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Abstract

Cystic fibrosis patients endure serious lung infection caused by colonisation and
persistent infection by a wide range of pathogens, most commonly Pseudomonas
aeruginosa (PA). One of the factors that facilitates establishment of chronic lung
infection is formation of biofilms which are structures resistant to antimicrobial
drugs and immune attack. Biofilms are embedded within extracellular polymeric
substance (EPS) that maintains the structure of biofilms. PA produces two
important polysaccharides Pel and Psl, which have been implicated in promoting
biofilm development and biofilm maintenance, respectively, as well as cell
aggregation . To the best of our knowledge, there has not been any study showing
the presence of specific immune receptors for the recognition of PA biofilms. C-
type lectin receptors (CLRs) are pathogen-recognition receptors that contribute to
the recognition of infectious agents through the detection of carbohydrates
moieties representing a subset of pathogen-associated molecular patterns

(PAMPS).

We hypothesized that CLRs such as DC-SIGN (CD209) and mannose receptor
(MR) (CD206) could play a crucial role in the immune recognition of PA biofilms
through the binding to different carbohydrate-containing components. Investigating
the CLR-PA cross-talk and the response of immune cells expressing CLRs to
different PA components could lead to a novel strategy to eradicate infections. The
main aim of this thesis is to determine the capability of CLRs, particularly MR and

DC-SIGN, to interact with PA biofilms.



We have shown that CTLD4-7, a region of MR, and DC-SIGN bind to PA biofilms
with DC-SIGN binding significantly better than MR. Both lectins also recognised
several independent preparations of EPS lacking Pel. Surprisingly, we found that
DC-SIGN also binds to planktonic PA in the absence of Psl and Pel which indicates
that DC-SIGN could recognize non-EPS carbohydrate-containing ligands in the
bacteria. Further investigation unveiled that DC-SIGN requires the presence of the
common polysaccharide antigen (CPA) which is shared among all PA serotypes to
bind planktonic cells. These results indicate that CPA is a candidate ligand for DC-
SIGN in PA. To determine the significance of these findings, assays incubating
human dendritic cells with purified EPS and planktonic PA were performed but no

definitive conclusion could be drawn.

These findings shed light on the potential impact of PA Psl and CPA-LPS on the
recognition of PA by immune cells expressing CLRs and might open new avenues

for therapeutic approaches.
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Chapter 1. General introduction

1.1 P. aeruginosa (PA)

1.1.1 PA Infections

The term ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp) is an acronym that refers to a group of bacterial pathogens of
concern to global health systems due to their association with antimicrobial
resistance (Santajit and Indrawattana, 2016). ESKAPE pathogens have been
found to be responsible for major nosocomial infections (Rice, 2010) and have the
ability to escape the biological actions of antimicrobial agents and antibiotics
(Pogue et al., 2015), and represent a paradigm shifts in disease pathogenesis
and resistance (Pendleton et al., 2013). Nosocomial infections are hospital
acquired infections and can occur within two days of admission to a hospital, less
than five days after discharge, or a month after an operation (Revelas, 2012). PA
is a leading cause of nosocomial infections and accounts for 10.1% of nosocomial
infections in United States hospitals (Sadikot et al., 2005b). The increased rate of
infections with multidrug-resistant PA (MDRPA) is a concern because of limited
availability of effective antimicrobial options (Obritsch et al., 2005). ESKAPE
pathogens employ several mechanisms of drug resistance including, destruction
of a drug’s activity, biofilm formation, modification of drug binding sites, and
changing the cell’'s permeability which, in turn, reduces intracellular drug
accumulation (Santajit and Indrawattana, 2016). For instance, the most common
mechanism of imipenem resistance in PA is a combination of drug inactivation and

reduced intracellular drug accumulation, with  AmpC and porin changes being



involved, respectively (Poole, 2005, Cai et al., 2009). AmpC B-lactamases are
important enzymes encoded on the chromosomes of many pathogens including
PA. They have the ability to mediate resistance to cephalothin, penicillins, and
inhibitors of B-lactamase (Jacoby, 2009). The outer membrane of PA contains
porins, the proteins that allow passage of hydrophilic substances such as
antibiotics (Delcour, 2009). A reduction in the amount of PA porins decreases drug

inflow into the cells (Fukuoka et al., 1993).

PA has the ability to exhibit different phenotypes allowing it to cause either acute
or chronic infection (Balasubramanian et al., 2015). In order to initiate infection, PA
planktonic cells express several acute virulence factors such as flagella, pili, and
type Il secretion system (T3SS). PA also expresses multiple virulence factors
regulated by quorum-sensing systems (QS) such as proteases, cyanide, elastase,
rhamnolipid, and phenazines (Balasubramanian et al., 2012a). Bacterial motility is
also an important factor at this stage (Furukawa et al., 2006). During acute
infection, PA cells are antibiotic sensitive unless the infection was initiated by an
antibiotic-resistant strain (Hogardt and Heesemann, 2011). Upon switch from acute
to chronic infection, PA forms biofilm which is considered a critical factor allowing
PA to persist and accumulate multiple mutations (L6pez-Causapé et al., 2013).
This is associated with a conversion to mucoid phenotype and gain of resistance
to antibiotics (Heiby, 2011). The global activator of antibiotic and cyanide (GAC)
within the PA genome plays a role in the transition from acute to chronic infection.
The GAC system consists of two transmembrane sensors, GacS and GacA
(Jimenez et al., 2012, Heeb and Haas, 2001). Both sensors activate expression of
small regulatory RNAs, rgRsmY and rgRsmZ, which in turn deactivate the negative
regulator RNA-binding protein RsmA (Brencic et al., 2009), a posttranscriptional

regulatory protein that controls the expression of many of the genes involved in



virulence during both acute and chronic infection (Mulcahy et al., 2008b). AmpR is
a transcriptional factor involved in regulation of antibiotic resistance, proteases,
and QS (Kong et al., 2005). Lack of AmpR downregulates T3SS system, reduces
production of acute virulence factors, increase antibiotic resistance, and enhances
formation of biofilm (Kumari et al., 2014, Balasubramanian et al., 2012b). Hence,
both the GAC system and AmpR, among others, control biofilm, antibiotic
resistance, and QS regulation, and aid PA to establish either acute or chronic

infection.

PA is a major medical problem to the healthcare system (Mendiratta et al., 2005).
It is an opportunistic pathogen because it takes advantage of a weakened immune
system or breached barriers to cause severe illness (Goldberg, 2010). PA is
considered an important pathogen causing serious infections such as pulmonary
CF disease, ventilator-associated pneumonia, and burn-wound infection (Mesaros

et al., 2007).

1.1.1.1 Burn-wound infection

PA is a key pathogen in chronic burn-wound infections (Gonzalez et al., 2018).
Damaged skin and host defences deficiency contribute to the infection complexity
(Lyczak et al., 2000b). The burn-wound infection starts with colonization of the
wound by bacterial cells and then subsequently biofilm formation on the surface of
the epithelial layer (Bielecki et al., 2008). Many virulance factors can mediate the
dissemination of PA through the injured tissues. For example, neutrophils elastase
has the ability to degrade the host fibronectin, an important component of the
extracellular matrix during wound healing (Grinnell and Zhu, 1996). Using a burn-

wound mouse model, mutations in lasR and lasA, components of PA QS, have



shown reduction in both virulence and spreading of bacterial cells on the burned
skin. However, the most significant reduction was observed with the double
mutants lasR and lasA compared to WT PAOL, AlaskR PAOL, or AlasA PAOL,
suggesting that QS plays a role in burn-wound infection by promoting biofilm

formation, which makes the burn-wound healing difficult (Rumbaugh et al., 1999).

1.1.1.2 Ventilator-associated pneumonia (VAP)

PA has been shown to be responsible for most of VAP cases (Park, 2005). Long
term intubated patients might acquire VAP causing pathogens from different
sources such as respiratory equipment, sinks, and health workers (Vincent, 2012).
Mechanical ventilation has been demonstrated to be associated with VAP
(Kalanuria et al., 2014). VAP is the most common hospital acquired infection in
critical care facilities and is associated with up to 40% mortality (Gunasekera and
Gratrix, 2016). In order to establish VAP, pathogens normally access the lower
respiratory tract and then adhere to it, causing persistent infection (Safdar et al.,
2005). It has been shown that the endotracheal tube serves as a reservoir for VAP
pathogens. A previous study found that the adherent pathogens produced biofilms,
leading to poor prognosis (Koerner, 1997). 70% of VAP patients had the same
pathogens isolated from both tracheal secretions and endotracheal tube biofilms
(Adair et al., 1999). A study conducted on a group of VAP patients showed that
patients with PA expressing T3SS showed worse clinical outcome (Hauser et al.,

2002).



1.1.1.3 PAinfection in CF patients

CF is a life-threatening autosomal recessive disease (Hobbs et al., 2013a) caused
by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator gene
(CFTR) (Rogers et al., 2008). CF involves multiple organs such as the pancreas,
lung, liver, and intestine (Abu-El-Haija et al., 2011). CFTR regulates the movement
of water and chloride and sodium ions across the epithelium (Gaspar et al., 2013),
therefore, any defect in CFTR leads to viscous secretions, diminished muco-cilliary
clearance and pulmonary infections (Bonfield et al., 2012). The CFTR protein is
found on the apical membrane of epithelial cells (Denning et al., 1992), and it
functions as an ATP-dependent membrane transporter which is activated by cyclic
adenosine 3',5-monophosphate (CAMP)-dependent phosphorylation (Gadsby et
al., 2006). The homeostasis of chloride, sodium and other ions is maintained by

CFTR (Schwiebert et al., 1999).

Since 1989, when the gene encoding CFTR was first identified (Sheppard and
Welsh, 1999), more than 1500 mutations have been described (Sebro et al., 2012).
The most common mutation is AF508, which accounts for 70% of CF cases (Davis,
2006). Less common CFTR mutations are G551D, N1303K, and G542X (Bobadilla
et al., 2002). Different mutations have different effects on CFTR. Mutations are
classified into six groups based on their molecular mechanisms. Table 1
summarizes the different mutations which result in either altered or loss of CFTR

function (Lubamba et al., 2012b, Zielenski, 2000).



Table 1.1. Classification of CFTR mutations

Mutation
Class Consequences

prototype

= (G542X » Lack or defect in CFTR biosynthesis

= W1282X = Abnormal proteins cleared efficiently from the
I = R553X cell

= Most severe mutations

= F508Ddel * Immature CFTR is synthesised
Il = N1303K » No CFTR at the apical membrane

= G551D = Mature CFTR is synthesized
i = |nactive non-functional protein due to
defective regulation

= R334W = Normal amount of CFTR at the apical
I = G31l4E membrane
= D1152H = Impaired chloride conductance
vV =  A455E = Defectin CFTR synthesis
= The amount of functional CFTR is reduced
= Ql1412X » |ntact CFTR is produced
Vi = Unstable protein is found at the apical

membrane

In addition to acting as a cAMP-regulated chloride channel (Lubamba et al.,
2012a), it has been shown that CFTR is expressed in endosomes which suggests

that it may be involved in regulating endosomal pH (Lukacs et al., 1992).

Some gene-based therapeutic agents have been approved to act on CFTR.
Ivacaftor, a CFTR potentiator, is used to treat CF patients with the G551D mutation.
It mainly increases the opening time of CFTR allowing chloride ions to flow via
CFTR proteins channels at the epithelial cell surface. Ivacaftor has been shown to
successfully improve lung function (Condren and Bradshaw, 2013). Lumacaftor
(VX-809) is used to treat patients with the AF508 mutation. It can facilitate the
CFTR trafficking within the cells allowing the protein to reach the cell membrane

(Boyle et al., 2014). Another agent is VX-661 which has shown improvement when



administered with Ivacaftor to treat CF patients with the AF508 mutation

(Donaldson et al., 2013).

Airway dehydration due to chloride depletion and sodium increase is a hallmark of
CF disease (George et al., 2009). The epithelial Na* channel (ENaC) is responsible
for absorbing sodium in airway epithelia, while chloride is secreted by CFTR. This
maintains electrolytes balance leading to sufficient hydration of the airway surface
liquid (ASL) (Mall et al., 2004). Defective CFTR results in reduced chloride level,
hyperactivity of ENaC, which in turn increases sodium absorption (Hobbs et al.,
2013b). All these factors contribute to mucus dehydration leading to: 1) insufficient
mucus clearance and 2) decreased ASL, resulting in impairment of pathogen
clearance and, subsequently, establishment of chronic infection (Gaspar et al.,
2013). PA infection is a well-established cause of morbidity in CF (Mowat et al.,
2011), although other pathogens have also been found in the CF lung. Lung
function failure in CF has also been associated with Methicillin-resistant
Staphylococcus aureus (MRSA) (Dasenbrook et al., 2008). In addition,
Haemophilus influenze frequently colonizes the CF lungs (Cardines et al., 2012),
and Aspergillus fumigatus has been isolated from sputum of CF patients (De
Vrankrijker et al., 2011). CF patients show high levels of Burkholderia spp in the
salivary fluid (Coutinho et al., 2008). Also, Streptococcus pneumoniae, and
Klebsiella pneumoniae have been found in CF patients’ sputum (Jones et al.,
2018). PA chronic infection is prevalent in about 80% of adult CF patients (Pressler
et al., 2011). Also, CF adult patients might suffer pulmonary exacerbations due to

PA infection (Aaron et al., 2004).

Biofilms have been identified in the CF lung (Kovach et al., 2017). Biofilm growth
in CF is associated with several mutations, adaptation of the bacteria to the lung

conditions and resistance to antibiotics (Hgiby et al., 2010). PA CF isolates display
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altered expression of virulence factors which affects motility, antimicrobial
resistance, lipopolysaccharide (LPS) structure, and production of some secreted
products such as pyocyanin (Hoboth et al., 2009). PA pyocyanin can inhibit the
function of antioxidants and block chloride transport in human bronchoepithelial
cells (Hassett et al., 1992, Cormet-Boyaka et al., 2016). During chronic infection
PA undergoes a phenotypic change which involves production of biofilm matrix,
called extracellular polymeric substance (EPS), an important player in biofilm
formation (Bragonzi et al., 2005). PA can also adopt a mucoid phenotype in the CF
lung (Troxler et al., 2012). Once PA becomes mucoid and forms biofilm, the
eradication of infection is very difficult. This leads to immune response disturbance,
impaired pulmonary function, and persistence of chronic disease (Hartl et al.,

2012b).

1.1.2 Characteristics of PA

PA is a Gram-negative, rod-shaped, and motile, opportunistic pathogen commonly
found ubiquitously in the environment due to its ability to utilize numerous energy
sources (Gellatly and Hancock, 2013). PA versatility is underpinned by its large
genome (6.3 million base pairs) that endows the bacterium with metabolic
adaptability and tightly regulated gene expression programmes. This flexibility
allows PA to grow vigorously in diverse ecological niches (Sadikot et al., 2005a,
Rossolini and Mantengoli, 2005). PA utilizes many exoproducts such as elastase
and exotoxin A to evade the immune response allowing the persistence of PA
infections (Sadikot et al., 2005a, Mariencheck et al., 2003b). Chronic lung infection
in CF, bacteraemia in burn-wound patients, and acute ulcerative keratitis are the
most common human diseases caused by PA (Lyczak et al., 2000a). In CF, the

presence of PA infection is associated with poor lung function and increased



morbidity and mortality (Lavoie et al., 2011a). A previous report showed that 80%
of CF patients have PA infection (Crull et al., 2016). PA has the ability to resist
multiple classes of antibiotics and antimicrobial agents such as ciprofloxacin and
levofloxacin (Lister et al., 2009). In order to establish a chronic infection, PA
produces a variety of virulence factors and surface structures which contribute to
its pathogenicity and play a role in motility and adhesion (Murray et al., 2010).
Biofilm formation is one of the strategies used by PA to establish and maintain

chronic infections (Hgiby et al., 2010).

1.1.3 Virulence factors of PA

PA express many virulence determinants that enable PA to abrogate the immune
response, establish chronic infection and survive in extremely aggressive
environments (Gellatly and Hancock, 2013) (Figure 1.1). As mentioned above,
isolates from acute infections express a wide range of virulence factors but some
of these virulence determinants such as flagella and pili are missing in isolates
from chronic CF lung and chronic burn-wound infections (Hogardt and
Heesemann, 2010). The contribution of key virulence factors to PA infection is

described below.



Type lli
secretion system

Cell membrane
(LPS)

Extra-cellular products
" Protease
= Pyocyanin
Catalase
Elastase
Exotoxin A

Figure 1.1: Virulence factors in PA.

This image illustrates the surface virulence factors such as flagellum, LPS, pilus,
and secreted virulence factors that include products such as pyocyanin,
catalase, proteases and exotoxin A, and T3SS apparatus that is considered a

major determinant of PA cytotoxicity. Image adapted from (Sadikot et al., 2005b).

1.1.3.1 Flagella and pili

The single polar flagellum is required for PA motility, biofilm initiation and adhesion
to host cells (Bucior et al., 2012). Despite the critical role that flagella play in acute

infection, it has been demonstrated that some strains isolated from the CF lung do
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not express this surface structure (Tart et al., 2005). The mechanism underlying
this observation has been elucidated. During infection, flagellin, the structural
protein of flagellum, is recognized by TLR-5, which is used by the immune system
to detect PA and induce cytokine production (Rumbo et al., 2006, Zhang et al.,
2005). In order to evade the host immune system, PA represses or downregulates
flagellin synthesis (Wolfgang et al., 2004); this can occur when neutrophil elastase
degrades the flagellar hook protein (F1gE). Reduced levels of F1gE induces
accumulation of the anti-sigma factor (F1gM) within the bacterium inhibiting fliC,

the gene encoding flagellin (Jyot et al., 2007).

Pili are composed of minor pilin units which assemble to form fine filamentous
surface structures (Nguyen et al., 2015). Pili play an important role in twitching
motility and facilitating biofilm formation. Pili also promote the initial colonization of
epithelial cells by binding to asialoGM1 at the epithelial cell membrane (Alarcon et
al., 2009, Comolli et al., 1999). This binding leads to activation of Nuclear Factor
kappa-light-chain-enhancer of activated B cells (NF-kB) and mucin production (Du
et al., 2006, Li et al., 2003). Piliated PA strains were shown to promote more
severe pneumonia compared to non-piliated mutants in a mouse lung infection

model (Tang et al., 1995).

1.1.3.2 Type lll secretion system (T3SS)

T3SS is the mechanism by which PA injects toxins into the host cells (Bleves et
al., 2010). This system is regulated by 43 genes that encode the secretion
apparatus (Veesenmeyer et al., 2009). Four effector toxins or exoenzymes have
been shown to be injected by T3SS: ExoU, ExoS, ExoT, and ExoY. T3SS is

organised in a sequential manner to transport T3SS exoenzymes into host cells
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(Hauser, 2009). Most clinical strains express ExoU and ExoS, which are the major
toxins, while ExoT and ExoY, the minor toxins, are expressed by all strains (Gellatly
and Hancock, 2013). ExoS and ExoT are bifunctional toxins that possess both
ADP-ribosyltransferase (ADPRT) and Rho GTPase activating protein activity
(Hauser, 2009). ExoY is a soluble adenylate cyclase (Ochoa et al., 2012). ExoU,
the most cytotoxic of T3SS effectors, lyses the intoxicated mammalian cells
through its phospholipase A2 (PLA2) activity (Sawa et al., 2016, Lee et al., 2007),
whose activity leads to loss of plasma membrane and rapid cell death (Sato and

Frank, 2014).

The effect of T3SS exoenzymes is as follows: ExoS alters cell function by inhibiting
phagocytosis, endocytosis, and host cell DNA synthesis (Rangel et al., 2015,
Frank, 1997). ExoT inhibits the process of epithelial cell wound repair and hinders
host cell division (Wood et al., 2015). As mentioned above ExoY has adenylate
cyclase activity. A recent study showed that ExoY increased the level of CAMP in
endothelial cells leading to increased vascular permeability. In order to respond to
infection, epithelial cells produce the neutrophil chemo-attractant hepoxilin A3
(HXA3) which initiates neutrophil migration. Recruited neutrophils produce
leukotriene B4 (LTB4) to amplify the recruitment process. It has been
demonstrated that cytosolic phospholipase A2a (cPLA2a) regulates the activity of
both HXA3 and LTB4. ExoU displays the ability to augment cPLA2a levels leading

to exacerbated neutrophil recruitment (Pazos et al., 2017).

Expression of T3SS is less predominant during chronic infection such as during
infection of the CF lung (Sousa and Pereira, 2014). These effectors are expressed

at some point during infection but eventually PA loses the ability to produce T3SS
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over time in CF airways (Chen et al., 2016, Yahr and Wolfgang, 2006). Mutation
within the mucA gene leads to overproduction of alginate during chronic infection;
it has been shown that overproduction of alginate supresses T3SS activity during
PA chronic infection (Wu et al., 2004). The mechanism is not clear yet, but it is
thought that algiante overproduction might cause metabolic stress affecting T3SS

function (Yahr and Wolfgang, 2006) .

1.1.3.3 Lectins

PA produces two types of lectins LecA and LecB that bind to galactose and fucose,
respectively, in a calcium dependant manner (Blanchard et al., 2008, Cioci et al.,
2003). LecA and LecB were initially identified in the cytoplasm of PA; however,
large amounts have been detected on the outer membrane suggesting that they
might be important for adhesion (Tielker et al., 2005, Glick and Garber, 1983). It
has been shown that LecA decreases the growth of epithelial cells resulting in
respiratory epithelial cell injury. Additionally, LecA has been found to promote the
permeability of intestinal epithelium. This increases the absorption of exotoxin A,
an essential virulance factor (Bajolet-Laudinat et al., 1994, Laughlin et al., 2000).
Protease 1V, can digest important proteins such as immunoglobulins, complement
components, and fibrinogen. A lecB mutant has shown defective protease IV
function, indicating that lecB might play a role in the regulation of protease IV
virulence activity (Engel et al., 1998). Additionally, both lectins can help PA to
inhibit ciliary beating. In addition, LecA and LecB facilitate bacterial aggregation
and play a role in biofilm formation (Tielker et al., 2005, Diggle et al., 2006a). It has
been shown that a lecA mutant was unable to form biofilm compared to WT (Diggle

et al., 2006b).
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1.1.3.4 Lipopolysacharide (LPS)

LPS assembles the outer layer of the outer membrane in Gram negative bacteria.
It plays an important role in antigenicity, the inflammatory response, and in
promoting interactions with antibiotics (King et al.,, 2009b). PA LPS domain
consists of three regions :1) A membrane-anchored lipid A, 2) core region, 3) O-
specific polysaccharide (O-antigen) (Kocincova and Lam, 2011). Numerous
investigators have studied PA LPS due its importance to both the bacterium and
host response. LPS structure and pathogenicity will be discussed in detail in

chapter 5.

1.1.3.5 Secreted virulence factors

Exotoxin A (ETA) is an important cytotoxic virulence factor. ToxA is the structural
gene of ETA (Ochsner et al., 1996) and ToxA transcription is regulated by toxR
(Walker et al., 1994). ETA recognizes cells through binding to a2 macroglobulin
receptor/low density lipoprotein receptor (CD91) (Kounnas et al., 1992).
Structurally, ETA is a 66KD single polypeptide and consists of three functional
domains:1) domain la which is responsible for cell recognition, 2) domain Il plays
arole in toxin transportation through cellular membranes, and 3) domain Il has the
ability to catalyse the ADP-ribosylation of elongate factor (EF-2) which leads to
blocking biosynthesis of protein and ultimately cell death (Morlon-Guyot et al.,

2009, Wolf and Elsésser-Beile, 2009).

Elastase (33 kD) is encoded by PA lasB gene (Casilag et al., 2016, Rust et al.,

1996). Elastase hydrolyses extracellular matrix components and breaches
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epithelial barriers by disrupting tight junctions. It can affect the immune system by
degrading numerous components such as TNF-a, IFN-y, and IL-8 (Kuang et al.,
2011). It also has been demonstrated to affect host cells by cleaving
immunoglobulins, surfactant protein A and D, and complement, consistent with its

contribution to PA pathogenesis (Mariencheck et al., 2003a).

Phospholipase C (PLC) is a soluble protein which has a catalytic activity. It is
mainly found in the cytosol and can be translocated to the plasma membrane
(Fukami, 2002). PLC can hydrolyse phospholipids such phosphatidylcholine and
sphingomyelin resulting in tissue damage (Terada et al.,, 1999). PLC can also
promote bacterial invasion and cause fatal injuries to host cells (Sadikot et al.,
2005Db). It also contributes to suppression of the neutrophil respiratory burst activity

which promotes PA persistent chronic infection (Terada et al., 1999).

Rhamnolipids are mixtures of glycolipids and rhamnose moieties linked to 3-
hydroxyalkanoyloxy alkanoic fatty acids (HAA). Rhamnolipids have an essential
role during chronic PA infection. They have the ability to dissolve various insoluble
substances, reduce surface tension, and increase swarming activity (Deziel et al.,
2003). Dynein is responsible for cilia movement (Lodish et al., 2000). Rhamnolipids
have been shown to remove dynein resulting in impaired ciliary function.

(Bloodgood, 2013).

1.2 Quorum sensing (QS)

QS is a cell density-dependent gene regulation system that coordinates gene

expression, virulence production, and biofilm formation (Rutherford and Bassler,
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2012). PA expresses three main QS systems: las, rhl and pgs. The las system
consists of the transcriptional regulator (lasr) and the synthase protein (lasl). The
rhl system consists of rhll and rhir proteins (Smith and Iglewski, 2003, Rampioni et
al., 2016). For las and rhl, QS PA uses N-acylhomoserine lactone (AHL) molecules
or autoinducers to establish signalling networks and coordinate the production of
virulence factors (Davis et al., 2010, Zhu et al., 2002). Two AHLs have been
identified in PA, [N-(3-oxododecanoyl)-I-homoserine lactone (30-C12-HSL)],
produced by the las system, and [N-butyryl-L-homoserine lactone (C4-HSL)],
produced by the rhl system (Nakagami et al., 2011). It has been shown that these
AHL molecules cause apoptosis of neutrophils and macrophages (Tateda et al.,
2003). The las system regulates secretion of some virulence factors such as
elastase, alkaline protease, exotoxin A, and biofilm formation (Rasamiravaka et al.,
2015). The rhl system activates the production of rhamnolipids, pyocyanin, and the
cytotoxic lectins LecA and LecB (Grishin et al., 2015, Aendekerk et al., 2005). It
has been shown that the las system plays a crucial role in biofilm development and
maturation (Passos da Silva et al., 2017). A lasl mutant formed flat undifferentiated
biofilms compared to controls. Also, in the same experiment, when both biofilms
were treated with a detergent, the lasl mutant biofilm was dispersed and
diminished, while the WT control biofilm did not show detectable effect (Heydorn
et al.,, 2002). The rhl system controls the expression of several PA products
including the carbohydrate Pel, which is involved in the generation of EPS which,
as mentioned above, comprises the biofilm matrix. lasl and rhll mutants exhibited
reduction in the transcription of the pel operon (Sakuragi and Kolter, 2007). PA
produces extracellular DNA (eDNA) which is important component of the PA
biofilm. It has been shown that eDNA generation is dependent on the QS system
suggesting that QS mutants might affect biofilm formation compared to WT
(Allesen-Holm et al., 2006). Meta-bromo-thiolactone (mBTL) has been reported to
inhibit lasr and rhir. O’Loughlin and colleagues have demonstrated that mBTL
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partially inhibited both lasr and Ihlr, which in turn inhibited biofilm formation
(O’Loughlin et al., 2013). All these studies might indicate that there is a link

between biofilm and the QS system.

2-alkyl-4 quinolones (AQs) are involved in the pgs QS system as signalling
molecules (Rampioni et al., 2016). Genes coding for pyocyanin, exoenzymes,
hydrogen cyanide, lectins, rhamnolipids, pyochelin and pyoverdine as well as
biofilm development require AQs (Heeb et al., 2011). PA produces more than fifty
AQs (Lahiri and Ghosh, 2017), including 2-heptyl-3-hydroxy-4-quinolone (PQS), 2-
heptyl-4-quinolone (HHQ), 2-nonyl-4-quinolone (NHQ) and 2-heptyl-4-quinolone
N-oxide (HHQNO) (Tarighi et al., 2008). A five-gene,operon the pgqsABCDE
operon, is responsible for AQs synthesis in PA (Dubern and Diggle, 2008). PQS
binds to PgsR, which leads to pgsABCDE expression (Brouwer et al., 2014). The
pPgsABCD genes are involved HHQ synthesis, the PQS precursor (Ha et al., 2011).
PgsH encodes a flavin adenine dinucleotide (FAD)-dependent monooxygenase,
which aids conversion of HHQ into PQS (Wells et al., 2017). PgsE function is not
fully understood, but it has been reported that this gene acts independently of PQS
and PgsR (Farrow et al., 2008). Rampioni et al showed that a pgskE mutation has
no effect on the synthesis of AQ; however, the overexpression of PqsE abrogates

PgsA activity, which consequently inhibits AQ synthesis (Rampioni et al., 2010).

Many studies have shown the important role of PQS in biofilm formation.
Treatment of PAO1 cultures with PQS enhanced the attachment of bacterial cells
to the substrate (Diggle et al., 2003). Possible mechanisms for this observation
could be the induction of LecA, the galactophilic lectin, by PQS (Diggle et al.,

2006b) or PQS-mediated eDNAs release (Allesen-Holm et al., 2006). D'Argenio et
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al has demonstrated that PQS can lyse a population of cells leading to eDNAs
release (D'Argenio et al., 2002). A pgsA mutant formed biofilm that contains low
eDNAs compared to WT (Chiang et al., 2013). It also has been shown that PA
strains that exhibit high autolysis activity have increased PQS levels, which
correlates with enhanced biofilm formation (Haussler and Becker, 2008). AQs
have been detected in sputum and urine of CF patients (Rampioni et al., 2016). PA
strains isolated from two year old CF patients have shown increased AQs levels
compared to a WT PAO1 lab strain (Dubern and Diggle, 2008). Mutations in pgsA
and pgsC affected AQ synthesis, resulting in poor biofilm formation (Tettmann et
al., 2016). It also has been demonstrated that mutations in pgsB, pgsC and/or pgsD
completely obliterate AQ production (Rampioni et al., 2016). All these studies

support the crucial role of AQ in biofilm formation.

1.3 PA biofilms

Biofilms are highly organized communities of bacteria (Ma et al., 2009a). Biofilms
are widely distributed; microbial biofilms have been reported at high temperature
(about 50°C) (Jones et al., 2010) and have been found in a glacier samples (Yang
et al., 2009). Biofilms also can present in drinking water pipes making them
potential biohazards (Hallam et al., 2001). Medical devices such as contact lenses,
mechanical heart valves, and urinary catheters have been reported as biofilm
substrates (Wu et al., 2015). All ESAKPE pathogens exhibit the ability to form
biofilms to endure harsh environmental conditions (Bales et al., 2013). These
communities are enclosed in an EPS which is composed of polysaccharides,
nucleic acids, and proteins (Das et al., 2013). EPS maintains the integrity of
biofilms protecting bacterial cells from harsh environmental conditions (Stoodley et

al., 2002b). Once biofilms are established, they become resistant to antimicrobial
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agents and protected from the immune system. This facilitates chronic infections
making the eradication of infection extremely difficult (Lewis, 2007, Mah et al.,
2003). The persistent lung chronic infection in CF is attributed to the presence of

biofilms (Hauser et al., 2011b).

The PA biofilms development process is considered to consist of five-stages
(Figure 1.2): (1) reversible cell attachment to the substrate,(2) irreversible cells
attachment and cell proliferation, (3) loss of flagellar motility and EPS production,
(4) biofilm maturation, and (5) detachment and dispersion of planktonic cells to
either colonise a new surface or continue planktonic life style (Stoodley et al.,
2002b). Chua et al demonstrated that dispersed cells display high expression
levels of genes involved in motility and T3SS making them more virulent (Chua et
al., 2014). In the same experiment, Chua and colleges showed that dispersed cells
exhibit low levels of c-di-GMP, allowing more motility and fast growth. Based on
the dependency on polysaccharide synthesis locus (Psl) (1.3.3.2) and/or Pel
(1.3.3.3) for biofilm formation, Colvin et al. proposed four classes of PA strains.
Class 1: strains that rely on Pel, such as PA14. Class 2: strains that have a Psl-
dominant matrix, such as PAOL. Class 3: strains that can form a biofilm using either
Pel or Psl and only have impaired ability to form biofilm if both pathways are
mutated (EPS-redundant matrix). Class 4: matrix overproducers, which are those
strains that overproduce Pel and Psl to form a significant amount of biofilm; in case
of psl deletion, pel could compensate for the loss and vice versa. This reduces the
impact of deletion on biofilm formation (Colvin et al., 2012b). Understanding biofilm
structure and major players in biofilm formation might lead to the development of

novel therapeutic approaches to eradicate biofilms.
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Figure 1.2: Establishment of PA biofilms.

The sequential process of biofilm formation is initiated by reversible cell
attachment to the substrate (stage 1). Irreversible cell attachment and cell
proliferation (stage 2), followed by stage 3 in which there is loss of flagella and
cell motility and EPS is produced. The next stage is biofilm maturation, stage 4,
followed by stage 5 when single cells disperse from the biofilm. Diagram adapted

from (Stoodley et al., 2002b).

1.3.1 Role of proteins in biofilm

Biofilm proteins play a crucial role in facilitating surface adherence, matrix molecule
interaction, and matrix stabilization (Mann and Wozniak, 2012). The proteins
implicated in PA biofilms include LecA, LecB, and CdrA (Fong and Yildiz,
2015).The two-partner secretion (TPS) system (TPS) facilitates the translocation
of large proteins across the outer membrane (Guérin et al., 2017). The cyclic
diguanylate-regulated TPS partner A (CdrA) locus includes the TPS system with
high adhesion and transportation activities. Western analysis shows that CdrA
encodes a 150 kDa secreted protein (Borlee et al., 2010b). CdrA displays a rod-

shape with a B-helical structure (Mann and Wozniak, 2012) and contains several
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adhesion domains including a carbohydrate-dependent hemagglutination activity
domain, a glycine-rich sugar-binding domain (Borlee et al., 2010b). PA CdrA has
the ability to bind carbohydrates, promoting the interaction between matrix
molecules (Vozza et al., 2016). CdrA was named because of its expression in
response to high c-di-GMP (Cooley et al., 2016). It has been demonstrated that
CdrA interacts with PA Psl, making it a key factor in biofilm formation (Kovach et
al., 2017). In liquid cultures, CdrA overproduction increases cell auto-aggregation
(Chua et al., 2015). A CdrA mutant showed a decreased biofilm biomass and
structural integrity, suggesting that CdrA-Psl interaction could facilitates the cross-

talk between Psl and biofilm components. (Borlee et al., 2010b).

1.3.2 Role of eDNA in biofilm

Many studies have demonstrated the importance of eDNA as a structural
component of biofilms. For instance, a DNase enzyme isolated from Bacillus
licheniformis, has been shown to act as an anti-biofilm agent in this marine bacteria
(Nijland et al., 2010). It also has been reported that a DNase enzyme induced
biofilm dispersal by several PA isolates from chronic rhinosinusitis patients
(Shields et al.,, 2013). Biofilms that contain large amount of eDNA were not
dispersed in response to DNase; however, the treatment weakened the biofilm
structure (Grande et al., 2011, Lappann et al., 2010). Treatment of biofilms with
DNase increased antimicrobial sensitivity (Martins et al., 2012, Tetz and Tetz,
2010). On the other hand, adding exogenous DNA to PA biofilms increased their
resistance to antibiotics such as gentamicin and other aminoglycoside antibiotics
(Lewenza, 2013, Mulcahy et al., 2008a). These studies support the critical role of
eDNA in stabilizing bacterial biofilms. A recent study demonstrated that the PQS

QS system modulates release of eDNA during biofilm formation (Allesen-Holm et
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al., 2006). The origin of eDNA in the matrix can be genomic DNA released through
a cell autolysis mechanism, QS system, or outer membrane vesicles (OMVSs)
(Wilton et al., 2016). Confocal microscopy showed that Pel cross-links eDNA in the
biofilm th