial infections. This could possibly be used in conjunction with current antibiotics, providing further protection to the patient during periods of sub-MIC levels of drugs between dosing.
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Chapter 1. Introduction
[bookmark: _Toc451269824]1.1 Bacterial Attachment
[bookmark: _Toc451269825]1.1.1. The Concept of Bacterial Colonisation and Disease
Bacterial adherence, the binding of bacteria to cells or inanimate surfaces, is a key property which allows these organisms to survive and flourish. Bacteria have the ability to attach to sites within microenvironments where growth is favourable, both in ecological niches and in vivo, within a host. This property has long been known, with significant parallels established between infectivity and adhesiveness (Beachey, 1981). That adherence is a prerequisite for the subsequent development of disease symptoms is true for the majority of enteric, respiratory and oral infections (Ofek et al., 2003a). As such this area is increasingly becoming a source to mine for novel therapeutics, in an attempt to prevent bacterial infectious diseases. 
This will become progressively more important as antibiotic resistance continues to increase. Amongst new methods to tackle infectious diseases, anti-adhesion therapies hold particular advantages as they do not directly result in the death of bacteria, an important selective pressure. Strains with mutations that thwart anti-adhesion mechanisms will inevitably develop. However, unlike antibiotics, which kill or stop the growth of the susceptible bacteria, non-resistant strains can continue to propagate and be transmitted to new hosts. As such these wild-type strains can compete with resistant strains in untreated individuals, acting to prevent widespread propagation of resistance (Ofek et al., 2003b) (Figure 1-1). 
Adherence and subsequent internalisation is advantageous to the pathogenicity of some bacteria. It can facilitate delivery of virulence factors and toxins, acquisition of vital nutrients, and evasion of both the host immune system and any antibiotics. It results in tissue tropism, allowing specificity in the interaction between host and pathogen to ensure bacteria take advantage of the environment most appropriate to their physiological and metabolic requirements. By blocking the interactions that develop the close contact required for infectivity, either by prevention or dissociation, the unattached organisms can be eliminated by non-specific cleansing mechanisms of the 
[image: ]
Figure 1-1. Schematic diagram of effects of antibiotic and anti-adhesive therapy on the spread of resistance.
Resistance to drugs arise spontaneously in a population through mutation (navy). Persistent use of antibiotics will result in the death of all non-resistant bacteria (blue). Therefore only those with the mutation can propagate, resulting in the quick spread of resistance in a population. In anti-adhesive therapy, sensitive bacteria are still viable; as such resistances will occur at a much slower rate.


host, halting the development of an infection (Figure 1-2). These clearance mechanisms vary between different regions of the body. They include the action of mucociliary removal in the airway (Knowles and Boucher, 2002) and fallopian tube, the flushing effect of urine in the urinary tract and bladder producing shear force, peristaltic motion in the gastrointestinal tract, the shedding of upper epithelial cell layers and the lining of tracts and tissue with antibodies, all of which inhibits bacterial attachment. These help to prevent bacterial adherence or dislodge weakly bound bacteria for removal from the host. Alternatively, weakening the tight association allows easier elimination of the pathogen by the innate and adaptive immune system.
Anti-adhesion treatment can be given as a prophylactic, for when infection is probable, as on cuts and burns, or alternatively to those most susceptible, for example patients with a history of a particular infections, such as in the urinary tract, where reoccurrence is likely. There is also reason to suggest that such therapies may have beneficial effects when given conjointly with traditional antimicrobials during an infection. These treatments may halt additional attachment of bacteria during spread of the disease, reducing bacterial load, or may dissociate adherent bacteria from the host. The exact window of opportunity for such strategies has not been currently defined.
[bookmark: _Toc451269826]1.1.2. Bacterial Adhesion and Adhesins
There are multiple mechanisms of bacterial adherence to mammalian cells and tissue. Nonetheless, there are several overarching themes and similarities shared by the majority of species in the basic processes of binding to a host, prior to colonisation. Several distinct methods are employed in this process to establish a strong interaction between the microbe and the cell surface. 
The first involves overcoming an electrostatic barrier which repels initial association. Both prokaryotic and mammalian cells have a negative charge at physiological pH, producing a repulsive force. The bacterium uses hydrophobic molecules to enable a weak, non-specific adhesion (Busscher and Weerkamp, 1987). These hydrophobins can be situated within the bacterial membrane, or secreted polysaccharides with apolar subunits, for example lipoteichoic acids in streptococci (Miorner et al., 1983). They engage  in  interactions  with  similarly  hydrophobic  regions  on  the  host  substratum, 
[image: ]Figure 1-2.  Schematic diagram showing bacterial attachment to an epithelium under usual conditions and in anti-adhesive therapy-treated cells.Anti-adhesive therapy
Cleansing mechanism
Receptor
Adhesin
Pathogen

(A) Diagram showing bacteria using adhesins to interact with specific receptors on an epithelial cell layers to allow intimate association in the presence of shear force. (B) Diagram displaying the hypothetical effect of anti-adhesive therapy. This would reduce the likelihood of attachment of the bacteria and the pathogens would be removed from the epithelium through shear force.


situating the bacterium in a position for which further more specific interchanges can take place (Doyle, 2000).Due to the difficulty of studying these easily reversible interactions, our understanding of their importance is far from complete.
Once within close proximity to the mammalian cell, bacteria can form stronger interactions with the surface. Such tight binding allows bacteria to overcome shear forces that may otherwise dislodge weaker preliminary interactions. The adhesins involved in hard docking may be protein or polysaccharide-based. These adhesins, cell surface components that facilitate bacterial adherence, are distinct from invasins which have roles in the internalisation of bacteria into nonphagocytic host cells. 
1.1.2.1. Lectins
Lectins are sugar-binding proteins, with high-specificity for certain moieties. They are utilised by bacteria for the binding to saccharide residues on the host cells. FimH, the lectin subunit of the type I fimbriae, appendages on the surface of bacteria utilised for attachment, of uropathogenic Escherichia coli (UPEC) binds mannose residues on the glycoproteins of uroepithelial cells of the lower urinary tract, such as uroplakins (Sokurenko et al., 1997). Likewise, PapG of P-fimbriae recognizes α-galactose to allow attachment within the kidney (Roberts et al., 1994). These pili allow adhesion to specific cell types as the infection ascends up the urethra, contributing to cystitis and pyelonephritis, respectively. 
Alternatively, carbohydrate moieties within the bacterial capsule may adhere to lectins on the mammalian cell, for example hyaluronic acid of the Streptococcus pyogenes initiation of infection of epithelial cells, however they also act as recognition points on the pathogen in lectinophagocytosis, by human peritoneal macrophages and human polymorphonuclear leukocytes (Sharon, 1987).
1.1.2.2. Protein-protein Interactions
A second method of specific adherence is through protein-protein interactions. This involves protein adhesins and components of the extracellular matrix (ECM), or the protein structures beneath this, which may be exposed following wounding of the ECM and the cells mucosal barrier. This is clearly illustrated in Neisseria meningitidis, by the example of opacity-associated (Opa) proteins. These adhesins form tight associations with the carcinoembryonic antigen cell adhesion molecule (CEACAM) family (Virji, 1996). Structurally unrelated Opc proteins can both bind to surface proteins, specifically heparan sulphate proteoglycans (HSPGs) (de Vries et al., 1998), as well as to ECM components such as fibronectin and vitronectin; which allows an indirect association with HSPGs (Cunha et al., 2009). Exploitation of ECM components is also seen in Streptococcus pneumoniae infections. Pneumococcal adhesion and virulence A (PavA) and enolase are capable of binding to fibronectin and plasminogen respectively (Holmes et al., 2001, Bergmann et al., 2001). Through these interactions, a strong attachment develops, allowing the bacterium to firmly situate itself in its appropriate niche. 
1.1.2.3. Other Adhesins
Other adhesins are neither protein nor sugar-based in their nature. S. pneumoniae, and other pathogens that can reside in the upper respiratory tract, contain phosphocholine at the cell surface. It facilitates association with the host via the receptor for platelet-activating factor (rPAF). Phosphocholine mimics the natural ligand of the receptor (Cundell et al., 1995). This binding activates downstream extracellular-signal-regulated kinases, resulting in the uptake of the bacterium into vacuoles in the host cell.
Bacterial adherence often involves multiple adhesin and receptor pairs. This results in exquisite tissue specific tropism, and the exploitation of the most favourable environment for growth and colonisation, internalisation or biofilm formation, depending on the bacterium. These associations are reversible, allowing the spread of the pathogen from host-to-host, or for the development of systemic infections. It is a complex and dynamic process, which changes over the course of an infection.
[bookmark: _Toc451269827]1.1.3. Adhesin receptors
In order to form associations between pathogen and host, as described above (Section 1.1.1.) a diverse array of host surface structures have been exploited as targets for bacterial adhesins, in order for the bacteria to counteract the shear force of cleansing processes of the body. These surface structures, which act as receptors for bacteria, are highly variable, encompassing both protein and carbohydrate components. A selection of the major groups of bacterial receptors on mammalian cells is discussed below.
1.1.3.1. Glycosphingolipids and Lipid rafts
Glycosphingolipids are an integral class of lipids present in the membranes of eukaryotic cells. They have roles in the cellular stress response, angiogenesis, inflammation and proliferation. Lipid rafts are often enriched for these glycosphingolipids, along with cholesterol. Many intracellular bacteria have hijacked glycosphingolipids, and lipid rafts, as the point of attachment. Disruption of these lipid rafts can inhibit binding or internalisation of bacteria (Lafont et al., 2004). Shigella and Salmonella use type III secretion systems to insert effector proteins into host membranes, resulting in rearrangements of the cellular cytoskeleton and bacterial engulfment. Lipid rafts are required for the insertion of these effectors, which occurs via the effectors cholesterol-binding domains (Hayward et al., 2005). UPEC use P fimbriae to target globoseries glycosphingolipids, binding via the Galα1-4Galβ disaccharide epitope (Leffler and Svanborgeden, 1980). This response triggers inflammation and the development of disease symptoms. Similarly bacterial surface lectin LecA interacts with glycosphingolipid Gb3. This triggers membrane engulfment during Pseudomonas aeruginosa invasion (Eierhoff et al., 2014).
1.1.3.2. Extracellular Matrix Components as Receptors 
The extracellular matrix is a glycoprotein structural scaffold within animal tissue. It is involved in cellular signalling, migration and physiological processes. Many of the ECM components are key receptors for a subset of adhesins in Gram positive bacteria known as microbial surface components recognising adhesive matrix molecules (MSCRAMMs). These components include collagens, fibronectins, vitronectins and laminins. The ECM is an attractive target for bacterial adhesion due to its ubiquity and profuse distribution. Adhesion to the ECM allows bacteria to withstand mechanical stress during the process of forming a more intimate association with a host cell. Many of these adhesins show redundancy in their binding partners, interacting with numerous components of the ECM. Due to separate sites for epithelial cell and bacterial binding on ECMs, this association can act as a bridging molecule for internalisation, by engagement with integrins, and in turn the cytoskeleton, in a shared signalling cascade. ECM association can also lead to induction of the host inflammatory response (Diacovich and Gorvel, 2010). Table 1-1 highlights some of these adhesins and their ECM targets. Many bacteria produce matrix metalloproteinases (MMPs). These are capable of cleaving ECM structural proteins. This can allow tissue remodelling during an infection. These proteases can also partially degrade and expose the ECM, allowing attachment of pathogens using specific adhesins (Vanlaere and Libert, 2009). Due to their ubiquity and high abundance within animal tissues (albeit with a high degree of variation in composition between tissues) matrix proteins are very common targets for a diverse range of bacterial adhesins, both from pathogenic and commensal species (Chagnot et al., 2012).
Table 1-1. Bacterial adhesins targeting ECMs
	Pathogen
	Adhesin
	ECM receptor
	Integrin
	Reference

	Yersinia spp.
	YadA
	Fibronectin
	β1 integrins
	(El Tahir and Skurnik, 2001)

	Clostridium perfringens
	CpCna
	Collagen
	β1 integrins
	(Jost et al., 2006)

	Neisseria meningitidis
	Opc
	Vitronectin  fibronectin
	β1 and β3 integrins
	(Unkmeir et al., 2002)

	Staphylococcus aureus
	ClfA and FnbpA 
	Fibronectin, vitronectin  collagen
	β1 integrins
	(Sinha et al., 1999)

	Streptococcus pneumoniae 
	unknown
	Fibronectin
	β3 integrins
	(Bergmann et al., 2009)

	Porphyromonas gingivalis
	Fimbriae 
	Vitronectin
	β1 integrins
	(Nakamura et al., 1999)

	Mycobacterium leprae
	Lbp
	Fibronectin
laminin
	β1,  β4 integrins
	(Rambukkana et al., 1997)


1.1.3.3. Integrins
Bacteria are also capable of binding directly to integrins in order to make intimate contact with the host cell. Integrins play a key role in the sophisticated interplay between ECM and host cells. Due to their direct interactions with the cytoskeletal components of the cell, and their presence on virtually every cell type of the body, integrins are efficient vehicles on the cell surface for bacterial internalisation (Hauck et al., 2012). However, as stated, members of this family are usually associated with ECM proteins and it is to ECM, as opposed to the actual integrin, where initial interactions are generally made. Despite this, some pathogens have been shown to directly bind to integrins (Isberg and Van Nhieu, 1994). These components become exposed, allowing adhesin interaction through tissue damage, either through degradation of the ECM by bacterial proteases or due to mechanical injury. For example enteropathogenic Yersinia (Yersinia pseudotuberculosis and Y. enterocolitica) can adhere to intestinal M cells using invasion proteins that bind multiple members of the integrin family. This results in the uptake of the bacterium (Isberg and Leong, 1990). 
1.1.3.4. CEACAMs
Carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) are immunoglobin-superfamily cell adhesion molecules, implicated in a range of cellular processes from the shaping of tissue architecture, to angiogenesis, to insulin homeostasis, through cell-cell association with other members of the CEACAM family (Kuespert et al., 2006). They are prominently expressed at mucosal surfaces, allowing interaction of invading bacteria with the epithelium (Hammarstrom, 1999). Some isoforms of CEACAM are known to interact with the cytoskeleton. This interaction allows their exploitation by bacteria for endocytosis into the cell following adhesion. CEACAM-binding has been shown to trigger Neisseria gonorrhoeae internalisation into epithelial cells in vitro (Wang et al., 1998). CEACAM interaction can also result in gene expression changes which can counteract the exfoliation and sloughing of infected cells, a component of innate immunity, through upregulation of CD105 (Muenzner et al., 2005). Many other bacteria exploit CEACAMs for adherence. As described in upcoming sections, the best studied are Opa proteins of neisserial species after close apposition through the type IV pili (Section 1.3.4.2.). Other Gram-negative human-specific pathogens that specifically target CEACAMs include Haemophilus influenzae (through the P5 protein) (Hill et al., 2001) and Moraxella catarrhalis (through UspA1) (Hill and Virji, 2003). 
1.1.3.5. E-Cadherins
E-cadherins are expressed on a number of different epithelial cells, where they form cell-cell junctions in the epithelium, holding sheets of cells together to allow for barrier function and polarisation (Troyanovsky, 2005). It is an extracellular component of the adherens junctions. This role gives them importance in innate immunity for forming a functional barrier against external elements, including microorganisms. In order to breach the mucosal epithelia, and to adhere to the subsurface cells, pathogens target and exploit E-cadherins. By doing so, pathogens can avoid mechanical clearance in these regions (Costa et al., 2013). E-cadherins are the receptors for a number of bacterial adhesins including internalin A, of the food-borne pathogen Listeria monocytogenes (Mengaud et al., 1996). The engagement of the receptor by the bacterium results in clathrin-dependent internalisation through actin polymerisation. This process is critical for the pathogen to cross the intestinal barrier, allowing progression of listeriosis (Bonazzi et al., 2009). Similarly, S. pneumoniae can colonise the nasopharynx via adhesion to E-cadherin using pneumococcal surface adhesin A (Anderton et al., 2007).
1.1.3.6. Heparan Sulphate Proteoglycans
Heparan sulphate proteoglycans (HSPGs) are ubiquitously expressed proteins that convalently bind the polysaccharide heparan sulphate, as well as interacting with components of the cytoskeleton. They regulate a wide variety of biological activities, including development and angiogenesis; however they can also mediate host entry of the pathogen. HSPGs regulate protein interactions. These include membrane bound syndecan and glypican, and ECM associated perlecan and agrin. The majority of bacteria interact with the heparan sulphate moiety of HSPGs, using clusters of positively charged amino acids, to bind to the negatively charged polysaccharides (Chen et al., 2008b). The targeting of HSPGs is wide-spread in bacteria, due to their ubiquity and high level of modification allowing for distinct functioning during host-pathogen interactions (Tiwari et al., 2012). The attachment of Mycobacterium tuberculosis to epithelial cells is predominantly mediated by heparan-binding hemagglutinin adhesin. This binding triggers intracellular signalling leading to transcytosis (Pethe et al., 2001). Binding to HSPGs is also commonly associated with downstream processes in bacterial infections, such as uptake and trafficking. 
1.1.3.7. Mucins and the Mucosa
The mucus layer is a biochemically complex medium that covers the epithelia and provides a protective barrier defending the underlying cells that are exposed to the external environment. It is also the binding site for many pathogenic and commensal bacteria within the gastrointestinal tract and endometrium. Mucins are glycoproteins that largely form mucus. There are 17 known human members of this family, which are either membrane bound or secreted. They are heavily O-glycosylated.  Many different classes of adhesins have evolved to allow attachment to mucins, both secreted mucins forming the looser outer mucus layer, and membrane-bound mucins, a dominant feature on the apical surface of mucosal epithelium. Mucus-binding proteins are involved in the adherence of commensal lactobacilli, which likely bind to carbohydrate components of mucins (Roos and Jonsson, 2002). Similarly flagella, such as those on the enteropathogenic E. coli (EPEC) and enterohaemorrhagic E. coli (EHEC) can bind mucins for colonisation of the intestine (Erdem et al., 2007). Nontypeable H. influenzae binds sialic acid-containing oligosaccharides of mucin in the nasopharynx using outer membrane proteins (Reddy et al., 1996). Other components of mucus, apart from mucins, can also be targeted by bacteria, as is the case in the human histoblood group antigens on the gut mucosa by Helicobacter pylori (BabA) (Magalhaes and Reis, 2010). H. pylori may modify the glycosylation of the host mucin for adhesion in order to produce a tighter interaction with the mucus and a more favourable niche to colonise in the gastrointestinal tract (Curt et al., 2015).
From the foregoing discussion it will be apparent there are multiple mechanisms that can be exploited in order to reduce bacterial adherence to human epithelial cells. These are diverse and have shown varying degrees of promise. Some of the major ways to inhibit adhesion will be outlined and evaluated.
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As outlined, the dual problem of the reducing numbers of bactericidal compounds being released to the market, and the increasing loss of efficiency of currently prescribed drugs to clear infections by a number of common pathogens has made more urgent the investigation of viable alternatives which do not cause the outright killing of the pathogen. These alternatives work by attenuating the virulence of the pathogen, so that it is no longer capable of infecting and colonising a host, but is nonetheless still capable of growth (Rasko and Sperandio, 2010). This may apply a much milder evolutionary pressure for the spread of resistance genes within a population.  
Once a pathogen enters a host it must sense changes in the external environment to activate virulence phenotypes. Quorum sensing can allow a population of bacteria to communicate, which may produce virulence factors in a coordinated fashion. This change in gene expression may allow the bacteria to adhere onto host cells. This in turn leads to production of virulence factors that can alter the host microenvironment, favouring bacterial colonisation and causing disease. Alternatively bacteria may begin to form biofilms to aid in the long term colonisation of tissue. Each of these stages in disease development may be targeted to halt an infection. These strategies bare reliance on a functional innate immune system to fully eliminate the attenuated pathogens from a host. Although my work focuses on mechanisms which can inhibit the initial host-pathogen interactions during the attachment of the bacteria, other anti-infection strategies in development are summarised here. These could potentially be used in conjunction with anti-adherence drugs to allow a more complete protection of a patient. 
These strategies all aim to leave many components of the polymicrobial communities unharmed within a host. This idea represents a paradigm shift in our understanding of host pathogen interactions in recent years, as it has become apparent that much of our native flora is beneficial to the host. Current antibiotics result in relatively non-specific killing, reducing the complexity of the microbiota. This can have severe repercussions on the health of the patient. Imbalance in the microbial community has been linked to a range of diagnosis, including inflammatory bowel disease (FRANK) and diabetes (CANI). More targeted therapy against pathogens using these anti-virulence strategies would allow for this equilibrium to be maintained. 
1.2.1.1. Targeting toxin production
Bacteria produce effectors to modify eukaryotic cells to aid in the survival or further spread. These toxins are capable alone of causing disease within the host. Strategies that inhibit these toxins are as such capable of attenuating virulence. There has been much work in the identification of toxin inhibitors that can be used to disarm the pathogen, including several studies where this strategy has increased survival of the host following in vivo infections.  This strategy is attractive as it leaves the native flora of the microbiota untouched. For example, the anthrax toxin, a required virulence factor for Bacillus anthracis (Welkos and Friedlander, 1988), can be rendered ineffective in a rat model using a soluble analogue of the receptor on host cells (anthrax toxin receptor 1 and 2) (Scobie et al., 2005). Similarly the Shiga toxin from EHEC, responsible for causing haemolytic uraemic syndrome, can also be prevented from causing damage to the patient’s gastrointestinal tract. The toxin binds specifically to Gb3 glycolipids. Using molecular mimics of Gb3 (such as Synsorb-Pk) that competitively inhibit cell binding, allowing excretion of the toxin from the body (Armstrong et al., 1995).  Botulinum neurotoxin serotype A (BoNTA) produced by Clostridium botulinum, can cause botulism. Small molecular inhibitors of the BoNTA endopeptidase domain have protective properties when used to pre-treat mice before exposure to the toxin (Pang et al., 2010).
1.2.1.2. Targeting secretion systems
Many pathogenic species of bacteria produce effectors. These are toxins which alter the functions of host cells. They can substantially alter signalling pathways, resulting in disease symptoms and increased bacterial survival. This leads to events including the opening of tight junctions or reorganisation of the cytoskeleton. In order to operate, they must enter the cytoplasm of the host cell, delivered through specialised secretory systems. Many molecules have been designed to inhibit the type III secretion system (T3SS), by inhibiting the assembly of the T3SS, its interaction with the host or inhibition of the secretion of effectors. Using high-throughput screening of a small molecule library, a class of molecules were shown to block the T3SS of Chlamydia species and Yesinia pseudotuberculosis, however the mechanism could not be elucidated (Muschiol et al., 2006). Similar studies have identified inhibitors for the TTSS of enteropathogenic E. coli (Gauthier et al., 2005) and Salmonella enterica serovar Typhimurium (Felise et al., 2008). 
1.2.1.3. Targeting Quorum Sensing
Quorum sensing is a cell-to-cell signalling mechanism which has been identified in a number of bacterial species. Through it, pathogens such as P. aeruginosa can monitor bacterial population number during an infection. This can allow for a coordinated, finely tuned expression of virulence traits in a hierarchical fashion, over the course of an infection. Some of these quorum sensing mechanisms are common among several pathogenic species, and so targeting this system would allow for activity against a number of different species. Small molecules have been developed that act as antagonists at quorum sensing receptors. C-30, a competitive inhibitor of the acyl homoserine lactone system in Pseudomonas, can inhibit quorum sensing and subsequently reduce the formation of biofilms (Hentzer et al., 2003, Manefield et al., 2002). Alternatively enzymes can be used to degrade the signal molecule in a strategy known as quorum quenching (Dong et al., 2001).
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The principle which underlies the use of receptor analogues to inhibit bacterial adhesion is simple. By having excess analogue in the system there is competitive inhibition with host receptors for interactions with bacterial adhesins. Thus there is an overall reduction in the `true` interaction between bacterial adhesins and natural receptors and in turn the likelihood of development of an infection (Figure 1-3A). 
As described previously, a large proportion of these interactions involve lectins and carbohydrate-containing receptors. Mimics of these sugar moieties are the main basis of this category of therapy (Sharon, 2006). These have a key advantage of being unlikely to be toxic or immunogenic, due to their prevalence already within the host. 
The feasibility of such therapy is well established. For example, inoculation of mice with E. coli after treatment with methyl α-D-mannopyranoside reduces the likelihood of bacteriuria. This saccharide molecule is a competitive inhibitor of the interaction between cell-surface mannose and bacterial type I fimbriae (Aronson et al., 1979). Further attempts using different pathogenic bacteria in experimental methods have achieved similar results (Table 1-2). Sugars have also been shown to prevent H. pylori-induced peptic ulcer in a mouse model. Infected animals treated with sialic acid exhibited reduced colonisation after experimental challenge with H. pylori, when used in conjunction with catechins, with efficacy at 100 % (Yang et al., 2008a). However a phase II clinical study using this novel compound failed to suppress or cure H. pylori colonisation in humans. This may be due to issues of achieving high enough dosage in the trial at the sight of infection (Parente et al., 2003). In a similar vein, α-methyl-galactoside and α-methyl-fucoside,  lectin-inhibitors  of  P.  aeruginosa  adhesins  LecA 
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Figure 1-3. Schematic diagram of several potential anti-adhesive therapies. 
[bookmark: _GoBack](A) Receptor Analogues as Inhibitors. (B) Adhesin Analogues as Inhibitors. (C) Inhibitors of Adhesins. (D) Sub Lethal Concentrations of Antibiotics. (E) Probiotics.


and LecB within a murine model of bacteria-induced lung damage, reduced damage or mortality. This is likely through reduction of P. aeruginosa adhesion, reducing bacterial burden and dissemination (Chemani et al., 2009).
Table 1-2. Examples of carbohydrate-based inhibitors of bacterial pathogen adhesion.
	Bacterium
	Experimental Evidence
	Inhibitor
	Reference

	Campylobacter jejuni
	Mouse gastrointestinal tract
	Fucosyloligosaccharides of Human Milk
	(Ruiz-Palacios et al., 2003)

	Helicobacter pylori
	Rhesus monkey stomach
	3'-sialyllactose
	(Mysore et al., 1999)

	Listeria monocytogenes
	Human epithelial colorectal cell line
	Xylo-oligosaccharides
	(Ebersbach et al., 2012)

	Pseudomonas aeruginosa
	Mouse respiratory tract
	methyl-α-D-galactoside and methyl-α-L-fucoside
	(Chemani et al., 2009)

	Streptococcus pneumoniae
	Rabbit and rat nasopharynx 
	6’-sialylneolactotetraose
	(IdanpaanHeikkila et al., 1997)

	Uropathogenic Escherichia coli
	Mouse urinary tract
	methyl α-D-mannopyranoside
	(Aronson et al., 1979)

	Yersinia pestis
	Human epithelial respiratory cell line
	GaINAcβ1-3Gal and GaINAcβ1-4Gal
	(Thomas and Brooks, 2006)



The concentrations of sugar analogues that are required to achieve inhibition of adhesion in vivo are usually high due to their relatively low affinity for the target adhesin. However this can be overcome by linking the saccharide to hydrophobic residues. Alkyl-substituted mannose residues have affinities for the E. coli adhesin FimH that are 100-fold higher then mannose (Bouckaert et al., 2005). Arylmannoside has been shown to have nanomolar affinities for FimH, likely due to hydrophobic interactions with an isoleucine and two tyrosines lining the binding pocket (Han et al., 2010). This improved affinity greatly increases the feasibility for use of potential carbohydrate-based drugs. The pharmokinetics of these antagonists have been shown to be appropriate for intravenous use for urinary tract infections (UTI) in a preclinical murine model, with reductions in colony forming units comparable to the antibiotic ciprofloxacin. The indole derivatives of mannose used in this study also exhibited longer renal retention, extending the period of protection (Jiang et al., 2012).
However this method has not been entirely successful in treating bacterial infections during clinical trials. 3’-sialyllacto-N-neotetraose failed to reduce recurrent acute otitis media, caused by S. pneumoniae, H. influenzae and M. catarrhalis, when administered as intranasal sprays twice daily for 90 days in children in an attempt to prevent colonisation of the nasopharynx (Ukkonen et al., 2000). This may be due to the fact that multiple adhesins are utilized by a pathogen during an infection. These have diverse specificities and therefore require multiple inhibitors in order to prevent adhesion, especially in a tissue as complex as the nasopharynx. This is a recurring issue for in vivo trials for receptor mimics and may account for the high rate of failure of clinical trials. It is likely that drug cocktails of multiple sugar receptor analogues will be the only viable strategy for this type of therapeutic agent in the future. Other explanations for the failure of positive results in in vivo use may be due to the difficulty of maintaining inhibitory concentrations of molecules in the tissue for extended periods. Many epithelial surfaces such as the nasopharynx and gastrointestinal tract experience a high flow rate, which may dislodge the sugar mimics, removing the protection. Frequent replenishing of the drug may counteract this, nevertheless it is not a practical solution. However, gel formulations may provide delayed clearance. Increasing potency is therefore the preferred method for topical anti-adherence treatment
[bookmark: _Toc314578377]1.2.2.2. Adhesin Analogues as Inhibitors
Adhesin analogues also competitively inhibit attachment (Figure 1-3B) but unlike the use of receptor analogues there is an increased chance of toxic and immunogenic side-effects, as such structures are foreign to healthy individuals. Furthermore large quantities of these molecules would need to be employed in order to significantly reduce bacterial adhesion. As such to overcome these issues, synthetic analogues are utilized as an alternative to whole macromolecules.
 A synthetic peptide based on a Streptococcus mutans surface adhesin, when applied to the teeth of human volunteers, prevents colonisation by S. mutans, but not by Actinomyces, suggesting specificity to the pathogen. This inhibition of the pathogen outlasted the length of time the peptide was present on the teeth, suggesting that other flora of the mouth replace S. mutans, generating a probiotic effect (Kelly and Lehner, 2007). Similar use of synthetic adhesin-based peptide epitopes have been shown to be effective in vitro. These include Streptococcus gordonii using adhesin SspB (Okuda et al., 2010) and enterotoxigenic E. coli, based on K99 pili (Jay et al., 2004). This suggests that such methods for anti-adherence therapeutics may be widely successful when applied to specific pathogens. However maintaining an effective concentration of these peptides in the body is an issue. In order to maintain a functional concentration, repeat application is required, a difficulty shared by other potential anti-adhesive therapies. However, it is possible that longer protection may result from the probiotic effect.
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The roles of vaccines are to produce long-term protective immunity against a pathogen through the activation of the systematic humoral antibody response and cytotoxic T cells. Prevention of bacterial infections based on blocking bacterial adhesion using adhesin-based vaccinations can be achieved through multiple mechanisms. Adhesins are favorable vaccine candidates due to their requirement in infection development and due to being surface-located, allowing ease of access for protective antibodies.
Many bacteria produce pili and other proteinaceous appendages to host receptors. By inducing an antibody response towards the attaching agent, adhesion should be abrogated, and therefore infection prevented (Wizemann et al., 1999). The immune response tends to focus onto structural proteins of the pili, as opposed to the specific adhesin, a small component of the pilus. This proves highly problematic in most cases because of the high degree of variation in the protein sequence between strains, due to allelic variation (Klemm et al., 2010). There has been some success however in the development of passive immunity, short-term immunity resulting from the injection of antibodies, against UPEC using FimH-based vaccines, which has become the paradigm for the development of adhesin-based vaccines. This utilizes antibodies against more conserved protein sequence at the distal tip of the pili, as opposed to the variable structural proteins. Immunization with pilin prevented 99% of infections in a murine cystitis model (Langermann et al., 1997).
Similar mechanisms can be used for non-fimbrial adhesins. Bordetella pertussis contains at least two such adhesins on its surface, filamentous hemagglutinin (FHA) and pertactin (Bassinet et al., 2000). Both of these adhesins are present within vaccines effective against the bacteria (Greco et al., 1996). Antibodies against these adhesins, along with other components of the bacteria provide protection against pertussis which is at least partly due to inhibition of adherence to the cells of the respiratory tract. The sustained use of these acellular vaccines has ensured continued high level of disease prevention (Poolman and Hallander, 2007).
An intranasal vaccine developed based on S. pneumoniae pneumococcal surface adhesin A (PsaA) has shown successful protection at reducing carriage rates in mice. This is increased when used in conjunction with pneumococcal surface protein A (PspA). By reducing colonisation (and therefore successful transmission between hosts) such vaccines elicit herd immunity (Briles et al., 2000). Other bacterial adhesin proteins show potential as vaccine targets include an outer membrane protein of S. enterica serovar Typhi (Ghosh et al., 2011), clumping factor A and fibronectin-binding protein A in S. aureus (Arrecubieta et al., 2008) 
However the most striking effect has been observed with the conjugate polysaccharide vaccines. Notably, pneumococcal vaccination results in reduced nasopharyngeal colonisation by S. pneumoniae strains expressing cognate polysaccharide capsule (Whitney et al., 2003). Likewise, there is epidemiological evidence that meningococcal polysaccharide vaccination reduces carriage of N. meningitidis expressing the cognate polysialic acid (Maiden et al., 2002). In each of these cases it is likely that the reduction in bacterial carriage was due to transudation of immunoglobulin into the nasopharynx as a result of high concentrations of circulating antibody generated by the vaccine but this mechanism is unproven. The secretory immunoglobin A (IgA) once transudated into the nasopharyngeal region can play a role in preventing bacterial adhesion through immune exclusion (Brandtzaeg, 2003). Besides capsular polysaccharide vaccine, carriage reduction has also been produced by outer membrane vesicle vaccines. Work in our laboratory established a human experimental challenge model of Neisseria lactamica carriage and found that humans who had received a N. lactamica outer-membrane vesicle (OMV) vaccine just prior to inoculation with the seed-bank strain of the organism intranasally, generated mucosal antibodies to the vaccine strain, and exhibited reduced colonization after challenge (Evans et al., 2011).
Some vaccines may have more esoteric mechanisms. Certain bacteria secrete their own receptor for embedding into host membranes; this can theoretically be blocked using antibodies generated by vaccination. An example of this is the translocated intimin receptor (Tir) in EHEC, which is required for attachment onto epithelial cells. By blocking this process, it was found to be critical to virulence (Kenny et al., 1997). Therefore a vaccine that results in an immunogenic effect against this protein may halt colonisation. When Tir was used as an intranasal vaccine in mice prior to infection with EHEC there was increased survival and reduced faecal shredding of the bacteria, suggesting potential as a mucosal vaccine (Fan et al., 2012).
Unfortunately vaccines directed against adhesins can have detrimental side effects when administered in humans, not otherwise seen in animal models. A FimH-based vaccine that prevented adherence of E. coli to the bladder uroepithelium triggered severe autoimmune disease (pauci-immune focal necrotizing glomerulonephritis) due to molecular mimicry between FimH and human lysosomal-associated membrane protein 2 (Kain et al., 2008).
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A simple method to block adhesion of bacteria is to inhibit the biosynthesis or activity of the molecules the organism use to gain attachment, in order to prevent colonization and as such infection (Figure 1-3C). These inhibitors, like antibiotics, must not have detrimental effects on the patient. Due to the complexity involved in the construction and positioning of multimeric protein structures such as fimbriae, there are many potential targets for drugs that can result in the disruption of the formation of these molecules. These toxins are known as ‘pilicides’. By inhibiting the chaperone-usher pathway in Gram-negative organelles using bicyclic 2-pyridones, adhesion to cell lines was reduced by 90%. The inhibitor targets pilus chaperone PapD, stopping its interaction with the Usher pathway, interrupting assembly (Pinkner et al., 2006). The small molecular weight compounds have been shown to be orally bioactive in a murine model and therapeutically effective at treating established UTIs (Cusumano et al., 2011). Affinity data for one of these pilicides has indicated a high micromolar range, suggesting bioactive concentrations of the drug could be reached in humans after oral administration (Pinkner et al., 2006). 
These pilicides have also been shown to be effective at inhibiting curli formation in UPEC, preventing the polymerization of the major curli subunit protein CsgA. Pre-treatment of UPEC with these inhibitors attenuates virulence in a mouse model (Cegelski et al., 2009). These pilicides may also be active against FimC, the chaperone protein of the type I pili. The key hydrophobic residues Leu32 and Ile90 are conserved between FimC and PapD, and are responsible of interacting with the pilicides. This suggests that pilicides may target both pili responsible for adhesion in UPEC (Eidam et al., 2008).
Post-translational modification of pili can also be used to disrupt bacterial adherence. Pili can coil and uncoil their quaternary structure in order to redistribute pressures of shear force, for example the flow of urine, promoting colonisation (Bjornham et al., 2008). Purified PapD can be used to inhibit this process, impairing the bacterium’s ability to resist strong rinsing flow, consequently being removed from the host. This potential novel drug group are known as ‘coilicides’ and could be used in conjunction with ‘pilicides’ (Klinth et al., 2012). 
In terms of Gram-positive bacteria, sortases catalyse the formation of surface adhesins and pili in the cell envelope. As such they are the target for several potential drug inhibitors, both synthetic (Ton-That and Schneewind, 1999) and naturally derived (from the sponge Aplysinella rhax and the goldthread plant Coptis chinensis (Oh et al., 2006)). These may be capable of preventing the maturation of bacterial adhesins and therefore colonisation (Maresso and Schneewind, 2008). However these are still in the early stages of development, there is still significant optimisation and testing required until they can be investigated as anti-virulence drugs. Computer-based drug design is being utilised to rationally design sortase inhibitors based on pharmacophore modelling (Uddin et al., 2012).
[bookmark: _Toc314578380]As noted above, saccharides in the capsule and bacterial surface also mediate bacterial adherence. S-carboxymethylcysteine (S-CMC) removes carbohydrates from the host surface and inhibits epithelial receptors that interact with S. pneumoniae. S-CMC has the ability to inhibit the attachment of S. pneumoniae to human pharyngeal and alveolar epithelial cells (Cakan et al., 2003, Sumitomo et al., 2012).
1.2.2.5. Sub Lethal Concentrations of Antibiotics
It is well established that concentrations of antibiotics, below that which are lethal to the bacteria, are capable of disrupting several regulatory mechanisms of organisms, affecting the biochemistry of the cell at several levels, including the expression of adhesins and the properties of the bacterial surface. It has been shown that sub-minimal inhibitory concentrations (sub-MIC) of antibiotics can reduce adhesion to numerous surfaces, both biotic and abiotic (Mortensen et al., 2011) (Figure 1-3D). This has been linked to changes to the surface hydrophobicity of the bacteria, that is required by the pathogen in the first stage of interaction with host tissue. Sub-MIC levels of ciprofloxacin caused a reduction in the hydrophobic nature of the bacterial surface in uropathogenic E. coli, as well as their ability to adhere to epithelial cells (Wojnicz and Jankowski, 2007). Sub-MIC β-lactams piperacillin and imipenem also have an inhibitory effects on adherence of P. aeruginosa, through effects on morphology, motility and hydrophobicity (Fonseca and Sousa, 2007). Sub-MIC concentrations of antibiotics have also been shown to reduce injury to the mucosal surface during infection of human respiratory mucosa with H. influenza ex vivo (Tsang et al., 1993), an effect which is likely relevant in conditions such as otitis media and chronic obstructive pulmonary disease. 
Otherwise, there has been little progress in this area. There have also been reports that sub-lethal levels of antibiotics may actually increase levels of adhesion of certain bacteria, for example the attachment of UPEC to catheters (Balague et al., 2003). The effect of sub-MIC of different antibiotics varies in relation to bacterial adherence. Rifampin treatment decreased fibronectin binding of S. aureus, conversely sub-MIC oxacillin-treated S. aureus significantly increased adherence (Rasigade et al., 2011) A further problem with the use of sub-MIC antibiotics is that it may theoretically encourage bacterial resistance, it being well established that under sub-MIC conditions resistance is more likely to occur. It should be noted that sub-MIC levels of antibiotic drugs can be experienced in any patient taking a course of antibiotics due to its pharmokinetics; this is especially true in certain tissues, as the drugs diffuses through the tissue between doses (Cars, 1990). Hence it is reasonable to suggest that at points over the course of antibiotic treatment, there may be some anti-adhesin effects on the invading bacteria, contributing to the antimicrobial effect and clearance of the infection, however the extent of this effect is unknown.
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Some dietary inhibitors of bacterial adherence are present in natural foodstuffs. Many of these are derived from folk medicine, with the active component of the food or beverage recently identified by science. These dietary constituents can be extracted and used as anti-adhesive agents. They can target oral and enteric infections during passage through the body. There are numerous examples of plant polyphenols being shown to have the ability to block bacterial adhesion (Table 1-3). In many the exact mechanism and active component is unknown, but in the majority of cases they appear to be receptor analogues and adhesin inhibitors (Signoretto et al., 2012).
Table 1-3. Examples of plant-derived compounds that inhibit bacterial adhesion.
	Plant
	Tested Constituent
	Bacterium
	Reference

	Camillia sinensis (green tea)
	Green tea extract
	Helicobacter pylori and Staphylococcus aureus
	(Lee et al., 2009)

	Curcuma longa (turmeric)
	Essential oil components
	Streptococcus mutans
	(Lee et al., 2011)

	Nidus Vespae (honeycomb extract from Polistes spp.)
	Chloroform/ methanol fraction
	Streptococcus mutans
	(Xiao et al., 2007)

	Paullinia cupana (guarana) 
	Tannins
	Streptococcus mutans
	(Yamaguti-Sasaki et al., 2007)

	Psidium guajava
	Guaijaverin
	Streptococcus mutans
	(Prabu et al., 2006)

	Vitis (red grape marc)
	Polyphenols
	Streptococcus mutans
	(Furiga et al., 2008)



Of these dietary supplements the most thoroughly studied are cranberries (Vaccinium macrocarpon) and related species, particularly in terms of UTIs and dental decay. This was identified through the purification of a high molecular weight inhibitor from the plant extract. It was revealed that the cranberry polyphenols were capable of reducing the attachment of a range of bacteria, including E. coli (Liu et al., 2010), N. meningitidis (Toivanen et al., 2011) and S. mutans (Yamanaka et al., 2004), suggesting broad specificity. Due to its presence already in the human diet toxicity has not been an issue during clinical trials. The effects of the inhibition was substantiated when observed in both young and elderly women who have regular intake of cranberry juice over extended periods, who displayed significantly reduced incidences of bacteruria (Avorn et al., 1994, Kontiokari et al., 2001). However other clinical studies have failed to replicate this (Barbosa-Cesnik et al., 2011). Other berries, including lingonberry (Vaccinium vitisidaea) and blueberry (Vaccinium angustifolium Ait.) have shown similar, if less potent, inhibitory effects. 
The effect of cranberry juice on UTI may partially be due to the high concentration of fructose, which has been shown to be an inhibitor of the ubiquitous type-1 fimbriae. However this alone cannot account for the blocking of the interaction of p-fimbriated E. coli to glycosphingolipids of the renal cells, suggesting a further inhibitor specific to Vaccinium spp., likely an A-type proanthocyanidin (PAC) (Foo et al., 2000). There is still some question, however, over the effectiveness of cranberry juice in vivo. Little effect has been seen in clinical trials other than for UTI in women. There are also questions over the bioavailability of PAC after intestinal absorbance, although evidence suggests that the active components are present in the urine (Tao et al., 2011).
Milk, including that of humans, has also been shown to contain oligosaccharides, antibodies and glycoproteins that can reduce bacterial adherence. Many bacteria are known to bind such compounds, which inhibits their ability to adhere and colonise host tissue (Table 1-4). For example, in a clinical trial based on breast-feeding of human infants and the rates of diarrhoea, however the evidence that this effect is due directly to inhibition of bacterial adherence is scant (Morrow et al., 2005). In a murine model of H. pylori infection, porcine milk containing Lewis b and sialyl Lewis x displays anti-adhesive properties against the bacterium, suggesting pigs’ milk may contain a therapeutic and/or prophylactic effect on H. pylori infection (Gustafsson et al., 2006). Human milk oligosaccharides inhibit the binding both of common enteric pathogens (E. coli) and more aggressively pathogenic species (Vibrio cholerae and Salmonella fyris) to epithelial cell lines (Coppa et al., 2006). The advantage of milk is that it contains a large number of oligosaccharides that can inhibit a wide range of bacterial adhesins. These work in a similar method to receptor mimics. Breast-feeding during infancy bathes the nasopharynx in these oligosaccharides at regular intervals, providing regular exposure of the cells to these oligosaccharides. 


Table 1-4. Components of milk proven to affect bacterial adhesion.
	Milk Constitute 	
	Bacterium
	Reference

	Fucosyloligosaccharides
	Escherichia coli
	(Newburg et al., 2004)

	Free oligosaccharides
	Neisseria meningitidis
	(Hakkarainen et al., 2005)

	Polymeric glycans
	Pseudomonas  aeruginosa  and Chromobacterium violaceum
	(Zinger-Yosovich et al., 2010)

	Lactoferrins
	Shigella spp.
	(Willer et al., 2004)

	Caseins
	Streptococcus mutans
	(Niemi et al., 2009)
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Probiotic approaches involve the use of other bacterial species at the site of infection as a preventative to stop pathogens from reaching a critical density required to cause disease (Figure 1-3E). These beneficial bacteria are usually derived from the natural flora of the body, hence are indistinguishable from commensal bacteria and so do not activate an immune response. They can act to reduce the binding of detrimental microorganisms through a number of mechanisms; the exact mode of action has not been clearly defined. Evidence suggests there is some competition for colonisation space. In the intestinal tract, this has been shown to occur at cell surface receptors of enterocytes, probiotic bacterial strains can displace pathogenic bacteria (Candela et al., 2008). They may also outcompete the pathogen for vital nutrients for growth. Alternatively probiotic agents may limit other bacterial binding by increasing the production of intestinal mucins, improving barrier function (Mack et al., 1999). Finally commercialised probiotic Lactobacillus plantarum has been shown to secrete extracellular protein BMCM12 that can reduce adherence of E. coli and S. enterica subsp. enterica to mucin, possibly reducing enteropathogen binding to mucus layer of the intestine (Sanchez and Urdaci, 2012).
The most commonly used probiotic species are lactobacilli and bifidobacteria. There is evidence of a negative correlation between colonisation with these probiotic species and rates of certain infections in animal models and clinical trials. In a clinical trial conducted on women with a history of recurrent bacterial vaginosis, a daily vaginal capsule containing Lactobacillus rhamnosus, Lactobacillus acidophilus and Streptococcus thermophilus administered on 14 days over a 3 week period reduced recurrent bacterial vaginosis over 11 months after completion of the trial, with no adverse effects (Ya et al., 2010). 
Gnotobiotic mice colonised by certain strains of bifidobacteria provided protection against an otherwise lethal infection of Salmonella typhimurium (Lievin et al., 2000). Supplementing anti-H. pylori treatment with Lactobacilli in human patients results in better eradication of the infection, as shown by meta-analysis of several trials (Zou et al., 2009). Overall, it is difficult to understand precisely the mode of action of probiotics. It may be that probiotics inhibit pathogen adherence, but equally likely is an effect on other components of pathogenesis, such as the production of antimicrobial substances like lactic acid and bacteriocins (Kailasapathy and Chin, 2000) and activation of the innate immune system (Clarke et al., 2010). 
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As described previously, hydrophobicity has an important role in the initial interactions between an invading bacterium and its host, and modulation of this reduces bacterial adherence. One promising area is in the use of a 2-Methacryloyloxyethyl phosphorylcholine (MPC) based cross-linked polymer, which has a phospholipid polar group that mimics a biomembrane. Surfaces coated with the polymer showed a 80-90% reduction in the adherence of E. coli (Lewis et al., 2001). The polymer also resulted in a reduction of adherence of streptococcal bacteria to treated oral epithelial cells and adherence of Fusobacterium nucleatum, an important step in pathogenesis of oral and systemic disease. A small scale clinical trial using the polymer as a mouthwash showed that it can slow bacterial colonisation of oral bacteria. This has been attributed to its ‘superhydrophobic’ nature, which may affect initial adherence of invading prokaryotes (Hirota et al., 2011).
The role of plant extracts in inhibiting adherence, as described above, has also been linked to changes in the hydrophobic nature of the bacterial surface. Guaijaverin from Psidium guajava (common guava) reduced S. mutan adherence by preventing hydrophobic bond formation in a similar means (Prabu et al., 2006).
Laser-induced heat of tooth enamel is known to demineralise the surface, resulting in an increase in its hydrophobic nature. When the treated enamel is exposed to Streptococcus oralis and Streptococcus mitis there was a reduction in bacterial adherence, due to the stated changes in the physiochemical properties. This effect was not seen in Streptococcus sanguis, the surface of which is less hydrophilic (Hu et al., 2011).
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Despite the advantages that anti-adherence therapy has over traditional antimicrobials, there are some key issues that still await solutions before the use of such treatment can be practical. These can account for the disappointment of some animal and human trials of several therapies after initial success of results from in vitro experimentation. This highlights the need for care from research in the extrapolation of positive results in vitro to treatments in man. The main issue that may account for such failures being the variety of adhesins bacteria exhibit in order to specifically adhere to niches within the body. This exact binding is the result of multiple adhesins, which is the crux of anti-adherence therapy. To dislodge bacteria from a niche several associations of the bacteria need to be inhibited or weakened in order to maximise removal of the pathogen from the body.
This idea can be illustrated with UPECs. As mentioned UPEC contain multiple pili, including type 1 pili for adherence to mannosylated glycoproteins, associated with cystitis, and type P pili which allow attachment via globotriasylceramides, which itself is associated with pyelonephritis. The pathogen also utilises the non-filamentous proteins of the Dr adhesin family which recognise a consensus sequences in decay accelerating factor (DAF) as well as CEACAM CD66e, which contributes to both infections (Mulvey, 2002). In order to ensure protection against both cystitis and pyelonephritis, inhibition of all three adhesins is required. This could be achieved either through the use of broad spectrum inhibitors of attachment, which may also effect native flora, or a cocktail of several drugs with more specific targets to UPEC adhesins. This hinders the development of such treatment, due to the requirement of a number of individual inhibitors that need to be developed and their safety and efficiency ensured. This may account for the lack of widespread use of such treatment despite initial successes.
The low affinity nature of binding events of some anti-adhesive drugs is a further issue. This is particularly an issue for sugar-based receptor analogues. Attempts are currently being made to overcome this, for example multivalent glycodendrimers and glycopolymers which yield much high affinities (Pieters, 2007). Other issues that have arisen which threaten the usability of anti-adhesion therapy include the complexity of tissue and organs where adhesion is being halted. Tissues are composed of multiple cell types, with varying receptors for bacterial adhesins. These are positioned in an extracellular matrix, which itself can also act as receptor to bacteria. Development of treatments may benefit from focus on simpler organs such as the bladder and nasopharynx, as opposed to the more complex intestinal tract, where associations between bacteria and the host are more intricate.
Similarly delivery of such drugs in an unmetabolised form to internal sites of action over prolonged periods of time, whilst preventing its removal by flushing forces, represents another barrier to overcome in drug design. This is not necessary for drugs requiring topical application, as is the case with the treatment of skin wound infections as a prophylactic, which may prove simpler to develop. These limitations should dictate the direction that development and research into anti-adhesive therapy ought to follow in order to actualize such drugs for the market.
The future development of many of the therapeutics described here relies on better understanding of the process of adhesion in the particular targeted bacteria, and the resulting outcome this has on the host. Better knowledge and understanding of the stereochemistry of these adhesins and their receptor-ligand interactions will allow better design of anti-adhesive agents. Bacteria exhibit multiple interactions to allow adequate binding to host cells. Accordingly several adhesive processes must be impeded for colonisation to be stopped. This must be taken into account in the development of any therapies. Broad specificity inhibitors that block multiple targets, for instance those found in dietary products and/or a combination of several distinct agents that target separate adhesins provide the best hope for future pharmaceuticals. These will require significant testing in animal models and clinical trials until they are fully licensed for use in health care. They must also prove to be as effective as present antibiotics in counteracting bacterial invasion. There is still significant progress required until such remedies are commonplace. However there is great promise in many of the mechanisms described. 
Recently, larger pharmaceutical companies (e.g. Pfizer) have renewed their interest in anti-adherence strategies for prevention and treatment of infectious disease. This is at least partly a result of the lack of obvious new antibiotic agents in an era of increasing antimicrobial resistance. Therefore new pharmaceuticals targeting adhesion may come to market in the medium term, joining existing (largely non-proprietary) agents such as cranberry juice and probiotics. The obvious difficulty is the biologic redundancy of most bacterial adherence mechanisms, making multi-component strategies essential for future success. This redundancy probably explains the failure of previous developments to achieve clinical utility despite promising pre-clinical data.
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The bacterium N. meningitidis, also known as meningococcus is, along with N. gonorrhoeae, one of two pathogenic species in the genus of Neisseria. It is a Gram-negative, oxidase positive bacterium and a member of the phylum proteobacteria. When viewed under the microscope it exhibits a diplococcus form. Its exclusive niche is the human respiratory tract, where it can survive as part of the native flora. Its lifespan ex vivo is usually limited. Meningococci are characterised by the variability of their surface antigens, both in terms of expression pattern and molecular structure. Some antigens exhibit significant differences on a strain-to-strain basis; variation has even been described within a single bacterial population.  This change is due to the plasticity of the meningococcal genome, which allows for both antigenic and phase variation. The alteration in antigens is beneficial during invasion of the host, allowing for changes in tissue tropism and evasion of the immune response. 
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Meningococci usually have a stable ecological niche within the nasopharynx of the human respiratory tract where they can exist as a commensal species. Asymptomatic carriage during non-epidemic periods is present at endemic levels, with strains being isolated in roughly 10 % of the population. This can increase up to 35 % during epidemics (Trotter and Greenwood, 2007). Asymptomatic carriage is dependent on a number of predisposing risk factors, including concomitant bacterial or viral infections (Stephens, 1999) or lower socio-economic background (Stuart et al., 1988). Incidences of asymptomatic carriage rapidly increase in areas of sustained human contact such as at universities (Neal et al., 2000) and military camps (Tyski et al., 2001). Transmission of N. meningitidis occurs via the respiratory route, either by direct contact with secretions of the upper respiratory tract of a nasopharyngeal carrier, for example during kissing or less effectively by the inhalation of droplets containing Neisseria. The bacterial capsule may prevent dessication during the transmission process (Virji et al., 1996).
In rare cases, colonisation can lead to invasive meningococcal disease, as the bacteria crosses into the bloodstream (septicaemia) and subsequently the blood-brain barrier (meningitis). The mechanism by which this occurs remains to be completely understood but it is thought to be due to a number of factors (Pace and Pollard, 2012). These include meningococcal virulence factors, environmental conditions and host susceptibility. For example, the presence of a capsule can inhibit opsonisation, allowing for bloodstream invasion (Jarva et al., 2005). Damage to the nasopharyngeal epthelium from environment conditions, as observed during low temperatures in winter, is associated with higher incidences of disease (Kinlin et al., 2009). Social behaviour (Cookson et al., 1998) and young age (Trotter et al., 2007) as well as being immune-compromised (Fijen et al., 1989) are also considered risk factors for meningococcal disease.
Invasive disease is rare and occurs after translocation of the bacteria into the bloodstream. Following acquisition of meningococcus in the nasopharynx, disease onset is usually within the first week. Clinical symptoms are diverse, ranging from mild febrile illness to septicaemia and meningitis. Progression of the disease can occur in a matter of hours, beginning with pharyngitis, fever, nausea and vomiting. These non-specific clinical signs can progress to more severe disease symptoms.  The extent of the manifestation of the disease is determined by the extent of activation of the host innate and acquired immune response, which is in turn affected by bacterial load and amount of endotoxin present (lipopolysaccharide (LPS)). Meningitis occurs as the presence of the bacteria activates the immune response in the subarachnoid space. This can cause headaches, irritability, agitation and drowsiness. Complications arise as intracranial pressure caused by inflammation leads to cerebral herniation and death. Alternatively septicaemia can occur. This is accompanied by the appearance of petechial or purpuric rash, a classical sign of septicaemia. Bacterial replication in the bloodstream results in activation of the immune response, causing generalised damage to the endothelium. This results in severe depression of myocardial function, and contributes to multiple organ failure and death
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For such disease to occur, N. meningitidis must enter systemic circulation by penetrating across the respiratory epithelium and into the bloodstream. The initial adhesion process to the nasopharyngeal epithelium is paramount for the progression of meningococcal disease. This pseudostratified columnar epithelium consists of polarised epithelial cells joined by tight junctions. These tight junctions form a barrier between the interior of the host and the external environment of the respiratory tract. Bacteria must first adhere to the apical surface. This involves overcoming mucocilary clearance as well as competition from commensal species of bacteria which form the host’s flora of the upper respiratory tract. The meningococcus is subsequently internalised and invades the cell, allowing the bypassing of the tight junctions. The bacteria must next survive inside the cytoplasm whilst traversing towards the basal face of the cell, before finally egressing. Meningococcus transverse this epithelial barrier through a transcellular route which is reliant on the host cell microtubule network (Sutherland et al., 2010). Through this it allows entry into the submucosa. The bacteria can then penetrate and cross the capillary vessel basement membrane and the endothelium, allowing access to the bloodstream, through the paracytosis route.
Monocytes, including macrophages, compose a significant proportion of the cells of the upper respiratory tract and nasal mucosa (Pipkorn et al., 1988). It is consequently likely that invading meningococci will encounter and be phagocysed by these cells once they have traversed the epithelial barrier. Hypervirulent strains can survive these encounters to penetrate into the bloodstream. The presence of a capsule on the pathogen can hinder any potential uptake of the bacteria by macrophages (Read et al., 1996). If meningococci are phagocytosed they are exposed to reactive oxygen species (ROS) and reactive nitrogen species (RNS) which can destroy the bacterium (Fang, 2004). N. meningitidis produce a number of proteins that can detoxify these reactive molecules, enhancing survival within the phagosomes of the macrophage (Lo et al., 2009) and evasion of the initial immune response. 
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1.3.4.1. Type IV Pili
The Type IV Pili (Tfp) are responsible for mediating the initial attachment to the nasopharyngeal epithelium of a host (Virji et al., 1995a). It is a common adhesin found in many Gram-negative bacteria. They are dynamic multimeric structures, composed of long protrusions forming the majority of the monomer PilE, which is extruded via the secretin PilQ (Parge et al., 1995, Wolfgang et al., 2000). Other monomer subunits of the Tfp, such as PilX, are important for bacteria-bacteria interactions. This allows for bacterial aggregates to form, permitting indirect adhesion to the host cell by the formation of microcolonies on the cell surface (Marceau et al., 1995, Helaine et al., 2007). They are also able to be retracted into the bacterium, allowing twitching movement and pilus associated host signalling (Lee et al., 2005). The Tfp is capable of being withdrawn following interaction with the cell, reducing the gap between bacteria and host cell, and allowing for bacterial spreading (Merz et al., 2000, Pujol et al., 1999). These filaments are capped with a pilus tip protein, PilC (Rudel et al., 1995). Two versions of PilC can be expressed by the bacterium, PilC1 or PilC2, under control of phase variation. The PilC1 form is essential for adhesion to the host epithelium (Nassif et al., 1994). 
The mechanism of action by which the meningococci initially attaches to host cells is still relatively unknown. The Tfp is believed to interact with the cell-surface associated protein CD46 (Kallstrom et al., 1997). Transgenic mice expressing this protein exhibit significantly more mortality following intranasal challenge from piliated meningococci strains as opposed to non-piliated strains. However, subsequent studies have put in doubt the idea that CD46 is the receptor to Tfp, as CD46-independent adhesion has been reported (Kirchner et al., 2005). Association with CD46 can lead to upregulation of PilC1 (Taha et al., 1998). The pilus also promotes the formation of cortical plaques in the host cell, through the pilin PilV (Mikaty et al., 2009).  These structures contain adhesion molecules, F-actin and ezrin (a protein which links membrane components to the cytoskeleton (Merz et al., 1999)). These multiprotein structures result in the formation of projections in the apical surface of an infected cell, which the bacteria can inhabit to protect itself from shear stress (Trivedi et al., 2011). Some of the components of the cortical plaques can also act as further receptors to meningococcal adhesion, such as ICAM-1 (Merz and So, 1997). This process of attaching to a host’s cell surface is followed by a second stage of adhesion which results in intimate association. In this stage the meningococci lose their pili (Pujol et al., 1997). Following transcytosis of the bacteria, the pili may once again have a role in tissue tropism, piliated bacteria specifically adhering to the meningeal blood vessels (Hardy et al., 2000).
1.3.4.2. Opacity-associated protein and Opc adhesins
The Neisserial Opacity-associated protein (Opa) is an outer membrane protein responsible for tight association with a host. It is an eight-stranded β-barrel structure, which recognises and binds to a number of host cell surface proteins, specifically CEACAMs, heparan sulphate and integrins (Virji et al., 1996). N. meningitidis possesses four copies of opa genes. The expression of which is under the control of phrase variation (Kawula et al., 1988). This is due to slipped-strand mispairing of a five nucleotide length repeat sequence in the open reading frame of the protein (Stern et al., 1986). Phase variation allows expression of Opa proteins to change at random. There is considerable diversity in the Opa sequence within the species; however there is a relative conservation of certain combinations of alleles within strains. This may be due to a fitness advantage of particular combinations in aiding adhesion of the bacterium to a range of human host receptors (Townsend et al., 2002). The affinity and tropism of different members of the CEACAM family may be influenced by sequence variation in the Opa protein, specifically in the variable loops (Hill et al., 2010). CEACAM expression is upregulated due to inflammatory cytokines. This can lead to increased clustering of the protein in the cellular surface, resulting in an increase in the strength of the interaction between meningococcus and the host cell (Griffiths et al., 2007).
The Opc protein is a structurally unrelated adhesin which is also responsible for tight adhesion. It has a 10-stranded β-barrel structure and is encoded by a single gene. The target for Opc is HSPGs (de Vries et al., 1998). It is also capable of binding onto components of the extracellular matrix such as vitronectin and fibronectin (Virji et al., 1993). These interactions may act as a bridge, allowing for both direct and indirect interaction with HSPGs (Cunha et al., 2009). 


1.3.4.3. Polysaccharide Capsule	
Expression of the polysaccharide capsule of meningococcus is associated with a reduced ability to adhere to epithelial cells (Virji et al., 1995b), with acapsulated strains more commonly isolated from the nasopharynx. This may be due to its hydrophilic nature and steric hindrance of the polysaccharide which can impede interaction with the host membrane. Acapsulated bacteria can engage more tightly with the host epithelium through the use of Opa and Opc. However in invasive disease the capsule promotes bacterial survival by providing resistance to environmental factors and the host immune system (Hill et al., 2010). Phase variation in capsule expression may occur over the course of a disease, allowing for optimum success during the separate adhesion and invasion events. 
Following entry into the bloodstream, the pathogen must avoid numerous components of the host’s innate immune response. This includes tissue-located macrophages, circulating monocytes and polymorphonuclear (PMN) leukocytes. The importance of the capsule in evading these components is well established. The presence of the polysaccharide capsule can reduce interaction with both monocytes and PMN (McNeil et al., 1994, McNeil and Virji, 1997).  The capsule can also hinder macrophage processing (Read et al., 1996). The capsule can attenuate complement-mediated killing of the bacteria as well (Jarvis and Vedros, 1987).
1.3.4.5. Minor adhesins
Neisserial adhesin A (NadA) is an adhesin present in roughly 50 % of disease causing meningococcal strains, but is present in almost all hypervirulent strains belong to the serogroups B and C (Comanducci et al., 2004). It adheres to a host epithelium via a protein-protein interaction. However, the precise receptor is yet to be identified (Capecchi et al., 2005). Other minor adhesins include Neisserial hia homologue A (NhhA), Adhesion and penetration protein (App) and Meningococcal serine protease A (MspA). These proteins are ill-defined and need further characterisation (Hill et al., 2010).
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S. aureus is a highly adapted Gram-positive cocci bacterium, commonly isolated from the natural flora of the skin and respiratory tract of humans. It colonises roughly 20 % of individuals. It is also an opportunistic pathogen capable of inflicting a wide range of disease, from superficial to invasive infections. The bacterium has the capacity to colonise a wide range of niches within the body, once the skin or mucosal barrier has been breached, for instance from trauma. This is due to a large arsenal of virulence factors encoded by the pathogen. Some of the infections that can arise from S. aureus colonisation include minor skin infections, pneumonia, osteomyelitis, bacteraemia and meningitis. 
S. aureus is responsible for a large burden of morbidity and mortality globally. Due to the development of antibiotic-resistant strains, for example methicillin-resistant S. aureus (MRSA), clinical treatment of infections can be very problematic. These strains are prevalent within hospitals. S. aureus infections are common nosocomial infections, colonising postsurgical wounds that can become chronic. The bacterium has a number of potential mechanisms which can provide resistance to certain drugs, strategies include enzyme degradation (e.g. beta-lactamases), mutations in the site of action of drugs providing resistance and efflux of the drug out of the bacteria. 
1.4.2. Adhesins
S. aureus is capable of adhering to both host tissue, such as epithelial cells, or to components of the extracellular matrix such as fibronectin, collagen and vitronectin. This event occurs through a myriad of virulence factors which can be identified in strains of S. aureus. The extracellular matrix can deposit onto biomaterials, which can allow S. aureus to adhere to and produce biofilms on the abiotic surfaces of medical implants. The sheer variety of environmental niches the pathogen can colonise dictates a need for a number of tightly regulated broad and narrow spectrum adhesins. This results in a complex host pathogen interaction model that must be elucidated. 

1.4.2.1 MSCRAMMs
Microbial surface components recognising adhesive matrix molecules (MSCRAMMs) are a surface protein family, covalently linked to the cell wall peptidoglycan of S. aureus (Clarke and Foster, 2006). This group of proteins share a similar overall structure. The genome of S. aureus contains more than 20 genes encoding proteins in this family of surface anchored adhesins. Single proteins can bind to multiple components of the extracellular matrix with high specificity.  Some of the more well-characterised members of the family are outlined.
1.4.2.1.1. Fibronectin-binding proteins 
Two closely related Fibronectin-binding proteins of this family are FnBPA and FnBPB. As their name suggests, these proteins are responsible for binding to fibronectin; a double-knockout mutant of the genes encoding these proteins exhibited a significant reduction in its ability to adhere to fibronectin. Most strains carry both fnb genes (Greene et al., 1995). These proteins also aid in the internalisation of S. aureus, with fibronectin acting as a bridging molecule for α5β1 integrins and signal transduction via tyrosine kinase activity (Chavakis et al., 2005). Expression of the proteins has been shown to aid in the causation of systemic inflammation following infection (Clarke and Foster, 2006). Increased efficiency in virulence is also associated with an increase in the number of fibronectin-binding tandem repeats in the protein (Edwards et al., 2010).
1.4.2.1.2. Sdr Protein Family
A subfamily of MSCRAMMs, the SD repeat-containing family (Sdr), characterised by a region consisting of a repeating serine-aspartate dipeptide, contain a number of important adhesins in S. aureus. The most well-characterised members of this subfamily are the fibrinogen-binding proteins, Clumping factors A and B (ClfA and ClfB respectively). ClfA and ClfB were first isolated as factors mediating the clumping in the presence of plasma. The structure of ClfA is highly preserved, it is identified in over 99 % of S. aureus clinical isolates (Murphy et al., 2011). Binding of the adhesin to the C-terminus of fibrinogen of the host can promote fibrin cross-linking, pathogen adhesion to platelets and thrombus formation (Siboo et al., 2001). ClfA expression has been shown to contribute to virulence in both a rabbit infective endocarditis model and a mouse septic arthritis model (Ganesh et al., 2008). ClfB, as well as adhering to fibrinogen, can also bind to cytokeratin 10 and nasal epithelial cells, suggesting importance for nasal carriage of the bacterium (O'Brien et al., 2002). Other members of this protein family (SdrC, SdrD and SdrE) are predicted to share a similar structure to ClfA and ClfB (Clarke and Foster, 2006). SdrE is capable of inducing platelet aggregation, whilst SdrC and SdrD contribute to adhesion to human desquamated nasal cells (Corrigan et al., 2009, Obrien et al., 2002). A further member of this family, bone sialoprotein-binding protein (Bbp) was identified in strains of S. aureus associated with bone and joint infections. This protein interacts with bone sialoprotein, a glycoprotein which composes bone and dentine extracellular matrix. 
1.4.2.1.3. Protein A
Protein A (Spa) was the first protein identified in S. aureus. It binds to the Fc region of immunoglobulin G (IgG). This results in a reduction in antibody-mediated opsonisation and therefore phagocytosis of the bacterium. This is a strategy to help the pathogen overcome the adaptive immune response of the host. However the protein contributes to other mechanisms for virulence. The protein can adhere to vWF, a glycoprotein that mediates platelet adhesion at regions of damage in the endothelium. This binding therefore contributes to endovascular infection (Chavakis et al., 2005). Spa also allows binding of platelets via receptor gC1qR/p33 (Nguyen et al., 2000). Finally Spa can adhere to TNFR1 of the airway epithelium. This protein is a TNF-α receptor, and this interaction is thought to play a role in staphylococcal pneumonia (Gomez et al., 2004).
1.4.2.2. Non-MSCRAMM adhesins
Along with the convalently attached MSCRAMMs, S. aureus also contain a number of ionically bound proteins tethered to the cell wall, where they can interact with the external environment. A subset of these proteins functions as adhesins. The extracellular matrix-binding protein homologue (Ebh) is the largest gene in the genome of S. aureus. Overexpression of a fragment of this protein suggests an ability to bind to fibronectin (Clarke et al., 2002). Ebh may also have a role in the adhesion to the endothelium (Sinha and Herrmann, 2005). Similarly, the extracellular matrix protein-binding protein (Emp) displays a high affinity for vitronectin, as well as other extracellular matrix components (Hussain et al., 2001). 
Non-proteinaceous components of the Staphylococcal surface can also contribute to its ability to bind to a host. The cell envelope of Gram-positive bacteria generally contains the complex polymer, wall teichoic acid (WTA). Abolishment of the synthesis of WTA through a deletion of tagO, a gene involved in the biogenesis of the polymer, reduces the ability of the bacteria to adhere to nasal and airway epithelial cells, and reduces nasal colonisation in the cotton rat model (Weidenmaier et al., 2004). Similar WTA appears to aid adhesion to vascular endothelial cells, with mutant strains lacking tagO showing a reduced ability to colonise sterile cardiac vegetations in an infectious endocarditis rabbit model (Weidenmaier et al., 2005).
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Tetraspanins are a superfamily of transmembrane proteins expressed on the cellular surface of eukaryotic cells, as well as trafficked to several intracellular compartments. They are so called due to their distinct four transmembrane helices which span the eukaryotic membrane. Their existence was first discovered in 1990 with the characterisation of ME491 (later renamed CD63) (Hotta et al., 1988), which showed strong sequence homology with Schistosoma masoni protein Sm23 (Wright et al., 1990), as well as CD37 (Classon et al., 1989) and CD81 (Oren et al., 1990). Since 1990, a number of members of the superfamily have been identified, from a wide range of species. This includes 33 known members in humans, found in all tissue of the body (van Spriel and Figdor, 2010). The distribution of the level of tetraspanin expression varies significantly between members. Several tetraspanins exhibit extensive distribution in human tissue, such as CD9, CD63, CD82 and CD151. However this expression is not ubiquitous throughout all cell types. On the contrary, some tetraspanins are restricted to certain specialised regions, such as uraplakins, UP1a and UP1b, in the asymmetric unit membranes of the urothelium (Xie et al., 2006). Similarly, peripherin and Rom-1 are located solely in the photoreceptor outer segment disc (Boesze-Battaglia et al., 2002, Ritter et al., 2005). The proportion of tetraspanins localised to either the plasma membrane or intercellular compartments also varies within the protein family (Fitter et al., 1999). Localisation of the tetraspanin to various membranes is likely through a sorting motif in the cytoplasmic region. The function of the tetraspanin superfamily was elucidated in 1997, when they were described as ‘molecular facilitators’ clustering cell-surface proteins through the formation of multiple interactions, whereby stabilising multi-protein signalling complexes. The sole crystal structure currently available of tetraspanins was produced in 2001 for the tetraspanin CD81 EC2 domain, the widely accepted main functional group of the protein superfamily (Kitadokoro et al., 2001a, Kitadokoro et al., 2001b). Tetraspanin function in each cell type is not usually dependent on individual tetraspanins but the overall contribution in the formation of lateral associations formed between members. As such the family exhibits a high level of redundancy in knockdown experiments. These lateral associations result in microdomains forming in the membranes of the cell, known as tetraspanin-enriched microdomains (TEMs). Tetraspanins and TEMs have been implicated in a wide variety of cellular process, as outlined in subsequent sections. These include cellular adhesion, cell fusion and signalling. Research in this family of proteins is still at an early stage, with much remaining unknown about tetraspanins. However increasing amounts of work is currently being conducted worldwide to further our knowledge in the role these proteins play in biology.
[bookmark: _Toc451269840]1.5.2. Tetraspanin Structure
Tetraspanins are defined by their characteristic similarities between members of the superfamiy. A schematic representation of tetraspanins is shown in Figure 1-4. All tetraspanins are composed of four transmembrane domains (TM1-4) with two extracellular loops, a smaller loop (EC1) and a larger loop (EC2). Both the N- and C- termini are intracellular, and usually short, with exceptions for some more specialised tetraspanins (Boucheix and Rubinstein, 2001). The distinguishing characteristic of tetraspanins is the 4-8 cysteine residues in the EC2 region of the protein which form disulphide bonds, required for the correct folding and function of the protein (Hemler, 2003). These produce sub-loops in the EC2 region. Four of these cysteines are highly conserved in the protein, including two in a CCG motif, found in all human tetraspanins (DeSalle et al., 2010). Below, the importance of each region of the tetraspanins is discussed in further detail. 
1.5.2.1. Extracellular Loop 1
In human tetraspanins, the first extracellular loop (EC1) can range in length of between 13 to 31 residues in length. It is flanked by the first and second transmembrane domains and is the smaller of the two extracellular regions. Unlike the EC2 region this domain does not appear to have a regular secondary structure, but it is suggested that it packs against the conserved fold of the EC2 domain (Seigneuret, 2006). The function of the EC1 is not well defined, due to it being masked by the EC2 region. The deletion of the domain  does  appear  to  effect  structural  integrity  of the tetraspanin. Deletion of EC1



[bookmark: _Toc329177766]Figure 1‑4. Tetraspanin structure
Schematic diagram of tetraspanin CD9, highlighting the domains of the protein. The cytoplasmic regions highlighted in purple, the four transmembrane domains in white, EC1 in green and EC2 in red. The blue residues represent the CCG motif and other key cysteine residues. The black line represents the conserved disulphide bridge.


domain in CD81 halts the translocation of the protein to the cellular surface, suggesting the EC1 domain is required for the correct folding of the EC2 domain (Masciopinto et al., 2001). Similarly deletions in the EC1 domain of CD151 prevent surface expression (Berditchevski, 2001).
1.5.2.2. Extracellular Loop 2
The second extracellular loop of tetraspanins is the major functional domain of the protein. It is the larger of the two extracellular loops, and has been the focus of many studies involving tetraspanins. The length and sequence of this loop varies highly between members of the tetraspanin superfamily. However it contains a number of conserved features found in almost all tetraspanins, such as the CCG motif and an even number of cysteines (DeSalle et al., 2010). It is the only domain of a tetraspanin to be crystallised, within CD81 (Kitadokoro et al., 2001b). The structure revealed five α-helices (A-E) as shown in Figure 1-5. Hydrophobic interactions between the antiparallel A- and E-helices, and a disulphide bond stabilise the formation of a stalk region. The remaining turns of the A-helix, and the B-, C- and D-helices and intervening sequences form a head on top of this stalk region, resulting in a configuration resembling a mushroom (Kitadokoro et al., 2001b). This head region contains two further disulphide bonds, originating out from adjacent cysteines in the signature CCG motif. The A-, B- and E- helices compose a more conserved structural component of the tetraspanin, with the C- and D- helices forming a hypervariable subdomain within the loop (Berditchevski, 2001). This is likely the region responsible for specificity to the associated partner proteins of individual tetraspanins. Tetraspanin-partner interaction sites for CD9/pro-HB-EGF (Iwamoto et al., 1994), CD151/α3β1 integrin (Kazarov et al., 2002) and CD9/PSG17 (Ellerman et al., 2003) have all been positioned in this variable region. Similarly, the D-helix has been suggested to form a highly dynamic loop confirmation, which in CD81 is critical to binding the partner protein Hepatitis C virus (HCV) glycoprotein E2 (Rajesh et al., 2012).
1.5.2.3. Transmembrane Domains
The four transmembrane domains share a high degree of conservation across the family, particularly TM1-3, suggesting a functional role within the protein (Stipp et al., 2003). TM1-3 contain a number of conserved polar residues in heptad motifs, but this pattern is
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[bookmark: _Toc329177767]Figure 1‑5. CD81 EC2 Structure
Structure of the EC2 domain of CD81. The five alpha helices are highlighted. The two conserved cysteines forming a disulphide bridges of the head region are highlighted in orange. (Kitadokoro et al., 2001b). Structure downloaded from RCSB pdb (1G8Q). Edited in PyMOL.


absent from TM4 (Kovalenko et al., 2005). In TM1 and TM2 glycine residues also appear in GG7 motifs (two glycines separated by six residues), which allow intimate intramolecular van der Waal interactions for close packing. Larger residues on one domain interact with smaller residues on the second transmembrane domain, and vice versa. This forms ‘knobs-into-holes’ interaction (Kovalenko et al., 2005). The transmembrane domains are also involved in the formation of tetraspanin-tetraspanin interactions, required in the formation of TEMs. It is suggested TM1-TM2 and TM3-TM4 form two separate interfaces for such interactions (Kovalenko et al., 2005). Transmembrane domains alone are capable of homodimerising, as shown in studies of CD151 deletion mutants which lack an EC2 domain (Berditchevski, 2001). These domains also play a role in the translocation of tetraspanins from the endoplasmic reticulum to the cell surface. Deletions in the TM1 of EC2 produce fully folded proteins but which are not transported to the plasma membrane (Cannon and Cresswell, 2001). 
1.5.2.4. Intracellular Region
The cytoplasmic region of tetraspanins includes the C- and N-termini and a short cytoplasmic loop between TM2 and TM3. These regions are conserved within tetraspanins between species (Stipp et al., 2003), however there is high divergence between family members. This suggests diverse functions between tetraspanins. This is especially true for the C-terminus. Mutations in this C-terminal sequence can result in disorder in the cell. Mutation of three amino acids in the C-terminus of CD9 can alter a number of functions, including inhibition of cell-cell adhesion and microvilli formation. This is the result of aberrant oligomerisation of CD9 on the cell surface (Wang et al., 2011). Similarly C-terminal deletion on CD151 can impair migration and cell spreading. The C-terminus also contains the sorting motif, localising the tetraspanins to certain membranes of the cell. These intracellular regions contain a number of membrane-proximal cysteine resides. These residues undergo palmitoylation (Charrin et al., 2002).
1.5.2.5. Glycosylation
The tetraspanin family contain several N-glycosylation sites within the EC2 domain. However, the extent of this glycosylation varies heavily between members. The glycosylation of tetraspanins can drastically alter the functionality of the protein. Mutations within the glycosylation sites of CD82 increase their ability to associate with integrins, particularly α5 integrins, and this has been shown to have a downstream effect on cell motility (Ono et al., 2000). Similarly in CD151, glycosylation allows modulation of the integrin α3β1 during the regulation of endocytosis (Baldwin et al., 2008). Glycosylation of tetraspanins also has a role in host-pathogen interactions.  Glycosylation of the uroplakin UPIa with mannose glycans allows the tetraspanin to act as a receptor to FimH of UPEC (Xie et al., 2006)  (Section 1.5.6.1.). 
1.5.2.1. Palmitoylation
Palmitoylation, the addition of palmitic acid to amino acids, is important in TEM formation, and the dynamics of the protein on the cell surface. This event occurs within the Golgi apparatus (Yang et al., 2002). Palmitoylation occurs in the cysteine residues proximal to the transmembrane domains of CD9 and CD151 (Charrin et al., 2002). If palmitoylation does not occur, the interactions between tetraspanins are reduced; however this is not true for the interactions between tetraspanins and partner proteins (Yang et al., 2002). Loss of palmitoylation in CD81 reduces its interactions with CD151 but not with non-tetraspanin interaction partner EWI-2 (Zhu et al., 2012). Therefore palmitoylation is important in stabilising the tetraspanin-tetraspanin interactions that form TEMs.
[bookmark: _Toc451269841]1.5.3. Tetraspanin-enriched Microdomains
As described previously, tetraspanins can form microdomains within the membranes in which they are situated. This is through the formation of interactions with a number of other tetraspanins and partner proteins, such as integrins, immunoglobulin (Ig)-domain containing factors and receptor proteins (Berditchevski and Odintsova, 1999; Hemler, 2003). These are known as TEMs or tetraspanin webs. Tetraspanins are capable of forming a number of lateral interactions with other proteins associated with the membranes, which results in these complexes forming (Charrin et al., 2003a). The size and composition of TEMs has been shown to vary among different cell types (Barreiro et al., 2008), with certain cells, for example uroplakins in the epithelial cells of the urinary tract, having a more distinct structure (Yanez-Mo et al., 2009; Min et al., 2006). TEMs are highly dynamic structures, with the composition changing temporally upon cellular stimulation or ligand engagement (Barreiro et al., 2008). Tetraspanins can exist as diffuse proteins displaying Brownian motion or confined within these TEMs. Analysis of CD9 at the single molecule level showed constant cycling of the two states (Espenel et al., 2008). Transitions by the tetraspanins from diffuse to confined states are linked to a change in function of the protein. Tetraspanins appear to act as ‘membrane organisers’ within these structures, facilitating the arrangement of partner proteins into tightly packed complexes whereby groups of interacting proteins can become clustered. This may aid the communication across the microdomain, facilitating the protein: protein interaction cascades responsible for a number of cellular functions, for instances cell adhesion and signal transduction. The formation of these structures is based on a number of interactions, divided into primary, secondary and tertiary interactions. Figure 1-6. represents an overview of the role of each class of interaction. The discovery of tetraspanins was initially reliant on biochemical approaches, such as isolation of detergent resistant membranes and co-immunoprecipitation. However recent advancements in super-resolution microscopy techniques allow the resolve of individual TEMs in cellular membranes (Zuidscherwoude et al., 2015).
1.5.3.1. Primary Interactions
The primary interactions of TEMs are classified as the robust protein interactions which are capable of surviving the presence of highly hydrophobic detergents such as Triton X-100 or digitonin. These interactions are specific, and can be between tetraspanins, forming homodimers or homotrimers (Kovalenko et al., 2004), or with specific partner proteins,  examples include CD9-EWI-F or CD81-CD19 (Charrin et al., 2003a). Single tetraspanins can form primary interactions with a number of potential partners in the same cell type, as illustrated with CD151 and several integrins (Hemler, 2008).
1.5.3.2. Secondary Interactions
Secondary interactions within the TEMs are classified as those which can be extracted using more mild detergents such as Brij96 or Brij97. These interactions are based on heterotetraspanin associations via palmitoylation of membrane-proximal cysteines. This allows interaction with cholesterol and results in tight packing of tetraspanins within the microdomain (Charrin et al., 2003b).







































































































































































































































Primary Interactions
Secondary Interactions
Tertiary Interactions



Tetraspanins


Partner Proteins

[bookmark: _Toc329177768]Figure 1‑6. Interactions of TEMs	
The interactions that contribute to the formation of tetraspanin enriched microdomains in the plasma membrane. These interactions allow the formation of microdomains in which the tetraspanins organise the conformations of partner proteins. Based on Martin et al. (2005).


1.5.3.3. Tertiary Interactions
The final level of associations are the tertiary interactions, resulting in much larger TEMS which are extracted using weak detergents such as CHAPS and Brij99 (Hemler, 2003). The majority of tetraspanin interactions are likely to belong in this category. They are based on indirect associations between tetraspanins and proteins associated with another tetraspanin (Hemler, 2003). These interactions are likely to be highly dynamic, however the exact nature of these mechanisms is currently poorly defined.
[bookmark: _Toc451269842]1.5.4. Tetraspanin Function	
1.5.4.1. Regulation of Trafficking of Partner Proteins
Tetraspanins are expressed on both the plasma membrane and also the intracellular membranes of cell organelles. The control of the trafficking of partner proteins between these two regions is one of the key functions of several tetraspanins. CD63 has been well characterised as playing a role in the internalisation and/or trafficking of a number of partner proteins to late endocytic organelles (Pols and Lumperman, 2009). These include proteins H+/K+ ATPases (Codina et al., 2005), synaptotagamin 7 (Flannery et al., 2010) and Human immunodeficiency virus (HIV) receptor CXCR4 (Yoshida et al., 2008). Similarly, tetraspanins have been shown to play a role in trafficking proteins in the secretory pathway. ADAM10, a metalloprotease, is the partner protein to several 8-cysteine tetraspanins, known as the TspanC8 subgroup (TSPAN 5, TSPAN10, TSPAN14, TSPAN 15, TSPAN 17 and TSPAN 33). These tetraspanins regulate the trafficking of ADAM10 from the endoplasmic reticulum to either late endosomes or the plasma membrane (Dornier et al., 2012, Haining et al., 2012, Prox et al., 2012). This in turn allows control of the cleavage of ADAM10 target Notch, regulating Notch signalling (Charrin et al., 2014). Tetraspanins may also play a role in the trafficking of material between cells using exosomes. Exosomes are small single-membrane vesicles that allow the movement of proteins, lipids and mRNA. This is involved in a number of processes including the excretion of unnecessary proteins (Blanc et al., 2005) and immune signalling (Thery et al., 2009). Exosomes are enriched with tetraspanins CD37, CD53, CD63, CD81 and CD82 (Monk and Partridge, 2012). It is hypothesised that tetraspanins have a role in both the loading of vesicles with cargo and the targeting of the exosome for delivery to specific cells (Rana and Zoeller, 2011).
1.5.5.2. Cell Adhesion and Migration
The association between tetraspanins and many members of the integrin family allows several tetraspanins to control aspects of cell adhesion and migration. Of these, the interaction between CD151 and laminin-binding integrins α3β1, α6β1 and α6β4 (Serru et al., 1999, Yauch et al., 1998) are the most well characterised. The effect of CD151 on the adhesion of matrix proteins by integrins is minimal; CD151 instead controls the effect on the downstream signalling molecules by their integrin partners.  These include Src, focal adhesion kinase (FAK), Akt and the Rho family GTPases (Takeda et al., 2007, Yamada et al., 2008, Yang et al., 2008b, Hong et al., 2012). Through this, CD151 has a role in the regulation of adhesion strengthening (Sachs et al., 2012). This process follows integrin-mediated adhesion and involves the clustering of receptors and interactions with the cytoskeleton and signalling components (Puklin-Faucher and Sheetz, 2009), suggesting an involvement of TEMs. Other tetraspanins have also been highlighted as interacting with integrins and affecting cell adhesion. CD81 and CD37 can regulate the adhesion of lymphoid B cells via the α4β1integrin under flow (Feigelson et al., 2003, van Spriel et al., 2012).
1.5.5.3. Cell Fusion
Tetraspanins have been implicated in their involvement in fusion events between two membranes. Such cell fusion events include virus-host interactions and endocytosis (Fanaei et al., 2011). This has been particularly well characterised in the case of the involvement of CD9 in sperm-egg fusion during fertilisation. Within mice, eggs that are deficient in CD9 have a reduced ability to fuse with sperm cells (Kaji et al., 2000, Le Naour et al., 2000, Miyado et al., 2000).  This can be partly compensated through the overexpression of CD81, suggesting an interplay between the two tetraspanins (Kaji et al., 2002). Removal of CD9 causes alterations in the curvature of microvilli of the egg cell (Runge et al., 2007). Pre-incubation of egg cells, but not sperm cells, with CD9 EC2 domains can inhibit fusion events (Zhu et al., 2002).  CD9 and CD81 has been furtherly implicated in regulation of fusion events between macrophages and muscle cells (Charrin et al., 2013, Takeda et al., 2003). Tetraspanins also have a role in fusion of viral lipid envelopes with host cells during infections such as with HIV-1 and HCV. This is highlighted in Section 1.5.6.2.
1.5.5.4 Cellular Immunity
Tetraspanins have been shown to play a role in both the innate and adaptive cellular immune response, capable of regulating molecular recognition of infections and the subsequent signal transduction for activation of the specific appropriate immune responses. TEMs contain several key molecules for cellular immunity, including antigen-presenting major histocompatibility complex (MHC) molecules, pattern recognition-receptors (PRRs) and co-stimulatory molecules (Jones et al., 2011). This importance is highlighted in a number of studies that utilise tetraspanin deficient mice (this includes mice deficient in CD81 (Miyazaki et al., 1997), CD9 (Le Naour et al., 2000), CD151 (Wright et al., 2004), CD37 (Knobeloch et al., 2000) and Tssc6 (tumour-suppressing subchromosomal transferable fragment cDNA 6) (Tarrant et al., 2002)). These animals exhibit normal leukocyte development; however function was altered, particularly in terms of pattern recognition and antigen-presentation. 
Tetraspanins may regulate the pattern recognition and subsequent activation of the innate immune system. CD37 have been shown to interact with fungal PRR Dectin-1 in macrophages. Interleukin-6 production following Dectin-1 activation is increased in CD37 deficient macrophages, allowing for some resistance in Candida albicans infections (Meyer-Wentrup et al., 2007). Similarly CD9 interacts with Toll-like receptor-4 (TLR-4), responsible for recognition of LPS in Gram-negative bacteria. CD9-/- macrophages show an increased pro-inflammatory cytokine production due to LPS, suggesting involvement in the innate response (Suzuki et al., 2009).
Many tetraspanins are known to interact with MHC I (Szollosi et al., 1996) and MHC II  (Schick and Levy, 1993, Rubinstein et al., 1996, Angelisova et al., 1994, Engering and Pieters, 2001) within dendritic cells. These proteins are involved in antigen presentation to T-cells, as part of the adaptive immune system. Tetraspanins are believed to allow the clustering of MHC molecules which display the same antigen, increasing the avidity of the interaction with respective TCR on T-cells. Disruption of such TEMs using cholesterol depletion results in a decrease in CD4+ T-cell activation (Kropshofer et al., 2002). Conversely, dendritic cells deficient in CD37 or CD151 are hyperstimulatory towards T-cells (Sheng et al., 2008). Tetraspanins also have involvement in the T-cells during antigen presentation. Using antibodies to crosslink a number of tetraspanins results in co-stimulatory effects on T-cells (Lebelbinay et al., 1995, Tai et al., 1996). There is further involvement of tetraspanin in regulation of T-cells. T-cells deficient in CD37, CD81, CD151 or Tssc6 show hyperproliferation upon activation, possibly due to an increases interleukin-2 production (Miyazaki et al., 1997, Wright et al., 2004, Tarrant et al., 2002, van Spriel et al., 2004). As such, there is mounting evidence that tetraspanins play a central role in the regulation of a diverse array of mechanisms central for cellular immunity.
[bookmark: _Toc451269843]1.5.6. Role of Tetraspanins in Infectious Disease
Tetraspanins have been reported to have involvement in the pathogenesis of several infections, including viral, bacterial, fungal and protozoal pathogens. This involvement includes roles in host-pathogen interaction during the colonisation of the pathogen, as well as in the host defence against myriad infections.
1.5.6.1. Role of Tetraspanins in Bacterial Infections
1.5.6.1.1. Uropathogenic Escherichia coli
Uropathogenic E. coli is the causative agent of urinary tract infections. Adherence is  through the interaction of type I fimbriae with uroplakins on the urothelial cell surface (Wu et al., 1996), components of urothelial plaques. This interaction initiates bladder colonisation and causation of the UTI. Two of the four major components of these plaques are members of the tetraspanin superfamily, uroplakins Ia (UPIa) (Tspan 21) and UPIb (Tspan 20) (Xie et al., 2006), along with two type I integral membrane proteins UPII and UPIII. UPIa has been shown to bind specifically to FimH on the tip of the type I fimbriae, through its high mannose glycan links (Zhou et al., 2001). This interaction event may trigger a global conformational change in the uroplakins. This movement can trigger downstream signaling events that play a key role in the initial stages of a UPEC infection (Wang et al., 2009). This is one of only a few examples by which tetraspanins act as direct receptors with which pathogens interact. Once internalised, UPECs accumulate in vesicles that are positive for both uroplakins and CD63. These vesicles are usually involved in the trafficking of urothelial plaques to the apical surface (Bishop et al., 2007).
1.5.6.1.2. Listeria monocytogenes
Listeria monocytogenes is a food-borne pathogen and causative agent of gastroenteritis (listeriosis), particularly in the immunocompromised, where it is associated with septicaemia, as well as meningitis in infants. Type II phosphatidylinositol -4-kinase (PI4KII) is activated in the invasion of the pathogen, leading to cytoskeletal reorganisation (Pizarro-Cerda et al., 2007). This protein is known to interact with tetraspanins CD9, CD63 and CD81, which are recruited to the bacterial entry site (Yauch and Hemler, 2000). siRNA depletion of CD81 shows the requirement of this tetraspanin in bacteria internalisation. Depletion inhibits recruitment of PI4KII, which may affect the organisation the molecular machinery that allows for bacterial entry into HeLa cells (Tham et al., 2010).
1.5.6.1.3. Chlamydia trachomatis
Chlamydia trachomatis is a common sexually transmitted infection in humans; it is also capable of infections in the eye leading to conjunctivitis. It behaves as an obligate intracellular pathogen, living within a specialized vesicle, known as inclusion bodies in human cells. These vesicles selectively deliver tetraspanin CD63 to themselves from multivascular bodies. Anti-CD63 antibodies trafficked to the site reduce numbers of C. trachomatis in the cell (Beatty, 2006). However CD63 siRNA and anti-CD63 Fab fragments failed to reproduce the effects. This suggests that the result of the divalent whole antibodies may be due to disruption of partner proteins associated with CD63, as opposed to a direct interaction with CD63 (Beatty, 2008).
1.5.6.1.4. Multiple Bacterial Binding Cascades
Previous work conducted in this laboratory has indicated a role of multiple tetraspanin proteins in the adhesin-mediated attachment of a number of bacterial species to human epithelial cells (Green et al., 2011). This discovery has led to the research presented in this thesis. Two epithelial cell lines, which are also used within this investigation, HEC-1-B (endometrial epithelial cell line) and DETROIT 562 (nasopharyngeal epithelial cell line) were incubated with antibodies against tetraspanins CD9, CD81 and CD151. Adherence of N. meningitidis was reduced after this treatment; however no effect on internalisation of the bound bacteria was seen. This effect was replicated with use of recombinant GST-EC2 tetraspanin fusion proteins as well as by tetraspanin modulation with siRNAs against the three tetraspanins. There was no evidence of direct binding to recombinant tetraspanins using solid-phase assays, suggesting the tetraspanins are not acting as direct receptors for meningococcal adhesins. Neisseria tfp and opa mutants are less affected by tetraspanin blockage in comparison to wild-type strains, suggesting an association between these adhesins indirectly with tetraspanins via a partner protein. Anti-tetraspanin antibodies and recombinant GST-EC2 fusion proteins were capable of significantly reducing bacterial adherence against a wide variety of bacterial strains (Neisseria lactamica, S. pneumoniae, E. coli and S. aureus). This suggests a more general role of tetraspanins in bacterial adherence, through association with partner proteins. TEMs may form an ‘adhesion platform’ in nature, aiding in the optimal organisation of receptors for specific bacterial adhesins. This was the first reported instance where tetraspanins are not direct receptors for pathogens but broader facilitators of adhesion platforms in a multitude of microbial adhesion cascades to epithelial cells. 
1.5.6.2. Tetraspanins in Viral Infections
1.5.6.2.1. Hepatitis C Virus
The link between tetraspanins and viral infections has been widely established.  The major focus has been on the interplay between CD81 and HCV, a small enveloped RNA virus and member of the Flaviviridae family. It is a leading cause of chronic hepatitis, cirrhosis and hepatocellular carcinoma. The major envelope protein HCV-E2 interacts specifically with the EC2 domain of CD81 (Flint et al., 1999), found on many cell types. This interaction can result in viral binding and uptake via membrane fusion. This allows invasion of hepatocytes, however infections of non-hepatocytes cells demonstrate CD81-independent entry (Lambotin et al., 2010). Other receptors including Scavenger receptor B1, claudin-1 and occludin have also been indentified (van Spriel and Figdor, 2010), suggesting CD81 is a co-receptor in this event. Association between CD81 and the TEMs is not a requirement for HCV infection (Rocha-Perugini et al., 2009). The reliance for CD81 for invasion shows a degree of variation between viral strains (Roccasecca et al., 2003), reinforcing the importance of the involvement of other viral receptors in the process (Monk and Partridge, 2012). A role or CD81 post viral entry has also been suggested, with E2-CD81 binding facilitating actin-dependent trafficking of the virus to multi-vesicular bodies and exosomes (Masciopinto et al., 2004). This is dependent on the cytoplasmic tail of CD81, which can activate the MAPK and PI3K/AKT signalling pathways (Liu et al., 2012). High-affinity anti-CD81 antibodies have been shown to potently inhibit HCV infection and spread within human liver chimeric mice, offering potential as antiviral agents against HCV infection (Ji et al., 2015).
1.5.6.2.2. Human immunodeficiency virus-1 
[bookmark: _Toc324844566]HIV-1 virus belongs to Retroviridae family of viruses. It is the main causative agent of acquired immune deficiency syndrome (AIDS), against which there is no current effective vaccine. The virus primarily affects CD4+ T cells and antigen-presenting cells. Infection requires the interaction of viral protein gp120 with CD4, and CCR5 or CXCR4 co-receptors. Tetraspanins have been associated with numerous aspects of the HIV-1 infection. Soluble recombinant EC2 proteins derived from several tetraspanins can inhibit both CCR5- and CXCR4-dependent infection of macrophages  (Ho et al., 2006). This is likely through a non-specific disruption of TEMs on the surface of the macrophage. CD63 controls CXCR4 trafficking in T cells (Yoshida et al., 2008). HIV-1 assembly, budding and cell-cell spread have all observed to occur within the TEMs in T cells (Jolly and Sattentau, 2007), suggesting an important role of TEMs for infection. Overexpression of CD9 and CD63 can reduce cell-to-cell transmission of HIV, and cause a reduction in the infectivity of released virions (Krementsov et al., 2009). Silencing of the CD63 gene can inhibit reverse transcription of the viral genome within macrophages (Chen et al., 2008a, Li et al., 2011). Viral components Nef and Vpu are capable of modulating host cell tetraspanin expression, reducing cell surface exposure and enrichment in a perinuclear area of the cell (Haller et al., 2014). Taken together this evidence suggests that tetraspanins and TEMs are exploited by the virus for HIV-1 infection and are important accessory proteins in the spread of the infection within the host.
1.5.6.2.3. Influenza virus
Influenza A virus is a member of the family orthomyxoviridae, a negative sense RNA virus. These enveloped viruses bud off from host cells, and in this process can incorporate host cell proteins, including CD9 and CD81 (Shaw et al., 2008). This suggests that the budding site from which virions egress from may be the TEMs. During viral assembly, CD81 is localised to specific subviral regions of the growing tip and budding neck of progeny viruses. CD81 knockdown cells produce defects in the budding process, and a reduction in the progeny virus production (He et al., 2013). CD81 has also been suggested as a potential entry factor for the virus using RNAi screens (Konig et al., 2010, Karlas et al., 2010). Viruses also show a preference for fusion with CD81-positive endosomes during viral uncoating (He et al., 2013). This highlights CD81 as affecting two distinct stages of the virus lifecycle. 
1.5.6.2.4. Human Papillomavirus
Human papillomavirus type 16 (HPV16) is a non-enveloped dsDNA virus capable of infecting the female genital tract.  Viral entry into epithelial cells has been reported for HPV type 16 through binding of TEMs, independent of clathrin and caveolin (Spoden et al., 2008). Viral entry into epithelial cells was successfully blocked through the use of anti-CD63, -CD81 and -CD151 antibodies.  HPV16 particles and CD63 co-localise on the cellular surface. This suggests that TEMs may serve as entry platforms for the viruses, possibly via candidate receptor for HPV16, α6 integrin. CD151 is cointernalised with the virus into endosomes, and depletion of endogenous CD151 caused a reduction in HPV16 endocytosis. This process was shown to be dependent on laminin-binding integrins (Scheffer et al., 2013). This was shown to be universal with HPV18 and HPV31 (Spoden et al., 2013).
1.5.6.3. Tetraspanins in Protozoal Infections
1.5.6.3.1. Plasmodium species
Malaria results from infection by protozoa of the genus plasmodium, contracted through bites from infected female Anopheles mosquitoes during feeding. This results in the release of sprozoites into the circulation. These subsequently invade hepatocytes, where they differentiate into merozoities. In this form they are capable of invading erythrocytes, resulting in the symptoms of malaria. CD81 is required for the infection of hepatocytes but not for erythrocytes. Soluble EC2 domains have no effect on infection, suggesting the tetraspanin is not a direct receptor (Silvie et al., 2003). It may however be involved in the formation of adhesion platforms, as suggested with the role of tetraspanins in bacterial infections. This is reinforced by evidence that cholesterol-depletion inhibits CD81-dependent entry. Cholesterol depletion is linked to TEM disruption. CD9P-1, a molecular partner to CD81, acts as a negative regulator to Plasmodium yoeii infection, through its interaction with the tetraspanin (Charrin et al., 2009). The requirement of CD81 appears to be species dependent, as unlike P. yoelii, Plasmodium berghei can infect CD81-deficient mice (Silvie et al., 2006). Tetraspanins also play a role in the cellular immunity against malaria. Mice with knockouts of CD37 or Tssc6 show increased parasitemia following challenge from P. yoeii in comparison to wild type mice, due to perturbations in dendritic cells and T cells (Gartlan et al., 2010).
1.5.6.4. Tetraspanins in Fungal Infections
Tetraspanins CD63 and CD37 have been associated with Dectin-1, a C-type lectin that can recognise 1,3-β-glucans within the fungal cell wall. This association occurs within the membrane of antigen-presenting cells of the immune system, as described in Section 1.5.5.4. (Mantegazza et al., 2004, Meyer-Wentrup et al., 2007). CD37-deficient mice have an increased survival following systemic C. albicans infection due to an increased IL-6 dependent IgA response (van Spriel et al., 2009).  This suggests CD37 has involvement in the regulation of Dectin-1-dependent signalling within anti-fungal immunity. The link between CD37, Dectin-1 and IL-6 expression has also been proposed during infection by the parasitic protozoa Toxoplasma gondii (Yan et al., 2014). Tetraspanin interactions with other receptors for fungal pathogens have also been proposed (CD9/CD151-α5β1 integrin for Histoplasma capsulatum and CD9/CD81-TLR4  (van Spriel and Figdor, 2010)), suggesting a wider role for tetraspanins and TEMs in the modulation of the function of fungal pattern-recognition receptors. Members of the superfamily have also been shown to be involved in the anti-fungal immune response following pathogen recognition. CD82 and CD63 is specifically recruited to phagosomes of dendritic cells containing fungal pathogens (Cryptococcus neoformans, C. albicans, Aspergillus fumigatus), as well as bacterial pathogens. Recruitment of CD82 occurs prior to acidification and the recruitment of CD63. This may be through a possible association with class II MHC molecules (Artavanis-Tsakonas et al., 2011).   
[bookmark: _Toc451269844]1.6. Peptides as Drug Candidates 
Peptides show potential as drug candidates. However there are also a number of drawbacks with their use which can make peptide-based therapy problematic. Oral absorption of peptides is problematic due to poor absorbance via the gastrointestinal tract. Therefore the peptide drug must be administered using injection. It is also rapidly metabolised by the body through the action of proteolytic enzymes. Many peptides are also not capable of crossing the cellular membrane into the cytoplasm, which can be problematic if the target is intracellular (Joo, 2012). However there are some advantages of peptide therapy over the use of small synthetic molecules. Peptides, due to their rapid metabolism and a relatively short half-life, do not build up in the organs of the body. Their degradation products are amino acids and therefore show no toxicity to the body (Loffet, 2002). A further advantage of peptides is their very specific interaction with their molecular targets, together with high activity, means only low dosage of the peptide is necessary. There are also fewer off-target side effects (Hummel et al., 2006). Peptides are shown to penetrate well into tissue, allowing for better entry into organs and tumours (Ladner et al., 2004). Finally peptides are amenable to site-specific modification which may allow tailoring to an individual’s phenotypic variations of target proteins, allowing for personalised medicine (Craik et al., 2013). Peptides also display some advantages over the use of larger biologics, for example recombinant proteins, such as insulin, growth factors and antibodies. They are considerably cheaper to produce using traditional chemical methods, as opposed to the difficulty of genetically engineering, required for mass production of the larger whole proteins.
The advantages and feasibility of peptide treatment can be seen in the number of drugs on the market currently. There are more than 200 peptide or homologous products on the market at the moment, consisting of 10 % of the ethical pharmaceutical market, or an estimated >$40 billion per year. These are for the treatment of a wide number of pathologies, including cardiovascular problems, immunity defects, infectious disease and oncology (Vlieghe et al., 2010). Examples include glatiramer acetate (Copaxone, Teva pharmaceuticals) for multiple sclerosis and leuprorelin (Lupron, Abbott laboratories) for breast and prostate cancer. There is expected to be a boom in peptide-based drug development, due to proteomics identifying large numbers of potential targets from protein: protein interactions. Peptides are capable of targeting these interactions whilst traditional small molecule drugs are less capable of inhibition these interactions (Craik et al., 2013)
[bookmark: _Toc451269845]1.7. Aims and Objectives
The hypothesis being tested in this study is that tetraspanins have an involvement in bacterial interactions with host cells, and that this can be disrupted by the use of recombinant EC2 proteins or synthetic tetraspanin-derived peptides. 
There has been extensive research into the involvement of tetraspanins and tetraspanin-enriched microdomains in the adhesion, entry and replication of viruses in host infection. However there has been relatively little research in regards to similar possible functions in bacterial infection. 
One major insight was provided by Green et al. in the inhibition of bacterial adhesion using recombinant EC2 fusion proteins from 3 of the 33 human tetraspanins, as well as a small range of anti-tetraspanin antibodies. This project aims to extend this work. In chapter 3 a large library of human tetraspanin EC2 fusion proteins are screened for their ability to inhibit the attachment of meningococci to human cells. Chimeric proteins, in which small sections of the EC2 region of a strongly inhibitory tetraspanin are sequentially replaced by the homologous sequences from a weakly inhibitory tetraspanin, are also utilised to give an indication of the regions of the EC2 sub-loops that contribute to this effect. 
In subsequent chapters synthetic peptides derivatives from the protein sequence of one of these tetraspanin EC2 regions, CD9, are tested for their ability to hinder bacterial pathogenesis. This is explored in a number of cell types and against both Gram-positive S. aureus and Gram-negative N. meningitidis. The feasibility of these peptides as potential novel antimicrobial peptides is considered within the early stages of drug development through in vitro experimentation. Attempts are made at increasing the potency of these peptides at inhibiting bacterial adhesion. 
This preliminary work will be the basis of another project run in parallel which is investigating these peptides in a three dimensional model of a human skin wound using reconstituted tissue. Subsequent modelling in animal models (specifically zebrafish and mouse models) and eventually human volunteers will be conducted if successful. The overall aim of this project is to potentially couple these peptides to advanced polymers that enable efficient treatment for delivery of the tetraspanin fragments via a thermo-responsive synthetic copolymer gelator. The viscosity of the worm-like copolymer particles is controlled by temperature and so we can use this preparation to coat tissue engineered skin models to form a sterile treatment film. This is to produce a cream which may reduce the likelihood of bacterial pathogens from attaching to a wound; reducing bacterial load. There is no current effective prophylactic product to stop such infections spreading once they occur. The product would augment and improve upon antiseptic creams such as ‘Savlon’, or antibiotic preparations such as ‘Mupirocin’, both of which are commercially successful but not highly effective in the control of hospital acquired infection. Such anti-adhesion therapies will offer an alternative to traditional antibiotics, the use of which use has become increasingly problematic due to the rapid rise of bacterial resistance to a number of key drugs. 

Chapter 1 – Introduction

[bookmark: _Toc329252940]
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Chapter 2. Materials and Methods
[bookmark: _Toc317683010][bookmark: _Toc329252941][bookmark: _Toc451269846]2.1. Reagents, Buffers and Solutions
[bookmark: _Toc317683011][bookmark: _Toc329252942][bookmark: _Toc451269847]2.1.1. Reagents
[bookmark: _Toc317683012]2.1.1.1. Trypsin-Versene 
Trypsin-Versene was produced by the addition of 100 ml of 10x Trypsin-Versene® (EDTA) Mixture (Lonza, Belgium) to a litre of HBSS (Section 2.3.1.4.). 10 ml aliquots were placed in universals and frozen for later use. 
[bookmark: _Toc317683013]2.1.1.2. Gentamicin
Gentamicin (Sanofi, France) was diluted to 150 μg ml-1 in cell media.
2.1.1.3. Mupirocin
Mupirocin (Sigma, USA) was diluted to the required concentration in cell media.
2.1.1.4. Flucloxacillin Sodium
Flucloxacillin, sodium salts (TOKU-E, USA) was diluted to the required concentration in cell media.
[bookmark: _Toc317683014]2.1.1.5. Saponin
Saponin from quillaja bark (Sigma-Aldrich, USA) was diluted to 2 % using dH2O.
[bookmark: _Toc317683015]2.1.1.6. Cytochalasin D
Cytochalasin D from Zygosporium mansonii (Sigma-Aldrich, USA) was diluted to 2 μg ml-1 in cell media.
2.1.1.7. n-Hexadecane
n-Hexadecane was supplied by Sigma-Aldrich, USA.
2.1.1.8. Methyl-β-Cyclodextrin
Methyl-β-cyclodextrin (Sigma-Aldrich, USA) was diluted to 75 mM in dH2O and filter sterilised. 
2.1.1.9. Cholesterol
Cholesterol (Sigma-Aldrich, USA) was solubilised to 1.5 mg ml-1 in ethanol and filter sterilised.
2.1.1.10. Tetraspanin-derived Peptides
Tetraspanin-based peptides were made to order from a number of companies (SI biologics, UK; Genscript, USA) using solid phase peptide synthesis with Fmoc-chemistry. These peptides are based on the protein sequence of human tetraspanin CD9. The peptides are tested for batch variation, with no significant difference observed. Cyclic versions of human CD9 derived peptides were also produced through a collaboration with Dr David Fairlie (University of Queensland, Brisbane, Australia). Peptides were diluted to the desired stock solutions using glass distilled H2O for basic and acidic peptides (overall charge from amino acids more or less than zero). If acidic peptides failed to solubilise in glass distilled H2O, 10 μl NH4OH was added. 
[bookmark: _Toc317683016][bookmark: _Toc329252943][bookmark: _Toc451269848]2.1.2. Buffers
[bookmark: _Toc317683017]2.1.2.1. Phosphate Buffered Saline, pH 7.3
Phosphate Buffered Saline (PBS) was produced through the addition of 10 PBS tables (Thermo Fisher Scientific, USA) to 1 litre of dH2O. 500 ml aliquots of PBS were subsequently autoclaved at 121 °C for 15 minutes. PBS contains the following components: NaCl (140 mM), Na2HPO4 (8 mM), KCl (2.7 mM) and K2H2PO4 (1.5 mM).
[bookmark: _Toc317683018][bookmark: _Toc329252944][bookmark: _Toc451269849]2.1.3. Antibodies
[bookmark: _Toc317683019]2.1.3.1. Anti-Meningococcal Serotype P3.15 IgG
Anti-Meningococcal Serotype P3.15 monoclonal antibody was of murine-origin (NIBSC, UK). 
2.1.3.2. Anti-Neisseria meningitidis-FITC conjugated antibody
Anti-Neisseria meningitidis-FITC conjugated polyclonal antibody produced in rabbit (ab20370). Supplied by Abcam, UK

2.1.3.3. Anti-Streptococcus pneumoniae 128/390 IgG
Anti-Streptococcus pneumoniae 128/390 monoclonal antibody was of murine-origin. Supplied by AbD Serotec, UK.
[bookmark: _Toc317683020]2.1.3.4. Anti-Mouse IgG-FITC conjugate
Anti-Mouse IgG-FITC conjugate was produced in goat. Supplied by Sigma-Aldrich, USA.
[bookmark: _Toc317683021][bookmark: _Toc329252945]2.1.3.5. Anti-Mouse IgG-Alexa Fluor 647 conjugate
Anti-Mouse IgG-Alexa Fluor 647 conjugate was produced in goat. Supplied by Abcam, UK.
[bookmark: _Toc451269850]2.1.4. Sera
[bookmark: _Toc317683022]2.1.4.1. Goat Serum
Goat serum was supplied by First Link UK Ltd., UK.
2.1.4.2. Bovine Serum Albumin 
Bovine serum albumin was purchased from First Link Ltd., UK.
[bookmark: _Toc451269851]2.1.5. Recombinant Proteins
2.1.5.1. Tetraspanin EC2-GST protein production in bacterial expression strains
The production of all of the recombinant tetraspanin proteins used in this study were produced by Dr Marzieh Fanaei (Molecular Biology and Biotechnology, University of Sheffield). EC2 recombinant proteins have been extensively used by this laboratory in related studies.
The tetraspanin EC2 recombinant proteins were produced using a GST (glutathione-s-transferase) fusion system (Dr. Marzieh Fanaei, PhD Thesis, University of Sheffield). This GST affinity tag allows simple purification of the recombinant proteins. The tag is also known to improve protein stability (Guan and Dixon, 1991).

2.1.5.2. Production of chimeric CD9 and CD81 EC2-GST proteins
The chimeric proteins were produced by Dr Rachel Hulme, in a similar protocol to that used to produce recombinant EC2-GST proteins, using Rosetta-Gami (Novagen).  These proteins were composed of recombinant CD81 EC2-GST proteins, interspersed with sections from CD9, and vice versa.
The EC2 domain of CD81 was separated into sections to produce the chimeric proteins. These sections were designed by Dr Rachel Hulme (PhD thesis, University of Sheffield) to separate functional regions of the EC2 domain. S1 and S5 compose the stalk region. They form hydrophobic contacts to stabilise the protein. S3 and S4 both contain sub-loops characteristic of tetraspanins, formed from the disulphide bridge. S6 is composed of both the S3 and S4 sub-loops (Kitadokoro et al., 2001b). S2, the final exchange site composes the region between the stalk of the tetraspanin (S1) and the CCG motif. Corresponding exchange sites were selected for CD9.
[bookmark: _Toc317683023][bookmark: _Toc329252946][bookmark: _Toc451269852]2.2. Bacterial Culture Techniques
[bookmark: _Toc317683024][bookmark: _Toc329252947][bookmark: _Toc451269853]2.2.1. Bacterial Growth Media
[bookmark: _Toc317683025]2.2.1.1. Columbia Blood Agar
Columbia agar supplemented with horse blood was produced in-house.
[bookmark: _Toc317683026]2.2.1.2. Müeller-Hinton Broth (MHB)
Müeller-Hinton broth was produced in-house by mixing 10.5 g of Müeller-Hinton broth powder (Thermo Fisher Scientific) in 500 ml dH2O; the broth was autoclaved at 121 °C for 15 minutes.
[bookmark: _Toc317683027]2.2.1.3. Brain Heart Infusion Broth (BHI)
Brain heart infusion broth was produced in-house by mixing 18.5 g of brain heart infusion agar base (Thermo Fisher Scientific) in 500 ml dH2O; the broth was autoclaved at 121 °C for 15 minutes.
[bookmark: _Toc317683028][bookmark: _Toc329252948][bookmark: _Toc451269854]2.2.2. Maintenance and Growth of Bacterial Strains
[bookmark: OLE_LINK9]MC58 was used for the majority of this study, unless otherwise stated. It belongs to serogroup B, N. meningitidis strain isolated in the UK from a patient suffering an invasive meningococcal infection (McGuinness et al., 1991). The entire genome of this strain has been sequenced and made available (Tettelin et al., 2000). Two N. meningitidis mutants which have previously been shown not two express either the adhesin Pili (M10) (Professor C. Tang, Imperial College London, UK) or Opa (ȼ2) (Virji et al., 1995b). Several strains of S. aureus were also utilised in this study. Most experiments were conducted on NCTC 6751 Oxford strain of S. aureus, or the strains SH1000, which contained a plasmid encoding green fluorescent protein, under the selection of a chloramphenicol resistance gene (kindly donated by Simon Foster, University of Sheffield, UK). Other S. aureus strains used in this study include S235 and L9089 (kindly donate by Dr. Amanda Harvey, University of Sheffild, UK) and the MRSA strain NCTC 14132 (kindly donated by Dr David Partridge, Northern General Hospital, Sheffield, UK). S. pneumoniae D39 was also used.
[bookmark: _Toc317683029]2.2.2.1. Culture of Viable Bacteria on Solid Medium
Viable bacteria were kept as frozen stocks at -80 °C. The organisms were conserved in cryopreservation fluid (Protect™, TSC, UK). Aliquots of bacteria were streaked using a sterile loop onto solid Columbia horse blood agar (Section 2.2.1.1.) at the beginning of the week. Plates were incubated at 37 °C with 5 % CO2 in a humidified environment, to allow the growth of single colonies. Bacteria were propagated daily on to fresh solid media. It was assumed that each colony is based on one viable bacterium. Several colonies were used to streak fresh solid agar plates in order to avoid phase variability of surface structures, especially with use of Neisseria meningitidis.
[bookmark: _Toc317683030]2.2.2.2. Broth Culture of Viable Bacteria
MHB (Section 2.2.1.2.) was used for N. meningitidis. 8-12 colonies from overnight solid agar plates were used to inoculate 10 ml of fresh broth in a 25 ml universal tube, using a sterile loop and aseptic technique. Cultures were grown for 2 hours in a humidified atmosphere at 37 °C with 5 % CO2 until at log phrase. The culture was constantly agitated using a plate mixer. Absorbance at OD600nm and a viable count (Section 2.2.3.1.) was taken to ensure the approximate cfu ml-1 was known for the correct dilution required for subsequent experiments.


[bookmark: _Toc317683031][bookmark: _Toc329252949][bookmark: _Toc451269855]2.2.3. Handling Bacteria
[bookmark: _Toc317683032]2.2.3.1. Counting Viable Bacteria
Tenfold serial dilutions of culture followed by plating on Columbia horse blood agar (Section 2.2.1.1.) was used to estimate numbers of viable bacteria present in growth culture (Miles et al., 1938). Agar plates were quartered to allow four dilutions per plate. Triplicate 10 μl aliquots of the serial dilution were spotted into each quarter, avoiding coalescence. Plates were allowed to air dry within a class II microbiological safety cabinet before being placed in a humidified incubator overnight at 37 °C with 5 % CO2.  For each dilution the mean number of bacteria (cfu ml-1) was recorded from the triplicate spots and the number corrected for the volume and dilution. The dilutions with countable colonies were further averaged to estimate the number of bacteria in the liquid culture. 
[bookmark: _Toc317683033]2.2.3.2. Counting Intracellular Viable Bacteria
Cells seeded on to coverslips were infected with bacteria for the allocated time (Section 2.4.3.). A control was run where cells were treated with 2 % paraformaldehyde, preventing bacterial internalisation prior to infection. Cells were subsequently treated with 150 μM gentamicin (Section 2.1.1.2.) for 30 minutes to kill external bacteria. 2 % saponin treatment for 30 minutes (Section 2.1.1.3.) was used to permeablise the cell membrane to release the intracellular bacteria. A viable count was then performed (Section 2.2.3.1.).
[bookmark: _Toc317683034]2.2.3.3. Preparation of Bacteria for Infection of Cell Lines
Log phase cultures of the bacteria were aliquoted into 1.5 ml micro-centrifuge tubes immediately prior to infection. The culture was centrifuged at 15 700 g for 3 minutes. The supernatant was then discarded and pellet resuspended in 500 μl PBS (Section 2.1.2.1.) in order to wash the bacteria. The culture was then centrifuged again at 15 700 g for 3 minutes. Supernatant was again removed and the pellet resuspended in the suitable volume of appropriate cell culture medium to produce a suspension of the desired multiplicity of infection (M.O.I.). Viable counts (Section 2.2.3.1.) were again performed to estimate actual cell number.

2.2.3.4. Microbial Partition into Hydrophobic Phase Assay
The microbial adhesion to hydrocarbon assay (MATH assay) was utilised to determine the hydrophobicity of a bacterium’s cell surface. This protocol has been adapted from  (Rosenberg et al., 1991). Bacteria were grown to log phrase growth in appropriate broth media (Section 2.2.2.2.) while incubated within a humidified incubator at 37 °C with 5 % CO2. The bacteria were harvest, washed and resuspended in 3ml PBS (Section 2.1.2.1.) to approximately 109 bacteria ml-1. 0.2 ml of n-hexadecane (Section 2.1.1.5.) was added to the bacterial suspension. The suspension was subsequently vortexed for 2 minutes to allow dispersion of the hydrocarbon. This was left to partition for 15 minutes. The aqueous phase was collected and optical density measured (OD600nm). Hydrophobicity was measured as a percentage of the absorbance in the hydrocarbon phase, determined by subtracting the absorbance of the aqueous phase from the initial absorbance of the bacterial suspension prior to the addition of n-hexadecane
[bookmark: _Toc317683035][bookmark: _Toc329252950][bookmark: _Toc451269856]2.3. Cell Culture Techniques
[bookmark: _Toc317683036][bookmark: _Toc329252951][bookmark: _Toc451269857]2.3.1. Cell Culture Media
[bookmark: _Toc317683038]2.3.1.1. Eagle’s Modified Essential Medium (EMEM)
Eagle’s modified essential medium supplemented with 1 % L-glutamine was supplied by Lonza.
[bookmark: _Toc317683040]2.3.1.2. Foetal Calf Serum (FCS)
Foetal calf serum was supplied by Source Bioscience AUTOGEN, UK. It was further heat inactivated (HI-FCS) by incubation at 56 °C for 20 minutes.
2.3.1.3. RPMI 1640
RPMI 1640 medium supplemented with 2 % L-glutamine was supplied by Lonza.
[bookmark: _Toc317683039]2.3.1.4. Hank’s Balanced Salt Solution (HBSS)
Hanks balanced salt solution without phenol red was purchased from Invitrogen, USA.


[bookmark: _Toc317683041][bookmark: _Toc329252952][bookmark: _Toc451269858]2.3.2. Culture of Human Epithelial Cell Line
[bookmark: _Toc317683042]2.3.2.1. Human Pharyngeal Carcinoma: DETROIT 562
[bookmark: OLE_LINK2]DETROIT 562 is an adherent human nasopharyngeal carcinoma epithelial cell line (ECACC No. 87042205). The cells were maintained as a monolayer within T-75 tissue culture flasks in EMEM (Section 2.3.1.1.) supplemented with 2 mM glutamine, 1 % non-essential amino acid,  1 mM pyruvate (Lonza), 0.1 % Lactalbumin hydrolysate (LH) (Sigma-Aldrich) and 10 % HI-FCS (Section 2.3.1.3.). Cells were seeded at 1.5 x 105 onto 12 mm diameter glass coverslips within 24-well cell culture plates. This was done by disrupting DETROIT 562 cells using a trypsin-versene solution (Section 2.1.1.1.) and suspending the cells in 10 ml fresh EMEM with the additional supplements listed above. A haemocytometer (Section 2.6.1.) was used to count an aliquot of cells from the solution, and cells are seeded at the required number. Cells were incubated in a humidified atmosphere for 24 hours at 37 °C with 5 % CO2 prior to experimental use.
[bookmark: _Toc317683043]2.3.2.2. Human Endometrial Adenocarcinoma: HEC-1-B
HEC-1-B is an adherent human endometrial adenocarcinoma epithelial cell line (ATCC No. HTB-112). The cells were maintained as a monolayer within T-75 tissue culture flasks in EMEM (Section 2.3.1.1.) supplemented with 10 % HI-FCS (Section 2.3.1.3.). Cells were seeded at 1.5 x 105 onto 12 mm diameter glass coverslips within 24-well cell culture plates. This was done by disrupting HEC-1-B cells using a trypsin-versene solution (Section 2.1.1.1.) and suspending the cells in fresh 10 ml EMEM with 10 % HI-FCS. A haemocytometer (Section 2.6.1.) was used to count an aliquot of cells from the solution and cells are seeded at the required number. Cells were incubated in a humidified atmosphere for 24 hours at 37 °C with 5 % CO2 prior to experimental use.
2.3.2.3. Cell Viability
Cell viability was determined by 1:1 dilution of a cell suspension in 0.4 % trypan blue solution (Lonza, Switzerland). Cells were observed in a haemocytometer (Section 2.6.1). Viable cells appeared unstained, whilst non-viable cells were stained blue. 


[bookmark: _Toc329252953][bookmark: _Toc451269859]2.3.3. Isolation and Culture of Primary Human Monocytes
2.3.3.1. Isolation of Human Monocytes from Whole Blood
Heparinised whole blood was collected from anonymous adult donors , in order to isolate peripheral blood cell mononuclear cells.  25 ml of whole blood is slowly applied to a 50 ml Falcon tube containing 12.5 ml Ficoll-Paque. This was subsequently centrifuged at 500 g for 20 minutes in a Falcon 6/300 centrifuge (MSE). To separate blood, slow step acceleration is used throughout. To ensure continued separation during deceleration no braking is applied. The flocular layers at the plasma/Ficoll-Paque border in each tube were pooled, ensuring isolation of the leukocytes. This collection is then subsequently centrifuged at 225 g for 10 minutes. The supernatants were discarded and the leukocytes were washed twice with sterile PBS (Section 2.1.2.1.).
2.3.3.2. Culture and Maturation of Human Monocyte-Derived Macrophages
The number of monocytes present in the isolated leukocyte fractions (Section 2.3.3.1.) was counted using a haemocytometer (Section 2.6.1.). PRMI 1640 (Section 2.3.1.4.) supplemented with 10 % HI-FCS (Section 2.3.1.3.) was used to resuspend the leukocytes to give 1 x 106 ml-1. 12 mm diameter glass coverslips were placed into 24-well culture plates. Monocytes were seeded at 1 x 106 cells well-1. These were incubated in a humidified atmosphere for 24 hours at 37 °C with 5 % CO2 for 24 hours before the wells were washed to remove any nonadherent cells. These include contaminating neutrophils, lymphocytes, erythrocytes and other immune cells. The adherent monocytes were incubated as before in 2 ml of serum supplemented RPMI 1640. Media was replaced every 3 days. Monocytes matured to monocyte-derived-macrophages (MDMs) after 12 days.
[bookmark: _Toc317683044][bookmark: _Toc329252954][bookmark: _Toc451269860]2.4. Treatment and Infection of Cultured Cells
[bookmark: _Toc317683045][bookmark: _Toc329252955][bookmark: _Toc451269861]2.4.1. Treatment of Cells with Recombinant Tetraspanin EC2-GST Fusion Proteins
Cell media was removed from the wells before a single wash with PBS using a Pasteur pipette. Cells were treated with approximately 1 ml of 5 % BSA for 30 minutes. This ensured non-specific binding of bacteria to the plastic wells was negated. The BSA was then removed and the cells washed twice with PBS. Each well was treated with 150 μl of relevant recombinant tetraspanin EC2-GST fusion proteins produced in bacteria. A control treatment of glutathione-S-transferase (GST) was utilised.
[bookmark: _Toc317683046][bookmark: _Toc329252956][bookmark: _Toc451269862]2.4.2. Treatment of Cells with Recombinant Tetraspanin Based Peptides
A similar protocol to treatment with EC2-GST fusion proteins (Section 2.4.1.) was used for the peptide fragments based on tetraspanin CD9. Scrambled nonsense peptides was utilised as a control treatment.
[bookmark: _Toc317683047][bookmark: _Toc329252957][bookmark: _Toc451269863]2.4.3. Infection of Cultured Cells
Cells were immersed in cell media containing the correct M.O.I. of the bacteria (Section 2.2.2.2.) for 1 hour, unless the protocol stated otherwise. After this time course unbound bacteria are removed and the infected cells are washed twice with PBS. The cells were subsequently fixed using 2 % paraformaldehyde. 
[bookmark: _Toc317683048][bookmark: _Toc329252958][bookmark: _Toc451269864]2.4.4. Killing of Extracellular Bacteria
External bacteria were killed when required through the addition of 150 μg ml-1 gentamicin (Section 2.1.1.2.) for 30 min. Wells were subsequently washed twice with PBS.
[bookmark: _Toc451269865]2.4.5. Cholesterol Depletion of Cultured Cells
Cholesterol was depleted from the cell membrane using 7.5 mM methyl-β-cyclodextrin (Section 2.1.1.6.) in serum free media for 30 minutes at 37 °C with 5 % CO2. This was present on the cells throughout the stated experiment to prevent the re-accumulation of cholesterol in the absence of the reagent. Exogenous cholesterol (Section 2.1.1.7.) was added to provide a control for the non-cholesterol-dependent effects of cyclodextrin treatment. Cells were incubated for 1 hour at 37 °C with 5 % CO2. 
[bookmark: _Toc317683057][bookmark: _Toc329252959][bookmark: _Toc451269866]2.5. Immunological Techniques
[bookmark: _Toc317683058][bookmark: _Toc451269867]2.5.1. Staining Protocol for Infected Cells
The infected cells were fixed with 2 % paraformaldehyde after completion of the assay (Section 2.4.3.). The paraformaldehyde was removed and the HEC-1-B cells were washed twice with dH2O using Pasteur pipettes to prepare the slides for staining. An anti-Neisseria serogroup B polysaccharide antibody (Section 2.1.3.1.) was used as a primary antibody to distinguish between internal and external bacteria. This antibody was diluted 1:180 in PBS and 200 μl added to the wells for 12 minutes at room temperature. Unbound antibody was removed and wells were washed twice with dH2O. A fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG antibody (Section 2.1.3.2.) was diluted 1:180  in PBS containing 0.5 % goat serum (Section 2.1.4.2.) and 200 μl added to the wells for 12 minutes at room temperature. Cells were kept in the dark during staining to minimise bleaching of the fluorescence.  Due to an excitation wavelength of 495 nm and a maximum emission wavelength of 520 nm FITC has a green fluorescence when viewed using the correct filter on a fluorescence microscope (Section 2.6.2.2.). As before, unbound antibody was removed and wells were washed twice with dH2O. To visualise the DNA of both cells and bacteria a solution of PBS containing 0.1 % Triton X-100, 0.02 % sodium dodecyl sulphate and 0.5 μg ml-1 of 4,6-diamidino-2-phenyl-indole hydrochloride (DAPI) (Molecular Probes, USA) was added to each well as 400 μl aliquots for 12 minutes at room temperature in the dark. Once bound to nucleic acids, DAPI molecules fluoresces blue under the correct filter of a fluorescence microscope, due to having a maximum excitation wavelength of 368 nm and a maximum emission wavelength of 461 nm (Section 2.6.2.2.).
[bookmark: _Toc317683059][bookmark: _Toc329252960][bookmark: _Toc451269868]2.6. Optical Techniques
[bookmark: _Toc317683060][bookmark: _Toc329252961][bookmark: _Toc451269869]2.6.1. Haemocytometry
A  Neubauer counting chamber under an inverted light microscope was used to determine the number of cells per ml-1 in a cell suspension for seeding cells at the correct cell density. 10 μl of the required cell suspension was used to inundate the space left between the counting chamber and an affixed glass coverslip. Cell number was counted and averaged under each 1 mm2 corner of the grid, viewed down the microscope. This corresponded to a volume of cell suspension of 0.1 mm3. This was then multiplied by a factor of 10,000 to give the number of cells ml-1 within the cell suspension. 



[bookmark: _Toc317683061][bookmark: _Toc329252962][bookmark: _Toc451269870]2.6.2. Fluorescence Microscopy
[bookmark: _Toc317683062]2.6.2.1. Preparation of Slides for Fluorescence Microscopy
After immunofluorescence staining of the coverslips (Section 2.5.1.) The HEC-1-B cells were washed twice with dH2O. A curved tip and long needled tweezers were used for the extraction of the coverslips from the wells. They were then immersed, cell side down, in a drop of Vectashield Mounting Medium (Vector Laboratories Inc., USA) on glass microscope slides This was to slow the bleaching of the fluorescent signal from FITC. DAPI was included in the mounting medium to further intensify the nuclear stain. The coverslips were then sealed and fixed to the glass microscope slides using nail polish to prevent slipping and desiccation of the samples. Duplicate coverslips are mounted on the same slide and the slides were blinded and randomised in preparation for counting.
[bookmark: _Toc317683063]2.6.2.2. Analysis of Infected Cell Slides
A DMRB 1000 fluorescence microscope (Leica, Germany) at 1000x magnification was used in a blind count of 100 cells for each replication. Coverslips were covered with immersion oil before viewing down the microscope.  Cell counts were taken at random fields, taken across the area of the coverslip. Five factors were recorded: the number of nuclei examined, the number of nuclei associated with one or more bacteria, the number of nuclei associated with one or more DAPI stained but not FITC stained bacteria, the total number of DAPI stained bacteria and the total number of FITC stained bacteria. The number of DAPI stained bacteria corresponded to the number of internal and external bacteria. The number of FITC stained bacteria corresponded to the number of external bacteria. This also allows the number of internal bacteria to be determined by subtracting the number of FITC stained bacteria from the number of DAPI stained bacteria.  A ‘jackpot cell’ consisted of a cell bound to an uncharacteristically large number of bacteria. These cells were considered abnormal and excluded from the final analysis, as were cells seen to be undergoing mitosis as it has been shown that these cells exhibit varied tetraspanin expression (Dr Luke Green, PhD. Thesis, University of Sheffield).
[bookmark: _Toc317683064][bookmark: _Toc329252963][bookmark: _Toc451269871]2.8. Statistical Analysis 
Chapter 2 – Materials & Methods

Data was analysed for skewness using GraphPad Prism 5. If skewness was equal to or more than double the standard error of the skewness it was considered to be significantly skewed and, therefore, the data was non-parametrically distributed. Specific statistical considerations and the tests used are summarised separately in each sub-section. Parametrically-distributed data is presented in the text as mean ± standard deviation. In all cases reported n numbers refer to separate experiments.
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Chapter 3- Effects of the Tetraspanin EC2 Region on Meningococcal Interactions with Human Cells
[bookmark: _Toc451269872]3.1 Introduction
[bookmark: _Toc451269873]3.1.1 Tetraspanin EC2-GST protein production in bacterial expression strains	
Previous research has shown that the EC2 domains of CD9, CD63 and CD151, but not CD81, have an inhibitory effect on meningococcal adhesion to human epithelial cells (Green et al., 2011). It is this discovery that has led to the current investigation.
Recombinant tetraspanin proteins have been heavily relied upon in tetraspanin and TEM research. This is due to the lack of antibodies which recognise native forms of many members of the superfamily. Tetraspanins are poorly antigenic in mice, and therefore monoclonal antibodies for many native tetraspanins are not currently available. Immunisation with recombinant proteins or peptides produces antibodies that only recognise unfolded protein (Hemler, 2005). Knockout studies have also proven to be unhelpful, due to the relatively mild phenotypic effect seen in organisms that have undergone multiple tetraspanin knockouts; this is because of redundancy in the protein superfamily (Fradkin et al., 2002). Consequently a wide variety of studies into the function of tetraspanins have been successfully reliant on recombinant EC2 proteins, including protein-protein interaction studies (HCV glycoprotein E2/CD81 (Higginbottom et al., 2000)), cell interaction studies (murine sperm/oocyte fusion (Higginbottom et al., 2003), multinucleated giant cell formation assay, induced by ConA (Parthasarathy et al., 2009)) and host cell/pathogen interaction studies (HIV-1 infection of MDMs (Ho et al., 2006), HCV infection of a hepatic cell line (Rajesh et al., 2012)).
The EC2 domains contain multiple characteristic disulphide bridges that are essential for the protein’s structure and activity (Section 1.5.2.2.). This is an issue when producing recombinant proteins in bacteria, due to the reductive environment of their cytoplasm under normal physiological conditions. This can affect the formation of stable disulphide bonds, resulting in their misfolding and aggregation. To overcome this E. coli strain Rosetta-gami (Novagen) was used to produce the recombinant protein. This strain contains mutations in genes encoding thioredoxin-disulphide reductase and glutaredoxin reductase, which are responsible for maintaining thioredoxins TrxA and TrxC, and glutaredoxins GrxA, GrxB and GrxC in a reduced state. These proteins are involved in the catalysis of bacterial disulphide bonds. This halts their ability to catalyse bacterial disulphide bonds (Bar et al., 2006), aiding in the formation of the disulphide bridges of the EC2 proteins. 
Another E. coli strain was also used to produce EC2-GST proteins, SHuffle (New England Biolabs, USA). This strain also contains the trxB/gor null mutations. Additionally it contains an additional chromosomal copy of ΔssDsbC, overexpressing this protein in the bacterium (Lobstein et al., 2012). DsbC is an isomerase which aids enzyme DsbA in catalysing bonds between cysteine residue sidechains in the periplasm. ssDsbC has a missing periplasmic signal sequence, and its overexpression aids disulphide bond formation in soluble proteins in the cytoplasm.
[bookmark: _Toc451269874]3.1.2 Production of Chimeric CD9 and CD81 EC2-GST fusion proteins
In order to achieve an understanding of the essential protein sequence required for the function of the EC2 domain of tetraspanins, chimeric proteins were produced (see methods). These proteins were composed of recombinant CD81 EC2-GST proteins, interspersed with sections from CD9, and vice versa (Fig 3-1). CD81 and CD9 were chosen for their contrasting roles in the meningococcal adhesion assay. In studies by Green and colleagues, CD9 displayed an inhibitory effect to meningococcal attachment to human endometrial epithelial cells, whereas CD81 showed little or no effect at the concentrations used (Green et al., 2011). CD81 has been well characterised due to its involvement in a wide number of biological processes, allowing the identification of important residues. The crystal structure has also been deduced (Kitadokoro et al., 2001b).  CD9 was a good candidate due to the effects displayed in previous invasion assays, as well as its structural similarity to CD81. Both tetraspanins contain just two cysteine disulphide bridges and are presumed to fold in similar fashions (Seigneuret et al., 2001). 
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Figure 3-1. A schematic diagram of the exchange sites on tetraspanins CD9 and CD81, and the structure of the chimeric proteins produced. 
(A) Schematic representation of EC2 domains of tetraspanins CD9 and CD81, highlighting the exchange sites used to produce the chimeric recombinant tetraspanin EC2 proteins. (B) Schematic representation of the individual EC2 domains of the chimeric proteins. Blue residues are derived from CD81, orange residues originate from CD9.


[bookmark: _Toc451269875]3.2 Results
[bookmark: _Toc451269876]3.2.1 Effect of Tetraspanin EC2 region on Meningococcal Interactions with Human Cells
The effects of a 500 nM concentration of a selection of human tetraspanin EC2-GST recombinant proteins on the adherence and internalisation of N. meningitidis to a human epithelial cell line are shown in Figure 3-2. Pre-treatment of HEC-1-B cells, an endometrial epithelial cell line, with certain EC2 fusion proteins at a concentration of 500 nM significantly reduced meningococcal adhesion, in terms of the percentage of infected cells (cells with adherent bacteria), in comparison to an untreated and GST controls (Figure 3-2A). Similar reductions were also observed in the absolute number of bacteria associated with 100 cells (Figure 3-2B). The extent of the reduction in the number of bacteria associated with 100 cells was roughly proportional to the percentage of infected cells for each tetraspanin. There was no detectable effect on bacterial internalisation following binding or the number of bacteria associated with an infected cell  (these bacteria are stained with DAPI but not stained with the anti-meningococcal antibody) following treatment with any of the tetraspanin EC2 domains suggesting that the inhibitory effect did not extend to transduction of uptake mechanisms (Figure 3-2C and Figure 3-2D). GST treated cells showed no reduction in bacterial adherence. The reduction in bacterial adherence was not observed in certain members of the tetraspanin family. Notably Tspan4, Tspan13, CD81 and Tspan31 EC2-GST proteins produced no significant consistent reduction in bacterial adhesion. All other members of the tetraspanin family elicited a significant reduction in bacterial adherence, with largest reductions to bacterial adhesion achieved after treatment with Tspan3, CD9 and TSSC6 EC2-GST proteins.
[bookmark: _Toc451269877]3.2.2 Heat-inactivation of whole EC2 regions prevented their ability to inhibit bacterial adherence
The anti-adhesive effect was lost from the EC2 domain after heat-inactivation of the protein (through incubation at 90 °C for 10 minutes) (Figure 3-3). This data demonstrated that the anti-adhesion effects exhibited by tetraspanin CD9 EC2 domain at 500 nM was reliant on the tertiary structure of the protein. There was a significant loss 




Figure 3-2. Effect of a variety of human recombinant tetraspanin EC2-GST proteins upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with human recombinant tetraspanin EC2-GST proteins (500 nM) or GST control (500 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD.  **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, Repeated measures One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 4, line denotes mean.






  




Figure 3-3. Effect of heat-inactivation on the anti-adherence effect of CD9 EC2 domain against N. meningitidis towards endometrial epithelial cells.

HEC-1-B cells were pre-treated with heat-inactivated or native human recombinant tetraspanin CD9 EC2-GST proteins (500 nM) or heat-inactivated or native GST control (500 nM) for 30 minutes. Proteins were heat-inactivated at 90 °C for 30 minutes followed by vortexing to avoid agglutination. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Samples were calculated as a percentage against a untreated control, which was set at 100 %, and compared to non-heat-inactivated repeats. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, Two-Way Repeated Measures ANOVA with Bonferroni post tests. (E-H) Untransformed data. n = 4, line denotes mean.

of inhibitive effect of the CD9 EC2 domain, in terms of the percentage of cells infected by meningococcus upon pre-treatment, following heat-inactivation in comparison to the native protein. Heat inactivated protein no longer exhibited an inhibitory effect, and was indistinguishable from the negative control (Figure 3-3A) (native CD9 EC2, 65.29 ± 8.07 %, heat-inactivated CD9 EC2, 105.05 ± 15.37 %). Similar observations were made when analysing the number of bacteria present in 100 cell population (native CD9 EC2, 62.11 ± 9.03 %, heat-inactivated CD9 EC2, 98.01 ± 16.43 %) (Figure 3-3B) (p ≤ 0.001 in both cases, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). GST did not have an effect on meningococcal adhesion, regardless of heat-inactivation. There was no observable difference between the effects of heat-treated native protein when comparing the average number of bacteria associated with an infected cell (Figure 3-3C) or internalisation rate (Figure 3-3D). 
[bookmark: _Toc451269878]3.2.3 Fusion proteins produced between CD9 and CD81 indicated regions of the tetraspanin EC2 region important for reducing bacterial adhesion
Fusion proteins were produced as of Section 2.1.5.2. (work was conducted by Dr Rachel Hulmes, University of Sheffield, Molecular Biology and Biotechnology). These proteins were composed of a CD81 EC2 domain in which certain sequences had been replaced with corresponding sections from CD9, and vice versa. As shown in Section 3.2.1, CD9 EC2 elicited a 50 % reduction in the adherence of N. meningitidis to human epithelial cells, whereas CD81 failed to produce an observable reduction in bacterial adhesion within the assay. This allowed the identification of sequences in CD9 which are intrinsic to producing an affect following pre-treatment. 
3.2.3.1 Replacement of sections of the EC2 domain of CD81 with corresponding sections from CD9 produced an inhibitory effect against meningococcal adhesion in an otherwise non-active protein
[bookmark: OLE_LINK3]The effects of pre-treatment with CD81 EC2-GST fusion proteins, which contained regions derived from CD9, on meningococcal adherence to HEC-1-B cells are demonstrated in Figure 3-4. Replacement of three sections, S1, S4 and S6 produced a significant increase in the inhibitory potential of the proteins in terms of the percentage cells infected (Figure 3-4A) in comparison to CD81 EC2-GST, which showed no variation from the negative control (9S1, 62.76 ± 6.79 %, 9S4, 77.11 ± 14.68 %, 9S6, 




Figure 3-4. Effect of 500 nM chimeric (CD81 to CD9) human recombinant tetraspanin EC2-GST proteins upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with human recombinant tetraspanin chimeric protein (500 nM), consisting of CD81 EC2-GST  proteins contains sections CD9 EC2 sequence or GST control (500 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 6, mean ± SD.  * portrays significance from CD81 EC2, † portrays significance from GST, ****/†††† p ≤ 0.0001, ***/††† p ≤ 0.001, **/†† p ≤ 0.01, One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 6, line denotes mean.


65.33 ± 12.22 %). 9S2, 9S3 and 9S5 failed to show significant variation from pre-treatment of cells with wild-type CD81 EC2-GST (9S2 86.51 ± 16.36 %, 9S3, 93.14 ± 15.04 %, 9S5, 94.24 ± 5.52 %). This pattern is mirrored if the number of organisms per 100 cell population was analysed (Figure 3-4B), with S1, S4 and S6 showing significant variation from CD81 EC2-GST (9S1, 59.04 ± 6.45 %, 9S4, 75.78 ± 17.45 %, 9S6, 61.68 ± 7.32 %), which was not present with pre-treatment using 9S2, 9S3 and 9S5 chimeric proteins (9S2, 82.66 ± 15.02 %, 9S3, 90.49 ± 13.62 %, 9S5, 92.70 ± 5.74 %). As previously seen, this tetraspanin pre-treatment did not illicit an effect on the internalisation rate of the bacteria (Figure 3-4D) or the average number of bacteria per cell (Figure 3-4C). This data demonstrates the increased importance of the regions covered by the sequences of S1, S4 and S6 chimeric proteins in inhibiting meningococcal adherence to epithelial cells, in comparison to the regions S2, S3 and S5.
3.2.3.2 Replacement of sections of the EC2 domain of CD9 with corresponding sections from CD81 removed the inhibitory effect against meningococcal adhesion
3.2.3.2.1 High concentrations (500 nM) of CD9 to CD81 fusion proteins produced a non-specific loss of function from the EC2 domain in inhibiting meningococcal adhesion
The effect of substitution of different regions of CD9 EC2 by the corresponding regions of CD81 on the inhibition of meningococcal adherence to HEC-1-B cells is demonstrated in Figure 3-5. Replacement of any section, with the exception of S1, caused a significant lowering of the anti-adhesive property of the protein to N. meningitidis, following incubation with epithelial cells. This was observed by analysing the percentage of infected cells (Figure 3-5A) (81S1, 72.81 ± 9.3 %, 81S2, 79.28 ± 9.87 %, 81S3, 79.48 ± 6.15 %, 81S4, 78.62 ± 4.7 %, 81S5, 75.17 ± 9.9 %, 81S6, 79.49 ± 18.74 %). Despite this diminished inhibitory effect, all CD9 fusion proteins were capable of causing some reduction in bacterial adhesion, in comparison to the GST negative control. The effect was simply being damped when sections were replaced. As before, this also held true when analysing the absolute number of bacteria associated with 100 cells (Figure 3-5B) (81S1, 73.3± 10.55 %, 81S2, 80.72 ± 7.1 %, 81S3, 77.46 ± 6.03 %, 81S4, 81.55 ± 5.91 %, 81S5, 79.38 ± 12.35 %, 81S6, 84.02 ± 19.47 %). Fusion proteins 81S5 and 81S6 displayed a small but significant variation from CD9 in the number of bacteria per infected cell, but no significant variation from the GST negative control (Figure 3-5C). No significant difference was observed when comparing the 




Figure 3-5. Effect of 500 nM chimeric (CD9 to CD81) human recombinant tetraspanin EC2-GST. 

HEC-1-B cells were pre-treated with human recombinant tetraspanin chimeric protein (500 nM), consisting of CD9 EC2-GST  proteins contains sections CD81 EC2 sequence or GST control (500 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD.  * portrays significance from CD9 EC2, † portrays significance from GST, ****/†††† p ≤ 0.0001, ***/††† p ≤ 0.001, **/†† p ≤ 0.01, * p ≤ 0.05, One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 4, line denotes mean.


bacterial internalisation rates of chimeric protein-treated cells (Figure 3-5D). This data demonstrates a small reduction in the ability of CD9 EC2-GST proteins to stop meningococcal adherence to epithelial cells, when certain regions of the protein are replaced. 
3.2.3.1.2 Low concentrations (5 nM) of CD9 to CD81 fusion proteins produced a specific loss of function from the EC2 domain in inhibiting meningococcal adhesion
Because of the strong inhibitory effect produced by CD9 EC2-GST at 500nM, we reasoned that larger differences between chimeras might be revealed at lower concentrations. The effect of CD9 EC2-GST chimeric protein treatment at low concentrations (5 nM) on meningococcal adherence to HEC-1-B cells is shown in in Figure 3-6. Replacement of sections S1, S4 and S6, and to a lesser extent S2 caused a significant variation from wild-type CD9 EC2-GST proteins, with a loss of the inhibitory effect in the assay following pre-treatment with the fusion proteins, as shown in the analysis of the percentage of infected cells (Figure 3-6A) (81S1, 89.54 ± 8.54 %, 81S2, 80.22 ± 5.46 %, 81S4, 93.21 ± 6.4 %, 81S6, 93.12 ± 6.21 %). Replacement of S3 or S5 from CD9 with that of corresponding CD81 sections showed no significant variation from wild-type CD9. These fusion proteins were still able to elicit a significant inhibitory effect on bacterial association, in comparison to the GST negative control (81S3, 78.33 ± 13.65 %, 81S5, 73.04 ± 14.86%). This was also observed when analysing the numbers of bacteria per 100 cells, with the exception that fusion protein 81S2 does not show significant variation from the wild-type CD9 (81S1, 91.9 ± 7.81 %, 81S2, 76.73 ± 11.8 %, 81S3, 78.72 ± 16.09 %, 81S4, 90.51 ± 14.11 %, 81S5, 72.13 ± 11.77 %, 81S6, 96.15 ± 9.1 %). No significant reduction was observed when comparing the average number of bacteria per infected cell (Figure 3-6C) or the bacterial internalisation rate of fusion protein treated cells (Figure 3-6D) against GST treated cell or CD9 EC2-GST treated cells. 
In summary, these experiments using chimeric proteins revealed a nonspecific reduction of the inhibitory effect of CD9 EC2 domain at high concentration following replacement of certain sections of CD9 with corresponding sequences of CD81. At lower concentrations a more specific effect from sequences S1, S4 and S6 in inhibiting meningococcal adhesion to human endometrial epithelial cells line HEC-1-B is revealed. Segments S2, S3 and S5 did not have an effect, although there was a small 




Figure 3-6. Effect of 5 nM chimeric (CD9 to CD81) human recombinant tetraspanin EC2-GST proteins upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with human recombinant tetraspanin chimera protein (5 nM), consisting of CD9 EC2-GST  proteins contains sections CD81 EC2 sequence or GST control (5 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD.  * portrays significance from CD9 EC2, † portrays significance from GST, ****/†††† p ≤ 0.0001, ***/††† p ≤ 0.001, †† p ≤ 0.01, */† p ≤ 0.05, One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 4, line denotes mean.


trend towards reduction in adherence of bacteria in the presence of these proteins, it was not significant different from wild type EC2 protein. 
[bookmark: _Toc451269879]3.2.4 The effects of the EC2 proteins are not due to LPS contamination
Bacterial lipopolysaccharide (LPS) is a major component of the bacterial cellular surface of almost all Gram-negative strains, composing roughly 75 % of the outer membrane. It can act as a strong stimulator of the immune system, activating a number of immunostimulatory effects in mammalian cells. At high doses the endotoxin has the potential to cause septic shock and multiple organ failure (Alexander and Rietschel, 2001). As such, it is an important consideration when accessing the interaction of Gram-negative pathogens with human cells. HEC-1-B endometrial cells, used in all experiments in this chapter, have been shown to express TLR4 (Aboussahoud et al., 2010). TLR4 detects LPS in the environment and can react with a number of cellular responses which activate the immune system such as the production of pro-inflammatory cytokines, chemokines and antimicrobial peptides (Janeway and Medzhitov, 2002). The presence of these effector molecules can drastically alter the way in which microbes interact with a cell. LPS can also interact with the surface of mammalian cells via hydrogen bonding, which has been shown to contribute to Gram negative bacterial colonisation in the initial stages (Sheng et al., 2008). Due to these effects it is not unlikely that LPS pre-treatment in the assay may vary the interaction of a Gram negative pathogen to a cell.  
The EC2-GST recombinant proteins used in this chapter were all produced using E. coli expression strains. LPS contamination is unavoidable in the production and purification of the proteins. LPS can be found at high concentrations in the bacterial lysates used in recombinant protein purification (Petsch and Anspach, 2000). Because of its high toxicity in vitro, it is an important to consider what adverse effects this contamination may have on assays using such proteins. During the purification of the proteins the amount of LPS contamination was quantified by Dr Marzieh Fanaei (Molecular Biology and Biotechnology, University of Sheffield) using Limulus Ameobocyte Lysate chromogenic assay (Wakelin et al., 2006). Removal of endotoxin contaminants was also conducted by Dr Marzieh Fanaei (Molecular Biology and Biotechnology, University of Sheffield). During incubation with glutathione affinity resin, the crude cell lysate was washed with a non-ionic detergent (0.1 % v/v solution of Triton X-114/PBS) in order to dissociate the LPS from the resin-bound proteins (Reichelt et al., 2006). This reduced the levels of LPS contamination 9-fold in CD9 EC2-GST protein.
3.2.4.1 Variation in concentration of LPS contamination due to variation in expression cells and washing technique did not alter the inhibitory effect of the protein against meningococcal adhesion
Differences in the levels of LPS contamination in the recombinant proteins did not alter the inhibitory effect of 500 nM CD9 EC2-GST proteins in the adhesion assay. The levels of LPS contamination was quantified by Dr Marzieh Fanaei (Molecular Biology and Biotechnology, University of Sheffield). 
Table 3-1. LPS content (ng ml-1) of recombinant proteins per 500 nM protein solution as quantified by Dr Marzieh Fanaei (Molecular Biology and Biotechnology, University of Sheffield) using the Limulus Ameobocyte Lysate chromogenic assay.
	Recombinant Protein
	LPS content (ng ml-1 per 500 nM protein solution)

	GST (SHuffle)
	18.00

	CD9 EC2-GST (SHuffle)
	34.50

	GST (Rosetta Gami)
	3.25

	CD9 EC2-GST (Rosetta Gami)
	12.40

	GST (Rosetta Gami), Triton X-114 wash
	0.16

	CD9 EC2-GST (Rosetta Gami), Triton X-114 wash
	1.40



LPS has been associated with bacterial adhesion so the presence of endotoxin contamination may have accounted for such phenomena being exhibited. However, as shown by Figure 3-7., there was no significant variation in the size of the inhibitory effect between CD9 EC2 proteins produced by difference E. coli expression strains, SHuffle and Rosetta Gami, in the percentage of cells infected in comparison to the control (CD9 SHuffle, 60.95 ± 10.84, CD9 Rosetta Gami, 65.29 ± 8.07) (Figure 3-7A). A similar outcome is seen when the the reduction in bacterial load in 100 cells was analysed (CD9 SHuffle, 54.35 ± 14.44, CD9 Rosetta Gami, 62.11 ± 9.03) (Figure 3-7B). The presence of a Triton X-114 wash, designed to remove LPS contamination, did not alter the inhibitory nature of CD9 EC2-GST proteins when assessing the same 



Figure 3-7.  Effects of expression strain and LPS removal using Triton X-114 on the efficiency of CD9 EC2 domain to inhibit meningococcal adhesion to endometrial epithelial cells. 

HEC-1-B cells were pre-treated with human recombinant tetraspanin CD9 EC2-GST proteins (500 nM) or GST control (500 nM) for 30 minutes. Human CD9 EC2-GST recombinant proteins and GST controls were produced in two separate expression strains of E. coli (Shuffle and Rosetta Gami). During isolation of the recombinant protein an addition step of washing using Triton X-114 can be performed for LPS removal, reducing endotoxin contamination. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD.  *** p ≤ 0.001, ** p ≤ 0.01, One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 4, line denotes mean.


parameters (% cells infected, CD9 Rosetta Gami, 65.29 ± 8.07, CD9 Rosetta Gami with Triton X-114 wash, 62.18 ± 3.785) (organisms per 100 cells, CD9 Rosetta Gami, 62.11 ± 9.03, CD9 Rosetta Gami with Triton X-114 wash, 51.96 ± 3.138). GST produced using an identical protocol did not show variation from the control, regardless of concentrations of LPS contamination, as highlighted when considering percentage of bacterial infected cells (GST SHuffle, 105.1 ± 14.44, GST Rosetta Gami, 103.3 ± 103.3, GST Rosetta Gami with Triton X-114 wash, 101.3 ± 10.31) (Figure 3-7A). Together this provided strong evidence to suggest that LPS contamination did not contribute to the inhibitory effect of tetraspanin EC2 domains on meningococcal adhesion. There was no observable difference between cell treatments when comparing the average number of bacteria associated with an infected cell (Figure 3-7C) or internalisation rate (Figure 3-7D).
3.2.4.2 Exogenous LPS does not affect the adherence of N. meningitidis to endometrial epithelial cells
Exogenous LPS, when used to pre-treat cells in a similar methodology to that of EC2 domains, did not have any apparent effect on the interaction of meningococcus with endometrial epithelial cells at concentrations higher than that seen as levels of contamination in the tetraspanin EC2-GST proteins (Figure 3-8). There was no significant effect at any tested concentration on this interaction that was observed, in comparison to CD9 EC2-GST which acted as a positive control in this assay (One-Way ANOVA with Tukey’s multiple-comparison test). 
In summary, LPS contamination was concluded not to be the cause for the ability of EC2-GST proteins to reduce meningococcal adhesion to human endometrial epithelial cell line HEC-1-B following pre-treatment. Removal of the endotoxin did not alter the anti-adhesive effects. Exogenous LPS added to the assay did not have a significant effect in altering the interaction of bacteria and host cell. 
[bookmark: _Toc451269880]3.3 Discussion
In this chapter, data was presented showing that pre-treatment of a human epithelial cell line with certain tetraspanin EC2-GST recombinant proteins significantly reduced meningococcal adhesion, but not internalisation. Although this study is not the first to 


 
Figure 3-8. Effect of exogenous LPS on the adhesion of N. meningitidis to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with a range of doses of LPS for 30 minutes. CD9 EC2-GST protein was used as positive control. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD.  **** p ≤ 0.0001, *** p ≤ 0.001, * p ≤ 0.05, One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 3, line denotes mean.
identify this phenomena (Green et al., 2011), the number of human tetraspanins tested has been significantly widened. Through the use of chimeric proteins, the important regions of the tetraspanin EC2 domain were also mapped, highlighting key sections of the protein which elicit this effect. The effect is not due to LPS contamination in the protein. In later chapters (Section 4.2.1.) this will be cross referenced with a similar assay using synthetic peptides which mimic regions of the CD9 EC2 domain. This data will also support the conclusions of the chimeric protein experiment. 
The data implicate the tetraspanin superfamily as mediators of meningococcal adhesion. Some tetraspanins have more of an effect than others. Several members of the superfamily however failed to significantly reduce bacterial adhesion whatsoever (Tspan4, NET6, CD81 and TSSC6). This suggested that some tetraspanins EC2 regions have an increased ability to reduce bacterial binding than others. This seems to be independent of levels of expression of the tetraspanin on endometrial epithelial cells; there is no apparent correlation between levels of expression of tetraspanins in HEC-1-B and reduction of meningococcal adhesion (Green et al., 2011).
Although the effect of tetraspanin EC2 treatment on meningococcal adhesion to epithelial cells is marked, there remains a subset of cells which appear to be unaffected by the treatment. Maximum inhibition was at around 50 % reduction in the numbers of infected cells, with no addition increase in inhibition from pre-treatment with higher concentrations of proteins. This subpopulation of cells showed a similar number of bacteria bound to each infected cell as that of  untreated cells, suggesting that they were completely unaffected by the presence of the EC2-GST recombinant proteins. This points towards there being further mechanisms with which bacteria can associate with epithelial cells, which is independent of tetraspanins, and which is unaffected by pre-treatment with EC2 proteins. 
These results are consistent with previous investigations carried out in this host laboratory.  Using an identical protocol, pre-treatment of HEC-1-B cells with tetraspanin EC2-GST proteins derived from CD9, CD63 and CD151, but not CD81, significantly reduced meningococcal adherence (Green et al., 2011). Evidence of the implication of tetraspanins in the adhesion of N. meningitidis to epithelial cells (both endometrial and pharyngeal) was also shown using antibodies raised against these tetraspanins, as well as small interfering RNA. All methods used produced comparable results. Anti-tetraspanin antibodies and EC2 proteins were also shown effective at reducing adhesion to epithelial cells against strains of S. aureus, N. lactamica, E. coli and S. pneumoniae.  Tetraspanins, therefore, seem to have involvement in the adhesion of a plethora of bacteria to a host, both commensal strains and pathogenic.  This wide-ranging effect suggests that the tetraspanins are having a more general role in bacterial adhesion, rather than acting as specific receptors. This may be due to association with partner proteins, many of which are linked to bacterial adhesion such as integrins. It is suggested that all three methods used in the paper work through disruption of these interactions between tetraspanins and partner proteins, likely through the disordering of the TEMs. TEMs may serve as adhesion platforms utilised by the bacteria to allow for multiple associations with the host cell. 
Tetraspanin EC2-GST recombinant proteins are widely used in tetraspanin research. However the exact mechanism of action of these proteins has not been elucidated. It has been proposed that the recombinant proteins compete with endogenous EC2 domains for binding to partner proteins on the cell surface. Because these recombinant proteins only contain the EC2 domain, they lack the domains required for functionality of these endogenous proteins, resulting in the change in downstream effects exhibited by the treated cell (Zhu et al., 2002). However many tetraspanin EC2 domains have similar inhibitory effects within a cell (Higginbottom et al., 2003, Parthasarathy et al., 2009). This hints at a more general impact on tetraspanin interactions, possibly in terms of the tertiary interactions involved in the formation of TEMs. It has been shown using microscopy techniques that CD9 EC2-GST proteins (but not when heat-inactivated) can affect the surface dynamics of endogenous CD9 on the endometrial cell surface. It also effects the dynamics of partner proteins, both tetraspanins (CD151) and non-tetraspanin proteins (ICAM-1 and VCAM-1) (Barreiro et al., 2008). The author suggested that the recombinant proteins are intercalating into the TEMs of the cell surface and disrupting the lateral associations of endogenous CD9 with other tetraspanins and partner proteins. It is this loss of organisation of the TEM produced by steric hindrance that is causing the global effects seen in the cell. The varying inhibitory effects displayed by different tetraspanin EC2 recombinant proteins presented here may be linked to their ability to intercalate into the tetraspanin webs. 
As described, TEMs contain several receptors (e.g. components of the extracellular matrix) that bacteria can exploit to form associations with a host cell. The presence of these receptors in TEM allows clustering, which bacteria can use to ensure a firm association by forming multiple interactions. TEMs thus act as ‘adhesion platforms’ with which bacteria have evolved to interact with to allow for strong adhesion. It is theorised that EC2 recombinant proteins, when disrupting the TEMs, may halt the formation of multiple interaction between host cell and pathogen. This may discourage bacterial attachment, which may provide an explanation for the reduced bacterial load and lower infection levels seen in the assay.
Chimeric proteins composed of the EC2 region of CD9 (active in the assay) and sections of CD81 (non-active in the assay), and vice versa, were used to identify sequences in the protein domain that contribute to this anti-adhesion effect, by investigating loss of function in the CD9 chimeras and gain of function in the corresponding CD81 chimeras. At high concentrations CD9 chimeric proteins with short sections of CD81 induced a non-specific reduction of bacterial adhesion. It can be interpreted that this may be due to the involvement of multiple regions of CD9 in the inhibitory effect, which masked the individual importance of each section. This may produce the apparent nonspecific reduction in the inhibitory effect of the protein. Therefore at 500 nM concentration the relative importance of these regions could not be adequately assessed. However at the lower 5 nM concentrations a much more clear trend was identified. Both CD9 and CD81 chimera proteins concurred that section S1, part of the stalk region, and S4, composing half of the sub-loop, contribute to the phenomena seen in this assay. These regions are highlighted in Figure 3-9. S6, which consists of the entire sub-loop showed similar results. Both sequences correspond to regions of the EC2 domain thought to form associations with other tetraspanins and partner proteins, respectively (Kitadokoro et al., 2001a, Hasuwa et al., 2001). The other regions of CD9 (S2, S3 and S5) showed less importance, with only a small gain in the inhibitory ability of the proteins when inserted into CD81. 
One potential confounder with the data presented here might be LPS contamination. However considerable measures have been taken to exclude this possibility. Levels of LPS contamination were found to not correlate with inhibitory effect of CD9 EC2 domain, and LPS removal using Triton X-114 does not alter the efficiency of the recombinant protein to inhibit meningococcal association. Exogenous LPS was also shown to have no detectable effect on the interaction between epithelial cells and the pathogen at concentrations significantly higher than the levels found as contamination 
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Figure 3-9. Schematic diagram of CD9 EC2 domain highlighting the two regions of importance for anti-bacterial adhesive properties of CD9.


in the recombinant proteins. Taken together this provides strong evidence that the contaminating endotoxin is not contributing to the phenomenon being investigated. Other data presented in later chapters further supports this conclusion. 
The anti-adhesion effect to bacteria from tetraspanin pre-treatment has been exhibited in Detroit 562, a human epithelial cell line isolated from the pharynx. Detroit 562 has been shown not to express TLR-4, the toll-like receptor that can detect LPS (Rydberg et al., 2009) and so could not undergo an inflammatory response to the contaminating endotoxin. This again downplays the importance of LPS in this assay. 
Chapter 3 – Tetraspanin EC2 Domain and Meningococcal Adhesion

In summary, the ability of recombinant human tetraspanin EC2-GST proteins to inhibit the adhesion of a cardinal Gram-negative bacterium, N. meningitidis, to endometrial epithelial cells have been demonstrated. Evidence that this effect is not due to endotoxin contamination is presented. It was concluded that LPS present in the protein samples does not contribute to the reduction in the numbers of bacteria adhering to cells. Chimeric proteins allowed the important regions of the CD9 EC2 domain to be pinpointed to part of the stalk region and a section of the sub-loop. It is hypothesised that the mode of action of these recombinant proteins is through intercalating into the TEMs, causing disruption of the tetraspanin webs. This disorder in the ‘adhesion platforms’ discourages the firm interactions between host cell and pathogen used by the bacteria to attach to a cell, the first stage in an infection. Data presented in later chapters of this thesis will attempt to test this hypothesis. This ability to reduce the adhesion of multiple pathogens to epithelial cells has possible implications as an antimicrobial healthcare treatment. The potential for this will also be investigated.
Chapter 4- Effect of Tetraspanin-Derived Peptides on Meningococcal Interactions with Human Cells
[bookmark: _Toc451269881]4.1. Introduction
[bookmark: _Toc451269882]4.1.1. Tetraspanin-based Peptides
The previous chapter utilised recombinant EC2-GST fusion proteins from a range of members of the tetraspanin protein superfamily expressed in humans, to assess their effect on meningococcal attachment to human cells. This was based on previous findings from this laboratory (Green et al., 2011). Synthetic tetraspanin-based peptide products are also being investigated for their ability to inhibit pathogenic bacterial adhesion. These peptides are based on the protein sequence of the EC2 region of CD9 (Tspan 29). The EC2 domain was divided into six regions, producing peptides of around 14 amino acids in length (Fig. 4-1). Scrambled peptide controls for each of the six [image: ]peptides were also constructed. These consisted of the amino acids in a randomised altered sequence to the tetraspanin-derived peptides. This will identify if it is the overall properties of the peptides (charge, hydrophobicity) or the specific order of the residues which allow the peptide to mimic the regions of the CD9 EC2 domain which gives the molecules any potential anti-adhesive property.
Table 4-1. The amino acid sequences of the twelve CD9-derived peptides used in this investigation.
	Peptide
	Sequence

	Peptide A
	Ser Lys His Asp Glu Val Ile Lys Glu Val Gln Glu Phe Tyr

	Peptide A (Scrambled)
	Glu Glu Val Lys Lys Phe Glu Ser Gln His Asp Ile Tyr Val 

	Peptide B
	Lys Asp Thr Tyr Asn Lys Leu Lys Thr Lys Asp Glu Pro

	Peptide B (Scrambled)
	Asn Glu Lys Asp Pro Lys Lys Thr Leu Asp Lys Thr Tyr 

	Peptide C
	Glu Pro Gln Arg Glu Thr Leu Lys Ala Ile His Tyr Ala Leu Asn

	Peptide C (Scrambled)
	Ala Tyr Pro His Leu Glu Arg Asn Leu Gln Glu Ile Ala Lys Thr 

	Peptide D
	Gly Leu Ala Gly Gly Val Glu Gln Phe Ile Ser Asp Ile Ser

	Peptide D (Scrambled)
	Ile Asp Ser Gly Phe Val Gly Gln Ile Ala Ser Gly Leu Glu 

	Peptide E
	Gly Pro Lys Lys Asp Val Leu Glu Thr Phe Thr Val Lys Ser

	Peptide E (Scrambled)
	Thr Ser Lys Glu Lys Leu Val Gly Pro Asp Thr Lys Val Phe 

	Peptide F
	Pro Asp Ala Ile Lys Glu Val Phe Asp Asn Lys

	Peptide F (Scrambled)
	Ala Phe Pro Asp Asn Lys Asp Ile Val Glu Lys 


[bookmark: _Toc451269883]4.2 Results
[bookmark: _Toc451269884]4.2.1. CD9-derived synthetic peptides are capable of reducing meningococcal adherence
4.2.1.1. CD9-derived synthetic peptides significantly reduce meningococcal adhesion to epithelial cells at 50 nM
In an initial experiment, the effects of pre-treatment of cells with a range of CD9-derived synthetic peptides at 50 nM final concentration on the adherence and internalisation of wild-type N. meningitidis to a human epithelial cell line were determined (Figure 4-2). It should be noted, Peptide F and its scrambled control required the addition of ammonium bicarbonate to aid solubilisation. The protocol for this experiment was identical to that of the experiments utilising tetraspanin EC2-GST recombinant proteins (Chapter 3). HEC-1-B cells, an endometrial epithelial cell line, were pre-treated with 50 nM synthetic scrambled peptides designed to mimic certain regions of CD9 EC2 domain, or synthetic scrambled control, consisting of identical amino acids for each peptide in an altered order. This pre-treatment significantly reduced bacterial attachment following infection of the cells with wild-type Neisseria meningitidis as accessed by the percentage of cells infected (Fig 4-2A) (peptide A, 47.44 ± 7.5 %, peptide B, 65.26 ± 8.34 %, peptide C, 72.98 ± 3.53 %, peptide D, 81.86 ± 12.34 %, peptide E, 50.27 ± 5.1 %, peptide F, 79.83 ± 8.8 %) (peptide A, B and E, p ≤ 0.0001, peptide C, p ≤ 0.001, peptide D and F, p ≤ 0.05, n = 4, One-Way ANOVA with Tukey’s multiple-comparison test) and the number of bacteria per 100 cells (Fig 4-2B) (peptide A, 47.5 ± 7.55 %, peptide B, 67.74 ± 6.34 %, peptide C, 73.27 ± 6.98 %, peptide D, 80.53 ± 12.52 %, peptide E, 50.99 ± 3.74 %, peptide F, 81.91 ± 10.23 %) (Peptide A, B, C and E, p ≤ 0.0001, peptide D and E, p ≤ 0.001, n = 4, One-Way ANOVA with Tukey’s multiple-comparison test), which as with EC2 treatment was consistent with one another. The extent of this reduction was inconsistent among the peptides, which each mimic different regions of the CD9 EC2 domain. Peptides A, B and E provided the strongest decrease in bacterial attachment, whereas peptides D and F exhibited only a minor reduction towards meningococcal attachment. None of the scrambled peptide controls displayed an effect on bacterial adhesion rate in comparison to the untreated control. There was no detected effect on the rate of bacterial internalisation into the cells (Fig 4-2C) or the average number of bacteria per cell (Fig 4-2D) (n = 4, One-Way ANOVA with Tukey’s multiple-comparison test). Although the rate at which bacteria penetrate the cell following peptide treatment was unaffected, as attachment to a host cell surface is required prior to internalisation, the overall number of internalised bacteria was reduced. This again was in agreement with the effect of tetraspanin EC2-GST recombinant proteins (Section 3.2.1).





Figure 4-2. Effect of 50 nM CD9-derived synthetic peptides upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, * p ≤ 0.05, Repeated measures One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 4, line denotes mean.


[bookmark: OLE_LINK17]4.2.1.2. CD9-derived peptides show a dose response inhibition to meningococcal adhesion
Dose response curves were produced for the effects of the CD9-derived peptides on meningococcal adhesion to HEC-1-B cells, in an experiment using the same methodology as Section 4.2.1.1 (Fig. 4-3). Peptides were capable of significantly reducing the percentage of infected cells following inoculation with N. meningitidis at concentration as low as 10 nM (peptide A and peptide E), 25 nM (peptide B, peptide D and peptide F) or 50 nM (peptide C) (Fig 4-3 A, E and I) (n= 3, Two-Way Repeated Measures ANOVA with Bonferroni post tests). There was considerable variation in the extent of this reduction in infected cells, as well as the IC50 of the peptides (Table 4-2). Across all concentrations, none of the scrambled control peptides had a significant effect in the assay, with pre-treated cells behaving identical to the untreated control. In comparison, all the CD9 mimic peptides exhibit a clear decrease in infection rate as the concentration increased. Saturation of the effect was reached by 50 nM for all peptides.
[bookmark: OLE_LINK13]Table 4-2. The IC50 and maximum inhibition of tetraspanin-derived peptides, as shown as percentage of the scrambled controls of the six CD9 EC2-derived peptides
	Peptide
	Maximum reduction from control
	IC50

	Peptide A
	40.09  ± 3.11 %
	4.062 nM 

	Peptide B
	71.19 ± 2.09 %
	5.764 nM

	Peptide C
	69.66 ± 4.27 %
	9.809 nM

	Peptide D
	77.01 ± 3.12 %
	3.725 nM

	Peptide E
	50.11 ± 2.95 %
	5.213 nM

	Peptide F
	82.88 ± 1.49 %
	17.04 nM



These results were in agreement with the reduction in the population of bacteria attached to 100 cells (Fig 4-3 B, F and J) (n= 3, Two-Way Repeated Measures ANOVA with Bonferroni post tests). As with previous experiments, the number of bacteria associated with each infected cell was relatively unchanged following peptide pre-treatment (Fig 4-3 C, G and K), nor was the internalisation rate (Fig. 4-3 D, H and L) (n= 3, Two-Way Repeated Measures ANOVA with Bonferroni post tests). The results for this experiment at 50 nM are consistent with the identical experiment outlined in Section 4.2.1.1. This data confirmed that 50 nM is the most suitable concentration of tetraspanin-derived peptides for use in subsequent experiments.
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Figure  4-3. Dose response curve of CD9-derived synthetic peptide pre-treatment upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with CD9-derived synthetic peptides or a scrambled control peptides over a range of concentrations (5, 10, 25, 50, 500 or 5000 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A/E/I) Change in the percentage of infected cells. (B/F/J) Change in the number of bacteria per 100 cells. (C/G/K) Change in number of organisms per infected cell. (D/H/L) Change in the internalisation rate. X scale plotted as log (X). Line represents log (inhibitor) vs. response. n = 3, mean ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. * portrays significance from Peptide A vs. Peptide A (scrambled), * portrays significance from Peptide B vs. Peptide B (scrambled), * portrays significance from Peptide C vs. Peptide C (scrambled), * portrays significance from Peptide D vs. Peptide D (scrambled), * portrays significance from Peptide E vs. Peptide E (scrambled), * portrays significance from Peptide F vs. Peptide F (scrambled), Two-Way Repeated Measures ANOVA with Bonferroni post tests.


4.2.1.3. CD9-derived peptides do not show detectable batch variations
The potential variation in the effect of different batches of identical synthetic peptides (specifically CD9-derived peptide A) obtained commercially from several peptide synthesis companies, produced using solid phrase synthesis, (Section 4.1.1.) is shown in Fig 4-4. Batch 1 was produced in-house (Arthur Moir, Department of Molecular Biology and Biotechnology, University of Sheffield). Batch 2 was supplied by SI Biologics (Sheffield, United Kingdom). Batch 3 was supplied by GenScript (Piscataway, USA). The purity of every peptide was above 95 %. At 50 nM, pre-treatment of cells with peptide A from each batch, followed by infection with wild-type N. meningitidis, displayed no significant variation in the reduction of both infection rate and overall adherent bacterial number between peptides (Fig. 4-4 A and B) (Two-Way Repeated Measures ANOVA with Bonferroni post tests). This was true for both peptide A and peptide A scrambled control. It was concluded there was no significant batch variation within this assay from the peptides.
4.2.1.4. Combinational treatment with both stalk region peptides does not increase inhibition to meningococcal adhesion
The effect of pre-treating endometrial epithelial cells with combinations of tetraspanin-derived peptides on meningococcal adhesion was also investigated, precisely, the combination of peptide A and peptide F (Fig. 4-5). These peptides are mimics of the two stalk regions of the CD9, the two strands of which are thought to interact through hydrophobic interactions in the native CD9 tetraspanin protein (Kitadokoro et al., 2001b). HEC-1-B cells were either treated with a range of concentrations of peptide A or F, with or without 10 nM of the other stalk region peptide, prior to infection with wild-type meningococcal bacteria. Bacterial adhesion was accessed as either the percentage of cells infected (Fig. 4-5A) or the number of bacteria per 100 cells (Fig. 4-5B). Results have been normalised to the control (or the control with 10 nM of peptide A or F where stated). The presence of the other stalk region-peptide in the assay had no significant effect on the dose response of peptide A or peptide F, with the exception of 5 nM peptide F with 10 nM peptide A (Fig. 4-5B) (p ≤ 0.01, Two-Way Repeated Measures ANOVA with Bonferroni post tests). This suggests there was little or no synergistic effect on the inhibition beyond the additional inhibition achieved by having increased total concentrations of peptide present in the assay. There was also no effect
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Figure 4-4. Effect of batch variation of 50 nM CD9-derived peptide A upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with 50nM CD9-derived peptide A or a scrambled control from batches of peptide produced by different reagents companies for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD. Two-Way Repeated Measures ANOVA with Bonferroni post tests. (E-H) Untransformed data. n = 4, line denotes mean.
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Figure 4-5. Combinational effect of CD9-derived synthetic peptides representing the tetraspanin stalk region upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with CD9-derived peptides A or F or a combination of the two over a range of concentrations (0.5, 1, 2.5, 5, 10, 25 or 50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Samples were calculated as a percentage against an untreated control (or if 10 nM Peptide A or F where stated), which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. Line represents log(inhibitor) vs. response. n = 3, mean ± SD. ** p ≤ 0.01. * portrays significance from Peptide F vs. Peptide F and 10 nM Peptide A, Two-Way Repeated Measures ANOVA with Bonferroni post tests.


on the maximum inhibition achieved in the assay, as shown in the untransformed data (Fig 4-5 E and F). There was no additional significant effect on the internalisation rate or the number of bacteria per infected cell (Fig 4-5 C and D).
[bookmark: _Toc451269885]4.2.2. CD9-derived synthetic peptides are capable of reducing bacterial adhesion in a range of cell types
4.2.2.1. CD9-derived synthetic peptides A & E significantly reduce meningococcal adhesion to nasopharyngeal epithelial cell line
DETROIT 562 cell line, a human nasopharyngeal epithelial cell line displayed similarities with endometrial epithelial cells in the effects of tetraspanin-derived peptides pre-treatment (specifically peptides A and E) on the host pathogen interaction with meningococci. This is illustrated in Fig. 4-6. As was the response of HEC-1-B cells to pre-treatment with tetraspanin-derived peptides (Section 4.2.1.2) there was a significant reduction in bacterial adhesion to DETROIT 562 cells at concentrations as low as 10 nM for both peptide A and E, when analysing the percentage infected cells, in comparison to an untreated control (Fig. 4-6A). This result concurred with analysis of the number of adherent organisms per 100 cells (Fig. 4-6B), a significant reduction in this parameter was observed at concentrations as low as 5 nM (Two-Way Repeated Measures ANOVA with Bonferroni post tests). In accordance with previous findings the scrambled control peptide showed no effect in the assay. Maximum inhibition was at roughly 50 % for both tetraspanin-derived peptides (Table 4-3). There was no detectable effect on internalisation rate or the number of bacteria per infected cell by either peptide across the range of concentrations (Fig 4-6C and D).
Table 4-3. The IC50 and maximum inhibition of CD9-derived peptides, as shown as percentage of the control of two CD9 EC2-derived peptides on treatment of DETROIT 562 cells.
	Peptide
	Maximum reduction from control
	IC50

	Peptide A
	48.72 ± 15.98 % 
	12.48 nM 

	Peptide E
	54.23 ± 15.11 %
	8.536 nM
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Figure 4-6. Dose response curve of CD9-derived synthetic peptides upon meningococcal adherence to human pharyngeal epithelial cells.

DETROIT 562 cell line were pre-treated with Peptide A or E or a scrambled control peptide A over a range of concentrations (5, 10, 25 or 50 nM) for 30 minutes. The DETROIT 562 cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. X scale plotted as log (X). Line represents log(inhibitor) vs. response. n = 5, mean ± SD.  *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. * portrays significance from Peptide A vs. Peptide A (scrambled), * portrays significance from Peptide E vs. Peptide A (scrambled), Two-Way Repeated Measures ANOVA with Bonferroni post tests. (E-H) Untransformed data. n =5, line denotes mean.




4.2.2.2. CD9-derived synthetic peptides significantly reduce meningococcal adhesion to primary isolated monocyte-derived macrophages
[bookmark: OLE_LINK4][bookmark: OLE_LINK6][bookmark: OLE_LINK5]The anti-adhesive effect of pre-treatment of epithelial cells with tetraspanin-derived peptides was replicated on primary isolated monocyte-derived macrophages (MDMs). Macrophages, following 30 minutes of pre-treatment with the tetraspanin-derived peptides, showed a reduced level of infection from N. meningitidis after 1 hour of exposure. This was shown through a significant reduction of the percentage of cells with associated bacteria (Fig. 4-7A) (peptide A, 50.30 ± 5.4 %, peptide E, 56.69 ± 10.86 %) (p ≤ 0.001 in both cases, n = 5, One-Way ANOVA with Tukey’s multiple-comparison test). Similarly, the number of infectious agents attached to 100 macrophages was reduced following treatment (Fig. 4-7B) (peptide A, 51.39 ± 6.56 %, peptide E, 55.20 ± 11.75 %) (p ≤ 0.001 in both cases, n = 5, One-Way ANOVA with Tukey’s multiple-comparison test). This was shown across a number of individual donors. The scrambled peptide control did not deviate meningococcal adhesion away from the control. There was no observable effect on the ratio of bacteria to infected cells or internalisation rate (Fig 4-7C and D) (n = 5, One-Way ANOVA with Tukey’s multiple-comparison test). These effects upon MDMs by the peptides show a high level of similarity to the effects on meningococcal adhesion to human epithelial cells. Only Peptides A & E were tested in this assay.
Tetraspanin-derived peptides, specifically peptide A of the stalk region and peptide E of the sub-loop region of the CD9 EC2 domain, were capable of reducing meningococcal adhesion to two distinct epithelial cell lines, derived from the endometrium and nasopharynx. They were also effective on monocyte-derived macrophages. Previous research has used EC2 proteins to achieve similar results with these cell types (Green et al., 2011). This may provide insight into the mechanism of action of the peptides. The means by which the bacteria attach to these cells, and the receptors involved, may vary between each cell type (particularly between phagocytes and epithelial cells). This suggests that the peptides, and by extension tetraspanins and TEMs, may be effecting a more universal aspect of bacterial attachment rather than interfering with the individual specific receptors. 




Figure 4-7. Effect of 50 nM CD9-derived synthetic peptides upon meningococcal adherence to human monocyte-derived macrophages.

Primary isolated monocyte derived macrophages were pre-treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The MDM cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 30. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. Each repeat was taken from a separate donor. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 5, mean ± SD.  *** p ≤ 0.001, One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 5, line denotes mean.



[bookmark: _Toc451269886]4.2.3. The inhibitory effect of CD9-derived synthetic peptides against bacterial adherence remains in the cell for at least 2 hours before being lost.
[bookmark: OLE_LINK1]The anti-adhesive effect against meningococcal bacteria exhibited in HEC-1-B cells after pre-treatment with tetraspanin-derived peptides remains present in the cells for roughly two hours before slowly being lost (Fig 4-8). This provides an insight into the kinetics of the peptide within the cell surface microdomains. Cells were pre-treated with a tetraspanin-derived peptide or a scrambled control (50 nM) before being infected with wild-type N. meningitidis, as performed previously (Section 4.2.1.1). However a variable delay between pre-treatment and challenge with the pathogen was introduced. This was to assess the decay or loss of the peptide’s effect on the cell over time. For all peptides assessed (peptides A, C and E), a significant reduction in the percentage of infected cells, in comparison to a scrambled control, was achieved for up to two hours after pre-treatment (peptide A, 62.44 ± 6.14 %, peptide C, 82.02 ± 3.21 %, peptide E, 66.83 ± 7.27 %). Peptides A and E still showed a significant reduction in bacterial attachment in an infection three hours following pre-treatment (peptide A, 78.76 ± 10.25 %, peptide E, 83.32 ± 9.03 %) (peptide A and E, p = 0.001, peptide C, p = 0.01, n = 3 Two-Way Repeated Measures ANOVA with Bonferroni post tests). After 24 hours, their effect is completely lost in the system (Fig 4-8A). Table 4-4 highlights the half-life of the tested tetraspanin-derived peptides. A similar time-dependency was observed when analysing bacterial load (the number of bacteria per 100 cells). Delaying infection for more than 1 hour resulted in a gradual loss of the peptides’ anti-bacterial effects. Significant reduction in bacterial load is lost in peptide C after two hours (84.48 ± 2.19 %, p = 0.001), three hours for peptide E (81.24 ± 3.69 %, p = 0.001) and four hours for peptide A (85.87 ± 8.68 %, p = 0.05) (n = 3 Two-Way Repeated Measures ANOVA with Bonferroni post tests). The scrambled peptide controls had no significant effect on bacterial load regardless of the length of a delay (n = 3 Two-Way Repeated Measures ANOVA with Bonferroni post tests) (Fig 4-8B). As with previous experiments, neither peptide nor scrambled peptide control had any effect on bacterial number per infected cell or internalisation rate across all tested time points (Fig 4-8C and D).
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Figure 4-8. Loss of the effect CD9-derived synthetic peptides upon meningococcal adherence to human endometrial epithelial cells over time.

HEC-1-B cells were pre-treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed. This was followed by further incubation of cells for the stated length of time before infection with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. Line represents a plateau of 60 minutes followed by one phase association. n = 3, mean ± SD.  *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. * portrays significance from Peptide A vs. Peptide A (scrambled), * portrays significance from Peptide C vs. Peptide C (scrambled), * portrays significance from Peptide E vs. Peptide E (scrambled), Two-Way Repeated Measures ANOVA with Bonferroni post tests.



Table 4-4. The half-life of the anti-bacterial adhesion effect of tetraspanin-derived peptides in endometrial epithelial cells.

	Peptide
	Half-life (min) 

	Peptide A
	135.5

	Peptide C
	162.1

	Peptide E
	85.9



[bookmark: _Toc451269887]4.2.4. CD9-derived peptides are capable of reducing bacterial number following treatment post-infection.
The anti-bacterial adhesion effect of the tetraspanin-derived peptides is still present when used to treat cells post-infection. In this system, an infection has already been established prior to treatment. However the effect is minor in comparison to pre-infection treatment (Fig. 4-9). HEC-1-B epithelial cells were incubated with 50 nM synthetic tetraspanin-derived peptides or a scrambled control either before or after an infection with wild-type meningococci. When bacterial load is accessed using immunofluorescence, both peptide A and E significantly reduce bacterial numbers, in both pre- and post-infection systems, in comparison to a scrambled control peptide. However the reduction in bacterial number is less marked when peptide treatment occurs post infection (Fig 4-9B) (pre-infection peptide A, 76.92 ± 20.56 %, post-infection peptide A, 105.99 ± 29.19 %, pre-infection peptide E, 77.64 ± 18.07 %, post- infection peptide E, 97.82 ± 17.4 %) (pre-infection peptide A & pre-infection peptide E, p ≤ 0.0001, post-infection peptide A and post-infection peptide E, p ≤ 0.01, n = 6, Two-Way Repeated Measures ANOVA with Bonferroni post tests). When the percentage of infected cells was analysed however, only peptide E reduced the extent of the bacterial adhesion in an established infection (post-infection peptide E, 44.58 ± 7.39 %). Peptide A conversely failed to significantly reduce infection rates when used to treat cells post-infection (post-infection peptide A, 47.85 ± 9.79 %). Whereas both peptide A and E reduce the number of infected cells in pre-treated cells, in comparison to a scrambled control (pre-infection peptide A, 53.72 ± 8.99 %, pre-infection peptide E, 36.26 ± 7.60 %) (pre-infection peptide A & pre-infection peptide E, p ≤ 0.0001, post-infection 
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Figure 4-9. Effect of 50 nM CD9-derived synthetic peptides pre- and post-infection upon meningococcal adherence to human endometrial epithelial cells.

HEC-1-B were treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes, either before or after infection with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. (A) Percentage of infected cells. (B) Number of organisms per 100 cells. (C) Number of organisms per infected cell. (D) Internalisation rate. n = 6, mean ± SD.  *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. Two-Way Repeated Measures ANOVA with Bonferroni post tests. (E-H) Untransformed data. n = 6, line denotes mean.


peptide E, p ≤ 0.01, n = 6, Two-Way Repeated Measures ANOVA with Bonferroni post tests) (Fig 4-9A). Neither peptide had a significant effect on internalisation rate, or the number of bacteria per infected cell regardless of if treatment was pre- or post-infection (Fig 4-9C and D).
[bookmark: _Toc451269888]4.2.5. The peptides do not appear to be toxic towards either human cells 
The possible toxicity of the tetraspanin-derived peptides and the scrambled peptide control to both human and bacterial cells was investigated (Fig. 4-10). The viability and growth rate of human endometrial epithelial cell line HEC-1-B was assessed after incubation with the peptides for 1 hour and 24 hours (Fig.4-10A and B). Cell viability was determined using 2 % trypan blue. There was no significant difference in cell viability between untreated and peptide treated cells, after both 1 hour and 24 hours of incubation at 500 nM (Two-Way Repeated Measures ANOVA with Bonferroni post tests). There was minimal numbers of non-viable cells in both cases, averaging at roughly 2.5 % non-viable cells of the total population. The presence of the peptides also did not affect the growth of the cells in culture. Cells were seeded at 1.5 x 106 ml-1. Cell number was counted after 1 hour and 24 hour incubation with the peptides. In all cases the cells continued to propagate as usual. There is no significant difference between the control and treated cells (Two-Way Repeated Measures ANOVA with Bonferroni post tests).
The potential of bacteriostatic or bactericidal effects of the peptides were also investigated (Fig 4-10C, D and E). Wild-type N. meningitidis, MC58, was grown in Müeller-Hinton broth media containing 500 nM tetraspanin-derived peptide or a scrambled control. Growth rate was measured using optical density of the media at 600 nm. The presence of the peptide has no significant effect on the growth rate or the final bacterial density of the culture (One-Way ANOVA with Tukey’s multiple-comparison test).
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Figure 4-10. Effect of tetraspanin-derived peptides on the growth and viability of human epithelial cells and N. meningitidis.

(A/B) HEC-1-B were incubated with 500 nM tetraspanin-derived peptides (Peptides A, C or E) or a scrambled control for 1 hour and 24 hours. Cell number was subsequently counted using a hemocytometer and percentage of unviable cells counted using 0.4 % trypan blue staining. (A) Percentage of Non-viable cells (B) Number of cells per 1 ml. n = 3, mean ± SD. No significance using Two-Way Repeated Measures ANOVA with Bonferroni post tests.  (C/D/E) Wild-type N. meningitidis strain MC58 was grown in Müeller-Hinton broth media containing 500 nM tetraspanin-derived peptides (Peptides A, C or E) or their scrambled controls. Optical density at 600 nm was used to access bacterial growth rates on an hourly basis for 8 hours. A final measurement is taken at 24 hours. Line denotes sigmoidal dose-response (variable slope). No significance using One-Way ANOVA with Tukey’s multiple-comparison test.


[bookmark: _Toc451269889]4.3. Discussion
This chapter presents data that suggests the anti-bacterial adhesion phenomenon exhibited in tetraspanin EC2 recombinant proteins can be reproduced using short synthetic CD9-derived peptides. Six peptides have been identified with the ability to inhibit meningococcal adherence to an endometrial epithelial cell line. This effect was achieved using the peptides at a concentration an order of magnitude lower than the whole EC2 domains. This does not appear to be cell-specific, with similar reductions replicated in a nasopharyngeal epithelial cell line and monocyte-derived macrophages. The protection provided to the cell is slowly lost two hours after treatment. Finally it was shown that the peptides are not directly toxic towards either bacterial or human epithelial cells.
Six peptides designed to mimic regions of the human CD9 EC2 domain were tested for their ability to reduce the adhesion of N. meningitidis to human endometrial epithelial cell line. All peptides were capable of significantly inhibiting the bacterial adhesion in comparison to an untreated control (Section 4.2.1.). However the extent of this inhibition, and the IC50 showed variation between the regions. The data is in agreement with previous findings which demonstrated whole EC2 CD9 recombinant proteins as being capable of reducing bacterial adhesion (Section 3.2.1). This finding suggests that the entire domain is not required in order to protect the cell from infection, that small exogenous peptide sequences are enough to achieve the effect produced against bacterial adhesion. Indeed two peptides, peptide A and peptide E, were capable of achieving comparable reductions in bacterial load but at a concentration an order of magnitude lower than that of whole CD9 domains. Six scrambled control peptides, consisting of the amino acids of the tetraspanin-derived peptides in an altered order, were also tested in the assay. None of these peptide fragments were capable of altering bacterial adhesion to epithelial cells at any concentration tested. This provides evidence that it is the sequence of the residues, as opposed to the intrinsic physical properties of the peptides (charge, size, hydrophobicity) that is causing this effect. It is likely that there is a specific interaction between the peptides and tetraspanins, or their partner proteins on the surface of the cell, which is causing this reduction in infection rates of epithelial cells.
It is assumed that the peptides work though a similar mechanism to that of the whole EC2 domains, perhaps through intercalating into the TEMs on the cell surface. This could cause disruption of the protein: protein interactions that stabilise the microdomain, resulting in the disordering of the TEMs, either through reducing the interaction between tetraspanins or alternatively between tetraspanins and their respective partner proteins. This would result in the potential ‘adhesion platforms’ for the bacterial pathogens to no longer be optimal for adhesion. As describe, the peptides are capable of reducing the likelihood of infection in cells at concentrations an order of magnitude lower then whole protein (the peptides achieved maximum inhibition at 50 nM in comparison to the EC2 domains which were used at 500 nM). Due to their lower molecular weight they may be capable of integrating into the TEMs more readily compared to EC2 domains which may experience higher steric hindrance. This would increase the efficiency by which the CD9-derived peptides reduce bacterial adherence. Later chapters will look further into the potential mechanism by which the tetraspanin-derived peptides may act through. 
The reduction in the infection rate following the use of the tetraspanin-derived peptides was replicated in two distinct epithelial cell lines, HEC-1-B, an endometrial cell line (Section 4.2.1.), and DETROIT 562, a nasopharyngeal cell line (Section 4.2.2.1.). Both cell lines have been shown to express key tetraspanins (CD9, CD63 and CD151) however the expression pattern varied between the epithelial cell types, suggesting cell specificity in the composition of the TEMs (Dr Luke Green, PhD thesis, The University of Sheffield, UK).  This has also been shown in the literature (Section 1.5.). However this variation in the amount of CD9 on the cell surface or composition of TEMs does not appear to alter the response of the cell to CD9-derived peptide treatment. This may be due to the fact that, despite variation in the tetraspanin expression profiles, both cell lines show high overall levels of expression of the tetraspanin superfamily, particularly in the surface expression of CD9. This suggests an abundance of TEMs. Evidence presented in chapter 3 suggests that the effect of EC2 recombinant protein treatment with different exogenous EC2 recombinant proteins is not correlated with tetraspanin expression profiles on the cell. Therefore it can also be suggested that the peptides may not be affected by the specific composition of TEMs on the surface of differing cell types when inhibiting bacterial adhesion, but rather they are having a more nonspecific effect on the architecture of the microdomains. This theory explains the apparent broad specificity of the phenomena on multiple cell types (the effect has also been exhibited in primary-isolated human keratinocytes, but not fibroblasts (Miss Jennifer Ventress, unpublished data, The University of Sheffield, UK). Alternatively, it may be due to different profiles of adhesin receptors present on the surface of the cells, the potential binding partners for tetraspanins. This explanation will be explored in more detail in a later chapter using bacterial adhesin mutants (Chapter 6). 
Tetraspanins have been strongly linked to immune function, with confirmed involvement in a number of cellular processes in several distinct immune cells (Section 1.5.5.4.). This chapter has looked specifically at the effect of the tetraspanin-derived peptides have on the non-opsonic uptake of meningococcus in monocyte-derived macrophages (Section 4.2.2.2.). It has been found that pre-treatment with anti-CD9 antibodies is capable of reducing both opsonic and non-opsonic uptake of the pathogens in MDMs (Dr Luke Green, manuscript in preparation). Data presented in this chapter has shown that pre-treatment with peptide A or peptide E, derived from CD9, is able to replicate this effect in the non-opsonic adhesion of meningococci. Cells treated with these peptides, but not scrambled controls, have shown significant reduction in the adherence of MC58, a wild type strain of N. meningitidis. The effect of the tetraspanin-derived peptides on opsonic uptake was not investigated.
Macrophages and other cells of the innate immune system can operate two distinct mechanisms in order to recognise and respond to specific bacterial factors which act as signs of a bacterial infection. These are either opsonic, which involves direct binding to antibodies or complement components present on a bacterium’s surface (opsonins), or non-opsonic. Non-opsonic interactions involve the recognition of distinguishing patterns and motifs in bacterial factors that are distinctive and indicative of invading pathogens, and are not present on the host cell architecture. These are known as pathogen-associated molecular patterns (PAMPs). PAMPs can be recognised by macrophages using Toll-like receptors or the scavenger receptor superfamily, many of which are involved in the recognition of N. meningitidis (Schmitt et al., 2009). TLR4, which recognises lipooligosaccharide (LOS) (Miller et al., 2005), and to a lesser extent TLR2 and TLR9 (which recognise meningococcal PorB (Massari et al., 2006) and unmethylated CpG DNA motifs respectively (Hemmi et al., 2000)), can lead to cell activation and cytokine release upon recognition of the meningococci. They do not mediate phagocytosis. This process is reliant on uptake receptors such as the scavenger receptor superfamily. Scavenger receptor A (SR-A) has been shown to be the most important factor in meningococcal uptake (Peiser et al., 2002), with Macrophage Receptor with Collagenous structure (MARCO) also playing a role (Mukhopadhyay et al., 2006). CEACAMs have also been shown to participate in meningococcal phagocytosis. Several of these adhesion-related receptors are linked to tetraspanins, and so location in TEM may regulate function (Figdor and van Spriel, 2010). CD9 knock out in mice has been shown to effect TLR4 function in the pro-inflammatory response, suggesting a possible association via the TLR4 co-receptor CD14 (Suzuki et al., 2009). Macrophages deficient in tetraspanin CD37 have an exaggerated pro-inflammatory response to Dectin-1 (Meyer-Wentrup et al., 2007). Scavenger receptor B1 has also been linked to CD81 in HCV infections in hepatocytes (Bartosch et al., 2003). It is therefore tempting to predict that other related immune components of superfamily involved in the detection of meningococci may also associate with tetraspanins and TEMs. It is hypothesised that the reduction exhibited in meningococcal capture by macrophages may be acting in a similar mechanism to that of epithelial cells. We predict that the adhesion receptors for recognition of PAMPs on the macrophage may be present in TEMs; location in these microdomains may be required for optimum function. TEM disruption following peptide treatment may account for the reduced meningococcal association and capture by MDMs. 
 As was seen with epithelial cells in chapter 4, there is a subset of macrophages which appear unaffected by this peptide treatment, binding a similar number of bacteria to the untreated cells. There are multiple non-opsonic receptors which can adhere bacteria to the macrophages for engulfment via phagocytosis. Tetraspanins may not be involved in all of these mechanisms, and therefore there will be a number of routes by which MDMs can associate with a pathogen that are unaffected by disruption of tetraspanin organisation. Macrophage populations can vary widely and each of these mechanisms may be more or less numerous in each cell from a single donor. Macrophages are professional phagocytes. However we found no evidence of an effect on internalisation rates of the bacteria following peptide treatment. This is in accordance with findings in other cell types, where the percentage of bacteria internalised by the cell is unaffected by peptide treatment.
The anti-bacterial adhesion effect exhibited by the peptides is slowly lost from cells after pre-treatment. This begins two hours after the peptides have been washed out of the system and with significant reduction in meningococcal adhesion being lost after four hours (Section 4.2.3.). There is some variation in the half-life of the three peptides tested in the assay. It is possible that the peptides are being digested by exo- and/or endopeptidases produced by the cell. This breakdown of the peptides may occur while the tetraspanin-derived peptides are interfering with tetraspanin architecture on the cell surface, removing the peptide, and in turn the inhibitory effect, allowing the reformation of the TEMs. It is known that TEMs are dynamic structures (Espenel et al., 2008) (Section 1.5.3.) but the rate and extent of microdomain fluidity in endometrial epithelial cells is unknown. Therefore it is hard to predict the time required for TEMs to reform to produce the hypothesised ‘adhesion platform’ once the peptides are no longer present to interfere with the relevant protein: protein interactions. Data presented in Chapter 5 using cyclic peptides, which display increased resistance to digestion by peptidases (Katsara et al., 2006), suggests that this loss in effect is not due to gradual enzymatic breakdown. It may alternatively be due to trafficking and turnover of the tetraspanins (Section 1.5.4.1.). Tetraspanins undergo protein recycling in the cell surface. After a period of time the tetraspanins are internalised and replaced with newly synthesised tetraspanins. The rate this occurs is not consistent among members of the superfamily, with CD9 exhibiting relatively slow turnover (Mantegazza et al., 2004). However, there will be gradual replacement of the tetraspanins post treatment, and this is likely to remove the anti-bacterial adhesion effect of the peptide over time. This may account for the steady reduction in efficiency once excess peptides are removed from the system due to washing of the cells in the assay, as lateral associations between tetraspanins, and tetraspanins and their partner proteins, may once again reform on the cell surface. 
There is a small, but nonetheless significant, reduction in meningococcal adhesion when cells are treated with the tetraspanin-derived peptide once an infection has already been established (Section 4.2.4.). However, the reduction in the bacterial load and, to a lesser extent, the percentage of infected cells, shows a marked improvement when cells are pre-treated as opposed to exposure post-infection. The peptides may therefore be more suited for prophylactic use, as opposed to use in an infection when the bacteria have already associated with the cells, even in the early stages of colonisation. It is unknown which subsets of bacteria are affected by post-infection treatment with peptides, but it can be assumed that this population may be at a different point in the multi-stage process of cellular adhesion (Section 1.1.2.). It is unknown at what point in meningococcal adhesion the tetraspanins are having this effect. The current hypothesis is that the affected bacteria may show a less firm attachment, possibly with fewer individual interactions to human cells, and are therefore more susceptible to modifications to the cellular surface. Alternatively this population of affected bacteria may be at an earlier stage in the process of adhesion to epithelial cells, prior to the specific phase targeted by the tetraspanin-derived peptides. Consequently their adhesion can be inhibited once the cells are treated. Their removal from the cell surface may be encouraged by the sheer stress produced in the washing of the cells in the assay. 
There was no apparent effect on the viability or cell growth and division after incubation of the cell line with the tetraspanin-derived peptides for extended periods of time (1 hour and 24 hours) (Section 4.2.6.). Cell viability was unchanged following peptide treatment, and the resulting predicted disordering of surface TEMs. This was accessed using trypan blue. This is a dye that is unable to penetrate the cell membrane of live cells. However, it is capable of traversing the membranes of dead cells. This allows for viability of a population of cells to be accessed through a cell exclusion method. There is no distinction between apoptotic cells and necrotic cells. This data suggests there is no direct toxicity on the cells from the tetraspanin-derived peptides. Tetraspanins have been implicated in a diverse range of cellular processes, including signal-transduction, migration and endocytic trafficking (Section 1.5.5.). It was a concern that by disrupting TEMs with the peptides, there may be effects on these processes, which would have downstream effects on the viability of the cells. This would have implications for the suitability of these peptide fragments for potential therapeutic applications. Nevertheless, this does not appear to be the case from the preliminary evidence at this point in the investigation. However, further far more detailed investigation of this is needed, especially for the endpoint of use of these peptides in treating infections in humans. The effect of the tetraspanin-derived peptides on the growth rate of the cell line was also accessed. Tetraspanins have been implicated in the control of the cell cycle of eukaryotic cells (Kelic et al., 2001) (Tohami et al., 2007). Previous work in this laboratory has identified changes in tetraspanin expression throughout the cell cycle, with increased expression in S- and G2-phrases (Dr. Luke Green, PhD thesis). It was therefore theorised peptide treatment may alter this intricate process through disruption of TEMs. However there was no effect on the growth of the cells in culture. Further testing of the population of cells in each stage of the cell cycle is advised before making any firm conclusions from this data; however this work would be outside of the boundaries of this project. Other research in this laboratory is investigating the effects of tetraspanin-derived peptides on other cellular processes, outside of the focus on host-pathogen interactions. This includes cell migration and adhesion, which will provide further acumen into the potential indirect toxicity of tetraspanin-derived peptides. 
There was no effect on the growth rate of N. meningitidis during incubation with the tetraspanin-derived peptides, indicating the peptides are not toxic to the bacteria (Section 4.2.6.). This allows us to exclude bacteriostatic or bactericidal effect as an explanation for the reduced bacterial load and infection rate of treated cells. Therefore the reduction identified can be attributed to a reduction in bacterial adhesion. This also allows for infectivity of cells to be assessed using viable counts, without the need to account for a direct effect on bacterial viability. This viable count assay is used in subsequent chapters of this thesis. As described in the introduction (Section 1.1.1.), bacteriostatic and bactericidal properties of traditional antibiotics has led to the sharp rise in resistance in some drugs in a number of pathogens. The mechanism of action of tetraspanin-derived peptides, by avoiding these routes to infectious disease prevention, may lead to a decreased susceptibility to resistance to arise. 
Chapter 4 –Tetraspanin-derived Peptides and Meningococcal Adhesion

To summarise this chapter, six peptides which mimic regions of the CD9 tetraspanin EC2 domain have been identified as potent inhibitors of meningococcal adherence to both epithelial cells and macrophages. This occurs at concentrations lower than that of whole CD9 EC2 domains. The IC50 of these peptides showed some variation. This protective effect on the cell is slowly lost over time, perhaps as the disordered TEMs are reformed due to the dynamic nature of the microdomain. Finally it has been shown that the tetraspanin-derived peptides are not directly toxic to human cells or N. meningitidis. We have established that these peptide fragments can reduce meningococcal adhesion to human cells. In the next chapter we will investigate potential mechanisms to increase this effect, with the aim of the translation of this phenomenon to an antimicrobial therapy. 
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Chapter 5- Coupling Tetraspanin-derived Peptides with other Reagents to Enhance Antimicrobial Properties
[bookmark: _Toc451269890]5.1 Introduction
This chapter investigates potential improvements which could be made to improve the efficacy or stability of the tetraspanin-derived peptides, either through modification of the peptide or through co-application with other agents. The long-term aim is to translate these peptides into an antimicrobial therapy.
[bookmark: _Toc451269891]5.1.1. Peptide Stabilisers
A significant proportion of the active regions of proteins are composed of short alpha helical sequences, which can interact with respective biological targets (either other proteins or nucleic acids). The activity of these regions can be replicated using peptide mimics which mirror these structural components. These are more advantageous compared to whole recombinant proteins, which are limited in their therapeutic use due to complexity, high cost and low bioavailability (Harrison et al., 2010). Peptides are therefore preferred drug candidates. However peptides form only negligible alpha-helical structure in solution due to thermodynamic unfavourability, instead adopting random conformations (Scholtz and Baldwin, 1992). 
Peptide stabilisers are reagents that can be used to encourage the chains to form α-helical secondary structures. Peptide stabilisers currently being researched include hydrocarbon linkers. These bind to the side chains in adjacent helical turns and stabilises the peptide into an alpha-helical structure in a mechanism known as ‘peptide stapling’ (Kim et al., 2011). Another approach is the use of transition metal ions, such as ruthenium, in metal ion clips to form metal-helix interactions on the exterior of the turn which can stabilise the secondary structure (Ma et al., 2009). Twelve peptide stabilisers were investigated in this project for their ability to aid tetraspanin-derived peptides to adopt alpha-helical conformations. Due to patent reasons the structure and mechanism of action of the peptide stabilisers used in this experiment are unknown to the author. They were blind tested in these assays (Section 4.6.2.).
[bookmark: _Toc451269892]5.1.2. Cyclic Peptides
As described in Section 4.1.1., the use of peptides as therapeutics has a number of drawbacks in terms of half-life and absorption of the drug. However through cyclisation of the peptide, these issues can be overcome. Cyclic peptides are polypeptide chains that form a ring, through covalent bonding of either the amino termini, carboxyl termini or side chains. This can produce better biological activity in comparison to their linear counterparts. Cyclisation increases conformational rigidity, in comparison to the relatively flexible linear peptides. This increases the potency of the drug through stronger interactions with its receptor (Horton et al., 2002). Cyclic peptides also show decreased susceptibility to both exo- and endopeptidases, greatly increasing the half-life of the drug following consumption by the patient, aiding its pharmakinetics (Katsara et al., 2006). Despite these advantages for therapeutic use, cyclic peptides are notoriously difficult to produce, due to a need to adopt an entropically unfavourable pre-cyclisation state prior to the final product. Nonetheless, advances in peptide synthesis are meeting some of these challenges to allow for mass production (White and Yudin, 2011).
The first widely used cyclic peptide drug was Gramicidin S, which was shown to have bactericidal activity (Gause and Brazhnikova, 1944). Nowadays there are a considerable number of peptide-based therapies on the market. Many of these therapeutics are similarly antibacterial agents, such as vancomycin, polymyxin and nicin, produced naturally by certain bacterial species. Other therapeutics include immunosuppressants, for example cyclosporine A and anti-angiogenic drugs, for example RGD (White and Yudin, 2011). 
This study utilises two cyclic peptides. These peptides are based on the amino acid sequence of tetraspanin CD9 peptides A and E. There were minor amino acid substitutions performed to allow for cyclisation. These are outlined in Table 5-1. The peptides were produced by Prof. David Fairlie (University of Queensland, Australia). The structures and CD spectroscopy for these peptides are shown in Fig. 5-1. The CD spectroscopy presents evidence that the cyclic peptides form the desired alpha helical structures. This is from a covalent bond between a lysine and a glutamate residue with 
B
Peptide A (cyclic)
Tyr Lys His Lys Asp Asp Val Ile Lys Glu Val Lys Glu Phe Tyr Glu Glu

A
Peptide A (cyclic)
Tyr Lys His Lys Asp Asp Val Ile Lys Glu Val Lys Glu Phe Tyr Glu Glu



D
Peptide A (cyclic)
Tyr Lys His Lys Asp Asp Val Ile Lys Glu Val Lys Glu Phe Tyr Glu Glu

C
Peptide A (cyclic)
Tyr Lys His Lys Asp Asp Val Ile Lys Glu Val Lys Glu Phe Tyr Glu Glu

Figure 5-1. The schematic structure of cyclic tetraspanin-derived peptides and their non-cyclic control peptides, accompanied by their circular-dichroism spectra, identifying the secondary structure of the peptides. 

(A) Peptide A (B) Tyr-Peptide A-Asp (C) cyclic Peptide A (D) cyclic Peptide E. Standard curves for the possible secondary structures of the peptides. 50 % 2,2,2-trifluoroethanol (TFE) is used as an α-helix promoting solvent. Peptide A shows high degrees of random confirmation. Whereas the other three spectra are indicative of different mixtures of α-helical and disordered conformation, with the cyclic peptides showing the highest percentages of helical structures. This work was conducted by the laboratory group of Prof. David Fairlie (University of Queensland, Australia). Schematic diagrams were also obtained from Prof. David Fairlie (University of Queensland, Australia).

+4 spacing, forming a lactam ring (or two rings in the case of peptide A (cyclic)). This provides stabilisation that favours alpha-helical structure to form in the peptide. These would not otherwise form due to a lack of stabilising structures present in a protein (Yu and Taylor, 1999). To form an α-helical structure, the small thermodynamic gain achieved from the formation of hydrogen bonds is dwarfed by the entropic penalty of a more ordered structure, the lactam bridge overcomes this increased energy required to form the ordered structure (Andrews and Tabor, 1999). Through this lactam linkage the cyclic peptides should therefore more closely replicate the native conformation of the corresponding sequence in the CD9 EC2 region, where the majority of the domain is assumed to be in an α-helical secondary structure.
Table 5-1. The protein sequence of the two cyclic peptides and their linear variations.
	Peptide
	Sequence

	Peptide A
	Ser His Lys Asp Glu Val Ile Lys Glu Val Gln Glu Phe Tyr

	Tyr-Peptide A-Asp
	Tyr Ser His Lys Asp Glu Val Ile Lys Glu Val Gln Glu Phe Tyr Asp

	Peptide A (cyclic)
	Tyr Lys His Lys Asp Asp Val Ile Lys Glu Val Lys Glu Phe Tyr Asp Asp

	Peptide E
	Gly Pro Lys Lys Asp Val Leu Glu Thr Phe Thr Val Lys Ser

	Peptide E (cyclic)
	Gly Pro Lys Lys Asp Val Asp Glu Thr Phe Thr Val Lys Ser


Blue represents the amino acid is involved in a lactam bridge. Red represents a substitution in the wild type CD9 sequence. Green represents both involvement in the lactam bridge and substitution. Purple represents an addition to the wild type CD9 sequence.
[bookmark: _Toc451269893]5.1.3. Antibiotics and Antibiotic Resistance
The tetraspanin-derived peptides were also tested in conjunction with a selection of antibiotics currently licensed for use in humans.
5.1.3.1. Mupirocin and Mupirocin Resistance
Mupirocin (pseudomonic acid A) is a widely available antimicrobial agent for topical use. It is used in the treatment of impetigo and wound infection caused by S.  aureus and S. pyogenes. It is also available as a nasal formulation used to eradicate S. aureus carriage in patients and healthcare personnel in an attempt to reduce transmission of the bacteria during comprehensive infection control for outbreaks of methicillin-resistant S. aureus (MRSA). S. aureus carriage is a major risk factor for subsequent infection, with most infections being caused by endogenous strains (Wertheim et al., 2005).
The mode of action of mupirocin is through the isoleucyl tRNA synthetase in S. aureus and Streptococcus species. The antibiotic binds reversibly to the enzyme, ultimately resulting in the inhibition of protein synthesis by halting the incorporation of isoleucine into bacterial proteins. It is bacteriostatic at low concentrations and bactericidal at high concentrations (Hughes and Mellows, 1978).
Response to mupirocin can be divided into three catagories, based on minimum inhibitory concentrations (MIC). Mupirocin susceptibility (wild type) is defined as an MIC below 4 µg ml-1. Low level resistant strains have MICs between 8 – 64 µg ml-1, with high level resistance have MIC above 512 µg ml-1 (Patel et al., 2009). Low-level resistant strains usually have a base change in their native isoleucyl tRNA synthetase gene (ileS) (Udo et al., 2001). Whereas high level resistant strains usually have acquired a plasmid containing the gene mupA encoding a novel isoleucyl RNA synthetase (Antonio et al., 2002).
5.1.3.2. Gentamicin and Gentamicin Resistance
Gentamicin is active against a wide range of bacterial infections, but is particularly used against Gram-negative pathogens, as well as the Gram-positive S. aureus. As it is not absorbed by the gut, it must be given intravenously or intramuscularly, or applied topically to wounds. It is an aminoglycoside antibiotic, and as such is bactericidal through interrupting protein synthesis. This is by interacting with the 30S subunit of the bacterial ribosome. It shows high similarity to other aminoglycoside antibiotics such as kanamycin and streptomycin. As such resistance to gentamicin often confers resistance to the whole family of antibiotics. There is significant levels of resistance to gentamicin, with the most common mechanism of resistance occurring through aminoglycoside-modifying enzymes (Dowding, 1977).


5.1.3.3. Flucloxacillin and Flucloxacillin Resistance
Flucloxacillin is a β-lactam antibiotic of the penicillin class, an inhibitor of bacterial cell wall synthesis (Sutherland et al., 1970). Unlike other β-lactams it is resistant to beta-lactamase, however the drug is still ineffective against methicillin-resistant S. aureus. This is due to an alteration in the bacterial penicillin binding protein which decreases targeting from the drug. Flucloxacillin is only capable of eliminating MRSA infection at high concentrations in vitro (Guenthner and Wenzel, 1984).
[bookmark: _Toc451269894]5.1.4. Anti-microbial Polymer
Hydrogels are highly absorbent polymers consisting of large chains of hydrophilic groups. They have been shown to have a wide number of biomedical applications, including in soft contact lens (Wichterle and Lim, 1960), tissue engineering scaffolds (Silva et al., 2004) and for drug delivery (He et al., 2008). ABA triblock polymers consist of two hydrophobic blocks bridged by a hydrophilic block, forming wormlike micelles in aqueous solutions. This results in a self-forming, free standing gel-like consistency. These block copolymers can be responsive to temperature; changes in heat can cause a shift from wormlike to spherical micelles. The hydrogel, when in the spherical micelle state has low viscosity. This can allow for sterilisation by ultrafiltration, a requirement for biomedical applications. This avoids the deleterious effects of other sterilisation method such as radiation or extended periods of high temperature (Blanazs et al., 2012).
An ABA triblock copolymer, consisting of poly(2-hydroxypropyl methacrylate) (PHPMA) bridged by 2-(methacryloyloxy)ethyl phosphorylcholine (PMPC) in aqueous solution, forming a hydrogel, was utilised in this experiment. This polymer was being investigated for topical drug delivery due to its excellent biocompatibility. However, from a serendipitous observation, it was found this gel has antimicrobial activity (Bertal et al, 2009). The polymer was shown to have bactericidal activity against a wide spectrum of pathogens including S. aureus and P. aureginosa. This effect was shown in a physiologically relevant 3D model of bacterially infected skin. It is hypothesised that the mode of action for this polymer is the moderately hydrophobic PHPMA chains puncturing the bacterial membrane. This causes leakage of the contents of the cytoplasm (Bertal et al., 2009). The project aims to investigate the possible combinational effect of coupling together this antimicrobial polymer with tetraspanin-derived peptides, for the prospect of therapeutic applications. This was a collaboration with Kroto research institute at the University of Sheffield with Dr. Amanda Harvey, who produced the polymer in house for investigation into the hydrogel’s antimicrobial properties.
[bookmark: _Toc451269895]5.2. Results
[bookmark: _Toc451269896]5.2.1. Peptide stabilisers may increase the efficiency of the peptides at reducing the adherence of bacteria.
Screening of peptide stabilisers, which were kindly donated by Prof. David Fairlie from the University of Queensland, Australia, was conducted (Section 5.1.1). Due to patent reasons the structure and exact activity of the peptide stabilisers were undisclosed for this project. Twelve peptide stabilisers were tested for their ability to increase the efficiency by which peptides can inhibit bacterial adherence (Fig. 5-2). The tetraspanin-derived peptides A and E were used to treat cells at a concentration of 10 nM. This was to allow for further increase of inhibition below the maximum rate of reduction previously achieved. Peptide stabilisers were tested at 100 nM, as well as 100 µM to test for possible toxicity to epithelial cells. The results were plotted as percentage deviation from a control of cells treated with only peptide stabilisers. Of the twelve peptide stabilisers tested, two showed significance in the assay, in comparison to a scrambled control, when analysing the number of bacteria per 100 cells. Peptide Stabiliser 6 in conjunction with Peptide A, and Peptide Stabiliser 12 in conjunction with Peptide E, both increased the reduction in the number of organisms associated with 100 cells, at 100 nM and 100 µM (Fig. 5-2 B, D, F and H) (Peptide A and Stabiliser 6 (100 µM), 72.00 ± 21.17 %, Peptide A and Stabiliser 6 (100 nM), 76.22 ± 5.93 %, Peptide E and Stabiliser 12 (100 µM), 72.13 ± 7.84 %, Peptide E and Stabiliser 12 (100 nM), 82.55 ±5.31) (In all cases p ≤ 0.05, n = 3, Two-Way Repeated Measures ANOVA with Bonferroni post tests). When analysing the percentage of infected cells, only the combination of Peptide A and Stabiliser 6 has a significant effect in the assay (Fig. 5-2 A, C, E and G) (Peptide A and Stabiliser 6 (100 µM), 74.49 ± 8.69 %, Peptide A and Stabiliser 6 (100 nM), 74.34 ± 5.01 %) (In both cases p ≤ 0.05, n = 3, Two-Way Repeated Measures ANOVA with Bonferroni post tests). High concentrations of the 
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Figure 5-2. Effect of Peptide Stabilisers anti-adhesive properties of tetraspanin-derived peptides on meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes, along with a peptide stabiliser at 100 nM or 100 µM. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at and MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A/C/E/G) Change in the percentage of infected cells. (B/D/F/H) Change in the percentage of infected cells. n = 3, mean ± SD. * p ≤ 0.05, Two-Way Repeated Measures ANOVA with Bonferroni post tests. 
Peptide Stabilisers displayed no signs of toxicity during the assay or when observing the cells on the confocal microscope. There was no significant affect from any of the peptide stabiliser on the internalisation rate or the number of bacteria per infected cell (data not shown) (Two-Way Repeated Measures ANOVA with Bonferroni post tests).Based on the finding of the large scale screening, these two significant combinations (Peptide A and Stabiliser 6 and Peptide E and Stabiliser 12) were further tested over a wider range of doses (Fig 5-3 and 5-4 respectively). The effect of Peptide A in the assay was significantly increased when pre-treatment of cells was coupled with high concentrations of Peptide Stabiliser 6 (100 nM or 100 µM) in a dose-response pattern at sub-MIC concentrations (5 nM and 10 nM) (Fig. 5-3 A) (Peptide A (5 nM) and Stabiliser 6 (100 nM), p ≤ 0.001, Peptide A (5 nM) and Stabiliser 6 (100 µM), p ≤ 0.0001, Peptide A (10 nM) and Stabiliser 6 (100 nM) and Peptide A (5 nM) and Stabiliser 6 (100 µM), p ≤ 0.05, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). There was no significant effect of the peptide stabiliser below 100 nM concentration, however an increase in the anti-adhesive effect was observed at 10 nM. When the peptide was present at concentrations of maximum response (50 nM) there was no further increase of the effect with the presence of Peptide Stabiliser 6, even at very high concentration. As with previous experiments this response was mirrored when analysing the number of bacteria in a population of cells (Fig 5-3B) ( Peptide A (5 nM) and Stabiliser 6 (100 nM) and Peptide A (10 nM) and Stabiliser 6 (100 nM), p ≤ 0.001, Peptide A (5 nM) and Stabiliser 6 (100 µM) and Peptide A (5 nM) and Stabiliser 6 (100 µM), p ≤ 0.0001, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). At all doses tested, there was no observable effect on internalisation rate or the ratio of bacteria to infected cell (Fig. 5-3 C and D). 
These conclusions are duplicated when the protocol was replicated with Peptide E and Peptide stabiliser 12. As with Stabiliser 6, the presence of high concentrations of Stabiliser 12 in the assay (100 nM or 100 µM) significantly increased the ability of sub-MIC of Peptide E (5nM or 10 nM) to reduce the percentage of cell infected after the addition of meningococci (Fig 5-4 A) (Peptide E (5 nM) and Stabiliser 12 (100 nM) and Peptide E (5 nM) and Stabiliser 12 (100 µM), p ≤ 0.0001, Peptide E (5 nM) and Stabiliser 12 (100 µM), p ≤ 0.01, Peptide E (10 nM) and Stabiliser 12 (100 nM), p ≤ 0.05, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). Lower concentrations of the peptide stabiliser in the assay (10 nM) had no significant affect. At 
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Figure 5-3. Effect of Peptide stabiliser 6 on the anti-adhesive properties of tetraspanin-derived peptide A on meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were treated with CD9-derived synthetic peptide A (5, 10 or 50 nM) and Peptide Stabiliser 6 (10, 100 nM or 100 µM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at and MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Samples were calculated as a percentage against a untreated control, which was set at 100 %.(A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD **** p ≤ 0.0001, *** p ≤ 0.001, * p ≤ 0.05. Two-Way Repeated Measures ANOVA with Bonferroni post tests.
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Figure 5-4. Effect of Peptide stabiliser 6 on the anti-adhesive properties of tetraspanin-derived peptide A on meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were treated with CD9-derived synthetic peptide E (5, 10 or 50 nM) and Peptide stabiliser 12 (10, 100 nM or 100 µM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at and MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Samples were calculated as a percentage against a untreated control, which was set at 100 %.(A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. Two-Way Repeated Measures ANOVA with Bonferroni post tests.

Peptide Stabilisers displayed no signs of toxicity during the assay or when observing the cells on the confocal microscope. There was no significant affect from any of the peptide stabiliser on the internalisation rate or the number of bacteria per infected cell (data not shown) (Two-Way Repeated Measures ANOVA with Bonferroni post tests).internalisation rate or the number of bacteria associated with each infected cell (Fig 5-4 C and D).
Twelve peptide stabilisers were screened along with two tetraspanin-derived peptides (A and E) for their ability to increase the anti-adhesive effect against N. meningitidis. Of those tested, two combinations showed a significant ability to increase the effects of the CD9-derived peptides (Stabiliser 6 with Peptide A and Stabiliser 12 with Peptide E). There were no obvious signs of toxicity to the cells. These stabilisers can increase the effect of low concentrations of peptides to reduce the attachment of bacteria to pre-treated cells. However when the peptides were present in the assay at concentrations for maximal inhibition, there was no subsequent further increase in inhibition.  
[bookmark: _Toc451269897]5.2.2. Cyclisation of the tetraspanin-derived peptides may increase their anti-bacterial adhesion capabilities
5.2.2.1. The cyclisation of the peptides may increase the efficiency of the peptides at reducing the adherence of bacteria.
Through a further collaboration with Prof. David Fairlie (University of Queensland, Australia), cyclic variations of two tetraspanin-derived peptides (Peptide A and E) were obtained (Section 5.1.2.). These were tested for improved performance in comparison to non-cyclic versions in the meningococcal adhesion assay. Assessment of the peptides on N. meningitidis adhesion to human endometrial epithelial cells at working concentration (50 nM) is shown in Fig. 5-5. Peptides A and E were tested against their scrambled and cyclic variants. Peptide A was also tested against a replica produced by Fairlie’s laboratory (Peptide A (2)) and a modified Peptide A with a tyrosine residue addition at its N-terminus and an aspartate residue at the C-terminus. These changes were present in the cyclic peptide A to allow for cyclisation. It should be noted that several changes made in the cyclic peptide A are not present in the modified peptide A (Lys for a Glu in position 4, Asp for a Glu in position 5, Lys for a Gln in position 12, addition of a Asp between positions 4 and 5), as such the effect of these changes cannot 







Figure 5-5. Effect of Peptide cyclisation on the anti-adhesive properties of tetraspanin-derived peptides on meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were treated with CD9-derived synthetic peptides, cyclise variations or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at and MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD. **** p ≤ 0.0001, One-Way ANOVA with Tukey’s multiple-comparison test. (E-H) Untransformed data. n = 4, line denotes mean.


be concluded. All peptides tested significantly reduced the percentage of cells infected in comparison to the scrambled control (Fig. 5-5 A) (Peptide A, 52.75 ± 4.38 %, Peptide A (2), 55.49 ± 3.61 %, Peptide A (cyclic), 54.11 ± 9.94 %, Tyr-Pep. A-Asp, 48.81 ± 8.80 %, Peptide E, 47.71 ± 4.12 %, Peptide E (cyclic), 35.24 ± 4.00 %) (in all cases, p ≤ 0.0001, n = 4, One-Way ANOVA with Tukey’s multiple-comparison test). There is a similar conclusion for the numbers of bacteria associated with 100 cells (Fig. 5-5 B) (Peptide A, 49.95 ± 4.48 %, Peptide A (2), 49.91 ± 4.69 %, Peptide A (cyclic), 48.57 ± 6.02 %, Tyr-Pep. A-Asp, 48.43 ± 5.81 %, Peptide E, 45.35 ± 1.76 %, Peptide E (cyclic), 35.46 ± 3.40 %)  (in all cases, p ≤ 0.0001, n = 4, One-Way ANOVA with Tukey’s multiple-comparison test). In both cases there was no significant difference between the cyclic and non-cyclic variations of the peptides. There was also no significant difference in the two variations of Peptide A. This suggests that the methodological difference in how these peptides are produced had no effect on the anti-bacterial adhesion effect, in agreement with Section 4.2.1.3. Finally the addition of a tyrosine and aspartate to the peptide’s termini had no effect within the assay. There was no observable effect on internalisation or bacteria per infected cell (Fig. 5-5 C and D).
5.2.2.2. The effect of cyclisation on the dose response of tetraspanin-derived peptides
[bookmark: OLE_LINK14]Due to the lack of significant effect on maximum inhibition of meningococcal adhesion from cyclisation of the peptides at a concentration of 50 nM, a dose response was produced to determine if there is an effect on the IC50 (Fig. 5-6). The peptides were used to treat endometrial epithelial cells at concentration of a 0.5, 5 or 50 nM. Bacterial attachment was accessed by the percentage of infected cells (Fig 5-6 A and B). All peptides tested were capable of significantly reducing bacterial adhesion from the scrambled control at concentrations as low as 5 nM. However only the cyclic variations (Tyr-Peptide A-Asp (cyclic) and Peptide E (cyclic) demonstrated significant reductions in the number of cells with adherent bacteria at 0.5 nM. Peptide E showed significant variation compared to Cyclic Peptide E in the percentage change in infected cells (p ≤ 0.05, One-Way ANOVA with Tukey’s multiple-comparison test). Table 5-2 outlines the decrease in the IC50 for cyclic variation. There was no significant variation in maximum reduction in the number of cells with adherent bacteria. There was no variation between the two batches of Peptide A, nor the modifications required in Peptide A for cyclisation. These results showed similar inference on bacterial adhesion 

[image: ]
Figure 5-6. Dose response effect of peptide cyclisation on the anti-adhesive properties of tetraspanin-derived peptides on meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were treated with CD9-derived synthetic peptides, cyclise variations or scrambled control peptides over a range of concentrations (0.5, 5 or 50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at and MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. X scale plotted as log (X). Line represents log(inhibitor) vs. response. Dotted line denotes respective scrambled control at 50 nM. (A/B) Change in the percentage of infected cells. (C/D) Change in the number of bacteria per 100 cells. n = 3, mean ± SD.  * portrays significance from scrambled control peptide, † portrays significance from non-cyclic peptide, **** p ≤ 0.0001, *** p ≤ 0.001, */† p ≤ 0.05. One-Way ANOVA with Tukey’s multiple-comparison test.


be concluded. All peptides tested significantly reduced the percentage of cells infected in comparison to the scrambled control (Fig. 5-5 A) (Peptide A, 52.75 ± 4.38 %, Peptide A (2), 55.49 ± 3.61 %, Peptide A (cyclic), 54.11 ± 9.94 %, Tyr-Pep. A-Asp, 48.81 ± 8.80 %, Peptide E, 47.71 ± 4.12 %, Peptide E (cyclic), 35.24 ± 4.00 %) (in all cases, p ≤ variation in internalisation rate or the number of bacteria per infected cell (data not shown).

Table 5-2. The approximate IC50 and maximum inhibition, as shown as percentage of the control of the cyclic peptides and their respective non-cyclic variants. 

	Peptide
	Minimum percentage of the control
	IC50

	Peptide A
	47.00 ± 4.14 %
	5.02 nM

	Peptide A (2)
	46.81 ± 5.23 %
	4.65 nM

	Tyr-Peptide A-Asp (cyclic)
	40.93 ± 4.07 %
	1.80 nM

	Tyr-Peptide A-Asp
	44.27 ± 3.58 %
	5.14 nM

	Peptide E
	44.60 ± 4.92 %
	5.92 nM

	Peptide E (cyclic)
	44.74 ± 3.55 %
	1.34 nM



5.2.2.3 Peptide cyclisation has no impact on the rate of the loss of anti-adhesion effect on cells over time
It was shown that the anti-bacterial adhesion phenomenon of peptide treated cells decays over time from 2 hours after pre-treatment (Section 4.2.3.). The effect of cyclisation of the peptides on this loss of the anti-bacterial adhesion effect over time in endometrial epithelial cells is shown in Fig. 5-7, using an identical protocol. HEC-1-B cells were pre-treated with tetraspanin-derived peptides or their cyclic variants for 30 min at 50 nM. A specific time delay was then imposed (0, 2, 4 or 6 hours) before subsequent infection with N. meningitidis. Significant reduction in bacterial adhesion (assessed by the number of cells with associated bacteria) from an untreated controlwas present in the cells up to 4 hours after pre-treatment, thereafter the effect was lost from the cell (Fig 5-7 A and B) (Peptide A, 74.38 ± 12.23 %, Peptide A (2), 72.99 ± 9.53 %, Peptide A (cyclic), 59.89 ± 5.78 %, Tyr-Pep. A-Asp, 74.27 ± 14.53 %, Peptide E, 78.09 ± 8.38 %, Peptide E (cyclic), 60.80 ± 4.30 %) (One-Way ANOVA with Tukey’s multiple-comparison test). This was true for all peptides with the exception of the 
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Figure 5-7. Loss of the effect peptide cyclisation upon meningococcal adherence to human endometrial epithelial cells over time.

HEC-1-B cells were treated with CD9-derived synthetic peptides, cyclise variations or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed. This was followed by further incubation of cells for the stated length of time (0h, 2h, 4h or 6h) before infected with wild-type MC58 Neisseria meningitidis for 1 hour at and MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. Line represents one phase association. Dotted line denotes respective scrambled control at 50 nM. (A/B) Change in the percentage of infected cells. (C/D) Change in the number of bacteria per 100 cells. n = 3, mean ± SD.  * portrays significance from scrambled control peptide, † portrays significance from non-cyclic peptide, **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, † p ≤ 0.05. One-Way ANOVA with Tukey’s multiple-comparison test. 


scrambled controls which showed no effect in the assay. There was no significant effect of cyclisation of the peptide on the kinetics of the peptide in the assay, apart from minor significance with Peptide E vs. Peptide E (cyclic) at 4 hours. This suggests that cyclisation has little to no effect on the loss of the protection provided by the peptides against infection.  The conclusions are mirrored when accessing bacterial adhesion in terms of the number of organisms association with 100 cells (Fig 5-7 C and D). There is no variation in internalisation rate or bacteria per infected cell (data not shown).
It has been shown that cyclisation of the peptide does not alter their anti-bacterial adhesion property at the working concentration for maximum reduction from the control (50 nM), with reduction in bacterial adhesion remain at approximately 50 % of the control. The cyclic peptides also do not appear to increase the length of time by which this effect remains in the cell following treatment. However there is some evidence that cyclisation of the peptides, particularly peptide E, may increase their ability to reduce bacterial adherence at lower concentrations, with reduction in the IC50 concentration of the peptides in the assay.
[bookmark: _Toc451269898]5.2.3. Tetraspanin-derived peptides work in synergy with clinically relevant antibiotics
5.2.3.1. Peptide treatment can increase the efficiency of mupirocin at clearing a Staphylococcus aureus infection in epithelial cells
The potential for coupling the tetraspanin-derived peptides with traditional antibiotics, currently on the market was explored in this section. This potential was accessed by the ability to eliminate a S. aureus infection in a population of cells. Evidence is presented in chapter 6 that indicates the tetraspanin-derived peptides are capable of reducing S. aureus adhesion to endometrial epithelial cells. Cells were infected with wild-type Oxford strain S. aureus. A dose response for the antibiotic mupirocin on bacterial survival was produced, as shown through colony forming unit ml-1. This is shown in Fig. 5-8A. The dose response data fits a two-phase decay model. There was a sharp decrease in survival of S. aureus in the presence of >5 ng ml-1 mupirocin. This began to plateau from 100 ng ml-1. There was a second reduction in bacterial survival at 5 µg ml-1 mupirocin. This again began to plateau at 50 µg ml-1, with a very small population of resistant bacteria still viable within the population of cells. This two phase response 


Figure 5-8. Dose response of mupirocin on Staphylococcus aureus survival in peptide A treated human endometrial epithelial cells.
HEC-1-B cells were treated with CD9-derived Peptide A (50 nM) for 30 minutes either before or after infection with Oxford strain Staphylococcus aureus for 1 hour at an MOI of 50, Cells were washed and treated with mupirocin over a range of doses for 3 hours. Cells were permeablised using 2 % saponin solution before viable bacteria were counted and standardised to colony forming units ml-1. (A) Control dose response (B) Pre-infection treatment with Peptide A (C) Post-infection treatment with Peptide A. (A-C) Coloured lines indicate individual repeats. Black line represents mean two phase decay for all repeats. Dotted line represents mean non-mupirocin treated control without peptide treatment. Dashed line represents mean non-mupirocin with peptide treatment. (D) Bacterial survival calculated as a percentage against a control of non-peptide and non-mupirocin treatment, which was set at 100 %. n = 3 ± SD. **** p ≤ 0.0001, * p ≤ 0.05. Black line represents two phase decay. * portrays significance from control vs. Peptide A (pre-infection treatment), * portrays significance from control vs. Peptide A (post-infection treatment), Two-Way Repeated Measures ANOVA with Bonferroni post tests.


may be due to mupirocin being bacteriostatic at low concentrations and bactericidal at high concentrations. This dose response was repeated with cells which had been pre-treated with tetraspanin-derived peptide A prior to inoculation with the bacteria (Fig. 5-8B) and cells which had received this treatment after infection with S. aureus (Fig. 5-8C). This data is summarised is Fig 5-8D as % survival of the bacterial population in comparison to an untreated control. Pre-treatment with peptide A caused a significant reduction in CFU ml-1 at low concentrations of mupirocin, reducing bacterial load at sub-MIC doses of the antibiotic (p ≤ 0.0001, Two-Way Repeated Measures ANOVA with Bonferroni post tests). This reduction was lost at concentrations exceeding 10 ng ml-1. There was also a significant reduction in bacterial load at sub-MIC of mupirocin in cells that were treated with peptide A after inoculation with bacteria (p ≤ 0.05, Two-Way Repeated Measures ANOVA with Bonferroni post tests). This was to a lesser degree then seen with pre-treatment of the cells. This significant reduction in bacterial number is lost following mupirocin treatment at concentrations above 5 ng ml-1. At high concentrations of mupirocin there was no evident effect of peptide A treatment on bacterial response to the antibiotic. 
5.2.3.2. Peptide treatment can increase the efficiency of gentamicin at Sub-MIC at clearing a Staphylococcus aureus infection in epithelial cells
This protocol was repeated with the antibiotic gentamicin. Unlike mupirocin, which can penetrate into the cytoplasm, gentamicin cannot cross the membrane of a mammalian cell and so only extracellular bacteria are vulnerable to its antimicrobial effects. A dose response was performed using a similar protocol used in Section 5.2.3.2. A two phase curve was again determined (Fig. 5-9A). Reduction in bacterial load was seen from concentrations >5 ng ml-1. This reduction in cfu/ml began to plateau from 250 ng ml-1. A second reduction began as gentamicin concentration reached 25 µg ml-1, before again plateauing at 250 µg ml-1. At this point the bacterial number present in the population of cells was minimal. This was repeated in cells pre-treated with tetraspanin-derived peptide A (Fig, 5-9B). Data was also shown as % survival of the bacterial population in comparison to an untreated control (Fig. 5-9C). Bacterial number was consistently lower in peptide pre-treated cells across the dose response to gentamicin. This decrease was statistically significant at sub-MIC of gentamicin, at concentrations below 25 ng ml-1 (p ≤ 0.01, Two-Way Repeated Measures ANOVA with Bonferroni post tests). 


Figure 5-9. Dose response of gentamicin on Staphylococcus aureus survival in peptide A treated human endometrial epithelial cells. 
HEC-1-B cells were treated with CD9-derived Peptide A (50 nM) for 30 minutes before infection with Oxford strain Staphylococcus aureus for 1 hour at an MOI of 50 Cells were washed and treated with gentamicin over a range of doses for 1 hours. Cells were permeablised using 2 % saponin solution before viable bacteria were counted and standardised to colony forming units ml-1. (A) Control dose response (B) Treatment with Peptide A. (A & B) Coloured lines indicate individual repeats. Black line represents mean three phase decay for all repeats. Dotted line represents mean non-gentamicin treated control without peptide treatment. Dashed line represents mean non-mupirocin with peptide treatment. (C) Bacterial survival calculated as a percentage against a control of non-peptide and non-gentamicin treatment, which was set at 100 %. n = 3 ± SD. ** p ≤ 0.01. Black line represents three phase decay. Two-Way Repeated Measures ANOVA with Bonferroni post tests.


5.2.3.3. Peptide treatment can increase the efficiency of flucloxacillin at sub-MIC at clearing a methicillin-resistant Staphylococcus aureus infection in epithelial cells
The effect of coupling the anti-bacterial adhesion properties of the peptides with traditional antibiotics was investigated in a bacterial strain which exhibits high levels of resistance to the antibiotic, specifically a strain of methicillin-resistant S. aureus  (MRSA), NCTC 14132, at an MOI of 50, and the β-lactam flucloxacillin, using the previously described protocol. The dose response of the antibiotic the MRSA displayed inefficient killing of the pathogen, even at high concentrations. Approximately 50 % of the bacterial population was still viable at an antibiotic concentration of 2.5 mg ml-1 (Fig.5-10A). The antibiotic was not capable of eliminating the infection from the cells. Reduction of bacterial load in significant amounts occurred at concentrations above 1µg ml-1. When cells are pre-treated with 50 nM peptide A prior to infection with MRSA there is a significant reduction of 35-40 % in cfu ml-1, presumably due to a reduction in bacterial adhesion. The bacteria appear more vulnerable to elimination by flucloxacillin, reductions in bacterial number occurred at concentrations as low as 0.01 µg ml-1 (Fig. 5-10B). Almost total elimination of the MRSA was achieved from the cells at concentrations above 25µg ml-1, where numbers of viable bacteria present in the cells were just in the detectable range. Data was also shown as % of the bacterial population in comparison to an untreated control (Fig. 5-10C). Peptide treatment causes a consistently significant reduction in bacterial number in a population of epithelial cells following infection. This was across the flucloxacillin dose response, causing an elimination of the infection which could previously not be achieved (Two-Way Repeated Measures ANOVA with Bonferroni post tests).
To determine if this increased ability of flucloxacillin to eliminate a previously resistant strain of S. aureus from a population of cells post-peptide A treatment was due to a reduction of bacterial load in the system, the protocol was repeated at a higher MOI of 80 (Fig. 5-11). This increase in the MOI was demonstrated in the increased number of bacteria isolated post infection. In response to flucloxacillin there was only minor reduction in colony forming units, even at very high concentrations (Fig. 5-11A). There was a reduction in bacterial number following peptide A treatment, to levels comparable to that of the control of the previous experiment using an MOI of 50 (approximately 1.2 x 109 cfu ml-1). In response to the flucloxacillin dose response, there was only minor reduction in bacterial population as the concentration increases (Fig. 5-11B). When 


Figure 5-10. Dose response of flucloxacillin on methicillin-resistant Staphylococcus aureus survival in peptide A treated human endometrial epithelial cells at an MOI of 50.
HEC-1-B cells were treated with CD9-derived Peptide A (50 nM) for 30 minutes before infection with NCTC 14132 strain methicillin-resistant Staphylococcus aureus for 1 hour at an MOI of 50. Cells were washed and treated with flucloxacillin over a range of doses for 1 hours. Cells were permeablised using 2 % saponin solution before viable bacteria were counted and standardised to colony forming units ml-1. (A) Control dose response (B) Treatment with Peptide A. (A & B) Coloured lines indicate individual repeats. Black line represents mean three phase decay for all repeats. Dotted line represents mean non-mupirocin treated control without peptide treatment. Dashed line represents mean non-flucloxacillin with peptide treatment. (C) Bacterial survival calculated as a percentage against a control of non-peptide and non-flucloxacillin treatment, which was set at 100 %. n = 3 ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01. Black line represents three phase decay. Two-Way Repeated Measures ANOVA with Bonferroni post tests.



Figure 5-11. Dose response of flucloxacillin on methicillin-resistant Staphylococcus aureus survival in peptide A treated human endometrial epithelial cells at an MOI of 80.

HEC-1-B cells were treated with CD9-derived Peptide A (50 nM) for 30 minutes before infection with NCTC 14132 strain methicillin-resistant Staphylococcus aureus for 1 hour at an MOI of 80. Cells were washed and treated with flucloxacillin over a range of doses for 1 hours. Cells were permeablised using 2 % saponin solution before viable bacteria were counted and standardised to colony forming units ml-1. (A) Control dose response (B) Treatment with Peptide A. (A & B) Coloured lines indicate individual repeats. Black line represents mean three phase decay for all repeats. Dotted line represents mean non-mupirocin treated control without peptide treatment. Dashed line represents mean non-flucloxacillin with peptide treatment. (C) Bacterial survival for a MOI of 50 and MOI of 80 calculated as a percentage against a control of non-peptide and non-flucloxacillin treatment, which was set at 100 %. n = 3 ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01. Black line represents three phase decay. Two-Way Repeated Measures ANOVA with Bonferroni post tests, Peptide A MOI 50 vs. Peptide A MOI 80.

plotted as % survival of the control, the dose response following peptide A treatment between a MOI of 50 and a MOI of 80 displayed a significant difference at concentrations above 0.1µg ml-1 (Fig. 5-11C) (Two-Way Repeated Measures ANOVA with Bonferroni post tests).
MRSA displays high levels of resistance to flucloxacillin, with minimal killing of the pathogen in epithelial cells, even at very high concentrations. However if cells are pre-treated with tetraspanin-derived peptide A prior to infection the previously ineffective antibiotic was capable of eliminating the majority of bacteria. However if the infective dose is higher, this increase in the killing efficiency of flucloxacillin is lost from the assay. When the MOI is increased, so that the number of bacteria associated with the peptide treated cells is roughly proportional to the untreated control of the lower MOI assay (approximately 1.2 x 109 cfu ml-1 in both cases), the dose response to flucloxacillin is comparable. This suggests that it is the reduction in bacterial adhesion, caused by the peptide, which is allowing the increase in efficiency of the antibiotic, rather than the peptides working directly with flucloxacillin to kill the adherent bacterial cells.
[bookmark: _Toc451269899]5.2.4. The peptides do not appear to have a combinational effect with an experimental antibacterial polymer
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]The potential of a combinational effect was explored between the tetraspanin-derived peptides and an antimicrobial hydrogel copolymer obtained through collaboration with Dr Amanda Harvey and Prof. Sheila MacNeil (University of Sheffield, UK) (Section 5.1.4). This was a bactericidal polymer. The effect of co-treatment of endometrial epithelial cells on N. meningitidis adhesion is shown in Fig. 5-12. In the control, when cells were not pretreated with the antimicrobial polymer, all tetraspanin-derived peptides (Peptides A, C and E) were capable of significantly reducing bacterial adhesion from the scrambled control, as shown in the number of infected cells (Fig. 5-12A) (Scrambled Peptide A, 100.36 ± 8.75 %, Peptide A, 65.85 ± 8.40 %, Peptide C, 68.86 ± 13.95 %, Peptide E, 63.14 ± 10.40 %) (in all cases, p ≤ 0.0001, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). The addition of the hydrogel caused a significant reduction in bacterial adhesion regardless of peptide treatment (Control, 100.36 ± 8.75 %, Polymer, 65.88 ± 6.28 %) (p ≤ 0.01, n = 4, paired t-test). However when the tetraspanin-derived peptides were co-incubated with the copolymer, 
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Figure 5-12. Combinational effect of an anti-bacterial polymer on the anti-adhesive properties of tetraspanin-derived peptide on meningococcal adherence to human endometrial cells.

HEC-1-B cells were treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes, along with an in house produced anti-microbial polymer (20 % w/v). The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at a MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. (D) Change in the internalisation rate. n = 4, mean ± SD. **** p ≤ 0.0001, Two-Way Repeated Measures ANOVA with Bonferroni post tests. (E-H) Untransformed data. n = 4, line denotes mean.

there was no addition effect on the reduction of bacterial adhesion. There was no significant difference between the scrambled control and tetraspanin-derived peptides (n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). These conclusions are in agreement with analysis of the number of bacteria per 100 cells (Fig. 5-12B). The tetraspanin-derived peptides and the antimicrobial hydrogel polymer had no significant effect on the number of organisms per 100 cells or internalisation rate (Fig. 5-12C and D).
[bookmark: _Toc451269900]5.3. Discussion
This chapter investigated potential methods to increase the potency of the inhibitory effect with which tetraspanin-derived peptides have upon bacterial adhesion to epithelial cells. This was through modification of the peptides, as well as through coupling treatment with other reagents. The results of these modifications have been mixed. Stabilisation of the α-helical structure of the peptides, through either peptide cyclisation or the use of peptide stabilisers has a significant but relatively minor effect on the inhibitory potential of the peptides. There was also no effect of coupling of the peptide with an antimicrobial polymer investigated in collaboration with the faculty of engineering. However there was evidence to suggest that the tetraspanin-derived peptides could be used in conjunction with antibiotics currently available on the market, to provide further protection at sub-minimal inhibitory concentrations.
The ability of the peptides to work in conjunction with currently licenced antibiotics (mupirocin (Section 5.2.3.1.), gentamicin (Section 5.2.3.2.) and flucloxacillin (Section 5.2.3.3.)) to increase their ability to eliminate bacterial infections in a given population of epithelial cells is probably the most significant of this chapter. The idea of using anti-virulence therapy in parallel with traditional antibiotics is a popular idea within the field at the moment. This would provide two distinct strategies when eliminating an infection. Peptide A, when used to pre-treat cells before an infection can significantly reduce the number of adherent, surviving S. aureus following incubation with traditional antibiotics. Although there was no significant effect from the addition of tetraspanin-derived peptide A at concentrations above the MIC, concentrations below this level displayed a significant reduction in colony forming units. This was seen even against strains which displayed resistance to the antibiotic being used in conjunction with the tetraspanin-derived peptides. It is hypothesised that the peptides were reducing the initial adhesion events of the pathogens, decreasing the extent of colonisation. Unattached bacteria were removed by washing. This reduces the number of bacteria subsequently exposed to antibiotic treatment. This may allow for more effective killing of the pathogens by increasing the ratio of antibiotic to bacteria at below MIC. There was an overall reduction in the absolute number of internalised bacteria following tetraspanin-derived peptide treatment. These internal bacteria are likely to be exposed to lower concentrations of antibiotic, in comparison to the concentration achieved outside of the cytoplasm of the cell, and are therefore more likely to remain viable. When a population of cells are treated at a higher MOI, resulting in numbers of adherent pathogens post-peptide treatment being roughly proportional to adhesion rates to untreated cells at a lower MOI, approximately 1.2 x 109 cfu ml-1, the dose response was comparable (Section 5.2.3.3.). This suggests it is the ability of the peptides to reduce bacterial number, through inhibition of the initial adhesion events which causes this effect. It should be considered, as outlined in the introduction (Section 1.2.2.5.), that sub-MICs of antibiotics are capable of altering bacterial adhesion. The implication of this phenomenon in this assay was not defined.  
This effect was still present when the peptides were added to an established infection at the same time as antibiotics, however to a lesser degree. This result mirrors the reduced efficiency of the peptides to stop meningococcal adhesion when treatment of the cells occurs post-infection (Section 4.2.4.). It is unknown if the surviving population of bacteria post-antibiotic treatment are internalised by the cell, or are intimately attached on the surface of the host cell. When using the antibiotic gentamicin, which cannot penetrate the cell membrane, there was a continued reduction in cfu from peptide A treatment even above MIC, albeit this is not significant. This result hints that, due to the peptide not affecting internalisation rate, but reduces the overall number of internalised bacteria, the surviving bacteria are most likely to be internalised. 
The tetraspanin-derived peptides were capable of reducing bacterial load within a given population of cells when used for pre-treatment prior to infection. This reduction in the number of bacteria might enable traditional antibiotics to more effectively eliminate persisting pathogens. The increased efficiency displayed by traditional antibiotics may allow for infections from resistant strains, such as MRSA, to be eliminated with antibiotics which previously required very high doses in order to be effective.  This would be very beneficial in the current situation, where rapidly increasing levels of drug resistance are being displayed in certain pathogenic species.
Twelve peptide stabilisers were investigated for their ability to increase the inhibitory effect of tetraspanin-derived peptides A and E, on meningococcal adhesion, with two promising combinations being identified (Section 5.2.1.). These were peptide A with peptide stabiliser 6 and peptide E with peptide stabiliser 12. These were consequently tested more thoroughly. It was concluded that the use of these two peptide stabilisers, in combination with their respective peptides, showed the ability to increase the inhibition to bacterial adhesion when the peptides are at sub-optimum concentrations. This was only significant when the peptides were present at very low concentrations (<10 nM). These compounds work by stabilising the structure of the peptide to encourage the formation of an α-helical orientation. Due to issues of intellectual property, the structure and mechanism of action of these peptide stabilisers were not disclosed to the author. 
A similar hypothesis was also tested with the use of cyclic peptides. These were versions of peptides A and E which have been modified to adopt an α-helical conformation, similar to that formed by the presence of a peptide stabiliser. As was seen previously, this structure allows the peptide to significantly increase the inhibitory potential of the tetraspanin-derived peptide, at concentrations as low as 0.5 nM, however the extent of the reduction in bacterial adhesion was minor (Section 5.2.2.2.). When used at optimum concentrations cyclisation appears to have no effect on the efficacy of the peptide (Section 5.2.2.1.). Cyclisation also has no effect on the retention of the effect following washing of the cells (Section 5.2.2.3.). Overall this suggests that the loss of the effect was not due to degradation of the peptides by enzymes, of which cyclic peptides are more resistant to, but another mechanism that is causing the loss of protection.
In comparison to the predicted secondary structure of CD9 EC2 domain (based on its close sequence similarity to CD81), the six tetraspanin peptides roughly correspond with the regions of the five alpha helical structures (with Helix A being covered by both peptide A and B) (Section 1.5.2.2.) (Fig. 4-1). It is probable that the preferred structure of the peptides would therefore be α-helical. This can be maximised using either peptide stabilisers or by producing cyclic peptides for peptides A and E, otherwise the peptides have been shown to adopt a random conformation. In both cases there was no effect on the maximal inhibition of meningococcal adhesion to epithelial cells at the working concentration (50 nM). The IC50 of the cyclic peptides were however lower than non-cyclic peptides, albeit as predicted from only three varying concentrations. At sub-minimal inhibitory concentrations, when the peptides are present at very low concentrations, formation of an α-helical structure can significantly increase the inhibition on bacterial adherence, although this effect is relatively minor. Helical peptides may be superior at disrupting TEMs, either by better intercalating into the microdomains or though forming interactions with tetraspanins or partner proteins. However they are unable to cause any additional disorder of these bacterial ‘adhesion platforms’ above that caused by to non-helical peptides, as seen by the maximum inhibitions being consistent. 
There was no detected synergistic effect between the tetraspanin-derived peptides and an experimental antimicrobial polymer which was under investigation in the Department of Material Science, University of Sheffield, UK (Dr. Amanda Harvey, PhD thesis) (Section 5.2.4.). There was no additional effect of the peptide on inhibiting meningococcal adhesion in cells that have also been co-treated with the antimicrobial polymer. It had been envisioned that the peptides would be attached to a polymer in order to allow delivery to the site of an infection, for example a cut or wound for topical treatment. It would be beneficial if this polymer also displayed antimicrobial properties to increase the chance of protecting from infection by reducing bacterial load. However this does not seem the case from this investigation. The polymer was confirmed to have bactericidal properties using viable counts (data not shown). However as subsequent experiments will show in the proceeding chapter, non-viable bacteria are still capable of binding to human epithelial cells, albeit with significantly lower efficiency. This suggests that bacterial adhesion is not an entirely active process. It involves multiple mechanisms; the initial interaction producing less firm adhesion is likely to based on intrinsic hydrophobic interactions between bacteria and host (Section 1.1.2.). This does not require active participation from the bacteria to occur. Therefore non-viable bacteria may be capable of forming such interactions, allowing adhesion to a host, but at a much lower strength.  The tetraspanin-derived peptides may target a subsequent step in the process of bacterial adhesion. This may require active participation from the bacteria, causing a significant reduction at this stage. As the polymer may kill the Neisseria prior to the pathogens reaching the stage which is receptive to tetraspanin treatment, it can be hypothesised that this may explain the lack of effect of the peptides in cells co-treated with this experimental polymer. The antimicrobial polymer provides protection against bacterial infection. However as the assay used is not capable of distinguishing between viable and non-viable bacteria, dead bacteria may still interacting with cells, but are not capable of true colonisation of tissue and thus of causing disease. Repeat experiments determining the viability of the adherent bacteria to the cells should be performed to further validate this conclusion, for example through the use of a live/dead staining. It is likely that the combinational effect of the antimicrobial polymer with the tetraspanin-derived peptides will show similarities with that of the traditional antibiotics used within this section.
In summary, this chapter has shown that tetraspanin-derived peptides have some potential for use with other reagents in order to increase the efficiency of reducing bacterial adhesion. The peptides show increased potency at very low concentrations if modified to adopt an α-helical confirmation, the secondary structure predicted in the native structure of CD9. This may allow enhanced interaction with the membrane surface features of the host cell. The peptides also show potential for use when coupled with traditional antibiotics, providing protection to the cell from pathogens at sub-MIC levels of mupirocin, gentamicin and flucloxacillin during S. aureus infection. This may provide potential insight into how this tetraspanin-derived peptide therapy may be used as an anti-adhesion therapy.
Chapter 5- Coupling Tetraspanin-derived Peptides with Other Reagents
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Chapter 6- Investigations into the Mechanism of the Tetraspanin-Derived Peptide Interference in Bacterial Adhesion to Epithelial Cells
[bookmark: _Toc451269901]6.1 Introduction	
[bookmark: _Toc451269902]6.1.1. Tetraspanin-enriched microdomains and cholesterol
Tetraspanin-enriched microdomains have been shown to interact with a number of classes of lipids, including cholesterol. Cholesterol appears intrinsic for optimal stability of the structure of the microdomain. Depletion of cholesterol has been shown to cause partial disruption of the integrity of the membrane microdomain. This is possibly via the palmitoylation of the tetraspanins, required for tetraspanin-tetraspanin interactions (Charrin et al., 2003b, Delaguillaumie et al., 2004). Cholesterol depletion reduces the binding of a TEM-specific anti-CD81 antibody, suggesting cholesterol as a requirement for organisation of the TEM (Silvie et al., 2006). Tetraspanin re-organisation through CD82 endocytosis has also been shown to occur in a cholesterol-dependent manner (Xu et al., 2009). Finally cholesterol has been linked to the lateral mobility of tetraspanins. CD9, which usually exhibits Brownian movement in the plasma membrane, can be transiently confined. This is presumed to be in the TEMs (Espenel et al., 2008). This suggests that cholesterol has a large role in the organisation of TEMs within the cellular membrane. Depletion of cholesterol is linked with reduced order in the organisation of tetraspanins into microdomains, likely through disruption of the palmitoylation-dependent tetraspanin-tetraspanin interactions which form the basis of these structures. 




[bookmark: _Toc451269903]6.2. Results
[bookmark: _Toc451269904]6.2.1. The reduction of bacterial adherence due to the peptides is dependent on correct expression on certain bacterial adhesins.
The effect of the tetraspanin-derived peptides on the adhesion of two meningococcal mutants was examined. These mutants have previously been shown to lack expression of either of two key adhesin proteins, the Tfp or Opa (Section 1.3.4.). This experiment was performed to pinpoint the requirement of these adhesins in effective reduction of N. meningitidis adhesion to human endometrial epithelial cells using tetraspanin-derived peptides. This will deliver evidence into the potential stage of the adhesion process that is being targeted by TEM disruption, providing some insight into the possible mechanism of the peptides. 
6.2.1.1. Reduction of bacterial adhesion to human epithelial cells by tetraspanin-derived peptides is dependent on correct expression of the bacterial pili on N. meningitidis 
The anti-bacterial adhesion effect of tetraspanin-derived peptide A was examined on human endometrial epithelial cells challenged by a Type IV pili-ve strain of N. meningitidis in comparison to a corresponding wild-type strain of the bacteria. This data demonstrates a significant reduction in bacterial adhesion of the wild-type strain in response to pre-treatment of cells with tetraspanin-derived peptide A. In comparison, the tfp mutant exhibited no significant response to peptide A against the scrambled control. The experimental protocol replicates that which has previously been described in the preceding chapters (Section 4.2.1.1). Briefly, HEC-1-B cells were pre-treated with either peptide A or a scrambled control, followed by infection with either wild-type strain, MC58, or tfp mutant, M10. Bacterial adhesion was then assessed using immunofluorescent staining. As has previously been exhibited, adhesion of the wild-type MC58 was significantly reduced by treatment with peptide A in comparison to the scrambled control. This was true for when assessing both the overall number of cells infected (Fig 6-1A) (MC58 peptide A, 56.39 ± 6.78 %, MC58 scrambled peptide A, 98.32 ± 4.84 %) (p ≤ 0.0001, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests) and the size of the population of bacteria  associated with the cells (Fig 6-1B) (MC58 peptide A, 50.24 ± 7.18 %, MC58 scrambled peptide A, 96.39 ± 10.66 %) (p ≤ 0.001, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni 




Figure 6-1. Effect of 50 nM CD9-derived synthetic peptides upon pili mutant meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis or pili-ve strain M10 for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. n = 4, mean ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, Two-Way Repeated Measures ANOVA with Bonferroni post tests. (D-F) Untransformed data. n = 4, line denotes mean.


post tests). When this is compared with the tfp mutant, there was no detectable significant effect of the peptide on adhesion, both for the percentage infected cells (Fig 6-1A) (M10 peptide A, 89.08 ± 5.72 %, M10 scrambled peptide A, 95.29 ± 16.44 %)  and numbers of attached bacteria (Fig 6-1B) (M10 peptide A, 124.08 ± 32.12 %, M10 scrambled peptide A, 119.32 ± 27.53 %) (n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). The response between the wild-type and Type IV pili mutant to peptide A was significantly different (p ≤ 0.001, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). There was no detectable effect observed on the number of bacteria associated with each infected cell (Fig 6-1C) (n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). Regardless of peptide treatment, adhesion of tfp deficient strains was at lower levels in comparison to the wild-type strain (Fig 6-1E). 
6.2.1.2. Reduction of bacterial adhesion to human epithelial cells by tetraspanin-derived peptides is independent of correct expression of the Opa adhesin on N. meningitidis
This experiment was repeated using an opa adhesin deficient strain, ȼ2, in comparison to the wild-type MC58 strain.  When used to challenge peptide A or E pre-treated endometrial epithelial cells both meningococcal strain’s adhesion were significantly reduced in comparison to the scrambled controls. This level of inhibition was at comparable levels. Both wild type and opa deficient strains show reduction in bacterial adhesion in response to peptide A or E treatment in comparison to the scrambled control. This was shown in both the overall percentage of infected cells (Fig 6-2A) (MC58 peptide A, 42.01 ± 4.25 %, MC58 peptide E, 50.78 ± 5.92 %, ȼ2 peptide A, 62.61 ± 4.23 %, ȼ2 peptide E, 64.09 ± 6.62 %) and the number of bacteria associated with 100 cells (Fig 6-2B) (MC58 peptide A, 38.25 ± 2.24 %, MC58 peptide E, 31.7 ± 2.81 %, ȼ2 peptide A, 63.31 ± 8.83 %, ȼ2 peptide E, 65.78 ± 10.6 %) (in all cases, p ≤ 0.0001, n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests). It should be noted that although opa mutants were affected by tetraspanin-derived peptides, the percentage of inhibition is significantly less in ȼ2 in comparison to wild-type strain (p ≤ 0.0001, n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests). There was no significant effect on the number of bacteria per infected cell following either peptide A or E treatment (Fig 6-2C) (n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests). As with the tfp mutant, opa deficient 




Figure 6-2. Effect of 50 nM CD9-derived synthetic peptides upon Opa mutant meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis or Opa-ve strain ȼ2 for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. n = 5, mean ± SD. **** p ≤ 0.0001, Two-Way Repeated Measures ANOVA with Bonferroni post tests. (D-F) Untransformed data. n = 5, line denotes mean.


meningococcal strain exhibit much lower levels of adhesion to human epithelial cells (Fig 6-2E).
These results indicate that the mechanism by which tetraspanin-derived peptides are capable of reducing meningococcal adhesion to epithelial cells is dependent on expression of the tfp. Conversely, correct expression of the Opa adhesin is not required for this phenomenon to be exhibited. However, opa mutants exhibit a lesser degree of inhibition (roughly 60% adherence of the control in comparison to the wild type which adhered at 40% of the untreated control), suggesting that the Opa adhesin may have a secondary role in tetraspanin-dependent adherence. This finding can give some insight by which this mechanism is working, suggesting it is the adhesion via the tfp which is greatly affected by TEM disruption. It is currently unknown the role other meningococcal adhesins such as Opc or the capsule have on the tetraspanin-dependent interaction between host and N. meningitidis.
[bookmark: _Toc451269905]6.2.2. Inhibition of bacterial adherence by tetraspanin-derived peptides is similarly exhibited against Gram-positive bacterial strains
The tetraspanin-derived peptides were examined for their ability to inhibit other bacterial ‘adhesion platforms’ besides N. meningitidis. The process of the adhesion varies between bacterial species, which utilise different adhesins to recognise different receptors on host cell surfaces. However we hypothesise there may be an overarching basis of TEMs in many of these adhesion processes. We investigated the use of peptides in inhibiting other pathogens, specifically common Gram-positive pathogens S. aureus and S. pneumoniae. This will allow us to predict the specificity of any drug-based therapy which may be born out of this research.
6.2.2.1 Tetraspanin-derived peptides can significantly inhibit the adhesion of Staphylococcus aureus to human endometrial epithelial cells
The ability of the tetraspanin-derived peptides to reduce the adhesion of S. aureus to human epithelial cells was investigated in the bacterial adhesion assay, using a wild-type Oxford strain (NCTC 6571). Cells were pre-treated with either peptide A or E or a scrambled control (50 nM) before being challenged by the pathogen for 1 hour at a MOI of 50. When cell adhesion was assessed by both the percentage of infected cells in comparison to an untreated control (Fig 6-3A) (peptide A, 71.54 ± 14.32 %, peptide E, 




Figure 6-3. Effect of 50 nM CD9-derived synthetic peptides upon Staphylococcus aureus adherence to human endometrial epithelial cells.

HEC-1-B cells were pre-treated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type Oxford strain Staphylococcus aureus for 1 hour at an MOI of 50. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. n = 6, mean ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, * p ≤ 0.05, Repeated measures One-Way ANOVA with Tukey’s multiple-comparison test. (D-F) Untransformed data. n = 6, line denotes mean.


76.94 ± 13.16 %, scrambled peptide A, 99.12 ± 6.24 %) (peptide A, p ≤ 0.0001, peptide E, p ≤ 0.001, n = 6, Repeated Measures One-Way ANOVA with Tukey’s multiple-comparison test) and the number of pathogens associated with 100 cells (Fig 6-3B) (peptide A, 50.92 ± 7.6 %, peptide E, 58.33 ± 9.44 %, scrambled peptide A, 96.93 ± 5.99 %) (In both cases p ≤ 0.0001, n = 6, Repeated Measures One-Way ANOVA with Tukey’s multiple-comparison test), both peptide A and peptide E were capable of significantly reducing S. aureus attachment. This effect was show to reduce bacterial adhesion by roughly 30 %, as opposed to a 50 % reduction in the adhesion of N. meningitidis. There was a significant reduction in the number of bacteria per infected cell, however this effect is minor (Fig 6-3C) (peptide A, 71.23 ± 18.43 %, peptide E, 97.92 ± 18.66 %, scrambled peptide A, 97.92 ± 14.23 %) (In both cases p ≤ 0.05, n = 6, Repeated Measures One-Way ANOVA with Tukey’s multiple-comparison test). 
6.2.2.2. Tetraspanin-derived peptides can significantly inhibit the adhesion of Streptococcus pneumoniae to human endometrial epithelial cells
This work was conducted by Miss Claire Hetherington under the supervision of the author as part of the Sheffield Undergraduate Research Experience (SURE) scheme. This portion of the project was funded by the Wellcome trust.
[bookmark: OLE_LINK7]The reduction in the adhesion of the Gram-positive pathogen S. pneumoniae to epithelial cells due to tetraspanin-derived peptide treatment was similarly investigated, specifically using the bacterial strain D39. Cells were tested with treatment of peptides A, B or D and their respective scrambled controls. Adhesion was quantified as being represented as the number of associated organisms attached to 100 cells (Fig 6-4A). Both peptides A and B significantly reduced bacterial adhesion in comparison to scrambled controls (Peptide A, 40.26 ± 16.94 %, Peptide A scrambled, 89.85 ± 44.86 %, Peptide B, 48.23 ± 21.7 %, Peptide B scrambled, 102.6 ± 26.91 %) (In both cases p ≤ 0.01, n = 8, Repeated Measures One-Way ANOVA with Tukey’s multiple-comparison test). Peptide D caused some reduction in bacterial adhesion but this was not shown to be significant (Peptide D, 65.5 ± 26.78 %, Peptide D scrambled, 91.2 ± 21.2 %) (n = 8, Repeated Measures One-Way ANOVA with Tukey’s multiple-comparison test).  


Figure 6-4. Effect of 50 nM CD9-derived synthetic peptides upon Streptococcus pneumoniae adherence to human endometrial epithelial cells.

HEC-1-B cells were pretreated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type D39 Streptococcus pneumoniae strain for 1 hour at an MOI of 30. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the number of bacteria per 100 cells. n = 8, mean ± SD. ** p ≤ 0.01, Repeated measures One-Way ANOVA with Tukey’s multiple-comparison test. (B) Untransformed data. n = 6, line denotes mean.


Both Gram-positive pathogens, S. aureus and S. pneumoniae are responsive to the inhibitory effect of tetraspanin-derived peptides, signifying a unifying mechanism by which the peptides work, this suggests a single common adhesion cascade the peptides are targeting. 
[bookmark: _Toc451269906]6.2.3. The response from S. aureus to the tetraspanin-derived peptides is dependent on the hydrophobicity of the bacterial surface.
Three S. aureus mutants were obtained (Oxford strain, S235, L9089) which each exhibited varying surface hydrophobicity (very hydrophobic, moderately hydrophobic 
and hydrophilic respectively). Surface hydrophobicity was determined using microbial adhesion to hydrocarbon (MATH) assay. This assay determines hydrophobicity of the bacterial surface based on preferential solubility in a hydrocarbon (n-hexadexcane) or an aqueous environment (Section 2.2.3.4.) (Fig 6-5). This allowed the identification of the percentage cell surface hydrophobicity. This is then equated to categories of hydrophobicity, as determined by the scientific literature (Rosenberg et al., 1991). Oxford strain was determined as very hydrophobic (95.36 ± 2.05 %). S235 was determined as moderately hydrophobic (10.98 ± 5.37 %). L9089 was determined as hydrophilic (2.71 ± 0.89 %).
These bacterial strains were tested for their response to peptide treated cells in the previously described protocol. Bacterial adhesion, as assessed by the percentage of infected cells (Fig 6-6A) and the number of bacteria bound to 100 cells (Fig 6-6B), This was significantly reduced by the presence of the tetraspanin-derived peptides (Peptides A, C or E) in comparison to a scrambled control in both hydrophobic strains of S. aureus (Oxford strain, S235) regardless of the degree of hydrophobicity (In both cases p ≤ 0.0001, n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests). This inhibition was absent in the hydrophilic mutant strain of the bacterium (L9089), which appears to be equally capable of infecting cells regardless of peptide treatment (n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests). The peptides had no influence on the number of bacteria per infected cell, regardless of the surface hydrophobicity of the pathogen (n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests). 


Figure 6-5. Microbial adhesion to hydrocarbon (MATH) assay for Staphylococcus aureus surface hydrophobicity mutants.

The surface hydrophobicity of three strains of Staphylococcus aureus was assessed based on preferably of the strains to adhere to n-Hexadecane in an aqueous solution. Bacterial adhesion was assessed using optical density at 600nm. This corresponds to the relative hydrophobicity of the bacterial surface. n = 4, mean ± SD. **** p ≤ 0.0001, Repeated measures One-Way ANOVA with Tukey’s multiple-comparison test.






Figure 6-6. Effect of 50 nM CD9-derived synthetic peptides upon Staphylococcus aureus surface hydrophobicity mutants’ adherence to human endometrial epithelial cells.

HEC-1-B cells were pretreated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with either wild-type Oxford strain Staphylococcus aureus, a moderately hydrophobic variant (S235) or a hydrophilic variant (L9089) for 1 hour at an MOI of 50. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in number of organisms per infected cell. n = 5, mean ± SD. **** p ≤ 0.0001, Two-Way Repeated Measures ANOVA with Bonferroni post tests. (D-F) Untransformed data. n = 5, line denotes mean.
[bookmark: _Toc451269907]6.2.4. Disruption of tetraspanin enriched microdomains using cholesterol depletion removes the effect of subsequent treatment with tetraspanin peptide derivatives.
Methyl-β-cyclodextrin (MβCD) has been used to deplete cholesterol from the plasma membrane of the surface of the cells. As described, this removal of cholesterol is linked to a loss in the integrity of the TEMs. This disruption of the TEMs is also the believed mode of mechanism for the tetraspanin-derived peptides. Dual treatment with the peptides and MβCD was therefore used to investigate the absence or presence of a combinational effect on meningococcal adhesion. This was to provide an insight into whether the two reagents work via the same mechanism of action, the disruption of TEMs. This has been shown to be true for recombinant tetraspanin EC2 proteins (Dr. Luke Green, unpublished data). 
HEC-1-B cells were pre-treated with MβCD for 30 minutes. A control of exogenous cholesterol treatment was also conducted. This should reverse the effect of cholesterol depletion by MβCD by replenishing any depleted cholesterol in the cell surface, ensuring any effect on bacterial adhesion to the cell was due to cholesterol depletion, and not due to nonspecific toxicities of the reagent. MβCD treatment was maintained throughout the assay, to ensure cholesterol concentration in the cell membrane did not return to normal levels after the treatment was halted. Cells were subsequently treated with tetraspanin-derived peptides and challenged by N. meningitidis, and adhesion and internalisation assessed. As has previously been stated, bacterial adhesion, as shown by the percentage of infected cells (Fig 6-7A) and number of bacteria present in 100 cells (Fig 6-7B), was significantly reduced by both peptide A or peptide E, whilst the scrambled control had no impact on the interaction between pathogen and host (Peptide A, p ≤ 0.001, Peptide E, p ≤ 0.0001, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). This was also true for cells treated with only cholesterol (Peptide A, p ≤ 0.001, Peptide E, p ≤ 0.0001, n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). The presence of exogenous cholesterol had no effect on the tetraspanin-based disruption of bacterial adhesion. MβCD treatment significantly reduced bacterial adhesion compared to the untreated control (Fig 6-7F) (p ≤ 0.001, n = 4, Repeated Measures One-Way ANOVA with Tukey’s multiple-comparison test). This was partly reversed if the cellular cholesterol concentration was replenished with 







Figure 6-7. Effect of 50 nM CD9-derived synthetic peptides upon meningococcal adherence to cholesterol depleted human endometrial epithelial cells.

HEC-1-B cells were pretreated with methyl-β-cyclodextrin (75 mM) or exogenous cholesterol (1.5 mg ml-1) for 30 minutes (treatment with cholesterol or MβCD was maintained throughout the assay) or combination treatment. This was followed by treatment with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Change in the internalisation rate (D) Change in number of organisms per infected cell. n = 3, mean ± SD. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. Two-Way Repeated Measures ANOVA with Bonferroni post tests. (E-H) Untransformed data. n = 4, line denotes mean.


exogenous cholesterol. In MβCD-treated cells, the presence of the tetraspanin-derived peptides were not capable of further reducing meningococcal adhesion from the scrambled control (n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests). However when the effects of MβCD on cholesterol levels were reduced by the addition of exogenous cholesterol, tetraspanin-derived peptides was once more capable of significantly reducing N. meningitidis adhesion in the system. There was no significant effect from MβCD, cholesterol or tetraspanin-derived peptides on the number of bacteria per infected cell (Fig 6-7C) or internalisation rate (Fig 6-7D) (n = 4, Two-Way Repeated Measures ANOVA with Bonferroni post tests).
In summary MβCD is capable of reducing meningococcal adhesion to human epithelial cells by approximately 50 %, levels comparable to tetraspanin-derived peptides. This effect is reversed by replenishing the cholesterol depleted by MβCD. MβCD is known to disrupt TEMs. The additional presence of the peptides to the cholesterol depleted cells causes no additional reduction in bacterial adhesion. This provides evidence to suggest that there is a shared mechanism by which these reagents are working. This experiment is in agreement with the hypothesis that the tetraspanin-derived peptides are disrupting the TEMs, and this has a downstream effect of reducing bacterial adhesion. 
[bookmark: _Toc451269908]6.2.5. The effects of tetraspanins on reducing bacterial adherence is independent of the cellular cytoskeleton.
Cytochalasin D is a potent actin depolymeriser. Pre-treatment with the toxin causes destruction of the actin microfilaments of the cell. These microfilaments have been linked to the adhesion and internalisation of a number of pathogens, including meningococcus. Similarly, tetraspanins have been shown to indirectly interact with actin microfilaments, via ERM proteins (Sala-Valdes et al., 2006). We attempted to determine if the tetraspanin-derived peptides are inhibiting meningococcal adhesion in an actin-dependent pathway.
HEC-1-B cells were pre-treated with 2 µg ml-1 cytochalasin D, before treatment with CD9-derived peptide A or its scrambled control. The peptides were capable of reducing bacterial adhesion to comparable levels in cytochalasin D treated levels to that of non-treated cells, in terms of the percentage of infected cells (Fig 6-8A) (scrambled peptide A, 97.9 ± 8.99 %, peptide A, 66.35 ± 5.83 %, cytochalasin D and scrambled peptide A, 


 
Figure 6-8. Effect of 50 nM CD9-derived synthetic peptides upon meningococcal adherence to actin depolymerised human endometrial epithelial cells.
	
HEC-1-B cells were pretreated with Cytochalasin D (2 μg ml-1) for 30 minutes. This was followed by treatment with CD9-derived synthetic peptide A (50 nM) or scrambled control peptide (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. (C) Internalisation rate (D) Change in number of organisms per infected cell. n = 6, mean ± SD. **** p ≤ 0.0001, Two-Way Repeated Measures ANOVA with Bonferroni post tests. (D-F) Untransformed data. n = 6, line denotes mean.

102.06 ± 9.34 %, cytochalasin D and peptide A, 69.13 ± 11.61 %) (p ≤ 0.0001, n = 6, Two-Way Repeated Measures ANOVA with Bonferroni post tests). This reduction in bacterial adhesion was also exhibited when the number of bacteria adherent on 100 cells was quantified, with cytochalasin D treated and non-treated cells both showing reduced adhesion by approximately 50 % (Fig 6-8B) (scrambled peptide A, 97.36 ± 10.45 %, peptide A, 60.89 ± 9.63 %, cytochalasin D and scrambled peptide A, 104.04 ± 7.45 %, cytochalasin D and peptide A, 66.04 ± 9.89 %) (p ≤ 0.0001, n = 6, Two-Way Repeated Measures ANOVA with Bonferroni post tests). This suggested that disruption of actin cytoskeleton does not affect the cell response to TEM disruption in host pathogen interactions. Cytochalasin D treatment significantly reduced internalisation rate of the pathogen (control, 9.6 ± 1.35 %, cytochalasin D, 1.75 ± 0.77 %) (p ≤ 0.001, n = 6, Repeated Measures One-Way ANOVA with Tukey’s multiple-comparison test), however regardless of actin depolymerisation, tetraspanin-derived peptides has no effect of percentage of internalised bacteria (Fig 6-8C) (n = 6, Two-Way Repeated Measures ANOVA with Bonferroni post tests). There was no significant effect from either peptide- or cytochalasin D-treatment on the number of organisms per infected cell (Fig 6-8D) (n = 6, Two-Way Repeated Measures ANOVA with Bonferroni post tests). 
[bookmark: _Toc451269909]6.2.6. The adhesion of non-viable meningococci is unaffected by tetraspanin-derived peptide treatment of human epithelial cells
The effect of challenging peptide-treated cells with non-viable N. meningitidis is shown in Fig 6-9. Wild-type MC58 meningococcus were killed using either fixation (2 % paraformaldehyde) or heat-inactivation (30 minutes at 90 ºC) before being used to infect HEC-1-B cells treated with Peptide A or a scrambled control. A significant reduction was observed when comparing the number of cells associated with bacteria after peptide A treatment if the bacteria are viable (peptide A, 57.22 ± 5.7 %, scrambled peptide A, 99.9 ± 4.8 %) (p ≤ 0.0001, n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests) (Fig 6-9A). This significant reduction was not replicated for the fixed (peptide A, 93.08 ± 12.21 %, scrambled peptide A, 99.06 ± 8.22 %) or heat inactivated bacteria (peptide A, 102.04 ± 10.55 %, scrambled peptide A, 98.79 ± 8.53 %) (Fig 6-8A) (n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests). Similar observations were made when comparing the number of organisms associated with 100 epithelial cells (Fig 6-9B). Peptide A was only capable of reducing 




Figure 6-9. Effect of 50 nM CD9-derived synthetic peptides upon non-viable meningococcal adherence to human endometrial epithelial cells.

HEC-1-B cells were pretreated with CD9-derived synthetic peptides (50 nM) or scrambled control peptides (50 nM) for 30 minutes. The HEC-1-B cells were washed and subsequently infected with wild-type MC58 Neisseria meningitidis or strains which have been heat-inactivated (30 minutes at 90 ºC) or fixed (30 minutes in 2 % paraformaldehyde) for 1 hour at an MOI of 300. Cells were fixed and internal and external bacteria immunofluorescently stained, allowing for analysis of adherence and internalisation using confocal microscopy. Inhibition was calculated as a percentage against an untreated control, which was set at 100 %. (A) Change in the percentage of cells with adherent bacteria. (B) Change in the number of bacteria per 100 cells. C) Change in number of organisms per infected cell. n = 4, mean ± SD. **** p ≤ 0.0001, Two-Way Repeated Measures ANOVA with Bonferroni post tests. (D-F) Untransformed data. n = 4, line denotes mean.


the adhesion of viable bacteria (peptide A, 52.53 ± 5.67 %, scrambled peptide A, 100.68 ± 3.72 %) (p ≤ 0.0001, n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests) but not non-viable bacteria (fixed, peptide A, 95.72 ± 7.39 %,  fixed, scrambled peptide A, 101.34 ± 6.9 %, heat-inactivated, peptide A, 98.87 ± 5.63 %, heat inactivated, scrambled peptide A, 98.64 ± 5.51 %) (n = 5, Two-Way Repeated Measures ANOVA with Bonferroni post tests).  No significant reduction was observed when comparing the average number of bacteria associated with an infected cell (Fig 6-9C) and in all cases there was no significant difference between the scrambled peptide controls and the untreated controls. 
It was shown that bacteria must be viable in order for the adhesion to human epithelial cells to be inhibited by pre-treatment with tetraspanin-derived peptides. This suggests that the disruption of pathogen adherence to a host via tetraspanins is in active process from the bacterium.
[bookmark: _Toc451269910]6.3. Discussion
In this chapter attempts to elucidate the possible mechanism by which tetraspanin-derived peptides are capable of reducing attachment of meningococci to epithelial cells were made. Through the use of knockout mutants, the relative importance of two major meningococcal adhesins, Opa and the Tfp, was accessed. The peptides appear to be affecting adhesion via the Tfp. This phenomena is not limited to N. meningitidis, tetraspanin-derived peptides are also capable of causing a reduction in the adhesion of S. aureus and S. pneumoniae to varying degrees. Cholesterol depletion of the cells removes the effect of peptide treatment, suggesting that both treatments work through similar routes, specifically the disruption of TEMs. This adds further evidence that TEM may act as ‘adhesion platforms’ by which key pathogens can interact with host cells during an infection. 
Evidence in this chapter suggests that correct expression of the Neisseria adhesin Tfp is required for a reduction in bacterial adhesion following treatment of epithelial cells with tetraspanin-derived peptides (Section 6.2.1.1.). In comparison, expression of adhesin Opa has no significant effect on tetraspanin-based inhibition of adherence (Section 6.2.1.2.). Bacterial adhesion is the outcome of the collaboration of multiple interactions of bacterial adhesins with the respective receptors on the host cell. In the case of N. meningitidis, it has been suggested that the adhesins work in a hierarchical fashion, with Tfp being responsible for the initial stages of the specific interaction between host and pathogen. Once this association has occurred, Opa and other minor adhesins have roles in forming a more intimate attachment onto the epithelial cell. We hypotheses that the TEMs play a role in the initial Tfp-dependent stage of the adhesion of meningococci. As described, TEMs play a role in the plasma membranes, to cluster partner proteins into close proximity. This aids the partner protein’s function and their ability to signal to other proteins. The receptor for the Tfp is CD46 (Section 1.3.4.1.). This protein has been shown to interact with both CD9 and CD151 (Lozahic et al., 2000). This suggests that CD46 is a component of TEMs. The clustering of multiple copies of CD46 into a region of the cell surface may facilitate multiple interactions with a host cell, strengthening the bond between bacteria and host. Disruption of TEMs through the treatment of the cell with tetraspanin-derived peptides may remove this beneficial effect for the bacteria, resulting in a reduction in bacterial adhesion. Neisseria which are not capable of expressing Tfp similarly show a reduction in their adhesion to the epithelial cell line. This is also true for Opa expression. However TEM depletion does not lead to further reduction in Opa-dependent bacterial associations, suggesting that Opa-based attachment is not TEM-dependent. In summary, we suggest that Tfp interacts with CD46 whilst it is clustered in TEMs. Once this interaction is stable, and the bacterium forms a more intimate interaction through Opa, TEM are no longer required for optimum attachment. It should however be noted that the receptor of Opa, the CEACAM superfamily, are excellent candidates for tetraspanin-binding partners (tetraspanins interact with related proteins B-CAM and EpCAM (Le Naour et al., 2006)), and that there is a partial reduction in the efficiency of the peptides at reducing the attachment of Opa-ve strains, hinting at a possible minor role of tetraspanins. This data is in agreement with similar investigations by (Green et al., 2011). 
In this chapter we have also presented evidence that tetraspanin-derived peptides are capable of reducing the adherence of other bacterial pathogens, specifically S. aureus (Section 6.2.2.1.) and S. pneumoniae (Section 6.2.2.2.). There is some slight variation in the degree of inhibition in comparison to the scrambled control between the three bacterium (for peptide A, N. meningitidis 56.36 %, S. aureus, 71.54 %, S. pneumoniae, 40.26 %). This confirms previous data from the laboratory (using recombinant EC2 domains (Green et al., 2011)), that tetraspanins have a role in a wide number of bacterial adhesion cascades. Disruption of the TEMs likely has a broad spectrum of activity. It is equally capable of reducing the adhesion of both Gram-positive and Gram-negative pathogens. We hypothesised that tetraspanins, and more specifically TEMs, are utilised by a broad range of bacteria to adhere to a host. This places the importance of tetraspanins in bacterial infections beyond that which was discussed in the introduction (Section 1.5.6.1). We suggest that the mechanism through which this occurs is potentially universal. This is through the clustering of bacterial receptors within the microdomains, allowing multiple interactions to occur so as to overcome the inhibitory effect of sheer stress. This outcome provides further reason to suggest that such peptides have potential for therapeutic use, due to this broad spectrum of activity against several clinically-relevant pathogens. However the effect these peptides may have on the microbiota must also be considered. If the effect of the peptides at reducing bacterial adhesion is conserved between bacteria, the peptides would likely be equally capable of reducing adhesion of the bacterial flora of the patient, which can have repercussion on an individual’s health. Many bacteria utilise biofilm formation to allow for long-term colonisation of the host. As these structures are not based on direct interactions to the surface of host cells, they are unlikely to be effected by TEM disruption, suggesting that the tetraspanin-derived peptides would not affect the established colonisation of the microbiota. This theory is speculative and requires proof through further investigation. 
Evidence was also presented in this chapter that suggest that the surface hydrophobicity of the adhering pathogen has some effect on the outcome following treatment of the host cell with tetraspanin-deride peptides. The effect of peptides on the adhesion of three stains of S. aureus with varying degrees of surface hydrophobicities (from very hydrophobic to hydrophilic) was measured (Section 6.2.3.). Disruption of the surface TEMs through peptide treatment was capable of reducing the attachment of both hydrophobic strains, to similar degrees. In comparison, there is no reduction in the adhesion of the hydrophilic strain of S. aureus. In the introduction, the importance of hydrophobicity in the adhesion of bacteria to biotic surfaces is briefly described (Section 1.1.2.). Typically the electrostatic barrier between both the bacterium and host cells repels attraction. However pathogens with a hydrophobic surface, created for example through the production of lipoteichoic acid, can enable bacteria to make long range interactions with the host substratum before more specific interactions can begin (Doyle, 2000). There is an overall trend that suggests hydrophobic characteristics are displayed by clinical isolates associated with disease, whereas avirulent strains lack this trait (Doyle, 2000). This has been shown specifically with S. aureus, with most staphylococci being hydrophobic. In this investigation, the more hydrophobic Oxford strain bound epithelial cells at a higher ratio in comparison to the less hydrophobic S235 strain. However both strains were equally responsive to peptide treatment of the epithelial cells. This suggests that regardless of the nonspecific interactions of the initial stages of adhesion, TEM disruption was equally capable of reducing the attachment of Staphylococci. This concludes that the TEM disruption via the use of tetraspanin-derived peptides is targeting the more specific interactions to the host cell, via adhesins, once these more nonspecific interactions place the pathogen in close proximity to the cell surface. Of note is that the hydrophilic strain of S. aureus, L9089, was not affected by TEM disruption. The reason for this is not known. The presence of a capsule renders some strains hydrophilic (Reifsteck et al., 1987). Capsules have been shown to play a role in adhesion via lectins on the cell surface. The presence of a capsule can also promote Staphylococci colonisation of mucosal surfaces (O'Riordan and Lee, 2004). It can be hypothesised that this capsular strain may adhere predominately to the epithelial cell surface through the carbohydrates of the capsule. Disruption of TEM using tetraspanin-derived peptides has no effect on the adhesion of this strain, suggesting that this potentially capsule-based adhesion process is tetraspanin-independent. Disruption of TEMs does not affect the efficiency by which the capsule can attach to the lectins of the epithelial cell, which may or may not be situated in the microdomains. This concludes that the tetraspanin-derived peptides likely operate by disrupting the specific interactions of proteinous bacterial adhesins with their corresponding receptors which may be situate within the TEMs. This process does not affect all forms of adhesion of bacteria. 
This conclusion is further supported by the finding that tetraspanin-derived peptides are only capable of reducing the adhesion of viable bacteria. It was shown that bacteria fixed using 2 % paraformaldehyde or heat inactivation were unaffected by peptide-treatment of the epithelial cells (Section 6.2.6.). Specific attachment of bacterial pathogens to host cells is an active process, requiring functional adhesins on the cell surface. These proteinous adhesins would unlikely be functional following denaturing through high temperatures or crosslinking fixation. Therefore the adhesion of the bacteria would be dependent on the weaker non-specific interactions with the host cells. This hypothesis would account for the tetraspanin-derived peptides inability to reduce the adhesion of non-viable bacteria. 
This chapter presented evidence to support our hypothesis that the tetraspanin-derived peptides are operating by disrupting TEMs (Section 6.2.4.). This was investigated by examining the presence or absence of a combinational effect with dual treatment of epithelial cells with the CD9-derived peptides, as well as cholesterol depletion using MβCD. Methyl-β-cyclodextrin has been widely used to sequester cholesterol from the cell membrane. This has been used in tetraspanin research to disrupt TEMs (Charrin et al., 2009) (Kropshofer et al., 2002). Cholesterol is used by TEMs to stabilise the microdomains, and to allow tight packing of tetraspanins (Charrin et al., 2003b). In our model, when MβCD is used to pre-treat epithelial cells, there is a 50 % reduction in the adhesion of bacteria following subsequent infection. This is partially reversed with the addition of exogenous cholesterol, suggesting that this effect was due to a sequestering of cholesterol. This reduction is to a similar extent as following peptide treatment. When MβCD-treated cells are also exposed to tetraspanin-derived peptide, reduction in the adhesion of meningococcus remains 50 %, there is no additional effect of dual treatment on the attachment of the bacteria. This suggests that both treatments work through similar mechanisms, the disruption of the TEMs on the surface of the cells and therefore the disruption of ‘adhesion platforms’ for bacteria. Cholesterol sequestering using MβCD may be breaking down pre-formed TEMs through the disruption of tetraspanin-tetraspanin interactions. This in turn effects the organisation of partner proteins on the cell surface, including important bacterial receptors. Future work that involves the imaging of TEMs and their disruption, such as the use of a TEM-specific anti-CD9 antibody could help to confirm this hypothesis. 
We observed that the tetraspanin-derived peptides are not working in an actin-dependent manner. The peptides were similarly capable of reducing the adhesion of meningococci to both cytochalasin D-treated and untreated cells. Cytochalasin D is a potent toxin that is capable of depolymerising the actin cytoskeleton, and therefore causes a disruption of the actin cytoskeleton. The actin cytoskeleton can be utilised by some pathogens to allow for internalisation into the host cell. This has been specifically shown for N. meningitidis (Read et al., 1995). Similarly, S. enterica var Typhimurium modulates the actin cytoskeleton to allow for internalisation of the pathogen through membrane-bound vesicles (Finlay and Brumell, 2000). The rearrangement of the actin cytoskeleton is commonly accompanied by recruitment of related proteins to the site of infection, such as ERM proteins (Finlay et al., 1991, Agerer et al., 2005). It is tempting to speculate that tetraspanins may be involved in this recruitment of proteins into TEMs. The ERM proteins have been shown to directly interact with EWI-2 and EWI-F, known partner proteins of several tetraspanins (Sala-Valdes et al., 2006). This provides a clear cascade of interactions that connects tetraspanins, and the receptors to pathogens, with the actin cytoskeleton. This may place an involvement of tetraspanins in actin-dependent internalisation. However we have shown here that the actin cytoskeleton is not required for tetraspanin-dependent attachment of the bacteria. Similarly it has been shown that once adhesion has taken place, the rate of internalisation of meningococci is not affected by peptide treatment. This seems to suggest that tetraspanin-dependent attachment and the internalisation of the pathogen are independent events. Although there may be a link between tetraspanins and the actin cytoskeleton, intact TEMs are not a requirement for the uptake of bacteria, and functional actin microfilaments are not required for tetraspanin-dependent attachment. 
In summary, we postulate that TEMs contain the respective receptors for each pathogen, whereby they act as ‘adhesion platforms’. Tetraspanin enriched microdomains are likely heavily linked with the ECM, common receptors for pathogens, through association with integrins. Tetraspanins are similarly connected with components of the cytoskeleton, which are utilised by some pathogens for internalisation or modification of the cell surface to favour colonisation. Although it has been shown that TEMs are not required for this process to occur, TEMs may still act as a bridge between adhesion events and cytoskeleton rearrangement, which may account for their use by bacteria. A theoretical network of interactions by which this could occur within N. meningitidis is schematically presented in Fig 6-10. Further work to confirm these speculations is required. However such work requires detailed understanding of both bacterial receptors and tetraspanin partner proteins which has yet to be fully described by current research. 
In this chapter we have tried to make some insight into the mechanism by which tetraspanin-derived peptides are capable of reducing meningococcal adhesion. We observed that the effect is not specific to N. meningitidis, but rather appears to have a broad specificity to both Gram-positive and Gram-negative bacteria. We propose that the peptides are likely disrupting the TEMs. Tetraspanin-enriched microdomains may potentially form ‘adhesion platforms’ for multiple bacterial species, clustering together certain receptors of adhesins, aiding in the formation of an intimate interaction between host cell and pathogen. It was shown however that not all bacterial adhesins operate in a tetraspanin-depending manner. Similarly, the weaker, non-specific initial bacterial interactions are unaffected by the peptides. Finally once attached, bacteria may become internalised by modulation of an actin cytoskeleton-reliant mechanism that is not dependent on the TEMs. These conclusions provide a current working hypothesis that TEMs provide structures which bacteria can take advantage of, to produce several specific interactions with the epithelial cell in a small region of the surface, forming adhesion platforms. The tetraspanin-derived peptides disrupt the TEM/‘adhesion platforms’, reducing the ability of the bacteria to make firm specific interactions with the host cell. Further work is however required to confirm this hypothesis. 
Chapter 6- Investigating the Mechanism of Tetraspanin-derived Peptides

[image: ]Fig. 6-10. Schematic presentation of a potential network of interactions associating TEM with bacterial receptors and cytoskeleton responsible for the adhesion and internalisation of N. meningtidis respectively. Arrows displayed suggested interactions presented in the scientific literature. Green box represents bacterial adhesions. Red box represents components and potential components of TEMs. Blue box represents other components of the epithelial cell. 
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Chapter 7- General Discussion
In this thesis we examine the role of tetraspanins in bacterial interactions with human cells. More specifically, the ability of tetraspanin EC2 domains, and synthetic peptide derivatives based on the sequence of tetraspanin CD9 EC2, to reduce the attachment of bacterial species to human cells.
In chapter 3 we tested a large number of EC2 recombinant proteins of different tetraspanins for their ability to inhibit the attachment of meningococci to human endometrial epithelial cells. The majority of the proteins were capable of reducing the adhesion of N. meningitidis by up to 50 %. This was in agreement with previous studies (Green et al., 2011), however the range of tetraspanins tested was expanded upon. Through the use of chimeric proteins composed of regions of the inhibitory EC2 of CD9 interspersed with regions of the non-inhibitory EC2 domain of CD81, and vice versa, the sequences of importance were identified. 
In chapter 4, peptides based on the CD9 EC2 domain were similarly tested for their ability to reduce meningococcal adhesion to epithelial cells lines. The peptides which covered the regions concluded to be important in chapter 3 where shown to be the most active in this assay. Figure 7-1 shows the overlap between peptides and chimeric regions. Peptide A/ Section 1 and Peptide E/ Section 4 were identified as being the most inhibitory.The peptides had a dose response effect, and were active at nanomolar concentrations. There is no combined effect when using multiple peptides, suggesting they are working through a common mechanism. The peptides were capable of reducing the adhesion of meningococci to both endometrial and nasopharyngeal epithelial cells and monocyte-derived macrophages. The inhibitory effects of the peptide treatment on epithelial cells were lost over a period of hours after wash-out, suggesting that the effects are fully reversible. 
Attempts at improving the efficiency of tetraspanin-derived peptides were made in chapter 5. Encouraging the peptides to form α-helical confirmations, either through peptide stabilisers or the use of cyclisation strategies, can moderately increase the anti-bacterial adhesion effects on epithelial cells at low concentrations. This may act by allowing the peptides to intercalate into TEMs more effectively. The peptides are capable of working in synergy with traditional antibiotics (specifically mupirocin, gentamicin and flucloxacillin) to provide addition anti-microbial protection at sub-MIC concentrations.
In chapter 6 attempts were made to understand the mechanism by which the peptides function to reduce meningococcal adhesion. It was shown that the inhibition is dependent on the expression of certain adhesins by the bacteria. It is possible that only a certain number of bacterial receptors are components of the TEMs. The tetraspanin-derived peptides are capable of reducing the adhesion of S. aureus and S. pneumoniae, suggesting a broad spectrum of activity against both Gram-positive and Gram-negative pathogens. The peptides are only active against specific interactions between bacteria and host; they have no effect on more non-specific interactions such as hydrophobic interactions. Through redundancy with cholesterol depletion, we suggest that the peptides work by disrupting TEMs. These microdomains may act as ‘adhesion platforms’ for bacterial attachment. 
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Figure 7-1. The overlapping regions of the chimeric protein sections and the tetraspanin derived peptides
In summary, we have shown that both tetraspanin EC2 proteins and tetraspanin-derived peptides are capable of reducing meningococcal adhesion to epithelial cells following pre-treatment. We hypothesise that they are integrating into the TEMs on the cell surface and through this are able to partly alter the structure of the TEMs. This effect has a broad spectrum of activity against several bacterial species. TEMs can contain a number of proposed receptors for bacterial adhesins, possibly clustering them together in a distinct region of the cellular surface (as observed for VCAM1 and ICAM1 on endothelial cells Barreiro et al., 2005, 2008). They may be acting as ‘adhesion platforms’ to allow multiple interactions to occur between pathogen and host in a single proximity, resulting in firm attachment. By disrupting this process, bacterial adhesion is weakened. Unbound bacteria would then be removed from the host via the mechanical actions of the innate immune system. This discovery has therapeutic potential, with particular success achieved when paired with treatment using current antibiotics.
One possible pathway by which disruption of the TEMs may hinder meningococcal adhesion to a cell is detailed here. N. meningitidis first encounters and adheres to the nasopharyngeal epithelium. The initial step of adhesion is mediated by Tfp. This adhesin’s surface expression is required for tetraspanin-based inhibition of bacterial adhesion (Section 6.2.1.1.). The Tfp is believed to recognise CD46 (Kallstrom et al., 1997). CD46 has been shown to form a complex with a number of tetraspanins, including CD9 (Takeda et al., 2003). A subunit of Tfp, PilV, has been shown to recruit cholesterol on the host cell surface to form structures known as cortical plaques (Mikaty et al., 2009). These microdomains contain multiple proteins, including CD44 (a heparan sulphate proteoglycan), EGFR, F-actin and ezrin (Merz et al., 1999). Many of these proteins are associated with tetraspanins, either directly or indirectly (Schmidt et al., 2004, Blobel, 2005, Sala-Valdes et al., 2006). Although the role of tetraspanins have not been investigated in the formation of these cortical plaques, it is possible that they may have some involvement in this process. These microdomains result in actin polymerisation, forming projections in the apical side of the epithelial cell, protecting the bacteria from the sheer stress produced during mucocilary clearance in the upper respiratory tract (Trivedi et al., 2011). Tetraspanins have previously been shown to cause membrane protrusions to form on the cell surface (Ban et al., 2011).  This adhesion process eventually allows for the creation of a more firm, stable adhesion process to begin for long term colonisation. This results in reduced expression of Tfp and an increase role of Opa (Virji et al., 1993). Due to the fact that Opa mutants are not responsive to tetraspanin-derived peptide pre-treatment (Section 6.2.1.2.), it is likely that this more intimate association is therefore unaffected by TEM disruption. However as Opa has been shown to bind a number of proteins known to directly bind tetraspanins (Virji et al., 1996) such as CEACAMs, heparan sulphate proteoglycans and integrins (Section 1.3.4.2.), it is possible that there is an effect on Opa interaction via tetraspanins. This process involves a number of bacterial adhesins (Opa, Opc, LPS) it is possible there is a level of redundancy for allowing this tight association to a cell. 
The process by which meningococcus adheres to epithelial cell involves multiple steps. This author proposes that the initial Tfp-dependent step and subsequent formation of a microdomain involving multiple tetraspanin-related proteins as the most likely stage at which tetraspanin-based treatment of a cell targets. This is possibly by interfering with the recruitment of tetraspanins to form cortical plaques, or the disruption of existing TEMs from which the cortical plaques may deride. This theory is entirely speculative at the current time, but may be a good beginning for further investigation into eluting the mechanism which these tetraspanin recombinant proteins and peptides act upon. This finding can be placed in the context of disease progression of a meningococcal infection, from commensal carriage of the bacterium in the nasopharynx to dissemination and colonisation of the meninges, as the pathogen crosses the blood brain barrier, resulting in meningitis and septicaemia. This process is outlined in the introduction (Section 1.3.2.). In order to cause disease, hypervirulent strains of N. meningitidis, must undertake transcytosis through the epithelium before migration into deeper tissue, and eventual reattachment to allow access into the blood stream. The presence of tetraspanin peptides on the surfaces of the nasopharynx may stop this migration into deeper tissue and eventual entry into bloodstream, therefore providing protection from the development of disease symptoms, as well as reduced carriage. This is dependent on the penetration of the peptides into the nasopharynx, which may be high for peptide fragments (Ladner et al., 2004). This could be achieved through the route of an appropriately formulated nasal spray. This is not the only mechanism by which meningococci can penetrate through cell linings. The bacteria can also pass through openings created at the tight junctions of cells, known as paracytosis. This is believed to be the pathogen’s preferred route of entry through the blood-brain barrier (Coureuil et al., 2012). Localisation of the peptides to the blood-brain barrier however may prove to be problematic.
The final aim of this project is to translate these finding into the basis of clinical research to produce an antimicrobial therapy based on reducing bacterial adhesion using tetraspanin-derived peptides. Aside from in the context of meningococci, described above, it is most likely this will be delivered prophylactically to exterior injuries when the skins barrier is breached, such as with cuts and burns. This will likely take the form of an advanced polymer gel that enable efficient treatment by delivery of the tetraspanin fragments. This would produce an antimicrobial cream, similar to other products currently on the market for example ‘Savlon™’. As described in chapter 5, it may also be beneficial when used with current antibiotics to improve the efficiency of infection clearance. Due to the anti-adhesion properties of the peptides, which does not result in the direct killing of bacteria, this therapy may have a number of benefits over traditional antimicrobials, in terms of the spread of resistance gene to antimicrobial therapies in the bacterial population. This is becoming increasing more important as the levels of antibiotic-resistance to currently available treatments continue to increase leading to an overall reduction in the efficiency of many commonly prescribed antibiotics.
The work presented in the thesis is linked to other research occurring within the laboratory group. These peptides are being explored in parallel in a number of assays, including their involvement in other bacterial infection processes, specifically S. enterica (work being performed by Mr Fawwaz Ali) and P. aeruginosa (work being performed by Mrs Jehan Alrahimi). This will allow us to identify the limits of the antimicrobial properties of the peptides. It has been identified that the tetraspanin EC2 recombinant proteins show broad specificity against a number of both Gram-positive and Gram-negative pathogens and commensal bacteria (Green et al., 2011). It is hoped that the tetraspanin-derived peptides will show a similar ability to halt the adhesion of multiple pathogens, this being a desirable property in the development of an antimicrobial drug. This will also provide insight into whether our ‘adhesion platform’ theory is correct. Further work in determining the breadth of this effect work, both for other bacteria, as well as possibly other pathogens, is therefore needed. 
A more definitive conclusion of the potential of the peptides in preventing the migration of bacteria through tissue will be provided by the development of a three-dimensional tissue-engineered skin model, currently being produced in relation to this project, based on the methodology of (Shepherd et al., 2009) (Miss Jennifer Ventress, unpublished work). This is to test the ability of the tetraspanin-derived peptides in an assay which will more closely mirror an infection in a patient. This will allow us to predict the success rate of the peptide in a real-life infection, and therefore provide a more rigid conclusion of its commercial prospects, and ultimately whether the peptides should be taken forward to animal or human trials. The use of cell monolayers has been put under scrutiny. The differences between cell lines and in vivo tissue are now believed to be more important than once thought; therefore further investigation such as this should be performed. The reliance on use of immortalised cell lines is a major drawback of this project. Cell lines were used for their ease of use and low cost, which has allowed for a large number of investigations to be performed in this initial stage of the project. This would not have been possible with primary cells or three-dimensional tissue engineered models. Bacterial adhesion within the host is a complex process. The bacterium faces shear forces and other components of the innate immune response. The effect of these variables on the phenomenon exhibited by the peptides should be defined, which was beyond the scope of this project. 
The tetraspanin-derived peptides are also being used to assess their effect on a number of cellular processes which tetraspanins have been shown to have involvement in, such cell migration, fusion and adhesion (Dr. Pete Monk and Dr. Lynda Partridge’s research groups, unpublished data), identifying the likelihood of unwanted side effects that may result from peptide treatment. Due to the relatively large size of bacteria and the intricate nature of their association to host cells, it is likely that large and ordered TEMs are required for firm adhesion to be achieved. It is therefore predicted that bacterial adhesins may be very sensitive to changes in the confirmation and nature of TEMs. However for other cellular processes to occur, we hypothesised, due to the dynamic characteristics of the microdomains, much smaller microdomains may be adequate to function. Similarly, there is a high level of redundancy, as shown in knockout studies in mice (Section 1.5.5.4), suggesting that cells show a degree of resistance to the effects of tetraspanin modulation. This would theoretically allow continuation of such mechanisms in regions of the membrane during periods of time when the TEMs may not be fully formed. Therefore these processes would be less sensitive to TEM disruption from the peptides. Unfortunately due to the diverse range of cellular processes TEMs perform in the cell, and the difficulty of studying the dynamic structures in the cell membrane, we cannot confirm this hypothesis at this time and further work is required. This is one of the limitations of this work. Evidence in this thesis also places involvement of tetraspanins in vital roles of the innate immune response, specifically uptake of bacteria by macrophages. More work is required to quantify this effect on innate immunity. It is possible that tetraspanin-derived peptides may have detrimental effects on a number of cellular processes which tetraspanins have involvement in with in the host. This will require rigorous testing of the peptides to ensure the safety of any tetraspanin-based therapeutics. This will also require better understanding of the role of tetraspanins in the cell. This field is still in its infancy, with much yet to be well-defined about the protein superfamily. As our knowledge of tetraspanins expands, the potential effects of TEM disruption on eukaryotic cells will be more clearly defined. 
More specifically, further work is required to define the exact mechanism by which these peptides function, perhaps most importantly regarding whether the tetraspanin-derived peptides are disrupting the TEMs. This could be confirmed using recent advances in advance microscopy techniques that are beginning to successful visualise the microdomains within cells (Zuidscherwoude et al., 2015). Similarly microscopy techniques could be used to examine if TEMs and bacteria attached to the surface of the cell colocalise, which may provide some evidence that TEMs are forming the predicted ‘adhesion platforms’. Future work to determine whether the peptides are capable of interrupting the protein: protein interactions within the microdomain would also be helpful in determining the mechanism of action. This will pinpoint if tetraspanin-tetraspanin or tetraspanin-partner protein are being interfered with in the presence of the peptides. This could be quantified using isothermal titration calorimetry or fluorescence resonance energy transfer. Confirmation of the presence of important bacterial receptors within the TEMs is also needed. This would necessitate increased knowledge of both the binding partners of various tetraspanins, as well as fuller understanding of the exact structures which are recognised by each adhesin. These advancements in scientific understanding will allow a more accurate model of the mode of action of tetraspanin-derived peptides to be made, and the therapeutic potential to be better understood. 
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Figure 4-1. Location of CD9-derived peptidesin the EC2 domain.

(4) & representation of the CDY EC2 secondary sequence highlighting the locations
of the six peptides (PyMOL, predicted CD9 EC2 structure using Phyre2). (B) A
schematic representing the division of the extracellular domain into peptides.
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