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Abstract 

Biofilm formation on medical devices is major cause of concern in today’s society as 

implanted devices are associated with 60-70% of nosocomial infections. Poly-N-

acetylglucosamine (PNAG) is a polysaccharide found on many Gram-positive and 

Gram-negative pathogenic bacteria and is associated with biofilm formation and 

bacterial virulence. PNAG production is regulated via the icaADBC (ica) operon in 

Staphylococcus aureus and the pgaABCD (pga) operon in Acinetobacter baumannii. 

We urgently need to understand how this polysaccharide interacts with the host’s 

immune system. Methods of rapidly identifying novel PNAG host receptor targets 

are urgently needed to help to develop anti-bacterial and anti-biofilm compounds to 

prevent biofilm-associated infections. 

We first employed lectin and neoglycoconjugate (NGC) microarrays to screen for 

lectin and carbohydrate interactions with wild type (PNAG-producing) and non-

producing (ica or pga mutant, respectively) S. aureus and A. baumannii grown under 

various conditions. Depending on the environmental growth conditions, wild type S. 

aureus 8325-4 and Mn8m had increased binding to GlcNAc-specific lectins 

compared to their respective mutants, methicillin resistant S. aureus (MRSA) strain 

BH1CC wild type had increased binding to GlcNAc- and GalNAc- specific lectins 

and A. baumannii wild type had increased binding to Gal and GalNAc-specific 

lectins. However, as expected, PNAG isolated from S. aureus bound to only the 

GlcNAc-specific lectins, wheat germ agglutinin (WGA) and succinylated wheat 

germ agglutinin (sWGA). S. aureus wild type had increased binding to a range of 

carbohydrates including 3’- and 6’-sialyllactose and several Lewis structures 

including Lewis b and x. S. aureus BH1CC bound to the same and different 

structures compared to methicillin sensitive S. aureus (MSSA) strains, 8325-4 and 

Mn8m, but at much lower intensity and there was a general decrease in BH1CC ∆ica 

binding to NGCs compared to the wildtype, but no differences in binding patterns 

were observed. For A. baumannii, the mutant exhibited significantly reduced binding 

to GlcNAc-BSA, blood group A-BSA and ovomucoid. Overall, these results 

indicated that PNAG was recognised differently when on the surface of A. 

baumannii compared to S. aureus despite PNAG from either species being similarly 

recognised by itself. Furthermore, we provided a range of potential carbohydrate 



xviii 
 

ligands for S. aureus, A. baumannii and PNAG, indicating the presence of specific 

bacterial lectins. 

In chapter 3, lectin microarrays were used to identify plant lectins that specifically 

recognised PNAG and used multivalent GlcNAc derivatives or glycoclusters to 

modulate these lectin interactions in a targeted manner. A PNAG preparation from S. 

aureus was fluorescently labelled and used to mimic secreted PNAG that would be 

released from a cell in to the biofilm matrix and PNAG was covalently bound to a 

1.0 μm fluorescent carboxylate-modified microsphere to mimic the morphology of 

PNAG on a bacterial cell surface. Six bivalent glycoclusters with GlcNAc as the 

bioactive head group were used to target WGA binding to the GlcNAc-containing 

glycoprotein, ovalbumin, neoglycoconjugate, GlcNAc-BSA, PNAG and whole S. 

aureus bacteria. Glycocluster sos2211 had the lowest IC50 value for inhibiting WGA 

binding to ovalbumin of 0.6554 µM and sos2210 produced to lowest IC50 value for 

WGA binding inhibition to GlcNAc-BSA of 5.32 aM. Sos2211 at 1 mM 

significantly reduced WGA binding to PNAG (both directly labelled and covalently 

attached to a 1.0 μm carboxylate-modified microsphere) and S. aureus Mn8m. 

Glycoclusters were also used to inhibit biofilm formation and S. aureus attachment 

to mucin purified from a cystic fibrosis patient. Bivalent glycoclusters, sos2222 and 

sos2221 decreased S. aureus 8325-4 and Mn8m biofilm formation by 16% and 19%, 

respectively. The tri- and tetra- valent glycoclusters, sos2226 and sos2227, 

significantly reduced both MRSA and MSSA biofilm formation however both were 

found to precipitate by themselves in culture. Addition of 1 mM of sos2211 to 

PNAG decreased PNAG interactions with mucin purified from one cystic fibrosis 

patient, but increased S. aureus Mn8m interactions with the same mucin fraction. 

Overall, the work of chapter 3 demonstrated that the microarray platform is a 

suitable, sensitive and reproducible for calculating IC50 values and glycoclusters may 

be a promising avenue for targeted therapeutic development. 

Finally, in chapter 4 pathogen recognition receptors (PRRs) were screened for 

interactions with S. aureus, A. baumannii and PNAG on a PRR microarray. DC-

SIGN, DC-SIGNR, LSECtin, MMR, ficolin-3 and CD14 bound to S. aureus and A. 

baumannii. PNAG increased CD14 binding to MSSA strains, the presence of the ica 

operon increased DC-SIGN, LSECtin and ficolin-3 binding to MRSA strain BH1CC 

though only LSECtin binding differences were significant, while PNAG on A. 
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baumannii resulted in increased adherence to siglec-1, DC-SIGN, dectin-1 and -2, 

LSECtin, TLR2/4, TLR2/6 and TLR2/CD14. Using a THP1-Blue-CD14 cell assay, 

PNAG purified from S. aureus or A. baumannii did not activate NF-κB/AP-1 

signalling via TLRs or CD14. Instead, PNAG on the surface of S. aureus promoted 

activation of NF-κB/AP-1 signalling and increased concentrations of cytokines and 

chemokines including IL-8, RANTES and IL-1β. There was no difference in NF-

κB/AP-1 signalling between wild type and A. baumannii ∆pga. A dot blot against 

lipoteichoic acid (LTA) for S. aureus wildtype and ∆ica mutant suggested that the 

∆ica mutant had reduced expression of LTA. Furthermore, imaging flow cytometry 

demonstrated that PNAG from S. aureus and A. baumannii was internalised by 

monocytes. This chapter highlighted the different roles for PNAG on, and purified 

from, S. aureus and A. baumannii in PRR mediated interactions, monocyte 

penetration and innate immune system activation, and highlights the importance of 

the surface expression and presentation of pathogen associated molecular patterns 

(PAMPs) for eliciting signalling responses. 

Overall, this work proves that the microarray platform was successful in screening 

for bacteria-receptor interactions and can also be used to screen for targeted 

modulatory compounds. This thesis also shows the different roles of PNAG in lectin-

mediated interactions and innate immune system activation, and highlights the 

necessity of the surface expression and presentation of PAMPs for eliciting 

signalling responses. 
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1. Introduction 

1.1. Nosocomial infections 

According to a report from the World Health Organisation (WHO), 7.6% of patients 

in health care-associated environments acquired an infection in high-income 

countries from 1995 to 2010. In Europe, these infections resulted in 16 million extra 

days in hospital, costing €7 billion and resulted in 37,000 deaths. In the USA, 1.7 

million patients acquired an infection in hospital between 1995 – 2010 and 99,000 

died as a result of these infections (WHO, 2011). The ability of the pathogens that 

cause nosocomial infections to successfully reside in the host can be partially 

attributed to the multitude of mechanisms undertaken by the bacteria to resist 

antibiotics and manipulate or modulate host immune response. The so-called 

ESKAPE pathogens, Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter 

spp., are the leading causes of nosocomial inflections globally and are known for 

their ability to ‘escape’ or resist treatment by antibiotics (Santajit & Indrawattana, 

2016). 

1.2. Biofilms and nosocomial infections 

Biofilms are communities of microorganisms that encapsulate themselves within 

different substances, allowing them to attach to abiotic and biotic surfaces (Percival 

et al., 2015). According to the U.S. Centre for Disease Control and Prevention 

(CDC) and the U.S. National Institute of Health (NIH), approximately up to 65% or 

80% of nosocomial infections are associated with biofilms, respectively (Joo & Otto, 

2012; Potera, 1999). Hospital-acquired infections usually originate from multiple 

sources, commonly a central line, catheter, surgical site or ventilator (WHO, 2011), 

and biofilms are frequently associated with infections. Implanted devices provide an 

entry route for bacteria, an abiotic surface for biofilm development and contribute to 

approximately 60-70% of nosocomial infections (Bryers, 2008). Bacteria 

encapsulated in this biofilm matrix are significantly less susceptible to antibiotic 

treatment and attack from the host immune system compared to planktonic cells 

(Bryers, 2008; Stewart, 2002), making medical device associated infections 

incredibly difficult to treat. This is primarily due to the fact bacteria within a biofilm 

matrix have a slower growth rate and adapt a more dormant lifestyle compared to 
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planktonic bacteria. These bacteria are often described as persister cells due to the 

fact that they are not replicating, causing antibiotics that target cell replication 

useless in killing these cells, and thus they persist within the biofilm and in the host 

(Lewis, 2007). Furthermore, the complex matrix of a biofilm renders antibiotics and 

immune cells less capable of penetration, allowing the bacteria to survive. As 

antibiotics prove to be insufficient for the treatment of biofilm associated infections, 

this results in chronic infections, and, if a medical device is involved, removal of the 

device and insertion of another is often required (Lebeaux et al., 2014).  

 Biofilm formation 1.2.1.

Biofilms are often described as communities of microorganisms, multi-species or 

single-species, commonly associated with medical device infections, that are 

attached to a surface (O’Toole et al., 2000). Bacteria form a biofilm matrix by 

communicating with one another via quorum sensing to express proteins, 

polysaccharides and release DNA into the extracellular matrix (ECM). These 

macromolecules form a barrier around the bacterial community, preventing easy 

penetration of antimicrobial agents and immune cells reaching individual bacterial 

cells for destruction. Furthermore, bacteria within a biofilm matrix display altered 

growth rates, with cells in a more dormant state surviving antimicrobial challenges 

much better than cells growing at an optimal growth rate, allowing dormant cells to 

persist within the host contributing to chronic infections (Stewart, 2002). 

 Stages of biofilm formation 1.2.2.

Biofilm formation occurs in different stages: attachment (reversible and irreversible 

attachment), colonisation, maturation and dispersion (Fig. 1.1), with the expression 

of proteins and/or polysaccharides and release of extracellular DNA playing 

important roles in different stages of development. Bacteria initially attach to a biotic 

or abiotic surface reversibly, then irreversibly to establish a matrix of microcolonies. 

Initial attachment of planktonic bacteria to a surface can be influenced by 

electrostatic interactions bacterial cell surface composition, shear forces and bacterial 

motility (Percival et al., 2015). It has also been shown that a surface is not critical for 

biofilm development as described with cystic fibrosis, where Pseudomonas 

aeruginosa forms dense cell aggregates that are encapsulated in a matrix and located 

in the mucus (Römling & Balsalobre, 2012). For abiotic surfaces that are inserted 
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into the host, such as medical devices, these medical devices are usually coated with 

host ECM proteins that further aid attachment of bacteria to the abiotic surface. 

Following attachment, the biofilm undergoes maturation via cell aggregation (Fig. 

1.2), matrix production and architecture remodelling with the help of bacteria-

produced surfactants such as phenol soluble modulins (PSMs). As the biofilm matrix 

gets larger, intricate towers and channels are formed to allow for nutrient distribution 

throughout the biofilm (Arciola et al., 2018). Finally, bacteria are dispersed from a 

biofilm matrix with the help of surfactants such as PSMs and rhamnolipids, 

nucleases and proteases. The production of surfactants is tightly controlled by 

quorum sensing, thus bacteria communicate with one another to disperse from a 

biofilm, helping them to infect other areas of the body (Kaplan, 2010; Solano et al., 

2014). 

The WHO established carbapenen-resistant A. baumannii as a priority level 1 and 

methicillin-resistant and vancomycin intermediate resistant S. aureus as priority level 

2 for the urgent need of research and development in to the development of 

antibiotics to tackle these bacteria (Tacconelli et al., 2018). Furthermore, these two 

bacteria produce the same exopolysaccharide structure to promote biofilm formation, 

which further helps them to resist antibiotics. For these reasons, and taking into 

consideration that S. aureus is a Gram-positive and A. baumannii is a Gram-negative 

ESKAPE pathogen, this thesis will focus on these two species in detail.  
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Fig. 1.1. Stages of biofilm formation. Diagram depicts the formation of biofilm that begin 

with planktonic bacteria reversibly attaching to an abiotic/biotic surface. Cells then 

irreversibly attach to the surface and form microcolonies. During attachment and 

microcolony formation, bacteria increase surface protein expression, produce extracellular 

polysaccharides and strategically lyse to release DNA into the biofilm matrix, promoting 

biofilm maturation. Bacteria also take on a persister phenotype and can be dormant within 

the biofilm matrix. With the help of surfactant and sheer force, biofilm microcolonies can 

detach to infect other areas of the body, or planktonic cells released can begin the formation 

of biofilm again. 

 Biofilm formation for S. aureus and A. baumannii 1.2.3.

Acinetobacter species are part of the common skin microbiome, with the most 

frequent species colonising the skin being A. lwoffii, A. johnsonii and A. junii. In 

contrast, A. baumannii has been found on less than 1% - 4% of skin samples, yet is 

one of the most important and troubling pathogens in today’s society (Berlau et al., 

1999; Chu et al., 1999; Peleg et al., 2008). A. baumannii is one of the most 

commonly detected bacteria isolated from biofilm-related catheter urinary tract, 

bloodstream infections and shunt-related meningitis (Rodríguez-Baño et al., 2008), 

and is often associated with pulmonary infections in hospital settings. For example, 

A. baumannii pneumonia associated with ventilators correlates with a 75% mortality 
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rate (Fagon et al., 1996). Furthermore, the ability of A. baumannii to withstand harsh 

antibiotic treatments has been correlated to its ability to form a biofilm (Babapour et 

al., 2016; Krzyściak et al., 2017). S. aureus colonises approximately 20% of the 

human population with the remainder being intermittently (approximately 60%) or 

never colonised (approximately 20%) (Kluytmans et al., 1997). Following S. 

epidermidis, S. aureus is one of the most prevalent bacterial species in medical 

device infections (Arciola et al., 2018). S. aureus is commonly isolated from catheter 

associated urinary tract infections, central-line associated septicaemia, ventilator-

associated pneumonia and surgical-site infections (Percival et al., 2015). Beyond 

medical device infections, S. aureus can cause biofilm related periodontitis and peri-

implantitis, osteomyelitis, chronic wound infections, chronic rhinosinusitis, 

endocarditis, ocular infections and polymicrobial biofilm infections as part of 

complications of diseases such as cystic fibrosis (Archer et al., 2011). Biofilm 

formation has been associated with increased resistance to antibiotics and shown to 

shield bacteria from the host’s immune response (Donlan & Costerton, 2002; Hall & 

Mah, 2017; Otto, 2008). 

With approximately 90% of the biofilm mass comprised of extracellular 

polysaccharides, proteins and DNA (Flemming & Wingender, 2010), a greater 

understanding of these extracellular components in terms of their regulation, host 

interactions and developing mechanisms of blocking these components is needed to 

tackle biofilm-related infections of S. aureus and A. baumannii. 
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Fig. 1.2. Staphylococcal biofilm on plastic and on a cannula. (A) Scanning electron 

microscope (SEM) image scale at 1 μm (zoomed image at 300 μm) of S. epidermidis biofilm 

formation on cannula that would be used in the hospital setting.  

 Components promoting biofilm formation 1.2.4.

A range of bacterial surface structures can contribute to initial attachment of bacteria 

to an abiotic surface. These are primarily physico-chemical interactions and are 

promoted by surface components such as lipoteichoic acids (LTA), wall teichoic 

acids (WTA), autolysins (Atl), pili and proteins (Berne et al., 2015; Speziale et al., 

2014). Attachment to a medical device in the body often relies on these medical 

devices being coated with host ECM proteins such as fibronectin, fibrinogen and 

vitronectin for bacterial protein attachment (Zapotoczna et al., 2016).  

For S. aureus, there are many cell wall anchored proteins that are associated with 

biofilm formation, either in the attachment or accumulation stages. These include 

sortase-anchored surface proteins that contain a conserved C-terminal Leu-Pro-X-

Thr-Gly (LPXTG) motif. Mutation of the sortase gene (srtA) results in reduced 

biofilm formation for S. aureus. These LPXTG-cell wall anchored proteins can 

include S. aureus surface protein G (SasG), fibronectin binding protein A and B 

(FnBPA and FnBPB), clumping factor B (ClfB) and S. aureus surface protein C 
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(SasC) (Abraham & Jefferson, 2012; Geoghegan et al., 2010; O’Neill et al., 2008; 

Schroeder et al., 2009). Beyond the involvement of Atl in primary attachment, the 

endo-β-N-acetylglucosaminidase (GL) domain of this protein plays an important role 

in biofilm formation via mediated cell autolysis and release of DNA to become 

integrated into the biofilm matrix (Bose et al., 2012). 

On the other hand, A. baumannii relies heavily on Csu pili, the outer membrane 

protein OmpA and the biofilm-associated protein Bap (Gaddy et al., 2009; Loehfelm 

et al., 2008; Tomaras et al., 2003). A Bap homologue is found in S. aureus, also 

termed as Bap, which has shown to be a crucial factor in biofilm formation 

associated with bovine mastitis and shown to build amyloid matrices. However, Bap 

has not been isolated from human S. aureus isolates (Taglialegna et al., 2016).  

Lectins are often involved in biofilm formation for bacteria. For example, the 

galactose specific lectin, LecA, and the fucose specific lectin, LecB, promotes 

biofilm formation for P. aeruginosa (Diggle et al., 2006; Tielker et al., 2005). The 

glucan-specific lectin of the Streptococcus mutans is also involved in biofilm 

formation for this dental pathogen (Lynch et al., 2007). Furthermore, an outer 

membrane lectin associated with Azospirillum brasilense binds to EPS on the surface 

of the bacteria (Mora et al., 2008). Although lectins have shown to be important in 

biofilm formation, it has not been determined whether lectins play a role in S. aureus 

or A. baumannii biofilm formation. Lectins have been identified on S. aureus and A. 

baumannii, for example, SraP on S. aureus binds to N-acetylneruaminic acid but this 

lectin has not been associated with biofilm formation (Yang et al., 2014). S. aureus 

possesses a surface protein, SasG, that is involved in biofilm formation and is 

predicted to have a lectin domain via bioinformatic analysis, however this has yet to 

be confirmed in vitro (Sharif et al., 2009; Speziale et al., 2014). LysM on A. 

baumannii binds to peptidoglycan and hypothesised to play a role in cell attachment 

to abiotic surfaces (Cabral et al., 2011). Beyond the above mentioned lectins, there 

has been very little research carried out to determine whether S. aureus and A. 

baumannii have lectins which bind to carbohydrates and whether these lectins play a 

role in biofilm formation for these pathogens. 
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 Poly-N-acetylglucosamine and biofilm formation 1.2.5.

Poly-N-acetylglucosamine (PNAG) is another common component involved in 

biofilm formation for both S. aureus and A. baumannii. The first reports of PNAG 

were described in S. epidermidis and the polysaccharide was referred to as 

polysaccharide/adhesion (PS/A), slime-associated antigen (SAA) and polysaccharide 

intercellular adhesion (PIA) (Baldassarri et al., 1996; Mack et al., 1996; McKenney 

et al., 1998). Verification that these extracellular polysaccharides were the same was 

first carried out by McKenney et al. (1998), followed by reports that S. aureus  

produced the same polymeric substance at a later date. These reports showed that the 

extracellular polymeric substance was nearly identical in all cases (Jefferson et al., 

2003; McKenney et al., 1999). PNAG is also referred to as polyglucosamine (PGA) 

in Gram-negative bacteria, poly-NAG, hms+ (Y. pestis) and Bordetella 

polysaccharide (BPS) in Bordetella species (Whitfield et al., 2015). 

Following structural identification of this polysaccharide, development of an 

antibody that targets PNAG and standardised methods to purify the polysaccharide, 

PNAG was identified as a polymer of β-(1,6)-linked N-acetylglucosamine with 5-

50% of the amine groups deacetylated, depending on the organism, genus and 

species that produces the PNAG (Fig. 1.3). PNAG O-succinylation has been 

described in Gram-positive bacteria such as S. epidermidis and S. aureus, with 

between 6 – 10% of GlcNAc polymers being O-succinylated, respectively (Joyce et 

al., 2003; Sadovskaya et al., 2005). PNAG expression is associated with a wide 

range of bacteria including Enterococcus faecium and Enterobacteria species, and 

has been associated with biofilm formation by Staphylococcus species, Klebsiella 

pneumoniae and A. baumannii (Chen et al., 2014; Choi et al., 2009; Cywes-Bentley 

et al., 2013; Maira-Litrán et al., 2002). PNAG is also expressed on fungi and 

protozoan parasites as well as Gram-positive and Gram-negative bacteria. To date, 

PNAG has been shown to play important roles in biofilm formation and bacterial 

pathogenesis (Choi et al., 2009; Ferreirinha et al., 2016; Lin et al., 2015; Maira-

Litran et al., 2004), but specific interactions between PNAG and the immune system 

and consequential immunomodulatory effects have not been thoroughly investigated, 

especially for PNAG associated with S. aureus  and A. baumannii. 
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Fig. 1.3. Structure of PNAG. Image of PNAG consisting of β-(1,6)-linked N-

acetylglucosamine. Deacetylation of PNAG can vary between 5-50%, depending on the 

genus and strain that produces the polysaccharide. 

 Proteins involved in PNAG production 1.2.6.

PNAG production relies on the presence of a 4 gene locus, denoted icaADBC in 

Gram-positive bacteria, and pgaABCD in Gram-negative bacteria or the hms or bps 

operon in Y. pestis or Bordetella sp., respectively (Choi et al., 2009; Maira-Litrán et 

al., 2002; Wang et al., 2004). IcaAD and PgaCD produce GlcNAc oligomers of 

approximately 20 residues and export PNAG out of the cell (Gerke et al., 1998). 

With the help of IcaC, long chains of PNAG are produced and it has also been 

suggested that IcaC is involved in translocation of PNAG out of the cell, while 

others hypothesise that IcaC adds O-succinate to the PNAG polymer of certain 

bacteria (Atkin et al., 2014). IcaB is necessary for deacetylation of the PNAG 

polymer and attachment to the bacterial cell wall. PgaB deacetylates and hydrolyses 

deacetylated PNAG in Gram-negative bacteria and exports the polysaccharide out of 

the cell through the PgaA porin (Little et al., 2018; O’Gara, 2007; Whitfield et al., 

2015). Although both IcaB and PgaB deacetylate PNAG, the architecture and 

localisation of the two proteins in Gram-positive and Gram-negative bacteria is 

drastically different. IcaB in Gram-positive bacteria is a single domain protein that 

resides on the surface of the bacteria, while PgaB is a two-domain lipoprotein 

located in the periplasm and has been predicted to have a carbohydrate binding 
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domain (Fig. 1.4) Using HHpred, this carbohydrate binding domain of PgaB had a 

match to the N-terminal domain of Thermus thermophiles β-galactosidase, and 

hypothesised that this domain binds to unmodified PNAG (Itoh et al., 2008). 

Similarly, it has been suggested that the electropositive patch on IcaB and its 

location situated on the outside of the cell would be suitable for interacting with 

negatively charged phosphate groups such as LTA (Little et al., 2014). Three 

different PNAG fractions were isolated from S. aureus Mn8m that had average 

masses of 460 kDa (PNAG I), 100 kDa (PNAG II) and 21 kDa (PNAG III). From 

PNAG III, a small fraction of PNAG was isolated with a molecular weight of 

approximately 780 kDa (Maira-Litrán et al., 2002). To the best of our knowledge, 

the molecular weight and/or oligomer length of PNAG isolated from A. baumannii 

has not been investigated.  

 

Fig. 1.4. PNAG production in Gram-negative and Gram-positive bacteria. PgaC/D and 

IcaA/D produce GlcNAc polymers. IcaC is hypothesised to help GlcNAc polymers out of 

the cell or to be involved in O-succinylation of the GlcNAc polymer. PgaB and IcaB 

deacetylate the GlcNAc polymer and for Gram-positive bacteria, IcaB promotes PNAG 

retention to the cell wall. PgaA in Gram-negative bacteria acts as a porin to release PNAG 

into the extracellular matrix. 

 PNAG and the immune system 1.2.7.

Most of the research on PNAG and how it affects the immune system has been 

carried out with S. epidermidis wildtype (WT) and PNAG deficient mutants (∆ica). 
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For S. epidermidis, the presence of the ica operon and PNAG on the cell surface, 

promoted protection against phagocytosis and killing by human polymorphonuclear 

leukocytes (PMNs) (Vuong et al., 2004), while PNAG extracted from S. epidermidis 

biofilm prevented bacteria from antibody-mediated phagocytosis. Interestingly, in 

the same study, it was found that PNAG did not block antibody diffusion through the 

biofilm matrix (Cerca et al., 2006). Furthermore, it was shown that the presence of 

PNAG interferes with the activation of macrophages (Schommer et al., 2011). WT S. 

epidermidis also induced the expression of more C3a compared to the ∆ica mutant, 

suggesting that PNAG may trigger an immune response. However, WT S. 

epidermidis were more resistant to human PMN killing, C3b and IgG deposition 

compared to the ∆ica mutant strain, indicating that PNAG and biofilm play a role in 

preventing the attachment of immune proteins to the bacterial cell surface, aiding 

survival within the host (Kristian et al., 2008). Similarly, Aarag Fredheim et al. 

(2011) found that a PNAG producing S. epidermidis WT strain induced a higher 

degree of complement activation compared to the ica isogenic mutant in a human 

whole blood model (Aarag Fredheim et al., 2011). In vivo, the presence of the ica 

operon and PNAG exacerbates host inflammation in a murine model of infection 

(Ferreirinha et al., 2016). Therefore, from research carried out with PNAG from S. 

epidermidis to date would suggest that PNAG triggers an immune response but 

evades subsequent killing. However, there is debate as to whether PNAG is the 

actual causative agent in these instances as PNAG is difficult to purify. Furthermore 

researchers have suggested that interactions with pathogen recognition receptors 

(PRRs), such as TLR2 are due to contaminating lipoproteins in purified preparations 

(Nguyen et al., 2017). We hypothesise that ica mutants have drastically different cell 

surfaces compared to the WT, making it difficult to attribute changes seen in 

previous research to PNAG alone. Thus, there is a great need for research to be 

carried out to elucidate whether PNAG interacts with the host, and the corresponding 

consequences of these interactions. 

Although there is much less data available for Escherichia coli and S. aureus, PNAG 

associated with E. coli O157:H7 was not required for binding to mammalian cells 

(Matthysse et al., 2008). For S. aureus, PNAG was shown to be involved in binding 

to nasal epithelial cells and crucial for lung infection development in a mouse model 

(Lin et al., 2015). Most research in to PNAG derived from S. aureus and the immune 
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system to date has focused on the capability to produce functional antibodies to 

target PNAG. Natural antibodies against PNAG were not functional and did not 

provide protection by mediating opsonisation via complement or bacterial killing. 

Natural antibodies against PNAG bound to the polymer via the acetyl groups, 

however, this resulted in the Fc regions of antibodies not in close proximity, which 

prevented binding to C1q and activation of the complement cascade (Skurnik et al., 

2016). Deacetylation of PNAG proved to be crucial in the deposition of C3 and 

consequent opsonisation. Therefore, a monoclonal antibody named F598 was 

produced which targeted deacetylated and acetylated PNAG and proved to be a 

successful antibody for opsonophagocytic activity in a S. aureus-infected mouse 

model (Kelly-Quintos et al., 2006).  

Despite investigations into how PNAG interacts with the adaptive immune response 

and the classical pathway of complement in S. aureus, there is a clear lack of data 

investigating the interactions and innate immune response to PNAG associated with 

S. aureus, and PNAG from other Gram-negative bacteria such as A. baumannii.  

1.3. Bacterial cell surface carbohydrates beyond PNAG 

Besides PNAG, other surface molecules on the surface of many Gram-positive and 

Gram-negative bacteria play important roles in cell homeostasis, biofilm formation, 

attachment, host recognition and immune evasion. The bacterial glycome represents 

all of the structural carbohydrates and carbohydrate-binding proteins, or lectins, 

expressed by a bacterium. These can include carbohydrates attached to proteins 

(glycoproteins) or lipids (glycolipids) and cell-surface polysaccharides. The 

structures and presentation of the cell surface polysaccharides can differ greatly 

depending on whether the bacteria is Gram-positive or Gram-negative, the species 

and strain of bacteria, and can be influenced by environmental factors including cell 

population density, pH, osmolarity, etc. (Götz, 2002; Laverty et al., 2014). Cell 

surface carbohydrate-containing structures can include lipopolysaccharides (LPS), 

lipooligosaccharides (LOS), peptidoglycan, capsular polysaccharides (CPS), teichoic 

acid (TA) and extracellular polysaccharides such as PNAG (Kay et al., 2010).  

There are approximately ten monosaccharides common to mammals, including 

glucose, mannose, galactose, N-acetylglucosamine, N-acetylgalactosamine, 

glucuronic acid, galacturonic acid, fucose, and N-acetylneuraminic acid. On the other 
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hand, bacteria can contain many other residues that are not commonly found in 

humans such as N,N′-diacetylbacillosamine, N-acetylfucosamine, D-arabinofuranose, 

hexuronic acids, heptose and pseudaminic acid and do not follow the highly 

conserved template of mammalian glycosylation. Furthermore, bacteria have diverse 

methods of glycosylation including N-, S- and O-linked glycosylation (Hirabayashi 

et al., 2013; Tan et al., 2015). As carbohydrates associated with bacteria are 

frequently involved in pathogen-host interactions, methods to uncover the 

carbohydrate-containing components of bacteria are urgently needed to help develop 

drugs and therapeutics to target these interactions. 

 Carbohydrate-mediated microbial-host interactions 1.3.1.

One of the first steps in pathogenesis is bacterial attachment to the host. The host 

often detects pathogens via recognition of carbohydrate structures on the bacterial 

cell surface. Attachment and host recognition of pathogens is usually mediated by 

carbohydrate-protein interactions. Indeed, microbes and their products can target 

particular cells or organs due to exclusively expressed carbohydrate structures (Sattin 

& Bernardi, 2016). For example, Helicobacter pylori binds to Lewis b (Leb) and 

sialylated structures on epithelial cells, Vibrio cholerae toxin binds the ganglioside 

GM1, E. coli binds mannosylated structures on uroepithelial cells and Group A 

Steptococcus binds type 1 blood group H (Poole et al., 2018).  

Lectins of the host immune system, termed pathogen recognition receptors (PRRs), 

play an important role by recognising carbohydrates on microorganisms to 

subsequently clear infection. For example, Toll-Like Receptors (TLRs) recognise 

bacterial peptidoglycan and LPS, DC-SIGN recognises LPS of E. coli, dectin-1 

recognises β-glucan on fungi and siglecs recognise sialic acids on LPS and 

glycoproteins (Brown et al., 2003; Iwaki et al., 2002; Klena et al., 2005; MacAuley 

et al., 2014; Oliveira-Nascimento et al., 2012). However, microorganisms often 

exploit these interactions to subvert the immune system and persist in the host 

(Hajishengallis & Lambris, 2011). For instance, mycobacteria, Candida albicans and 

HIV-1 virus inhibits TLR-mediated immune responses via interactions with siglec-5 

or -9, and phase variation of fucosylation on Helicobacter pylori LPS suppresses 

immune responses through DC-SIGN (Bergman et al., 2004; Geijtenbeek et al., 

2003; Gringhuis et al., 2007). Therefore, investigation of the mechanisms of 
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interfering with carbohydrate-mediated interactions have gained immense 

momentum in recent years, especially as proposed alternative routes to tackle 

microbes that are resistant to antibiotics, such as the ESKAPE pathogens.  

 Modulating carbohydrate-mediated microbial-host interactions 1.3.2.

Glycoconjugates and glycomimetics have been explored in recent years as sugar 

antagonists and have proven successful as anti-adhesives and anti-infectives. In 

urinary tract infections, uropathogenic E. coli (UPEC) uses a lectin on fimbriae 

called FimH which binds α-mannopyranosyl structures on urothelial cells (Hung et 

al., 2002). This finding has encouraged the development of different multivalent 

structures which targets FimH, including multimeric heptyl mannosides (Almant et 

al., 2011; Gouin et al., 2009), glycodendrimers (Imberty et al., 2008), glycoclusters 

(Lindhorst et al., 1998) and glycopolymers (Yan et al., 2015). Interestingly, glyco-

nanodiamonds have been used to prevent E. coli adhesion to bladder cells and have 

also proven to disrupt biofilm (Khanal et al., 2015). Similarly, glycoclusters have 

been developed to inhibit lectin-mediated P. aeruginosa-host interactions to tackle 

infections associated with cystic fibrosis (Boukerb et al., 2014). Multivalent 

glycoclusters reduced the bacterial load of P. aeruginosa in a lung infection mouse 

model and decreased lung permeability (Boukerb et al., 2014). To our knowledge, 

there has been no other in vivo models to show the efficacy of glycoclusters 

preventing P. aeruginosa infections. 

Glycoconjugates and glycomimetics have been developed to disrupt PRRs binding to 

carbohydrates on microorganisms that lead to persistent infections. An example of 

this is dendritic cell-specific ICAM-3 grabbing non-integrin (DC-SIGN) interactions 

with HIV. DC-SIGN usually recognises, internalises and degrades pathogens for 

dendritic cells. Degraded pathogen fragments are then presented on the cell surface 

for CD4+ T cells. However, HIV has developed a way to avoid degradation, allowing 

the virus to be presented and transmitted via CD4+ T cells (Sattin et al., 2016). DC-

SIGN plays a crucial role in HIV infection by providing the virus with a mechanism 

for entry and hijacking the immune system to spread within the host (Hajishengallis 

et al., 2011). Many other viruses, such as Ebola and Dengue, have used DC-SIGN to 

evade the immune system (van Kooyk & Geijtenbeek, 2003). Therefore, anti-

adhesives have been developed with the aim of blocking microorganisms 
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manipulating the host immune system, leaving them vulnerable for destruction. As 

DC-SIGN recognises mannosylated and fucosylated structures, mannose and fucose 

antagonists have been successfully developed to prevent DC-SIGN manipulation in 

vitro (Anderluh et al., 2012). These include glycodendrimers (Garcia-Vallejo et al., 

2013; Lasala et al., 2003; Tabarani et al., 2006), manno-dendronanoparticles that 

resembled viruses (Ribeiro-Viana et al., 2012) and glycopolymers (Q. Zhang et al., 

2013). 

 Detecting bacterial carbohydrates  1.3.3.

Conventional methods of analysing carbohydrates include mass spectrometry (MS), 

liquid chromatography (LC), capillary electrophoresis (CE) and nuclear magnetic 

resonance (NMR) and chemical assays, while profiling carbohydrate compositions is 

frequently carried out with high-performance liquid chromatography (HPLC), if the 

mixture contains less than 50 different carbohydrates. Carbohydrate analysis via MS, 

LC, CE, NMR or HPLC requires the carbohydrates to be liberated from their source 

such as a protein or cell wall prior to analysis. Furthermore, carbohydrates lack UV 

absorption unlike proteins, and must be fluorescently labelled for separation and 

detection using HPLC. Fluorescent labelling carbohydrates is also often carried out 

with MS to improve ionisation efficiency. These methods can often require great 

expertise, are time consuming and laborious (Hirabayashi et al., 2013; Hsu et al., 

2006). 

Lectins have been used for many years as an alternative approach to help profile 

different carbohydrate containing structures. Lectin affinities towards different 

carbohydrates have been extensively elucidated for mammalian glycosylation, 

therefore, specific ligands for different lectins are known and exploited to isolate and 

detect different glycosylated molecules. Lectins are used with different methods 

including lectin-probed Western blot analysis, flow cytometry and histochemical 

staining, as well as carbohydrate-mediated fractionation using lectin-affinity 

chromatography. However, these methods are time-consuming and often require 

high concentrations of reagents, samples and lectins for analysis. One technology 

that provides a sensitive, high-throughput platform for lectin interactions is the lectin 

microarray platform (Hirabayashi et al., 2013; Hu & Wong, 2009). 
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 Microarray platforms 1.3.4.

Microarrays consist of a functionalised glass slide with molecules conjugated to the 

glass slide through appropriate slide surface chemistry. Coated and functionalised 

slide surfaces include aldehyde, epoxide, nitrocellulose, polylysine, hydrogel and 

maleimide (Wang et al., 2014). Often proteins, such as lectins, are immobilised to 

the glass surface and residual activated groups on the slide are blocked with a 

blocking agent containing agents such as amines (ethanolamine or Tris base) or 

periodate-treated albumin. Carbohydrates incubated on lectin microarrays are 

directly or indirectly labelled with a fluorescent dye/probe prior to incubation. Direct 

labelling of carbohydrates requires free functional groups for fluorescent probe 

conjugation, which can often be difficult. Alternatively, glycoproteins are 

fluorescently labelled or whole bacteria containing the carbohydrate(s) of interest are 

labelled with an intercalating nucleic acid stain, and subsequently incubated on the 

lectin microarray platform for profiling. Bound carbohydrates can also be detected 

using fluorescently labelled antibodies. In this instance, the target molecule must be 

known in advance to choose a specific antibody and good controls must be in place 

to eliminate the chance antibody glycosylation causing false positive interactions 

with lectins on the microarray (Hirabayashi et al., 2013). 

Besides lectins, microarray platforms have been used for a number of different 

applications including, but not limited to, DNA, glycans (including 

neoglycoconjugate and bacterial), mucins, antibodies, extracellular vesicles and 

lipids (Feng, 2005; Heller, 2002; Jørgensen et al., 2013; Kilcoyne et al., 2012; 

Stowell et al., 2014; L. Wang et al., 2014; Wingren & Borrebaeck, 2006). Regarding 

bacteria, microarray platforms have been used to profile bacterial surface 

glycosylation with the use of lectin microarray technology (Hsu et al., 2006; Yasuda 

et al., 2011). Bacterial interactions with mucins (Naughton et al., 2013) and 

carbohydrates (Flannery et al., 2015) have also been elucidated with microarray 

technology to elaborate bacterial adhesin specificity. Finally, whole bacteria and 

bacterial carbohydrates have been printed on microarray platforms for interactions 

with different lectins (Campanero-Rhodes et al., 2015; Stowell et al., 2014). 

Although there have been significant advances in the field of microarray technology 

and in applications to benefit host-pathogen interactions, there lacks a microarray 

platform to provide high throughput (HTP) analysis of bacteria and/or bacterial 
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carbohydrate interactions with the host’s first line of defence against invading 

pathogens – the innate immune system. 

1.4. The innate immune response against bacteria 

When bacteria come in contact with a human, the first mechanism of defence they 

will encounter is the innate immune system. The innate immune system can 

eliminate many microbial challenges without the requirement of pre-existing 

encounters or previous memory of the bacteria. This is because the innate immune 

system comprises cells that are selective for specific markers on bacteria, but are not 

antigen-specific. Identification of a broad range of microbial components allows 

cells of the innate immune system to identify invading pathogens quickly and have a 

rapid response leading to elimination of the bacteria. Furthermore, the innate 

immune system plays an important role in the activation of the adaptive immune 

response. Cells that play a role in the innate immune system include mast cells, 

natural killer cells, monocytes, macrophages, dendritic cells, neutrophils, eosinophils 

and basophils. Each of these cell types have an array of common or cell-specific 

PRRs displayed on the cell surface. Initial recognition of invading pathogens by 

PRRs leads to the production of cytokines, chemokines, complement proteins and 

antimicrobial peptides, promoting the elimination of invading pathogens (Rivera et 

al., 2016; Tosi, 2005).  

The innate immune system detects antigens on bacteria, which are called PAMPs. 

PRRs detect PAMPs to activate the innate immune response and can be bound to the 

membrane of cells or soluble in the serum (Lu et al., 2002; Takeuchi & Akira, 2010). 

When a PRR recognises a PAMP, this leads to activation of complement and/or 

signalling responses to regulate the production of cytokines and chemokines and 

cellular recruitment to the site of infection (Gasteiger et al., 2017). Usually PRR-

bacterial interactions are more complex than a one-to-one binding between a PRR 

and a bacterial ligand. Instead, an array of PRRs and receptors interact with an array 

of microbial surface molecules causing a highly orchestrated immune response via 

cross-talk between different PRR receptors (Fig. 1.5). The innate immune system 

succeeds to protect the human body from growing infections more times than not, 

however, bacteria have evolved to manipulate signalling and cross-talk associated 

with the innate immune system to evade killing. For example, bacteria such as 
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Mycobacterium tuberculosis and H. pylori promote cross-talk between TLRs and 

DC-SIGN leading to an increased production in the anti-inflammatory cytokine, IL-

10, by dendritic cells (Hajishengallis et al., 2011). Soluble PRRs found in the human 

serum are often associated with the complement cascade and membrane-bound 

PRRs, like some TLRs and DC-SIGN, are frequently associated with cell-mediated 

signalling responses (Mak & Saunders, 2006). 

 

 

Fig.1.5. PRR recognition of microorganisms. PRRs such as TLRs, selectins, dectins, 

siglecs and MMR recognise specific carbohydrates associated with microorganisms to 

activate signalling pathways to promote cytokine, chemokine, phagocytosis and/or activation 

of the adaptive immune response. 

 

The sections below will focus on the known interactions of PRRs with S. aureus and 

A. baumannii, focusing specifically on bacterial surface components responsible for 

these interactions. 
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 Complement 1.4.1.

The complement cascade plays an imperative role in the innate immune response and 

links the innate and adaptive immune response together. Complement proteins co-

ordinate sequential enzymatic cascades to promote pathogen recognition, 

opsonisation and bacterial lysis. The complement cascade that leads to bacterial 

elimination requires protein fragments to become activated when they are non-

covalently associated together in a sequential manner. These activated proteins form 

a convertase that cleaves proteins for the next complex in the enzymatic cascade. 

The dissociated complexes promote phagocytosis, cell lysis, antigen presentation, 

chemotaxis and opsonisation. There are three different pathways that converge on 

the formation of a C3 convertase: the classical pathway, the alternative pathway and 

the lectin pathway (Fig. 1.6). C3 convertase cleaves the protein C3, forming C3a and 

C3b. C3a acts as a chemoattractant for neutrophil recruitment while C3b covalently 

attaches to the microbial surface serving as an opsonin. C3b also binds to C3 

convertases, forming a C5 convertase. This C5 convertase cleaves C5 generating 

C5a and C5b. C5a serves as a chemoattractant and anaphylatoxin. C5b initiates 

assembly of C6, C7 C8 and C9 to form the membrane attack complex (MAC) – a 

multiprotein structure that inserts into the bacterial membrane, forming a pore and 

eventually causing cell lysis (Fig. 1.6) (Nesargikar et al., 2012; Song et al., 2000). 

As the lectin pathway primarily recognises carbohydrates, this pathway will be 

discussed in further detail with regard to mannose binding lectin (MBL), ficolin and 

collectin interactions with S. aureus and A. baumannii. 
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Fig. 1.6. Overview of the complement cascade. The complement cascade is initiated via 

three pathways: the classical, the lectin and the alternative pathway. The classical pathway 

involves C1q binding to antibodies on a microbial surface. The lectin pathway involves 

lectins (MBL, ficolins and collectins) binding to microbial carbohydrates. Finally the 

alternative pathway is constantly in a state of low activation, where C3 is continuously being 

hydrolysed to form C3b. C3b (or C3i) binds to Factor B, which is then cleaved by Factor D 

to form active C3b. When a microbe is present, C3b binds to the microorganism and 

heightens the alternative pathway response. All pathways converge to activate C3 and 

cleaves C3 in to C3a (anaphylatoxin) and C3b. C3b acts as an opsonin and remains bound to 

the microorganism to activate C5. C5 is then cleaved into C5a (chemoattractant for 

macrophages, neutrophils and activation of mast cells) and C5b. C5b remains attached to the 

microorganism and follows with the binding of C6, C7, C8 and eventually C9. This complex 

forms a pore in the microorganism called a membrane attack complex (MAC), promoting 

cell lysis. 
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The lectin pathway comprises of multimeric collectins that recognise carbohydrate 

moieties, such as PAMPs associated with microorganisms or carbohydrate structures 

on apoptotic, malignant, oxygen-deprived and necrotic cells (Fujita, 2002). Humans 

have MBL, CL-10 (collectin-1/CL-L1), CL-11 (collectin-11/CL-K1) and three 

ficolins: ficolin-1 (M-ficolin), ficolin-2 (L-ficolin) and ficolin-3 (H-ficolin), all of 

which are involved in the lectin pathway. Binding of MBL, ficolins, CL-10 or CL-11 

to PAMPs triggers activation of the lectin pathway of the complement cascade by 

formation of a complex with the serine protease, MBL-associated serine protease 

(MASP). There are three MASPs – MASP-1, MASP-2 and MASP-3. Activated 

MASP cleaves C4 and C2 to form a C3 convertase from C2b and C4b, and converge 

with the classical and alternative pathways at this point (Fig. 1.6) (Garred et al., 

2016; Nesargikar et al., 2012). Although the complement cascade is an efficient and 

often successful mechanisms of eradicating pathogens from the host, bacteria such as 

S. aureus have proteins like Eap that can block the lectin pathway at C3 activation 

(Woehl et al., 2014). Therefore, understanding the interactions of bacterial cell 

surface molecules and PRRs associated with the complement cascade are crucial in 

understanding the pathogenesis of ESKAPE pathogens such as S. aureus and A. 

baumannii. 

1.4.1.1 Ficolins 

Ficolins are multimeric lectins that closely resemble the well characterised MBL in 

that ficolins have a collagen-like domain. However, ficolins contain both a 

fibrinogen-like domain and a collagen-like domain (Kilpatrick & Chalmers, 2012). 

The ficolins contain an N–terminal domain, a collagen–like domain and, 

characteristic of ficolins, a fibrinogen–like domain. Ficolins are Ca2+ dependent 

lectins and bind carbohydrates through their C-terminal fibrinogen-like domain (Fig. 

1.7) (Ohashi & Erickson, 1998). 

Ficolin-1 mRNA expression has been identified in lungs and leukocytes (Endo et al., 

1996; Harumiya et al., 1996; Teh et al., 2000), while expression of ficolin-1 protein 

has been found in secretion granules in neutrophil and monocyte cytoplasms, and 

also in type II alveolar lung epithelial cells (Liu et al., 2005). Ficolin-1 recognises 

acetylated structures including N-acetylglucosamine (GlcNAc), N-
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acetylgalactosamine (GalNAc), acetylated non-carbohydrates and sialic acid 

(Frederiksen et al., 2005; Kjaer et al., 2011; Y. Liu et al., 2005; Teh et al., 2000). 

Ficolin-2 mRNA expression has been detected in myeloid and non-myeloid cell 

(such as the liver), and lymphoid cells and is subsequently found in serum (Kuraya et 

al., 2003; Matsushita et al., 1996). Ficolin-2 binds to acetylated carbohydrates, 

including GlcNAc, sialic acid, heparin, capsular polysaccharide and indeed to non-

carbohydrate acetylated molecules (Aoyagi et al., 2008; Gout et al., 2010; Krarup et 

al., 2004). Moreover, glycan microarray analysis has revealed that ficolin-2 does not 

bind to many acetylated mammalian oligosaccharides, but instead most likely 

requires multiple acetylated ligands in a particular conformation for recognition and 

binding (Krarup et al., 2008). Ficolin-2 has also been shown to bind to (1→3)-β-D-

glucan and DNA (Jensen et al., 2007; Ma et al., 2004). 

Ficolin-3 mRNA is produced in the lung and the liver. Bile duct epithelial cells and 

hepatocytes produce ficolin and secrete the lectin into the bile duct, while Type II 

alveolar epithelial cells and ciliated bronchial epithelial cells secrete the lectin in to 

the bronchus and alveolus (Akaiwa et al., 1999). Furthermore, ficolin-3 is produced 

in glioma cells suggesting that ficolin-3 may be expressed in the brain (Kuraya et al., 

2003). Ficolin-3 has shown affinities towards GlcNAc, GalNAc and D-fucose 

(Matsushita et al., 1996; Sugimoto et al., 1998). 

Ficolins bind to carbohydrate antigens on the surface of bacteria to activate the lectin 

pathway. Here, ficolins form complexes with MASPs as well as the small MBL-

associated protein (sMAP), which does not have a serine protease domain present 

(Fujita, 2002). This ficolin–MASP complex, binding to bacterial antigens causes 

MASP-2 to change from an inactive (a proenzyme consisting of a single polypeptide 

chain), to an activated structure (two polypeptide chains). Activated MASP-2 

proteolytically cleaves C4 and C2, resulting in a C4bC2a complex, generating a C3 

convertase, which in turn cleaves C3 into C3a and C3b (Fujita, 2002; Matsushita et 

al., 2000; Matsushita, 2013). Ficolin-3 has shown the highest capacity to activate 

complement, compared to and ficolin-1 and -2 (Fig. 1.6) (Hummelshoj et al., 2008). 

S. aureus has many acetylated structures on its cell surface that would provide 

potential ligands for ficolins and in turn activate the complement pathway. These 

acetylated structures include WTAs (O–GlcNAc), CPSs (structures including 
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ManNAc, FucNAc and GalNAc), peptidoglycan (GlcNAc and MurNAc), LTA on 

some S. aureus strains (α-linked GlcNAc) and the polymeric substance involved in 

biofilm formation, PNAG (Maira-Litrán et al., 2002; Morath et al., 2001; Müller-

Anstett et al., 2010; O’Riordan & Lee, 2004; Sharif et al., 2009; Winstel et al., 

2015) while many other undiscovered surface carbohydrates may also serve as 

potential ligands for PRRs such as ficolins.  

Liu et al. (2005) showed the binding of whole S. aureus cells to recombinant ficolin-

1 via flow cytometry. This binding was inhibited by GlcNAc, suggesting that this S. 

aureus and ficolin-1 interaction was mediated via GlcNAc on the surface of S. 

aureus (Liu et al., 2005). Contrary to this finding, a similar study was carried out to 

investigate S. aureus–ficolin-1 interactions and did not see any evidence of S. aureus 

binding to ficolin-1. This study did not use flow cytometry, but instead involved 

incubating whole bacteria with recombinant ficolin-1 for 2 hours, pelleting the 

bacteria cells and quantifying unbound ficolin-1 in the supernatant via a method 

based on a sandwich-type time-resolved immunofluorometric assay (TRIFMA). 

Here, no binding of capsulated or noncapsulated S. aureus was seen to ficolin-1. In 

fact, no binding of S. aureus to ficolin-1, -2 or -3 was observed in this study (Kjaer 

et al., 2011).  

The same group carried out similar binding studies with S. aureus, but focused on 

ficolin-2 and -3. Using the same bacterial binding assay, Krarup et al. (2005) found 

that several capsulated S. aureus strains were capable of binding to ficolin-2, 

whereas the noncapsulated control did not show binding to ficolin-2. This suggests 

that ficolin-2 may recognise specific structures associated with some capsulated 

serotypes, and not others. However, none of the capsulated S. aureus strains or 

noncapsulated strain, Wood, bound to ficolin-3 (Krarup et al., 2005). Lynch et al. 

(2004) showed whole S. aureus cell binding to ficolin-2 via flow cytometry. This 

binding was attributed to LTA, as purified LTA from S. aureus bound ficolin-2 and 

caused C4 activation. Furthermore, ficolin-2 binding to S. aureus was inhibited by 

excess fluid–phase LTA from S. aureus (Lynch et al., 2004). More recently, a 

microarray screening was carried out where 159 extracellular S .aureus proteins were 

screened against 75 human extracellular proteins, which included many proteins of 

the innate immune system (Scietti et al., 2016). Here, staphylococcal protein A 

(SpA) was shown to directly bind to ficolin-2. However, this interaction was not 
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further investigated as their results may have been compromised due to residual 

GlcNAc-containing LPS in their purified SpA sample, and, putative hits were 

dismissed as detection methods rely on antibody detection which may have been 

hindered as SpA has the ability to bind immunoglobulins. Therefore, specific ficolin 

ligands for S. aureus have yet to be determined. 

To our knowledge, A. baumannii interactions with any ficolins have not been 

elucidated to date. 

 

Fig. 1.7. Structure of ficolins and MBL. Ficolins and MBL consist of a cysteine region, a 

collagen-like domain , a neck region and ficolin-like domain for ficolin-1, -2 and -3, and a 

CRD domain for MBL. Ficolins and MBLs are arranged in trimers which can associate with 

other trimers to form hexamers. Image taken from Beltrame et al. (2015). Downloaded (01-

Jun-2019), copyright permission allowed by publisher. 

 

1.4.1.2 Collectins 

Collectins, which are C-type lectins, comprise of a collagen-like domain that has a 

cysteine-rich N-terminus and a carbohydrate recognition domain (CRD) which is 

involved in microbial recognition (Hansen et al., 2016). Nine collectins have been 

discovered to date, including MBL, CL-10, CL-11, CL-43, CL-46, collectin placenta 

1 (CL-12), surfactant proteins A and D (SP-A and SP-D) and conglutinin (Van De 

Wetering et al., 2004). Among the nine collectins that have been discovered so far, 

MBL, CL-10 and CL-11 have been shown to be involved in the lectin pathway of the 

complement cascade. CL-10 and CL-11 form complexes comprising of one CL-10 
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subunit and two CL-11 subunits via disulfide bridge formation (Henriksen et al., 

2013). These complexes circulate in serum and have been shown to complex with 

MASPs, specifically MASP-2, resulting in C4b deposition and complement 

activation (Henriksen et al., 2013). It has been shown that CL-10 has specificity for 

mannose, GlcNAc, galactose and fucose, and CL-11 has specificity towards 

mannose, ManNAc and fucose (Hansen et al., 2016). Interestingly, CL-12, which is 

a type II membrane protein with a coiled-coil region, collagen-like domain and CRD, 

has been shown to bind to bacteria such as E. coli and S. aureus and promote 

phagocytosis, but unlike, CL-10 and CL-11, CL-12 has been shown to activate the 

alternative pathway instead of the lectin pathway (Ma et al., 2015; Ohtani et al., 

2001). CL-12 expression is associated with vascular endothelial cells, while CL-10 

has been found in serum and plasma. CL-11 is expressed by the adrenal glands, liver 

and kidney and is also present in serum (Hansen et al., 2016). The role of CL-10, 

CL-11 and CL-12 in detecting pathogens to activate the complement cascade has yet 

to be thoroughly investigated.  

MBL also recognises various PAMPs, including those from bacteria, viruses, fungi 

and parasites, helping the host to prevent severe pathogenic microbial infections by 

activating the lectin pathway in the complement cascade. MBL consists of four main 

regions, a N–terminal cycteine rich domain, a collagenous domain, an α-helical 

coiled domain, and a CRD or lectin domains which form a globular head on the 

MBL molecule. A MBL triple helix is formed via three polypeptide chains, creating 

a trimeric structure which is the basic structural composition of MBL circulating in 

the body. Furthermore, oligomerisation of these trimeric structures can occur, 

leading to high binding affinity to particular carbohydrate ligands (Auriti et al., 

2017; Yokota et al., 1995). MBL is primarily synthesized by hepatocytes in the liver 

(Wild et al., 1983) although transcription in the small intestines and testis has also 

been reported (Seyfarth et al., 2006). Following synthesis, MBL is released as a 

serum protein that circulates around the body. However, MBL can leave the blood 

circulation during infections and can be found in amniotic fluid, nasopharyngeal 

secretions, middle ear effusions and upper airway secretions (Garred et al., 1993; 

Malhotra et al., 1994).  

MBL has a binding affinity towards terminal D-mannose, L-fucose (Fuc) and 

GlcNAc, but not to D-galactose (Gal) or sialic acid. It has been suggested that MBL 
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prefers binding to equatorial hydroxyl (OH) groups in the 3- or 4-position 

(Drickamer, 1992; Eddie Ip et al., 2009; Weis et al., 1992). Although Fuc contains 

an axial OH group on C-4, Weis et al. (1992) suggested the equatorial OH groups at 

C-2 and C-3 can be superimposed on the C-3 and C-4 OH groups on the pyranose 

ring. This results in the C-4 OH group occupying the same position as the C-2 OH 

group on mannose, and the C1 and C6 position on fucose being reversed compared 

to mannose. Binding of a single CRD to a monosaccharide is weak, therefore strong 

binding requires simultaneous binding from multiple CRDs such as a MBL triple 

helix to increase affinity (Eddie Ip et al., 2009), and that carbohydrate ligands span a 

three dimensional 45 Å (Sheriff et al., 1994). 

MBL complement activation is very similar to that of ficolin activation of 

complement. When MBL binds to a PAMP, MBL and MASPs form a complex to 

initiate the lectin pathway of complement. This MBL–MASP complex is thought to 

occur via MBL collagen domains (Super et al., 1992). Initiation of the lectin 

pathway occurs by MASP-2 autoactivation, which is subsequently initiated after 

MBL recognises and binds microbial carbohydrates. MASP–2 activation causes C4 

and C2 proteolytical cleavage, resulting in a C3 convertase (Fig. 1.6) (Eddie Ip et al., 

2009).   

For many years, it has been known that S. aureus (both MSSA and MRSA) can bind 

to MBL, activating the complement pathway (Ma et al., 2004; Neth et al., 2000, 

2002; Shi et al., 2004). It was shown that tetrameric MBL bound much greater to S. 

aureus compared to trimeric MBL, whereas dimeric MBL did not bind S. aureus, 

suggesting the importance of oligomerisation of MBL for the detection of S. aureus 

(Kjaer et al., 2011). S. aureus peptidoglycan binding to MBL has been reported Ma 

et al., 2004) along with S. aureus LTA binding to MBL (Eddie Ip et al., 2008; 

Polotsky et al., 1996), and more recently, specific binding of S. aureus WTA to 

MBL (Park et al., 2010). S. aureus mutants used in this study included an α-GlcNAc 

glycosyltransferase mutant (∆tarM), a β-GlcNAc glycosyltransferase mutant (∆tarS), 

and a double mutant of the two genes (∆tarMS). MBL bound to the mutants lacking 

either α-GlcNAc glycosylation of WTA or β-GlcNAc glycosylation of WTA, 

however, MBL was unable to bind the double mutant, ∆tarMS. This indicates that 

MBL requires GlcNAc modified WTA for binding, which may not necessarily 

depend on the anomeric linkage of the GlcNAc residue. However, higher levels of 
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anti–WTA β-GlcNAc IgG were present in human sera, as compared to anti–WTA α-

GlcNAc IgG. Kurokawa et al., (2013) hypothesized that β-GlcNAc residues on 

WTA may be more antigenic than α-GlcNAc residues, thus causing this heightened 

IgG immune response. 

Similar to ficolins, no research has been published to identify whether MBL is 

involved in detecting A. baumannii or in the elimination of A. baumannii from the 

host. 

 Membrane-bound PRRs 1.4.2.

Ficolins and collectins are usually found in the serum and plasma. Although 

collectins can be expressed on some cell surfaces, as well as found in the serum, 

other PRRs are predominately found on cell membrane. These membrane-bound 

PRRs include other C-type lectins such as DC-SIGN, selectins and dectins, TLRs 

and I-type lectins or siglecs. Typically these membrane bound PRRs have 

extracellular CRDs which detect PAMPs. They also have a transmembrane spanning 

region and a cytoplasmic tail required for signalling. These signalling events can 

often lead to elimination of the pathogen, or pathogens can manipulate these 

signalling events to persist within the host (Bradshaw & Dennis, 2010; Brubaker et 

al., 2015). 

1.4.2.1 DC-SIGN 

Dendritic Cell-Specific ICAM-3 Grabbing Non-Integrin receptor (DC-SIGN) is a 

type II membrane protein that was originally found to be a receptor for the gp120 

glycoprotein from HIV envelope (Curtis et al., 1992). Since then, DC-SIGN has 

been associated with a wide range of immunological functions ranging from 

intercellular migration, communication, pathogen recognition and presentation and 

cellular signalling (Geijtenbeek, Torensma, et al., 2000; van Kooyk et al., 2003). 

DC-SIGN is expressed by immature dendritic cells (DCs) in the skin and mature 

DCs in lymphoid tissues, the placenta, macrophage populations and monocytes 

(Geijtenbeek, Krooshoop, et al., 2000; Geijtenbeek, Torensma, et al., 2000; 

Mummidi et al., 2001). As a PRR, DC-SIGN binds to specific carbohydrate 

structures such as Fuc and Man in a calcium dependent manner. Therefore, DC-

SIGN binding has been associated with the recognition of fucosylated (including 
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blood type Lewis antigens) and mannosylated (including mycobacterial 

mannosylated lipoarabinomannan (ManLAM)) structures. Due to DC-SIGNs broad 

range of specificity, it recognises pathogens such as HIV, Measles virus, Ebola virus, 

H. pylori, Candida albicans and indeed human derived glycoproteins such as ICAM-

2, ICAM-3, immunoglobulins, butyrophilin, macrophage receptor 1 (Mac-1) 

(Alvarez et al., 2002; Anthony et al., 2008; Bergman et al., 2004; Cambi et al., 

2003; De Witte et al., 2006; Geijtenbeek, Torensma, et al., 2000; Van Gisbergen et 

al., 2005; van Liempt et al., 2006). Interestingly, DC-SIGN can modulate TLR 

signalling via Raf-1 dependent acetylation of p65, increasing the production of 

different cytokines (Geijtenbeek et al., 2003; Gringhuis et al., 2009). 

Some LPS structures found on the surface of pathogens, such as H. pylori, K. 

pneumoniae and M. tuberculosis, can interact with DC-SIGN via Lewis x, Man 

residues or ManLAM respectively (Appelmelk et al., 2003; Bergman et al., 2006; 

Tallieux et al., 2003). These interactions cause distinct immunological responses; for 

example, ManLAM interaction with DC-SIGN causes an increase in the 

immunosuppressive cytokine IL-10 (Geijtenbeek et al., 2003). Little research has 

been carried out to investigate whether S. aureus or A. baumannii binds to DC-SIGN 

or is involved in DC-SIGN signalling. Appelmelk et al. (2003) found no binding 

between a clinical S. aureus strain and DC-SIGN in a soluble DC-SIGN-Fc adhesion 

assay. However, this has to be investigated further as this study used only the 

extracellular portion of DC-SIGN and used only one strain of S. aureus (Appelmelk 

et al., 2003). Similarly, a DC-SIGN homologue, SIGN-R1, was not capable of 

capturing S. aureus in a mouse model (Takahara et al., 2004). For A. baumannii, 

there are no studies, that we are aware of, that show the direct interaction between A. 

baumannii and DC-SIGN. However, it has been shown that dendritic cells become 

activated in response to the A. baumannii surface porin protein, OmpA (Lee et al., 

2007). Purified OmpA increased the production of IL-12, promoted the polarisation 

of CD4+ T-cells towards a Th1 type, and activated MAPKs and NF-κB in dendritic 

cells. Thus, it was hypothesised that OmpA induces dendritic cell maturation and 

activates the adaptive immune response via polarisation of Th1 cells. Although it 

was shown that IL-12 mediated responses involved TLR2, no experiments were 

carried out to show the involvement of other PRRs, such as DC-SIGN, in dendritic 

cell activation of the adaptive immune response. 
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1.4.2.2 DC-SIGNR and LSECtin 

Dendritic-cell specific ICAM3 grabbing non-integrin related (DC-SIGNR, also 

known as CD299, CD209L and L-SIGN) protein is a homologue to DC-SIGN. 

Although DC-SIGN and DC-SIGNR share 77% amino acid sequence, they are not 

found in the same locations in the body. DC-SIGN expression is often associated 

with dendritic cells and macrophages, while DC-SIGNR is found on endothelial 

placenta, liver and lymph node cells (Pöhlmann et al., 2001; Soilleux et al., 2000). 

Liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin or 

CLEC4G) shares a similar gene structure and location to DC-SIGN and DC-SIGNR 

but is detected on Kupffer cells, lymph nodes and sinusoidal endothelial cells (F. 

Zhang et al., 2014). DC-SIGN, DC-SIGNR and LSECtin have intra-, trans- and 

extra-cellular domains. The intracellular domains of these lectins contain the N-

terminal tails and causes binding-induced signalling, phagocytosis and ligand 

trafficking. Internalisation is permitted with di-leucine motifs, phagocytosis and 

endocytosis with triacidic motifs, and there is a tyrosine motif that is conserved in 

DC-SIGN and LSECtin, but not DC-SIGNR (Fig. 1.8). The trans-membrane 

domains consist of 18-23 amino acids that anchor the proteins to the membrane of 

the cytoplasm. Finally, the extracellular domains contain the C-type CRD, that 

interacts with self and non-self carbohydrates (Azad et al., 2008; Koppel et al., 

2005). LSECtin recognises PAMPs on dendritic cells and activates spleen tyrosine 

kinase (SYK) and extracellular signal-regulated kinase (ERK) leading to cytokine 

production via the activation of caspase recruitment domain-containing protein 9 

(CARD9) and Syk (Zhao et al., 2016). 
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Fig. 1.8. Diagram of DC-SIGN, DC-SIGNR and LSECtin. DC-SIGN, DC-SIGNR and 

LSECtin have a CRD domain and a neck domain. DC-SIGN and LSECtin contain tyrosine 

motifs, which is absent from DC-SIGNR. DC-SIGN and DC-SIGNR contain a triacidic 

cluster and a di-leucine motif and LSECtin does not have a triacidic cluster and has a 

diglutamic-containing motif. Image taken from Zhang et al. (2014). Downloaded (01-Jun-

2019), copyright permission allowed by publisher. 

DC-SIGNR binds to high mannose type N-linked glycans (Feinberg et al., 2001). 

Although both DC-SIGN and DC-SIGNR bind mannose structures, only DC-SIGN 

binds to blood group antigens. Furthermore, as PRRs, DC-SIGN binding to an 

antigen causes endocytosis, trafficking and ligand release at an endosomal pH, while 

DC-SIGNR does not release the ligand at endosomal pH and cause endocytosis. To 

date, it appears that DC-SIGNR has a more restricted function by acting only as an 

adhesion receptor (Guo et al., 2004). LSECtin binds to Man, GlcNAc and Fuc in a 

calcium-dependant manner (Liu et al., 2004) 

Similar to LSECtin, DC-SIGNR has been primarily associated with viral infections. 

For example, DC-SIGNR binds to HIV and promotes viral infection of T cells 

(Pöhlmann, Baribaud, et al., 2001). DC-SIGNR is also a receptor for many other 

viruses such as influenza A virus, Ebola, hepatitis C and alphavirus (Alvarez et al., 

2002; Gardner et al., 2003; Gillespie et al., 2016; Klimstra et al., 2003; Pöhlmann et 

al., 2001). Interestingly, DC-SIGNR binds to SARS coronavirus (SARS Co-V) viral 
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glycoprotein to help eliminate the virus, but also aids transmission of the virus, and 

LSECtin has been shown to bind to the spike protein of SARS-CoV further 

promoting infection. To date, the only indication that bacteria may interact with DC-

SIGNR is via interactions with the lipoprotein LprG from M. bovis BCG (Carroll et 

al., 2010) and there have been no associations made between LSECtin and bacteria 

to date.  

1.4.2.3 Neutrophil recruitment and selectins 

In response to microbial infections, the body reacts by signalling for leukocytes, such 

as neutrophils and eosinophils, to migrate to extravascular sites of inflammation 

from the blood stream. This process also occurs in chronic and acute inflammatory 

processes, such as cancer metastasis, skin inflammation and atherosclerosis to name 

a few (Barthel et al., 2007). During inflammation, selectins are expressed on the cell 

surface and bind to leukocytes while they roll along the blood vessel wall. Selectins 

adhere to carbohydrates, such as the glycoprotein P-selectin glycoprotein ligand-1 

(PSGL-1), on leukocytes and this causes leukocytes to migrate from the blood vessel 

and to the site of infection and inflammation (Springer, 1994). Selectins play an 

instrumental role in leukocyte rolling, but other adhesion receptors are also involved 

in this orchestrated process of leukocyte transmigration through the epithelium. 

These receptors include Mac-1, β2-integrins and LFA-1 which interact with the 

intercellular adhesion molecule-1 (ICAM-1) that is typically expressed on leukocytes 

and endothelial cells (Carlos & Harlan, 1994). Although selectins and these other 

receptors are often positively involved in directing leukocytes to the sites of 

inflammation, microorganisms also express surface proteins and carbohydrates that 

bind to these receptors, consequently inhibiting the recruitment of leukocytes to the 

site of infection (Kobayashi et al., 2018). 

1.4.2.4 Selectins 

Selectins consist of three transmembrane C-type lectins: Leukocytes selectin (L-

selectin), endothelial cell lectin (E-selectin), and platelet and endothelial cell selectin 

(P–selectin) (Ley & Kansas, 2004). These prefixes were assigned based on the cell 

type of where the molecules were first identified. L–selectin is found to be expressed 

on most leukocytes, E-selectin is expressed on endothelium, while P–selectin can be 

expressed by endothelial cells and found in storage granules of platelets (Vestweber 
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& Blanks, 1999). All three selectins are multidomain type I transmemembrane 

proteins with C-type CRDs. As well as the CRDs, there is an epidermal growth 

factor–like domain, followed by numerous consensus repeats, a membrane spanning 

region and a carboxy-terminal domain located in the cytoplasm (Ley et al., 2004; 

Somers et al., 2000). 

Homology analysis of all three lectins revealed the lectin domain is the most 

conserved region amongst the three selectins (Ley, 2003). Selectins require 

carbohydrate binding mediators, or glycoprotein scaffolds, which include the PSGL–

1, which can bind all three selectins, and has been extensively studied (Somers et al., 

2000). PSGL-1 is a major contributer of P-selectin binding, is very important for L–

selectin binding in inflammatory circumstances, but is not a major ligand for E–

selectin. Selectins are crucial in neutrophil recruitment (Fig. 1.9), as is seen in 

patients that have leukocyte adhesion deficiency type (II) (LAD-II). These patients 

have a mutation in a fucose transporter gene which renders them unable to 

incorporate Fuc into selectin ligands. Consequently, selectins cannot bind 

leukocytes, contributing to skin and mucosal bacterial infections (Marquardt et al., 

1999). 

Furthermore, selectins bind the sialyl Lewis (SLe) antigens, sialyl Lewis α (sLeα) 

and sialyl Lewis x (sLex), while fucosylated structures appear to help mediate 

leukocyte–endothelial adhesion in humans (Becker & Lowe, 2003). E–selectin 

expression has shown to be induced by lipopolysaccharide (LPS) and lipoteichoic 

acid (LTA) from Gram positive bacteria (Kawamura et al., 1995). 

1.4.2.5 P-selectin 

Bestebroer et al. (2007) used purified staphylococcal superantigen–like 5 (SSL5) to 

detect binding to leukocytes and PSGL-1. Specific binding of SSL5 to PSGL–1 was 

detected via CHO cells functionally expressing PSGL-1, and non-expressing PSGL-

1 CHO cells as a control. This was further verified on a protein level via SPR 

analysis, and by using SSL5 to inhibit the binding of P–selectin to PSGL-1 

expressing CHO cells. Not only did Bestebroer et al. (2007) show that SSL5 binds to 

PSGL-1, but also that SSL5 prevents the rolling of neutrophils on P–selectin under 

shear conditions, preventing the movement of neutrophils towards to site of S. 

aureus infection (Bestebroer et al., 2007). In a similar manner, S. aureus SSL11 was 
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found to bind to sialyl lewis X and inhibited neutrophil attachment to P-selectin. 

Furthermore, SSL11 was able to attach to glycoproteins expressing sialyl structures 

allowing for internalisation by myeloid cells (Chung et al., 2007). 

 

Fig. 1.9. Siglecs and their role in neutrophil recruitment during infection. Detection of 

PAMPs results in cytokine and chemokine release resulting in selectin expression on 

endothelial cells. Neutrophils are captured and released by selectins on endothelial cells 

resulting in neutrophil rolling. Neutrophils are forced to slowly roll and stop by integrins. 

Neutrophils transmigrate across the endothelial basement membrane. Proteases help 

neutrophils cross the basement membrane. Neutrophils are directed to pathogens via a 

chemoattractant pathway. Pathogens are phagocytosed and eliminated by the granules within 

phagosomes and by reactive oxygen species. Neutrophils are eliminated from the tissue via 

apoptosis.  Image taken from Caster et al., (2017). Copyright permission received from 

publisher (10-Jun-2019). 

Similarly, Fevre et al. (2014) identified a S. aureus secretome protein, SEIX, that 

binds to glycosylated PSGL-1 and inhibits neutrophil binding to P-selectin, therefore 

preventing PSGL–1 mediated cell adhesion. This ability of the bacteria to produce 
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and excrete a protein that can mediate the innate immune system is crucial for S. 

aureus immune evasion (Fevre et al., 2014). 

S. aureus also evades the immune system via extracellular fibrinogen-binding 

protein (Efb). Efb is a surface protein that binds to platelets and fibrinogen. 

Furthermore, Efb has been known previously to exert immunosuppressive effects via 

complement pathway modulation and is required for effective virulence in vivo 

(Koch et al., 2012). Here it was confirmed that Efb interacts with platelets, without 

the requirement for fibrinogen, and subsequently inhibits the formation of platelet–

monocyte complexes helping S. aureus to escape host immune responses (Posner et 

al., 2016). The S. aureus extracellular adherence protein Eap also inhibits neutrophil 

binding to endothelial cells, preventing leukocyte recruitment and inflammation at 

the site of infection (Chavakis et al., 2002). 

1.4.2.6 E-selectin 

S. aureus also affects E–selectin expression. In rat eyes injected with viable S. 

aureus, E–selectin expression was elevated for up for 24 hours, as compared to the 

control (saline solution). In vitro assays consisting of aortic endothelial cells and 

different components of S. aureus were also carried out to detect changes in E–

selectin expression. E–selectin expression was induced following incubation with S. 

aureus purified ribotal teichoic acid (RTA) and peptidoglycan after 4 hours, however 

there was no change in E-selectin expression after incubation with S. aureus cell wall 

(CW) or heat treated S. aureus cells (Giese et al., 2000). Similarly, out of a total of 

eighteen S. aureus clinical isolates, both methicillin sensitive S. aureus (MSSA) and 

methicillin resistant S. aureus (MRSA), except for one isolate, up-regulated the 

expression of E–selectin by human umbilical cord vein endothelial cells (HUVEC) 

(Strindhall et al., 2002). This upregulation in E–selectin was seen only with viable S. 

aureus isolates, but not with the same isolates that had been UV–or heat-treated. 

Elevated E–selectin levels were correlated to patients suffering from S. aureus 

bacteraemia and endocarditis (Söderquist et al., 1999). However, to date the 

mechanism of induction of E-selectin expression or any direct interaction between S. 

aureus or S. aureus molecules with E-selectin has not been demonstrated, and there 

is no research showing binding of E-selectin to A. baumannii. 



36 
 

1.4.2.7 L-selectin 

Similar to the other selectins, L-selectin has not been investigated for binding 

specifically to S. aureus or A. baumannii. However, recently it was shown that L-

selectin played a crucial role in neutrophil recruitment to lymph nodes to 

phagocytose S. aureus, preventing dissemination in to the blood and organs 

(Bogoslowski et al., 2018). Interestingly, in mice treated with fucoidin, which binds 

selectins, or mAb specific for L-selectin, inoculation with S. aureus resulted in 

decreased leukocyte recruitment, causing less severe septic arthritis, however, there 

was less effective clearance of S. aureus from the body as a result of modulating the 

binding sites of E– and L–selectin (Verdrengh et al., 2000). 

 

 Siglecs  1.4.3.

Sialic-acid binding immunoglobulin-like lectins (siglecs) are immunoglobulin-type 

(I-type) lectins that recognise a diverse range of carbohydrate structures and are 

thought to regulate self and non-self immune responses via intercellular signalling. 

Siglecs consist of type 1 membrane proteins and have an amino terminal V-set 

immunoglobulin domain that has been shown to have specificity for sialic acid, and 

often C2-set immunoglobulin domains. Based on sequence similarity and 

conservation in mammals through evolution, siglecs can be classified in to two 

groups. Siglec-1 (CD169/sialoadhesin), siglec-2 (CD22), siglec-4 (or myelin-

associated glycoprotein (MAG)) and siglec-15 have orthologues in different 

mammals but share poor sequence similarity between species. However, the human 

CD33-related family, namely siglec-3 (CD33), -5 (CD170), -6 (CD327), -7 (CD328), 

-8, -9 (CD329), -10, -11, 14, 16 and a siglec-like molecule (Siglec-L1) show high 

sequence similarity to one another (Brinkman-Van der Linden et al., 2003; Crocker 

et al., 2007). Localisation of expression of different siglecs can vary in humans, with 

expression of certain siglecs exclusive to particular cell types (Table 1.1). Siglecs 

have different specificity for sialylated ligands, and depending on the siglec–terminal 

sialylated glycoconjugate interaction, can result in many different host immune 

responses, including pathogen internalisation, downregulation of inflammation, 

preventing cellular activation and attenuation of NK cell activation (Von Gunten & 
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Bochner, 2008). Therefore, bacterial binding to siglecs can often help the pathogen 

to evade the immune system by down-regulating host immune responses. 

Siglec-2 and many siglecs from the CD33 family have at least one cytosolic 

immunoreceptor tyrosine-based inhibitory motif (ITIM). These ITIMs have 

inhibitory functions via the recruitment of tyrosine and inositol phosphatases, which 

suppress immune signalling cascades originating from receptors with 

immunoreceptor tyrosine-based activation motifs (ITAMs) (Crocker et al., 2007). 

Therefore, siglecs have the ability to mediate cell-cell based interaction and mediate 

cell signalling cascades. Many bacteria are capable of binding siglecs (Table 1.1), 

most commonly binding to sialic acids on LPS, lipooligosaccharides (LOS) and most 

recently suggested to bind pseudaminic acid on C. jejuni flagella. Interestingly, A. 

baumannii contains pseudaminic acid on exopolysaccharides and these 

exopolysaccharides may be an interesting target to investigate interactions with 

siglecs in the future (Arbatsky et al., 2016; Kasimova et al., 2017). On one side, 

these interactions have been proposed to enhance binding of pathogens to siglecs to 

aid phagocytosis, yet on the other, have been suggested to attenuate immune 

responses, helping with asymptomatic colonisation of the bacteria in the mammalian 

host (Ali et al., 2014; Avril et al., 2006; Jones et al., 2003; Khatua et al., 2012; Klaas 

et al., 2012; Stephenson et al., 2014).  

To date, there are few studies investigating S. aureus-siglec binding and no studies 

investigating siglec-A. baumannii interactions. Sialic acid has not been found on the 

surface of S. aureus to date, although various sialic acid-binding lectins have been 

shown to interact with S. aureus. These include SraP and SasA, which have a 

specificity for Neu5Ac-α-(2,3)-Gal-β-(1,4)-GlcNAc (Baker et al., 2007; Bestebroer 

et al., 2009; Fevre et al., 2014; Kukita et al., 2013; Yang et al., 2014). 

The impact of S. aureus and S. aureus cellular components on siglec-induced cell 

signalling has not been fully elucidated. S. aureus peptidoglycan was used to 

stimulate siglec-9 and siglec-5 expressing cell lines, RAW264 cells expressing 

siglec–9 and THP–1 cells transfected with a siglec-9 expression vector, which 

produced low levels of the proinflammatory cytokines, TNF–α and IL–6. Moreover, 

stimulation of cells with peptidoglycan caused siglec–9 to enhance the production of 

the anti-inflammatory cytokine IL–10, which was attributed to ITAMs. Siglec–5 
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expressed by RAW264 cells was also shown to be involved in IL–10 production 

following S. aureus  peptidoglycan stimulation (Ando et al., 2008). Thus S. aureus 

used cellular components to bind to siglecs, and consequently downregulated the 

production of proinflammatory cytokines such as IL–10, helping to prevent these 

pathogenic bacteria being destroyed by the immune system. A follow on study 

described the partial movement of siglec–9 into lipid rafts (cholesterol and 

glycosphingolipid concentrated plasma membrane microdomains) upon stimulation 

with S. aureus peptidoglycan (Ando et al., 2014). Reasoning for this has not yet been 

fully elucidated, although it was hypothesized that it may be connected to a 

controlled regulation of IL–10 production. Some other cellular components on S. 

aureus have been shown to have no effect on the expression of other siglecs. For 

example, S. aureus LTA was shown to not induce siglec–1 expression in PBMCs 

(York et al., 2007). Nonetheless, there are many more S. aureus-siglec interactions 

and corresponding cell signalling pathways that have yet to be investigated. 
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Table 1.1. Summary of the siglec family. Detailing where each siglec is found in humans, the specificity, bacterial interactions, regulatory 

effect and reference. GBS (Group B Streptococcus), GAS (Group A Steptococcus), COPD (chronic obstructive pulmonary disease), NK cells 

(natural killer cells), LOS (lipooligosaccharide).  

Siglec (synonyms) Expression location Binding specificity Bacterial associations 

Regulatory effect 
on immune 

system Reference 
Human 

sialoadhesin 
(siglec-1;CD169) 

Macrophages and 
activated monocytes α-(2,3)-linked sialic acid 

GBS (bacterial killing), C. 
jejuni LOS, Other 

(Chang et al., 2014; Heikema 
et al., 2010; Klaas et al., 

2012; MacAuley et al., 2014) 
Human CD22 

(Siglec-2) B cells α-(2,6)-linked sialic acid No known association Inhibitory (MacAuley et al., 2014) 

Human CD33 
(Siglec-3) 

Myeloid pregenitors, 
monocytes, 

macrophages, 
monocytes, microglia 

and granulocytes α-(2,6)-linked sialic acid No known association Inhibitory (MacAuley et al., 2014) 

Human MAG 
(Siglec-4) 

Oligodendrocytes and 
Schwann cells α-(2,3)-linked sialic acid No known association Other (MacAuley et al., 2014) 

Human Siglec-5 

Monocytes, 
neutrophils and B 

cells 
α-(2,6)- and α-(2,3)-

linked sialic acid 

de-O-acetylated GBS capsule 
and GBS β-protein, Neisseria 

meningitidis (LOS) Inhibitory 

(Ali et al., 2014; Carlin et al., 
2007; Jones et al., 2003; 
MacAuley et al., 2014) 

Human Siglec-6 
Trophoblasts and B 

cells Sialyl Tn structures No known association Inhibitory (MacAuley et al., 2014) 

Human Siglec-7 
Monocytes, NK cells 

and mast cells 
α-(2,8)- and α-(2,6)-

linked sialic acid 

de-O-acetylated GBS capsule, 
C. jejuni (LOS), binding to 
sialic acid acquired from P. 

aeruginosa Inhibitory 

(Avril et al., 2006; Carlin et 
al., 2007; Khatua et al., 

2010; MacAuley et al., 2014) 

Human Siglec-8 
Mast cells, 

eosinophils and 
6'-sulfated sialyl Lewis 

X No known association Inhibitory (MacAuley et al., 2014) 



40 
 

basophils 

Human Siglec-9 

Dendritic cells, 
neutrophils, 

monocytes and NK 
cells 

α-(2,6)- and α-(2,3)-
linked sialic acid 

GAS and GBS (capsules) 
immune evasion, binding to 
sialic acid acquired from P. 

aeruginosa Inhibitory 

(Carlin et al., 2007; Khatua 
et al., 2010; MacAuley et al., 

2014) 

Human Siglec-10 
Monocytes, B cells 

and eosinophils 
α-(2,6)- and α-(2,3)-

linked sialic acid No known association Inhibitory (MacAuley et al., 2014) 

Human Siglec-11 
Macrophages and 

microglia α-(2,8)-linked sialic acid No known association Inhibitory (MacAuley et al., 2014) 

Human Siglec-14 
Neutrophils and 

monocytes 
α-(2,8)- and α-(2,6)-

linked sialic acid 
GBS β-protein, Haemophilus 

influenzae and COPD Activating 

(Ali et al., 2014; Angata et 
al., 2013; MacAuley et al., 

2014) 

Human Siglec-15 

Dendritic cells, 
osteoclasts and 
macrophages α-(2,6)-linked sialic acid No known association Activating (MacAuley et al., 2014) 

Human Siglec-16 
Macrophages and 

microglia α-(2,8)-linked sialic acid No known association Activating (MacAuley et al., 2014) 
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 Toll-Like Receptors (TLR) 1.4.4.

A Toll receptor was first discovered to have a role in innate immunity in Drosophila 

melanogaster (Lemaitre et al., 1996). Since then, 10 homologues of Toll from 

Drosophila have been identified in humans, designated Toll-like receptors (TLR1 – 

TLR11). TLRs in humans also play a role in innate immunity via the detection of 

PAMPs, consequently causing immune responses to help clear pathogenic bacteria, 

fungi, protozoa and viruses from the body (Fournier & Philpott, 2005). 

TLRs consist of type I transmembrane proteins with a leucine-rich repeating 

extracellular domain. The conserved cytoplasmic tail displays similarity to IL-1 

family receptors and thus is called a Toll/IL-1 (TIR) domain. Localisation of TLR 

can differ based on the TLR, but generally TLR1, 2, 4, 5, 6 and 10 can be found in 

the plasma membrane, while TLR3, 7, 8 and 9 are expressed in endosomes and 

lysosomes where after pathogenic cell degradation, these TLR recognise the exposed 

DNA / RNA, helping to elicit an immune response. To date, it has been found that 

TLR1, 2, 4 and 6 recognise lipids associated with pathogenic microorganisms, while 

TLR3, 7, 8 and 9 detect nucleic acids. TLR5 has shown specificity for flagella, while 

no specific ligand has yet been discovered for TLR10 (Hayashi et al., 2001; 

Parkunan et al., 2014; Takeda & Akira, 2005). TLRs can also broaden binding 

specificities by forming heterodimers with one another, helping to shape TLR 

ligands to recognise microbial pathogens for destruction (Botos et al., 2011; Kang et 

al., 2009). 

All TLRs use the MyD88–dependent pathway for signalling, except TLR3. 

Following TLR(s)-ligand binding, cell signalling cascades occur via myeloid 

differentiation primary-response protein 88-(My88-)dependent and My88-

independent pathways (Takeda et al., 2005). MyD88 has an amino terminal death 

domain (DD) and a carboxyl terminal TIR domain. My88 is an adaptor protein that 

connects TLR signalling cascades with other downstream molecules.  

TLR–ligand binding results in the association of MyD88 to the TIR domain on 

TLRs. This association signals for the recruitment of IRAK1 and IRAK4, both of 

which have contain a DD domain and have kinase activity that is required for nuclear 

factor- B (NF- B) signalling. Activated IRAK4 leads to the association of TRAF6, 
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which acts as a signalling mediator, and can result in two different signalling 

pathways. In one of these pathways TRAF6 complexes with TAB2/TAB3/TAK1, 

resulting in TAK1 activation. Activated TAK1 couples to, and enhances, the activity 

of the IKK complex. This eventually leads to IκB phosphorylation and degradation, 

which is followed by nuclear localisation and activation of NF-κB, prompting the 

expression of inflammatory cytokines (IL–1, IL–12, TNF–α, etc.).  

For MyD88-independent pathways, TLR4–ligand binding requires TRIF for signal 

transduction. TRIF along with TIRAP are TIR-domain containing adaptors. 

However, TIRAP is required for TLR2 and TLR4 signal transduction via the 

MyD88-dependent pathway, whereas this is not seen for TLR4-induced TRIF 

signalling. Upon TLR4–ligand interaction, TRIF associates with TRAF3 and TRAF 

6, which adds the kinase RIP-1 and aids interactions with the TAK1 complex. This 

in turn activates NF-κB and MAPK, leading to the expression of inflammatory 

cytokines. TRAM, another adaptor containing a TIR domain also mediates TLR4 

and TRIF–dependent cell signalling (Akira & Takeda, 2004; Kawasaki & Kawai, 

2014; Takeda et al., 2005). Thus, the plethora of cytokines expressed as a 

consequence of these TLR–induced signalling cascades, initiates a broad range of 

immune responses channelled at combating the infection (Fig. 1.10). 
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Fig. 1.10. Overview of TLR signalling pathways. TLRs become activated by surface 

components on microorganisms or nucleic acids. TLRs commonly form homodimers, but 

can also form heterodimers to distinguish between bacterial surface components such as 

diactyl and triacyl lipoproteins. In the case of LPS, CD14 and LPS binding protein (LBP) 

help detect LPS, promoting internalisation into endosomes and signalling via TLR4. 

Activation causes TLR dimerization and recruitment of adapter proteins (TRAM, MyD88). 

Downstream signals result in the associations between IL-1R-associated kinases (IRAKs) 

and adaptor molecules TNF receptor-associated factors (TRAFs). This then leads to the 

activation of mitogen-activated protein kinases (MAPKs), p38 and Jun N-terminal kinase 

(JNK), which eventually lead to the activation of transcription factors. These transcription 

factors include the proinflammatory transcription factors: cyclin AMP-responsive element-

binding (CREB) protein, activator protein 1 (AP-1) and nuclear factor- κB (NF-κB), as well 

as the anti-inflammatory transcription factors such as interferons (IFN-α and IFN-β). 

LPS–lipopolysaccharide, MD2-myeloid differentiation factor 2, LTA-lipoteichoic acid, 

dsRNA-double stranded RNA, ssRNA-single stranded RNA, CpG-DNA- CpG containing 

DNA, IKK-inhibitor of NF-κB kinase, TAB-TAK1-binding protein, MKK-MAP kinase 

kinase, TBK1-TANK-binding kinase, RIP1-receptor-interacting protein 1, TAK-TGKβ-

activating kinase. 
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1.4.4.1 TLR2 

TLR2 is the main TLR previously shown to have involvement in binding to S. 

aureus. In particular, S. aureus LTA (Han et al., 2003; Michelsen et al., 2001), 

lipoprotein (such as SitC) (Müller et al., 2010), peptidoglycan (Dziarski & Gupta, 

2005; Iwaki et al., 2002; Kielian et al., 2005; Schwandner et al., 1999), PSMs 

(Hanzelmann et al., 2016; Peschel & Otto, 2013; Schreiner et al., 2013), 

staphylococcal exotoxin B (SEB) (Mandron et al., 2008), α-toxin (Niebuhr et al., 

2015), Panton-Valentine leukocidin (PVL) (Zivkovic et al., 2011) and indeed, 

Staphylococcal superantigen-like protein 3 (SSL3) (Koymans et al., 2015; 

Yokoyama et al., 2012) have all been associated with TLR2 regulation or binding. 

However, some conflicting results have appeared with many studies, which may due 

to the possibility of other contaminating cell structures, or degradation of their tested 

potential TLR ligand after purification. For example, it has been suggested that 

peptidoglycan interactions with TLR2 may be due to contaminating LTA in the 

commercial S. aureus peptidoglycan preparations (Travassos et al., 2004). Similarly, 

endotoxin has often been found in commercially purified LTA preparations, 

presumably from endotoxin from Gram-negative bacteria (Gao et al., 2001; Morath, 

Geyer, et al., 2002).  

Nonetheless, it is clear that TLRs play an important role in combating S. aureus 

infections. This was seen with TLR-deficient mice, which were much more 

susceptible to S. aureus infections compared to the wildtype mice (Hoebe et al., 

2005; Takeuchi et al., 2000). Although TLRs appear to be necessary for dealing with 

S. aureus infections, they can also have a negative effect on the body during a 

bacterial infection caused by S. aureus. As S. aureus infection results in an increase 

in TLR2 expression in the heart, this causes an increase in pro-inflammatory 

mediator expression, and is thought to contribute to cardiac dysfunction 

(Knuefermann et al., 2004). TLR2 often associates with other co-receptors to 

broaden and assist S. aureus binding specificity. These include TLR1, TLR6, CD14 

and CD36 (Fournier et al., 2005). Although there is less research carried out in the 

area of A. baumannii and TLR activation, few studies have shown that LPS from A. 

baumannii is a potent stimulator of TLR2 and TLR4 activation (Erridge et al., 2007; 

March et al., 2010). 
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1.4.4.2 CD14 

TLRs often associate with other PRRs to recognise PAMPs. One of these PRRs is a 

glycosylphosphatidylinositol (GPI)-bound or soluble receptor named CD14. CD14 is 

a 55 kDa ‘horseshoe’ shaped glycoprotein that was originally used as a marker for 

monocytes before being recognised as a PRR associated with myeloid cells such as 

neutrophils, macrophages and monocytes and to a lesser degree endothelial cells, 

epithelial cells and fibroblasts (Anas et al., 2010; Zanoni & Granucci, 2013). 

Initially, it was thought to be unlikely that CD14 was a recognition molecule due to 

the fact that it lacks a transmembrane domain. However, later researchers showed 

that CD14 recognises LPS on the surface of Gram-negative bacteria together with 

TLR4 and MD-2 (Zanoni et al., 2013). CD14 has high specificity for LPS and can 

recognise the structure in picomolar concentrations (Miyake et al., 2000; Triantafilou 

& Triantafilou, 2002). Furthermore, the presence of CD14 in mice was shown to be 

required for response to purified LPS or Gram-negative bacteria to elicit septic 

shock, highlighting the importance of CD14 in Gram-negative associated infections 

(Haziot et al., 1996). Following further investigations, CD14 was shown to recognise 

LPS with the aid of TLR4 and MD-2, causing the proteins to associate together. 

Following translocation of the proteins, TLR4 activates NF-κB and AP-1 via the 

transmembrane domain. For LPS, it is thought that CD14 plays an important role in 

presenting LPS to TLR4 and helps CD14-TLR4-MD-2 translocate to the endosome 

for eventual NF- κB and AP-1 activation and cytokine/chemokine production 

(Zanoni et al., 2013).  

After CD14 was recognised as a vital protein in the recognition of LPS and 

activation of the innate immune response against Gram-negative bacteria, further 

research in to the protein revealed pivotal roles in the recognition of other 

microorganisms, including Gram-positive bacteria, viruses and fungi (Anas et al., 

2010; Bagasra et al., 1992; Dziarski et al., 1999; Figueiredo et al., 2011). CD14 was 

found to bind to crude extracts of S. aureus (Kusunoki et al., 1995) and it was later 

verified that CD14 binds to S. aureus LTA (Morath et al., 2001; Morath, 

Stadelmaier, et al., 2002), with the help of TLR2 and lipopolysaccharide-binding 

protein (LBP) (Schröder et al., 2003). Moreover, peptidoglycan from S. aureus was 

shown to bind to CD14 and up-regulate the expression of CD14 and TLR2 in human 

monocytes (Dziarski et al., 1998; Hadley et al., 2005). However, contaminating LTA 
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in commercially available preparations of peptidoglycan was suggested to be the real 

source of this TLR2 mediated interaction (Travassos et al., 2004). 

CD14 also plays a role in the activation of the innate immune response against A. 

baumannii. As seen in a murine model for pneumonia, CD14 and TLR4 deficient 

mice had higher A. baumannii bacterial counts compared to the wildtype mice and it 

was deduced that CD14 and TLR4 target A. baumannii via the LPS moiety on the 

bacterial cell surface (Knapp et al., 2006). In support, March et al., 2010 showed that 

an increase of IL-8 production of A. baumannii infected epithelial cells was 

dependent on TLR2 and TLR4 activation as well as soluble CD14. It was 

hypothesised that LPS was responsible for this IL-8 production (March et al., 2010). 

1.4.4.3 TLR2 cooperation with TLR1 and TLR6 

TLR2 has been proposed to form a homodimer with itself and has been shown to 

form a heterodimer with TLR1 or TLR6 depending on the molecule that it is sensing. 

It is known that TLR2 is involved in binding to particular ligands such as bacterial 

peptidoglycan and LTA (Kielian et al., 2005; Oliveira-Nascimento et al., 2012; 

Travassos et al., 2004). However, other reports have suggested that TLRs do not 

detect peptidoglycan but instead LTA, which is sensed by a TLR1/2 heterodimer 

(Travassos et al., 2004). TLR2 heterodimer with TLR1 has specificity for triacyl 

lipoproteins and TLR2 heterodimer with TLR6 for diacyl lipoproteins. Crystal 

structures of these heterodimers showed an M-shape formation with the internal 

pockets binding to specific PAMPs, such as diacyl and triacyl lipoproteins. It is 

thought that TLR2 detects PAMPs by associating with different TLRs and PRRs to 

elegantly discriminate between different microbial PAMPs to fine tune the immune 

response (Takeuchi et al., 2010). 

It has been suggested that TLR2 and TLR6 recognised S. aureus peptidoglycan 

(Ozinsky et al., 2000). However, it was also suggested that these interactions may be 

due to contaminating lipoproteins or LTA, as removal of these from Gram-positive 

bacteria rendered the bacteria undetectable via TLR2, TLR1/2 or TLR2/6 (Travassos 

et al., 2004). Supporting other reports of lipoproteins binding to TLR2 heterodimers, 

it was found that lipoprotein from S. aureus is a predominant TLR2 ligand and 

mediates inflammation in vivo (Hashimoto et al., 2006; Park et al., 2010; Schmaler 

et al., 2009). Notably, TLR2/1 was shown to bind to the synthetic bacterial 
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triacylated lipopeptide, Pam3CSk4, and TLR2/1 showed specificity towards the 

synthetic diacylated lipopeptide Pam2CSK4. Crystal structures of Pam3CSK4 and 

Pam2CSK4 with TLR2/1 and TLR2/6 respectively highlight the importance of these 

heterodimers for recognition of these lipoproteins but are also required for the 

signalling domains on TLRs to be in close proximity to initiate dimerization and 

consequential signalling (Jin et al., 2007). Predominately, triacylated lipoproteins 

have been associated with S. aureus, however, it has been shown that certain 

environmental conditions such as acid pH and late log phage can promote the 

accumulation of diacylated lipoproteins instead (Kurokawa et al., 2012). SitC, which 

is found in most environmental conditions in a triacylated form, requires TLR2 to 

elicit cytokine activation, and not TLR1 or TLR6 (Ozinsky et al., 2000). This 

contradicts other reports that triacylated lipoproteins require TLR2/1 detection for 

cytokine production (Kurokawa et al., 2009). Although heterodimer associations are 

often involved in the clearance of S. aureus infections, S. aureus can also attach to 

TLR2/TLR6 to negatively regulate immune responses by suppressing the immune 

system (Skabytska et al., 2014). Cell wall structures associated with A. baumannii 

may bind TLR heterodimers, there has been no thorough investigation to date. 

Presently, TLR2 and TLR4 are the only known TLRs involved in A. baumannii 

infections, but no specific ligands have been elucidated to date (March et al., 2010). 

 Current methods of identifying specific PRR interactions 1.4.5.

To date, elucidation of PRR interactions with bacteria has been primarily carried out 

using flow cytometry or cell-based assays (Ando et al., 2008; Bestebroer et al., 

2009; Liu et al., 2005; Lynch et al., 2004; Travassos et al., 2004). For the initial 

identification of interactions, ELISA, cell-based assays with antibody blocking, SPR, 

immunofluorescence microscopy or flow cytometry can be used to screen for 

interactions with ligands. However, for each of these methods, individual PRRs must 

be chosen and assessed individually against each hypothesised target ligand. 

Similarly, when screening for PRRs that bind to a particular ligand, PRRs have to be 

assessed individually. Thus, screening to initially identify PRR-mediated interactions 

can be incredibly time consuming, labour intensive and costly. For ELISAs, 

immunofluorescence microscopy and flow cytometry, fluorophore-conjugated 

antibodies against specific targets are required for detection, which increases the cost 

of screening significantly. Furthermore, cell-based assays and flow cytometry 
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involves the identification of suitable PRR knock-out or over-expressing cell lines, 

as well as use of PRR-specific antibodies, which would increase the labour, cost and 

time spent screening for PRR-mediated interactions. SPR does not require 

fluorophore-conjugated antibodies, but would require high concentrations of purified 

PRR and hypothesised ligand, again increasing the cost of screening. Based on 

current screening approaching for identifying novel PRR-bacteria interactions, there 

is a need for a novel screening approach to rapidly identify PRR interactions for 

further investigation prior to cell-based studies. 

 PNAG and PRRs 1.4.6.

To date, the interactions of PNAG and PRRs have only been assessed with S. 

epidermidis (Stevens et al., 2009) and PNAG purified from S. epidermidis was found 

to induce IL-8 production in astrocytes. This IL-8 induction was not due to 

lipoproteins, LTA or nucleic acid and the interaction was carbohydrate-mediated, not 

lipid-mediated and dependent on high levels of carbohydrate acetylation in the 

purified preparation. Increased IL-8 production was attributed to TLR2, and not 

TLR4. Other TLRs or PRRs were not investigated for this increased IL-8 response. 

However, confirmation that PNAG was responsible for this IL-8 response was not 

carried out with a WT and isogenic ica mutant, which could be more confirmatory 

(Stevens et al., 2009). Thus, further research is required to confirm whether PNAG 

interacts with TLR2 from a different PNAG preparation, with the use of WT and 

isogenic ica mutants and with different cells of the immune system. 

In addition, S. aureus biofilm was shown to circumvent TLR2- and TLR9-mediated 

innate immune responses, however PNAG was not specifically investigated as the 

basis for this subversion (Thurlow et al., 2011). Beyond these studies, there has been 

no research to identify PRR interactions with PNAG from Gram-positive or Gram-

negative bacteria, and it is crucial to elucidate the recognition, or lack of recognition, 

of PNAG by the host innate immune system.  

1.5. Hypothesis 

Our knowledge of PNAG and how it interacts with the host is limited to date. We 

propose that PNAG interacts with a specific subset of receptors to contribute to or 
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modulate the immune response in favour of persistent colonisation or immune 

evasion for the PNAG-expressing bacteria.   

1.6. Aims of this thesis 

1. To use HTP microarray platforms to identify specific lectin interactions of 

S. aureus and A. baumannii. In chapter 2 we used lectin microarrays to 

screen for lectins that bind S. aureus and A. baumannii. We also screened 

PNAG-negative mutant S. aureus and A. baumannii to elucidate interactions 

associated with PNAG. 

2. To use HTP microarray platforms to identify specific carbohydrate 

interactions of S. aureus and A. baumannii. In chapter 2 we used 

neoglycoconjugate microarrays to screen for carbohydrate ligands of S. 

aureus and A. baumannii. We also screened PNAG-negative mutant S. 

aureus and A. baumannii to elucidate interactions associated with PNAG. 

3. To identify lectin interactions of PNAG and to modulate targeted lectin 

interactions. In chapter 3 we identified lectins for PNAG using wildtype and 

mutant bacteria as well as PNAG isolated from S. aureus. We used a panel of 

glycoclusters to modulate whole bacteria and PNAG-mediated targeted 

interactions using lectin microarrays. 

4. To identify PRR interactions of S. aureus, A. baumannii and PNAG. In 

chapter 4 we used PRR microarrays to screen for PRR receptors of S. aureus, 

A. baumannii and PNAG. 

5. To determine signalling responses due to a particular PNAG-PRR 

interaction. In chapter 4 we used a monocytic derived cell line, THP1-

XBlue-CD14 cells, and cytokine ELISAs to determine the signalling 

response created by PNAG expressing/non-expressing S. aureus and A. 

baumannii and PNAG isolated from these two bacteria. 

 
This work will expand our knowledge on PNAG-mediated interactions by 

identifying receptors and ligands associated with PNAG, which will pave 

way for the development of novel therapeutics to target these interactions. 

Furthermore, this work will provide an ample amount of potential PRR 

receptors for S. aureus, A. baumannii and PNAG for the scientific 
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community to provide the groundwork for future PRR-S. aureus, A. 

baumannii and/or PNAG studies. 
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2. Profiling S. aureus and A. baumannii wildtype and PNAG-deficient mutants 
for lectin and carbohydrate interactions 

2.1. Introduction 

Bacterial pathogens have evolved complex mechanisms to adapt to different 

environmental conditions. For example, bacteria can survive on metals and plastics 

associated with medical devices, thrive on the skin where temperature, pH changes 

and the salt from sweat becomes more prominent, to internally in the body where 

carbon and mineral sources have to be scavenged and used wisely to survive within 

the host (Chowdhury et al., 1996). Biofilms are used strategically by bacteria to 

adapt to these environmental changes and protect bacteria from the host immune 

system. The expression of poly-N-acetylglucosamine (PNAG), a major component 

of Staphylococcus. aureus and Acinetobacter baumannii biofilms, can be influenced 

by a range of environmental factors including the availability of glucose, 

glucosamine (GlcN), urea, iron and ethanol, and environmental factors such as 

osmolarity and pH changes (Cerca & Jefferson, 2008; Conlon et al., 2002; Götz, 

2002).  

Although PNAG plays a fundamental role in the adhesion of S. aureus and A. 

baumannii within a biofilm matrix, there are contradictory pieces of evidence to 

suggest whether PNAG has an effect on the virulence of bacteria within a host. In a 

murine model of bacteraemia, renal infection and sepsis, S. aureus ica gene mutants 

displayed decreased virulence compared to the wildtype (WT) strain (Kropec et al., 

2005). Similarly, in a rat endocarditis model, mutation of the ica operon resulted in 

no death, while infection with the wildtype strain caused 10 out of 24 deaths (Maira-

Litran et al., 2004). On the other hand, the ica operon was not implicated as a 

virulence factor in a murine model of pneumonia or foreign body infections carried 

out on animals (Wardenburg et al., 2007). However, PNAG isoforms of high 

molecular weight purified from S. aureus were shown to be highly immunogenic by 

eliciting high antibody titres in mice and rabbit models (Maira-Litrán et al., 2002). It 

appears that PNAG is important for bacterial pathogenesis but the exact mechanisms 

of interaction and recognition by the host’s immune system and the consequential 

effect on the immune system is still uncertain (Lin et al., 2015; Vuong et al., 2004). 

In particular, the accessibility or presentation of PNAG on the bacterial cell surface 
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and whether PNAG directly contributes to or modulates the bacterial interactions 

with the host cell receptors is unknown.  

Interestingly, there was no difference in clinical characteristics or outcomes between 

patients with pneumonia caused by A. baumannii biofilm-forming or non-biofilm-

forming isolates (Wang et al., 2018). Although it has been shown that A. baumannii 

clinical isolates express PNAG (Choi et al., 2009), there has been no correlation 

between PNAG production in A. baumannii and virulence to date. Interestingly, 

correlations have been made with S. aureus antibiotic susceptibility and PNAG 

production, and antibiotic susceptibility and biofilm formation in A. baumannii 

(O’Neill et al., 2007; Pozzi et al., 2012; Wang et al., 2018). 

Glucose added to growth media of methicillin sensitive S. aureus (MSSA) strains 

promoted PNAG-mediated biofilm formation. It was shown that the gbaAB operon 

was involved in glucose-induced biofilm formation for S. aureus 8325-4 in a PNAG-

dependent manner (You et al., 2014). Addition of glucose into the growth media also 

decreased the pH of the local cellular environment for S. aureus and resulted in 

reduced agr expression (Regassa et al., 1992). Moreover, glucose increased the 

number of S. aureus cells within a biofilm matrix (Reśliński & Dabrowiecki, 2013). 

Glucose also promoted biofilm formation for 42 out of 47 S. aureus strains tested 

and DNA played a role in biofilm formation formed for all 47 S. aureus isolates 

(Sugimoto et al., 2018). Glucose and NaCl promoted PNAG-mediated biofilm 

formation for MSSA strain 8325-4 (Lim et al., 2004; Pozzi et al., 2012). However, 

addition of glucose to methicillin resistant S. aureus (MRSA) clinical isolates 

promoted biofilm formation via an ica-independent mechanism that involved 

extracellular surface proteins such as FnBPAB and extracellular DNA (eDNA) 

(Fitzpatrick et al., 2005; O’Neill et al., 2008, 2007). In many S. aureus strains, 

particularly MSSA, NaCl promotes biofilm formation which is regulated by the 

alternative transcription factor, sigma B (O’Neill et al., 2007; Rachid et al., 2000; 

Sugimoto et al., 2018). It was also shown that addition of NaCl into the growth 

media for S. aureus alters the abundance of many surface proteins, including IsaA, a 

putative lytic transglycosylase, and was hypothesised that NaCl altered the biofilm 

architecture for S. aureus (Islam et al., 2015). Furthermore, NaCl decreased the 

amount of proteins and eDNA in the extracellular matrix of S. aureus, which may 

contribute to any unknown differences in biofilm architecture (Sugimoto et al., 
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2018). However, addition of NaCl to the culture medium of MRSA promoted icaA 

transcription but no biofilm was formed and PNAG was not detected, which 

indicated little correlation between ica transcription and biofilm formation in MRSA 

isolates (O’Neill et al., 2007). Furthermore, increased ica transcription does not 

necessarily lead to an increase in PNAG production (Jaione et al., 2003). Therefore, 

research has shown that MSSA primarily produces PNAG-mediated biofilm 

following growth in both glucose and NaCl, while glucose promotes PNAG-

independent biofilm formation for MRSA isolates and NaCl results in no biofilm 

formation. In biofilm formation, it has been postulated that electrostatic interactions 

play a crucial role. For biofilms that are dependent on extracellular surface proteins, 

such as those formed by MRSA, it has been proposed that eDNA acts as an 

electrostatic net that connects positively charged surface proteins in low pH 

environments within a biofilm matrix (Dengler et al., 2015). There are also many 

negatively charged molecules on the surface of bacteria, thus it is hypothesised that 

the positively charged amine groups on PNAG act as an electrostatic glue that 

interacts with these negative charges and helps hold a biofilm matrix together (Otto, 

2008). It has been proposed that different growth media help S. aureus to alter the 

pH of the growth media which can greatly impact biofilm biomass (Sugimoto et al., 

2018). Although we know for some S. aureus strains that glucose and NaCl 

promotes PNAG production, it remains unknown how glucose and NaCl affect 

PNAG conformation and biofilm architecture. 

In addition to PNAG, there are many bacterial surface-bound proteins with adhesin 

and lectin function involved in biofilm formation and organisation including 

fibronectin binding proteins (FnBPs), Protein A, Bap and SasG in S. aureus. 

Whether some of these proteins are secreted in to the biofilm matrix to contribute to 

biofilm formation is currently unknown. Protein A contains a carbohydrate binding 

module named LysM that binds to GlcNAc-containing polymers such as chitin and 

peptidoglycan (Buist et al., 2008). Mutation of lysM in A. baumannii reduces biofilm 

formation (Cabral et al., 2011), suggesting a role for this GlcNAc-binding module 

for A. baumannii biofilm formation. Bap expression on S. aureus is associated with 

strong biofilm formation and Bap homologous proteins are found in many 

phylogenetically unrelated bacteria such as E. coli and A. baumannii (Lasa & 

Penadés, 2006). In A. baumannii, an outer membrane protein, OmpA, is required for 
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adherence to human alveolar cells and biofilm formation on plastic (Gaddy et al., 

2009). Lectins on the surface of bacteria could account for the binding of PNAG to 

the bacterial cell surface as well as to specific host carbohydrate ligands. Although 

some lectins such as SasG have been identified in S. aureus, none have been found 

to directly associate with PNAG to promote biofilm formation. However, SasG and 

its homologue Aap in S. epidermidis, were postulated to bind to N-

acetylglucosamine via their G5 lectin domains and both proteins were found to be 

involved in biofilm formation, zinc-dependent cell-cell adhesion and are able to bind 

to human epithelial cells via their lectin domain (Bateman et al., 2005; Conrady et 

al., 2013; Formosa-Dague et al., 2016; Roche et al., 2003).  

To date, only limited carbohydrate specificities have been characterised for S. aureus 

or A. baumannii, and, to the best of our knowledge, there has been no investigation 

as to whether carbohydrate-binding function has been associated with antibiotic 

resistance or environmental conditions. Understanding the composition of the 

bacterial glycome and their interactions with host receptors and ligands can provide 

fundamental insights in to the possible roles and biological consequences of these 

interactions.  

Lectin microarrays have been used for profiling bacterial surface glycosylation (Hsu 

et al., 2006; Kilcoyne et al., 2014; Yasuda et al., 2011) while carbohydrate 

microarrays have been used to characterise the structural specificity of bacterial 

interactions (Flannery et al., 2015). In this study, the wildtype (WT) and ica mutant 

(∆ica) of three Gram-positive S. aureus strains, two MSSA and one MRSA, as well 

as the PNAG-producing Gram-negative bacterium, A. baumannii, WT and ∆pga, 

were grown in different media to promote PNAG production. These strains were 

then profiled on lectin and carbohydrate microarrays to characterise how the 

presence and absence of PNAG affects bacterial surface glycosylation and lectin 

expression. 
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2.2. Materials and methods 

 Materials and strains used 2.2.1.

Agar, Alexa Fluor® 555 (AF555) carboxylic acid succinimidyl ester fluorescent 

label, PierceTM enhance chemiluminescence (ECL) Western blotting substrate, 

Nunc™ MicroWell™ 96-well microtitre plates and SYTO™ 82 nucleic acid stain 

was purchased from Thermo-Fisher Scientific (Waltham, MA, U.S.A.). Brain Heart 

Infusion (BHI) agar and crystal violet were obtained from Sigma-Aldrich Co. 

(Dublin, Ireland). Proteinase K was from QIAGEN (Venlo, the Netherlands). Casein 

was purchased from BDH (Merck, Darmstadt, Germany). Nexterion® Slide H 

microarray slides were supplied by Schott AG (Mainz, Germany). The 8-well gasket 

slide and incubation cassette system and DAKO rabbit anti-human IgG antibody 

conjugated to horse radish peroxidase (HRP) were from Agilent Technologies 

Ireland, Ltd., (Cork, Ireland). Immoblion-P 0.45 µm polyvinylidene difluoride 

(PVDF) membrane was from Merck Millipore (Cork, Ireland). Pure, unlabelled 

lectins were purchased from EY Labs (San Mateo, CA, USA) or Vector Laboratories 

Inc. (Burlingame, CA, U.S.A.). Neoglycoconjugates (NGCs) were purchased from 

Dextra Laboratories Ltd. (Reading, U.K.), IsoSep AB (Tullinge, Sweden) or made in 

house (Kilcoyne, Gerlach, Kane, et al., 2012). Anti-PNAG monoclonal antibody 

(mAb) (F598) was a kind gift from Prof. Gerald Pier, Harvard University, Boston, 

MA, U.S.A. (Kelly-Quintos, et al, 2006). All other reagents were purchased from 

Sigma-Aldrich unless otherwise stated and were of the highest grade available.  

A number of S. aureus and A. baumannii strains were used in this study (Table 2.1) 

which were kind gifts from Prof. J. P. O’Gara, NUI Galway, Galway, Ireland and 

from Prof. G. Pier, Harvard University, MA, USA (S. aureus Mn8m and Mn8 ∆ica, 

and A. baumannii S1 WT and ∆pga). As A. baumannii S1 is the only A. baumannii 

strain used in this study, it will be named A. baumannii hereafter. 

 Bacterial growth conditions 2.2.2.

Bacteria were grown on Brain Heart Infusion (BHI) (Sigma-Aldrich) agar. Agar was 

supplemented with tetracycline (5 μg/mL) for all S. aureus ∆ica strains. Bacteria 

were grown overnight in 5 mL cultures at 37 °C with shaking at 180 rpm in BHI, 

BHI supplemented with 1% (w/v) glucose (BHI glucose) or BHI supplemented with 
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4% (w/v) NaCl (BHI NaCl) where indicated. Overnight cultures are 17 h 

incubations. 

 

Table 2.1. Bacteria used in this study. 

Bacteria strains used Details Reference 
S. aureus 8325-4 WT 8325 derivative cured of 

prophages. 11-bp deletion in 
rsbU 

(Horsburgh et al., 2002) 

S. aureus 8325-4 ∆ica icaADBC::Trr isogenic 
mutant of 8325-4 

(Fitzpatrick et al., 2005) 

S. aureus Mn8m WT Chemostat derived mutant 
of Mn8 (toxic shock 
syndrome isolate). Biofilm 
positive. Overproducer of 
PNAG. 

(McKenney et al., 1999) 

S. aureus Mn8 ∆ica 
 

icaADBC::Trr isogenic 
mutant of Mn8 

(Jefferson et al., 2003) 

S. aureus BH1CC WT MRSA clinical isolate. 
Biofilm positive. SCCmec 
type, MLST type 8, clonal 
complex 8. Isolate from 
Beaumont Hospital, Dublin. 

(O’Neill et al., 2007) 

S. aureus BH1CC ∆ica icaADBC::Trr isogenic 
mutant of BH1CC 

(Fitzpatrick et al., 2005) 

A. baumannii S1 WT Clinical isolate. Mucoid 
phenotype. Biofilm positive. 

(Choi et al., 2009) 

A. baumannii S1 ∆pga S1 derivative with in-frame 
deletion of pgaABC 

(Choi et al., 2009) 

 

 Assays for presence of PNAG 2.2.3.

Cultures were grown overnight in BHI NaCl, washed three times in Tris-buffered 

saline supplemented with Ca2+ and Mg2+ ions (TBS; 20 mM Tris-HCl, 100 mM 

NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2) and cells were adjusted to an absorbance 

of approximately 1.0 at 595 nm. Bacteria cultures were placed in to tubes in 1 mL 

aliquots to act as a positive control and were set aside. Next, separate 1 mL cultures 

were washed one to five times by resuspending in TBS, centrifuging the bacteria in 

to a pellet at 5,000 x g and removing the supernatant each time. After the final wash, 

bacterial pellets were resuspended in 1 mL TBS or TBS with 0.05%, 0.02% or 

0.01% (v/v) Tween® 20. Washed and unwashed 1 mL bacterial suspensions were 
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collected by centrifugation (5,000 × g for 5 min), resuspended in 250 µL of 0.5 M 

ethylenediaminetetraacetic acid (EDTA) and boiled for 5 min. Samples were 

centrifuged and 40 µL aliquots of the supernatant were treated with 10 µL of 20 

µg/mL proteinase K at 65 oC for 1 h to digest any proteins. Samples were then boiled 

again for 5 min to inactivate the proteinase K. 

PVDF membrane (0.45 µm) was pre-treated for 15 s in methanol before being 

soaked in TBS for 5 min. The membrane was allowed to partially dry before 

pipetting 2 µL of the proteinase K-treated samples on to the membrane in triplicate. 

The membrane was allowed to dry for 5 min and then washed twice in deionised 

water. Membranes were incubated for 1 h in 5% (w/v) skimmed milk in TBS at 

room temperature. Blocking solution was removed from the membrane and anti-

PNAG IgG1 mAb (800 µg/mL TBS with 0.0001% Tween® 20 and 1% skimmed 

milk) was added to the membrane and incubated at room temperature for 1 h. The 

primary antibody solution was then drawn off and the membrane washed three times 

for 5 min each in TBS with 0.0001% Tween® 20 and once in TBS for 5 min. HRP 

conjugated rabbit anti-human IgG antibody (200 µg/mL TBS with 0.0001% Tween® 

20 and 1% skimmed milk) was applied to the membrane and incubated at room 

temperature for 1 h. The membrane was washed as described above and Pierce™ 

ECL Western blotting substrate was added to the membrane for 1 min before HRP 

activity on the membrane was imaged (FluorChem® FC2, Alpha Innotech, 

Kasendorf, Germany). Digital images (.jpg) were saved and used to relatively 

quantify the amounts of PNAG present on the membrane compared to the control 

(PNAG without three washes) using ImageJ software (National Institutes of Health, 

Bethesda, MD, U.S.A.). Measurements using the same size frame were taken for 

each dot, the frames were analysed and the resulting data was exported into Excel 

v.2010 (Microsoft, CA, U.S.A.). The mean of technical triplicates was taken for each 

condition and expressed as a percentage of intensity of unwashed cells. 

 Biofilm assays 2.2.4.

Overnight cultures grown in BHI media were adjusted with BHI media to an 

absorbance at 595 nm of 1.0 and diluted at 1:200 with the required media (BHI, BHI 

glucose or BHI NaCl). Samples were mixed and 100 µL was placed in each well of 

Nunclon (∆ surface) tissue culture treated 96-well microtitre plates in triplicate per 
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sample. Plates were then incubated at 37 °C for 24 h, washed three times in a basin 

of deionised water and dried at 80 °C for up to 2 h. Crystal violet solution (0.4% 

(w/v) in distilled water, 100 µL) was added to each well and incubated for 5 min at 

room temperature. The wells were then washed three times with sterile water and 

100 µL of 5% (v/v) acetic acid was added to the wells. Absorbance was measured at 

490 nm on a SpectraMax M5e microplate reader (Molecular Devices, Inc., 

Berkshire, UK). Experiments were carried out in triplicate and the average 

absorbance and standard error was calculated using Excel. 

To assess biofilm formation by A. baumannii, bacteria were grown overnight in BHI 

media at 37 °C with shaking at 180 rpm. Overnight cultures were diluted 1:200 in 

BHI glucose in 10 mL borosilicate glass culture tubes in a total volume of 2 mL. 

Cultures were incubated at 37 °C for 5 h with shaking at 270 rpm. Cultures were 

removed from the tubes and the tubes were washed three times with PBS and dried 

at 80 °C for 3 h. Crystal violet (0.4%) was added to the tubes (3 mL) for 10 min, 

then washed three times in water, dried at 80 °C for 3 h and the stained tubes imaged 

using a digital camera. Digital images were stored as .tif files. 

 Lectin and carbohydrate microarray construction 2.2.5.

Lectin and carbohydrate microarrays were prepared essentially as previously 

described (Kilcoyne et al., 2014; Naughton et al., 2013) with minor modifications. In 

brief, a panel of lectins of known specificities were printed at 0.5 mg/mL in 

phosphate buffered saline (PBS), pH 7.4, supplemented with 1 mM of their 

respective haptentic monosaccharides (Table 2.2). For carbohydrate microarrays, 

NGCs and glycoproteins were printed at 1 mg/mL in PBS across two paired 

microarrays, A and B, with 15 of the same probes in the same print position to 

facilitate later data normalisation across the paired microarrays (Table 2.3). Probes 

(lectins, NGCs and glycoproteins) were printed on Nexterion ® slide H microarray 

slides (Schott, Mainz, Germany) using a SciFlexArrayer S3 (Scienion,Berlin, 

Germany) under constant 60% (+/- 2%) humidity at 18 °C (+/- 2 °C). For each slide, 

features of approximately 1 nL were printed in replicates of 6 per probe per subarray 

and eight replicate subarrays per microarray slide. Following printing, slides were 

placed in a humidity chamber overnight at room temperature. Slides were then 

blocked with 100 mM ethanolamine in 50 mM sodium borate, pH 8.0, for 1 h at 
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room temperature. Slides were washed three times with PBS with 0.05% Tween® 20 

(PBS-T), and once with PBS. Slides were dried by centrifugation (1,500 x g, 5 min) 

and stored at 4 °C sealed with desiccant until use.  

Validation of lectin printing and retained function on the microarray surface was 

carried out by incubating one microarray from each batch with a panel of AF555 

labelled glycoproteins (fetuin, asialofetuin, invertase, RNase B and alpha-1-acid 

glycoprotein) and the NGC GlcNAc-BSA (each incubated at 1 µg/mL in TBS-T). 

Validation of neoglycoconjugate and glycoprotein printing and accessibility of the 

presented carbohydrates on the microarray surface was done by incubating one 

microarray from each batch with a panel of TRITC labelled lectins (WGA, MAA, 

AIA, Con A, PHA-E, GS-II and SBA, each incubated at 5 µg/mL). 

 Fluorescent labelling of bacteria 2.2.6.

Bacterial labelling was carried out in the dark as previously described (Kilcoyne et 

al, 2014) with some minor alterations. Bacteria were grown overnight in 5 mL BHI 

broth at 37 °C for 24 h in an orbital shaker (180 rpm). Bacteria were harvested, 

pelleted by centrifugation (5,000 × g, 5 min), washed three times in TBS and 

resuspended in 5 mL TBS. Bacteria were diluted with TBS to an absorbance at 595 

nm of approximately 1.0. To determine the optimum dye concentration, each 

bacterial strain was incubated with a range of 5 to 50 µM SYTO® 82 nucleic acid 

(λex 541 nm, λem 560 nm) at 37 °C for 1 h with 180 rpm rotation. Following 

incubation, the fluorescently labelled cells were washed three times in TBS by 

resuspending bacteria in 1 mL TBS, centrifuging to pellet at 5,000 x g for 5 min, 

removing the supernatant and repeating to remove excess dye. Bacterial cells were 

finally resuspended in 0.5 mL of TBS-T (Tween-20 0.025%) and 100 uL of each 

concentration was placed in each well of a 96 black microtitre plate. Fluorescence 

was measured at 541 nm excitation and 560 nm emission using a SpectraMax M5e 

microplate reader (Molecular Devices, Inc., Berkshire, UK). The optimum dye 

concentration was determined based on maximum fluorescence intensity obtained 

for the strain or, in the case of S. aureus BH1CC, optimum signal to noise ratio 

achieved on the lectin microarray. 
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For microarray experiments, S. aureus strains were grown overnight in BHI, BHI 1% 

glucose or BHI 4% NaCl. Bacteria were washed three times with TBS and adjusted 

to an  
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Table 2.2. Lectins printed, their binding specificities, their simple print sugars (1 mM) and the supplying company. 

Abbreviation Source Species Common name General binding specificity* Print sugar Supplier 

AIA, Jacalin Plant Artocarpus integrifolia Jack fruit lectin Gal, Gal-β-(1,3)-GalNAc 
(sialylation independent) 

Gal EY Labs 

RPbAI Plant Robinia pseudoacacia Black locust lectin Gal Gal EY Labs 
SNA-II Plant Sambucus nigra Sambucus lectin-II Gal/GalNAc Gal EY Labs 
SJA Plant Sophora japonica Pagoda tree lectin β-GalNAc Gal EY Labs 
DBA Plant Dolichos biflorus Horse gram lectin GalNAc Gal EY Labs 
GHA Plant Glechoma hederacea Ground ivy lectin GalNAc Gal EY Labs 
SBA Plant Glycine max Soy bean lectin GalNAc Gal EY Labs 
VVA Plant Vicia villosa Hairy vetch lectin GalNAc Gal EY Labs 
BPA Plant Bauhinia purpurea Camels foot tree lectin GalNAc/Gal Gal EY Labs 
WFA Plant Wisteria floribunda Japanese wisteria lectin GalNAc/sulfated GalNAc Gal EY Labs 
HPA Animal Helix pomatia Edible snail lectin α-GalNAc Gal EY Labs 
GSL-I-A4 Plant Griffonia simplicifolia Griffonia isolectin I A4 GalNAc Gal EY Labs 
ACA Plant Amaranthus caudatus Amaranthin Sialylated/Gal-β-(1,3)-GalNAc Lac Vector Labs 
ABL Fungus Agaricus bisporus Edible mushroom lectin Gal-β(1,3)-GalNAc, GlcNAc Lac EY Labs 
PNA Plant Arachis hypogaea Peanut lectin Gal-β-(1,3)-GalNAc Lac EY Labs 
GSL-II Plant Griffonia simplicifolia Griffonia lectin-II GlcNAc GlcNAc EY Labs 
sWGA Plant Triticum vulgaris Succinyl WGA GlcNAc GlcNAc EY Labs 
DSA Plant Datura stramonium Jimson weed lectin GlcNAc GlcNAc EY Labs 
STA Plant Solanum tuberosum Potato lectin GlcNAc oligomers GlcNAc EY Labs 
LEL Plant Lycopersicum eculentum Tomato lectin GlcNAc-β-(1,4)-GlcNAc GlcNAc EY Labs 
NPA Plant Narcissus 

pseudonarcissus 
Daffodil lectin α-(1,6)-Man Man EY Labs 

GNA Plant Galanthus nivalis Snowdrop lectin Man-α-(1,3)- Man EY Labs 
HHA Plant Hippeastrum hybrid Amaryllis agglutinin Man-α-(1,3)-Man-α-(1,6)- Man EY Labs 
ConA Plant Canavalia ensiformis Jack bean lectin Man, Glc, GlcNAc Man EY Labs 
Lch-B Plant Lens culinaris Lentil isolectin B Man, core fucosylated, 

agalactosylated biantennary N-
glycans 

Man EY Labs 
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Lch-A Plant Lens culinaris Lentil isolectin A Man/Glc Man EY Labs 
PSA Plant Pisum sativum Pea lectin Man, core fucosylated 

trimannosyl N-glycans 
Man EY Labs 

TJA-I Plant Trichosanthes japonica Trichosanthes japonica 
Agglutinin I 

NeuAc-α-(2,6)-Gal-β-(1,4)-
GIcNAc 

Lac Medicago 

WGA Plant Triticum vulgaris Wheat germ agglutinin NeuAc/GlcNAc GlcNAc EY Labs 
MAA Plant Maackia amurensis Maackia agglutinin Sialic acid-α-(2,3)-linked Lac EY Labs 
SNA-I Plant Sambucus nigra Sambucus lectin-I Sialic acid-α-(2,6)-linked Lac EY Labs 
PHA-L Plant Phaseolus vulgaris Kidney bean 

leukoagglutinin 
Tri- and tetraantennary β-
Gal/Gal-β-(1,4)-GlcNAc 

Lac EY Labs 

PHA-E Plant Phaseolus vulgaris Kidney bean 
erythroagglutinin 

Biantennary with bisecting 
GlcNAc,β-Gal/Gal-β-(1,4)-
GlcNAc 

Lac EY Labs 

RCA-I/120 Plant Ricinus communis Castor bean lectin I Gal-β-(1,4)-GlcNAc Gal Vector Labs 
AMA Plant Arum maculatum Lords and ladies lectin Gal-β-(1,4)-GlcNAc Lac EY Labs 
CPA Plant Cicer arietinum Chickpea lectin Complex oligosaccharides Lac EY Labs 
CAA Plant Caragana arborescens Pea tree lectin Gal-β-(1,4)-GlcNAc Lac EY Labs 
ECA Plant Erythrina cristagalli Cocks comb/coral tree 

lectin 
Gal-β-(1,4)-GlcNAc oligomers Lac EY Labs 

TJA-II Plant Trichosanthes japonica Trichosanthes japonica 
Agglutinin II 

Fuc-α-(1,2)-Gal-β-(1,4)-GlcNAc Lac Medicago 

AAL Fungi Aleuria aurantia Orange peel fungus lectin Fuc-α-(1,6)-linked, Fuc-α-(1,3)-
linked 

Fuc Vector Labs 

LTA Plant Lotus tetragonolobus Lotus lectin Fuc-α-(1,3)-linked Fuc EY Labs 
UEA-I Plant Ulex europaeus Gorse lectin-I Fuc-α-(1,2)-Gal Fuc EY Labs 
PA-I Bacteria Pseudomonas 

aeruginosa 
Pseudomonas lectin Terminal α-linked Gal, Gal 

derivatives 
Gal EY Labs 

EEA Plant Euonymous europaeus Spindle tree lectin Terminal α-linked Gal Gal EY Labs 
MPA Plant Maclura pomifera Osage orange lectin Terminal α-linked Gal Gal EY Labs 
VRA Plant Vigna radiata Mung bean lectin Terminal α-linked Gal Gal EY Labs 
MOA Fungus Marasmius oreades Fairy ring mushroom lectin Terminal α-linked Gal Gal EY Labs 

* Reported recognition based on literature consensus or experimental evidence generated within our laboratory. 
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Table 2.3. NGC and glycoprotein microarray A and B print list, concentration printed source and structure. Linkers 4AP and ITC depicted between 
NGC and glycoprotein A and B printlist. 

NCG and glyocoprotein A 
Abbreviation Neoglycoconjugate Concentration Source Structure 
Fetuin Fetuin 1 mg/mL Sigma   
ASF Asialofetuin 1 mg/mL Sigma 

 
Fibronectin Fibronectin 1 mg/mL Collaborative 

Research Inc.  

Ov Ovalbumin 1 mg/mL Sigma   
RB RNAse B 1 mg/mL Sigma 

 Xferrin Transferrin 1 mg/mL Sigma 
 4APHSA 4AP-HAS 1 mg/mL Lab Stock See structure below 

α-C α -Crystallin from bovine lens 1 mg/mL Sigma   
M3BSA Man α1,3(Man α1,6)Man-BSA 1 mg/mL Dextra Mana1,3(Mana1,6)Man-BSA 
GlcNAcBSA GlcNAc-BSA 1 mg/mL Dextra GlcNAc-Sp14-NH2(Lys)-BSA 
LacNAcBSA LacNAc-BSA 1 mg/mL Dextra Galb1-4GlcNAc-Sp3-BSA 
3SLNBSA 3'SialylLacNAc-BSA 1 mg/mL Dextra 

 3SLacHSA 3´-Sialyllactose-APD-HSA,  1 mg/mL IsoSep Neu5Aca2-3Galb1-4(Glc)-APD-HSA  
6SLacHSA 6´-Sialyllactose-APD-HSA,  1 mg/mL IsoSep Neu5Aca2-6Galb1-4(Glc)-APD-HSA  
2FLBSA 2'Fucosyllactose-BSA 1 mg/mL Dextra Fuca1-2Galb1-4Glc-Sp3-BSA 
3SFLBSA 3'Sialyl-3-fucosyllactose-BSA 1 mg/mL Dextra Neu5Aca2-3Galb1-4(Fuca1-3)Glc-Sp3-BSA 
H2BSA H Type II-APE-BSA 1 mg/mL IsoSep Fuca1-2Galb1-4GlcNAcb1-APE-BSA 
BGABSA Blood Group A-BSA 1 mg/mL Dextra GalNAca(1-3)[Fuca(1-2)]Gal-BSA 
BGBHSA Blood Group B-HSA 1 mg/mL Dextra Gala(1-3)[Fuca(1-2)]Gal-BSA 
Ga3GBSA Galα1,3Gal-BSA 1 mg/mL Dextra Gala1-3Gal-Sp3-BSA 
Gb4GBSA Galb1,4GalBSA 1 mg/mL Dextra Galb1-4Gal-Sp3-BSA 
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Ga2GBSA Gala1,2GalBSA 1 mg/mL Dextra Gala1-2Gal-Sp3-BSA 
LNFPIBSA Lacto-N-fucopentaose I-BSA 1 mg/mL Dextra Fuc-a-1,2-Gal-b-1,3-GlcNAc-b-1,3-Gal-b-1,4-Glc-BSA 
LNFPIIBSA Lacto-N-fucopentaose II-BSA 1 mg/mL Dextra Fuc-a-1,3-Gal-b-1,3-GlcNAc-b-1,3-Gal-b-1,4-Glc-BSA 
LNFPIIIBSA Lacto-N-fucopentaose III-BSA 1 mg/mL Dextra Gal-b-1,4-(Fuc-a-1,3)-GlcNAc-b-1,3-D-Gal-b-1,4-Glc-BSA 
LNDHIBSA Lacto-N-difucohexaose I-BSA 1 mg/mL Dextra Fuca1-2Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-4(Glc)-Sp3-BSA 
LebBSA LNDI-BSA/ Lewis b-BSA 1 mg/mL IsoSep Fuca1-2Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-4(Glc)-APD-BSA 
LexBSA Lewis x-BSA 1 mg/mL Dextra Gal1-b-4[Fuc1-α-3]GlcNAc-BSA 
DiLexBSA Di-Lex-APE-BSA 1 mg/mL IsoSep Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-(Fuca1-3)4GlcNAcb1-O-APE-BSA  
DiLexHSA Di-Lewisx-APE-HSA 1 mg/mL IsoSep Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-(Fuca1-3)4GlcNAcb1-O-APE-HSA  

3LexHSA Tri-Lex-APE-HSA 1 mg/mL IsoSep Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-
(Fuca1-3)4GlcNAcb1-O-APE-HSA  

3SLexBSA3 3'Sialyl Lewis x-BSA 1 mg/mL Dextra Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAc-Sp3-BSA 
SLexBSA14 3'Sialyl Lewis x-BSA 1 mg/mL Dextra Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAc-Sp14 
6SuLexBSA 6-Sulfo Lewis x-BSA 1 mg/mL Dextra (SO4)6Galb1-4(Fuca1-3)GlcNAc-Sp3-BSA 
6SuLeaBSA 6-Sulfo Lewis a-BSA 1 mg/mL Dextra (SO4)6Galb1-3(Fuca1-4)GlcNAc-SP3-BSA 
3SuLeaBSA 3-Sulfo Lewis a-BSA 1 mg/mL Dextra (SO4)3Galb1-3(Fuca1-4)GlcNAc 
PBS PBS 

   DFPLNHHSA Difucosyl-para-lacto-N-hexaose-
APD-HSA, (Lea/Lex) 1 mg/mL IsoSep Galb1-(Fuca1-4)3GlcNAcb1-3Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-

4(Glc)-APD-HSA  
LeaBSA Lewis a-BSA 1 mg/mL Dextra Galb(1-3)[Fuca(1-4)]GlcNAc-Sp3-BSA 
LeyHSA Lewis y-tetrasaccharide-APE-HSA 1 mg/mL IsoSep Fuca1-2Galb1-(Fuca1-3)4GlcNAcb1-O-APE-HSA  

3FLeyHSA Tri-fucosyl-Ley-heptasaccharide-
APE-HSA 1 mg/mL IsoSep Fuca1-2Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-O-

APE-HSA  
LNnTHSA Lacto-N-neotetraose-APD-HSA 1 mg/mL IsoSep Galb1-4GlcNAcb1-3Galb1-4(Glc)-APD-HSA  
LNTHSA Lacto-N-tetraose-APD-HSA 1 mg/mL IsoSep Galb1-3GlcNAcb1-3Galb1-4(Glc)-APD-HSA  

MMLNnHHSA Monofucosyl, monosialyllacto-N-
neohexaose-APD-HSA 1 mg/mL IsoSep Neu5Aca2-3Galb1-4GlcNAcb1-3[Galb1-4(Fuca1-3)GlcNAcb1-6]Galb1-

4(Glc)-APD-HSA 
SLNnTHSA Sialyl-LNnT-penta-APD-HSA 1 mg/mL IsoSep Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4(Glc)-APD-HSA  
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aGM1HSA Asialo-GM1-tetrasaccharide-APD-
HSA 1 mg/mL IsoSep Galb1-3GalNAcb1-4Galb1-4(Glc)-APD-HSA  

GlobNTHSA Globo-N-tetraose-APD-HSA 1 mg/mL IsoSep GalNAcb1-3Gala1-4Galb1-4(Glc)-APD-HSA  
GlobTHSA Globotriose-APD-HSA 1 mg/mL IsoSep Gala1-4Galb1-4Glcb1-APE-HSA  
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NCG and glyocoprotein B 
Abbreviation Neoglycoconjugate Concentration Source Structure 
Fetuin Fetuin 1 mg/mL Sigma   
Inv Invertase 1 mg/mL Sigma 

 Fibrin Fibrinogen 0.5 mg/mL Sigma 
 Ov Ovalbumin 1 mg/mL Sigma   

PBS PBS 
 

 
 A1AT alpha-1-antitrypsin 1 mg/mL Sigma 
 4APHSA 4AP-HSA  1 mg/mL Lab Stock   

α -C α-Crystallin from bovine lens 1 mg/mL Sigma   
M3BSA Manα1,3(Manα1,6)Man-BSA 1 mg/mL Dextra Mana1,3(Mana1,6)Man-BSA 
GlcNAcBSA GlcNAc-BSA 1 mg/mL Dextra GlcNAc-Sp14-NH2(Lys)-BSA 
Cerulo Ceruloplasmin 1 mg/mL Sigma 

 AGP alpha-1-acid glycoprotein 1 mg/mL Sigma 
 3SLacHSA 3´-Sialyllactose-APD-HSA 1 mg/mL IsoSep Neu5Aca2-3Galb1-4(Glc)-APD-HSA  

6SLacHSA 6´-Sialyllactose-APD-HSA 1 mg/mL IsoSep Neu5Aca2-6Galb1-4(Glc)-APD-HSA  
LacNAcaBSA LacNAc-α-4AP-BSA 1 mg/mL Lab stock 

 LacNAcb4APBSA LacNAc-β-4AP-BSA 1 mg/mL Lab stock 
 H2BSA H Type II-APE-BSA 1 mg/mL IsoSep Fuca1-2Gab1-4GlcNAcb1-APE-BSA 

PBS PBS 
 

 
 Ovomuc Ovomucoid 0.5 mg/mL Dextra 
 Ga3GBSA Galα1,3Gal-BSA 1 mg/mL Dextra Gala1-3Gal-Sp3-BSA 

RhaBSA L-Rhamnose-Sp14-BSA 1 mg/mL Dextra 
 PBS PBS 1 mg/mL  
 LNFPIBSA Lacto-N-fucopentaose I-BSA 1 mg/mL Dextra Fuc-a-1,2-Gal-b-1,3-GlcNAc-b-1,3-Gal-b-1,4-Glc-BSA 

XManaBSA Man-α-ITC-BSA 1 mg/mL Dextra 
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PBS PBS 
 

Dextra 
 XManbBSA Man-β-4AP-BSA 1 mg/mL Lab stock 
 LebBSA LNDI-BSA/ Lewis b-BSA 1 mg/mL IsoSep Fuca1-2Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-4(Glc)-APD-BSA 

LexBSA Lewis x-BSA 1 mg/mL Dextra Gal1-b-4[Fuc1-α-3]GlcNAc-BSA 
XGalbBSA Gal-β-ITC-BSA 1 mg/mL Lab stock 

 XylbBSA Xyl-β-4AP-BSA 1 mg/mL Lab stock 
 3LexHSA Tri-Lex-APE-HSA 0.5 mg/mL IsoSep Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-(Fuca1-3)4GlcNAcb1-3Galb1-
(Fuca1-3)4GlcNAcb1-O-APE-HSA  

XylaBSA Xyl-α-4AP-BSA 1 mg/mL Lab stock 
 XGlcbBSA Glc-β-4AP-BSA 1 mg/mL Lab stock 
 FucaBSA Fuc-α-4AP-BSA 1 mg/mL Lab stock 
 6SuLeaBSA 6-Sulfo Lewis a-BSA 1 mg/mL Dextra (SO4)6Galb1-3(Fuca1-4)GlcNAc-SP3-BSA 

FucbBSA Fuc-β-4AP-BSA 1 mg/mL Lab stock 
 GlcbITCBSA Glc-β-ITC-BSA 1 mg/mL Lab stock 
 Galb4APBSA Gal-β-4AP-BSA 1 mg/mL Lab stock 
 Neu5GcBSA Neu5Gc-BSA 1 mg/mL Lab stock 
 LeyHSA Lewis y-tetrasaccharide-APE-HSA 1 mg/mL IsoSep Fuca1-2Galb1-(Fuca1-3)4GlcNAcb1-O-APE-HSA  

PBS 
  

 
 PBS 

  
 

 LNTHSA Lacto-N-tetraose-APD-HSA 1 mg/mL IsoSep Galb1-3GlcNAcb1-3Galb1-4(Glc)-APD-HSA  
PBS 

  
IsoSep 

 PBS 
  

IsoSep 
 D-GlobTHSA Globotriose-HSA  1 mg/mL Dextra Gala1-4Galb1-4Glc-Sp3-BSA 

GlobNTHSA Globo-N-tetraose-APD-HSA 1 mg/mL IsoSep GalNAcb1-3Gala1-4Galb1-4(Glc)-APD-HSA  
GlobTHSA Globotriose-APE-HSA 1 mg/mL IsoSep Gala1-4Galb1-4Glcb1-APE-HSA  
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absorbance at 595 nm of 1.0. S. aureus Mn8 WT and ∆ica mutant and A. baumannii 

WT and ∆pga mutant were stained with 5 μM SYTO® 82, S. aureus 8325-4 WT and 

∆ica mutant with 10 μM and S. aureus BH1CC WT and ∆ica mutant with 15 μM for 

1 h at 37 °C at 180 rpm in the dark. Excess dye was removed by washing three times 

in TBS, and bacterial pellets were resuspended in 500 μL TBS supplemented with 

0.025% Tween® 20 (v/v) for an approximate absorbance at 595 nm of 2.0 for each 

strain. 

 Microarray incubation and scanning 2.2.7.

All microarray incubations were carried out in the dark. Labelled bacteria or labelled 

lectins or glycoproteins diluted in TBS-T were incubated on lectin or NGC 

microarrays using an 8 well gasket at 70 µL per well and incubated with gentle 

rotation (4 rpm) at 37 °C for 1 h. Incubation chambers were disassembled under 

TBS-T, washed twice in TBS-T for 2 min each wash in a Coplin jar and once with 

TBS. Microarray slides were dried by centrifugation (1,500 x g, 5 min) and imaged 

immediately by scanning in an Agilent G2505B microarray scanner equipped with a 

532 nm laser (90% PMT, 5 μm resolution). Images were stored as .tif files for later 

extraction and processing. Experiments were carried out in technical triplicate with 

sample incubation on one slide considered one experimental replicate. 

Bacteria were initially titrated on each microarray platform by incubating dilutions 

of stained bacteria at absorbance at 595 nm of 2.0 with TBS-T. Based on optimal 

signal to background, bacterial incubations were carried out in triplicate using a 

dilution of 50 μL of stained bacteria in a final volume of 70 μL with TBS-T. 

 

 Data extraction and analysis 2.2.8.

Data extraction was performed essentially as previously described (Kilcoyne et al., 

2014). In brief, image files (.tif) of lectin and carbohydrate microarrays from the 

microarray scanner were used to extract raw intensity values using GenePix Pro 

v6.1.0.4 software (Molecular Devices, Berkshire, U.K.) and a proprietary .gal file 

that held the address and identity of each feature using adaptive diameter (70-160%) 

circular alignment based on 230 mm features and were exported as text to Excel 

(Version 2007, Microsoft, Dublin, Ireland). Local background subtracted median 
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feature intensity data (F543median-B543) was analysed. The median of six replicate 

spots per subarray was handled as a single data point for graphical and statistical 

analysis. For lectin microarray analysis, data were normalized to the per subarray 

mean total intensity value of three replicate microarray slides and binding data was 

presented as a bar chart of average intensity of three experimental replicates with 

error bars of +/- one standard deviation (SD) of the mean. For carbohydrate 

microarray analysis, the same process was carried out as for lectin microarray 

analysis, except that total per subarray intensity was normalised to the common 15 

probes across the paired A and B microarrays (Utratna et al., 2017). 

Unsupervised hierarchical clustering of bacteria-lectin and bacteria-NGC binding 

data was carried out using Hierarchial Clustering Explorer v3.0 

(http://www.cs.umd.edu/hcil/hce/hce3.html; National Institutes of Health, Bethesda, 

MD, U.S.A.). Normalised microarray data was scaled to the maximum signal 

intensity per sample and the binding patterns were clustered using the following 

parameters: no pre-filtering, complete linkage and Euclidean distance.  

http://www.cs.umd.edu/hcil/hce/hce3.html
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2.3. Results 

Bacterial surface glycosylation and ability to bind to carbohydrates play imperative 

roles in infections and host immune evasion (Gerlach et al., 2018; Hajishengallis et 

al., 2011). To determine the role of PNAG in surface glycosylation and carbohydrate 

interactions, we chose a range of PNAG-producing and non-producing bacteria and 

incubated them on lectin and NGC microarrays. MSSA strains 8325-4 and Mn8m 

and A. baumannii S1 were chosen for this study for their ability to produce PNAG-

mediated biofilms while MRSA strain BH1CC was selected as a non-PNAG 

producing strain. The WT and corresponding PNAG-deficient mutants, ∆ica or 

∆pga, were grown under various environmental conditions to promote biofilm 

formation (Table 2.4). The WT and ∆ica or ∆pga strains were optimised for 

fluorescent staining under biofilm-promoting conditions and were profiled for 

differences in surface glycosylation and binding to carbohydrate ligands.  

 Confirmation of biofilm production of bacteria cultured in BHI 2.3.1.
supplemented with glucose or NaCl  

To verify that the ica or pga mutants did not form biofilm or had reduced biofilm 

formation, biofilm assays were performed on all strains in the presence of either 4% 

NaCl and/or 1% glucose supplemented in to the growth media (Fig. 2.1). For biofilm 

assays, all bacterial strains were grown in the presence of glucose (Table 2.4). NaCl 

was added to the growth media of MRSA BH1CC as it has been shown to promote 

icaA transcription, but not form biofilm (O’Neill et al., 2007). As a comparative, the 

MSSA strain 8325-4 was also grown in the presence of NaCl which is also known to 

increase PNAG-mediated biofilm formation in this strain (Kennedy, et al, 2004). 

Addition of glucose to BHI increased biofilm formation by S. aureus 8325-4 WT by 

approximately 165% in comparison to S. aureus 8325-4 grown in BHI media (Fig. 

2.1 (A)). Biofilm formation was further increased to approximately 311% with the 

addition of NaCl to BHI, compared to S. aureus 8325-4 WT grown in BHI alone. S. 

aureus 8325-4 ∆ica decreased biofilm formation to approximately 73%, 66% and 

96% compared to the WT grown in the same media, respectively BHI media, BHI 

glucose or BHI NaCl (Fig. 2.1 (A)). Biofilm formation by S. aureus Mn8m WT was 

increased slightly (approximately 5%) by the addition of glucose in comparison to 
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no supplementation (Fig. 2.1 (B)). S. aureus Mn8 ∆ica biofilm formation was 

decreased to approximately 92% in BHI and 86% in BHI glucose of the biofilm 

formed by the WT strain under the same conditions (Fig. 2.1 (B)). Overall, these data 

confirmed that S. aureus strains 8325-4 and Mn8m WT had increased biofilm 

formation in the presence of glucose and/or NaCl. The ∆ica mutation greatly 

decreased biofilm formation under all conditions.  

BHI glucose promoted biofilm formation for S. aureus BH1CC by approximately 

62% compared to growth in BHI alone (Fig. 2.1 (C)). Addition of NaCl to the 

growth media decreased the formation of biofilm by 90% in comparison to BHI 

media alone (Fig. 2.1 (C)). S. aureus BH1CC ∆ica decreased biofilm formation 

slightly approximately 16% and 13% to that of the WT grown in the same media, 

respectively BHI media or BHI NaCl, and increased biofilm formation by 

approximately 2% after growth in BHI glucose (Fig. 2.1 (C)). Overall, these data 

confirmed that S. aureus BH1CC WT had increased biofilm formation in the 

presence of glucose and decreased or abolished biofilm formation in the presence of 

NaCl. The ∆ica mutation had little to no effect on biofilm formation under all 

conditions. 
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Table 2.4. Summary of known effects of glucose and NaCl on biofilm formation by bacterial strains used in this study. All reports for S. aureus are 
based on biofilm assays carried out on hydrophilic 96-well plates. Reports for A. baumannii are based on biofilm formation on borosilicate glass tubes. N/D – 
not determined in reports to date. N/A – not applicable.  

Strain Sensitivity Additive Transcription 
Effect on biofilm 

formation 
Mediated 

by 
Biofilm type 

References Protein DNA PNAG 

S. aureus 8325-4 MSSA Glc N/D Increase Ica proteins 
  

 
(Lim et al., 2004; 
Pozzi et al., 2012) 

  
NaCl N/D Increase Ica proteins 

  
 

(Kennedy & 
O’Gara, 2004) 

S. aureus Mn8m MSSA Glc  icaR Increase Ica proteins 
  

 
(Jefferson et al., 
2003, 2004) 

  
NaCl N/D N/D N/D N/D N/D N/D N/A 

S. aureus BH1CC MRSA Glc  fnbAB Increase 
FnbAB, 
eDNA   

 

(Houston et al., 
2011) 

  
NaCl icaA Decrease N/A N/D N/D N/D 

(Fitzpatrick et al., 
2005) 

A. baumannii S1 N/D Glc N/D N/D Pga proteins 
  

 (Choi et al., 2009) 

  
NaCl N/D N/D N/D N/D N/D N/D N/A 
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As A. baumannii preferentially forms biofilm on glass, A. baumannii S1 WT and 

∆pga were grown in the presence of BHI glucose in a borosilicate glass culture tube 

with vigorous shaking. Crystal violet stained clumps of A. baumannii were 

visualised on the glass culture tube that contained A. baumannii S1 WT and were 

more intense on the tube that contained A. baumannii S1 WT compared to the ∆pga 

mutant. Thus, the pga operon and PNAG on A. baumannii S1 contributes to 

clumping and attachment on to glass surfaces (Fig 2.1 (D)).  

 

 

Fig. 2.1. Biofilm assays for (A) S. aureus 8325-4 WT and ∆ica, (B) S. aureus Mn8m WT 

and ∆ica, (C) S. aureus BH1CC WT and ∆ica, and (D) A. baumannii S1 WT and ∆pga. 

(A), (B) and (C) Bacteria were grown BHI, BHI glucose or BHI NaCl in a hydrophilic 96-

well tissue culture treated plate for 18 hours. Biofilm was quantified by adding Crystal 

Violet and reading absorbance at 490 nm. Experiments were carried out in technical 

triplicates and data is depicted as the mean of the three technical replicates of three 

experiments with error bars of +/- one SD of the mean. (D) Bacteria were grown for 18 

hours in borosilicate glass tubes. Tubes were washed and stained with Crystal Violet, 

washed with water, dried and imaged using a camera. 
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 Optimisation of fluorescent dye concentration for bacterial strains 2.3.2.

To elucidate the interactions between bacteria and probes on the microarray 

platform, bacteria must be fluorescently labelled to allow for detection of bacterial 

binding. To determine the optimal concentration of SYTO®82 to use for each 

bacterial strain, titrations using different dye concentrations (5-50 μM) were carried 

out for each strain (Fig. 2.2). 

S. aureus 8325-4 WT and ∆ica had maximum fluorescence at 10 μM (Fig. 2.2 (A)), 

with greater dye concentrations decreasing the bacterial fluorescence. Similarly S. 

aureus Mn8m WT and ∆ica at the lowest concentration tested of 5 μM (Fig. 2.2 (B)) 

and fluorescence intensity decreased with higher concentrations tested. Therefore, 

the SYTO®82 concentrations of maximum fluorescence were chosen for these S. 

aureus strains. In contrast, the fluorescence of S. aureus BH1CC WT and ∆ica 

increased with increasing dye concentration, and bacterial fluorescence plateaued 

slightly at 15 μM and again at 40 μM (Fig. 2.2 (C)).  

To determine the optimal concentration for use with the lectin and carbohydrate 

microarray platforms, S. aureus BH1CC was stained with 15 and 40 µM SYTO®82 

and incubated on a lectin microarray to screen for optimal intense signal and low 

background intensity. There was high background fluorescence (> 1,000 RFU) on 

the lectin microarray when S. aureus BH1CC was stained with 40 mM SYTO®82, 

while background fluorescence was consistently close to or below 500 RFU when S. 

aureus BH1CC was stained with 15 mM SYTO®82, except for one lectin, Datura 

stramonium  agglutinin (DSA) (Fig. 2.2 (E)). As the criterion for background 

fluorescence is 500 RFU or less for these platforms (Wang et al., 2014) (Fig. 2.2 

(E)), the first maximum of 15 μM was chosen for S. aureus BH1CC WT and also 

selected for S. aureus BH1CC ∆ica for consistency.  

A. baumannii WT had maximum fluorescence intensity at 5 μM, followed by a 

decrease to approximately 70% of the maximum intensity at 10 µM and a maintained 

plateau at this intensity for higher concentrations. The maximum intensity for A. 

baumannii ∆pga was obtained at 40 µM but all dye concentrations tested maintained 

approximately 70-90% of maximum fluorescence (Fig. 2.2 (D)). Therefore, 5 μM 

was selected for A. baumannii WT and also the ∆pga strain to maintain consistency 

with A. baumannii WT. 
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Figure 2.2. SYTO®82 concentration titration for fluorescence of (A) S. aureus 8325-4 

WT and ∆ica, (B) S. aureus Mn8m WT and ∆ica, (C) S. aureus BH1CC WT and ∆ica 

and (D) A. baumannii S1 WT and ∆pga and (E) background fluorescence of BH1CC 

WT stained with 15 and 40 μM SYTO®82 on the lectin microarray. (B), (C) and (D) 

Bacteria were grown overnight in BHI glucose, except (A) S. aureus 8325-4 which was 

grown in BHI NaCl, and incubated with 5-50 μM SYTO®82. Fluorescence of the stained 

bacteria was measured at λex 541 nm and λem 560 nm and plotted as a percentage of 

maximum fluorescence obtained for each strain. Error bars represent SD of the mean of 
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three technical replicates. (E) BH1CC WT stained with 15 and 40 μM SYTO®82 incubated 

on the lectin microarray and the local average background around each lectin is represented 

as a bar chart. Titration of detergent concentration for optimal PNAG retention after 

staining and washing. 

To facilitate bacterial incubations on glycomics microarrays, a study was carried out 

to identify the effect detergent concentration and washing after SYTO®82 staining 

of bacteria had on the retention of PNAG on the bacterial surface. The positive 

reference of maximal (100%) PNAG retention was for S. aureus 8325-4 WT grown 

overnight in BHI NaCl, washed initially three times in TBS from culture, then 

stained with SYTO®82 and not washed after staining. The presence of PNAG was 

tested by detection of retained PNAG with an anti-PNAG antibody under conditions 

of washing the stained cells three times and resuspending in TBS with varying 

concentrations of Tween-20 (0.01-0.05%). Cells washed in TBS had an approximate 

40% reduction in PNAG retained on the cell surface while the inclusion of varying 

concentrations of Tween-20 reduced the PNAG present on the bacteria cell surface 

by approximately 50%, (Fig. 2.3), with no significant difference between Tween-20 

concentrations but a slightly greater retention of PNAG at 0.025% Tween-20.  

Not washing cells after staining is not desirable for use with microarrays as the 

remaining unincorporated charged dye results in high background fluorescence and 

may interfere in interactions. Furthermore, a lack of inclusion of detergent in 

microarray incubations results in bacterial clumping. Therefore, washing the stained 

bacteria three times and resuspension in TBS supplemented with 0.025% Tween-20 

was selected for all microarray experiments. Thus, approximately 50% of PNAG 

was removed prior to all microarray incubations and this may vary from experiment 

to experiment (Fig. 2.3). 

 S. aureus BH1CC WT titration on the lectin microarray platform 2.3.3.

As S. aureus BH1CC had the lowest fluorescence following SYTO®82 staining 

compared to the other S. aureus strains and A. baumannii, titrations were carried out 

with BH1CC to obtain optimal cell concentration for a good signal to background 

noise ratio.  
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Fig. 2.3. Detection of PNAG on S. aureus 8325-4 WT surface with no washes and after 

three washes with no and varying Tween-20 concentrations. S. aureus 8325-4 WT was 

grown overnight in BHI NaCl. Bacteria were washed initially 3 times followed by 

resuspension in TBS-T (no washes/Tween-20), washed 3 times and resuspended in TBS (3 

washes, no Tween-20), washed 3 times and resuspended in TBS-T 0.05% (3 washes, Tween-

20 0.05%), washed 3 times and resuspended in TBS-T 0.025% (3 washes, Tween-20 

0.025%), and washed 3 times and resuspended in TBS-T 0.01% (3 washes, Tween-20 

0.01%). After washes, bacterial suspensions were spotted on to PVDF membrane and PNAG 

was detected using an anti-PNAG antibody. Quantification of PNAG present after washing 

in no or different concentrations of Tween-20 was carried out by densitometry of the spots 

and the presence of PNAG was plotted as a relative percentage of no washing after staining 

(100%). 

 

Following S. aureus BH1CC WT titrations on the lectin microarray, binding patterns 

were the same for all bacterial concentrations and binding intensities were 

concentration dependent for the majority of lectins (Fig. 2.4). Although the undiluted 

sample of S. aureus BH1CC WT resulted in the highest fluorescence intensity 

binding with all lectins, the background fluorescence was approximately 800 RFU 

which exceeded the background threshold imposed for these microarrays (Wang et 

al, 2014). The 50 μL dilution had high binding fluorescence intensities and a lower 
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background fluorescence of approximately 500 RFU (Fig. 2.4). Therefore, S. aureus 

BH1CC diluted 50 μL to a final volume of 70 μL was chosen as the optimal 

concentration of bacteria for use on the microarray platform. To maintain 

consistency for comparisons across different bacterial strains, the same dilution was 

also used for other bacteria in this study. 

 Lectin microarray profiles of MSSA strains 8325-4 and Mn8m WT and 2.3.4.
∆ica in different growth media 

S. aureus strains 8325-4 and Mn8m WT and ∆ica were grown in BHI, BHI glucose, 

BHI NaCl or BHI and BHI glucose, respectively, and profiled on the lectin 

microarray. The GlcNAc-specific lectins Griffonia simplicifolia lectin-II (GSL-II), 

succinylated Triticum vulgaris agglutinin (sWGA) and Triticum vulgaris agglutinin 

(WGA) had the greatest binding to S. aureus 8325-4 WT after growth in BHI, BHI 

glucose or BHI NaCl (Fig. 2.5 (A)) (Table 2.2). GSL-II and WGA bound the greatest 

number of S. aureus 8325-4 WT cells grown in BHI media, compared to other 

lectins. sWGA also bound S. aureus 8325-4 WT grown in BHI, but to a lower degree 

compared to GSL-II and WGA (Fig. 2.5 (A)). WGA bound to the highest number of 

S. aureus 8325-4 WT cell grown in BHI glucose compared to sWGA and GSL-II, 

while GSL-II displayed a moderate binding intensity, and sWGA and WGA 

displayed weak binding intensities to S. aureus 8325-4 grown in BHI NaCl (Fig. 2.5 

(A)).  

As PNAG is a primary component of S. aureus 8325-4 biofilm, it is likely that 

PNAG contributed to the binding of GSL-II, sWGA and WGA to this strain. The 

varying ratios between the three lectins for binding intensities to bacteria grown 

under different conditions indicated glucose and/or NaCl-induced differences in the 

expression, structure and/or presentation of GlcNAc-containing cell surface 

molecules to make them more or less recognisable to GSL-II, sWGA and WGA.  

The pattern and overall relative intensity of lectin interactions with S. aureus 8325-4 

∆ica compared to 8325-4 WT was similar under the same conditions (Fig. 2.5 (B) 

and (C)), except GSL-II which bound less to S. aureus 8325-4 ∆ica cells compared 

to S. aureus 8325-4 WT cells after growth in BHI NaCl (Fig. 2.5 (C)). This suggsted 

that PNAG produced by S. aureus 8325-4 following growth in NaCl may serve as 

one of many cell surface ligands for GSL-II.  
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Except in the presence of NaCl, the mutation of the ica operon did not reduce the 

binding of GSL-II, sWGA or WGA to S. aureus 8325-4. Therefore, PNAG may not 

be the most prominent molecule contributing to binding of these lectins or more 

likely, removal of PNAG from the cell surface uncovered or exposed other abundant 

and prominent GlcNAc-containing structures, such as peptidoglycan, which then 

became the main contributors to the binding to the GlcNAc-specific lectins. 

GSL-II, sWGA and WGA also bound to S. aureus Mn8m WT, suggesting that the 

main contributor(s) to lectin binding were GlcNAc-containing molecule(s) including 

PNAG. Binding of GSL-II and WGA to S. aureus Mn8m grown in BHI glucose was 

reduced by approximately half compared to S. aureus Mn8m grown in BHI. This 

indicated that glucose consumption promoted some cell surface glycosylation 

changes involving GlcNAc-containing molecules. These changes could include 

changes in expression or alterations in the structure or conformation of PNAG (Fig. 

2.5 (D)). 

The lectins sWGA and WGA bound S. aureus Mn8m WT to a greater intensity 

compared to S. aureus Mn8 ∆ica, but no great differences in binding intensities were 

observed for GSL-II (Fig. 2.5 (E)). This result suggests that PNAG associated with 

S. aureus Mn8m, grown in the presence or absence of glucose, was a ligand for 

sWGA and may have been one of many ligands for WGA. 
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Fig. 2.4. S. aureus BH1CC WT titration on the lectin microarray. S. aureus BH1CC was either not diluted (BH1CC WT 70 μL), 50 μL of the 

stained bacteria were diluted with TBS-T to a final volume of 70 μL (BH1CC WT 50 μL), 30 μL diluted to a final volume of 70 μL (BH1CC WT 30 

μL) or 10 μL diluted to a final volume of 70 μL (BH1CC WT 10 μL) and incubated on the lectin microarray. Bars represent S. aureus BH1CC WT 

titrations on the lectin microarray platform. Bars represent the binding intensity from one experiment and the median data from six technical 

replicates. 
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Fig. 2.5. Lectin microarray profile of S. aureus 8325-4 and Mn8m WT and ∆ica grown in media with and without glucose or NaCl. Bar 

charts represent binding intensities of S. aureus 8325-4 WT to lectins printed on the lectin microarray platform after growth in (A) BHI, BHI glucose 

BHI NaCl, (B) S. aureus 8325-4 WT and ∆ica to lectins after growth in BHI glucose and (C) BHI NaCl and binding intensities of S. aureus Mn8m 

WT on the lectin microarray platform after growth in (D) BHI and BHI glucose, and (E) S. aureus Mn8m WT and ∆ica on lectin microarrays after 

growth in BHI glucose. Histograms represent the mean of three experiments with error bars of +/- one standard deviation of the mean. 
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 Lectin microarray profile of MRSA strain BH1CC WT and ∆ica grown 2.3.5.
in BHI and BHI glucose 

MRSA strain BH1CC WT and ∆ica were cultured in BHI and BHI glucose and 

profiled on the lectin microarray (Fig. 2.6). As overall binding intensities were very 

low (<1,500 RFU) by comparison to the MSSA strains, a threshold of fluorescence 

intensity values greater than 500 RFU (background fluorescence) was applied to 

indicate binding. S. aureus BH1CC WT grown in BHI bound with greatest intensity 

to Helix pomatia agglutinin (HPA) which has specificity for α-linked GalNAc 

residues, GSL-II, Datura stramonium agglutinin (DSA), which has specificity for 

GlcNAc residues, and Aleuria aurantia lectin (AAL), which has specificity for α-

(1,6)- and α-(1,3)-linked Fuc residues (Fig. 2.6 (A)) (Table 2.2). Moderate binding 

intensity was observed with the terminal α-linked Gal residues specific lectins 

Pseudomonas aeruginosa lectin (PA-I), Euonymous europaeus agglutinin (EEA), 

Maclura pomifera agglutinin (MPA) and Vigna radiata agglutinin (VRA). Binding 

was also evident by Sophora japonica agglutinin (SJA) which has specificity 

towards β-GalNAc and Sambucus nigra agglutinin-II (SNA)-II which has specificity 

for Gal and/or GalNAc. Moderate binding intensities were also observed for the 

sialic acid specific lectins Sambucus nigra-I (SNA-I) and Amaranthus caudatus 

agglutinin (ACA) which have specificity for sialic sacid-α-(2,6)-linked and 

sialylated/Gal-β-(1,3)-GalNAc carbohydrates, respectively. WGA, which has 

specificity towards NeuAc and GlcNAc, and sWGA, which has specificity towards 

GlcNAc, also bound to S. aureus BH1CC WT (Fig. 2.6 (A)). These data indicated 

that GlcNAc-containing molecules were not the main contributor(s) to S. aureus 

BH1CC WT cell surface or biofilm glycosylation. This indicated the likely absence 

or lack of availability of PNAG on the MRSA cell surface, or the interaction of the 

lectins only with the large cell surface-bound proteins under both conditions profiled 

and lack of accessibility for the lectins to the bacterial cell surface. 

Growth in BHI glucose slightly increased HPA, sWGA and GSL-II binding to S. 

aureus BH1CC WT, had little effect on DSA, EEA, MPA or VRA binding and 

slightly reduced AAL and PA-I binding (Fig. 2.6 (A)). These data indicated that 

there were only minor changes in cell surface glycosylation of S. aureus BH1CC 

cultured in BHI or BHI glucose, but appeared that the addition of glucose promoted 

the expression of ligands for HPA, sWGA and GSL-II (Gal and GlcNAc) and 
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decreased the expression of ligands for AAL (Fuc). These minor changes could tend 

to support the proposal that the lectins could only interact with the large surface-

bound glycoproteins rather than the bacterial cell surface itself. 

Although PNAG is not expressed by BH1CC WT following growth in BHI glucose 

(O’Neill et al., 2007), we wanted to elucidate whether the presence of the ica operon 

played a role in S. aureus BH1CC surface glycosylation with and without glucose in 

the growth environment. Generally, lectins such as GSL-II, DSA, AAL, PA-I, MPA 

and VRA bound greater to S. aureus BH1CC WT compared to S. aureus ∆ica after 

cells were grown in BHI without supplementation. However, HPA bound greater to 

BH1CC ∆ica compared to the parental strain (Fig. 2.6 (B)). Following growth of 

BH1CC WT and ∆ica in the presence of glucose, HPA and GSL-II were the two 

primary lectins that bound greater to the wildtype, compared to the ica mutant, 

BH1CC ∆ica (Fig. 2.6 (B)). Overall, these results suggested that the ica operon plays 

a role in the surface glycosylation of BH1CC. With the supplementation of glucose, 

the presence of the ica operon promoted attachment to HPA and GSL-II, therefore, 

the ica operon may play a role in the expression of terminal α-linked GalNAc and or 

GlcNAc on the surface of MRSA, which in turn provided ligands for these two 

lectins.
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Fig. 2.6. Bar chart depicting the binding intensities of S. aureus BH1CC WT and ∆ica to lectins printed on the lectin microarray platform 

after growth in BHI or BHI glucose. (A) BH1CC WT and ∆ica grown in BHI and (B) BH1CC WT and ∆ica grown in BHI glucose and profiled 

on the lectin microarray. Histogram represents the mean of three experiments with error bars of +/- one standard deviation of the mean.
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 Lectin microarray profile of Gram-negative A. baumannii WT and ∆pga 2.3.6.
following growth in BHI and BHI glucose 

The PNAG-producing, Gram-negative A. baumannii strain WT and ∆pga grown in 

BHI and BHI glucose were profiled on the lectin microarray platform. A. baumannii 

WT grown in BHI had the greatest binding to VRA, Cicer arietinum agglutinin 

(CPA), DBA, Amaranthus caudatus agglutinin (ACA), and Arum maculatum 

agglutinin (AMA) (Fig. 2.7). For mammalian glycosylation, DBA has specificity for 

GalNAc residues, ACA for sialylated Gal-β-(1,3)-GalNAc, AMA for Gal-β-(1,4)-

GlcNAc, CPA for complex oligosaccharides and VRA for terminal α-linked Gal 

residues (Table 2.2). If lectin specificities are similar for bacterial glycosylation as 

they are for mammalian glycosylation, this could indicate that A. baumannii has a 

cell surface rich in Gal and GalNAc-containing structures. 

Bacterial binding to these lectins increased when A. baumannii was grown in BHI 

glucose (Fig. 2.7). In addition, the low binding of WGA to A. baumannii grown in 

BHI alone almost tripled in intensity when cultured in BHI glucose, which indicated 

the increased expression or availability of cell surface GlcNAc-containing molecules 

such as PNAG, although this interaction was relatively moderate in binding intensity 

compared to binding to DBA, CPA and VVA. Interestingly, A. baumannii ∆pga 

demonstrated reduced attachment to DBA, ACA, CPA and VRA, but not WGA or 

any other GlcNAc-specific lectins in comparison to the WT (Fig. 2.7) (Table 2.2). 

As the pga locus is responsible for PNAG production, this result suggested that 

PNAG associated with A. baumannii promoted binding to DBA, ACA, CPA and 

VRA. Since these lectins mainly have specificity for Gal and GalNAc structures, this 

may suggest that differences in PNAG presentation or structural modifications alter 

the molecular conformation enough to facilitate interactions with these lectins. 

Further, it may potentially indicate the direct or indirect involvement of the pga 

operon in Gal and GalNAc glycosylation in A. baumannii. 
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Fig. 2.7. Lectin microarray profiles of A. baumannii WT and ∆pga grown in BHI and BHI glucose. Bar chart represents the mean binding 

intensities lectins to A. baumannii WT and ∆pga after growth in BHI, BHI glucose and BHI NaCl. Histogram represents the mean of three 

experiments with error bars of +/- one standard deviation of the mean.
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 Comparison of MSSA, MRSA and A. baumannii lectin binding profiles 2.3.7.

Hierarchical clustering of the lectin binding profiles of all bacteria cultured in BHI 

glucose using scaled normalised data showed that S. aureus 8325-4 and Mn8m were 

the most similar in lectin binding patterns with 84% similarity (Fig. 2.8). A. 

baumannii was distinctly different to S. aureus Mn8m and 8325-4 in lectin binding 

pattern but had 45% similarity to these two S. aureus strains. Unsurprisingly, S. 

aureus BH1CC was only 13% similar to the other two S. aureus strains and the 

Gram-negative A. baumannii in lectin binding pattern (Fig. 2.8). Overall, results 

suggest clear differences in surface glycosylation depending on PNAG production, 

with the two PNAG-producing MSSA strains most similar in cell surface 

glycosylation, followed by the PNAG-producing A. baumannii, and finally the 

MRSA strain which does not produce PNAG as the least similar to all other three 

bacteria (Fig. 2.8). However, the actual cell surface glycosylation profile of S. aureus 

8325-4 and Mn8m may be similar to that of S. aureus BH1CC, except these cell 

surface carbohydrates are masked by extracellular PNAG for the MSSA strains and 

cell surface-bound proteins for the MRSA strain, and therefore, were not exposed 

and available for lectin interactions. 
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Fig. 2.8. Unsupervised hierarchical clustering of lectin microarray profiles of S. aureus Mn8m WT, 8325-4 WT, BH1CC WT and A. 

baumannii WT grown in BHI supplemented with 1% glucose. Normalised data was scaled to maximum intensity of 60,000 RFU per bacteria and 

clustering was carried out using the parameters of complete linkage and Euclidean distance. 
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 Neoglycoconjugate microarray profiles of MSSA strains 8325-4 and 2.3.8.
Mn8m WT and ∆ica in different growth media 

The MSSA strains 8325-4 and Mn8m WT and their isogenic ∆ica mutants were 

grown in BHI, BHI glucose and BHI NaCl to promote biofilm formation and 

incubated on the NGC microarray (Fig. 2.9). Overall, the most common NGCs 

bound by S. aureus 8325-4 WT, following growth in BHI, BHI glucose or BHI 

NaCl, were α-crystallin (α-C), 3’-sialyllactose-ADP-HSA (3SLacHSA), 6’-

sialyllactose-ADP-HSA (6SLacHSA), H Type II-APE-BSA (H2BSA), Lacto-N-

tetraose-APD-HAS (LNTHSA), Man-α-ITC-BSA (XManaBSA) and Glc-β-ITC-

BSA (GlcbITCBSA) (Fig. 2.9 (A)) (Table. 2.3). Addition of glucose to the growth 

media caused the most noticeable effect on S. aureus 8325-4 WT-NGC binding, and 

resulted in increased adherence to α-C, 3SLacHSA, 6SLacHSA, H2BSA, LNTHSA, 

L-Rhammose (RhaBSA), XManaBSA and GlcbITCBSA. Addition of NaCl to the 

growth media did not greatly change S. aureus 8325-4 WT binding to NGCs 

compared to growth in BHI alone (Fig. 2.9 (A)). This result showed that S. aureus 

8325-4 bound to GlcbITCBSA > XManaBSA > 3SLacHSA > 6SLacHSA > H2BSA 

> LNTHSA > α-C, and binding to these NGCs increased with the addition of glucose 

to the growth media, while the addition of NaCl did not cause noticeable changes in 

binding (Fig. 2.9). 

8325-4 WT and ∆ica were growth in BHI glucose and profiled on the NGC 

microarray (Fig. 2.9 (B)). Microarray results showed that 8325-4 ∆ica did not bind 

several NGCs as well as the WT. These NGCs were α-C, 3SLacHSA, 6SLacHSA, 

H2BSA, Leb-BSA (LebBSA), Di-Lex-BSA (DiLexBSA), Di-LexHSA (DiLexHSA), 

Difucosyl-para-lacto-N-hexaose-ADP-HAS (DFPLNHHSA), RhaBSA, XManaBSA 

and GlcbITCBSA (Table 2.3). This result suggested that the presence of the ica 

operon and therefore PNAG, promoted binding to these NGCs following growth in 

the presence of media supplemented with glucose (Fig. 2.9 (B)). In comparison, 

microarray results showed that 8325-4 ∆ica bound several NGCs much better than 

the WT following growth in media supplemented with NaCl (Fig. 2.9 (C)). These 

NGCs included; RNaseB (RB) which has high mannose structures, H2BSA, 

LNTHSA, Fibrinogen (Fibrin), XManaBSA and GlcbITCBSA (Table 2.3). This 

result indicated that the presence of the ica operon, and PNAG, lowers binding to 

these NGCs, following growth in media supplemented with NaCl (Fig. 2.9 (C)). 
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S. aureus Mn8m WT bound to most NCGs on the microarray platform, but similarly 

to S. aureus 8325-4 WT, bound greatest to α-C, 3SLacHSA, 6SLacHSA, H2BSA, 

LebBSA, DiLexBSA, DiLexHSA, DFPLNHHSA, LNTHSA, RhaBSA, XManaBSA 

and GlcbITCBSA (Fig. 2.9 (D)). Addition of glucose to BHI media promoted 

binding to H2BSA, RhaBSA, XManaBSA and GlcbITCBSA, compared to MN8m 

WT growth in BHI alone (Fig 2.9 (D)). This result demonstrated that glucose may 

promote the overexpression of already-present surface receptors and/or expression of 

new surface receptors to promote binding to these NGCs. 

Interestingly, S. aureus Mn8m ∆ica had different patterns of binding to NGCs 

compared to S. aureus Mn8m WT following growth in BHI glucose (Fig. 2.9 (E)). 

For example, a lower RFU signal was detected for Mn8m ∆ica bound to 

3'SialylLacNAc-BSA (3SLNBSA), Blood Group A-BSA (BGABSA), Blood Group 

B-BSA (BGBBSA), Gala1,3Gal-BSA (Ga3GBSA), Galb1,4GalBSA (Gb4GBSA), 

Gala1,2GalBSA (Ga2GBSA), Lacto-N-fucopentaose I-BSA (LNFPIBSA) and 

Lacto-N-fucopentaose II-BSA (LNFPIIBSA), compared to Mn8m WT grown in BHI 

glucose (Fig. 2.9 (E)) (Table 2.3). In contrast, a higher amount of Mn8m ∆ica bound 

to GlcbITCBSA compared to S. aureus Mn8m WT. This result demonstrated that the 

presence of the ica operon, and PNAG on the cell surface, promoted binding to 

3SLNBSA, BGABSA, BGBBSA, Ga3GBSA, Gb4GBSA, Ga2GBSA, LNFPIBSA 

and LNFPIIBSA, and reduced binding to GlcbITCBSA, following growth of S. 

aureus Mn8m WT and ∆ica in BHI glucose (Fig. 2.9 (E)).  

Overall, this result showed that MSSA 8325-4 and Mn8m commonly bound with 

greatest intensity to GlcbITCBSA, XManaBSA, 3SLacHSA, 6SLacHSA, H2BSA, 

LNTHSA and α-C after growth in BHI, BHI glucose and BHI NaCl. Mutation of the 

ica operon increased or decreased binding to these NGCs depending on the presence 

of glucose of NaCl. Addition of glucose to BHI resulted in a general overall decrease 

in binding to NGCs for S. aureus 8325-4 and caused a general overall increase in 

binding to NGCs for S. aureus Mn8m. Therefore, this result demonstrated that 

GlcbITCBSA, XManaBSA, 3SLacHSA, 6SLacHSA, H2BSA, LNTHSA and α-C are 

common ligands for S. aureus 8325-4 and Mn8m, and PNAG played a role in these 

interactions which was influenced by the presence of glucose or NaCl to the growth 

media. 
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Fig. 2.9. Neoglycoconjugate microarray profiles of MSSA 8325-4 and Mn8m WT and ∆ica grown in different growth media. Bar charts 

represent NGC binding profiles of S. aureus (A) 8325-4 WT grown in BHI, BHI glucose and BHI NaCl (B) 8325-4 WT ∆ica grown in BHI glucose 

(C) and BHI NaCl, (D) Mn8m WT grown in BHI and BHI glucose and (E) Mn8m WT and ∆ica grown in BH1CC WT and ∆ica grown in BHI 

glucose. Histograms represent the mean of three experiments with error bars of +/- one standard deviation of the mean. 



130 
 

 Neoglycoconjugate microarray profile of MRSA strain BH1CC WT and 2.3.9.
∆ica grown in BHI, BHI glucose and BHI NaCl 

For comparison, the MRSA strain, BH1CC WT and ∆ica, was incubated on the 

NGC microarray platform after growth in BHI, BHI glucose and BHI NaCl (Fig. 

2.10). Similar to lectin microarray results, overall binding intensities were very low 

by comparison to the MSSA strains (<1,500 RFU), therefore, a threshold of 

fluorescence intensity values greater than 500 RFU (background fluorescence) was 

applied to indicate binding. S. aureus BH1CC WT grown in BHI bound to similar 

NGCs as S. aureus 8325-4 WT and Mn8m WT, namely; α-C, 3SLacHSA, 

6SLacHSA, H2BSA, LebBSA, DiLexBSA, DiLexHSA, DFPLNHHSA, LNTHSA, 

RhaBSA, XManaBSA and GlcbITCBSA, but also bound ovalbumin (Ov), 4AP-HAS 

(4APHSA), Manα1,3(Manα1,6)Man-BSA (M3BSA), GlcNAc-BSA (GlcNAcBSA), 

3SLNBSA, Di-Lex-APE-BSA (DiLexBSA), Di-Lewis x-APE-HAS (Di-Lewis x-

APE-HAS), Lewis y-tetrasaccharide-APE-HAS (LeyHSA), Tri-fucosyl-

Leyheptasaccharide-APE-HAS (3FLecyHSA), Lacto-N-neotetraose-APD-HAS 

(LNnTHSA), monofucosyl, monosialyllacto-N-neohexaose-APD-HAS 

(MMLNnHHSA), Sialyl-LNnT-penta-APD-HAS (SLNnTHSA), asialo-GM1-

tetrasaccharide-APD-HAS (aGM1HSA), Globo-N-tetraose-APD-HAS 

(GlobNTHSA), LacNAc-b-4AP-BSA (LacNAcb4APBSA), ovomucoid (Ovomuc), 

RhaBSA, Man-b-4AP-BSA (XManbBSA), Xyl-b-4AP-BSA (XylbBSA), Xyl-a-

4AP-BSA (XylaBSA), Glc-b-4AP-BSA (XGlcbBSA), Fuc-a-4AP-BSA (FucaBSA), 

Fuc-b-4AP-BSA (FucbBSA), Gal-b-4AP-BSA (Galb4APBSA), Neu5Gc-BSA 

(Neu5GcBSA) and Globotriose-HAS (D-GlobTHSA). Generally, addition of glucose 

in to the growth media increased binding of BH1CC WT to these NGCs compared to 

BH1CC WT grown in media that was not supplemented. Addition of NaCl to the 

growth media caused the greatest effect on BH1CC WT binding to NGCs, and 

increased binding to these NGCs compared to BH1CC WT grown in BHI or BHI 

glucose (Fig. 2.10 (A)). 

To understand whether the presence of ica operon in S. aureus BH1CC altered 

bacterial binding to NGCs, S. aureus BH1CC WT and ∆ica were grown in BHI 

glucose and BHI NaCl and incubated on the NGC microarray (Fig. 2.10 (B), (C)). 

Following growth in BHI glucose, S. aureus BH1CC ∆ica demonstrated no change, 

or slightly increased binding, to almost all NGCs compared to BH1CC WT (Fig. 
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2.10 (B)). As these changes in NGC binding were minute, it was likely that the ica 

operon did not contribute to NGC binding following growth in BHI glucose (Fig. 

2.10 (B)). In contrast, following growth in BHI NaCl, S. aureus BH1CC ∆ica 

demonstrated decreased binding to almost all NGCs compared to BH1CC WT (Fig. 

2.10 (B)). In particular, there was a big reduction in binding to α-C, M3BSA, 

3SLacHSA, 6SLacHSA, H2BSA, LebBSA, DiLexBSA, DiLexHSA, 3'Sialyl Lewis 

x-BSA (SLexBSA14), DFPLNHHSA, LeyHSA, LNTHSA, SLNnTHSA, 

aGM1HSA , GlobNTHSA, Fibrinogen (Fibrin), ceruloplasmin (Cerulo), RhaBSA, 

XManaBSA, XylbBSA, GlcbITCBSA and Neu5GcBSA, compared to S. aureus 

BH1CC WT (Fig. 2.10 (C)). This broad reduced binding to NGCs due to mutation of 

the ica operon in S. aureus BH1CC, may suggest a direct or indirect role for the ica 

operon, following growth in the presence of NaCl, in helping S. aureus BH1CC bind 

to these carbohydrates.  

 Neoglycoconjugate microarray profile of Gram-negative A. baumannii 2.3.10.
S1 WT and ∆pga following growth in BHI and BHI glucose 

Next, we screened for carbohydrate ligands for A. baumannii WT grown in BHI 

glucose (Fig. 2.11). Similar to S. aureus 8325-4, Mn8m and BH1CC, A. baumannii 

WT bound to 3SLacBSA, 6SLacBSA, H2BSA, DFPLNHHSA, LNTHSA, 

XManaBSA and GlcbITCBSA. Furthermore, A. baumannii WT bound to 

DiLexBSA, DiLexHSA, LeyHSA, XylaBSA and XGalbBSA (Fig. 2.11). Mutation 

of the pga operon caused increased binding to GlcNAc-BSA, BGABSA and 

Ovomuc, and decreased binding to XManaBSA, XylaBSA, XGalbBSA and 

GlcbITCBSA compared to the WT strain, A. baumannii WT. Overall, addition of 

glucose in to the growth media increased A. baumannii binding to  Ov, transferrin 

(Xferrin), α-C, 3SLacBSA, 6SLacBSA, 2'Fucosyllactose-BSA (2FLBSA), 3'Sialyl-

3-fucosyllactose-BSA (3SFLBSA), H2BSA, BGABSA, BGBHSA, Ga3GBSA, 

Gb4GBSA, Ga2GBSA, LNFPIBSA, LNFPIIBSA,  DiLexBSA, DiLexHSA, 3'Sialyl 

Lewis x-BSA (3SLexBSA3), SLexBSA14, 6-Sulfo Lewis x-BSA (6SuLexBSA), 

LeyHSA, LNnTHSA, LNTHSA, MMLNnHHSA, SLNnTHSA, aGM1HSA, 

GlobNTHSA, α-1 Antitrypsin (A1AT), Cerulo, Ovomuc, XManaBSA, XGalbBSA, 

XylaBSA, GlcbITCBSA and Neu5GcBSA  (Fig. 2.11). A. baumannii ∆pga grown in 

BHI glucose increased binding to GlcNAc-BSA, BGABSA and Ovomuc, and 

decreased binding to XManaBSA, XGalbBSA and GlcbITCBSA compared to A. 
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baumannii WT grown in BHI glucose. This result showed that addition of glucose in 

to the growth media promoted A. baumannii binding to various NGCs, and the pga 

operon, and therefore PNAG, was involved in reducing binding to GlcNAc-BSA, 

BGABSA and Ovomuc, and increasing binding to XManaBSA, XGalbBSA and 

GlcbITCBSA. Overall, this result suggested a role for PNAG in masking A. 

baumannii binding to GlcNAc-BSA, BGABSA and Ovomuc and promoting binding 

to XManaBSA, XGalbBSA and GlcbITCBSA (Fig. 2.11). 
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Fig. 2.10. Neoglycoconjugate microarray profiles of MRSA BH1CC WT and ∆ica grown in different growth media. Bar charts represent NGC 

binding profiles of S. aureus (A) BH1CC grown in BHI, BHI glucose and BHI NaCl (B) BH1CC WT ∆ica grown in BHI glucose (C) and BHI 

NaCl. Bar chart represents three experiments with error bars of +/- one standard deviation of the mean of the three experiments.
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Fig. 2.11. Neoglycoconjugate microarray profiles of A. baumannii WT and ∆pga grown in BHI glucose. Bar chart represents NGC binding 

profile of A. baumannii WT grown in BHI and A. baumannii WT and ∆pga grown in BHI glucose. Histogram represents the mean of three 

experiments with error bars of +/- one standard deviation of the mean.
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 Comparison of carbohydrate binding profiles for S. aureus Mn8m, 8325-2.3.11.
4, BH1CC WT and A. baumannii WT grown under different growth 
conditions 

Carbohydrate binding profiles of WT bacteria cultured in BHI glucose or BHI NaCl 

were subjected to hierarchical clustering using scaled normalised binding intensity 

data was performed to determine similarities and differences within the different 

bacterial genera, strains and glucose/NaCl promoted interactions with NGCs (Fig. 

2.12).  

Two major groups were created from clustering NGC binding profiles of bacteria 

grown in BHI glucose or NaCl: the first group was S. aureus Mn8m WT, S. aureus 

8325-4 and A. baumannii WT grown in BHI glucose. The second, which displayed 

13% similarity to the first group, was: S. aureus 8325-4 and BH1CC WT grown in 

BHI NaCl and BH1CC WT grown in BHI glucose. Unsupervised hierarchical 

clustering of all bacteria grown in BHI glucose or NaCl showed that PNAG-

expressing bacteria (S. aureus 8325-4, Mn8m and A. baumannii) cluster together. 

The Gram-negative PNAG-producing A. baumannii strain, S1, grown in BHI 

glucose shared 56% NGC binding similarity to S. aureus 8325-4 and Mn8m WT 

grown in BHI glucose. Addition of NaCl into BHI media resulted in S. aureus 8325-

4 and BH1CC clustering together, even though an antibody specific against PNAG 

previously showed that PNAG was not produced by S. aureus BH1CC using a dot 

blot method (Table 2.4). Unexpectedly, S. aureus 8325-4 WT grown in BHI glucose 

did not cluster together with S. aureus 8325-4 WT grown in BHI NaCl, and only 

shared 13% similarity in NGC binding. This suggested that addition of glucose or 

NaCl in to the growth media can have a great effect on bacteria-carbohydrate 

interactions. On the other hand, S. aureus BH1CC grown in BHI glucose and BHI 

NaCl clustered together, although S. aureus BH1CC grown in BHI glucose was only 

56% similar in NGC binding patterns compared to S. aureus BH1CC and 8325-4 

WT grown in BHI NaCl and only 13% similar in NCG binding patterns compared to 

S. aureus 8325-4, Mn8m and A. baumannii grown in BHI glucose. Finally, S. aureus 

BH1CC grown in BHI glucose, consequently not producing detectable PNAG (Table 

2.4), shared only 13% similarity in NGC binding to the other bacteria. This 

suggested that glucose promoted different bacterial lectins or carbohydrate-binding 

molecules for MRSA, compared to MSSA and A. baumannii, or, S. aureus 8325-4, 
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S. aureus Mn8m and A. baumannii expressed a certain carbohydrate-binding 

molecule that masked other smaller carbohydrate binding molecules, also present on 

S. aureus BH1CC  (Fig. 2.12).  
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Fig. 2.12. Unsupervised hierarchical clustering of NGC binding profiles for S. aureus Mn8m, 8325-4, BH1CC and A. baumannii WT grown 
in BHI glucose or BHI NaCl. Normalised data was scaled to maximum intensity of 20,000 RFU per bacteria and clustering was carried out using 
the parameters of complete linkage and Euclidean distance. 
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2.4. Discussion 

The ability of bacteria to alter surface glycosylation and to bind glycosylated 

surfaces has been shown to be associated with persistent infections, immune evasion 

and the manipulation of host cell signalling (Gerlach et al., 2018; Hajishengallis et 

al., 2011; Maldonado et al., 2016). This study used stained bacteria, incubated them 

on lectin and NGC microarrays and established general patterns of bacterial surface 

glycosylation and carbohydrate ligands. Furthermore, we uncovered PNAG-specific 

lectins and described the possible differences in ica and pga function, PNAG 

presentation, conformation and function associated with S. aureus and A. baumannii.  

Similar titration curves for dye fluorescence were obtained for the two MSSA S. 

aureus strains (8325-4 and Mn8m), but the concentration of the nucleic acid binding 

dye SYTO®82 for maximal fluorescence was significantly greater for the MRSA 

strain, BH1CC. This may be due to the increased cell wall thickness and altered 

peptidoglycan cross-linking associated with MRSA bacteria compared to MSSA 

strains (Bæk et al., 2014; Kawai et al., 2009), which may have prevented easy 

penetration of the SYTO®82 dye across the cell wall. For example, intermediate 

resistance to vancomycin in S. aureus was shown to be mediated by increased cell 

wall thickness and architecture. Therefore, vancomycin has to travel a longer 

distance to reach the lipid II target and large glycopeptides on the outer cell wall act 

to clog the diffusion of drugs (Foster, 2017). In turn, the lower concentration of dye 

used that was necessary for acceptable microarray background signal for S. aureus 

BH1CC staining may explain the lower overall fluorescence intensities for S. aureus 

BH1CC binding to the probes on the microarrays compared to S. aureus 8325-4 or 

Mn8m. Bacterial fluorescence was saturated in the lower concentration ranges tested 

for A. baumannii, which may be due to the thinner cell wall of Gram-negative 

bacteria being more easily penetrable for SYTO®82 (Silhavy et al., 2010).  

Washing steps following SYTO®82 staining removed approximately 40% of PNAG 

on the cell surface. Although this did not impact the binding signal intensities of the 

PNAG producing S. aureus and A. baumannii strains, it is unknown whether removal 

of this amount of PNAG impacted on the cell’s ability to bind to different probes on 

the microarray platform. Other methods to fluorescently label bacteria that do not 

require wash steps, such as integration of a fluorescent protein gene into the bacterial 



141 
 

chromosome, could be employed in future to answer this question, although gene 

insertion may alter expression of cell surface molecules itself. 

The GlcNAc-binding lectin WGA has been used as a ‘Gold Standard’ to detect and 

indicate the presence of PNAG within a biofilm matrix and has been used to confirm 

the presence of PNAG within a purified EPS sample (Begun et al., 2007; 

Doroshenko et al., 2014; Sanford et al., 1995; Satorius et al., 2013). In literature, 

WGA was proven to bind to PNAG, as fluorescently labelled WGA did not bind to a 

PNAG mutant, but bound to the WT strain, and, fluorescently labelled WGA did not 

bind to a proteinaceous biofilm formed by S. aureus (Formosa-Dague et al., 2016). 

However, WGA has been shown to bind to bacteria that do not produce PNAG, 

indicating that WGA binds other bacterial cell surface molecules besides PNAG. For 

example, it was shown that WGA bound to cells within a biofilm matrix of P. 

aeruginosa (Strathmann et al., 2002), even though P. aeruginosa does not express 

PNAG (Cywes-Bentley et al., 2013). Furthermore, research showed that 

fluorescently labelled WGA bound to a greater surface area of a S. epidermidis 

biofilm matrix compared to a fluorescently labelled antibody specific for PNAG, 

suggesting that WGA binds to other cell surface molecules apart from PNAG (Cerca 

et al., 2006). 

In this study, the reduction in WGA binding to S. aureus 8325-4 and Mn8m ∆ica 

grown in BHI glucose, compared to the WT strains suggested that WGA has some 

specificity towards PNAG. However, there were little differences in WGA binding 

to S. aureus 8325-4 ∆ica grown in BHI NaCl compared to the WT strain and no 

differences in binding to A. baumannii ∆pga compared to the WT strain. These data 

supported findings by Ramos et al (2019), that WGA binds to other molecules on the 

surface of bacteria apart from PNAG (Ramos et al., 2019). However, this does not 

mean that WGA does not have specificity for PNAG, but it is likely that the absence 

of PNAG on the cell surface allows other bacterial cell surface structures to be 

uncovered and exposed and made available for WGA interaction. These uncovered 

structures include GlcNAc-containing molecules such as peptidoglycans, 

glycoproteins, capsules, WTAs, LTA and LPS (Davis & Weiser, 2011; Richie et al., 

2016; Scott et al., 2014; Xia et al., 2010). To the best of our knowledge, WGA has 

not been shown to bind LTA or LPS, however, WGA has been used to detect 

GlcNAc on S. aureus WTA, in peptidoglycan and glycans on OmpA-like 
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glycoproteins from Porphyromonas gingivalis  (Monteiro et al., 2015; Murakami et 

al., 2014; G Xia et al., 2010). Furthermore, WGA also binds to NeuAc, and GalNAc, 

although the affinity for GalNAc is five times lower than for GlcNAc. Therefore, the 

multiple specificities of WGA may have contributed to WGA binding to PNAG 

mutants in this study (Goldstein & Poretz, 1986).  

However, sWGA displayed reduced binding to S. aureus Mn8m ∆ica compared to 

the WT strain, even though this was not comparable for WGA. This might suggest 

that sWGA had greater specificity for PNAG produced by S. aureus Mn8m WT after 

growth in BHI glucose compared to WGA. GSL-II has specificity for terminal 

GlcNAc residues and an increase in GSL-II interactions were observed for S. aureus 

8325-4 ∆ica grown in BHI glucose compared to the WT strain. This suggested that 

there were higher proportions of terminal GlcNAc residues in the absence of PNAG. 

Since the opposite occurred for S. aureus 8325-4 grown in BHI NaCl, we speculate 

that the addition of NaCl contributes to PNAG with more terminal, unmodified 

GlcNAc structures, although research would be required to prove this hypothesis. 

Moreover, bacteria grown in different environments, such as glucose-rich and NaCl-

rich environments, may change the structure or conformation of polysaccharides, 

which in turn leaves terminal GlcNAc residues more or less exposed for binding to 

GSL-II. Understanding why growing S. aureus 8325-4 in the presence of NaCl 

would promote GSL-II binding to PNAG and why growing S. aureus 8325-4 in the 

presence of glucose would promote sWGA binding to PNAG is still unknown, but 

there are several speculations that might explain these data. Modifications of PNAG 

such as deacetylation and O-succinylation vary depending on the bacterial genus and 

strain (Whitfield et al., 2015). For example, PNAG isolated from S. epidermidis is 

between 15-20% deacetylated  and 6% O-succinylated (Mack et al., 1996; 

Sadovskaya et al., 2005), PNAG isolated from S. aureus Mn8m is approximately 5% 

deacetylated and not O-succinylated, although 10% succyinlated was reported on 

PNAG isolated from this strain previously but now verified as an experimental 

artefact (Maira-Litrán et al., 2002; McKenney et al., 1999), PNAG isolated from E. 

coli is deacetylated approximately 3-5% and not O-succinylated (Wang et al., 2004) 

and PNAG isolated from A. baumannii S1 is approximately 40% deacetylated and 

not O-succinylated (Choi et al., 2009). It has been shown that growth in NaCl 

reduces the yield of PNAG for purification (Ganesan et al., 2013). To our 
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knowledge, no research has been carried out to identify whether the supplementation 

of glucose or NaCl to growth media causes structural changes to PNAG, but it is 

possible that addition of glucose or NaCl to the growth media could influence the 

degrees of deacetylation and/or O-succinylation of PNAG, thus changing the overall 

charge and the structural conformation of the molecule, making it more or less likely 

to adhere to certain GlcNAc-specific lectins such as GSL-II or sWGA.  

Alternatively, addition of glucose in to BHI media and allowing cells to grow, results 

in an accumulation of acidic by-products, such as acetic acid, and reduces the pH of 

the media to 6 (O’Neill et al., 2008). Chitosan (~75% deacetylated poly-N-

acetylglucosamine) is structurally similar to PNAG, except that it is β-(1,4)-linked 

while PNAG is β-(1,6)-linked and chitosan has a higher degree of deacetylation 

compared to PNAG. Chitosan has a high charge density at pH below 6.5 and 

behaves in a stable manner. On the other hand, PNAG has a much lower degree of 

deacetylation causing it to be unstable at low pH. Therefore, addition of glucose to 

the growth medium may promote acidic conditions that contribute to changes in 

biofilm architecture, PNAG structural conformation, topography, mobility of the 

bacteria and the ability of bacteria to bind to protein ligands (Stewart et al., 2015).  

The absence of PNAG in BH1CC WT biofilm formation was supported by lectin 

microarray profiling, which further demonstrated a lack of prominent binding by 

GlcNAc-containing molecules. This indicated the likely absence of PNAG on the 

MRSA cell surface for the interaction of the lectins, with only large molecules, such 

as proteins, on bacterial cell surface. S. aureus BH1CC WT appeared to change 

surface glycosylation, primarily fucosylated following growth in BHI and primarily 

GlcNAcylated grown in BHI glucose. It is unclear as to whether these glycosylation 

changes have an impact on MRSA biofilm formation or not, although it has been 

reported that glycosylation of a S. aureus surface protein with N-acetylhexosaminyl 

residues enhanced biofilm formation (Bleiziffer et al., 2017).  

Unexpectedly, lectin microarray analysis suggested that PNAG on A. baumannii was 

a ligand of DBA, CPA and VRA. The structural conformation of PNAG on or 

associated with A. baumannii could be very different to PNAG from S. aureus due to 

the higher degree of deacetylation (50% and 5% deacetylated respectively) (Choi et 

al., 2009; Maira-Litrán et al., 2002), creating different architectures – some more 
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likely to promote interactions with DBA, CPA and VRA than others. Alternatively, 

highly deacetylated PNAG may support tight adherence to the cell surface and 

promote other interactions with lectins. For example, CPS isolated from A. 

baumannii NIPH146 was primarily composed of D-Glc, D-Gal and D-GalNac and 

contained a α-D-Galp-(1→6)-β-D-Glcp-(1→3)-D-GalpNAc-(1→ trisaccharide 

fragment common among many A. baumannii strains (Arbatsky et al., 2015), the O-

antigen isolated from A. baumannii strain 9 and ATCC 17961 had structures 

consisting primarily of α‐D‐Glcp, D-GalpNAc (MacLean et al., 2009), and unnamed 

glycoproteins isolated from A. baumannii were determined have a β-

GlcNAc3NAcA4OAc-4-(β-GlcNAc-6-)-α-Gal-6-β-Glc-3-β-GalNAc-S/T structure 

(Iwashkiw et al., 2012). Thus, PNAG may have a role in the recognition of A. 

baumannii CPS or O-antigen by lectins. On the other hand, PNAG on A. baumannii 

may be cleaved from the cell surface at a high rate. Supporting this statement is the 

fact that PgaB on E. coli and Bordetella bronchiseptica are deacetylated PNAG 

hydrolases (Little et al, 2018). Similarly, PgaB on A. baumannii may be a hydrolase 

for deacetylated PNAG and as PNAG associated with A. baumannii S1 is 

approximately 40% deacetylated, may be cleaved at a higher rate, compared to S. 

aureus, generally creating differences in conformation, coil and helic formation, 

stiffness and PNAG rigidity. Thus, the conformation of PNAG on A. baumannii may 

be very different to that on S. aureus and support a conformation more preferable to 

DBA, CPA or VRA compared to WGA. However, lectin specificities for bacterial 

carbohydrates have not yet been fully characterised, leaving some ambiguity in the 

interpretation of these results. Although DBA, CPA and VRA have specificities for 

Gal and GalNAc structures based on mammalian glycosylation, these lectins may 

also have specificity for deacetylated PNAG when it is located on the A. baumannii 

cell surface, with other structures, such as LPS and CPS.  

Taking the above observations in to account, and supporting findings by Ramos et al 

(2019) regarding the lack of specificity of WGA binding to PNAG, it is thus not 

advisable to use fluorescently labelled WGA as a method for specifically identifying 

PNAG in biofilm matrices or for PNAG isolation. Instead, we suggest that specific 

PNAG detection or isolation be carried out using a recognition molecule that is 

specific for the PNAG structure itself rather than the more general GlcNAc 

constituent, such as a labelled antibody against PNAG. 
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Overall, these data suggest that PNAG presentation, conformation, accessibility 

and/or composition are not the same depending on the bacterial genus, species and 

strain, and may also vary depending on the environmental growth conditions. These 

results highlight the importance of growing a range of PNAG-producing bacteria in 

biologically relevant media to help elucidate the role, structure and composition of 

PNAG, more similar to PNAG in in vivo settings. 

In this work, specific carbohydrate ligands for S. aureus 8325-4, Mn8m, BH1CC and 

A. baumannii S1 were demonstrated for the first time. MSSA, MRSA and A. 

baumannii WT strains showed similar patterns in NGC binding, regardless of being 

grown in the presence of glucose or NaCl. Across the different bacteria, α-C and the 

NGCs 3SLacHSA, 6SLacHSA, H2BSA, LebBSA, lacto-N-tetrose, α-linked Man 

(mannose) and GlcbITCBSA and XManaBSA were the most common carbohydrate 

ligands. Binding to GlcbITCBSA was consistent for all bacteria, however, bacteria 

did not bind to β-linked glucose when on a different linker (4AP-BSA linker for 

XGlcbBSA). It is known that this particular linker interacts with a variety of lectins 

when unconjugated to a carbohydrate, but loses a high proportion of these non-

specific interactions when a carbohydrate is further conjugated to the linker 

(Kilcoyne et al., 2012). Given that all bacterial strains bound to XManaBSA and 

GlcbITCBSA, and that binding intensities and patterns to M3BSA and XGlcbBSA 

were not similar to XManaBSA and GlcbITCBSA, respectively, we hypothesize 

these interactions were mediated via the ITC linker, and not the carbohydrate. 

Interestingly, bacteria showed preferential binding to certain NGCs depending on 

anomeric configurations, linkages and slight differences in structure. For example, 

bacteria showed preferential binding towards 3’-Sialylactose-APD-HAS compared 

to 3’SialyLAcNAc-BSA and Lewis b-BSA compared to Lewis a-BSA. Furthermore, 

bacteria bound with greater intensity to the blood group antigen acceptor substrate 

lacto-N-tetraose (Lacto-N-tetraose-APD-HAS) compared to lacto-N-neotetraose 

(Lacto-N-neotetraose-APD-HAS). Given the greater binding of these bacteria to H 

type 2 antigen (H Type II-APE-BSA), and Leb (Lewis b-BSA ) compared to blood 

group A (Blood Group A-BSA) and blood group B (Blood Group B-BSA) might 

suggest preferential binding to structures which incorporate terminal α-(1,2)-Fuc 

rather than terminal Gal structures. Thus, these bacteria may have preferential 

binding to secretor hosts that have a functional FUT2 gene which makes the enzyme 
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α-1,2-fucosyltransferase rather than non-secretors who have a non-functional FUT2 

gene. This would be similar to bifidobacteria where host expression of the FUT2 

gene, which defines secretor status and the expression of  blood group A, B and H 

and Lewis antigens (α-(1,2)-linked fucose), is a genotypic factor that contributes to 

microbial diversity, particularly bifidobacteria diversity, in the intestinal microbiota 

(Wacklin et al., 2011). Nonetheless, it has been shown in literature that some S. 

aureus strains have an affinity towards Lea (Saadi et al., 1994). Fucosylation plays 

an important role for host-microbe interactions. For example, H. pylori recognises 

and attaches to Leb and H antigens on glycosphingolipids via a 78 kDa glycosylated 

protein named BabA and has preferential binding to Leb>type 1 H antigen>ALeb and 

BLeb and does not bind to Lea, Lex or Ley. BabA along with sialic acid binding 

protein (SabA) and the lipoprotein binding proteins AlpA/AlpB promote adhesion 

and virulence contributing to chronic infection and inflammation (Aspholm-Hurtig et 

al., 2004; Cooling, 2015; Ilver et al., 1998). It would be interesting to decipher 

whether a ligand for fucosylated structures on the surface of S. aureus and A. 

baumannii could have a similar part to play in infection and inflammation. 

SraP is a 225 kDa protein on S. aureus that recognises type two sialylated structures 

with high affinity towards NeuAc-α-(2,3)-Gal-β-(1,4)-GlcNAc and promotes 

adhesion and invasion to lung epithelial cells (Yang et al., 2014). SraP did not have 

high specificity for NeuAc-α-(2,3)-Gal-β-(1,4)-GlcNAc but moderate affinity 

towards NeuAc-α-(2,6)-Gal-β-(1,4)-GlcNAc (Kukita et al 2013), suggesting that this 

protein may contribute to S. aureus binding to 6SLacHSA (NeuAc-α-(2,6)-Gal-β-

(1,4)-GlcNAc-ADP-HAS) in this work.  

The ica and pga mutants bound to the NGCs described above, namely: 3SLacHSA, 

6SLacHSA, H2BSA, LebBSA, LNTHSA, XManaBSA and GlcbITCBSA depending 

on the presence of glucose or NaCl. In some S. aureus strains, including the 8325-4 

and Mn8m strains in this work, glucose or NaCl promote biofilm formation via 

PNAG production (O’Neill et al., 2007), but whether additional modifications to 

PNAG are carried out because of the growth media in additional to expression of 

PNAG remains unknown. Our data suggested that the absence of PNAG on the 

surface of A. baumannii increased attachment to certain NGCs. We are unsure why 

the absence of PNAG promoted binding to different NGCs, but we hypothesise that 

the absence of PNAG allowed other cell surface structures such as lectins, LPS, 
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LOS, glycoproteins, and/or CPS available to interact with NGCs.  For example, it 

was shown that 20 out of 47 A. baumannii, biofilm forming, urinary tract and urinary 

catheter infection isolates displayed lectin activity (Pour et al., 2011). PNAG and 

pilins, CsuA and CsuB, FimA/F17-A and A1S_1507 were found in the biofilm 

matrix of A. baumannii pellicles. FimA/F17-A was 46% identical to the F17A pilin 

expressed by E. coli, which is a subunit of the F17A-G pili system expressed by E. 

coli. F17A-G fimbrial adhesin has a lectin domain with an affinity to GlcNAc (Nait 

Chabane et al., 2014). It may be possible that A. baumannii WT also used F17-like 

pili to bind to GlcNAc to promote biofilm formation. Therefore, rendering the 

bacterial cell without PNAG may have uncovered these lectins and/or left these 

lectins without a ligand, allowing them to bind GlcNAc containing NGCs, such as 

GlcNAc-BSA and ovalbumin (Harvey et al., 2000), on the NGC microarray 

platform. On the other hand, bacterial carbohydrates contribute to the structure of 

LOS and LPS. LOS and LPS were shown to be involved in carbohydrate-

carbohydrate interactions with terminal carbohydrate structures associated with 

blood group A, B and O, Lewis antigens, sialic acids and glycosaminoglycans (Day 

et al., 2015). Thus, the absence of PNAG may have encouraged LOS and LPS 

attachment to NGCs. As pili, LOS and LPS are common antigens used for host 

detection of an invading pathogen, it would make sense for PNAG to shield these 

antigens to evade the host’s immune system. Finally, mutation of PgaA, PgaB and 

PgaC, may have consequentially altered the cell surface topography, contributing to 

differences in NGC interactions. Indeed, binding to XManaBSA, XGalbBSA and 

GlcbITCBSA decreased for A. baumannii ∆pga compared to A. baumannii WT, 

however, we hypothesize that PNAG was binding to the ITC linker rather than the 

carbohydrate. If PNAG on A. baumannii bound to XManaBSA and GlcbITCBSA, 

we would expect similar interactions with M3BSA and XGlcbBSA. Therefore, we 

propose that ITC linkers are unsuitable for assessing bacterial interactions with 

carbohydrates. 

Compared to S. aureus, PNAG on the surface of A. baumannii appears to play a role 

in biofilm integrity under shear force, whereas PNAG on MSSA plays a vital role in 

biofilm formation under static conditions (Choi et al., 2009). The MRSA isolate 

BH1CC does not produce PNAG on the cell surface when glucose is added to 

growth media, however, promoting icaA transcription through the addition of NaCl 
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in to the growth media clearly altered NGC binding in this study (O’Neill et al., 

2007). Interestingly, it was shown that icaA transcription does not correspond to 

PNAG production, as PNAG was not detected in BH1CC cell culture supernatants of 

S. aureus BH1CC via a PNAG specific antibody (O’Neill et al., 2007). Therefore, it 

could be hypothesised that icaA transcription, and potentially icaDBC, have 

alternative roles to play, besides PNAG production. In this study, the general 

decrease of S. aureus BH1CC ∆ica binding to NGCs compared to S. aureus BH1CC 

WT grown in BHI NaCl suggested that mutation of the ica operon reduced the 

ability of S. aureus BH1CC to bind to many NGCs. Why mutation of the ica 

decreased binding to NGCs if PNAG is not detectable on the cell wall of S. aureus 

BH1CC WT is unknown. If mutation of IcaB caused this overall decrease in binding 

to NGCs, we would predict there would be a similar result for the MSSA strain, 

8325-4. As this was not the case, we can assume that mutating the only surface-

exposed protein, IcaB, did not contribute to this reduction in binding to NGCs. 

Therefore, the presence of the ica operon caused cell surface changes to S. aureus 

BH1CC WT grown in BHI NaCl, which likely did not involve the expression of 

PNAG. Further research is required to identify the reasons why and how the ica 

operon promoted binding to certain NGCs. Indeed, it was shown that the presence of 

icaADB contributed to bacterial survival, even in the absence of PNAG, and 

suggested that the IcaADB proteins could have alternative functions within the cell 

(Brooks & Jefferson, 2014). Further research is required to elucidate whether NaCl-

induced expression of IcaADBC plays alternative roles for S. aureus BH1CC WT, 

such as aiding bacterial attachment to carbohydrates. Overall these results suggested 

a role for the ica/pga operon in NGC interactions and not just PNAG production. 

Overall, this chapter demonstrated the different effects glucose and NaCl can have 

on bacterial glycosylation and carbohydrate recognition. Our results also showed the 

striking differences between the ica and pga operon in both bacterial glycosylation 

and NGC recognition, with the pga operon playing a more profound and unexpected 

role compared to the ica operon. Our results suggested that PNAG on Gram negative 

bacteria may have a different role, conformation, relative quantity or presentation 

compared to PNAG on S. aureus, but further research to elucidate the conformation 

and presentation of cell-associated PNAG from different PNAG-producing bacteria 

would be required to prove this hypothesis. Nonetheless, this study is the first to 
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report carbohydrate ligands for S. aureus and A. baumannii. Our research may be 

used to help delve deeper in to the role of the ica and pga operon, and in S. aureus, 

A. baumannii and other bacteria, one that spans not just surface glycosylation, but 

also carbohydrate mediated interactions. Novel carbohydrate targets for S. aureus 

and A. baumannii found in this study have the potential to impact our understanding 

of pathogen-carbohydrate mediated interactions in multiple biological systems and in 

biofilm assembly. 
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3. Modulating targeted bacterial interactions using glycoclusters on a 
microarray platform 

3.1. Introduction 

Bacterial pathogens have many carbohydrate-containing surface molecules such as 

peptidoglycan, lipopolysaccharide (LPS) and lipoteichoic acid (LTA) (Tra & Dube, 

2014; Weidenmaier & Peschel, 2008) which are recognised by host pathogen 

recognition receptors (PRRs). These recognition events initiate an immune response 

to eliminate the pathogen or, by the manipulation of the bacterial molecules, help the 

bacteria to evade the host’s immune system (Casas-Solvas & Vargas-Berenguel, 

2015). Indeed, the initial attachment of bacteria to host cell surfaces and extracellular 

matrix (ECM) molecules is the first step in infection or colonisation and is frequently 

carbohydrate-mediated. Therefore preventing adhesion of the pathogen to the 

relevant host cell has long been proposed as a crucial intervention point for infection 

prevention. However, elucidating individual molecular interactions between the cells 

or assessing the efficacy or efficiency of targeting specific interactions is often 

difficult due to the multiplicity of parallel biological interactions and complexity of 

both pathogen and host surface molecules presented.  

Targeting specific carbohydrate-mediated pathogen-host interactions for anti-

infective or therapeutic strategies is a major goal of glycocluster synthesis (Casas-

Solvas et al., 2015). Calix[4]arene-based glycoclusters functionalized with 

galactosides or fucosides were shown to be effective in the reduction of the surface 

adhesins LecB- and LecA–dependent Pseudomonas aeruginosa aggregation, biofilm 

formation, cell adhesion and lung infection in a mouse model (Boukerb et al., 2014). 

Recently, a panel of glycoclusters with N-acetylglucosamine (GlcNAc) as the 

bioactive headgroups were synthesized to inhibit carbohydrate-lectin interactions 

(André et al., 2015). These compounds varied in valency from bi- to tetra-valent, in 

scaffold length and orientation, and anomeric linkages. GlcNAc-mediated binding 

inhibition of fetuin, asialofetuin (ASF), agalactoASF, the GlcNAc-BSA 

neoglycoconjugate and the wildtype and the glycosylation mutants Lec2 and Lec8 

Chinese hamster ovary (CHO) cells was assessed using wheat germ agglutinin 

(WGA) and Griffonia simplicifolia lectin-II (GSL-II) and these glycoclusters in 96 

well microtitre plate-based assays. The 96 well microtitre plate format assays are 
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typically used to assess inhibition and half inhibitory concentration (IC50) values for 

synthetic glycoclusters (André et al., 2015; Buffet et al., 2016; Maierhofer et al., 

2007; Swanson et al., 2015), but this format requires larger quantities of 

glycoclusters and biologically derived molecules which may have only limited 

availability. 

Lectin microarrays were developed to sensitively and rapidly profile glycosylation 

associated with different molecules and the surfaces of organisms and to elucidate 

carbohydrate-lectin interactions (Hu et al., 2009). Lectin microarrays have been used 

for a variety of applications and samples including glycoprotein, bacteria, eukaryotic 

cell, virus and virus-related particle profiling, but have not been frequently used for 

quantitative measurements (Hsu et al., 2006; Kilcoyne et al., 2014; Krishnamoorthy 

et al., 2009; Rosenfeld et al., 2007; Tao et al., 2008). Previously, lectin microarray 

platforms have been used for quantifying the lowest limit of detection of lectins for 

various carbohydrate structures (Uchiyama et al., 2008) and IC50 and apparent 

dissociation constants (Liang et al., 2007; Wang et al., 2013). Thus, lectin 

microarray technology may provide a more sensitive platform for routine generation 

of IC50 measurements with low sample and reagent consumption. 

Poly-N-acetylglucosamine (PNAG) is a common cell surface bacterial antigen found 

on a wide range of pathogenic bacteria such as Staphylococcus, Enterococcus 

species, Candida, Escherichia, Klebsiella, Enterobacter species and Acinetobacter. 

PNAG is often involved in bacterial biofilm formation, is a major component of 

certain biofilms, and has also been used as a vaccine candidate against many 

pathogenic bacteria such as methicillin resistant Staphylococcus aureus (MRSA) 

(Skurnik et al., 2016). This β-(1→6)-linked GlcNAc polysaccharide is partially 

deacetylated to varying degrees, depending on the bacterial genus and species (Mack 

et al., 1996; Maira-Litrán et al., 2002; Wang et al., 2004). S. aureus PNAG was 

associated with an increase in abscess lesions and bacterial burden in a mouse model, 

promotion of bacterial adherence to human nasal epithelial cells (Lin et al., 2015), 

found to be essential for virulence in murine models of systemic infection (Kropec et 

al., 2005) and found to be an important component involved in biofilm formation 

that contribute to medical device associated infections (O’Neill et al., 2007). PNAG 

is also the primary virulence factor for S. epidermidis (O’Gara, 2007). S. aureus is 

classified as a priority level 2 by the World Health Organisation for the development 
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of novel antimicrobial agents against this pathogen (Tacconelli et al., 2018). 

Furthermore, S. aureus is commonly associated with medical device infections, 

which can be promoted by PNAG (Archer et al., 2011). 

In addition, S. aureus is one of the most frequently found pathogens in lung 

infections in cystic fibrosis (CF) patients (Kiedrowski et al., 2018) and is known to 

preferentially bind to respiratory mucus from both CF and normal lungs (Ulrich et 

al., 1998). Although PNAG is known to promote binding of S. aureus to human 

nasal epithelial cells (Lin et al., 2015), it’s role in S. aureus binding to lung mucin in 

CF patients is unknown. While progress has been made in the development of 

glycoclusters that inhibit biofilm formation of P. aeruginosa (Ligeour et al., 2015; 

Smadhi et al., 2014), a common lung pathogen in CF patients, to the best of our 

knowledge, glycoclusters have not been used to modulate Staphylococcus-lectin 

mediated interactions. Thus, targeting PNAG interactions of S. aureus with lectins or 

mucins or targeting S. aureus biofilm formation using tailored glycoclusters may 

provide therapeutic benefit.  

WGA has binding specificity for GlcNAc and sialic acid residues (Monsigny et al., 

1980) and labelled WGA is routinely used to detect PNAG in biofilms (Arciola et 

al., 2015; Begun et al., 2007; Singh et al., 2010), although the particular WGA-

PNAG interactions have not been studied to date. In this study, lectin microarrays 

were assessed for sensitivity and suitability for measuring IC50 values of a panel of 

six divalent GlcNAc glycoclusters by inhibiting ovalbumin and the 

neoglycoconjugate GlcNAc-BSA binding to WGA. Partially purified S. aureus 

PNAG was fluorescently labelled by direct conjugation and by covalently attaching 

the polysaccharide to a fluorescent bead of 1 μm in diameter, which is similar to the 

diameter of a bacterial cell. These two novel labelling techniques for PNAG provide 

methods of directly detecting PNAG in two presentations that would be 

physiologically similar to that in a biofilm matrix, PNAG as an extracellular 

polymeric substance within the biofilm matrix and adhered to a bacterium. In a novel 

application of the lectin microarray platform, the glycoclusters were used to inhibit 

binding of PNAG and whole S. aureus to WGA. In addition, the glycoclusters were 

assessed for their ability to inhibit biofilm formation of S. aureus. One glycocluster 

was also tested for inhibition of binding of whole S. aureus and PNAG to lung 

mucin from a CF patient. Overall, this research contributes to the development of a 
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novel, high throughput (HTP) method of measuring glycocluster IC50 inhibition 

values with low reagent consumption. Moreover, physiologically relevant methods 

of labelling PNAG provided in this study will facilitate the identification of PNAG 

associated host-microbe interactions using methods that require fluorescent labelling 

for analysis.  
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3.2. Materials and methods 

 Materials and bacterial strains 3.2.1.

Alexa Fluor® 555 (AF555) carboxylic acid succinimydyl ester, FluoSpheres™ (FS) 

carboxylate-modified microspheres (1.0 μm orange fluorescent (540/560), 2% 

(w/v)), mouse anti-LTA IgG monoclonal antibody, mouse anti-peptidoglycan 

monoclonal IgG1 antibody (3F6B3 (10H6)), PierceTM Enhanced Chemiluminescence 

(ECL) Western Blotting Substrate, and Nunclon™ (∆ surface) 96-well microtitre 

plates were purchased from Thermo-Fisher Scientific (Dublin, Ireland). The Δ 

certification is a proprietary cell culture surface treatment that offers maximum 

adhesion for a broad range of cell types and is used for biofilm assays. Amicon® 

Ultra 3 kDa molecular weight cut off (MWCO) centrifugal filters and Immobilon-P 

0.45 µm polyvinylidene difluoride (PVDF) membrane were from Merck-Millipore 

(Cork, Ireland). Pure, unlabelled lectins were from EY Labs (CA, USA) or Vector 

Labs (Peterborough, United Kingdom) (Table 3.1). Hydrophobic 96-well microtitre 

plates were obtained from Starstedt Ltd. (Wexford, Ireland). Corning® Costar® 96-

Well Cell Culture Plates, and ovalbumin were purchased from Sigma-Aldrich 

(Wicklow, Ireland). Rabbit anti-human IgG antibody conjugated to horse radish 

peroxidase (HRP) and goat anti-mouse Ig-HRP were purchased from DAKO (CA, 

USA). GlcNAc-BSA was purchased from Dextra Labs (Reading, UK). Partially 

purified PNAG from S. aureus Mn8m and mAb anti-PNAG F598 were kind gifts 

from Prof. G. Pier, Harvard University, MA, USA (Kelly-Quintos et al., 2006). 

Glycoclusters were a kind gift from Prof. Paul Murphy, NUI Galway, Ireland (André  

et al., 2015). Siliconized microcentrifuge tubes, water for cell biology (free of 

endotoxins, ultrafiltered and autoclaved), polypropylene 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), 2-(N-morpholino)ethanesulfonic acid 

hydrate (MES), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), ethalonamine 

and other regents were purchased from Sigma-Aldrich (Wicklow, Ireland) unless 

otherwise stated and were of the highest grade available. All other materials used 

were as per section 2.2.1. 

S. aureus strains 8325-4, 8325-4 ∆ica, Mn8m, Mn8 ∆ica, BH1CC and BH1CC ∆ica 

(Table 2.1) were used in this study. 
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 Bacterial growth conditions 3.2.2.

Bacteria were grown on Brain Heart Infusion (BHI) agar. Agar was supplemented 

with tetracycline (5 μg/mL) for all S. aureus ∆ica strains. Bacteria were grown in 

overnight in 5 mL cultures at 37 °C shaking at 180 rpm in BHI, BHI supplemented 

with 1% (w/v) glucose (BHI glucose) or BHI supplemented with 4% (w/v) NaCl 

(BHI NaCl) where indicated. Overnight cultures were approximately 17 h 

incubations. 

 Direct fluorescent labelling of proteins and PNAG 3.2.3.

Ovalbumin (1 mg), GlcNAc-BSA (1 mg) and invertase (1 mg) were labelled with 

AF555 carboxylic acid succinimidyl ester according to the manufacturer’s 

instructions. Briefly, 500 μL of a 2 mg/mL solution of the individual protein in 100 

mM sodium bicarbonate, pH 8, was placed in an amber tube and 0.1 mg of Alexa 

Fluor® 555 solubilised in 10 µL dimethylsulfoxide (DMSO) was added. The 

mixture was incubated at 25 °C for 2 h in the dark and protected from light 

throughout the procedure. The conjugated proteins were then purified using a 3 kDa 

MWCO centrifugal filter with phosphate buffered saline (PBS), pH 7.4, according to 

manufacturer’s instructions. PBS (300 μL) was added three times to ensure complete 

buffer exchange and then 200 μL of PBS was added to the filter retentate and 

recovered. AF555 labelled GlcNAc-BSA (GlcNAc-BSA-AF555) and ovalbumin 

(ovalbumin-AF555) were quantified for protein concentration and label substitution 

according to manufacturer’s instructions using the extinction coefficients and 

molecular masses of 29,300 M-1 cm-1 (Batra et al., 1990) and 42,700 Da (Nisbet et 

al., 1981), respectively, for ovalbumin, 43,824 M-1 cm-1 and 66,430 Da for GlcNAc-

BSA (the extinction coefficient at 280 nm and molecular mass of BSA, respectively) 

(Wang et al., 2011) and 621,000 M-1 cm-1 and 270,000 Da for invertase (Andjelković 

et al., 2010).  

For labelling, PNAG was initially solubilised at 4 mg/mL in 5 M HCl and pH was 

immediately adjusted to 7 with 5 M NaOH. The solubilised PNAG was then diluted 

to 2 mg/mL in 0.1 M sodium borate (final concentration) and 0.1 mg of AF555 

carboxylic acid succinimidyl ester in 10 μL DMSO was added. The mixture was 

incubated and purified as detailed above. AF555 labelled PNAG (PNAG-AF555) 
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(approximately 5 mg/mL) was not directly quantified after labelling but was titrated 

for optimal incubation concentration on lectin microarrays as detailed below.  

 Bacterial fluorescent labelling 3.2.4.

Bacterial labelling was carried out as previously described (Kilcoyne et al., 2014; 

Section 2.2.6) with some minor alterations. S. aureus Mn8m wildtype (WT) and 

Mn8 ∆ica were grown overnight in 5 mL BHI glucose at 37 °C for 24 h at 180 rpm. 

Bacteria were harvested, pelleted by centrifugation (5,000 × g, 5 min), washed three 

times in Tris(hydroxymethyl)aminomethane (Tris) buffered saline supplemented 

with 1 mM each of Ca2+ and Mg2+ ions (TBS; 20 mM Tris-HCl, 100 mM NaCl, 1 

mM CaCl2, 1 mM MgCl2, pH 7.2), and resuspended in TBS to an absorbance at 595 

nm of approximately 1.0. Bacteria (1 mL) were stained by adding 5 μM SYTO® 82 

and incubated at 37 °C for 1 h at 180 rpm. The fluorescently labelled cells were then 

washed three times in TBS by resuspending bacteria in 1 mL TBS, centrifuging at 

5,000 x g for 5 min and removing the supernatant. Bacterial cells were finally 

resuspended in 0.5 mL of TBS supplemented with 0.025% Tween-20 (TBS-T). 

 Conjugation of protein and PNAG to FluoSpheres® 3.2.5.

For activation, 100 μL of the carboxylate-modified FS was added to 1 mL 50 mM 2-

(N-morpholino)ethanesulfonic acid (MES), pH 6 (activation buffer), in a 1.5 mL 

siliconised microcentrifugal tube. The FluoSpheres® were mixed thoroughly before 

centrifugation at 6,000 x g for 20 min. The supernatant was discarded and this 

washing step with activation buffer was repeated two more times. The FS were then 

resuspended in 1 mL activation buffer, and dispersed by vortexing. Immediately 

after preparation, EDC was solubilised in 18.2 MΩ water and added to the 1 mL FS 

solution to a final concentration of 3.8 mM and sulfo-NHS was solubilised in 

activation buffer and added to the 1 mL FS solution to a final concentration of 38 

mM. The samples were mixed for 30 min at 10 rpm at room temperature. The FS 

were washed three times with activation buffer and finally resuspended in 700 μL of 

activation buffer.  

Sixty uL of 2 mg/mL protein or polysaccharide in activation buffer was added to 140 

μL of the activated FS solution and mixed for 2.5 h at 10 rpm at room temperature. 

The mixture was made to 1 mL with activation buffer, ethanolamine was added to a 
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final concentration of 500 mM and then mixed for 30 min at 10 rpm at room 

temperature. The conjugated FS were then centrifuged as above, the supernatant was 

removed and the pellet was resuspended in 1 mL of 50 mM Tris supplemented with 

0.5% casein (w/v), pH 8 (blocking buffer). The samples were mixed thoroughly and 

incubated overnight at 4 °C at 10 rpm. Then the conjugated FS were washed twice in 

blocking buffer by centrifugation, resuspended in 500 μL TBS (approximately 1 x 

105 conjugated FS), stored at 4 °C and used within 2 d. For FS conjugated samples, 

the designation –FS is used from hereon (e.g. PNAG-FS).  

 Dot blot assays to verify the presence of PNAG 3.2.6.

PVDF membrane (0.45 µm) was pre-treated for 15 s in methanol and then soaked in 

TBS, pH 7.2, for 5 min. Samples (2 µL each of 1 mg/mL partially purified PNAG, 

stock PNAG-AF555 or stock PNAG-FS) were applied by pipette to the wet 

membrane, allowed to dry for 5 min and then washed twice in distilled water. 

Membranes were then incubated for 1 h in 5% (w/v) skimmed milk in TBS 

(blocking solution) at room temperature. After removal of blocking solution, the 

membrane was incubated with human anti-PNAG IgG1 monoclonal antibody (F598) 

(800 µg/mL in TBS supplemented with 0.0001% Tween 20 and 1% skimmed milk 

(incubation solution)) and incubated at room temperature for 1 h. The primary 

antibody solution was removed and the membrane was washed three times for 5 min 

each in TBS supplemented with 0.0001% Tween-20 and once in TBS for 5 min. The 

membrane was then incubated in HRP-conjugated rabbit anti-human IgG antibody 

(200 µg/mL in incubation solution) for 1 h at room temperature. The membrane was 

washed again as described above and incubated with 1 mL ECL substrate for 1 min. 

HRP activity was visualised immediately using a chemiluminescent camera 

(FluorChem FC2 Imaging System, Alpha Innotech, Kasendorf, Germany) and digital 

images were stored as .tif files.  

For the detection of peptidoglycan, the same procedure was carried out as described 

above, except 2 µL of heat killed S. aureus Mn8m (8 x 108 cells/mL) was spotted on 

the membrane as a positive control. A mouse anti-peptidoglycan IgG1 monoclonal 

antibody was used as the primary antibody (1:50 dilution in incubation solution) and 

a goat anti-mouse-HRP antibody (200 µg/mL in incubation solution) was used as the 

secondary antibody. 
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For detection of LTA, 2 µL of 1 mg/mL partially purified PNAG or dilutions of SA-

LTA (25, 6.25 and 1.56 µg/mL) in endotoxin-free, sterilised water for a standard 

curve was applied to the membrane and incubated as described above. The primary 

antibody was a mouse anti-LTA IgG monoclonal antibody (1 in 50 dilution in 

incubation solution) and detection was done using a goat anti-mouse-HRP antibody 

(200 µg/mL in incubation solution). Digital images were converted to .jpg and used 

to relatively quantify the LTA. Intensities for LTA standard concentrations were 

quantified in duplicates using ImageJ software (NIH, available via 

https://imagej.nih.gov/ij/) using the same size frame for each sample. The average of 

the intensities for each LTA standard concentration was graphed as a line and the 

approximate concentration of LTA in the partially purified PNAG was quantified. 

 Lectin microarray construction 3.2.7.

Lectin microarrays were prepared essentially as previously described (Kilcoyne et 

al., 2014) and Section 2.2.5. In brief, a panel of 48 lectins of known specificities 

(Table 3.1) were printed at 0.5 mg/mL in PBS, pH 7.4 supplemented with 1 mM of 

their respective haptenic simple sugars (Table 3.1) on Nexterion ® slide H 

microarray slides using a SciFlexArrayer S3 (Scienion, Berlin, Germany) equipped 

with a 90 um diameter uncoated glass nozzle under constant humidity (62 +/- 2%) at 

18 °C (+/- 2 °C). Lectins were printed as features of approximately 1 nL and each 

lectin was printed in 6 replicates per subarray, with 8 replicate subarrays per 

microarray slide. Printed slides were placed in a humidity chamber overnight and 

then blocked with 100 mM ethanolamine in 50 mM sodium borate, pH 8, for 1 h at 

room temperature. Slides were washed three times with PBS with 0.05% Tween-20 

(PBS-T), and once with PBS for 2 min per wash. Slides were dried by centrifugation 

(1,500 x g, 5 min) and stored at 4°C with desiccant until use. Quality control of 

lectin printing and function was carried out by incubation of each subarray 

individually with a panel of AF555 labelled glycoproteins (1 µg/mL in TBS-T each 

of bovine fetuin, asialofetuin, yeast invertase, hen egg ovalbumin, RNase B, alpha-1 

acid glycoprotein and GlcNAc-BSA). 
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Table 3.1. Lectins printed, their binding specificities, their print sugars (1 mM) and the supplying company.  

Abbreviation Source Species Common name General binding specificity* Print sugar Supplier 
AIA, Jacalin Plant Artocarpus integrifolia  Jack fruit lectin  Gal, Gal-β-(1,3)-GalNAc 

(sialylation independent) 
Gal EY Labs 

RPbAI Plant Robinia pseudoacacia Black locust lectin Gal Gal EY Labs 
SNA-II Plant Sambucus nigra  Sambucus lectin-II Gal/GalNAc Gal EY Labs 
SJA Plant Sophora japonica Pagoda tree lectin β-GalNAc Gal EY Labs 
DBA Plant Dolichos biflorus  Horse gram lectin GalNAc Gal EY Labs 
GHA Plant Glechoma hederacea Ground ivy lectin GalNAc Gal EY Labs 
SBA Plant Glycine max  Soy bean lectin GalNAc Gal EY Labs 
VVA Plant Vicia villosa Hairy vetch lectin GalNAc Gal EY Labs 
BPA Plant Bauhinia purpurea  Camels foot tree lectin GalNAc/Gal Gal EY Labs 
WFA Plant Wisteria floribunda Japanese wisteria lectin GalNAc/sulfated GalNAc Gal EY Labs 
HPA Animal Helix pomatia Edible snail lectin α-GalNAc Gal EY Labs 
GSL-I-A4 Plant Griffonia simplicifolia Griffonia isolectin I A4 GalNac Gal EY Labs 
ACA Plant Amaranthus caudatus Amaranthin Sialylated/Gal-β-(1,3)-GalNAc Lac Vector Labs 
ABL Fungus Agaricus bisporus Edible mushroom lectin Gal-β(1,3)-GalNAc, GlcNAc Lac EY Labs 
PNA Plant Arachis hypogaea  Peanut lectin Gal-β-(1,3)-GalNAc Lac EY Labs 
GSL-II Plant Griffonia simplicifolia Griffonia lectin-II GlcNAc GlcNAc EY Labs 
sWGA Plant Triticum vulgaris Succinyl WGA GlcNAc GlcNAc EY Labs 
DSA Plant Datura stramonium  Jimson weed lectin GlcNAc GlcNAc EY Labs 
STA Plant Solanum tuberosum  Potato lectin GlcNAc oligomers GlcNAc EY Labs 
LEL Plant Lycopersicum eculentum Tomato lectin GlcNAc-β-(1,4)-GlcNAc GlcNAc EY Labs 
Calsepa Plant Calystegia sepium Bindweed lectin Man/Maltose Man EY Labs 
NPA Plant Narcissus 

pseudonarcissus  
Daffodil lectin α-(1,6)-Man Man EY Labs 

GNA Plant Galanthus nivalis  Snowdrop lectin  Man-α-(1,3)- Man EY Labs 
HHA Plant Hippeastrum hybrid  Amaryllis agglutinin Man-α-(1,3)-Man-α-(1,6)- Man EY Labs 
ConA Plant Canavalia ensiformis  Jack bean lectin Man, Glc, GlcNAc Man EY Labs 
Lch-B Plant Lens culinaris  Lentil isolectin B Man, core fucosylated, 

agalactosylated biantennary N-
glycans  

Man EY Labs 

Lch-A Plant Lens culinaris Lentil isolectin A Man/Glc Man EY Labs 
PSA Plant Pisum sativum  Pea lectin  Man, core fucosylated Man EY Labs 
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trimannosyl N-glycans 
TJA-I Plant Trichosanthes japonica Trichosanthes japonica 

Agglutinin I 
NeuAc-α-(2,6)-Gal-β-(1,4)-
GIcNAc 

Lac Medicago 

WGA Plant Triticum vulgaris Wheat germ agglutinin NeuAc/GlcNAc GlcNAc EY Labs 
MAA Plant Maackia amurensis Maackia agglutinin Sialic acid-α-(2,3)-linked Lac EY Labs 
SNA-I Plant Sambucus nigra  Sambucus lectin-I  Sialic acid-α-(2,6)-linked Lac EY Labs 
CCA Animal Cancer antennarius California crab lectin O-acetyl sialic acids Lac EY Labs 
PHA-L Plant Phaseolus vulgaris Kidney bean 

leukoagglutinin 
Tri- and tetraantennary β-
Gal/Gal-β-(1,4)-GlcNAc 

Lac EY Labs 

PHA-E Plant Phaseolus vulgaris Kidney bean 
erythroagglutinin 

Biantennary with bisecting 
GlcNAc,β-Gal/Gal-β-(1,4)-
GlcNAc 

Lac EY Labs 

AMA Plant Arum maculatum Lords and ladies lectin Gal-β-(1,4)-GlcNAc Lac EY Labs 
CPA Plant Cicer arietinum Chickpea lectin Complex oligosaccharides Lac EY Labs 
CAA Plant Caragana arborescens Pea tree lectin Gal-β-(1,4)-GlcNAc Lac EY Labs 
ECA Plant Erythrina cristagalli  Cocks comb/coral tree 

lectin  
Gal-β-(1,4)-GlcNAc oligomers Lac EY Labs 

TJA-II Plant Trichosanthes japonica Trichosanthes japonica 
Agglutinin II 

Fuc-α-(1,2)-Gal-β-(1,4)-GlcNAc Lac Medicago 

AAL Fungi Aleuria aurantia Orange peel fungus lectin Fuc-α-(1,6), -α-(1,3) Fuc Vector Labs 
LTA Plant Lotus tetragonolobus Lotus lectin Fuc-α-(1,3) Fuc EY Labs 
UEA-I Plant Ulex europaeus  Gorse lectin-I Fuc-α-(1,2) Fuc EY Labs 
PA-I Bacteria Pseudomonas 

aeruginosa 
Pseudomonas lectin α-Gal, Gal derivatives Gal EY Labs 

MPA Plant Maclura pomifera Osage orange lectin α-Gal Gal EY Labs 
VRA Plant Vigna radiata Mung bean lectin α-Gal Gal EY Labs 
MOA Fungus Marasmius oreades Fairy ring mushroom lectin α-Gal Gal EY Labs 

* Reported recognition based on literature consensus or experimental evidence generated within our laboratory. 
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 Lectin microarray incubations 3.2.8.

All microarray incubations were carried out in the dark. In general, 70 uL of sample 

in TBS-T per subarray were incubated on each subarray of the lectin microarrays 

using an 8 well gasket (Agilent Technologies, Cork, Ireland) and incubated with 

gentle rotation (4 rpm) at 37 °C for 1 h. Microarray and gasket slides were 

disassembled under TBS-T, washed three times in TBS-T for 3 min each and once 

with TBS. Microarray slides were dried by centrifugation (1,500 x g, 5 min) and 

imaged immediately by scanning in a microarray scanner (G2505B microarray 

scanner, Agilent, CA,USA) equipped with a 532 nm laser (90% PMT, 5 μm 

resolution). Images were stored digitally as .tif files. 

For incubations, labelled bacteria, PNAG-AF555, PNAG-FS, ovalbumin-AF555 and 

GlcNAc-BSA-AF555 were initially titrated by dilution in TBS-T to determine 

optimal signal to noise ratio and dilutions of 20 uL labelled bacteria: 50 µL TBS-T, 

0.2 µL stock PNAG-AF555 per mL of TBS-T, 50 uL stock PNAG-FS: 20 µL TBS-

T, 1 µg/mL of ovalbumin-AF555 and 0.1 µg/mL GlcNAc-BSA-AF555 in TBS-T 

were used. Glycoclusters were initially solubilised in 100 – 150 µL of DMSO, 

diluted to 10 mM in 18.2 MΩ water and stored at -20 °C until use. For glycocluster 

modulation studies, varying concentrations of glycoclusters (ranging from 0.01 fM 

to 1 mM) were pre-incubated with bacteria, PNAG-AF555, PNAG-FS, 

ovalubumins-AF555 or GlcNAc-BSA-AF555 for 15 min at room temperature prior 

to incubation on the microarray. The same concentration of DMSO present in the 

highest concentration of glycoclusters was also used as a control to monitor any 

potential effect on binding interactions.  

 Lectin microarray data extraction and analysis 3.2.9.

Data extraction was performed essentially as previously described (Kilcoyne et al., 

2014; Section 2.2.8). In brief, raw intensity values were extracted from microarray 

image files (.tif) using GenePix Pro v6.1.0.4 software (Molecular Devices, 

Berkshire, U.K.) and a proprietary .gal file that held the address and identity of each 

feature using adaptive diameter (70-160%) circular alignment based on 230 mm 

features and were exported as text to Excel (Version 2007, Microsoft, Dublin, 

Ireland). Local background subtracted median feature intensity data (F543median-
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B543) was analysed. The median of six replicate spots per subarray was handled as a 

single data point for graphical and statistical analysis. Data were normalized to the 

per subarray mean total intensity value of three replicate microarray slides and 

binding data was presented as a bar chart of average intensity of three experimental 

replicates with error bars of one standard deviation (SD) of the mean.  

IC50 curves were generated using GraphPad Prism 7 (GraphPad Software Inc., La 

Jolla, CA). Lectin microarray data were fitted to a four parameter Log (inhibitor) vs. 

response curve using a robust fit and an least squares fit to generate potency (IC 

EC50) and best fit (R2) values. Three replicate microarray slides were used to 

generate standard curves. 

 Biofilm inhibition assays 3.2.10.

Each well of a Nunclon™ (∆ surface) 96-well microtitre plate was coated with 0.5 

mM or 1 mM of each glycocluster in BHI glucose or BHI NaCl in triplicate for 30 

min at room temperature. Overnight cultures grown in BHI media were adjusted to 

an absorbance at 595 nm of 1.0 in BHI glucose or BHI NaCl as appropriate. Cultures 

(100 µL) were added to each pre-incubated well (final cell dilution of 1:200). Plates 

were then incubated at 37 °C for 24 h, washed three times in a basin of distilled 

water and dried at 80 °C for up to 2 h. Crystal violet solution (0.4% (w/v) in 

deionised water, 100 µL) was added to each well and incubated for 5 min at room 

temperature. The wells were then washed three times with sterile water and 100 µL 

of 5% (v/v) acetic acid was added to each well. Staining was quantified by 

measuring absorbance at 490 nm on a SpectraMax M5e microplate reader 

(Molecular Devices, Inc., Berkshire, UK). Experiments were carried out in triplicate 

and the average absorbance of three experimental replicates was plotted as a bar 

chart with error bars of one SD of the mean. Significant differences were calculated 

by unpaired student’s t-test using Excel v.10 (Microsoft, Washington, USA). 

 Bacterial tolerance assessment 3.2.11.

S. aureus 8325-4 was grown overnight in BHI media, diluted to an absorbance of 

0.06 at 595 nm in BHI media and 100 uL was placed in each well of a 96 well 

hydrophobic microtitre plate. Each glycocluster was added to bacteria in triplicate to 

a final concentration of 1 mM per well in triplicate for each glycocluster. Plates were 
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sealed with a breathable film and incubated at 37 °C for 24 h and absorbance at 595 

nm was read every 30 min for 24 h with mixing for 1 min before measuring 

absorbance on a Tecan Sunrise Microplate Reader (Tecan UK Ltd., Reading, UK) 

with Megellan data analysis software.  

 Purification of human CF lung mucin 3.2.12.

Lung mucus from anonymised CF patients was obtained from Dr. Michael 

O’Mahony from the University College Hospital Galway (UCHG) and mucin was 

purified by Dr. Marie Le Berre (NUI Galway, Ireland). Approval to retrieve CF 

mucin for research was granted by NUI Galway and University College Hospital 

Galway ethical committees. Mucin purification was carried out as described by 

Kilcoyne et al. (2012). In brief, sputum was collected from CF patients via non-

invasive expectoration during an exacerbation episode. Mucins were purified from 

samples as follows: sputum was solubilised with 8 M guanidine hydrochloride 

(GndHCl) to a final concentration of 4 M and fully dissolved over 3 days while 

gently rotating. Samples were reduced with 10 mM dithiothreitol and alkylated with 

25 mM iodoacetamide. Cesium chloride (CsCl) in 4 M GndHCl was added to the 

sample at a starting density of 1.42 g/mL. A isopycnic density gradient 

centrifugation was performed for 18 h at 65,000 rpm and 10 °C using an Optima LE-

80K ultracentrifuge (Beckman-Coulter, California, USA) with a 70 Ti rotor. 

Following centrifugation, the gradient was unpacked and 1 mL fractions collected. 

Mucin-rich fractions were identified by dot blots using periodic acid – Schiff’s 

(PAS) reagent. The PAS-positive (i.e. mucin-rich) fractions were pooled. The high 

molecular weight components of the samples were collected by Sepharose™ Cl 4B 

(GE Healthcare, Illinois, USA) chromatography eluted with PBS with fractions 

containing mucins identified via dot blots with PAS reagent. The pooled samples 

were then desalted and buffer exchanged with water using Bio-Gel P-6 (BIO-RAD, 

California, USA) (10 x 1 cm) at a flow rate of 1 mL/min and 0.5 mL fractions were 

collected. PAS-positive fractions were lyophilised to dryness and weighed and dry 

purified mucins were stored at - 20 °C until use. 
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 Competitive binding assay of PNAG and S. aureus binding to human CF 3.2.13.

lung mucin 

Wells of a 96 well Costar® cell culture microtitre plate were coated with 100 µL of 

100 µg/mL CF lung mucin in PBS, pH 7.4, for 2 h at room temperature. Wells were 

washed gently with PBS three times and 100 µL SYTO® 82 labelled S. aureus 

Mn8m diluted in TBS with 1 mM of sos2211 (final concentration) or the equivalent 

volume of sterile water (approximately 1 x 106 cells/mL) was added to each well. 

Similarly, 100 µL of PNAG-AF555 diluted 1 in 100 in TBS from stock with 1 mM 

final concentration of sos2211 or the equivalent volume of sterile water was added to 

each well. This experiment was carried out once using one well per sample due to 

limited human CF lung mucin availability. Plates were then incubated for 1 h at 

37°C, washed gently three times with PBS, pH 7.4, and imaged using an Operetta® 

High Content Imaging System (PerkinElmer, London, U.K.). The number of S. 

aureus cells per wells were counted and the mean fluorescence intensity from 

PNAG-AF555 or labelled bacteria per well was calculated using Harmony 3.1.1 

software (PerkinElmer). 
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3.3. Results 

To establish whether the lectin microarray platform would be suitable for sensitively 

and reproducibly quantifying the inhibition of lectin binding using glycoclusters, six 

glycoclusters were chosen to inhibit WGA binding to GlcNAc-BSA and ovalbumin, 

and IC50 values were calculated. Similarly, the ability of glycoclusters to inhibit 

lectin binding to S. aureus and PNAG on the lectin microarray platform was then 

assessed. To elucidate the potential therapeutic role of these glycoclusters, two 

additional glycoclusters were added to the glycocluster panel for biofilm inhibition 

studies with two S. aureus PNAG-producing strains. Finally, two glycoclusters were 

used for inhibition studies of S. aureus and PNAG binding to mucins purified from 

the lungs of CF patients. 

 Structures of glycoclusters used in this study 3.3.1.

A panel of six divalent glycoclusters bearing GlcNAc as the bioactive head group 

was used in this study. Differences between the glycoclusters included variations in 

anomeric configuration, valency and the use of O- or S- glycosidic linkages (Fig. 

3.1). Distances between the GlcNAc headgroups were estimated to be approximately 

16 Å (André et al., 2015).  

Fig. 3.1. Structures of glycoclusters used in this study and their individual codes. 
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 Suitability of lectin microarray platform for quantifying inhibition of 3.3.2.

lectin binding using glycoclusters 

Before using ovalbumin-AF555 and GlcNAc-BSA-AF555 as GlcNAc-containing 

molecules on the lectin microarray platform, we profiled them on the lectin 

microarrays to decipher lectins that had specificity towards them. Several lectins 

bound to ovalbumin-AF555 including Calystegia sepium agglutinin (Calsepa) and 

Hippeastrum hybrid agglutinin (HHA), which have binding specificity for mannose 

residues (Table 3.1) and Griffonia simplicifolia lectin II (GSL-II) and WGA that 

have specificity for GlcNAc residues. Other lectins which bound to ovalbumin-

AF555 included Sambucus nigra agglutinin II (SNA-II) that has specificity for 

Gal/GalNAc residues, Galanthus nivalis agglutinin (GNA) that has specificity for 

mannose structures, Erythrina cristagalli agglutinin (ECA) and Caragana 

arborescens agglutinin (CAA) that have affinity for Gal-β-(1,4)-GlcNAc (N-

acetyllactosamine (LacNAc)) oligomers and Trichosanthes japonica agglutinin II 

(TJA-II) that has specificity towards Fuc-α-(1,2)-Gal-β-(1,4)-GlcNAc (H-2 antigen) 

(Fig. 3.2 (A), (B) and (C)).  

Ovalbumin contains high-mannose structures, hybrid and complex structures with 

some terminal and bisecting GlcNAc residues, and a low proportion of hybrid and 

complex structures with terminal α-Gal residues (Harvey et al., 2000). These lectin 

microarray interactions mainly agree with the presence of the known ovalbumin 

structures, except for the interaction with TJA-II as the presence of the H-2 antigen 

has not been previously shown in ovalbumin N-linked structures (Fig. 3.2). On the 

other hand, the lack of interaction of ovalbumin-AF555 with UEA-I indicated that an 

α-(1,2)-linked fucose (Fuc) residue was not present. However, TJA-II has also been 

shown to interact with terminal α-linked Gal residues which are linked to GlcNAc 

residues (Yamashita et al., 1992), therefore it is likely the presence of the low 

proportion of terminal α-Gal residues present on ovalbumin glycans which caused 

this binding interaction. Lectin specificity towards GlcNAc residues on ovalbumin-

AF555 was confirmed with 100 mM GlcNAc abolishing WGA interactions with 

ovalbumin-AF555 (Fig. 3.2 (A)) while 100 mM Man did not change WGA binding 

ovalbumin-AF555. Furthermore, 100 mM Man reduced Calsepa and HHA binding 

to ovalbumin-AF555, supporting the presence of high-mannose structures (Fig. 3.2 
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(B). Calsepa binding to ovalbumin-AF555 was not completely abolished by 100 mM 

Man or GlcNAc, supporting findings that Calsepa preferentially binds N-linked 

glycans with high-mannose structures containing bisecting core GlcNAc structures 

(Nagae et al., 2017). These data showed WGA binding to ovalbumin was due to the 

presence of GlcNAc-containing glycans on ovalbumin. 

Similarly, GlcNAc-BSA was profiled on the lectin microarray and was primarily 

bound by WGA, followed by sWGA (Fig. 3.2 (D), (E) and (F)). WGA binding to 

GlcNAc-BSA was GlcNAc-mediated as 100 mM GlcNAc abolished this interaction 

(Fig 3.2 (D)) while 100 mM Man had no effect on WGA binding (Fig 3.2 (E)). To 

exemplify the specificity of the glycoclusters towards GlcNAc-specific lectins, 

sos2252 and sos2222 were used to modulate lectin-GlcNAc interactions. One mM of 

glycocluster sos2254 completely inhibited GSL-II and WGA binding to ovalbumin-

AF555, but did not affect the binding of non-GlcNAc-specific lectins Calsepa, GNA, 

HHA, CAA or ECA to ovalbumin-AF555 (Fig. 3.2 (C)). The binding of GlcNAc- 

and LacNAc-specific lectin Datura stramonium agglutinin (DSA) (Kuno et al., 

2005) was slightly increased. In the presence of the glycocluster, either the lectin or 

the ovalbumin structures may have assumed a slightly different conformation which 

favoured the binding of DSA to LacNAc or LacNAc oligomers, which are also 

present on ovalbumin N-linked structures (Harvey et al., 2000). Interestingly, 

sos2254 also inhibited binding to LacNAc-binding TJA-II (Yamashita et al., 1992) 

(Fig. 3.2 (C)). This indicated that the GlcNAc residue of LacNAc also plays a role in 

TJA-II binding in addition to the Gal residue. Similarly, 1 mM of sos2222 

completely abolished sWGA and WGA binding to GlcNAc-BSA-AF555 on the 

lectin microarray (Fig. 3.2 (F)).  

These data showed that the GlcNAc-containing glycoclusters exhibited targeted 

binding to lectins that have specificity for GlcNAc on the lectin microarray. 

Furthermore, WGA bound to ovalbumin-AF555 (Fig. 3.2 (A)) and GlcNAc-BSA-

AF555 (Fig. 3.2 (B)) in a GlcNAc-mediated manner (Fig. 3.2 (A) and (D)), which 

made ovalbumin-AF555 and GlcNAc-BSA-AF555 suitable to use for glycocluster 

inhibition studies with WGA. 
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Fig. 3.2. GlcNAc, Man and glycocluster inhibition of lectin binding ovalbumin-AF555 

and GlcNAc-BSA-AF555. Bar chart represents (A) 100 mM GlcNAc incubated with 

ovalbumin-AF555 and (D) GlcNAc-BSA-AF555, (B) 100 mM Man incubated with 

ovalbumin-AF555 and (E) GlcNAc-BSA-AF555, (C) 1 mM of sos2254 incubated 

with ovalbumin-AF555 and (F) 1 mM sos2222 incubated with GlcNAc-BSA-AF555 

on lectin microarrays. Experiments were carried out on three different microarray slides 

and error bars represent +/- one SD of the mean. 
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To obtain IC50 values for each glycocluster for WGA binding inhibition on the lectin 

microarray platform, GlcNAc-BSA-AF555 was co-incubated with a range of 0.01 

fM – 1 mM for each glycocluster (Fig. 3.4) and a range of 0.25 µM – 1 mM was 

used for ovalbumin-AF555 (Fig. 3.3), and IC50 values were calculated for each 

glycocluster inhibition of WGA binding to ovalbumin-AF555 and GlcNAc-BSA-

AF555 (Table 3.3). 

Using all glycoclusters to inhibit WGA binding ovalbumin-AF555 produced 

relatively concentration-dependent inhibition curves (Fig. 3.3 (A) to (E) (ii)). 

Glycoclusters sos2222 and sos2221 provided the lowest IC50 inhibition values for 

WGA binding to ovalbumin-AF555 of 0.6554 and 0.7957 µM, respectively (Table 

3.3). However, 1 mM of these glycoclusters did not completely abolish binding of 

WGA to ovalbumin-AF555 and only reduced binding to approximately 20% of 

uninhibited binding (Fig. 3.3 (C) and (D) (i)). Glycoclusters sos2210 and sos2211 

gave IC50 values of 1.515 and 1.707 µM, respectively (Table 3.3) and concentrations 

greater than 0.25 mM completely abolished binding of WGA to ovalbumin-AF555 

for these two glycoclusters (Fig. 3.3 (C) and (D) (i) and (ii)). Glycoclusters sos2253 

and sos2254 gave the highest IC50 values for WGA binding inhibition to ovalbumin-

AF555 of 4.36 and 16.64 µM, respectively (Table 3.3). Glycocluster sos2253 

provided concentration-dependent inhibition curves (Fig. 3.3 (E) (i) and (ii)), 

however, high concentrations relative to other glycoclusters were required to obtain 

inhibitions of greater than 50%, resulting in high IC50 values. Interestingly, 

concentrations between 0.25 – 1 µM of sos2254 increased WGA binding to 

ovalbumin-AF555 and sos2254 concentrations of greater than 1 µM were required to 

inhibit WGA binding to ovalbumin-AF555 (Fig. 3.3 (F) (i) and (ii)), which also 

resulted in higher IC50 values compared to the other glycoclusters (Table 3.3). 

The panel of glycoclusters did not provide relatively smooth concentration-

dependent inhibition curves for WGA binding inhibition to GlcNAc-BSA-AF555 for 

the concentration range of glycoclusters tested. Low concentrations of glycocluster 

sos2221 (between 0.01 fM and 10 pM) promoted WGA binding to GlcNAc-BSA-

AF555 (Fig. 3.4 (D) (i) and (ii)) demonstrating the low-dose hook effect (D. Wild & 

Kodak, 2013), but had the third lowest IC50 value of 0.03007 nM after sos2210 

which had the highest IC50 value of 5.32 aM, followed by sos2253 which had 
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Fig. 3.3. Glycocluster inhibition of WGA binding to ovalbumin-AF555 binding on the microarray platform represented as %B/B0 as (i) bar charts 

and (ii) inhibition curves. Glycoclusters (A) sos2210, (B) sos2211, (C) sos2222, (D) sos2221 (E) sos2253 and (F) sos2254 inhibition of WGA binding to 

ovalbumin-AF555. (i) B0 represents 100% of binding of ovalbumin-AF555 to WGA while %B represents the percentage of ovalbumin-AF555 binding to 

WGA remaining in the presence of the glycocluster. (ii) All inhibition curves are shown as the log of the concentration of glycocluster used for inhibition 

studies on the x-axis. Experiments were carried out on three different microarray slides and error bars represent +/- one SD of the mean.  
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Fig. 3.4. Glycocluster inhibition of WGA binding to GlcNAc-BSA-AF555 binding on the microarray platform represented as %B/B0 as (i) bar charts 

and (ii) inhibition curves. Glycoclusters (A) sos2210, (B) sos2211, (C) sos2222, (D) sos2221 (E) sos2253 and (F) sos2254 inhibition of WGA binding to 

ovalbumin-AF555. (i) B0 represents 100% of binding of ovalbumin-AF555 to WGA while %B represents the percentage of ovalbumin-AF555 binding to 

WGA remaining in the presence of the glycocluster. (ii) All inhibition curves are shown as the log of the concentration of glycocluster used for inhibition 

studies on the x-axis. Experiments were carried out on three different microarray slides and error bars represent +/- one SD of the mean.
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0.02969 nM (Table 3.3). Glycoclusters sos2210 and sos2211 inhibited WGA binding 

to GlcNAc-BSA-AF555 by approximately 40% with concentrations as low as 0.01 

fM, but concentrations between 0.1 µM and 1 mM were required to completely 

inhibit WGA binding to GlcNAc-BSA-AF555 (Fig. 3.4 (A) and (B) (i) and (ii)). IC50 

values of 5.32 aM and 0.005913 µM were obtained for sos2210 and sos2211, 

respectively (Table 3.3). Overall glycocluster sos2254 decreased WGA binding to 

GlcNAc-BSA-AF555 in a concentration dependent manner from 1 nM and upwards. 

However, the pattern of binding inhibition was cyclical below 1 nM, with 10 pM of 

sos2254 having lower binding than 1 nM (approximately 60% of binding), 10 fM 

having greater binding than 10 pM (approximately 80%) and 0.01 fM decreasing 

WGA binding to GlcNAc-BSA-AF555 to 60%, similar to 10 pM (Fig. 3.4 (F) (i) and 

(ii)). This pattern of cyclically decreased binding was also seen with sos2221 and 

sos2253 (Fig. 3.4 (D) and (E) (i) and (ii)). 

Glycocluster sos2221 generated the lowest IC50 value for inhibiting WGA binding to 

ovalbumin-AF555 with 0.6554 μM, followed by sos2222, sos2210, sos2211, 

sos2254 and sos2253. Glycocluster sos2253 was the most potent in inhibiting WGA 

binding to GlcNAc-BSA-AF555 with an IC50 value of 2.969 pM, followed by 

sos2221, sos2211, sos2222, sos2254 and sos2210 (Table 3.3). Moreover, the lectin 

microarray platform gave reproducible results as shown by low %CV values, 

particularly for WGA. (Table 3.2) Nonetheless, standard deviation of results between 

microarray slides for sos2211, sos2221 and sos2254 inhibition of WGA binding to 

ovalbumin-AF555 (Fig. 3.3 (B), (D), (E)) and sos2221 WGA binding inhibition to 

GlcNAc-BSA555 (Fig 3.4 (D)) were higher at low glycoclusters resulting in a high 

%CV.  

Using a least squares fit rather than an robust fit to create inhibition curve and 

limiting our data points and calculate IC50 values resulted in different IC50 values, but 

sos2210 still maintained a position of being the best glycocluster to inhibit WGA 

binding GlcNAc-BSA on the lectin microarray platform and produced the second 

best R2 value compared to the other glycoclusters. Overall, these data demonstrate 

that the microarray platform is a suitable, reproducible and sensitive platform for 

measuring glycocluster inhibition of lectin binding with a panel of glycoclusters. 
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Table 3.2. Comparison of the average percentage coefficient of variance (%CV) across 

slides for lectins incubated with dilutions of (A) glycoclusters and ovalbumin-AF555 

and dilutions of (B) glycoclusters and GlcNAc-BSA-AF555.  
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Table 3.3. IC50 values (µM) for glycocluster and monosaccharide inhibitions of surface 

conjugated WGA (0.5 mg/mL) binding to ovalbumin-AF555 (1 µg/mL) and GlcNAc-

BSA-AF555 (0.1 µg/mL). IC50 values were generated from three experimental replicates 

using a robust fit and seven concentrations of glycoclusters (A) and least squares fit 

removing the two lowest concentrations of glycoclusters – 0.01 fM and 10 fM (B). R2 values 

for least squares fit appear in brackets.  

Glycocluster/ 

monosaccharide 

Ovalbumin-AF555 

(A) 

GlcNAc-BSA-

AF555 (A) 

GlcNAc-BSA-

AF555 (B) 

sos2210 1.5 5.3 x 10-12 2.9 x 10-6 (0.88) 

sos2211 1.7 5.9 x 10-2 1.7 x 10-3 (0.80) 

sos2222 0.8 2.1 x 10-1 1.4 x 10-1(0.92) 

sos2221 0.7 3.0 x 10-5 8.3 x 10-4 (0.62) 

sos2253 16.6 3.0 x 10-5 2.3 x 10-1(0.47) 

sos2254 4.4 3.7 x 10-1 6.3 (0.80) 

GlcNAc 781 37.3 11.1 (0.77) 

Man Not inhibitory Not inhibitory Not inhibitory 

*IC50 values are estimates based on different mathematical models 

 Contribution of PNAG on the surface of S. aureus Mn8m to lectin 3.3.3.

binding 

PNAG production relies on a four-gene locus that is named differently depending on 

the bacteria, usually intercellular adhesion (ica) in Gram-positive bacteria, or the 

polyglucosamine (pga) operon in Gram-negative bacteria (Skurnik et al., 2016). To 

determine whether glycoclusters could modulate bacterial carbohydrate-mediated 

lectin interactions, S. aureus Mn8m was chosen due to a 5-nucleotide deletion within 

the promoter region of the ica locus in the parental strain, Mn8, resulting in the over-

expression of PNAG. S. aureus Mn8m WT and Mn8 ∆ica, which cannot express 

PNAG, were incubated on the lectin microarray platform to identify lectins that 

bound intensely to S. aureus Mn8m and PNAG on the bacterial cell surface.  

Several lectins bound to S. aureus Mn8m, but the lectins that bound with the greatest 

intensely were the GlcNAc-specific lectins GSL-II, sWGA and WGA (Fig. 3.5 (A), 

Table 3.1). Other lectins also bound to S. aureus Mn8m but at very low intensities 
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(<2,000 RFU) including SNA-II, which has binding specificity for β-linked Gal 

residues and N-acetylgalactosamine (GalNAc) residues, Aleuria aurantia lectin 

(AAL) that has binding specificity for α-(1,6)- and α-(1,3)-linked Fuc residues, and 

Vigna radiata agglutinin (VRA) that has binding specificity for terminal α-linked 

Gal residues (Table 3.1). WGA, GSL-II and sWGA had reduced binding to S. aureus 

Mn8 ∆ica compared to the WT strain (Fig 3.5 (A)), with sWGA binding almost 

completely abolished (97% reduction), GSL-II binding decreased by approximately 

57% and WGA by approximately 18%. Overall, these results indicate that sWGA, 

GSL-II and WGA bound to S. aureus Mn8m, the presence of PNAG increased the 

binding of the bacterium to these three lectins and sWGA binding in particular was 

almost completely dependent on the presence of PNAG presented on the surface of 

the cell. 

 

Fig. 3.5. Binding profiles of S. aureus Mn8m WT and ∆ica on the lectin microarray 

platform. (A) Bar chart representing the binding intensity of lectins binding S. aureus 

Mn8m WT and Mn8 ∆ica grown in BHI glucose on the lectin microarray. Bars are the 

average of intensities from three replicate experiments and error bars depict +/- one SD of 
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the mean. (B) Images of scanned lectin microarray subarrays of (i) S. aureus Mn8m WT and 

(ii) Mn8 ∆ica mutant attachment to lectins on the same microarray slide. Orange squares 

depict where sWGA was printed on the subarray and white squares where WGA was printed 

on the subarray.  

 Specificity of lectin binding to PNAG and assessment of lectin 3.3.4.

recognition of PNAG following conjugation to FluoSpheres® and Alexa 

Fluor® 555 

To deduce which subset of lectins interacted with PNAG only and examine the effect 

of different presentations of PNAG on lectin recognition, PNAG partially purified 

from S. aureus Mn8m WT was fluorescently labelled in two formats and incubated 

on the lectin microarray. The first format was direct labelling of PNAG using a 

fluorophore conjugated to the free amine groups on PNAG (PNAG-AF555). The 

second format covalently attached PNAG via free amine groups to fluorescent beads 

of 1 µm diameter (PNAG-FS), which is the same approximate size as a bacterium.  

To assess how sample conjugation to FS affected recognition by lectins, several 

glycoproteins and GlcNAc-BSA were conjugated to FS and AF555, incubated on the 

lectin microarray and binding profiles were compared. Ovalbumin-AF555 and 

ovalbumin conjugated to FS (ovalbumin-FS) bound to the same lectins although the 

relative binding intensities of the lectins, or the binding pattern, did vary depending 

on the labelling technique (Fig. 3.6 (A)), which reflected the differential presentation 

and accessibility of the carbohydrates but the same identity. Similarly, invertase-

AF555 and invertase-FS also bound to the same lectins but the relative intensities of 

binding remained similar for both labelling methods (Fig. 3.6 (B)). GlcNAc-BSA-

AF555 and GlcNAc-FS also interacted with the same lectins, although it was 

difficult to compare relative binding intensities as the intensity of GlcNAc-BSA-

AF555 binding was very low due to inadvertent underloading (Fig. 3.6 (C)). Overall, 

these data indicated that different presentation of molecules affected the relative 

biological pattern recognition by receptors as the accessibility of the carbohydrates 

was altered, although it did not change the identity of the receptors that were 

engaged as this binding was based on structural components. 

PNAG-AF555 and PNAG-FS bound to the same lectins, sWGA and WGA, and had 

the same relative binding intensities on the lectin microarray (Fig. 3.6 (D)). This 
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result demonstrated that the altered presentation of PNAG-FS, compared to PNAG-

AF555, did not change the identity of the lectins which recognised the 

polysaccharide and still allowed for recognition by lectins. To verify that the 

fluorescent beads alone did not contribute to lectin binding, casein blocked FS 

(casein-FS) were incubated on lectin microarrays at similar loading concentrations to 

the FS-labelled glycoproteins and polysaccharide. There was no notable binding to 

lectins, confirming the lack of contribution of beads and blocking with casein to 

lectin binding (Fig. 3.6 (E)). 
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Fig 3.6. Bar charts comparing lectin binding profiles of glycoproteins or carbohydrates conjugated to FluoSpheres® or Alexa Fluor® 555. Lectin 

microarray binding profiles of (A) ovalbumin-AF555 and ovalbumin-FS, (B) invertase-AF555 and invertase-FS, (C) GlcNAc-BSA-AF555 and GlcNAc-

BSA-FS, (D) PNAG-AF555 and PNAG-FS and (E) blocking agent casein-FS. All experiments were carried out on three separate slides. Error bars represent 

+/- one SD of the mean.  
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 Assessment of antibody recognition of PNAG following conjugation to 3.3.5.

FluoSpheres® and Alexa Fluor® 555  

To elucidate whether PNAG conjugation to FS or AF555 caused conformational 

changes to the polysaccharide, we used an antibody specific for PNAG to see if it 

recognised PNAG-AF555 and PNAG-FS. An anti-PNAG monoclonal antibody 

(mAb) bound to unlabelled, partially purified PNAG, PNAG-AF555 and PNAG-FS 

(Fig. 3.7 (A)) in a dot blot but not ovalbumin-FS or ovalbumin-AF555 (Fig. 3.7 (B)). 

These data indicated that the labelling techniques did not alter the antibody 

recognition of PNAG, implying that the presentation of the structure remained 

similar to the unlabelled PNAG and recognisable despite the different labelling 

formats. In addition, these data confirmed that the anti-PNAG antibody was specific 

for PNAG (Fig. 3.7 (A)) and did not bind to the AF555 or FS labels, or ovalbumin 

(Fig. 3.7 (B)). Thus, these observations supported that the structure of PNAG 

covalently attached to FS or AF555 was still identifiable by a PNAG specific 

antibody and the antibody recognised PNAG alone, and not FS or the AF555 

fluorophore.  

Fig. 3.7. Dot blot assays using anti-PNAG monoclonal antibody to identify PNAG 

attached to FluoSpheres® and Alexa Fluor® 555. (A) Dot blot of (L1) unlabelled 

partially purified PNAG, (L2) PNAG-FS and (L3) PNAG-AF555 using anti-PNAG mAb 

(F598) and detected with HRP-labelled rabbit anti-human antibody. (B) Dot blot of (L1) 

unlabelled partially purified PNAG, (L2) ovalbumin-FS and (L3) ovalbumin-AF555 probed 

and detected as in (A). All samples were spotted in triplicate. 
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 Assessment of partially purified PNAG contaminants 3.3.6.

Dot blots were carried out to determine whether there was any contaminating 

lipoteichoic acid (LTA) or peptidoglycan in the partially purified PNAG preparation. 

To test for the presence of LTA contamination, purified S. aureus LTA was used as a 

positive control and to generate densitometry units and a standard curve (Fig. 3.8 (A) 

and (B)). The presence of LTA was detected in the PNAG preparation and was 

quantified as 3.5 µg of LTA per mg of PNAG (0.35% (w/w)). Thus LTA could be 

contributing to PNAG binding, although the effects are most likely only minor 

considering the trace quantity present. Partially purified PNAG was spotted at 1 

mg/mL and probed with anti-peptidoglycan antibody at using whole bacteria as a 

positive control. However the antibody did not bind at any dilution tested to any 

concentration of PNAG (Fig. 3.8 (C)) which confirmed the absence of peptidoglycan 

contamination in the PNAG preparation. Overall, these results show that minor 

quantities of LTA were present in the partially purified PNAG but peptidoglycan 

was not detected as a contaminant. 

 

Fig. 3.8. Dot blot assay for the detection of LTA and peptidoglycan. (A) Dot blot assay 

of a standard curve of S. aureus LTA (SA-LTA) at 25, 6.25 and 1.56 µg/mL and partially 

purified PNAG (1 mg/mL). Black colour intensity represents anti-LTA antibody binding. 

Spotting was carried out in duplicates. (B) Densitometry analysis of image (A) using ImageJ 
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software. (C) Dot blot assay for the detection of peptidoglycan using a monoclonal antibody 

against peptidoglycan. L1 represents partially purified PNAG and L1 represents 8 x 108 

cells/mL of heat killed S. aureus. 

 

 Glycoclusters at a concentration of 1 mM do not kill S. aureus 8325-4 3.3.7.

To assess whether the glycoclusters or DMSO had any effect on S. aureus growth, a 

24 h growth curve was carried out with S. aureus 8325-4 in the presence of media 

supplemented with 1 mM of each glycocluster or DMSO. Addition of DMSO alone 

in to the growth media reduced log phase growth compared to the control (S. aureus 

8325-4 in growth media only) (Fig. 3.9). Glycoclusters did not significantly promote 

or reduce growth of S. aureus 8325-4 WT compared to the control. A small 

reduction in growth appeared to be caused by DMSO, and not the glycoclusters.  

 

Fig. 3.9. Growth curve of S. aureus in the presence of glycoclusters and DMSO. Growth 

assay of S. aureus 8325-4 with and without DMSO or glycoclusters (1 mM). Assays were 

carried out in a hydrophobic 96-well plate for 24 h at 37°C in BHI media supplemented or 

unsupplemented with the test compounds. Absorbance at 595 nm every 30 min was plotted 

to indicate bacterial growth. This assay was carried out once and three replicate wells were 

used to calculate the mean and +/- one SD of the mean, represented as error bars. 

Glycoclusters sos2226 and sos2227 (Fig. 3.13) were used only for section 3.3.10 of 

the results (biofilm inhibition study) but were added to this tolerance assay to verify 

that these glycoclusters were not killing S. aureus. Glycoclusters sos2226 and 

sos2227 induced small changes in absorbance readings, which suggested that small 
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aggregates may have been formed in the presence of sos2226 and sos2227, which 

prevented typical incremental increases usually seen in bacterial growth assays (Fig. 

3.9). Overall, this result indicated that the glycoclusters did not kill S. aureus, but the 

presence of DMSO slightly, but not significantly, reduced the growth rate of S. 

aureus. 

 Glycocluster-mediated modulation of lectin binding to PNAG 3.3.8.

Due to the lack of availability of certain compounds and the potency of compound 

sos2211 in inhibiting WGA binding to GlcNAc-BSA-AF555, sos2211 was assessed 

for its ability to modulate WGA binding to PNAG labelled in the two different 

formats and in situ on the surface S. aureus. Glycocluster concentrations of 0.001 

mM and 1 mM were used to modulate PNAG-AF555, PNAG-FS, and SYTO® 82 

stained S. aureus Mn8m interactions with WGA (Fig. 3.10). Compound sos2211 at 

10 µM significantly reduced WGA binding to PNAG-AF555 by 80%, increased the 

binding of WGA to PNAG-FS by 20% and decreased the binding of WGA to S. 

aureus Mn8m by approximately 40%, although the latter two modulations of binding 

were not significant. Using 1 mM of sos2211 abolished the binding of WGA to 

PNAG-AF555 and PNAG-FS. Furthermore, 1 mM of sos2211 reduced WGA 

binding to S. aureus Mn8m by approximately 90% (Fig. 3.10 (C)). 

To screen for a potent potential inhibitor, all six glycoclusters (Fig. 3.1) were co-

incubated with PNAG-AF555 to assess the modulation of lectin binding to PNAG-

AF555 (Fig. 3.10 (A) and 3.11). A dilution range of 0.01 fM - 1 mM of sos2211 

modulated WGA binding to PNAG-AF555. A reciprocal correlation of decreased 

binding corresponding to increased glycocluster concentration was not observed 

until sos2211 concentrations of greater than 0.1 µM were used. Very low 

concentrations of sos2211 (10 fM) significantly reduced the binding of WGA to 

PNAG-AF555, however, higher concentrations in the pM range and above promoted 

binding of WGA again compared to 10 fM (Fig. 3.10 (B)).  

The sometimes increased binding to WGA at lower concentrations observed for 

sos2211 occurred frequently with other glycoclusters, shown with glycocluster 

sos2211, sos2221 and sos2253 (but at different concentrations), which may indicate 

aggregation of the glycoclusters at different concentrations. Furthermore, 
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glycoclusters sos2211, sos2222 and sos2221 also promoted WGA binding to PNAG-

AF555 at 0.01 fM (Fig. 3.11 (B), (C) and (D)). At 1 mM concentrations, 

glycoclusters sos2210, sos2211 and sos2253 reduced WGA binding to PNAG-

AF555 by at least 20% (Fig. 3.11 (A), (B) and (E)). These glycoclusters maintained 

specificity towards GlcNAc-specific lectins and did not promote the binding of any 

other lectins, besides sWGA and WGA, to PNAG-AF555 (Fig. 3.10 (A)).  

Fig. 3.10. Glycocluster sos2211 inhibition of WGA binding to PNAG. (A) Bar chart 

represents lectin binding inhibition to PNAG-AF555 with sos2211. (B) Bar chart of 

glycocluster sos2211 modulation of WGA binding to PNAG-AF555from image (A). (C) 

Inhibition of WGA binding to PNAG-AF555, PNAG-FS and S. aureus Mn8m without and 

with 0.01 and 1 mM of glycocluster sos2211. S. aureus Mn8m was initially grown in BHI 

glucose. B0 represents 100% of binding of PNAG-AF555, PNAG FS or S. aureus Mn8m to 

WGA while %B represents the percentage of PNAG-AF555, PNAG FS or S. aureus Mn8m 

binding to WGA remaining in the presence of the glycocluster. Experiments were carried 

out on three microarray slides and error bars represent +/- one SD of the mean. Statistical 

analyses were carried out using normalised lectin microarray data with student’s t-test * P ≤ 

0.05, ** P ≤ 0.01, *** P ≤ 0.001.  

Overall these data show that sos2211 was capable of reducing WGA binding PNAG-

AF, PNAG-FS and whole S. aureus Mn8m at 1 mM concentrations, but, depending 
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on the glycocluster, may promote WGA binding to PNAG-AF555 depending on the 

concentration used.  

 

 

Fig. 3.11. Glycocluster modulation of WGA binding to PNAG-AF555. Glycoclusters (A) 

sos2210, (B) sos2211, (C) sos2222, (D) sos2221 (E) sos2253 and (F) sos2254 inhibition of 

WGA binding to PNAG-AF555. B0 represents 100% of binding of PNAG-AF555 to WGA 

while %B represents the percentage of PNAG-AF555 binding to WGA remaining in the 

presence of the glycocluster. Experiments were carried out on three different microarray 

slides and error bars represent +/- one SD of the mean. 
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 GlcNAc targeted modulation of PNAG and whole S. aureus Mn8m 3.3.9.

binding to CF human lung mucin 

As glycoclusters modulated binding of both free PNAG and PNAG in situ on whole 

bacteria to WGA, the potential modulation of whole S. aureus and partially purified 

labelled PNAG interactions with lung mucin purified from patients suffering from 

CF was assessed using glycoclusters. Purified lung mucin from two different CF 

patients were coated in a well of a 96-well plate and incubated with PNAG-AF555 or 

fluorescently stained S. aureus Mn8m with and without sos2211 (Fig. 3.12). 

Interestingly, addition of sos2211 with PNAG-AF555 or S. aureus Mn8m slightly 

increased binding to purified CF mucin from patient 1 (CF1) (Fig. 3.12 (A) and (B). 

On the other hand, sos2211 reduced binding of PNAG-AF555 to CF lung mucin 

from patient 2 (CF2) by approximately 20%. However, addition of sos2211 

promoted binding of S. aureus Mn8m to CF2 by approximately 100% (Fig. 3.12 (A) 

and (B). These data suggested that although this compound may have positive 

modulatory effects on PNAG, this does not necessarily mean that it will be the same 

for whole bacteria. In addition, if anti-adhesive compounds were to be deployed 

clinically, they should be screened for individual patients as the effects were 

different depending on the patient. 
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Fig. 3.12. Glycocluster sos2211 modulation of PNAG-AF555 and S. aureus binding to 

CF human lung mucin. (A) Bar chart represents whole image intensity of PNAG-AF555 

binding to CF lung mucin from patient 1 (CF1) and patient 2 (CF2), with and without 1 mM 

of sos2211. (B) Histogram represents the number of fluorescent S. aureus Mn8m cells bound 

to CF1 and CF2 following incubation with and without 1 mM of sos2211. This experiment 

was carried out once, using one well per sample. 
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 A trivalent and tetravalent glycocluster were added for biofilm 3.3.10.

inhibition studies 

A trivalent (sos2227) and tetravalent (sos2226) glycocluster with GlcNAc as the 

bioactive head group (Fig. 3.13) were added to the panel of six glycoclusters (Fig. 

3.1) for biofilm inhibition studies. Sos2226 was estimated to have distances of 14 

Å/27 Å/30 Å (latter across the diagonal) between GlcNAc head groups which were 

α-linked via sulfur. Sos2227 was estimated to have a distance of 16 Å between each 

GlcNAc head group also α-linked via sulfur (Fig. 3.13). These two glycoclusters 

were not assessed in the assays detailed earlier due to very limited quantity 

availability.  

Fig. 3.13. Structures of additional glycoclusters used for biofilm inhibition studies.  

 

 Impact of glycoclusters on PNAG-dependent biofilm formation 3.3.11.

To elucidate whether the expanded panel of 8 glycoclusters had any inhibitory effect 

on PNAG-mediated biofilm formation, delta surface treated microtitre plates were 

coated with 0.5 mM or 1 mM of each glycocluster in BHI NaCl or BHI glucose 

followed by addition of S. aureus Mn8m WT and ∆ica or S. aureus 8325-4 WT and 

∆ica. NaCl was used for culturing S. aureus 8325-4 and glucose for S. aureus Mn8m 

to promote biofilm formation for each S. aureus strain. Both strains required the ica 

operon for biofilm formation, which indicated a dependence on PNAG for biofilm 

formation (Fig. 3.14 (A) and (B)). Addition of DMSO to the culture medium did not 

affect biofilm formation of S. aureus 8325-4 (Fig. 3.14 (A)) or S. aureus Mn8m (Fig. 

3.14 (B)).  

The addition of 1 mM of sos2222 and sos2221 significantly reduced S. aureus 8325-

4 biofilm formation, by 16% and 19%, respectively (P ≤ 0.05) (Fig 3.14 (A)). 
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Glycocluster sos2226 at 1 mM and sos2227 at 0.5 mM and 1 mM significantly 

reduced biofilm formation of S. aureus 8325-4 (P ≤ 0.01), by 87%, 68% and 90%, 

respectively (Fig. 3.14 (A)). Glycoclusters sos2211 and sos2222 at 1 mM 

significantly reduced biofilm formation by S. aureus Mn8m (P ≤ 0.05), by 12% and 

29%, respectively (Fig. 3.14 (B)). Similar to S. aureus 8325-4, glycocluster sos2226 

at 1 mM and sos2227 at 0.5 mM and 1 mM significantly reduced biofilm formation 

for S. aureus Mn8m (P ≤ 0.01), by 46%, 36% and 75%, respectively (Fig. 3.14 (B)). 

Overall, these data show that sos2211 at 1 mM, sos2222 at 1 mM, sos2226 at 1 mM 

and sos2227 at 0.5 and 1 mM significantly reduced biofilm formation for two 

different PNAG-producing S. aureus strains. 

 Compound sos2226 reduced PNAG-independent, protein-dependent 3.3.12.

biofilm formation by MRSA strain BH1CC 

To establish whether biofilm inhibition by glycoclusters was dependent on PNAG-

mediated biofilms, a proteinaceous biofilm producer, S. aureus BH1CC, was 

assessed for glycocluster biofilm inhibition. Stocks of the most potent biofilm 

inhibitor sos2227 were exhausted in previous biofilm inhibition assays, therefore, the 

second best biofilm inhibitor, sos2226 (Fig. 3.14), was used for the S. aureus 

BH1CC biofilm inhibition assay. Biofilm formation was significantly reduced 

following incubation with 0.5 mM and 1 mM of sos2226, by 51% (P ≤ 0.05) and 

76% (P ≤ 0.01), respectively (Fig. 3.15). This result showed that sos2226 inhibited 

protein-dependent biofilm formation by S. aureus BH1CC. Therefore inhibition of 

biofilm formation by sos2226 was not wholey PNAG-mediated. 
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Fig. 3.14. Biofilm inhibition assay with S. aureus 8325-4 and Mn8m with 0.5 or 1 mM of 

glycocluster. Nunc (∆) surface treated plates were pre-incubated with (A) BHI NaCl (S. 

aureus 8325-4 WT and ∆ica) or (B) BHI glucose (Mn8m WT and Mn8 ∆ica) with various 

glycoclusters at 0.5 mM or 1 mM. Bacteria were added to wells and plates were incubated 

for 24 h at 37°C under static conditions. Bars represent the absorbance at 495 nm of crystal 

violet stained biofilm and one biological experiment in technical triplicate per sample. 

Average taken from readings of the 3 wells and error bars represent +/- one SD of the mean. 

Statistical analysis was carried out with student’s t-test * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 

0.001.  
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Fig. 3.15. Biofilm inhibition assay for S. aureus BH1CC with 0.5 or 1 mM of sos2226. 

Nunc (∆) surface treated plates were pre-incubated with BHI glucose with 0.5 mM or 1 mM 

sos2226. S. aureus BH1CC were added to wells and plates were incubated for 24 h at 37°C 

under static conditions. Bars represent the absorbance at 495 nm of crystal violet stained 

biofilm and one biological experiment in technical triplicate per sample. Average taken from 

readings of the 3 wells and error bars represent +/- one SD of the mean. Statistical analysis 

was carried out with student’s t-test * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.  

 

 Elucidation of the mechanism of sos2226-mediated biofilm inhibition 3.3.13.

To elucidate the mechanism of how glycocluster sos2226 inhibited biofilm 

formation, sos2226 was used to inhibit S. aureus strains 8325-4 and BH1CC again, 

and wells were visualised for biofilm morphology. Normal biofilm was smooth on 

the bottom of the well for S. aureus strains 8325-4 and BH1CC. However, addition 

of 0.5 mM or 1 mM of sos2226 caused clear aggregation of cells and a clear 

reduction in biofilm coating on the bottom of the 96-well plate (Fig. 3.16).  

In addition, following this result, it was noted that compounds sos2226 and sos2227 

were increasingly insoluble after several freeze-thaw cycles and began to precipitate 

out of solution and crystallised in growth media. Therefore, these data suggested that 

precipitated sos2226 inhibited biofilm formation of S. aureus strains BH1CC, 8325-
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4 and Mn8m by clumping bacterial cells together, forming aggregates in wells of 96-

well plates, and therefore preventing biofilm formation. 

Fig. 3.16. Images of S. aureus strains 8325-4 and BH1CC biofilm in wells from a 96-

well plate following pre-incubation with sos2226. Images represent biofilms formed by S. 

aureus 8325-4 or BH1CC on ∆ surface treated 96-well plates following 24 h incubation, 

with or without sos2226. 

 



205 
 

3.4. Discussion 

HTP methods of identifying potent inhibitors of S. aureus- and PNAG-mediated 

interactions will be of great importance in the rapid development of novel 

therapeutics to combat S. aureus and biofilm associated infections. In this study, 

lectin microarrays were established as a suitable and reproducible platform for 

determining IC50 values. HTP lectin microarrays were then used to demonstrate the 

suitability of glycoclusters to inhibit targeted lectin binding to PNAG and S. aureus. 

Finally, while one glycocluster inhibited PNAG binding to lung mucin from a CF 

patient, it also promoted the binding of the whole bacteria. Certain glycoclusters 

reduced biofilm formation by MSSA and MRSA, hypothesised to be a result of 

glycocluster micelle formation and bacterial aggregation resulting in no bacterial 

adherence to the 96-well plate. 

Previously, a panel of glycoclusters, which included the subset of glycoclusters 

assessed in this work, was shown to inhibit WGA binding to GlcNAc-containing 

molecules using a microtiter plate assay (André et al., 2015). The GlcNAc-

containing molecules included an agalacto version of asialofetuin (ASF) and 

GlcNAc-BSA, which were absorbed on to the surface of microtitre plate wells. 

Following blocking, biotinylated WGA and GSL-II were incubated in each well with 

or without the various glycoclusters. Using a streptavidin-peroxidase and an 

enzymatic substrate mixture, absorbance was read which corresponded to bound 

biotinylated lectin. Compounds and glycocluster stocks are often limited, and plate 

assays can be time consuming with overnight coating and 1 hour incubation steps. 

On the other hand, lectin microarrays take approximately 3 hours to complete, use 

very low volumes and can be highly multiplexed, meaning lower quantities of 

valuable compounds or glycoclusters are required. Furthermore, individual lectins do 

not have to be assessed separately, but multiple glycocluster targets can be screened 

at once. To compare assay platforms, we used a smaller number of glycoclusters to 

compare the values of WGA binding inhibition to GlcNAc-BSA. Although not 

directly comparable to agalactoASF, the natural glycoprotein ovalbumin, which has 

terminal GlcNAc and mannose structures (Harvey et al., 2000), was also assessed on 

the lectin microarray platform.  
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The GlcNAc glycoclusters were successful in inhibiting targeted GlcNAc-mediated 

WGA binding to GlcNAc-BSA and ovalbumin binding on the lectin microarray 

platform. In the microtitre plate assay, the glycocluster sos2211 was the most potent 

inhibitor of WGA binding to GlcNAc-BSA, next was sos2210, followed by sos2253 

and sos2221 followed by the least potent, sos2254 and sos2222 (André et al., 2015). 

In comparison, the lectin microarray demonstrated that the glycoclusters sos2210, 

sos2221 and sos2253 were the most potent at inhibiting WGA binding to GlcNAc-

BSA, while sos2254 and sos2222 were the least potent using a robust fit for 

inhibition curves (Table 3.4). It is evident from these results that the lectin 

microarray platform was a more sensitive platform for calculating IC50 values 

compared to the 96-well plate platform. Furthermore, lectin microarray data showed 

clear reproducibility of data between different microarray slides represented by low 

%CV values glycocluster inhibition of WGA binding to ovalbumin-AF555 (16.5 – 

33.9) and GlcNAc-BSA-AF555 (1.3 – 16.6). A possible explanation why the lectin 

microarray was a more sensitive platform may be due to the conjugation of WGA to 

the microarray slide, preventing free movement as was the case for the 96-well plate 

assay. Perhaps, WGA conjugated to a microarray slide gave glycoclusters better 

access to WGA binding sites compared to freely suspended biotinylated WGA. 

Another possible explanation of the difference in order of potency and IC50 values 

could be due to different presentations of GlcNAc-BSA depending on whether it is 

coated on to a microtitre plate or fluorescently tagged with a fluorophore. 

Higher concentrations of glycoclusters were required to inhibit WGA binding to 

ovalbumin-AF555 compared to GlcNAc-BSA. The most potent glycocluster 

inhibitors were sos2222 and sos2221, both consisting of GlcNAc head groups 

attached via sulfur in an α-linkage. Interestingly, the least potent glycocluster 

inhibitor for WGA binding to ovalbumin was sos2253, which was one of the most 

potent inhibitors of GlcNAc-BSA binding to WGA. This suggested that WGA bound 

preferentially to the biantennary GlcNAc present on ovalbumin, rather than the 

GlcNAc presented on sos2253, and a higher concentration of sos2253 was required 

to compete with this interaction. WGA is a stable homodimer with axial twofold 

symmetry. Distances between WGA adjacent binding sites can be as small as 13 - 14 

Å, or as large as 29 Å or 37 Å for linear binding sites (Wittmann & Pieters, 2013). 

The spacing between GlcNAc bioactive headgroups on the panel of glycoclusters 
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was approximately 16 Å apart, and probably suiting to binding WGA adjacent 

binding sites close to each other. In contrast, ovalbumin has complex GlcNAc-

containing glycans and can have up to five antenne (Harvey et al., 2000). Therefore, 

GlcNAc found on ovalbumin may be more suitable to bind binding sites that are 

close to one another as well as further away. Consequently, higher concentrations of 

glycoclusters were required to compete or displace WGA-ovalbumin interactions. 

Likewise, glycoclusters that can bind two WGA binding sites at once at fixed 

distances that are presented on a rigid scaffold would be more potent than GlcNAc 

residues presented singly at random distances and that are presented on a mobile 

scaffold (GlcNAc-BSA) and may have accounted for the lower IC50 inhibition values 

compared to ovalbumin.  

Interestingly, by using a least squares fit to generate IC50 values for glycoclusters 

inhibiting WGA binding to GlcNAc-BSA, there was a change in the order of the 

potency for some of the glycoclusters (Table 3.4). Nonetheless, sos2210 still 

remained the most potent glycocluster. In the future, it would be crucial to ensure an 

adequate supply of glycoclusters to carry out multiple replicates to determine 

glycocluster-specific concentration ranges, and, to produce composite curves in 

order to include errors for the IC50 and confidence in the reproducibility of the values 

produced for the standard curves. Overall, this proof of concept work demonstrates 

the microarray platform could be viable platform for screening or ranking 

glycoclusters to go to the next stage of the the glycocluster screening and 

development pipeline. 
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Table 3.4. IC50 values (µM) for glycocluster and monosaccharide inhibitions of WGA 

binding to GlcNAc-BSA on the lectin microarray or using a 96-well plate format. 

GlcNAc-BSA-AF555 (0.1 µg/mL) and surface conjugated WGA (0.5 mg/mL) was used on 

for lectin microarrays in this study and IC50 values were calculated using a robust fit and 7 

glycocluster concentrations or a least squares fit and five glycocluster concentrations. WGA 

(0.02 µg/mL)  and surface conjugated GlcNAc-BSA (0.02 µg) was used on for the 96-well 

plate format (André et al., 2015). 

 

 

WGA is widely used to demonstrate the presence of PNAG, both on bacterial 

surfaces and in biofilm matrices (Arciola et al., 2015; Begun et al., 2007; Singh et 

al., 2010). However from these data it was clear that WGA binding was not specific 

for just PNAG on the bacterial cell surface, but also other cell surface structures that 

contain GlcNAc. Indeed, WGA has been previously shown to bind to the wall 

teichoic acids, peptidoglycan and capsular polysaccharide on the cell surface of S. 

aureus (Hancock & Cox, 1991; Kiriyama et al., 2014; Lotan et al., 1975; Xia et al., 

2010). Moreover, it has been shown that WGA interacts specifically with N-

acetylated sugar residues in highly de-N-acetylated chitosan, and this interaction was 

not inhibited by fully de-N-acetylated chitosan, suggesting that WGA has 

preferential binding to N-acetylated GlcNAc rather than de-N-acetylated GlcNAc 
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(Kristiarisen et al., 1999). Therefore we propose that WGA should no longer be used 

as a diagnostic for the presence of PNAG. On the other hand, our data showed 

sWGA preferentially bound to PNAG. Succinylation of WGA changes the protein 

isoelectric pH (pI) from 8.5 to an acidic pI of 4 (Monsigny et al., 1979) and in a pH 

of 7.2 gives the protein a negative charge (Moullier et al., 1986). In addition, it 

abolishes the additional binding that WGA has for the charged residue sialic acid and 

renders the binding of sWGA for exclusively GlcNAc residues. In future, the use of 

sWGA should be promoted as a more specific diagnostic for the presence of PNAG 

rather than WGA. 

Specific binding of sWGA and WGA to PNAG was also seen with PNAG-AF555 

and PNAG-FS confirming that sWGA and WGA interacts with PNAG on the lectin 

microarray platform. Notably, a minor quantity of contaminating LTA was found in 

the PNAG preparation which may have contributed to lectin binding. Although it has 

been shown that S. aureus LTA can be glycosylated with GlcNAc, LTA from S. 

aureus Mn8m was reported to not contain GlcNAc from purified LTA extracts (Kho 

& Meredith, 2018; Morath et al., 2001; Vinogradov et al., 2006). Combined with the 

minor quantity (0.35% (w/w)), it is therefore unlikely that LTA contributed 

significantly to PNAG binding to the lectins.  

To the best of our knowledge, this is the first study to report direct conjugation of a 

fluorescent probe on to the PNAG molecule, and conjugation of PNAG on to 

FluoSpheres® to model ‘free floating’ PNAG and PNAG attached to a bacterial cell 

surface, respectively. Despite the labelling orientation influencing the pattern of 

recognition for ovalbumin and GlcNAc-BSA, it did not alter the identity of the 

lectins that bound to these glycoproteins. On the other hand, neither the pattern of 

recognition nor the identity of the lectins were influenced by the labelling strategy 

for PNAG binding, which is possibly due to the greater flexibility of PNAG 

compared to ovalbumin and GlcNAc-BSA. This multiple format labelling strategy to 

model biologically relevant presentations can provide valuable insight in to 

potentially altered biological responses that may be dependent on molecular 

presentation for future studies. 

The panel of glycoclusters was also used to inhibit WGA binding to PNAG-AF555, 

however, concentration-dependent inhibition of WGA binding to PNAG-AF555 was 
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not obtained with the concentration ranges of glycoclusters used in this study. High 

concentrations of each glycocluster were needed to significantly reduce WGA 

binding to PNAG-AF555. The sensitivity of the lectin microarray platform allowed 

us to observe fluctuating increases and decreases in WGA binding to PNAG-AF555 

with glycocluster concentrations lower than 10 µM, in particular for sos2211, 

sos2221 and sos2253. Why sos2211, sos2221 and sos2253 promoted WGA binding 

to PNAG-AF555 at certain concentrations is unknown, but we speculate the low-

dose hook effect has some part to play. The low dose hook effect typically occurs 

during competitive assays and causes an increase in analyte binding to the ligand at 

low concentrations (Bindslev, 2008). Therefore, at concentrations close to the 

dissociation constant for the displacer ligand (glycocluster), an increase or 

fluctuations in WGA binding PNAG-AF555 was observed before decreased binding 

was observed with higher concentrations, of displacer ligand (glycocluster). The only 

similarity between these three glycoclusters is that the flexibility of the linker would 

be similar for all three glycoclusters. Based on a similar panel of glycoclusters with 

GalNAc as the bioactive headgroups, glycoclusters sos2211, sos2221 and sos2253 

have approximately 1 Å increase in distance between the anomeric carbons of 

GlcNAc compared to sos2210 and sos2254 (André et al., 2015), which did not 

increase WGA binding to PNAG at any concentration. Interestingly, fluctuating 

increases and decreases in WGA binding to GlcNAc-BSA was also seen with 

sos2221 sos2253 and sos2254.  

Sos2210 and sos2254 had the same valency and anomeric configuration, but differed 

in linkages – sos2210 had S-linkages while sos2254 had O-linkage to connect 

GlcNAc headgroups to the linker arms. Since WGA has four binding sites, 

presentation of GlcNAc headgroups on scaffolds, and relative spacing of GlcNAc 

molecules to one another is very important (Schwefel et al., 2010). These data 

suggested that PNAG associated and disassociated with WGA at different 

concentrations of glycoclusters. Molecules can assume several conformations in 

solution, and depending on the concentration of a molecule present, there can be 

different distributions of the different molecular conformations (Lerbret et al., 2005). 

It may be possible that particular binding sites on WGA could be preferentially 

occupied by particular conformations of glycocluster, depending on the 

concentration of each glycocluster present. This work also draws attention to the fact 
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that mammalian type structure, such as ovalbumin and fetuin, or monosaccharides 

that are commonly used in inhibition studies, are not representative of the 

interactions of bacterial structures. Studies that involved in silico modelling of these 

different carbohydrate molecules would help elucidate this hypothesis. This research 

highlights the need for interaction studies using bacterial derived molecules and 

whole bacteria to truly help understand lectin-bacteria mediated interactions, which 

will in turn aid the development of glycoclusters and compounds to modulate these 

interactions. 

A multitude of compounds have been used previously to inhibit S. aureus biofilm 

formation, but, to our knowledge, none of these compounds included glycoclusters 

(Chung & Toh, 2014; Sabatini et al., 2017; Shrestha et al., 2016). In terms of biofilm 

inhibition, strategies employing synthetic glycoclusters have focused on inhibition of 

P. aeruginosa biofilm formation. This is likely due to the fact that P. aeruginosa 

relies on surface lectins for the formation of biofilms and this provides target lectins 

for the glycocluster research and development. P. aeruginosa biofilm formation is 

partially mediated by PA-IL, also known as LecA and which has specificity for D-

Gal residues, and PA-IIL, also known as LecB and which has specificity for L-Fuc 

residues. However, no lectin targets are known for S. aureus biofilms. Greater 

concentrations of the divalent glycoclusters tested in this study were required for S. 

aureus biofilm inhibition compared to the tetravalent mannose-centered 

galactosclusters that were shown to have reduced P. aeruginosa biofilm formation. 

For example, Ligeour et al. (2015) inhibited P. aeruginosa biofilm by 40% with 10 

μM of galactocluster (Ligeour et al., 2015), whereas 500 μM of sos2227 was 

required to inhibit S. aureus Mn8m biofilm by 36% in this study. In comparison, 

glycoclusters used for this research were not as potent, but this work may suggest 

that there are GlcNAc-binding adhesins on S. aureus that are involved in biofilm 

formation that would result in some divalent glycoclusters capable of reducing 

biofilm formation for S. aureus and so may be a promising anti-biofilm or anti-

adhesion target for future developments in S. aureus-targeted therapeutics. Sos2222 

was the common glycocluster that significantly reduced biofilm formation for S. 

aureus 8325-4 and Mn8m, the glycocluster with the greatest distance between the α-

linked GlcNAc headgroups, and this may provide insight of the spacing and 

configuration of GlcNAc ligands that are involved in S. aureus biofilm formation. 
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Both tri- and tetra-valent glycoclusters, sos2226 and sos2227, caused significant 

reductions in biofilm formation for two PNAG-producing MSSA strains and the 

MRSA strain and the mechanism was indicated to be independent of PNAG. Thus, 

we hypothesise biofilm inhibition was caused by possible glycocluster micelle 

formation and bacterial agglutination. Nonetheless, sos2226 and sos2227 did not kill 

S. aureus, thus understanding how these changes to sos2226 and sos2227 prevented 

biofilm formation may provide supportive information for the development of 

glycocluster-containing coatings to prevent biofilm formation on surfaces such as 

medical devices. 

Sos2211 had diverse effects on the ability of S. aureus Mn8m to bind to CF mucins. 

Glycocluster sos2211 had little effect on S. aureus Mn8m binding to CF1 but 

increased binding of S. aureus Mn8m to CF2 by approximately 2-fold compared to 

CF1. Contrastingly, sos2211 decreased PNAG-AF555 binding to CF2. This result 

highlights the importance of assessing glycoclusters or compounds using biological 

samples from multiple individuals and whole bacteria as well as bacterial molecules, 

as with the multiplicity of potential interactions, outcomes can be more complex than 

anticipated with single interaction studies. PNAG may facilitate bacteria binding to 

mucin, but evidently targeting PNAG-mediated interactions is not sufficient for 

inhibiting whole S. aureus interactions with mucins. It may be that glycoclusters 

prevent lectin-bacteria interactions, but promote interactions elsewhere in the body 

such as to mucin in mucous membranes, which could have significant negative 

knock-on effects for patients. For patient CF1 and CF2, addition of sos2211 

increased the binding of whole S. aureus Mn8m. Although this may not be the case 

for the other glycoclusters, we suggest that glycoclusters should be assessed on a 

patient by patient basis, where a personalised or precision medicine approach may be 

more suitable. It remains to be elucidated what modulatory effect these glycoclusters 

have on whole S. aureus binding to healthy mucin samples, but will be an interesting 

avenue for further research in the future. 

Most research carried out on CF has been on P. aeruginosa and its association with 

CF mucin (Devaraj et al., 1994; Flynn et al., 2016; Li et al., 1997; Robinson et al., 

2012; Scharfman et al., 1999). S. aureus is one of the most prevalent organisms in 

CF patients, especially in young children with CF (Stone & Saiman, 2007), yet 

specific interactions between S. aureus and CF mucins have not been identified. 
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Interestingly, S. aureus Mn8m bound to mucin purified from CF2 to a greater degree 

compared to binding to mucin purified from CF1. This suggested that the 

glycosylation of the mucin profile from CF2 provided more favourable ligands for 

whole S. aureus Mn8m. Beyond the increased binding effect that sos2211 had on S. 

aureus interactions with mucins purified from CF patients, our study highlights the 

importance of mucin composition in S. aureus-mediated interactions in CF and 

demonstrates for the first time that S. aureus can bind to the mucin itself. Moreover, 

the particular strain of S. aureus is likely to also play a major role in binding to 

mucins, as the binding of S. aureus to nasal mucin was previously shown to be strain 

dependent (Shuter et al., 1996). This research provides preliminary data that showed 

preferential binding of S. aureus to CF mucin depending on the patient origin and/or 

composition of the purified CF mucin. 

In conclusion, this study presents the lectin microarray platform as a sensitive, HTP 

platform that can assess suitable glycoclusters for inhibition studies and is suitable, 

sensitive and reproducible for calculating IC50 values. On the same slide, the 

suitability of glycoclusters in lectin binding inhibition can be assessed for 

glycoproteins, neoglycoconjugates, polysaccharides and whole bacteria. Thus, HTP 

profiling and glycocluster section can be assessed within one day and with less 

reagents consumed compared to typical 96-well based assays. Specific PNAG 

interactions were visualised using two novel methods of labelling the 

polysaccharide, via conjugation to Alexa Fluor® 555 and FluoSpheres®. Finally, we 

present preliminary data to suggest that glycoclusters could reduce S. aureus biofilm 

formation, but the structure or solubility of the glycoclusters may have to be altered 

for increased potency. Nonetheless, caution must be exercised when assessing the 

potency of compounds or glycoclusters and their ability to modulate bacterial 

binding as one glycocluster tested in this study, sos2211, reduced S. aureus lectin 

interactions and biofilm formation, but increased S. aureus binding to lung mucin 

purified from a CF patient. 
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4. Elucidation of PNAG interactions with innate immune receptors and 
consequential signalling responses 

 

4.1. Introduction  

Cells of the innate immune system, such as neutrophils, monocytes, macrophages 

and dendritic cells, are often the first line of defence against invading pathogens 

(Mogensen, 2009). These cells detect microorganisms via soluble and membrane 

bound pathogen recognition receptors (PRRs). Once a pathogen is detected, PRRs 

trigger a signalling cascade via specific pathway(s), such as complement or Toll-like 

receptor (TLR) pathways, to activate phagocytosis, the production of cytokines and 

chemokines, and the adaptive immune system to eradicate the invading pathogens 

(Mogensen, 2009; Mukhopadhyay et al., 2004).  

PRRs recognise a wide variety of microbial components, referred to as pathogen-

associated molecular patterns (PAMPs), to activate an innate and adaptive immune 

response. Often PAMPs are lipid-based structures such as lipopolysaccharide (LPS), 

lipooligosaccharide (LOS), lipopeptides and lipoteichoic acid (LTA), or 

carbohydrate-based structures such as LPS, LOS, LTA, glycoproteins, peptidoglycan 

and capsular polysaccharides (CPS). Because these PAMPs are broadly found on 

Gram-positive or Gram-negative bacteria, PRRs play a pivotal role in the detection 

of and response to foreign invaders (Kumar et al., 2009; Mogensen, 2009).  

However, bacteria have developed mechanisms of modifying PAMPs to promote 

bacterial colonisation and evade recognition by PRRs. These modifications can 

include acetylation, deacetylation, epimerization and succinylation (Whitfield et al., 

2015). Thus, once a PRR binds to a PAMP on invading pathogens, some bacteria can 

manipulate receptor cross-talk and subsequent cell signalling cascades that would 

normally function to eliminate the infection (Hajishengallis et al., 2011).  

Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter spp. are known as the ESKAPE 

pathogens which are associated with antimicrobial resistance and cause a large 

majority of hospital-related infections in the United States (Rice, 2008). Poly-N-

acetylglucosamine (PNAG, also known as polysaccharide intercellular adhesin 

(PIA)) is a surface located polysaccharide and major biofilm component found on S. 



223 
 

aureus, K. pneumoniae, A. baumannii and Enterobacter species (Skurnik et al., 

2016). PNAG production is generally mediated by the icaADBC operon in Gram-

positive bacteria and the pgaABCD operon in Gram-negative bacteria. PNAG is a 

potential PAMP and in S. epidermidis PNAG activates the complement cascade, 

protects against phagocytic killing, reduces macrophage uptake and macrophage NF-

κB mediated inflammatory responses (Aarag Fredheim et al., 2011; Cerca et al., 

2006; Schommer et al., 2011). Furthermore, it was shown that S. epidermidis PNAG 

binds to TLR2 to promote IL-8 signalling in astrocytes (Stevens et al., 2009). For S. 

aureus, PNAG was found to be essential for evasion of opsonic killing (Kropec et 

al., 2005). However, PRRs which bind to PNAG from S. aureus and other PNAG-

expressing ESKAPE pathogens have yet to be identified. Identification of PRR 

ligands for PNAG would help elucidate the precise mechanisms of PNAG-mediated 

immune evasion or PNAG detection by the innate immune system and could help to 

lead to new strategies for elimination of persistent PNAG-producing pathogens. 

In this study, a PRR microarray was constructed to evaluate the interactions of S. 

aureus and A. baumannii wild type and PNAG-deficient mutants along with a PNAG 

fraction isolated from S. aureus with 23 different PRRs. Signalling responses were 

then evaluated using a reporter THP-1 monocytic cell line that stably expresses a 

number of TLRs and CD14 and a combination of antibodies to block binding to 

individual PRRs. Finally, cytokine and chemokine expression in THP-1 cells in 

response to the bacteria and PNAG was quantified using multiplexed Luminex assay 

and ELISA.   
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4.2. Materials and methods 

4.2.1. Materials and bacterial strains 

Recombinantly expressed PRRs, anti-human CD14, anti-human TLR2 and anti-

peptidoglycan monoclonal antibodies, IgG1 and IgG2B isotype antibodies, DuoSet 

ELISA kits for IL-8, IL-1β and RANTES, and the Luminex multiplex assay (cat. no. 

LXSAHM) were purchased from R & D Systems (Abingdon, U.K.). RPMI-1640 

medium, LB broth, fetuin, invertase, and lysozyme were from Sigma-Aldrich Co. 

(Dublin, Ireland). The Pierce enhanced chemiluminescence (ECL) Western blotting 

substrate, Alexa Fluor® 555 (AF555) carboxylic acid NHS ester (succinimidyl ester) 

and Alexa Fluor® 647 (AF647) carboxylic acid succinimidyl ester fluorescent 

labels, 3.5 kDa MWCO cellulose membrane dialysis cassettes and anti-lipoteichoic 

acid monoclonal antibody (55) were obtained from Thermo-Fisher Scientific 

(Waltham, MA, U.S.A.). 3SLacHSA, 3SuleaBSA and GlcNAC-BSA were 

purchased from Dextra Laboratories Ltd. (Reading, UK). Hydrogen peroxide 

solution (6%) was from Ovelle Pharmaceuticals (Dundalk, Ireland). The human IL-

8/CXCL8, human IL-1/IL-1F2 and human CCL5/RANTES DuoSet ELISA kits were 

from Bio-techne (Minneapolis, MN, U.S.A.). The synthetic diacetylated lipoprotein, 

FSL-1, S. aureus lipoteichoic acid (SA-LTA), E. coli K12 lipopolysaccharide (LPS), 

heat killed Listeria monocytogenes (HKLM), synthetic triacetylated lipoprotein 

(Pam3CSK4), the transformed cell line THP1-XBlue™-CD14, endotoxin-free H2O, 

normocin, zeocin, and G418 (geneticin) antibiotics, and anti-human TLR1 (hTLR1) 

immunoglobulin G (IgG), anti-hTLR4-IgG and anti-hTLR6-IgG1 antibodies were 

purchased from InvivoGen (Toulouse, France). Immobilon-P 0.45 µm 

polyvinylidene difluoride (PVDF) membrane was from Merck Millipore (Dublin, 

Ireland). All other materials used were as per section 2.2.1 and 3.2.1.  

In addition to the bacterial strains in Table 2.1, S. epidermidis RP62A and E. coli 

1532 were used in this study (Table 4.1) which were kind gifts from Prof. James 

O’Gara, NUI Galway, Galway, Ireland. PNAG purified from A. baumannii S1 was a 

kind gift from Prof. Gerald Pier, Harvard University, Boston, MA, U.S.A. 
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Table 4.1. Additional bacterial strains used in this study. 

Bacteria strains used Relevant details Reference 

S. epidermidis RP62A 
wildtype (WT) 

Biofilm positive. Blood culture 
isolate. 

(Conlon et al., 2002) 

E. coli 1532 Originated from canine. ATCC® 
35218 

Escherichia coli   
(ATCC® 35218™). 
www.attc.org 

 

4.2.2. Fluorescent labelling of NGCs, proteins and PNAG 

Neoglycoconjugates (NGCs, 3SLacHSA, 3SuleaBSA and GlcNAC-BSA), 

glycoproteins (fetuin and invertase) and PNAG were fluorescently labelled with 

AF555 as described in Chapter 3, section 3.2.3). AF555 labelled GlcNAc-BSA 

(GlcNAc-BSA-AF555), and 3SuLeaBSA (3SuLeaBSA-AF555) were quantified for 

protein concentration and label substitution according to manufacturer’s instructions 

using the extinction coefficients and molecular masses of 43,824 M-1 cm-1 and 

66,430 Da (the extinction coefficient at 280 nm and molecular mass of BSA, 

respectively) (Wang et al., 2011). Similarly, the concentration of fluorescently 

labelled invertase (invertase-AF555) (621,000 M-1 cm-1 and 270,000 Da) (Lampen, 

1971), fetuin (fetuin-AF555) (19,844 M-1 cm-1 and 48,400 Da) (Spiro, 1960) and 

3SLacHSA (3SLacHSA-AF555) (35,495 M-1 cm-1 and 66,470 Da) (Pace et al., 

1995) were calculated. Fluorescently labelled PNAG (PNAG-AF555) was 

considered to be approximately 90% of the concentration used initially for labelling. 

4.2.3. Preparation of FluoSpheres 

Protein and PNAG coating on to FluoSpheres® was carried out as described in 

Chapter 3, section 3.2.5. 

4.2.4. Fluorescent labelling of bacteria 

Fluorescent labelling of bacteria was carried out as described in Chapter 2, section 

2.2.6 and Chapter 3, section 3.2.4). 
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4.2.5. PRR microarray construction 

All PRRs were solubilised in PBS, pH 7.4, 0.05% HAS and printed at a 

concentration of 0.5 mg/ mL (single PRR printed) or 0.25 mg/mL (each, for 

combinations of two PRR printed together) in 1 mM sucrose (Table 4.2) on 

Nexterion ® slide H (Schott, Mainz, Germany) using a SciFlexArrayer S3 (Scienion, 

Berlin, Germany) under constant 60% (+/- 2%) humidity at 18 °C (+/- 2°C). For 

each slide, features of approximately 1 nL were printed in replicates of 6 per probe 

per subarray and eight replicate subarrays per microarray slide. Following printing, 

slides were placed in a humidity chamber overnight. Slides were then blocked with 

100 mM ethanolamine in 50 mM boric acid, pH 8 for 1 h at room temperature. 

Slides were washed three times with PBS with 0.05% Tween-20 (PBS-T), and once 

with PBS. Slides were dried by centrifugation (1,500 x g, 5 min). Slides were stored 

at 4 °C sealed with desiccant and used within 48 h of printing. Validation of 

maintained binding function of the printed PRRs was carried out using fluorescently 

labelled protein and NGC standards, as well as SYTO®82 labelled E. coli for 

bacteria-specific PRRs (section 4.2.5 for SYTO®82 labelling). 
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Table 4.2. PRRs used in this study, printed concentration and source. 

Abbreviation Name Print buffer 
Concentration 

(µg/µL) 
Supplier Broad specificity References 

hESel_T Human E-Selectin 1 mM Suc 0.5 R&D Systems SLex antigen (Varki, 1992) 

hLSel_T Human L-Selectin 1 mM Suc 0.5 R&D Systems SLex antigen, heparin/ heparin sulfate (Varki, 1992) 

hPSel_T Human P-Selectin 1 mM Suc 0.5 R&D Systems PSGL1, SLex antigen, heparin/ heparin sulfate (Varki, 1992) 

hSig-1 Human Siglec-1 1 mM Suc 0.5 R&D Systems Sialylated structures (MacAuley et al., 2014) 

hSig-2 Human Siglec-2 1 mM Suc 0.5 R&D Systems Sialylated structures (MacAuley et al., 2014) 

rMAG Rat myelin-associated 

glycoprotein (Siglec-4) 

1 mM Suc 0.5 R&D Systems Sialylated structures (MacAuley et al., 2014) 

hSig-10 Human Siglec-10 1 mM Suc 0.5 R&D Systems Sialylated structures (MacAuley et al., 2014) 

DCSIGN DC-SIGN 1 mM Suc 0.5 R&D Systems Mannosylated and fucosylated structures (van Liempt et al., 2006) 

DCSIGNR DC-SIGNR 1 mM Suc 0.5 R&D Systems Mannosylated structures (Feinberg et al., 2001) 

DCSIGN/DCSIGNR   1 mM Suc 0.25/0.25 R&D Systems     

Dec_1 Dectin-1 1 mM Suc 0.5 R&D Systems β-glucan (Brown et al., 2003) 

Dec_2 Dectin-2 1 mM Suc 0.5 R&D Systems α-mannan (McGreal et al., 2006) 

Lsec LSECtin 1 mM Suc 0.5 R&D Systems Terminal GlcNAc structures (Echeverria et al., 2018) 

MMR Macrophage mannose 

receptor 

1 mM Suc 0.5 R&D Systems Mannan (Gow et al., 2011) 

Fic-1_S Human ficolin-1 (M) 1 mM Suc 0.5 R&D Systems Acetylated carbohydrates (GlcNAc and 

GalNAc)/non carbohydrates, sialic acid 

(Frederiksen et al., 2005; 

Kjaer et al., 2011; Teh et 

al., 2000) 

Fic-2_S Human ficolin-2 (L) 1 mM Suc 0.5 R&D Systems Acetylated carbohydrates (GlcNAc, heparin, 

sialic acid)/non carbohydrates 

(Aoyagi et al., 2008; Gout 

et al., 2010; Krarup et al., 
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2004)  

Fic-3_S Human ficolin-3 (H) 1 mM Suc 0.5 R&D Systems GlcNAc, GalNAc, D-fucose (Matsushita et al., 1996; 

Sugimoto et al., 1998) 

rh-CHIT Human Chitotriosidase 1 mM Suc 0.1 R&D Systems β-(1,4)-linked GlcNAc (Kanneganti et al., 2012) 

MBL Mannose binding lectin 1 mM Suc 0.5 R&D Systems Mannose, GlcNAc, ManNAc, fucose, glucose (Turner, 2003) 

TLR-2 Toll like receptor 2 1 mM Suc 0.5 R&D Systems Lipoproteins, peptidoglycan, LTA, 

lipoarabinomannan, PSM, glycolipids 

(Akira et al., 2004) 

TLR-4 Toll like receptor 4 1 mM Suc 0.5 R&D Systems LPS (Akira et al., 2004) 

TLR-6 Toll like receptor 6 1 mM Suc 0.5 R&D Systems Diacyl lipopeptides (with TLR1) (Akira et al., 2004) 

CD14 Cluster of differentiation 

14 

1 mM Suc 0.5 R&D Systems LPS, polyuronic acid, LTA, peptidoglycan, 

rhamnose, lipoarabinomannan 

(Landmann et al., 2000) 

TLR-2/4_0.25   1 mM Suc 0.25/0.25 R&D Systems     

TLR-2/6_0.25   1 mM Suc 0.25/0.25 R&D Systems     

TLR-2/CD14_0.25   1 mM Suc 0.25/0.25 R&D Systems     

TLR-4/CD14_0.25   1 mM Suc 0.25/0.25 R&D Systems     

TLR-4/6_0.25   1 mM Suc 0.25/0.25 R&D Systems     

TLR-6/CD14_0.25   1 mM Suc 0.25/0.25 R&D Systems     

MBL/DCSIGN_0.25   1 mM Suc 0.25/0.25 R&D Systems     

MBL_CLEC10A_0.25   1 mM Suc 0.25/0.25 R&D Systems     

CLEC10A CLEC10A/ CD301/ MGL 1 mM Suc 0.5 R&D Systems Terminal GalNAc structures (Zizzari et al., 2015) 

WGA Wheat germ agglutinin 1 mM GlcNAc 0.5 EY Labs GlcNAc, sialic acid (Monsigny et al., 1979) 

sWGA succinylated wheat germ 

agglutinin 

1 mM GlcNAc 0.5 Vector Labs GlcNAc (Monsigny et al., 1979) 

PBS PBS           
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4.2.6. PRR microarray incubations 

Fluorescently labelled bacteria in TBS-T were not diluted or diluted 50 μL, 40 μL, 

30 μL and 20 μL to give a final volume of 70 μL in TBS-T and incubated on the 

PRR microarray platform for selection of the optimal bacterial number for further 

experiments based on non-saturated binding within the dynamic range of the 

microarray scanner and low background fluorescence. For bacterial incubations on 

PRR microarrays, the SYTO®82 stained bacterial cultures were diluted in TBS-T as 

follows: E. coli and S. epidermidis RP62A were diluted 50 μL to a final volume of 

70 μL, and S. aureus Mn8m WT and Mn8 ∆ica, 8325-4 WT/∆ica, BH1CC WT/∆ica 

and A. baumannii S1 WT/∆pga were diluted 20 μL to a final volume of 70 μL. 

Bacteria were incubated on the PRR microarray using an 8 well gasket (Agilent 

Technologies, Cork, Ireland) at 70 μL per well and incubated with gentle rotation (4 

rpm) at 37 °C for 1 h. Microarray and gasket slides were disassembled under TBS-T, 

washed three times in TBS-T for 3 min each and once with TBS. Microarray slides 

were dried by centrifugation (1,500 x g, 5 min) and imaged immediately by scanning 

in a microarray scanner (G2505B microarray scanner, Agilent, CA,USA) equipped 

with a 532 nm laser (90% PMT, 5 μm resolution). Images were stored digitally as .tif 

files. All experiments were carried out in technical triplicates and error bars 

represent +/- one standard deviation (SD) of the mean. 

4.2.7. Data extraction 

Data extraction was performed essentially as previously described (Kilcoyne et al., 

2014; Chapter 2, section 2.2.8; Chapter 3.2.9). In brief, image files (.tif) of lectin and 

NGC microarrays from the microarray scanner were used to extract raw intensity 

values using GenePix Pro v6.1.0.4 software (Molecular Devices, Berkshire, U.K.) 

and a proprietary .gal file that held the address and identity of each feature using 

adaptive diameter (70-160%) circular alignment based on 230 mm features and were 

exported as text to Excel (Version 2007, Microsoft, Dublin, Ireland). Local 

background subtracted median feature intensity data (F543 median-B543) was 

analysed. The median of six replicate spots per subarray was handled as a single data 

point for graphical and statistical analysis. Data were normalized to the per subarray 

mean total intensity value of three replicate microarray slides and binding data was 
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presented as a bar chart of average intensity of three experimental replicates +/- SD 

of the mean.  

4.2.8. Heat-killing bacteria 

Bacteria were grown overnight on BHI agar, inoculated in 5 mL of BHI glucose (S. 

aureus Mn8m and A. baumannii) or BHI NaCl (S. aureus 8325-4 and BH1CC) and 

grown overnight at 37 °C. Bacterial cells were washed by centrifugation at 5,000 x g 

for 5 min, discarding the supernatant and resuspending the pellet with sterile TBS. 

Finally, bacterial cells were standardised to an absorbance at 595 nm of 

approximately 1.0 (approximately 8 x 108 cells/mL) in endotoxin-free water. Cells 

were killed by heating to 95 °C for 40 min. Heat-killed bacteria were then streaked 

on BHI agar plates and incubated overnight at 37 °C to confirm cell death by lack of 

growth. 

4.2.9. THP1-XBlue™-CD14 cell reporter assay 

THP1-XBlue™-CD14 cells (THP1 cells) were grown in RPMI 1640 supplemented 

with 2 mM L-glutamine, 10% heat inactivated fetal bovine serum, 100 μg/mL 

Normocin™, Penicillin-Streptomycin (Pen-Strep) 100 U/mL-100 μg/mL) (denoted 

as growth media from hereon). Cells were passaged every 2 - 3 days, grown at 37 °C 

at 5% CO2 and cell concentration was not allowed to exceed 2 x 106 cells/mL. Every 

second passage 200 μg/mL of Zeocin and 250 μg/mL of G418 were added to the 

growth media.  

The reporter assay demonstrating TLR stimulation via the activation of transcription 

factors and subsequently the secretion of SEAP which is easily detectable with the 

addition of QUANTI-Blue™, a medium that turns purple/blue in the presence of 

SEAP, was carried out as per the manufacturer’s instructions with some minor 

alterations. In brief, after at least three passages, THP1 cells were centrifuged at 200 

x g for 2 min and resuspended in pre-warmed growth media. Cells in growth media 

were added to wells of a 96 well plate (100,000 cells/well). To assess TLR 

activation, LPS (TLR4 agonist), FSL-1 (TLR2/6 agonist), SA-LTA (TLR2 agonist) 

and Pan3CSK4 (TLR1/2 agonist) were added to each well and final concentrations 

of these agonists varied depending on the experiment (see figure results for details). 

Heat-killed Listeria monocytogenes (HKLM) (TLR2 agonist), heat-killed S. aureus 
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Mn8m WT and ∆ica, heat-killed S. aureus 8325-4 WT and ∆ica and heat-killed A. 

baumannii WT and ∆pga were also incubated with THP1 cells at various 

concentrations depending on the experiment (see figure results for details). Plates 

were incubated at 37 °C at 5% CO2 for 20 h. The activity of secreted embryonic 

alkaline phosphatase (SEAP) was detected by removing 20 μL of THP1 cell culture 

supernatant and adding to 180 μL of QUANTI-Blue™ Solution in a new 96 well 

plate. Plates were incubated at 37 °C at 5% CO2 for 4 h for heat-killed bacterial 

assays and 16 h for non-bacterial assays and absorbance was measured at 650 nm 

using a SpectraMax M5e microplate reader (Molecular Devices, Inc., Berkshire, 

UK).  

To determine which PRR was responsible for the signalling response, anti-PRR 

antibodies at a final concentration of 10 μg/mL per well were added to the cells in 20 

μL quantities and the plate was pre-incubated for 30 min at 37 °C at 5% CO2.. 

Endotoxin-free water was added to the cells instead of antibodies as a control. 

Following pre-incubation, the assay was continued with the addition of the ligands or 

heat killed bacteria as above. At least 3 wells were used per experiment and all 

experiments were carried out at least 3 times. 

4.2.10. Dot blot assay 

Dot blot assays were carried out as described in Chapter 3, section 3.2.6, with minor 

alterations. PVDF (0.45 μm) membrane was treated for 15 s in methanol and then 

soaked in TBS for 5 min. The membrane was allowed to partially dry so that the 

membrane was still wet, but TBS droplets were not visible on the membrane, before 

pipetting 2 μL of PNAG preparation and 2 μL of heat killed bacteria (OD595 nm of 

1.0; approximately 8 x 108 cells/mL) to the activated membrane and allowed to dry. 

Membranes were then incubated for 1 h in 5% (w/v) skimmed milk in TBS 

(blocking solution) at room temperature. Blocking solution was removed from the 

membrane and the primary antibody (human IgG1 anti-PNAG mAb (F598), 800 

µg/mL or mouse IgG1 anti-peptidoglycan mAb 1:100 dilution) diluted in TBS 

0.0001% Tween 20, 1% skimmed milk was added to the membrane and incubated at 

room temperature for 1 h. The primary antibody solution was drawn off and the 

membrane was washed three times for 5 min in TBS 0.0001% Tween and once in 

TBS for 5 min. Horseradish peroxidase (HRP) conjugated secondary antibody was 
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diluted (rabbit anti-human IgG antibody (200 µg/mL) for anti-PNAG primary and 

goat anti-mouse immunoglobulins (200 µg/mL) for anti-peptidoglycan primary) in 

TBS with 0.0001% Tween and 1% skimmed milk), applied to the membrane and 

incubated at room temperature for 1 h. The membrane was washed as described 

above and a chemiluminescent substrate for the detection of HRP activity was added 

to the membrane for 1 min before visualisation using a chemiluminescent camera 

(Alpha Innotech FluorChem FC2 Imaging System). Images were stored digitally as 

.tif files. 

For the detection of LTA, a dot blot was carried out as above except 2 μL of 1 

mg/mL PNAG preparation (from S. aureus Mn8m) and 2 μL dilutions of LTA 

derived from S. aureus (SA-LTA) were spotted on to the activated PVDF membrane. 

The membrane was blocked as described above, incubated with anti-LTA mAb (1:50 

dilution in TBS-T 0.001%, 1% skimmed-milk) for 1 h at room temperature followed 

by incubation with HRP-labelled goat anti-mouse IgG antibody (200 µg/mL in TBS-

T 0.001%, 1% skimmed-milk). The membrane was washed three times in TBS-T 

and finally in TBS for 5 min. HRP activity was detected as described above and 

image was recorded. 

4.2.11. Lysozyme treatment of PNAG 

Solubilised PNAG (described in Chapter 3, section 3.2.3) was added to lysozyme (1 

mg/mL in 100 mM Tris, pH 7.4), and further diluted in endotoxin-free water to give 

a final concentration of 100 μg/mL PNAG and 10 μg/mL lysozyme. As controls for 

cell activation assays, lysozyme solution was diluted with endotoxin-free water to a 

final concentration of 10 μg/mL and solubilised PNAG was diluted with endotoxin-

free water to a final concentration of 100 μg/mL. Samples were incubated at 37 °C 

for 4 h and then heated to 80 °C for 30 min to deactivate the lysozyme. Samples 

were stored at 4 °C until use in the cell-based assays within 3 days. 

4.2.12. Sodium metaperiodate treatment of PNAG 

Solubilised PNAG (described in Chapter 3, section 3.2.3) was added to 800 mM 

sodium metaperiodate and further diluted in endotoxin-free water to give a final 

concentration of 100 μg/mL PNAG in 400 mM sodium metaperiodate. As controls 

for cell activation assays, sodium metaperiodate was diluted with endotoxin-free 
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water to give a final concentration of 400 mM, and solubilised PNAG was diluted 

with endotoxin-free water to give a final concentration of 100 μg/mL. All samples 

were incubated at room temperature for 4 h in the dark and then dialysed against 

distilled water overnight in 3.5 kDa MWCO cellulose membrane dialysis cassettes. 

Recovered samples were adjusted to the same original incubation volumes by adding 

endotoxin-free water or evaporation in a centrifugal evaporator. Samples were stored 

at 4 °C until use in the cell-based assays within 3 days. 

4.2.13. Hydrogen peroxide treatment of PNAG 

Solubilised PNAG (described in Chapter 3, section 3.2.3) was added to a H2O2 

solution (aqueous) to give a final concentration of 100 μg/mL PNAG and 0.9% H2O2 

in a glass V-vial and sealed with a PVDF lined screw top lid. As controls for cell 

activation assays, H2O2 was diluted with endotoxin-free water to give a final 

concentration of 0.9% and the same volume as the experimental sample, and 

solubilised PNAG was diluted with endotoxin-free water to a final concentration of 

100 μg/mL. Samples were incubated at 37 °C for 4 h and then dialysed against water 

overnight in 3.5 kDa MWCO cellulose membrane dialysis cassettes. Recovered 

samples were adjusted to the same original incubation volumes by adding endotoxin-

free H2O or evaporation in a centrifugal evaporator. Samples were stored at 4 °C 

until use in the cell-based assays within 3 days. 

4.2.14. NaOH treatment of PNAG 

Solubilised PNAG (described in Chapter 3, section 3.2.3) was added to NaOH to 

give a final concentration of 100 μg/mL and 200 mM, respectively. As controls for 

cell activation assays, the same volume of endotoxin-free water was added to 5 M 

NaOH, and PNAG was diluted in endotoxin-free water to a final concentration of 

100 μg/mL. Samples were incubated at 37 °C for 18 h and then dialysed against 

water overnight in 3.5 kDa MWCO cellulose membrane dialysis cassettes. 

Recovered samples were adjusted to the same original incubation volumes by adding 

endotoxin-free water or evaporation in a centrifugal evaporator. Samples were stored 

at 4 °C until use in the cell-based assays within 3 days. 
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4.2.15. N-acetylation of PNAG 

N-acetylation of PNAG was carried out as described by Kurita, Chikaoka, Kamiya, 

& Koyama (1988) with minor modifications. Briefly, 20 μL of 1 mg/mL PNAG was 

diluted in a 90 μL 1:1 methanol:10% acetic acid solution and added to a 90 μL 1:1 

solution of pyridine:acetic anhydride to give a final PNAG concentration of 100 

μg/mL. As controls for cell activation assays, water replaced PNAG in the N-

acetylation reaction, and PNAG was diluted to 100 μg/mL with endotoxin-free water 

(no N-acetylation). Samples were incubated at room temperature for 5 h and then 

dialysed against water overnight in 3.5 kDa MWCO cellulose membrane dialysis 

cassettes.. Recovered samples were adjusted to the same original incubation volumes 

by adding endotoxin-free water or evaporation in a centrifugal evaporator. Samples 

were stored at 4 °C until use in the cell-based assays within 3 days. 

4.2.16. Imaging flow cytometry 

THP1 cells (100,000 cells/well) were incubated with endotoxin-free water or anti-

CD14 antibody at a final concentration of 10 μg/mL per well of a 96-well plate for 

30 min at 37 °C, 5% CO2 as described in section 4.2.9. AF555-labelled PNAG from 

S. aureus and A. baumannii (SA-PNAG-AF555 and AB-PNAG-AF555, 

respectively) was added to each well to a final concentration of 10 μg/mL and 

incubated for 20 h at 37 °C and 5% CO2. All cells were washed and resuspended in 

FACs buffer (2% FBS in PBS (without Ca2+/Mg2+)) and incubated for 30 min at 4 °C 

before staining. Half of the samples with THP1 cells/endotoxin-free water/SA-

PNAG-AF555 or AB-PNAG-AF555 were incubated first with FACs buffer at 4 °C 

for 30 min. Next THP1 cells diluted in FACs buffer were incubated with anti-CD14-

AF647 to a final concentration of 6 μg/mL for 30 min at 4 °C. The other half of the 

samples and THP1 cell/anti-CD14/PNAG-AF555 samples were incubated with the 

same volume FACs buffer for 30 min at 4 °C. Anti-CD14-AF647 was carried out as 

described previously (Chapter 3, section 3.2.4). All samples were centrifuged at 200 

x g for 3 min, washed with FACs buffer, filtered through a 40 μm mesh and 

resuspended in 30 μL FACs buffer at a cell concentration of 2 x 107 cells/mL. 

Samples were analysed using the ImageStream®X Mark II system (Merck Millipore, 

MA, USA) with the 488 nm laser and channel 03 to detect SA-PNAG-AF555 and 

AB-PNAG-AF555, and the 647 nm laser and channel 11 used to detect anti-CD14-
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AF647. Full stain control was THP1 cells with AB-PNAG-AF555 and anti-CD14-

AF647. Data from the imaging flow cytometer was analysed using IDEAS® (Merck 

Millipore, MA, USA).  

4.2.17. Profiling inflammatory response of THP1 cells 

THP1 cells (100,000 cells/well) were incubated for 20 h at 37 °C, 5% CO2 with 

antagonist antibodies against CD14, TLR1, 2, 4 and 6, separately or in combinations, 

to give a final antibody concentration of 10 μg/mL, as carried out for the THP1-

XBlue™-CD14 Cell reporter assay (described above – section 4.2.10) with 

modifications to the end of the experiment. Instead of incubating 20 μL of cell 

culture supernatant with QUANTI-Blue™, the total volume from each well was 

centrifuged at 12,000 x g for 10 min and the supernatant was collected and frozen 

until use.  

A Luminex human magnetic assay with 10 analytes (MCP-1, CCL5/RANTES, IL-8, 

IFN-gamma, IL-1beta, IL-10, IL-12, IL-2, IL-6 and TNF-alpha) was carried out on 

the stimulated cell supernatants as per the manufacturer’s instructions. Briefly, 

reagents and standards were prepared on the same day as the assay was carried out. 

Standards were placed in 50 μL aliquots per well in duplicate. Samples were diluted 

1:2 in calibrator diluent RD6-52 and each sample on the plate was analysed in 

duplicate. Diluted human magnetic premixed microparticle cocktail (provided by the 

supplier containing concentrated analyte-specific antibodies that are pre-coated onto 

magnetic microparticles with preservative) at 50 μL was added to each well and 

incubated for 2 h at room temperature with gentle shaking (800 rpm). Using a 

handheld magnetic washer (Bio-Rad, CA, USA) to recover the microparticles, wells 

were washed 3 times with 100 μL of wash buffer. Human pre-mixed biotin-labelled 

antibody cocktail (provided by the supplier containing concentrated biotinylated 

antibody cocktail specific to the analytes of interest, with preservatives) at 50 μL was 

added to each well and incubated for 1 h at room temperature on a shaker at 800 

rpm. The wells were washed 3 times as previously described with wash buffer, 50 

μL of diluted Streptavidin-PE was added to each well and the plate was incubated for 

30 min at room temperature. Wells were washed 3 times in wash buffer as described 

previously and 100 μL of wash buffer was added to each well, incubated for 2 min at 

room temperature on a shaker at 800 rpm. Immediately after, quantification of 
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analytes present in the samples was carried out using the Bio-Plex® 200 

Immunoassay System (Bio-Rad, CA, USA) and results were exported to Excel 

(Microsoft, WA, USA) for analysis.  

4.2.18. Quantification of PNAG-induced cytokine and chemokine production by 

THP1 cells 

Incubations of PNAG and bacteria with THP1 cells were carried out as described in 

section 4.2.17. IL-8, IL-1β and RANTES were quantified in the cell supernatant 

using separate enzyme-linked immunosorbent assays (ELISAs) as instructed by the 

manufacturer. Briefly, the capture antibody was diluted to a working concentration 

in PBS and coated on to 96-well plate plates in 100 μL aliquots. Plates were sealed 

and incubated overnight at room temperature. Liquid was aspirated from each well 

and washed with wash buffer 3 times. The plates were blocked with blocking buffer 

and incubated at room temperature for 2 h. Plates were again washed 3 times in wash 

buffer. Samples and standards were diluted in reagent diluent and growth media in a 

1:1 ratio and 100 μL of each sample or standard was added per well and incubated 

for 2 h at room temperature. Wells were washed 3 times in wash buffer and 100 μL 

of detection antibody diluted in Reagent Diluent was added to each well and 

incubated for 2 h at room temperature in the dark. Wells were washed again 3 times 

and 100 μL of Steptavidin-HRP was added to each well. Plates were covered and 

incubated in the dark for 20 min at room temperature. Wells were washed 3 times 

and 50 μL of 2 M H2SO4 was added to each well and mixed thoroughly. Absorbance 

was measured at 450 and 540 nm and the 540 nm absorbances were subtracted from 

the 450 nm readings to correct for optical imperfections in the plate. Samples and 

standards were analysed in technical duplicates and assays were carried out in 

biological triplicate. The blank well readings were subtracted from the average well 

readings and concentrations of IL-8, IL-1β and RANTES were calculated from the 

standard curves and plotted as a bar chart. Error bars represent +/- one SD of the 

mean.  
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4.3. Results 

PRR microarrays were printed and functional analysis of the slides was carried out. 

Following verification that PRRs were functional, S. aureus and A. baumannii were 

incubated on the PRR microarray platform to screen for PRRs that target and bind to 

S. aureus and A. baumannii. Next, S. aureus and A. baumannii WT and ∆ica/pga and 

S. aureus Mn8m PNAG preparation (labelled by two different strategies) were 

incubated on the PRR microarray to elucidate potential PRRs that recognise and bind 

to PNAG by itself and on the bacterial cell surface to provide target PRRs for further 

cell signalling studies. One potential PRR-PNAG interaction was brought forward 

for cell signalling studies using the PNAG preparation (unlabelled and unmodified) 

and PNAG-deficient mutants. 

4.3.1. Functional analysis of PRRs on microarray surface  

All PRRs were printed in isolation at 0.5 μg/mL, or printed in combination with 

another PRR, each PRR at 0.25 μg/mL. Some PRRs, such as TLR2 and TLR6 form a 

heterodimers on the cell surface to recognise a molecule, activating a signalling 

response (Oliveira-Nascimento et al., 2012). Although there was no transmembrane 

region of the recombinant TLRs printed and they do not have any mobility after 

conjugation to the microarray surface, TLRs were printed in isolation and in 

combination to elucidate whether heterodimers could form on the microarray 

platform and could detect molecules differentially than when printed in isolation. 

TLR2, TLR4, TLR6 and CD14, selected due to their known carbohydrate-based 

binding, were co-printed in various combinations (Table 4.2). Other TLRs were not 

printed due to cost and their association primarily with nucleic acids, not 

carbohydrates. Finally, WGA and sWGA were printed as a control for the detection 

of GlcNAc structures. 

Following printing, functional analysis of the PRRs was carried out. A range of 

AF555 labelled glycoproteins, NGCs and SYTO® 82 stained bacteria were 

incubated on the PRR microarray platform. Most PRRs bound to E. coli to some 

degree (Fig. 4.1). E-selectin, L-selectin and P-selectin bound to E. coli and 

3SuLeaBSA as expected (Galustian et al., 1999). P-selectin also bound to GlcNAc-

BSA suggesting affinity to GlcNAc which was not shown with the other selectins 

(Descheny et al., 2006). Siglecs, and to some degree 3SuleaBSA, also bound E. coli 
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while MAG (Siglec-4) bound to 3SLacHSA confirming its preferential binding to α-

(2,3)-linked sialic acid compared to the other siglecs printed on the microarray 

(Kelm et al., 1994). DC-SIGN and DC-SIGNR bound to all functional control 

samples to some degree while LSECtin bound with greatest intensity to E. coli, S. 

epidermidis and GlcNAc-BSA. Dectin-1 bound with greatest intensity to E. coli 

while dectin-2 bound preferentially to invertase as expected as invertase is a yeast 

glycoprotein with oligomannose structures (Trimble et al., 1983). Ficolin-3 showed 

specificity towards 3SLacHSA, 3SuleaBSA and GlcNAc-BSA and had a much 

greater binding intensity for all binding samples compared to ficolin-1 and ficolin-2. 

The immobilised chitotriosidase did not bind to any specific ligands but bound to E. 

coli and 3SuLeaBSA to some degree. TLRs printed separately and in combinations 

all bound to E. coli to some degree but, as expected, binding was greatest when 

TLR4 and CD14 were involved. Moreover, TLR4 also had specificity for 

3SuLeaBSA (Ståhl et al., 2006; Tükel et al., 2010). CD14, MBL/DC-SIGN and 

MBL/CLEC10A bound to all samples but with greatest intensity to E. coli, 

3SuLeaBSA and invertase. As expected, WGA bound to sialylated and GlcNAc 

containing structures, while sWGA bound only GlcNAc-containing structures 

(Monsigny et al., 1979).  

Overall, these data showed that the PRRs were functional in terms of their binding 

on the microarray platform. 
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Fig. 4.1. Quality control analysis of PRR microarray using fluorescently labelled NGCs, proteins and bacteria. Bars represent binding of AF555 

labelled 3SLacHSA, 3SuleaBSA, invertase, GlcNAc-BSA and fetuin. E. coli and SYTO® 82 stained S. epidermidis to PRRs printed on the microarray 

surface. Each bar represents the average binding intensity from one experiment. 
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4.3.2. Bacteria titrations on the PRR microarray platform 

To establish a cell concentration which produced a good signal to noise ratio on the 

PRR microarray, SYTO® 82 stained cells were titrated in TBS-T and incubated on 

the PRR microarray platform (Fig. 4.2). To achieve a binding signal detectable by 

our scanner and low background, 20 μL of S. aureus Mn8m and BH1CC, and A. 

baumannii diluted in 50 μL TBS-T was chosen for the dilution factor for PRR 

microarray triplicate experiments (Fig. 4.2 (B), (C) and (D)). S. aureus 8325-4 

diluted 30 μL with 40 μL TBS-T was also chosen for future experiments (Fig. 4.2 

(B). Overall, PRRs bound to S. aureus Mn8m, 8325-5 and BH1CC WT and Mn8 

∆ica and A. baumannii WT and ∆pga in a concentration manner except for 

MBL/DCSIGN and MBL/CLEC10A where binding was not concentration 

dependent (Fig. 4.2).  

4.3.3. Screening for PRR-S. aureus 8325 and Mn8m interactions 

To screen for potential PRRs that bound to MSSA and to help elucidate specific 

interactions attributed to the presence of PNAG, S. aureus 8325-4 WT and ∆ica and 

Mn8m WT and Mn8 ∆ica were incubated on the PRR microarray and assessed for 

interactions with PRRs (Fig. 4.3 (A) and (B)). WGA, sWGA, DC-SIGN, DC-

SIGNR, DC-SIGN/DC-SIGNR, LSECtin, MMR, ficolin-3, CD14, MBL/DC-SIGN 

and MBL/CLEC10A all bound to S. aureus Mn8m and 8325-4 WT. The ∆ica 

mutants displayed reduced binding to CD14, MBL/DC-SIGN, MBL/CLEC10A, 

WGA and sWGA for both S. aureus 8325-4 ∆ica and Mn8 ∆ica compared to S. 

aureus 8325-4 WT and Mn8m WT, respectively. However, this reduction in binding 

was not statistically significant. WGA did not bind to S. aureus Mn8m to a similar 

fluorescence intensity as seen in previous experiments (Chapter 2 and Chapter 3), 

which suggested that there was a lower amount of GlcNAc containing 

polysaccharides (such as PNAG) on the cell surface in this preparation compared to 

previous experiments and signals seen for the WT may have been lower than 

expected (Fig. 4.3). In terms of selecting a PRR to further investigate for potential 

PNAG modulation of binding and potential impact on immune signalling for the 

bacteria, MBL/DC-SIGN and MBL/CLEC10A were not considered due to their non-

concentration dependent binding (Fig. 4.2) while CD14, which did show 
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concentration dependent binding and a decrease in binding intensity in the absence 

of PNAG, was selected as the PRR candidate for further investigation. 
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Fig. 4.2. S. aureus Mn8m WT and ∆ica titration on the PRR microarray. Bar chart represents (A) S. aureus Mn8m WT and ∆ica, (B) S. aureus 8325-4 

WT and ∆ica, and (D) S. aureus WT titrated 50, 40, 30 and 20 μL to give a final volume of 70 μL and (C) A. baumannii WT and ∆pga WT titrated 50 and 20 

μL to give a final volume of 70 μL on the PRR microarray platform. Bar chart represents one experiment, and data per PRR from one experiment represents 

the median of six data points. 
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Fig. 4.3. PRR microarray profile of S. aureus 8325-4 and Mn8m WT and ∆ica. Bar charts represent binding intensities of S. aureus 8325-4 WT to PRRs 

printed on the PRR microarray platform after (A) 8325-4 WT and ∆ica grown in BHI NaCl and (B) S. aureus Mn8m WT and Mn8 ∆ica grown in BHI 

glucose. Bar charts represent the mean of three technical experiments with error bars of +/- one SD of the mean. 
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4.3.4. Assessment of glycoclusters sos2210 and sos2254 for modulating S. 

aureus–PRR interactions 

In Chapter 3, a variety of glycoclusters were used to modulate WGA binding to 

whole bacteria demonstrating that the microarray platform was suitable for 

measuring glycocluster inhibition of lectin interactions. To advance this study, two 

glycoclusters were assessed to elucidate their potential in modulating human lectin- 

(PRR-)bacteria interactions.  

Glycoclusters sos2210 and sos2254 were incubated with S. aureus Mn8m and then 

on to the PRR microarray platform (Fig 4.4 (A) and (B)). As a control, the 

glycocluster solvent, DMSO, was added to S. aureus Mn8m without any 

glycoclusters in the same concentration used to solubilise the glycoclusters. Addition 

of DMSO or compounds at 0.1 mM did not significantly impact any PRR binding to 

S. aureus Mn8m (Fig 4.4 (A)). Similarly, 0.1 mM of sos2210 or sos2254 did not 

alter PRR binding to S. aureus 8325-4, except 0.1 mM of sos2254 did reduce 

binding of CD14 to S. aureus 8325-4 WT, although this inhibition was not 

significant. However, addition of DMSO and both compounds did reduce S. aureus 

WGA binding to S. aureus 8325-4 (Fig. 4.4 (B)). This impact on WGA binding in 

the presence of DMSO was not observed before in Chapter 3. Therefore, these 

results show that glycoclusters sos2210 and sos2254 at 0.1 mM concentrations do 

not modulate PRR binding to S. aureus Mn8m but may modulate binding of S. 

aureus 8325-4 to CD14. However, this latter effect may have been influenced by the 

presence of DMSO rather than the glycocluster itself. Based on the data from 

Chapter 3, it is likely that higher concentrations (1 mM) would be required to inhibit 

GlcNAc mediated interactions with PRRs but due to lack of glycocluster availability, 

only 0.1 mM was assessed. 
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Fig. 4.4. PRR microarray profile of S. aureus 8325-4 and Mn8m WT and ∆ica with 0.1 mM sos2210 and sos2254. Bar charts represent binding 

intensities of (A) S. aureus 8325-4 WT and (B) S. aureus Mn8m to PRRs with and without the addition of 0.1 mM sos2210, sos2254 and DMSO (control). 

Bar charts represent the mean of three technical experiments with error bars of +/- one SD of the mean. 
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4.3.5. Effect of PNAG presentation on PRR recognition 

As the absence of PNAG on the cell surface exposes other carbohydrate structures 

on the bacterial cell surface that also bind to PRRs, a difference in PRR binding 

between the WT and ∆ica mutants may not reveal all PRR interactions in which 

PNAG has a role. Therefore, a PNAG preparation purified from S. aureus Mn8m 

(gifted by Prof. G. Pier, Harvard) was screened for PRR interactions. It is important 

to note that this PNAG preparation contained approximately 0.35% LTA (Chapter 3 

section 3.3.6). As the primary component of this cell surface preparation was PNAG, 

from here onwards this preparation is denoted as PNAG.  

PNAG can be found bound to the bacterial surface or secreted in to the surrounding 

environment. To mimic PNAG in these two different structural conformations that 

would be physiologically similar to PNAG in a biofilm matrix, two labelling 

strategies were adopted; direct labelling of PNAG with AF555 via the free amine 

groups on PNAG (secreted PNAG) and immobilising PNAG (surface-bound) on a 1 

μm fluorescent bead (FluoSphere).  

PNAG-AF555 was titrated on the PRR microarray to establish high fluorescent 

binding signals and low background fluorescence and as 4:20,000 dilution gave the 

highest signal and minimal background fluorescence, this dilution was chosen for 

further experiments (Fig. 4.5 (A)). The maximum fluorescence detected by the 

microarray scanner was 65,000 RFU. PNAG-FS at 50, 40 and 30 μL emitted too 

high of a fluorescence when bound to P-selectin, DC-SIGNR, LSECtin, ficolin-3, 

CD14, MBL/DC-SIGN, WGA and sWGA. Therefore, PNAG-FS were standardised 

to an absorbance at 595 nm of approximately 1.0, resuspended in 500 μL TBS-T and 

diluted 20 μL to a final volume of 70 μL TBS-T to be detected on the PRR 

microarray and give bead numbers similar to cell numbers of S. aureus Mn8m 

incubated on the PRR microarray (Fig 4.5 (B)).  

DC-SIGNR, CD14, MBL/DC-SIGN and MBL/CLEC10A bound to PNAG-AF555 

and PNAG-FS (Fig. 4.5 (C)). LSECtin bound preferentially to PNAG-FS compared 

to PNAG-AF555 suggesting that LSECtin preferentially recognised PNAG on 

spherical surfaces, such as on bacteria, rather than in suspension. Interestingly, 

sWGA had greater specificity towards PNAG-AF555 and PNAG-FS compared to 
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WGA. Overall, these results suggest that several PRRs bind selectively to PNAG 

itself and the presentation of the PNAG polysaccharide may promote or reduce these 

interactions, possibly by altering the polysaccharide conformation to increase or 

decrease accessibility to particular ligands or sections. However, it must be noted 

that the trace LTA present in the PNAG preparation may have contributed to one or 

more of these interactions.  

Attachment of PNAG on to FluoSpheres required a large quantity of PNAG and 

quantities available were quite limited in this study. Therefore, subsequent cell-based 

studies were carried out with PNAG-AF555 or unlabelled PNAG preparation only 

by necessity. 
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Fig. 4.5. PRR microarray profile of PNAG-AF555 and PNAG-FS. Bar charts represent (A) PNAG-AF555 diluted 1-4:20,000 dilution, (B) PNAG-FS 

titrated 50, 40, 30 and 20 μL to give a final volume of 70 μL and (C) PNAG-AF555 diluted 4:20,000 and PNAG-FS diluted  20 μL to give a final volume of 

70 μL on the PRR microarray platform. Titrations (A) and (B) were 1 experiment, and data per PRR from one experiment represents the median of six data 

points. Bar chart in figure (C) represents the mean of three technical experiments with error bars of +/- one SD of the mean.
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4.3.6. Assessment of glycoclusters sos2210 and sos2254 for modulating PNAG–

PRR interactions  

Glycoclusters sos2210 and sos2254 significantly (P ≤ 0.01) promoted CD14 binding 

to PNAG-AF555 by 81% and 73%, respectively, compared to PNAG-AF-555 in 

DMSO. Furthermore, glycoclusters sos2210 significantly increased MBL/CLEC10A 

binding to PNAG-AF555, compared to PNAG-AF555 in DMSO. Glycocluster 

sos2254 also increased binding MBL/CLEC10A binding to PNAG-AF555, but this 

increase was not significant. (Fig. 4.6). Sos2210 and sos2254 increased binding to 

DC-SIGN, DC-SIGN/DC-SIGNR and, however the increased binding for DC-SIGN 

and DC-SIGN/DC-SIGNR was due to the presence of DMSO and not the 

glycoclusters. At 0.1 mM, glycocluster sos2210 reduced WGA and sWGA binding 

to PNAG by 78% and 61% respectively, but glycocluster sos2254 had little impact 

on binding. These results suggest that although glycoclusters, such as sos2210, may 

decrease plant lectin binding to PNAG, it does not necessarily mean it will inhibit 

human lectin (PRR) interactions. The increase in binding in the presence of the 

GlcNAc glycoclusters may signify a change in the conformation of the PRRs, which 

subsequently increased PRR binding to PNAG, or the creation of a ‘binding bridge’ 

between the PRR and the PNAG. In the latter case, both PRR and PNAG would bind 

to the glycoclusters, probably at different sites on the glycoclusters, which would 

facilitate and increased number of PNAG molecules binding to the PRRs.  

4.3.7. Screening for PRR-A. baumannii S1 interactions  

A. baumannii WT and ∆pga were incubated on the PRR microarray platform and 

assessed for interactions (Fig. 4.7). We chose a fluorescent intensity cut-off of 600 

RFU (approximately three times the average background fluorescent intensity) to 

focus on high binders. Siglec-1, DC-SIGN, DC-SIGNR, DC-SIGN/DC-SIGNR, 

dectin-1, dectin-2, LSECtin, MMR, ficolin-1,-2, and -3, MBL, TLR2, TLR4, CD14, 

TLR2/4, TLR2/6, TLR2/CD14, TLR4/6, TLR6/CD14, MBL/DCSIGN and 

MBL/CLEC10A all bound to A. baumannii WT. A. baumannii ∆pga displayed 

reduced binding to the PRRs siglec-1, DC-SIGN, dectin-1, dectin-2, LSECtin, 

TLR2/4, TLR2/6 and TLR2/CD14 compared to the WT strain. This result suggested 

that PNAG, may be involved in these interactions. Interestingly, TLR2 printed in 
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combination with other TLRs, but not printed in isolation, promoted the recognition 

of A. baumannii WT compared to the ∆pga mutant strain. Thus, this indicated that 

TLR2 in combination with another TLR may be important for the recognition of 

PNAG. Surprisingly, WGA and sWGA bound to A. baumannii WT and ∆pga 

equally, in agreement with the observations in Chapter 2. Similarly, A. baumannii 

WT and ∆pga did not bind differentially to CD14 (Fig. 4.7), unlike S. aureus Mn8m 

and 8325-4 (Fig. 4.3). These data further supported the previous suggestion in 

Chapter 2 of different presentation or accessibility of PNAG on the cell surface of 

the Gram-negative A. baumannii compared to the Gram-positive S. aureus which 

impacts on biological recognition as demonstrated here and may further 

subsequently impact on the ensuing biological function   
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Fig. 4.6. PRR microarray profile of PNAG-AF555 with 0.1 mM sos2210 and sos2254. Bar charts represent binding intensities of  PNAG-AF555 to PRRs 

with and without the addition of 0.1 mM sos2210, sos2254 and DMSO (control). Bar charts represent the mean of three technical experiments with error bars 

of +/- one SD of the mean.
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Fig. 4.7. PRR microarray profile of A. baumannii WT and ∆pga. Bar charts represent binding intensities of A. baumannii WT and ∆pga to PRRs printed 

on the PRR microarray platform after growth in BHI glucose. Bar charts represent the mean of three technical experiments with error bars of +/- one SD of 

the mean.
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4.3.8. Screening for MRSA BH1CC WT and ∆ica binding to PRRs  

Before incubation on the PRR microarray, S. aureus BH1CC was grown in BHI 

NaCl to promote ica transcription. Even though there is no evidence to suggest that 

this translated into PNAG production (O’Neill et al., 2007; Chapter 2, section 2.3.1), 

we wanted to elucidate whether ica transcription would influence PRR binding to 

this MRSA strain. DC-SIGN, DC-SIGNR, DC-SIGN/DC-SIGNR, dectin-1, dectin-2, 

LSECtin, MMR, ficolin 3, CD14, MBL/DC-SIGN and MBL/CLEC10A bound to S. 

aureus BH1CC WT and ∆ica (Fig. 4.8) which suggested that these PRRs recognised 

surface structures on this MRSA bacterium. While there was very little difference in 

binding intensity of the WT and ∆ica mutant to the PRRs, interestingly LSECtin 

bound significantly (P ≤ 0.01) fewer S. aureus ∆ica mutant cells compared to the 

WT. Mutation of the ica operon in S. aureus BH1CC resulting in a 32% decrease in 

LSECtin binding to this S. aureus strain. This altered LSECtin binding indicated that 

ica transcription may alter the expression or production of a cell surface ligand(s) 

that is not PNAG.   

4.3.9. Selection of PRR for investigation of PNAG modulation 

CD14 bound to MSSA strains in concentration-dependent manner, differentially 

bound to ∆ica mutant MSSA strains compared to MSSA WT strains and consistently 

bound to PNAG presented in two formats. Therefore, CD14-PNAG binding was 

chosen to further investigate the signalling consequences of this interaction.  
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Fig. 4.8. S. aureus PRR microarray profile of S. aureus BH1CC WT and ∆ica. Bar chart represents binding intensities of S. aureus WT and ∆ica to PRRs 

printed on the PRR microarray platform after growth in BHI NaCl. Bar chart represents the mean of three technical experiments with error bars of +/- one SD 

of the mean.
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4.3.10. Validation of PRR-dependent signalling response of THP1-Blue-CD14 

cells 

THP1-Blue-CD14 cells (THP1 cells) are derived from the THP1-Blue cell line, 

which are derived from the human monocytic THP-1 cell line. THP1 cells stably 

overexpress CD14 and express all TLRs, but respond only to ligands for TLR2, 

TLR1/2, TLR2/6, TLR4, TLR5 and TLR8, according to the manufacturer’s 

specifications. Furthermore, THP1 cells express an NF-κB- and AP-1-inducible 

secreted embryonic alkaline phosphatase (SEAP) reporter gene. As TLR activation is 

often aided by CD14 and results in NF-κB/AP-1 activation and the production of 

SEAP, the SEAP concentration produced by this cell line the culture supernatant is 

quantified using a colourimetric assay to determine SEAP activity and indicative of 

TLR activity (Fig. 4.9 (A)).  

To establish that the THP1 cell line was functionally responding to TLR stimuli, 

FSL-1 (TLR2/6 agonist), SA-LTA (TLR2 agonist), LPS (TLR4 agonist) and HKLM 

(TLR2 agonist) were incubated with the cell line for 20 hours (Fig. 4.9 (B)). NF-

κB/AP-1 activation was concentration-dependent for each agonist and unlabelled 

PNAG also promoted NF-κB/AP-1 activation in a concentration-dependent manner. 

To confirm that anti-PRR antibodies were neutralising specific PRR-mediated 

signalling response, several anti-PRR antibodies were tested to block NF-κB/AP-1 

activation caused by an agonist specific for each TLR (Fig. 4.10). Anti-TLR1 and 

anti-TLR2 antibodies separately alone reduced NF-κB/AP-1 activation caused by 

Pam3CSK4 (TLR1/2 agonist) by 76% and 91%, respectively. Anti-TLR4 and anti-

CD14 antibodies separately alone reduced NF-κB/AP-1 activation caused by LPS by 

75% and 87%, respectively. Anti-TLR6 antibody reduced NF-κB/AP-1 activation 

caused by FSL-1 by 27%. Incubation of THP1-Blue-CD14 cells with IgG1 and 

IgG2B isotype controls did not promote NF-κB/AP-1 activation. Thus specific anti-

PRR antibodies were functional in blocking NF-κB/AP-1 activation mediated by 

their respective PRR. 
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Fig. 4.9. THP1-Blue-CD14 cell assay depiction and assay to confirm functionality. (A) 

TLR agonists incubated with THP1 cells activate NF-κB/AP-1 resulting in the secretion of 

SEAP. The quantity of SEAP is directly proportional to NF-κB/AP-1 activation. SEAP is 

detected in the assay via QUANTI-Blue™  – a colourmetric enzyme assay used to determine 

alkaline phosphatase in an assay. Colour change to purple/blue can be quantitatively 

determined with a spectrophotometer. Addition of a neutralising antibody against CD14 

and/or TLRs reduces NF-κB/AP-1 and thus SEAP in the assay. (B) THP1 cells were 

incubated with PNAG preparation at 1 and 10 μg/mL, FSL-1 (TLR2/6 agonist) at 0.001 and 

0.01 μg/mL, SA-LTA (TLR2 agonist) at 0.1 and 1 μg/mL, LPS (TLR4 agonist) at 0.001 and 
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0.01 μg/mL and HKLM (TLR2 agonist) at 1 x 106 cells/mL and 1 x 107 cells/mL for 20 h. 

Cell culture supernatant was added to QUANTI-Blue™ reagent to quantify SEAP and AP 

activity (absorbance at 650 nm). Bar charts represent the absorbance of each sample at 659 

nm in three biological replicates with error bars representing +/- one SD of the mean of the 

three biological replicates. 

 

Fig. 4.10. Elucidation of the functionality of anti-TLR and anti-CD14 antibodies. THP1 

cells were incubated with antibodies against TLR1, TLR2, TLR4, TLR6 and CD14 to give a 

final concentration of 10 μg/mL per well. Following a 20 h incubation, cell culture 

supernatants were added to QUANTI-Blue™ and absorbance was read at 650 nm. Isotype 

control antibodies IgG1 and IgG2B were added to cells to give a final concentration of 10 

μg/mL per well to verify no agonistic effect. Error bars represent +/- one SD of the mean of 

three biological replicates. 

 

4.3.11. Assessment of PNAG-mediated signalling response on A. baumannii and 

S. aureus whole cells 

To make sure that bacteria would not kill the cell line due to virulence factors such 

as toxins, bacteria were heat-killed prior to incubation with THP1 cells. Heat-killed 

cells were spotted on to PVDF membrane to confirm the presence or absence of 

PNAG with an anti-PNAG antibody (Fig. 4.11 (A)). PNAG was present on S. aureus 

Mn8m and 8325-4 and A. baumannii WT strains and no PNAG was detected on S. 

aureus Mn8m ∆ica and 8325-4 ∆ica and A. baumannii ∆pga cells.  



265 
 

S. aureus 8325-4 and Mn8m WT and ∆ica were incubated with THP1 cells at 1, 2.5 

and 5 x 106 cells/mL, while A. baumannii WT and ∆pga were incubated with THP1- 

cells at 1, 2.5 and 5 x 104 cells/mL to achieve comparable results after 20 h 

incubation periods (Fig. 4.11 (B)). The S. aureus ∆ica mutants significantly reduced 

NF-κB/AP-1 activation compared to the WT strain for Mn8m at 5 x 106 cells/mL by 

65%, and 8325-4 at 2.5 and 5 x106 cells/mL by 49% and 54% respectively. On the 

other hand, NF-κB/AP-1 activation by the A. baumannii ∆pga mutant was not 

significantly different compared to the WT strain at 1, 2.5 and 5 x 104 cells/mL (Fig. 

4.11 (B)). Therefore, these data showed that at higher cell concentrations, PNAG on 

S. aureus 8325-4 and Mn8m promoted NF-κB/AP-1 activation while PNAG on A. 

baumannii did not influence NF-κB/AP-1 activation at the cell concentrations tested 

in this assay (Fig. 4.11 (B)).  

Overall, as PNAG was confirmed to be present in both S. aureus and A. baumannii 

WT strains (Fig. 4.11 (A)) but only altered cell activation in the case of S. aureus 

strains (Fig. 4.11 (B)), these data support the previous suggestions (sections 2.3.7 

and 4.3.7) differences in PNAG presentation or structural modifications on Gram-

positive versus Gram-negative cell surfaces with subsequent different effects on 

biological signalling response.  
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Fig. 4.11. THP1-Blue-CD14 cell assay with heat-killed bacteria, with and without 

PNAG on the cell surface. (A) Dot blot of heat killed S. aureus Mn8m WT/∆ica and A. 

baumannii WT/∆pga grown in BHI glucose and S. aureus 8325-4 WT/∆ica grown in BHI 

NaCl. The presence of PNAG on WT bacteria and the absence on ∆ica /pga mutants was 

then confirmed with and anti-PNAG primary antibody (F598) and rabbit anti-human-HRP 

labelled secondary antibody. Samples were spotted in triplicates. (B) Heat killed S. aureus 

WT/∆ica were added to THP1 cells in S. aureus final concentrations of 1, 2.5 and 5 x 106 

cells/mL, and A. baumannii added at concentrations of 1, 2.5 and 5 x 104 cells/mL for 20 h 

incubations. Cell culture supernatants were added to QUANTI-Blue™ and NF-κB/AP-1 

activation was quantified after 4 h incubation by reading absorbance at 650 nm. Error bars 

represent +/- one SD of the mean of three biological replicates. * p ≤ 0.05, Student t test. 

 

4.3.12. Assessment of THP1-Blue-CD14 NF-κB/AP-1 activation by PNAG 

preparation from S. aureus Mn8m and A. baumannii  

Next we wanted to elucidate whether PNAG without the bacterial cells would have 

any effect on NF-κB/AP-1 activation. THP1 cells were incubated with antibodies 

against different TLRs for 30 minutes prior to incubation with 10 µg/mL of the 

PNAG preparation from S. aureus Mn8m (SA-PNAG). Antibodies against TLR2 
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and CD14 had the most substantial impact in reducing NF-κB/AP-1 activation 

followed by antibodies against TLR6 and TLR1. Thus, CD14 and TLR2 were likely 

the main ligands involved in binding to the SA-PNAG preparation and caused NF-

κB/AP-1 activation. TLR1 and TLR6 were also involved but to a lesser degree 

compared to CD14 and TLR2 (Fig 4.12). 

Fig. 4.12. Assessment of TLR-mediated THP1 cell NF-κB/AP-1 activation by SA-PNAG 

preparation. THP1 cells were incubated with antibodies against TLR1, TLR2, TLR4, TLR6 

and CD14 to give a final concentration of 10 μg/mL per well and incubated with cells for 30 

min at 37 °C with 5% CO2. PNAG was added to each well to give a final concentration of 10 

μg/mL. Following a 20 h incubation at 37°C with 5% CO2, cell culture supernatants were 

added to QUANTI-Blue™ reagent to quantify SEAP and AP activity (absorbance at 650 

nm). Graph represents three biological experiments and error bars represent SD of the mean. 

 

However, as there was trace LTA quantities (0.35%) in the SA-PNAG preparation 

(section 3.3.6), different treatments were carried out on the polysaccharide to 

discriminate the source of the NF-κB/AP-1 signalling response (Fig. 4.13 (A)). SA-

PNAG was treated with lysozyme to degrade any contaminating peptidoglycan and 

GlcNAc-β-(1,4)-GlcNAc linkages (Pangburn et al., 1982). However, it should be 

noted that S. aureus peptidoglycan is highly resistant to lysozyme digestion due to 

O-acetylation of C-6 of N-acetylmuramic acid in peptidoglycan (Szweda et al., 

2012). SA-PNAG was also treated with hydrogen peroxide to break down lipids (Seo 
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& Nahm, 2009), sodium metaperiodate to break down carbohydrates (Kristiansen et 

al., 2010) and NaOH was used to deacetylate SA-PNAG (Maira-Litrán et al., 2005), 

however, NaOH would have also broken down any lipid content in the SA-PNAG 

preparation via saponification (Ryu et al., 2009). Because PNAG from A. baumannii 

(AB-PNAG) is highly deacetylated (50% compared to 5% for S. aureus Mn8m), 

AB-PNAG was also treated to acetylate the PNAG.  

SA-PNAG promoted NF-κB/AP-1 activation, however, enzymatic treatment of SA-

PNAG with lysozyme reduced NF-κB/AP-1 activation by half (Fig. 4.13 (A)). Dot 

blot analysis of SA-PNAG and AB-PNAG confirmed the absence of peptidoglycan 

in the preparations, therefore, lysozyme treatment may have enzymatically cleaved 

β-(1,4) GlcNAc linkages that were not associated with peptidoglycan, present in the 

SA-PNAG preparation that contributed to NF-κB/AP-1 activation (Fig. 4.13 (B)). 

Hydrogen peroxide treatment of PNAG completely abolished NF-κB/AP-1 

activation (Fig. 4.13 (A)), which demonstrated that lipids were responsible for the 

cell activation. Sodium metaperiodate treatment of SA-PNAG had no effect on NF-

κB/AP-1 activation, which confirmed that the activation was not due to the 

polysaccharide. Furthermore, NaOH treatment of SA-PNAG abolished any NF-

κB/AP-1 signalling (Fig. 4.13 (A)). Since highly deacetylated PNAG from AB-

PNAG did not cause NF-κB/AP-1 activation, we hypothesized that NaOH treatment 

of the SA-PNAG preparation caused saponification of the lipid content in 

preparation, which resulted in no NF-κB/AP-1 activation.  

AB-PNAG did not activate THP1 cells (Fig. 4.13 (A)). As the only difference in 

structures between AB-PNAG and SA-PNAG was in the degree of deacetylation, 

with SA-PNAG having approximately 95% acetylation (Maira-Litrán et al., 2002) 

and AB-PNAG 60% acetylation (Choi et al., 2009), AB-PNAG was acetylated and 

incubated with THP1 cells. Chemically acetylated AB-PNAG did not promote NF-

κB/AP-1 signalling (Fig. 4.13 (A)). Therefore, differences in the degree of PNAG 

acetylation did not contribute to NF-κB/AP-1 signalling and also eliminated the 

possibility of a lower degree of acetylation, and high degree of deacetylation, 

shielding PNAG from detection by CD14 and/or TLRs to reduce NFκB/AP-1 

activation and signalling. 
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Fig. 4.13. THP1-Blue-CD14 cell assay with chemically treated SA- and AB-PNAG. (A) 

PNAG from S. aureus Mn8m at 100 µg/mL was treated with hydrogen peroxide, lysozyme 

PNAG and NaOH. PNAG from A. baumannii was treated with 1:1 methanol: 10% acetic 

acid and added to a 1:1 solution of pyridine:acetic for acetylation. Digested, undigested and 

control samples were dialysed against H2O and incubated with THP1 cells for 20 h. Graph 

represents biological triplicates and error bars represent SD of the mean. (B) Dot blot for 

peptidoglycan using 2 µL spots of 100 µg/mL PNAG from A. baumannii (L1), 100 µg/mL  

SA-PNAG (L2) and 8 x 108 cells/mL heat killed S. aureus Mn8m WT (L3). Mouse anti-

peptidoglycan, followed by HRP-labelled was used to detect peptidoglycan following 

addition of ECL to the membrane and chemiluminescence imaging.  
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Overall, this result suggested that neither SA-PNAG nor AB-PNAG promoted CD14 

and/or TLR mediated NFκB/AP-1 in THP1-XBlue-CD14 cells. Thus, differences in 

activation of S. aureus and A. baumannii in the presence of PNAG are not due the 

slightly different structures of SA-PNAG and AB-PNAG (in terms of their degrees 

of acetylation), but rather are likely to be in the different presentation and subsequent 

biological recognition of the PNAG on the respective cell surfaces. 

4.3.13. The effect of the ica operon on surface lipid composition of S. aureus 

The data suggested that the ica operon, and therefore PNAG expression, on the 

surface of S. aureus promoted NF-κB/AP-1 activation but not in the case of A. 

baumannii (Fig. 4.11). We also showed that SA-PNAG bound to PRRs but SA-

PNAG and AB-PNAG was not directly responsible for NF-κB/AP-1 activation. This 

implied that the cell surface PNAG is presented in such a manner on A. baumannii 

surface as to not activate or modulate NF-κB/AP-1 signalling responses, i.e. AB-

PNAG does not take part in facilitating PRR dimerisation or forming complexes of 

the PRRs on host cell surfaces that initiate the cell signalling responses. In contrast, 

PNAG on the cell surface of S. aureus may be presented in a manner to facilitate 

modulation of PRR complex formation on host cell surfaces that increased signalling 

response. 

On the other hand, S. aureus BH1CC, which does not express PNAG, demonstrated 

slightly different PRR interactions for the ∆ica mutant compared to the WT (section 

4.3.8) which implied that the ica operon may impact on the expression of other 

surface structures. Since SA-PNAG and AB-PNAG by themselves did not promote 

NF-κB/AP-1 activation, we investigated further to establish whether lipids such as 

LTA on the surface of S. aureus were affected by mutating the ica operon. Dot blot 

analysis of heat-killed S. aureus 8325-4 and Mn8m using a mouse anti-LTA 

antibody demonstrated a reduction of approximately 50% in LTA expression from 

ica mutants compared to the WT strains (Fig. 4.14 (A) and (B)). Although these data 

are only preliminary results and would require multiple biological repeats to confirm, 

this results provides preliminary data to suggest that the ica operon may have a role 

in influencing the regulation of LTA expression in S. aureus strains. Alternatively, 

the surface area occupied by the Ica protein machinery may affect the surface 
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composition when it is absent in the ∆ica mutant, even if the ica operon itself does 

not regulate the expression of other surface structures.  

Fig. 4.14. Dot blot assay to detect LTA present on heat-killed S. aureus Mn8m and 

8325-4 WT and ∆ica. (A) LTA present on S. aureus Mn8m and 8325-4 WT and ∆ica was 

detected using dot blot method with a mouse anti-LTA primary antibody and HRP-labelled 

goat anti-mouse secondary antibody. ECL reagent was added to the membrane and 

chemiluminescence was imaged. Samples were spotted in duplicates. (B) Densitometry of 

each spot was carried out using ImageJ software and the SD of the mean of the two spots 

was calculated to give error bars. 

4.3.14. Assessment of THP1-Blue-CD14 NF-κB/AP-1 activation by A. baumannii 

whole cells 

Results from PRR microarrays (Fig. 4.7) suggested that TLR2 in combination with 

other TLRs and/or CD14 bound to A. baumannii, and TLR2 in combination with 

other TLRs and/or CD14 had lower binding to the pga mutant compared to the WT 

strain, suggesting that PNAG may have been involved in these interactions. To 

elucidate further, antibodies against TLR2 with and without other anti-TLR and anti-

CD14 antibodies were used to neutralise A. baumannii-mediated NFκB/AP-1 

activation to elucidate the TLR combinations involved in this signalling response 

(Fig. 4.14). Blocking TLR2 completely abolished NF-κB/AP-1 activation implying 

that TLR2 was an important receptor involved in NF-κB/AP-1 for A. baumannii and 

this was independent of the presence of PNAG. Therefore, PNAG most likely did 

not contribute to TLR2 mediated NF-κB/AP-1 activation or, if it did, NF-κB/AP-1 

may be activated by other cell surface molecules exposed in the absence of PNAG, 

as TLR2 recognises a wide range of Gram-negative bacterial cell wall components 

including peptidoglycan, lipoproteins, etc. Based on PRR microarray data (Fig. 4.7), 
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PNAG promoted binding to TLR2/4 and TLR2/6, however, Fig. 4.15 indicated that 

other cell surface components on A. baumannii are more potent NF-κB/AP-1 

activators via TLR2. Furthermore, PNAG binding to TLR2/4 and TLR2/6 does not 

necessarily mean TLR activation and consequent NF-κB/AP-1 activation. It may 

even be inhibitory in some contexts. 

Fig. 4.15. Assessment of TLR-mediated THP1 cell NF-κB/AP-1 activation by A. 

baumannii WT and ∆pga. THP1 cells were incubated with antibodies against TLR1, TLR2, 

TLR4, TLR6 and CD14 to give a final concentration of 10 μg/mL per well and incubated for 

30 min at 37 °C with 5% CO2. PNAG was added to each well to give a final concentration of 

10 μg/mL. Following a 20 h incubation at 37°C with 5% CO2, cell culture supernatants were 

added to QUANTI-Blue™ reagent to quantify SEAP and AP activity (absorbance at 650 

nm). Graph represents three biological experiments and error bars represent SD of the mean. 

 

4.3.15. Localisation of PNAG from S. aureus Mn8m and A. baumannii on THP1 

cells  

CD14 bound to PNAG producing S. aureus and fluorescently labelled PNAG, 

therefore, we used an imaging flow cytometer to determine whether CD14 co-

localised with SA-PNAG-AF555 and AB-PNAG-AF555. Pre-blocking CD14 using 

anti-CD14 antibody was also assessed to determine any reduction in potential PNAG 

binding to THP1 cells. The same concentration of PNAG from S. aureus Mn8m and 
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A. baumannii was incubated with cells, but images showed greater overall 

fluorescence intensity for AB-PNAG compared to SA-PNAG (Fig. 4.16 (A, iii) and 

(B, iii)). This is likely due to the higher degree of deacetylation on AB-PNAG 

compared to SA-PNAG, which left a higher number of free amines for labelling, 

thus producing higher fluorescence compared to SA-PNAG.  

Upon co-incubation of SA-PNAG and AB-PNAG with THP1 cells and subsequent 

labelling with anti-CD14, it was clear that the receptor and polysaccharide did not 

co-localise (Fig 4.16 (A (iii) and (iv) and B (iii) and (iv)). Further, it was clear that 

the PNAG preparations from both S. aureus and A. baumannii had been internalised 

by the cells while all CD14 was located on the cell surface only. Addition of a CD14 

neutralising antibody prior to incubation with SA-PNAG or AB-PNAG did not 

reduce binding of either PNAG preparations to THP1 cells (Fig. 4.16 (A (i) and (ii) 

and B (i) and (ii)).  

Overall these results suggest that both SA-PNAG-AF555 and AB-PNAG-AF555 

were internalised by THP1 cells cell, possibly by phagocytosis or PNAG-mediated 

penetration. The mechanism may not involve CD14 as pre-blocking CD14 with an 

antibody did not alter PNAG internalisation. To the best of our knowledge, this is the 

first report of PNAG internalisation by a monocyte in the absence of the whole 

bacteria.  
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Fig. 4.16. Localisation of SA- and AB-PANG on THP1 cells using imaging flow cytometry. (A) Flow cytometry analysis of SA-PNAG on THP1 cells. (i) 

Flow cytometry analysis of THP-1 cells with SA-PNAG-AF555 incubated with H2O (yellow), THP1 cells incubated with SA-PNAG-AF555 pre-incubated 

with anti-CD14 (orange) and THP1 cells incubated with SA-PNAG-AF555 and anti-CD14-AF647 (red). (iii) Bar charts depicting median fluorescence 

intensities of SA-PNAG-AF555 on THP1 cells from flow cytometry analysis depicted in (i). (iii) Flow cytometry microscope images of THP1 cells incubated 
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with SA-PNAG-AF555 and anti-CD14-AF647. (iv) Bright detail similarity R3 feature that compared the small bright image detail of images of THP1 cells 

incubated with SA-PNAG-AF555 and anti-CD14-AF647. Similarity Bright Detail values of 1 have no significance and values of 3 or more indicate a high 

degree of correlation. Brightfield (BF). B (i), (ii) and (iii) depict the same images and samples as described above, but AB-PNAG-AF555 was used instead of 

SA-PNAG-AF555.
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4.3.16. Assessing the effect of PNAG located on S. aureus and A. baumannii on 

cytokine and chemokine production by THP1 cells 

To elucidate whether the decrease in NF-κB/AP-1 activation seen for S. aureus ∆ica 

mutant strains (Fig. 4.11) resulted in a change in signalling response, the 

supernatants from THP1 cells incubated with heat-killed bacteria were analysed for 

cytokine and chemokine expression, initially by multiplexed ELISA screening and 

based on the multiplex ELISA, quantitative ELISAs for two selected chemokines 

(RANTES and IL-8) and one cytokine (IL-1β) was carried out. As SA-PNAG and 

AB-PNAG did not promote NF-κB/AP-1 activation in THP1 cells (Fig. 4.13), these 

preparations were not included in multiplexed screening or ELISA quantification 

assays.  

To identify cytokines and chemokines expressed by THP1 cells in the presence of 

whole S. aureus WT and ∆ica mutant cells, THP1 cell supernatants were screened 

for the expression of ten cytokines and chemokines using a multiplexed bead-based 

ELISA assay (Luminex) (Fig. 4.17 (A)). S. aureus was used initially for screening 

because differences in NF-κB/AP-1 activation were seen for ica mutants compared 

to the WT strains, which was not the case for an A. baumannii ∆pga mutant and WT 

strain. Overall, S. aureus 8325-4 and Mn8m WT significantly increased THP1 cell 

expression of CCL2/MCP-1, CXCL8/IL-8, IL-1β, ΙL-12 p70, IL-6, CCL5/RANTES, 

IFN-γ and TNF- α compared to the control (THP1 cells with endotoxin free H2O). 

PNAG expressed by S. aureus 8325-4 and Mn8m WT significantly increased 

CCL2/MCP-1, CXCL8/IL-8, IL-1β, ΙL-12 p70, IL-6, CCL5/RANTES, IFN-γ and 

TNF- α production by THP1 cells compared to S. aureus 8325-4 and Mn8 ∆ica cells 

not expressing PNAG. This suggested that the ica operon and PNAG expressed on 

the surface of S. aureus 8325-4 and Mn8m contributed to THP1 cell expression of 

CCL2/MCP-1, CXCL8/IL-8, IL-1β, ΙL-12 p70, IL-6, CCL5/RANTES, IFN-γ and 

TNF- α (Fig. 4.17 (A)). The three most significant results and the results which gave 

us the highest detectable concentrations of cytokines and chemokines were for 

CXCL8/IL-8, IL-1β and RANTES, therefore, quantitative ELISAs for the detection 

of CXCL8/IL-8, IL-1β and RANTES was carried out (Fig. 4.17 (B)). Addition of 

heat killed S. aureus 8325-4 and 8325-4 (most noticeably at cell concentrations of 5 

x 106 cells/mL) promoted CXCL8/IL-8, IL-1β and RANTES expression by THP1 
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cells compared to cells incubated with endotoxin free H2O. Furthermore, increased 

CXCL8/IL-8, IL-1β and RANTES expression was directly proportional to the 

concentration of S. aureus 8325-4 or Mn8m WT incubated with THP1 cells. The 

presence of the PNAG had the most profound effect for S. aureus Mn8m, followed 

by 8325-4 and little effect for A. baumannii. For example, when 5 x 106 S. aureus 

Mn8m WT cells were incubated with THP1 cells, this increased the production of 

IL-8, IL-1β and RANTES by 87%, 98.5% and 56%, respectively, compared to 5 x 

106 S. aureus Mn8m ∆ica cells. Similarly, 5 x 106 S. aureus 8325-4 WT cells 

increased THP1 cell production of IL-8, IL-1β and RANTES by 88%, 108% and 

40% respectively, compared to compared to 5 x 106 S. aureus 8325-4 ∆ica cells 

while A. baumannii WT at 5 x 104 cells/mL increased THP1 cell production of IL-8, 

IL-1β and RANTES by 39%, 14% and 23% compared to 5 x 104 A. baumannii ∆pga 

cells. Overall, these data show that PNAG on S. aureus promoted the production of 

cytokines and chemokines, while PNAG on A. baumannii had a less profound effect.  
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Fig. 4.17. Cytokine and chemokine response by THP1 cells in response to stimulation 

with ica positive and negative S. aureus strains 8325-4 and Mn8m. (A) Luminex 

multiplex ELISA carried out with ten different analytes. Bars represent the mean of one 
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biological assay in technical duplicate with error bars depicting +/- one standard deviation of 

the mean. (B) Quantification of expression of IL-8, IL-1β and RANTES produced by THP1-

Blue-CD14 cells in response to stimulation with different cell numbers of ica positive and 

negative S. aureus strains 8325-4 and Mn8m and pga positive and negative A. baumannii. 

Numbers following strain name on the x axis indicate the number x 106 cells for S. aureus 

strains and x 104 cells for A. baumannii. Bars represent the mean of one biological 

experiment in technical triplication with error bars of +/- one standard deviation of the mean. 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, Student t test. 
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4.4. Discussion 

Although certain PRR-bacteria interactions have been elucidated, this is the first 

study to elucidate PRR-microbial interactions on a PRR microarray. This PRR 

microarray provided high-throughput screenings for PRR interactions with two 

MSSA, one MRSA and an A. baumannii strain. Furthermore, using isogenic ica 

mutants and fluorescently labelled PNAG, we were provided with target PRR-PNAG 

interactions to focus further experiments. This research provided an insight in to 

potential PRR-mediated interactions with whole S. aureus and A. baumannii cells, 

not just PNAG.  

Certain PRRs can recognise specific carbohydrate structures associated with 

microbes to activate the innate immune system. Similarities in PRR interactions 

were seen among the three S. aureus strains used in this study. For example, DC-

SIGN, DC-SIGNR, LSECtin, ficolin-3 and CD14 bound to S. aureus, These PRRs 

also bound to A. baumannii, as well as siglec-1, dectin-1 and dectin-2, MMR, MBL, 

TLR2 and TLR4. PRRs can be soluble, such as ficolins and mannose binding lectin 

(MBL), or membrane bound, such as selectin, DC-SIGN, DC-SIGNR, dectin, 

LSECtin, macrophage mannose receptor (MMR) and macrophage galactose-type 

lectin (MGL, also known as CLEC10A) (Sancho & Reis e Sousa, 2012; Takeuchi et 

al., 2010; Vasta, 2009). In our PRR microarray, all PRRs were covalently bound to 

the glass surface, thus, PRRs cannot form multimers, homo- or hetero-dimers on the 

microarray surface as some PRRs would often do in vivo. Therefore, the PRR 

microarray platform allowed us to screen for broad interactions and provided us with 

a suitable target PRR (CD14) to investigate subsequent signalling interactions with 

CD14-expressing monocytes. 

Our PRR microarray platform also provided us with a tool to screen two 

glycoclusters for their ability to inhibit PRR-PNAG and PRR-bacterial interactions. 

Interestingly, neither sos2210 nor sos2254 at 0.1 mM reduced PRR interactions with 

SA-PNAG or S. aureus. Surprisingly, 0.1 mM of sos2210 increased CD14 binding to 

PNAG-AF555, but significantly reduced WGA and sWGA binding to PNAG-

AF555, whereas sos2254 did not cause significant changes in PRR interactions. In 

contrast, 0.1 mM of sos2254 reduced CD14 binding to S. aureus 8325-4 but not S. 

aureus Mn8m, while sos2210 had no impact on PRR-mediated interactions. 

Therefore, we conclude that plant lectins should only be used in preliminary 
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polysaccharide-lectin interactions and purified PRRs are required to get a true 

understanding of glycogluster potency in inhibiting or modulating polysaccharide-

host interactions. As seen in this study, glycoclusters may increase PRR-bacteria 

binding as well as decrease or inhibit binding. How glycoclusters increase PRR-

PNAG interactions and the consequence this would have on the host’s immune 

response remains to be determined. 

DC-SIGN, DC-SIGNR and LSECtin are involved in cell adhesion, antigen capture 

and recognition on dendritic, liver, lymph node and sinusoidal endothelial cells 

(Zhang et al., 2014). Overall S. aureus and A. baumannii bound to DC-SIGN, DC-

SIGNR and DC-SIGN/DC-SIGNR co-printed together. Although little research has 

been carried out in this field, Appelmelk et al. (2003) found that a clinical S. aureus 

strain did not bind to DC-SIGN in a soluble DC-SIGN-Fc adhesion assay. However, 

only the extracellular portion of DC-SIGN was used and only one strain of S. aureus 

was analysed in this study. Similarly, a DC-SIGN homologue, SIGN-R1, did not 

capture S. aureus in a mouse model (Takahara et al., 2004). In this study, three 

different S. aureus strains and one A. baumannii strain bound to DC-SIGN and DC-

SIGNR on the PRR microarray platform, which suggests that DC-SIGN and DC-

SIGNR have specificity towards S. aureus and A. baumannii. Our platform may 

prove to be favourable in binding assays as we measure direct binding of PRRs to 

whole S. aureus as other assays that require antibodies may be more likely to obtain 

false negative results due to the fact that S. aureus has protein A (SpA) which can 

bind to the Fc region of antibodies (Boyle & Reis, 1987). Nevertheless, cell-based 

confirmation studies of DC-SIGN and DC-SIGNR interactions with S. aureus are 

required. DC-SIGN is known to have specificity towards fucose and mannose 

structures (Zhang et al., 2014), although it was shown that DC-SIGN and DC-

SIGNR bind to oligosaccharides containing Man and GlcNAc and/or Fuc and 

GlcNAc and thus proposed that DC-SIGN and DC-SIGNR have the highest 

specificity towards GlcNAc residues (Zhang et al., 2006). Therefore, carbohydrate, 

or carbohydrate-containing, structures on the surface of S. aureus such as capsular 

polysaccharides or glycoproteins, could be potential ligands for DC-SIGN on 

dendritic cells. Similarly, GlcNAc in LPS was established as a ligand for DC-SIGN 

and may have been the primary ligand of DC-SIGN for A. baumannii in our PRR 

microarray (Zhang et al., 2006). A reduction in binding to DC-SIGN was seen for A. 
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baumannii ∆pga compared to the WT, which suggested that PNAG may have been 

one of many DC-SIGN ligands on A. baumannii.  

S. aureus also bound to the DC-SIGN homologue, DC-SIGNR. DC-SIGN is often 

associated with dendritic cells and macrophages, while DC-SIGNR is linked to 

endothelial placenta, liver and lymph node cells (Pöhlmann et al., 2001) and appears 

to act only as an adhesion receptor, unlike DC-DIGN which acts as an adhesion and 

signalling receptor (Guo et al., 2004). Although DC-SIGN and DC-SIGNR were co-

printed on the PRR microarray platform, it is unknown whether these PRRs are 

located near one another in vivo or if they form dimers. Binding seen on the PRR 

microarray may be due to the binding of either DC-SIGN or DC-SIGNR, and not 

due to heterodimer type recognition of PAMPs on the bacteria. Interestingly, MBL 

and CLEC10A co-printed together bound to PNAG on the PRR microarray and 

although this binding was not verified using ica mutants, it is an interesting 

observation that much lower binding occurred when MBL and CLEC10A were 

printed separately. To date, binding to DC-SIGNR has been primarily associated 

with viral infections and thus, this is the first piece of evidence to suggest S. aureus 

as a potential ligand for this PRR.  

Finally, LSECtin, which is another member of the DC-SIGN family, bound to S. 

aureus and A. baumannii. LSECtin is found on liver sinusoidal endothelial cells and 

plays a crucial role in hepatic T-cell immune suppression (Tang et al., 2009). It 

would be interesting to elucidate whether S. aureus or A. baumannii uses LSECtin to 

supress the adaptive immune response to persist in the liver. Interestingly, research 

carried out in our lab showed that DC-SIGN, DC-SIGNR and LSECtin bound to six 

other S. aureus strains on the PRR microarray platform (data not shown), providing 

an interesting avenue for future research. 

Other PRRs had specificity towards S. aureus and A. baumannii, such as MMR and 

ficolin-3. MMR is found on a variety of cells including tissue macrophages and 

epithelial cells and is involved in endocytosis, phagocytosis, activation of 

macrophages and antigen presentation (Linehan et al., 2000). S. aureus and A. 

baumannii were ligands for MMR, and binding to MMR may be a potential 

mechanism for humans to detect these bacteria for phagocytosis and endocytosis. 

Ficolins recognise acetyl groups and therefore bind carbohydrates such as GlcNAc, 
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GalNAc and ManNAc. Ficolins and MBL, which binds to mannose structures, play a 

role in the innate immune system by binding to microorganisms and activating the 

complement system and can also act as an opsonin to promote phagocytosis (Ren et 

al., 2014). Interestingly, ficolin-3 bound to A. baumannii and, to the best of our 

knowledge, is the first report to suggest A. baumannii as a target ligand for ficolin-3. 

Ficolin-3 bound to S. aureus on the PRR platform which adds to the collection of 

contradictory results to date. Liu et al. (2005) showed that ficolin-1 bound to S. 

aureus via flow cytometry. However, by quantifying the amount of recombinant 

ficolin that bound to S. aureus, based on a sandwich-type time-resolved 

immunofluorometric assay (TRIFMA), Kjaer et al. (2011) could not identify binding 

of ficolin-1, -2 or -3 to S. aureus, albeit using different strains to those used by Liu, 

et al. (2005). Research to date suggests that S. aureus is a ligand for ficolin-1 and 

ficolin-2, and not a ligand for ficolin-3 (Krarup et al., 2005; Liu et al., 2005). 

Discrepancies in results could be due to different S. aureus strains being used, 

different methods of detection and differential expression of surface PAMP due to 

differences in growth media. 

Considerable differences were seen for PRR interactions with S. aureus and A. 

baumannii based on the mutation of the ica and pga operon, respectively. Mutation 

of the ica operon in S. aureus reduced interactions with only one PRR, CD14. On the 

other hand, mutation of the pga operon in A. baumannii reduced interactions with 

several PRRs. Siglecs are sialic acid binding immunoglobulin-like lectins that 

recognise a diverse range of carbohydrate structures, and are thought to regulate 

immune responses via intercellular signalling (Von Gunten et al., 2008). Siglec-1 

bound to A. baumannii WT to a greater degree compared to the pga mutant strain, 

suggesting that siglec-1 binds to PNAG on A. baumannii. Siglec-1 binds GlcNAc-

containing structures as it bound GlcNAc-BSA on the microarray surface. It has 

been shown that siglecs have a direct and indirect impact on TLR-mediated immune 

responses by downregulating NF-κB activation, reducing the production of pro-

inflammatory cytokines or promoting the production of anti-inflammatory cytokines 

to encourage immune tolerance and immune evasion by invading pathogens (Ando 

et al., 2008; Boyd et al., 2009; Calderwood & Murshid, 2015; Wu et al., 2016). It 

has been shown that siglec-1 promotes LPS tolerance and supresses the innate 

immune system by up-regulating TGF-β1 production, which in turn down-regulates 
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NF-κB activation (Wu et al., 2016). It may be possible that siglec-1 interacts with 

PNAG on A. baumannii and also contributes to down regulation of NF-κB/AP-1 

activation, promoting immune tolerance. Therefore, PNAG purified from, and on, A. 

baumannii may have the potential to activate NF-κB/AP-1 signalling in our 

experiments, but PNAG-expressing A. baumannii also bound to PRRs associated 

with NF-κB/AP-1 down regulation (siglec-1), which could have down-regulated NF-

κB/AP-1 expression, leaving the overall NF-κB/AP-1 production non-detectable in 

our THP1 cell assays. It would be interesting to see if other PRRs on our microarray 

platform that bound to PNAG had any role to play in the potential down-regulation 

of NF-κB/AP-1 to A. baumannii PNAG and lead us to conclude PNAG on whole A. 

baumannii and AB-PNAG did not activate NF-κB/AP-1 signalling. 

Dectin-1 and -2 are primarily expressed in dendritic cells and macrophages and 

recognise β-glucans and α-mannans (often associated with fungi), respectively (Saijo 

& Iwakura, 2011) (Saijo et al., 2011). Mutation of the pga operon also reduced 

interactions with dectin-1 and dectin-2, which suggests interaction of these PRRs 

with PNAG and an expanded role of interaction with bacteria, and not just fungi, in 

the innate immune response.  

TLRs are involved in innate immunity by forming heterodimers or homodimers to 

detect a variety of different PAMPs associated with bacteria, fungi, protozoa and 

viruses from the body and can be found in the plasma membrane or expressed in 

endosomes and lysosomes. To date, it has been found that TLR1, TLR2, TLR4 and 

TLR6 recognise lipids and carbohydrates associated with pathogenic 

microorganisms, while TLR3, TLR7, TLR8 and TLR9 detect nucleic acids. TLR5 

has shown specificity for flagella, while no specific ligand has yet been discovered 

for TLR10 (Hayashi et al., 2001; Parkunan et al., 2014; Takeda et al., 2005). 

Mutation of the pga operon reduced A. baumannii binding to TLR2/4 and TLR2/6 

but did not affect the binding of TLR2, TLR4 or TLR6 to A. baumannii when printed 

in isolation. Cell-based studies with whole, heat-killed A. baumannii suggested that 

TLR2 was a major signalling ligand involved in NF-κB/AP-1, however, based on 

our observations with a ∆pga mutant, this signalling response was not due to the pga 

operon and PNAG on the surface of A. baumannii. It is probable that other TLRs are 

involved in NF-κB/AP-1 activation following interactions with A. baumannii, but 

only TLR2 was tested for this cell based assay. Previously, it was shown that LPS-
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deficient A. baumannii stimulated NF-κB activation via a TLR2-dependent 

mechanism (Moffatt et al., 2013). Interestingly, A. baumannii can stop LPS and LOS 

synthesis, resulting in resistance to host antimicrobial treatment. The down-

regulation of LPS and LOS resulted in increased expression of lipoproteins, 

phospholipids and PNAG (Boll et al., 2016). Although researchers are unaware of 

how LPS- and LOS-deficient A. baumannii escape the immune system to persist 

within the host, this work may provide novel PRR targets to help answer these 

questions. Indeed, it is possible that other cell surface molecules are much more 

potent stimuli of TLR activation compared to PNAG.  

Furthermore, the pga operon may be involved in the production of ligands for 

TLR2/4 or TLR2/6, but this does not necessarily mean that a signalling cascade is 

activated, thus helping A. baumannii evade the immune system. Finally, signals may 

be damped by more potent TLR stimuli found on the surface of A. baumannii. 

PNAG from S. aureus and A. baumannii are reported to be the same molecule, 

except for variations in the degree of acetylation. As mentioned, this could certainly 

contribute to discrepancies seen between PRR interactions with A. baumannii and S. 

aureus. Other reasons might include that mutation of the ica and pga operon in S. 

aureus and A. baumannii may significantly alter the cell surface composition of the 

bacteria, especially since PgaB in A. baumannii is a lipoprotein found in the 

periplasm (similarly to the Gram-negative bacteria E. coli) and the IcaB is a protein 

located on the cell surface of S. aureus (Pokrovskaya et al., 2013; Wang et al., 

2004). Lipoproteins are known stimuli of PRRs, and could explain some differences 

seen in PRR interactions (Ernst & Chandler, 2017; Nguyen & Götz, 2016). As 

PNAG purified from A. baumannii was not profiled on the PRR microarray, we 

cannot confirm that any of these PRR interactions were primarily due to PNAG 

based on differences seen with ∆pga mutants compared to the WT strain, especially 

if pgaB encodes for a lipoprotein that is a ligand for any of these PRRs printed on the 

microarray.  

Although CD14 has no signalling domain, this protein forms a multi-receptor 

complex with PAMPs and different TLRs (namely TLR4, TLR1/2, TLR3, TLR6, 

TLR7 and TLR9) to activate the TLR signalling pathway and consequently the 

production of cytokines, chemokines and type I IFNs (Zanoni et al., 2013). SA-

PNAG preparations incubated on our PRR microarray suggested that CD14 bound to 
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SA-PNAG which was supported by PNAG-expressing S. aureus promoting a greater 

NF-κB/AP-1 response compared to S. aureus not expressing PNAG. However, NF-

κB/AP-1 activation caused by PNAG isolated from S. aureus Mn8m was due to 

contaminating lipid structures, not PNAG, as hydrogen peroxide treatment of the 

preparation eliminated NF-κB/AP-1 activation. These lipid structures promoted NF-

κB/AP-1 activation via TLR1, TLR2, TLR6 and CD14. It has been reported that 

LTA binds to CD14 and TLR2, and lipopeptides bind to TLR1/2 or TLR2/6 

depending on whether the lipopeptide is a tri- or di-acetylglycerol lipid respectively 

(Ho et al., 2008; Jin et al., 2007).  

To the best of our knowledge, the consequential effect of mutating the ica operon on 

other genes has not yet been investigated. Preliminary data suggested that LTA 

expression on our S. aureus ica mutants was decreased compared to wildtype strains. 

Based on the IcaB protein entry in the Swiss Institute of Bioinformatics (SIB) 

database for identifying protein-protein interactions (https://string-db.org/), IcaB has 

many other predicted functional partners apart from IcaA. These include the 

glycosyltransferase CrtQ which has a role in cell wall biosynthesis, TagX in teichoic 

acid biosynthesis, TarS in β-O-GlcNAcylation of teichoic acids and glycosyl 

transferase SACOL0764  which is also involved in cell wall modification and 

synthesis (Szklarczyk et al., 2015). It is plausible that removal of icaB could have a 

consequential impact on these glycosyltransferases which in turn may alter cell 

surface glycosylation beyond simply removal of PNAG and thus contribute to 

altered recognition of ica negative S. aureus strains by PRRs compared to WT. In 

addition, IcaB has an electropositive patch that was suggested to be a suitable 

interaction point between phosphate groups on LTA (Little et al., 2014). As LTA 

plays an important role in cell surface homeostatisis and biofilm formation, it could 

be hypothesised that mutation of the ica operon, and positively charged PNAG, 

might result in a decrease in negatively charged LTA to maintain equilibrium on the 

outside of the cell. LTA from Lactobacillus plantarum reduces biofilm formed by S. 

aureus by reducing icaB and icaC transcription via the release of the quorum sensing 

molecule, AI-2 (Ahn et al., 2018). Interestingly, wall teichoic acids were shown to 

have a regulatory effect on the ica operon as mutation of tagO, which encodes for a 

protein that is involved in the first steps of WTA synthesis, reduced ica transcription 

(Holland et al., 2011). Therefore, it could be possible that mutation of the ica operon 

https://string-db.org/
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has effects on teichoic acids and mutation of the ica operon has an impact on many 

other surface molecules apart from PNAG, causing ica mutant strains to have lower 

interactions with PRRs compared to ica positive S. aureus.  

Another possibility is that PNAG is recognised only when it is on the cell, thus 

purified PNAG would give false negative results in biological assays. 

Physiologically, this would be relevant, as it would be important for the host to 

distinguish between unbound PNAG and PNAG that is located on the bacterial cell 

wall to eliminate the cell itself and not just spent PNAG polysaccharide. Indeed, it 

was shown by Cerca et al. (2007) that S. aureus expressing surface-bound PNAG 

had increased human IgG1 monoclonal antibody killing but had increased survival 

rates in a murine bacteraemia model compared to S. aureus expressing non-surface-

bound PNAG, further highlighting the importance of PNAG presentation and 

cellular association in receptor recognition and immune evasion (Cerca et al., 2007). 

Stevens et al. (2009) showed that PIA (PNAG) from S. epidermidis promoted IL-8 

expression via a mechanism involving TLR2 in astrocytes. However, several 

discrepancies are noted between that work and this study. Firstly, the plant lectin 

Lycopersicon esculentum (LEL) was used to help identify the purity of the PNAG 

preparation, however our research showed that PNAG on, or isolated from, S. aureus 

does not bind to this lectin (section 2.3.5). Stevens et al. (2009) showed that 

treatment of the PNAG preparation with hydrogen peroxide did not affect IL-8 

signalling in astrocytes, but our research showed that hydrogen peroxide treatment of 

the PNAG preparation abolished any NF-κB/AP-1 signalling in monocytes. 

Similarly to our research, mutation of the ica operon in S. epidermidis did reduce the 

production of IL-8 compared to the parental strain. Stevens et al. (2009) also 

reported that IL-8 production caused by PNAG was due to the deacetylation of the 

polysaccharide. In this study, deacetylation of PNAG from S. aureus (5% 

deacetylated) with NaOH did abolish NF-κB/AP-1. However, addition of NaOH 

would also hydrolyse LTA, making the contaminating LTA present in the PNAG 

preparation inactive. Confirmation that lipid structures were causing NF-κB/AP-1 

activation was verified by treating the sample with sodium-metaperiodate which had 

no effect on NF-κB/AP-1 activation. Since acetylation of the highly deacetylated 

PNAG preparation from A. baumannii (50% deacetylated) did not promote NF-

κB/AP-1 activation, we can hypothesise that PNAG purified from S. aureus and A. 
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baumannii, whether highly acetylated or deacetylated, does not promote NF-κB/AP-

1 activation in this THP-1 derived monocytic cell line.  

Nonetheless, it is evident that the ica operon has some role to play in NF-κB/AP-1 

activation and cytokine production for S. aureus. It was reported that depletion of 

PNAG on the surface of S. aureus, using an ica mutant and wildtype strain, 

promoted IL-12 production in murine dendritic cells (Lisbeth et al., 2016). TNF-α 

production was increased in dendritic cells stimulated with the ica mutant strain 

compared to the wildtype. Interestingly, these authors reported that only intact whole 

S. aureus could induce IL-12 and IL-10 production compared to fragmented bacteria. 

This supports our hypothesis that the arrangement of molecules on the surface of the 

bacteria is important in cell recognition and cytokine production. Thus, PNAG may 

have to be on intact cells for PRR recognition and NF-κB/AP-1 activation, and may 

be an occurrence with Gram-positive bacteria, such as S. aureus, and not Gram-

negative bacteria, such as A. baumannii, due to the distinct differences in cell 

topography.  

It has been shown that S. aureus and A. baumannii are internalised, or phagocytosed, 

by monocytes (García-Patiño et al., 2017; Kamoshida et al., 2016; Newman & 

Tucci, 1990). S. aureus LTA was shown to be rapidly internalised by monocytes 

which was dependent on CD14 (Nilsen et al., 2008) and lipoproteins also promoted 

phagocytosis of S. aureus by human monocytes (Kang et al., 2011). Cell recognition 

of A. baumannii was proven to be via TLR2 and TLR4, although other PRRs may 

also be involved. It is hypothesised that LPS on A. baumannii is the main TLR4 

ligand for A. baumannii, while the only TLR2 PAMP associated with A. baumannii 

to-date is outer membrane protein A (OmpA). Our preliminary results demonstrated 

that PNAG preparations from S. aureus and A. baumannii were internalised by 

THP1 cells. We questioned whether SA-PNAG internalisation could have been due 

to contaminating LTA, but as PNAG from S. aureus and A. baumannii were both 

internalised by monocytes, this lead us to conclude that this internalisation was 

mediated by the common macromolecule in both PNAG preparations, PNAG. 

Recently it was determined that PNAG on non-motile Enterococcus faecalis was 

responsible for penetrating semisolid surfaces and translocating across human 

epithelial cell monolayers (Ramos et al., 2019). Interestingly, S. aureus Mn8 was 

also used in this study as a positive control and it was shown that an antibody against 
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PNAG reduced semisolid penetration of this bacteria. Furthermore, purified PNAG 

from S. aureus Mn8m was able to restore the penetration abilities of an epaX E. 

faecalis mutant unable to penetrate surfaces. Our results support finding by Ramos et 

al. (2019) that PNAG can penetrate surfaces which is not reliant on being bound to 

the cell surface. Another recent study showed that antibodies against PNAG 

provided protection against intracellular pathogens  (Cywes-Bentley et al., 2018). 

Although there no correlation was made between PNAG and it being the causative 

agent for internalisation, it does prove that PNAG is a prime target for preventing 

internalising pathogens. More research is required to understand the molecular 

mechanisms involved in PNAG-mediated surface penetration, whether it is a key 

mediator in S. aureus and A. baumannii cellular internalisation and whether it is 

beneficial for the bacteria or the host. If PNAG was a primary factor involved in S. 

aureus and A. baumannii host immune evasion by hiding intracellularly, compounds 

could be developed to degrade or mask PNAG to inhibit PNAG-mediated cellular 

internalisation. 

In summary, we hypothesise that the ica operon and potentially PNAG helps to 

promote NF-κB/AP-1 activation and the production of cytokines and chemokines 

when associated with S. aureus cell wall. The ica operon may play a role in the 

expression or composition of other cell surface molecules that contribute to these 

interactions, or PNAG may be recognised by PRRs, but only when it is associated to 

the cell wall does it cause NF-κB/AP-1 activation and consequently, cytokine and 

chemokine production. Contrastingly, we predict that the Pga proteins and PNAG 

associated to A. baumannii does not increase NF-κB/AP-1 activation, regardless of 

PNAG being attached to A. baumannii cell wall or not. However, Pga proteins 

and/or PNAG associated to A. baumannii does result in increased binding to many 

PRRs, such as siglec-1, dectin-1, dectin-2 and LSECtin. Therefore, PNAG associated 

with A. baumannii could have other cell signalling effects or even play a role in the 

dampening of cell signalling. Nonetheless, this study highlights the different roles 

for the ica and pga operon in PRR mediated interactions and innate immune system 

activation, and highlights the importance of the surface expression and presentation 

of PAMPs for eliciting signalling responses. 
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5. Overall discussion and future perspectives 

Approximately 65% - 80% of nosocomial infections are associated with biofilms 

according to the CDC and NIH, respectively (Joo et al., 2012; Potera, 1999). PNAG 

is a common determining factor for biofilm formation and is produced by a range of 

bacteria, including Escherichia coli, Yersinia pestis, Enterococcus faecium, Shigella 

species, Bordetella species, Enterobacteria species, and Vibrio parahemolyticus, and 

has been associated with biofilm formation by Staphylococcus species, Kelbsiella 

pneumoniae and A. baumannii (Chen et al., 2014; Choi et al., 2009; Cywes-Bentley 

et al., 2013; Maira-Litrán et al., 2002; Skurnik et al., 2016). PNAG is not only 

associated with biofilm formation but also evasion of antibody-mediated 

phagocytosis, lowered macrophage activation and decreased immune protein 

deposition. However, PNAG expressing bacteria were found to induce complement 

activation and elicit host immune responses compared to PNAG deficient strains 

(Aarag Fredheim et al., 2011; Ferreirinha et al., 2016; Kristian et al., 2008; 

Schommer et al., 2011). More recently, it was shown that non-motile Enterococcus 

faecalis use PNAG to penetrate surfaces, including human intestinal epithelial cell 

monolayers (Ramos et al., 2019). As we are discovering the vast number of bacteria 

that express PNAG, we are slowly uncovering the different roles for this 

polysaccharide in cell homeostasis, biofilm formation, pathogenicity, and immune 

evasion. However, a greater understanding of how PNAG-expressing bacteria, and 

PNAG itself, interacts with host proteins and carbohydrates is desperately needed to 

accelerate the development of anti-biofilm and anti-microbial agents that will aid the 

prognosis of patients that suffer from infections caused by PNAG-producing 

opportunistic pathogens. For this, it is crucial that we identify PNAG-host 

interactions, understand the consequence of these interactions and establish methods 

of modifying these interactions for the benefit of the patient.  

5.1. Identification of PNAG-mediated interactions 

We proposed that PNAG interacts with a specific subset of receptors to contribute to 

or modulate the immune response in favour of persistent colonisation or immune 

evasion for the PNAG-expressing bacteria. We used high throughput (HTP) 

microarray platforms to screen for lectin and PRR receptors of, and carbohydrate-

mediated interactions with, PNAG-expressing bacteria and PNAG preparations. By 
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exposing bacteria to different growth conditions and screening multiple interactions 

at one time, our results showed that PNAG-ligand interactions may have been 

dependent on PNAG presentation, and the presentation of PNAG may have differed 

depending on the bacteria on which it is located on, and the physicochemical 

external environmental present during the time of production and adherence to the 

cell wall.  

It has been shown that growth conditions influence biofilm composition for S. 

aureus (O’Neill et al., 2008). Furthermore, it was shown that pH contributes to phase 

instability of EPS from S. epidermidis RP62A, a PNAG-producing bacteria, driving 

biofilm formation for this S. epidermidis strain (Stewart et al., 2015), and is a 

primary factor attributing to biofilm polysaccharide interactions (Ganesan et al., 

2013). Therefore, depending on the pH of the external environment, these polymeric 

matrices can switch from a viscous to a viscoelastic state (Stewart et al., 2015). It has 

been shown that isolated PNAG does not retain the mechanical behaviour of a 

biofilm, indicating other factors are involved in biofilm viscoelasticity. However, 

PNAG was shown to self-associate and form PNAG-protein and PNAG-PNAG 

complexes between pH 3-5.5 (Ganesan et al., 2013). Our results supported evidence 

to suggest that pH may have changed how and if PNAG interacts with proteins. 

Indeed, the majority of our microarray experiments were carried out at a pH of 

approximately 7.2, however, bacteria were always grown in the presence of BHI 

glucose, and in chapter 2, BHI NaCl. Previously, it was described that glucose 

metabolism by staphylococci reduces the pH of the culture media and affects PNAG 

production and biofilm physiology (Cerca et al., 2011). Therefore, at low pH 

environments, PNAG may have formed aggregates of different conformations 

depending on the degree of PNAG deacetylation. Moreover, PNAG may have also 

aggregated with other cell surface proteins at low pH (Ganesan et al., 2013). 

Depending on the bacterial cell surface composition, and the pH of the external 

environment, PNAG may form interactions with different proteins, or form 

electrostatic interactions with other cell surface molecules contributing to some 

lectin and PRR interactions seen in this thesis. A. baumannii cell surface is 

considerably different to that of S. aureus, comprising primarily of surface proteins, 

LOS, CPS and LPS (Giguère, 2015; Malanovic & Lohner, 2016). In comparison, S. 

aureus surface is comprised primarily of teichoic acids (WTA and LTA), surface 
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proteins and depending on the environmental conditions, surface polysaccharides 

(Malanovic et al., 2016; O’Riordan et al., 2004). PNAG may interact with a variety 

of these surface molecules forming different conformations and shapes, some more 

preferential to lectin or PRR interactions than others. These data highlight the need 

to understand polysaccharide morphology and conformation on pathogenic bacteria 

in environments that are physiologically similar to in vivo settings. Visually, this 

could be carried out by growing PNAG-producing and non-producing bacteria in 

different growth media and examining PNAG morphology via transmission electron 

microscopy. We propose that PNAG interactions should be studied further at pH 

ranges from 4.2-5.6 to mimic the pH of normal healthy skin, pH from 5.6-10 to 

mimic pH ranges recorded for wound infections, and 7.4 to mimic serum and blood 

pH in addition to pH 7.2 that was used during this work (Blank, 1971; 

Schwalfenberg, 2012; Wilhelm & Maibach, 1990). This should elucidate interactions 

that may occur at the pH of the biological microenvironment that we may not have 

observed under our experimental conditions. 

We used PNAG preparations from S. aureus (SA-PNAG) and A. baumannii (AB-

PNAG) to identify lectin and PRR interactions that may be specific for the two 

different deacetylated forms of PNAG. It is also possible that the molecular weight 

of PNAG from S. aureus and A. baumannii were also very different. It was 

determined that PNAG isolated from S. aureus Mn8m has three different masses; 

460 kDa, 100 kDa and 21 kDa, and only PNAG with a molecular mass of 460 kDa 

was capable of an immune response mediated by immunoglobulin G (IgG) (Maira-

Litrán et al., 2002). Interestingly, a 780 kDa fraction of PNAG purified from the 460 

kDa fraction elicited an even great IgG response compared to the 460 kDa fraction, 

indicating that higher molecular weight fractions of PNAG cause a greater immune 

response (Maira-Litrán et al., 2002). Literature has not been published that describes 

the molecular weight of PNAG from A. baumannii, but we hypothesize that the 

molecular weight is smaller than that of PNAG from S. aureus. If PgaB produced by 

A. baumannii hydrolyses PNAG based on the degree of deacetylation (Little et al., 

2018), the high degree of deacetylation found on PNAG from A. baumannii would 

mean more frequently cleaved PNAG compared and a lower molecular weight 

compared to PNAG from S. aureus, which may aid evasion of host immune 

detection. Therefore, we propose that different molecular mass PNAG preparations 
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should be included in these studies to elucidate the biological effects associated with 

each molecular mass.  

In addition, we found that CD14 bound to SA-PNAG and CD14 had reduced binding 

to S. aureus ∆ica mutants compared to the widetype. However, our results suggested 

that free SA-PNAG did not activate NF-kB/AP-1 signalling but, in agreement with 

literature, increased NF-kB/AP-1 signalling when on the surface of S. aureus 

(Stevens et al., 2009). Furthermore, neither free AB-PNAG nor PNAG on the 

surface of A. baumannii affected signalling. These data highlight the importance of 

analysing polysaccharide-receptor interactions using methods that will preserve the 

polysaccharide conformation, and presentation similarly found on a bacterial cell 

surface and by using a more combinational approach. We coated SA-PNAG on to 

FluoSpheres® to help maintain PNAG conformation and presentation but we did not 

use this presentation to carry out cell-based assays due to a lack of PNAG material 

available and the prohibitive expense of the quantity of FluoSpheres® that would be 

needed. To more fully explore the effect of PNAG presentation, we propose that 

cell-based assays should be carried out with PNAG on FluoSpheres® as well as free 

PNAG to model bacterial cell surface presentation. 

Whole cell extracts should also be carried out to digest the bacterial cells, leaving 

only polysaccharides and proteins and use a combination of proteins and 

polysaccharides to coat FluoSpheres®. Methods would have to be developed to 

covalently attach any teichoic acids or polysaccharides not containing amine groups. 

On the other hand, purified PNAG could be coated on a non-PNAG producing S. 

aureus strain, such as BH1CC. To detect the presence of these cell surface 

molecules, it would be necessary to include printed antibodies against these surface 

antigens on the microarray platform to truly verify the relative quantity of PNAG 

and other cell surface structures on the bacterial cell surface or FluoSpheres® at the 

time of microarray incubation. We could also use dispersin B to enzymatically 

cleave β-(1,6)-GlcNAc polysaccharides, such as PNAG (Chaignon et al., 2007), on 

the cell surface of bacteria, instead of relying on genetic mutations that may alter the 

expression of other cell surface macromolecules. This way, we may be able to cleave 

PNAG from the cell surface to determine interactions with PNAG, without altering 

the genetic make-up of the bacteria. 
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5.2. Cell surface composition and molecular presentation 

It has been shown that acetyl group position along chitosan chains influences the 

stiffness of the polysaccharide (Brugnerotto et al., 2001). Indeed, this may prove to 

be the same for PNAG and the varying degrees of PNAG deacetylation may alter the 

recognition of PNAG and most probably change the structure of PNAG on the 

bacterial cell surface as the amine groups present on PNAG would likely be 

associated to the cell wall (Whitfield et al., 2015). Therefore, more amine groups 

may mean that PNAG on A. baumannii is more tightly adhered to the cell surface 

compared to PNAG on S. aureus. Moreover, PgaB may be a PNAG hydrolase on A. 

baumannii, resulting in shorter PNAG chains (Little et al., 2018) which may have 

caused the differences we saw in PNAG-receptor interactions. SEM analysis of 

PNAG-producing bacteria would help elucidate the structural conformation of 

PNAG associated with different bacteria. However, methods would have to be 

employed to ensure the matrix structures in the SEM images were PNAG, and not 

other cell surface polysaccharides. Therefore, a colloidal gold particle attached to a 

PNAG-specific antibody, or combined SEM imaging and fluorescence microscopy 

should be used (Gong et al., 2014; Gounon et al., 2000; Knutton et al., 1999). 

The STRING v10 database (Szklarczyk et al., 2015) that provides direct and indirect 

functional associations between proteins showed many predicted functional partners 

to the Pga proteins for A. baumannii. Besides other Pga proteins, PgaB has a 

predicted glycosyltransferase functional partner which is a putative LPS core 

biosynthesis glycosyltransferase named LpsC, PgaC has many predicted functional 

partners including a putative urate catabolism protein, a UDP-glucose 

pyrophosphorylase named GalU, and a UDP-glucose 4-epimerase named GalE or 

Gne1. GalE is responsible for the interconversion of UDP-Gal and UDP-Glc, and 

species such as Yersinia use UPD-Glc and UPD-GlcNAc for epimerization (Hu et 

al., 2013). Interestingly, GalU and GalE contribute to the synthesis of the K2 capsule 

for A. baumannii, which is a polysaccharide composed of Glc, Gal and GalNAc, and 

depending on the strain, pseudaminic acid (Kenyon et al., 2014). It was proposed 

that secreted PNAG from E. coli has a physical interaction with LPS, and the authors 

showed that K1 capsule synthesis was associated with secreted PNAG-mediated 

biofilm formation (Amini et al., 2009). Mutation of the pga operon may have 

downregulated galU or galE, which in turn changed or reduced K2 capsule synthesis 
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or structure, resulting in decreased binding to Gal and GalNAc specific lectins on our 

lectin microarray platform (DBA, CPA and VRA), or sialic acid and Glc specific 

PRRs on the PRR microarray platform such as siglec-1, dectin-1 and dectin-2.  

The hypothesis that pga operon is linked to the transcription of other cell surface 

gene products is supported by research carried out by Henry et al. (2012) where an 

LPS-deficient (lpxA) A. baumannii strain compensated for LPS loss by up-regulating 

genes involved in PNAG production, resulting in increased PNAG production. 

Specifically, the LPS-deficient mutant had a 48.5 fold increase in pgaC transcription, 

26 fold increase in pgaA transcription and a 14.9 fold increase in pgaD transcription 

(Henry et al., 2012). Reverse transcription polymerase chain reaction (RT-PCR) of 

lpxA, galU and galE and K2 and LPS structure elucidation and quantification on the 

A. baumannii WT and ∆pga mutant would be required to prove that mutation of the 

pga operon causes a downregulation in lpxA, galU and galE transcription and a 

change in capsule or LPS production.  

Furthermore, based on the STRING v10 database, IcaA in S. aureus COL has a 

predicted functional partner with a lipase, Lip1/Geh, and IcaA in S. aureus 8325-4 

has a predicted functional partner MraY, a phospho-N-acetylmuramoyl-

pentapeptide-transferase involved in the lipid cycle of peptidoglycan synthesis. This 

may impact on the lipid-containing molecular composition of the cell surface. 
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Fig. 5.1. Potential roles of PNAG for S. aureus and A. baumannii in the host immune 

response. The expression of icaADBC and pgaABCD leads to PNAG production. The 

expression of ica leads to S. aureus-mediated activation of NF-kB/AP-1, but pga expression 

and PNAG production does not cause significant differences in NF-kB/AP-1 activation 

compared to the ∆pga mutant strain. PNAG may only be detected by PRRs when it is on the 

surface of S. aureus, but ica expression may promote the transcription of genes that encode 

other TLR agonists. The structural conformation of PNAG may be different on the cell 

compared to secreted PNAG. Purified PNAG from S. aureus or A. baumannii did not 

promote NF-kB/AP-1 activation. Overall, the ica operon or PNAG conformation on S. 

aureus activates NF-kB/AP-1 in THP1 cells and PNAG on A. baumannii, whether on the 

cell or in a secreted form (purified) does not activate NF-kB/AP-1. 

5.3. Elucidate the multiplicity of biological roles of PNAG in vivo 

To the best of our knowledge, there has been no correlation of synthetic components, 

gene regulation or enzymes between LTA and Lip1 or MraY, but this prediction of 

functional partners does show that the Ica proteins may have functions beyond just 

PNAG synthesis. Therefore, to truly understand the biological roles of PNAG in 

vivo, the roles of the pga or ica operon have in the transcription of other genes apart 

from PNAG must be elucidated. If this is the case, we must not solely rely on 
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bacteria with genetic mutations to elucidate the function for that gene product. 

Instead, we must take a holistic approach to determine the true biological role of 

PNAG in vivo. If ica and pga operon mutations do prove to have roles in the 

transcription of other genes apart from PNAG, we must determine what other genes 

are affected and the impact this would have on publications that made claims based 

on bacterial mutations. Undoubtedly, this would mean that we could not solely rely 

on bacterial mutations to determine a singular cause and effect. It is, however, a 

good place to start for screening and once the gene product of the mutation is 

purified, the gene product, in a presentation that is similar to a presentation on the 

bacterial cell wall, can be used to verify specific interactions. 

Our research would suggest that purified PNAG, whether isolated from A. 

baumannii or S. aureus, does not activate NF-κB/AP-1 signalling in monocytes (Fig. 

5.1). Furthermore, preliminary data showed that PNAG can penetrate monocytes. 

These data suggest that PNAG, detached from the bacteria cell wall, may be able to 

penetrate and evade detection by monocytes. It has been shown that S. aureus can 

penetrate monocytes, reside intracellularly and eventually lyse the host cell from 

within (Horn et al., 2018) . Residing intracellularly means S. aureus can evade the 

immune system and travel around the host without being detected. Likewise, it has 

been shown that A. baumannii can reside intracellularly within host cells (Parra-

Millán et al., 2018). More research would be required to determine whether PNAG 

on a bacterial cell promotes penetration through monocytes and if so, the 

mechanisms behind polysaccharide penetration. Interestingly, macrophages produce 

enzymes, such as chitinase, responsible for the degradation of β-(1,4)-GlcNAc 

polymers (Zhu et al., 2004). As GlcNAc is a common carbohydrate in N-linked 

glycans, and is found on THP-1 cell N-glycans, it may be possible that monocytes 

take extracellular GlcNAc, like PNAG, for GlcNAc recycling (Delannoy et al., 

2017). To prove these hypotheses, SA-PNAG, AB-PNAG and dispersin B-treated 

and non-treated fluorescent S. aureus Mn8m and A. baumannii S1 should be 

incubated with monocytes and visualised via  spinning disk confocal microscopy 

over a 2-48 hour time period. This would allow us to visualise whether PNAG and 

PNAG producing bacteria persist within monocytes or is degraded within the 

monocyte. Other cells types would also need to be tested to see if PNAG penetration 

was specific to monocytes, or common among multiple cell types. Nonetheless, this 
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finding provides interesting avenues for future research into bacterial immune 

evasion, or GlcNAc up-take and recycling by host cells.  

5.4. Evaluation of targeted anti-S. aureus therapeutics 

S. aureus has many surface proteins, yet little is known as to whether many lectins 

are on the surface of S. aureus. Protein A contains a carbohydrate binding module 

named LysM that binds to GlcNAc-containing polymers such as chitin, nodulation 

(Nod) factors (LPS consisting of 3-5 GlcNAc  residues), and peptidoglycan (Buist et 

al., 2008; Mesnage et al., 2014). Furthermore, it was predicted that a homologue to 

SasG in S. epidermidis, Aap, binds GlcNAc the G5 lectin domain (Bateman et al., 

2005).  

We successfully used HTP microarrays to screen for glycoclusters that modulated 

whole bacteria-protein and PNAG-protein interactions. However, depending on the 

concentration, glycocluster, and the protein target, some glycoclusters increased 

bacteria-protein interactions and preliminary data showed that increased bacteria-

mucin interactions. Perhaps these lectins or other undiscovered S. aureus lectins had 

affinity for glycoclusters used in this study at certain concentrations and increased 

binding by using the glycoclusters as a ‘carbohydrate bridge’. A goal of glycocluster 

synthesis is to reduce targeted interactions. Indeed the majority of our results showed 

this, but some interactions were also encouraged by glycocluster co-incubation. 

There may be lectins on the surface of S. aureus responsible for binding to GlcNAc 

and some of the glycoclusters used in this study. Further research using a S. aureus 

transposon mutant library and screening the wildtype and these mutants for their 

interaction with GlcNAc-BSA or glycoclusters would help test this hypothesis. Two 

glycoclusters, sos2226 and sos2227, were difficult to dissolve in water and often 

formed aggregates in solution. Although this would not be suitable to administer to a 

patient with the aims of clearing a bacterial infection, these insoluble compounds did 

prevent biofilm formation of two MSSA strains and an MRSA strain, BH1CC. 

Glycoclusters have been used to inhibit lectin mediated biofilm formation by P. 

aeruginosa (Boukerb et al., 2014; Smadhi et al., 2014). To the best of our 

knowledge, this is the first report of glycoclusters inhibiting both protein- and 

eDNA-mediated biofilm formation and PNAG-mediated biofilm formation. The 

insoluble glycocluster did not inhibit growth, therefore we are unsure of the 
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mechanism of biofilm inhibition. The high viscosity may make it more difficult for 

bacteria to connect to one another via polysaccharides, eDNA or proteins. 

Transmission electron microscopy of MSSA and MRSA with and without sos2226 

and sos2227 would be required to test this hypothesis. This research provides 

preliminary data that could be used to develop a gel coating on medical devices that 

would be used locally to treat biofilm-mediated infections.  

Nonetheless, there is a need to develop glycoclusters that are more water soluble to 

make them compatible with in vivo environments. We were unable to carry out PRR 

modulatory experiments with our full panel of glycoclusters used in chapter 3, but 

further screening should be carried out to determine whether the remaining five 

soluble glycoclusters have PRR-S. aureus and –A. baumannii modulatory 

characteristics.   

 

Overall, this thesis provided lectin and PRR receptors specific for S. aureus, A. 

baumannii and PNAG associated with S. aureus and A. baumannii, providing a 

range of different lectins that could be used for S. aureus and A. baumannii detection 

and potential PRR receptors for future research. Our work highlighted the 

importance of investigating polysaccharide conformation and the possible effects of 

genetic mutations on cell surface composition. Also, we proved that HTP 

microarrays are a suitable platform to determine glycocluster IC50 values. Finally, we 

determined that possible functions for glycoclusters in inhibiting lectin-bacteria, 

PRR-bacteria and biofilm formation, although more investigation is required to 

understand the overall impact of glycoclusters on bacteria-host interactions and 

human health. 
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