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Abstract

Colonisation and chronic lung infection by the opportunistic pathogen Pseudomonas
aeruginosa (PA) is the leading cause of morbidity and mortality in cystic fibrosis patients. A
critical key determinant of PA pathogenicity is the switch from planktonic to the biofilm mode
of growth, which facilitates chronic infections and makes PA eradication extremely difficult.
Biofilms are aggregates of microorganisms in which the cells are enclosed in an extracellular
polymeric substance (EPS) that contains proteins, extracellular DNA (eDNA) and
exopolysaccharides. Psl and Pel are two important exopolysaccharides utilised by PA to
construct biofilms. While Psl is composed of D-mannose, D-glucose, and L-rhamnose, Pel

contains N-acetylgalactosamine (GalNAc) and N-acetylglucosamine (GIcNAc).

C-type lectins receptors (CLRs) are pattern recognition receptors (PRRs) that recognise
carbohydrate motifs and are expressed by innate immune cells, including dendritic cells (DCs),
macrophages and neutrophils. The overarching aim of this thesis is to investigate the interplay
between PA and innate immune cells and how it is affected by biofilm formation. We
hypothesise that engagement of CLRs through recognition of carbohydrate structures within
PA biofilms could modulate the immune response and interfere with innate immune cells

function, hence facilitating the persistence of infection.

Previously, our lab demonstrated that PA biofilms and biofilm-associated carbohydrates
purified from the Pel-deficient mutant AwspF Apel, engage two CLRs, Dendritic Cell-Specific
Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN, CD209) and Mannose
receptor (MR, CD206). In this study, we show that Dectin-2 (CLEC6A) is another CLRs that
binds PA biofilms and purified biofilm carbohydrates; Dectin-2 binds to biofilms formed by PA
strains with different EPS composition as well as biofilms formed by PA wound isolates.
Similarly to MR and DC-SIGN, Dectin-2 also recognised purified biofilm-associated
carbohydrates. High and low molecular fractions of purified biofilm carbohydrates were tested
in this study and Dectin-2, together with DC-SIGN and MR preferentially bound to the HMW
preparations. Biofilm-associated HMW carbohydrates did not induce Dectin-2 signalling on
huDectin-2 reporter cells or HEK-Blue™ mbDectin-2 cells but showed antagonistic activity

blocking the response of muDectin-2 reporter cells to the Dectin-2 ligand zymosan.

To microscopically examine the distribution of CLRs ligands within the biofilms and to study
the interaction of immune cells with biofilm, we optimised biofilm generation in substrates
suitable for microscopic examination. Confocal analysis shows DC-SIGN, Dectin-2 and,
weakly, MR ligands within PAO1 biofilms concentrated into discrete clusters with additional

DC-SIGN ligands dispersed among bacteria aggregates. Monocyte-derived DCs (moDCs)
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(DC-SIGN+ and MR+) cultured with biofilms formed by strains that overexpress Psl (AwspF
and AwspF Apel) tend to display round morphology and similar findings were noted when
moDCs were incubated with purified biofilm carbohydrates. In a different set of experiments
cytokine production by human moDCs in response to biofilms was tested and no differences
were seen among biofilms with different carbohydrate compositions or after addition of purified
biofilm carbohydrates. Taken together, these data indicate that DC-SIGN, MR and Dectin-2
are receptors for PA biofilms and biofilm-associated carbohydrates. The results of this
research support the idea that CLRs engagements upon biofilm recognition by innate immune

cells might modulate immune cells function.

As the first responder cells of the innate immune system, neutrophils possess a unique set of
migration features. Several studies found that neutrophils were not able to eradicate infection
caused by biofilm-forming PA, which might indicate that biofilm formation was hindering
neutrophil’s activity. Here, we describe an in vitro assay that allows us to examine neutrophil
behaviour, using live and confocal microscopy, following their interaction with PA, as a
planktonic or biofilm cultures. Using live microscopy analysis, we observed that (1) biofilms
reduced neutrophil velocity, net distance covered and the mean square displacement. Using
confocal microscopy analysis, we observed that (2) neutrophils appeared unable to release
granules when incubated with biofilms. Finally, (3) preliminary observations indicated that cells
exhibit higher circularity when incubated with biofilm formed by strains expressing Psl or Psl-

deficient biofilms in the presence of purified biofilm carbohydrates.

The findings from this study have gone some way towards enhancing our understanding of
the potential impact of biofilm formation on innate immune cells which might open new

avenues for therapeutic approaches.
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Chapter 1. Introduction

1.1. General introduction to P. aeruginosa

Pseudomonas aeruginosa (PA) is a gram-negative rod-shaped bacterium and a common
cause of nosocomial infections (Mulcahy et al., 2014). PA highly adaptable to different
environments and mainly found in habitats with intense human contact (Crone et al., 2020).
This bacterium is part of the human natural microflora and rarely causes infection in healthy
individuals (Cogen et al., 2008). However, PA is considered a significant threat and can cause
devastating infections in patients suffering underlying disease (e.g. cancer and cystic fibrosis
(CF)) or individuals with disrupted non-specific host defences (e.g. burns, catheters,
ventilators and surgery) (Driscoll et al., 2007, Lyczak et al., 2000). Several factors account for
the ability of PA to cause these infections. Besides its ability to adapt to different environments,
the bacterium is intrinsically resistant to a broad spectrum of antimicrobial agents (Lister et al.,
2009). The World Health Organization (WHO) ranked antibiotic-resistant PA as number one
on a list of antibiotic-resistant "priority pathogens" that pose the greatest threat to human
health (Tacconelli et al., 2017). Furthermore, PA can form biofilms and utilize a vast arsenal

of virulence determinants to interfere with the immune system (Gellatly and Hancock, 2013).
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Major infections caused by Pseudomonas aeruginosa
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Figure 1.1 Major infections caused by PA.

lllustration of the major clinical diseases caused by the opportunistic pathogen PA. For the most part,
infections are facilitated by the presence of underlying disease, e.g. cancer and CF or breakdown in
non-specific host defences, e.g. burns, catheters, ventilators and surgery (Driscoll et al., 2007,
Lyczak et al., 2000). Created with BioRender.com.

PA can cause acute or chronic infection (Klockgether and Timmler, 2017). Acute infections
are associated with the single-cell free-living mode of growth called planktonic (Furukawa et
al., 2006). Planktonic cells are usually armed with various aggressive host-invasion strategies
needed to establish infection and initial bacterial survival in the host (Valentini et al., 2018). In
this living style, PA establishes the infection after bacteria bind to host epithelial cells utilising
its adhesive molecules flagella and type IV pili. This binding of the flagella and type IV pili to
the host epithelial cells elicit an inflammatory response (Gellatly and Hancock, 2013). This
contact with mucosal surfaces causes devastating tissue damage in immunocompromised
individuals triggered by the translocation of bacterial cytotoxic effectors exoenzymes released
by the Type Ill Secretion System (T3SS) into the host cells along with the production of other

extracellular virulence factors (Berube et al., 2016). Eventually, the release of these virulence
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factors disturbs the integrity of the endothelial barrier, which allows PA to grow and
disseminate rapidly within the host (Berube et al., 2016). To clear the infection, activation of
macrophages and recruitment of neutrophils and monocytes to the site of infection takes place
(Lund-Palau et al., 2016). As a strategy to evade host defence and facilitate its persistence,
PA adapts to the host environment and undergoes modifications that facilitate bacterial
tolerance and host defence evasion (Bragonzi et al., 2009). This adaptation process
commonly involves the loss of major PA characteristics associated with planktonic cells, like
motility or T3SS, and/or the conversion to a biofilm mode of growth which is associated with
chronic infection (Bragonzi et al., 2009). The biofilm mode of growth plays a significant role in

PA persistence and chronic disease (Furukawa et al., 2006).

In contrast to the planktonic/acute phase of infection, in the biofilm/chronic mode of growth,
bacteria exhibit lower cytotoxic and immunogenic ability and persist for an extended period
(Valentini et al., 2018). Additionally, the biofilm mode of growth is associated with resistance
to antibiotics (Haiby, 2011). A binary regulatory switch was proposed to control the shift
between both PA living styles and infection types (Furukawa et al., 2006). Mainly, the
GAC/RSM global regulatory network of PA gene expression summarised in (Figure 1.2) plays

a key role in the bacterial shift from acute to chronic infection (Goodman et al., 2004).
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Figure 1.2 Summary of main Gac/Rsm cascade components.

The Gac/Rsm gene regulatory network consist of multiple regulatory components with different
regulatory action (— activation, ——|repression). The pathways converge on the RNA-binding
regulatory protein (RsmA) which binds to 5'untranslated region of mMRNA and represses the
translation of several genes in PA including psl (Irie et al., 2010). Along with RsmA, the backbone of
the Gac/Rsm network comprises the two-component system GacS/GacA that upon activation
upregulates the expression of the small regulatory RNAs (RsmZ and RsmY). These two-small
regulatory RNAs (RsmY/Z) possess multiple RsmA-binding motifs that act to sequester RsmA from
target mRNAs and relieving the mRNAs. Sequestration of RsmA by RsmY/Z eventually reduce RsmA
availability and induce preferential expression of virulence factors associated with biofilm/chronic
infection. Other proteins with different regulator actions also feeds into the Gac/Rsm cascade. The
hybrid sensor histidine kinase RetS is reported to suppress biofilm formation while the histidine
kinase LadS antagonizes the effect of RetS and promote phosphorylation of GacS (Rasamiravaka et
al., 2015). The hybrid sensor kinase PA1611 interact with RetS, which inhibits it from suppressing
GacS (Francis et al., 2017). The surface attachment and growth sensor hybrid (SagS), is involved in
the motile-sessile switch and antibiotic resistance. SagS regulates RsmY through phosphorylation of
the Histidine phosphotransfer protein B (HptB). The two-component system BfiS is essential for the
switch to cells irreversible attachment during the process of biofilm formation and reported to regulate
levels of RsmZ (Francis et al., 2017). The second messenger cyclic di-GMP (c-di-GMP) is an

important regulator in the switch between planktonic and biofilms. RsmA repress SadC which is one
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of the five diguanylate cyclases (DGCs) that are required for c-di-GMP synthesis. Diagram adapted

from (Valentini et al., 2018) and created with BioRender.com.

1.2. Clinical Importance of P. aeruginosa

The International Consortium for the Control of Nosocomial Infections reported that
nosocomial PA infections had become a global health problem (Rosenthal et al., 2016). PA is
particularly important as it is the leading cause of morbidity and mortality in CF patients
(Moradali et al., 2017). Additionally, PA is also usually linked to hospital-acquired infections
such as ventilator-associated pneumonia, wound-burn infection and catheter-surgical related

infections (Edwardson and Cairns, 2019).

1.2.1. Skin-associated infections

PA skin infections generally occur following an incident that causes a defect in the skin
epithelial barrier such as burns, wounds, or the implementation of medical devices such as
catheters (Turner et al., 2014). Naturally existing in the human skin microflora, PA rarely
causes infection in the skin of healthy individuals; however, in chronic wounds, this pathogen
is one of the most often isolated bacteria (Ruffin and Brochiero, 2019). The risk of PA skin
infection is larger in immunocompromised patients, or individuals with an underlying condition,
such as diabetes (Serra et al., 2015). PA infections can lead to a failure to heal skin injuries
and therefore promote development of chronic wounds. It has been shown that PA usually
forms biofilms on the surface of epithelial layers (Brandenburg et al., 2015). Once established,
PA biofilm-associated chronic wound infections are hard to eradicate (Ruffin and Brochiero,
2019). Utilizing a 3D model of reconstituted human epidermis that imitate the human's multi-
layered epithelial structure of the skin, Garcia et al. (2018) demonstrated that wild type (WT)
PA could be detected in almost all layers of the epidermis including the deeper layers. In
contrast, strains lacking flagellin failed to invade the epidermis tissue suggesting a

fundamental role for flagella in the initial establishment of skin infection (Garcia et al., 2018).

25



1.2.2. Ventilator-associated pneumonia (VAP)

VAP can occur if patients in the intensive care unit are placed under mechanic ventilation via
an endotracheal tube (ET) for longer than 48 hr (Pneumatikos et al., 2009). PA is one of the
most frequently isolated bacterial pathogens in all VAP cases (Cisneros et al., 2019) and
associates with a high mortality rate that can reach up to 69% (Bouglé et al., 2017).
Additionally, VAP caused by PA is also associated with a high recurrence rate that can reach
30% of cases after treatment with appropriate antibiotics (Planquette et al., 2013). The
establishment of PA-VAP occurs after the bacteria access and then adheres to the lower
respiratory tract, causing persistent infection (Safdar et al., 2005). It has been indicated that
ET serves as a facilitator for VAP pathogens to establish biofilms (Diaconu et al., 2018). Within
hours following insertion, ET is rapidly colonized by PA that forms a biofilm on its surface,
leading to poor prognosis (Diaconu et al., 2018). In a study conducted on a group of VAP
patients showed that patients with PA expressing T3SS showed the worse clinical outcomes

(Hauser, 2009).

1.2.3.  Cystic fibrosis (CF)

CF is a life-threatening recessive genetic disorder caused by a mutation in the gene encoding
the CF transmembrane conductance regulator (CFTR) protein (O'Sullivan and Freedman,
2009). The incidence of CF is approximately 1 of every 2,500 Caucasians live births (Welsh
et al., 1995). CFTR protein found on the apical membrane of the cells lining the airways and
functions primarily by regulating the chloride ions which are moved by the CFTR ion channel
from the inner cell to the outside of the cell (Saint-Criq and Gray, 2017). After they are outside
the cell, chloride ions attract a layer of water which is important as it allows cilia on the surface
of the lung cells to move back and forth. This movement sweeps mucus up and out of the
airways, which helps to clear the airway from inhaled particles and microorganisms (Saint-
Criq and Gray, 2017). Mutations in CFTR result in disturbance of this chloride channel (Koch

and Hoiby, 1993, Schwiebert et al., 1999, Sheppard and Welsh, 1999). In the lung this
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disturbance in the salt/water balance of cellular secretions eventually results in the production
of thick mucus which will hinder the “mucociliary elevator” of the bronchial lining (Rowe et al.,
2005). Gradually, different infectious bacteria, including Staphylococcus aureus, Haemophilus
influenza, Burkholderia cepacia and PA, become permanent residents and colonize the lower
airway (Cullen and McClean, 2015). Chronic PA infection is considered an important
determinant of mortality and morbidity in CF patients (Lavoie et al., 2011). Evidence of PA
colonization have been found at earlier stages in CF patients; PA has been isolated from
sputum samples taken from teens and children aged 3 (Burns et al., 2001). As described
above PA is a very adaptable organism; it has been demonstrated that during the course of
infection PA adapts to different conditions within the CF lung such as oxygen deficiency,
antibiotic pressure and bacterial competition (Sousa and Pereira, 2014). One of the most
important adaptive mechanisms and a critical key determinant of PA pathogenicity is the
switch from planktonic to the biofilm mode of growth which, as mentioned above, facilitates
chronic infection and makes PA eradication extremely difficult or even impossible (Hogardt

and Heesemann, 2010, Schelstraete et al., 2013).
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1.3. Virulence determinants of P. aeruginosa

PA possess an arsenal of virulence factors, enabling the organism to manipulate the immune
system and destroy the host cells to establish an infection (Figure 1.3) (Gellatly and Hancock,
2013). PA can adapt to the airway environment by accumulating mutations that allow the
bacteria to persist (Moradali et al., 2017). Isolates from acute infections express a high number
of virulence determinants, whereas isolates from chronic CF lung infections show a deficiency

in some of those virulence determinants (Valentini et al., 2018).

Virulence factors in Pseudomonas aeruginosa
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Figure 1.3 Selected virulence factors in PA.

Infection by PA is mediated by different virulence factors used to interfere with the host defences.
Flagella and type IV pili facilitate host surface adhesion by binding to an epithelial ganglioside,
asialoGM1. Besides lipopolysaccharide, these surface accessories are also highly inflammatory.
After contact with host epithelial cells, the T3SS can be activated, and injects cytotoxins directly into
the host cell such as ExoS and ExoU, which lead to disruption of actin cytoskeleton. Other virulence
determents are secreted by PA and have different effects on the host. Pyocyanin, the blue-green
pigment, can interfere with host cell electron transport pathways causing oxidative damage, whereas
pyoverdine is critical for iron chelation. Also, several proteases are produced that can destroy host
complement factors and disrupt tight junctions between epithelial, thus facilitating dissemination of
the bacteria. Figure adapted from (Vilaplana and Marco, 2020) and created with BioRender.com.
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1.3.1.  Flagella and pili

PA possess two types of appendages, flagella and type IV pili which are required for motility,
and play a key role in mediating cellular attachment and biofilm establishment (Bucior et al.,
2012). PA movement has been classified into three different methods, swimming, swarming
and twitching motility (Rashid and Kornberg, 2000). Swimming motility is PA movement in
aqueous environments and in low agar (0.4%) facilitated by its flagella. When the fluid
becomes thicker (semisolid), such as viscous media containing (0.4 to 0.7%) agar, the
swimming bacteria becomes elongated and may possess two polar flagella to facilitate the
movement on the semisolid surface, this movement called swarming motility (Kohler et al.,
2000, Overhage et al., 2008). To reduce tension and aid swarm motility on the surface PA
reported to produce and secrete the biosurfactant molecule rhamnolipids (Morris et al., 2011).
Twitching motility is the bacterial movement on the solid surface mediated by the retraction

and elongation of its pili (Burrows, 2012).

The major component of the single polar flagellum (flagellin), is recognized by the pattern
recognition receptor Toll-like receptor (TLR)-5 (Feuillet et al., 2006) and promotes
inflammation during PA acute infection (Balloy et al., 2007). Additionally, flagellin was found
to activate TLR-dependent inflammatory responses in alveolar macrophages and airway
epithelial cells (Raoust et al., 2009) Furthermore, the flagellin-mutant PA strains failed to
activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) in human
airway epithelial cells (Zhang et al., 2005). The flagellar cap protein FIiD was suggested to be
the part of flagella involved in the initial attachment of PA to the human respiratory mucin

(Arora et al., 1998).

Despite the important role of flagella in facilitating the initial bacterial colonization of the CF
airways, flagellin expression is significantly downregulated during chronic infection
(Mahenthiralingam et al., 1996, Wolfgang et al., 2004). Some PA strains isolated from CF lack

flagella (Deligianni et al., 2010). PA suppression or downregulation of flagellin synthesis
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promotes immune evasion and reduces phagocytosis (Jyot et al., 2007, Wolfgang et al., 2004).
The process occurs as a result of the release of neutrophil elastase which degrades the PA
flagellar hook protein F1gE. Low levels of F1gE triggers the aggregation of the anti-sigma
factor F1gM within the bacterium suppressing the flagellin encoding gene fliC (Jyot et al.,
2007). Several studies have shown that cyclic di-GMP is a crucial player in facilitating the
transition of the bacterium from motile to sessile lifestyle (Hengge, 2009). Flagellin expression
is influenced by c-di-GMP; while low levels of c-di-GMP promote bacterial motility by
enhancing flagella formation and bacterial dispersion (Merighi et al., 2007), higher levels of c-

di-GMP down-regulate flagellin expression (Baraquet and Harwood, 2013).

The Type IV pili (TFP) are polarly localised and composed of pilin subunits assembled to form
hair-like filamentous structures (Leighton et al., 2015). Functionally, TFP are essential for initial
surface sensing and adhesion and tissue colonisation (Doig et al., 1988). Additionally, TFP
facilitates twitching motility (Mattick, 2002) and biofilm formation (Van Schaik et al., 2005,
O'Toole and Kolter, 1998a). Through twitching motility pili assist surface exploration and it has
been reported that pili interact with Psl deposited on the surface to guide bacterial gathering
for biofilm formation (Zhao et al., 2013). TFP also plays a crucial role in cell-cell interactions
and cell-surface interactions that are necessary for bacterial pathogenesis (Brill-Karniely et
al., 2017). The initial PA colonization of epithelial cells is promoted by pili binding to asialoGM1
at the epithelial cell membrane (Alarcon et al., 2009). This interaction triggers the activation of
NF-kB and mucin production (Li et al., 2003). Non-piliated strains showed decreased virulence
as they failed to colonise host cells and initiated less severe infection (Tang et al., 1995).
Similar to the flagellum, some PA-CF Isolates were found to lack pili (Deligianni et al., 2010).
As pili and flagella were shown to bind asialoGM1 at the membrane of the epithelial cells
(DiMango et al., 1995), it was speculated that it forms a complex with TLR-2 which might

amplify the signalling capability of TLR-2 (Soong et al., 2004).
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1.3.2.  Type lll secretion system (T3SS)

T3SS is a needle-like structure found on the surface of different gram-negative bacteria that
allows bacterial effector proteins to be translocated directly into the host cell cytoplasm,
bypassing the extracellular environment (Coburn et al., 2007). The PA T3SS is controlled by
43 genes grouped into five clustered operons that are involved in the biogenesis and
regulation of the type Il secretory apparatus (Veesenmeyer et al., 2009). Four effector
proteins of the PA T3SS have been reported: exoS, exoT, exoU and exoY (Hauser, 2009).
While the genes for T3SS are present in all PA strains, the expression of the effector proteins
varies among PA strains with only few strains expressing all four effector proteins (Kroken et
al., 2018). Examination of over 100 PA clinical isolates from different infections indicated the
presence of the exoS gene in 58-72% of isolates, exoU gene in 28-42%, exoY gene in 89%
and exoT gene in 92-100%. For an unexplained reason, an inverse relationship between exoS
or exoU was noted with all strains containing either exoS or exoU but not both (Feltman et al.,

2001).

Following their injection inside the host cells, T3SS exoenzymes function as follows: ExoS is
a bi-functional protein which has GTPase activating protein (GAP) and ADP-ribosyltransferase
(ADPRT) activities (Rangel et al., 2015). These two activities are reported to alter the actin
cytoskeleton (leading to round morphology) and interfere with host cell functions, including
phagocytosis, endocytosis, and DNA synthesis (Hauser, 2009). Recently Garai et al. (2019)
reported an interesting observation, using confocal microscopy they found that intracellular
PAO1 were able to lyse human macrophages in a T3SS dependent manner that relies mainly
on ExoS (Garai et al., 2019). Similar to ExoS, ExoT also has GAP activity that disrupts actin
cytoskeleton and leads to cell rounding (Garrity-Ryan et al., 2000, Kazmierczak and Engel,
2002). Additionally, ExoT GAP activity was found to inhibit cell migration, phagocytosis and
epithelial cell wound repair (Garrity-Ryan et al., 2000, Cowell et al., 2000, Wood et al., 2015).
ExoY has adenylate cyclase activity reported to cause an increase of the concentration of

intracellular Cyclic adenosine 3',5'-monophosphate (cCAMP) GAC, which is known to regulate
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a high number of host cells genes (Hauser, 2009). Although ExoY is expressed in 89% of PA
clinical isolates, its contribution in PA pathogenicity is largely controversial and remains
unclear (Kloth et al., 2018, Munder et al., 2018). Several in vivo and in vitro experiments
showed that injection of ExoU into mammalian host cells leads to rapid cellular necroptosis,
attributed to ExoU phospholipase activity against the plasma membrane (Foulkes et al., 2019).
During infection, epithelial cells release the neutrophil chemo-attractant hepoxilin A3 that
triggers neutrophils migration. Following initial migration recruited neutrophils produce
leukotriene B4 (LTB4) to increase the recruitment process. Production of the eicosanoid LTB4
depends on phospholipase activity which is enhanced in the presence of ExoU. Therefore

presence of ExoU promotes LTB4 synthesis and neutrophil recruitment (Pazos et al., 2017).

The T3SS is not constitutively expressed by PA and is activated either under low calcium
conditions or after contact with host cells (McMackin et al., 2019). Expression of T3SS is often
associated with acute infection and positively correlates with a high mortality rate (Hauser,
2009). Additionally, expression of the T3SS was reported to be hindered by high levels of c-
di-GMP (Bailin, 2017) and another study found that c-di-GMP signalling requires rsmYZ to
facilitate the switch between T3SS and Type VI secretion system (T6SS) gene expression

based on western blot analysis (Moscoso et al., 2011).

Three T6SS have been described in PA, H1-, H2-, and H3-T6SSs (Sana et al., 2016).
Functionally, H1-T6SS was found to act only on prokaryotic cells, releasing effector toxins
such as Tse1 and Tse3 that provide fitness advantage for PA in competition with other bacteria
(Cianfanelli et al., 2016, Russell et al., 2011). H2-T6SS and H3-T6SS on the other hand was
indicated to target both prokaryotic and eukaryotic cells (Sana et al., 2016). For example, the
phospholipase D (PId)A and PIdB effectors released by H2-T6SS and H3-T6SS respectively
were shown to facilitate both, PA killing of competitor bacteria and the internalisation and
invasion of epithelial cells (Bleves et al., 2014, Jiang et al., 2014, Sana et al., 2012). Chen et
al. (2020) reported a significantly higher expression of all three T6SS genes (hcp1, hcp2, and

hcp3) in PAO1 biofilm compared to planktonic cells, suggesting an association between T6SS
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and biofilm formation (Chen et al., 2020). Based on regulatory molecules such as RetS and
LadS and the stage of infection, PA can switch between chronic/biofilm and acute/ planktonic
mode of growth (Goodman et al., 2004). Both, RetS and LadS are influenced by the c-di-GMP
pathway to inversely regulate motility and T3SS, which are associated with acute infection,

and biofilm formation and T6SS, which are related to chronic disease (Moscoso et al., 2011).

1.3.3. Lectins

PA produces two types of carbohydrate-binding lectins, the galactose-binding lectin LecA and
the fucose and mannose-binding lectin LecB. Both lectins bind ligands in a calcium-dependent
manner (Mitchell et al., 2005, Sabin et al., 2006) LecA and LecB were initially found and
characterized in the PA cytoplasm (Chemani et al., 2009, Glick and Garber, 1983). However,
significant quantities of both lectins were also present on the outer membrane of the bacteria,
suggesting that they may play an important role in bacterial adhesion (Tielker et al., 2005). PA
strains which produce elevated levels of these lectins exhibited a higher virulence (Funken et
al., 2012). LecA has been reported to induce a dose-dependent cytotoxic effect on respiratory
epithelial cells in vitro, which might lead to lung injury during PA infection (Bajolet-Laudinat et

al., 1994).

It has been shown that LecA interferes with intestinal epithelial permeability, leading to
increased absorption of the cytotoxic virulence factor exotoxin A (ETA) by those cells (Laughlin
et al., 2000). LecB was reported to induce NF-kB-mediated inflammation and reduces the
migration and proliferation of respiratory epithelial cells (Cott et al., 2016). Additionally, LecB
was reported to prevent ciliary beating in human airways (Adam et al., 1997) and inhibits tissue
repair processes in lung epithelial cells (Cott et al., 2016). Both lectins have been suggested
to contribute to bacterial aggregation during the process of biofilm formation, and LecA and
LecB mutants form thin biofilms compared to the WT strain (Diggle et al., 2006, Rasamiravaka

et al., 2015). It was reported that the application of solutions containing LecA- and LecB-
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specific sugars significantly decreased PA CFU in the sputum of CF patients (Hauber et al.,
2008) and successfully eliminated the organism in patients with PA airway infection (Von
Bismarck et al., 2001). It was suggested that these sugar solutions probably act as inhibitors
of lectin-mediated bacterial adhesion to host cells (Funken et al., 2012). The expression of
these two lectins was reported to be controlled by the rhl Quorum Sensing (QS) system

(Winzer et al., 2000).

1.3.4. Lipopolysaccharide

Lipopolysaccharide (LPS), is the major outer membrane component of Gram-negative
bacteria (Silhavy et al., 2010). Structurally, LPS is composed of three different domains: (1)
lipid A, (2) core oligosaccharide and (3) O-antigen (Caroff and Novikov, 2019). Because of its
localisation and structure, LPS is a key virulence factor that plays a significant role in PA
infection (Huszczynski et al., 2020). As mentioned above, the World Health Organization
named multi-drug resistant PA a number 1 priority critical pathogen for new antibiotics
(Tacconelli et al.,, 2017) and many researchers attribute PA antibiotic resistance to be
mediated by LPS (Huszczynski et al., 2020). What follows is a summary of the main functions

of each LPS components in PA pathogenesis.

Lipid A is the outer membrane-anchored part of the LPS. It is composed of an acylated O-
and N- di-glucosamine with distinct fatty acids attached to the di-glucosamine backbone (King
et al., 2009). It is the main immune stimulatory part of LPS, contributing to the life-threatening
septic shock syndrome resulting from over-activation of the innate immune system (Weiss and
Barker, 2018). LPS elicits immune signalling through the MD-2/TLR-4 receptor complex (Park
et al., 2009). This activity leads to the activation of the transcription factors IRF3 and NF-kB,
which result in a cascade of inflammatory cytokines, including TNF-a, IL-13, IL-6 and type 1
IFNs (Weiss and Barker, 2018). LPS-MD2/TLR4 interaction is mainly through Lipid-A acyl
chains (Park et al., 2009). Although the general structure and synthesis of lipid A are generally

conserved, the number of acyl chains can vary and may have significant implications for the
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bacterium-host interaction (Korneev et al., 2015). The acylation level of lipid-A was found to
significantly influence PA pathogenicity (Korneev et al., 2015, Hajjar et al., 2002). Isolates from
CF patients with hexa- and hepta-acylated lipid A were found to be very potent in triggering
an inflammatory response compared to the penta-acylated lipid A usually found in laboratory
strains or those obtained from non-CF-related diseases (Huszczynski et al., 2020, Ernst et al.,
1999, Ernst et al., 2006). Additionally, PA isolates taken from later stage CF patients were
hepta-acylated, suggesting acylation might be an important indication of the infection severity

(Ernst et al., 2003, SenGupta et al., 2016).

The core oligosaccharide of PA consists of heptose, 3-deoxy-D-manno-oct-2-ulosonic acid,
D-galactosamine, D-glucose, and L-rhamnose (Kocincova and Lam, 2011). In a mouse model,
(Schroeder et al., 2002) reported that CFTR expressed by lung epithelial cells bound to the
core oligosaccharide of LPS. This interaction leads to the translocation of NF-kB, which
facilitated the eradication of bacteria (Schroeder et al., 2002). Experiments using epithelial cell
lines carrying either the WT or mutated CFTR indicated a reduction in bacterial internalization
in the mutated cell line, suggesting that CFTR mutations may promote PA infection (Fraser-

Pitt and O’Neil, 2015).

O-antigen is the outermost part of LPS and is composed of a repetitive carbohydrate polymer
attached to the core oligosaccharide (Huszczynski et al., 2020). O-antigen polymers consist
of repeating sugar units that vary among PA strains; such distinctive structure is the reason
for the O-serogroups classification, which categorise each strain based on the O-antigen
structure (Lam et al., 2011). PA is able to produce two types of O-antigen: a homopolymer of
D-rhamnose trisaccharide repeats called the common polysaccharide antigen (CPA) which is
conserved and a heteropolymer composed of repeating units of 3-5 different sugars named
O-specific antigen (OSA) which is variable (Bystrova et al., 2006, Yokota et al., 1987). The O-
antigen is not present in all PA strains; strains with LPS containing O-antigen are called
smooth or capped while strains with LPS lacking O-antigen are called rough or uncapped

(Silhavy et al., 2010). Isolates from CF patients often contain rough LPS (Schurek et al., 2012).
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It has been shown that certain O-antigen serotypes induce NETs formation by human
neutrophils (Pieterse et al., 2016) which is linked to host tissue damage and worsen the

disease condition (Yousefi and Simon, 2016).

LPS alteration is suggested to be a key factor in the adaptation and immune evasion of PA
during the course of infection (Cigana et al., 2009). Analysis of sequential variants of PA
showed changes in O-antigen (Lee et al., 2005) and lipid A alterations which lead to
diminished MD-2/TLR-4 signalling (Cigana et al., 2009). In a mouse model, Loré et al. (2012)
show that early PA variants were lethal to mice, whereas late strains displayed reduced
virulence (Lore et al., 2012). Furthermore, LPS structure is highly dynamic during the process
of biofilm formation (Huszczynski et al., 2020). In the lung of CF patients, OSA expression is
usually lost due to genetic mutation, whereas expression of CPA is more stable (Lam et al.,
1989). It was indicated that mutation of the CPA synthesis but not OSA disrupts biofilm
maturation (Beveridge et al., 1997). Changes in LPS O-antigen are regulated by the c-di-GMP,
a molecule that regulates a wide variety of chronic infection phenotypes, including biofilm

formation as mentioned earlier (McCarthy et al., 2017).

1.3.5. Quorum sensing (QS)

QS is a gene regulatory system that regulates PA functions including production of virulence
factors and biofilm formation, depending on the density of the bacterial population and
environmental cues. QS is mediated by self-generated extracellular signalling molecules
(Williams and Camara, 2009, Lee and Zhang, 2015). This bacterial cell-cell communication
mechanism is essential for PA adaptation to different environments (Passador et al., 1993,
Davies et al., 1998). Four distinct QS systems have been identified in PA: Las, Rhl, PQS and
Igs (Lee and Zhang, 2015). Both Las and Rhl are activated by increased cell density within a
bacterial population, and both utilise N-acylhomoserine lactone (AHL) molecules as signals
for communication (Lee and Zhang, 2015). Two different AHL are produced by PA: while Lasl

mediates production of N-3-oxo-dodecanoyl-L-homoserine (30-C12-HSL) which is detected
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by LasR, Rhll produces N-butyryl-L-homoserine lactone (C4-HSL) which is detected by RhIR
(Papenfort and Bassler, 2016, Schuster and Greenberg, 2006). The PQS is triggered by iron
limitation within the cell population (McKnight et al., 2000). In the PQS system, the PqsABCDE
operon produces the precursor 2-heptyl-4-quinolone (HHQ), and PqsH catalyses the
conversion of HHQ to 2-heptyl-3-hydroxy-4-quinolone (PQS), which is detected by PgsR
(Heeb et al., 2011). The last discovered system is Igs, which is activated through phosphate
starvation and signals through 2-(2-hydroxyphenyl)-thiasole-4-carbaldehyde which seems to
be produced by AmbBCDE with no known sensor molecule (Lee et al., 2013a). The QS system
regulates a large number of PA virulence factors (Turkina and Vikstrom, 2019). The different
QS system work in a hierarchical manner (Lee and Zhang, 2015). Briefly, at the top of the QS
hierarchy the Las system regulating the expression of PQS, Rhl and Igs systems. In addition
to Las, the Rhl system is also under the control PQS (Lee and Zhang, 2015). Examples of

virulence factors controlled by QS are described in the following section.

PA produces several extracellular proteases, including LasB, which degrades host tissues
components including elastin, collagen, laminin and fibronectin leading to tissue injury and
haemorrhage during acute infection (Yang et al., 2015). Moreover, during chronic infection,
LasB was found to interfere with the host immune response, degrading components such as
TNF-a, IL-2 and IFN-y (Suarez-Cuartin et al., 2017). The production of LasB and the other PA
produced protease LasA is under the control of the Las and Rhl QS systems (Li and Lee,
2019). Additionally, PA secretes ETA into the extracellular milieu, which after secretion, enters
host cells through binding to CD91 and inactivates cellular protein biosynthesis (Kounnas et
al., 1992). Similar to the proteases, ETA regulation is also influenced by the Las and Rhl QS
systems (Michalska and Wolf, 2015). Pyocyanine is a toxic product released by PA reported
to increase intracellular levels of reactive oxygen species (ROS), which leads to oxidative
stress, enzyme inhibition, damage to DNA, and cellular death (Hall et al., 2016). Pyocyanine
production is regulated by Las, Rhl and PQS (Wagner et al., 2003). PA also produces

rhamnolipids reported to induce neutrophils necrosis (Jensen et al., 2007) and dissolve dynein
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(Hastie et al., 1986) essential for cilia movement to clean the lung airway of inhaled particles

(Tilley et al., 2015). Rhamnolipids production is Las and RhL controlled (Shrout et al., 2006).

Additionally, PA produces three extracellular phospholipases C (PLC), PLC-H, PLC-N, and
PLC-B, which hydrolyse lipids in host pulmonary membranes and cause lung dysfunction
(Wargo et al., 2011). Only the production of PLC-B is regulated by AHL dependent QS
(Wagner et al., 2003, Schuster et al., 2003). QS also controls the release of LPS and T3SS,

a very potent PA virulence factor, as explained previously (Nakamura et al., 2008).

QS signalling molecules not only regulate the virulence of PA but are also reported to modulate
the functions of several mammalian host cells. A recent study reveals that 30-C12-HSL
produced by Lasl induced mitochondrial dysfunction and apoptosis of human neutrophils
(Singh et al., 2019). 30-C12-HSL is also reported to induce downregulation of the pro-
inflammatory cytokine TNF-a, and up-regulation of the anti-inflammatory cytokine IL-10 in
LPS-stimulated murine macrophages (Glucksam-Galnoy et al., 2013). Similarly, addition of
exogenous PQS reduced TNF-a and IL-6 production in WT and ApgsA-infected Calu-3-ALlI
cells (Liu et al., 2018). Furthermore, PQS diminished the ability of bone marrow-derived DCs

to activate antigen-induced T-cell proliferation in vitro (Skindersoe et al., 2009).

The QS system controls various aspects of PA biofilm formation process. For example,
extracellular DNA (eDNA) has been suggested to play a crucial role in the early stages of
biofilm development, working as a cell-to-cell interconnecting compound (Allesen-Holm et al.,
2006, Flemming and Wingender, 2010, Whitchurch et al., 2002). Allesen-Holm et al. (2006)
reported that the release of eDNA in PA cultures and biofilms is controlled by the PQS QS
system (Allesen-Holm et al., 2006). Another important biofilm component is the carbohydrate
Pel which plays an essential role in biofilm stability and integrity. Pel was shown to be
significantly diminished in lasl and rhll mutants (Sakuragi and Kolter, 2007). Biofilm formation
is a multistage process including initial attachment and transition from planktonic to sessile

lifestyle. Motility assists bacterial surface exploration and facilitates the interaction with
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surfaces and host cells (Zhao et al., 2013). QS is reported to control PA swarming motility as
cells with mutations in the las system showed reduced swarming behaviour, and rhl mutants
completely lost the ability to swarm (Haiko and Westerlund-Wikstrém, 2013). While the
interaction between c-di-GMP and QS in PA is not yet fully understood, a recent study
indicated that the rhl and pgs QS operons in cells with low c-di-GMP levels were upregulated
(Lin Chua et al.,, 2017, Srivastava and Waters, 2012). This upregulation enhanced the
expression of Rhl and PQS controlled virulence such as rhamnolipids and pyocyanin, which
enhanced bacterial intracellular survival rates and cytotoxicity in murine macrophages (Lin

Chua et al., 2017).

1.4. Biofilm formation in P. aeruginosa

Biofilms are multicellular communities of microorganisms in which the cells adhere to each
other and/or to a surface or interface. Cells in biofilms are enclosed in a self-produced
extracellular polymeric substance (EPS) (Borlee et al., 2010, Costerton et al., 1999). Biofilms
are widely distributed, a recent analysis estimated that 40-80% of microorganisms on earth
reside in biofilms (Flemming and Wuertz, 2019) and biofilms have been found in very high
(50°C) (Jones et al., 2010) and low temperatures (glacier samples) (Yang et al., 2009). In
some agricultural and other industrial settings, biofilm formation has a beneficial impact
(Rosche et al., 2009). For example, biofilms are used to enhance crop production (Timmusk
et al., 2017), degrade hazardous material (Irankhah et al., 2019) and treat wastewater (Ali et
al., 2018). Despite the positive effect of biofilms, the formation of biofilm in other situations is
harmful (Muhammad et al., 2020). For instance, biofilms formed by pathogens associated with
foodborne infection such as Bacillus cereus, Enterohemorrhagic Escherichia coli, Listeria
monocytogenes, Salmonella enterica, and Staphylococcus aureus, has been found in food
processing factories, threatening consumers health (Galie et al., 2018). Also, biofilm presence
has been associated with chronic infection in human, animals and plants (Costerton et al.,
1987). Moreover, over 60% of all hospital-related infections are caused by biofilms established

on medical devices (Shirtliff et al., 2009) such as contact lenses, mechanical heart valves and
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urinary catheters (Wu et al., 2015) as well as CF mucus plugs (Donlan, 2002, Ma et al., 2009,
Stoodley et al., 2002). In addition to the strains associated with foodborne infection mentioned
earlier, other human pathogens display biofilm formation capacity including Candida albicans,
Vibrio cholera, Klebsiella pneumonia, Enterobacter, Campylobacter spp., and PA (Donlan,
2002, Stoodley et al., 2002, Flemming et al., 2016). Bacterial communities inside these
biofilms develop several properties which might not be found in the planktonic (free-living)
bacteria, such as antibiotic tolerance, immune evasion and cell to cell communication

(Flemming et al., 2016).

Biofilm formation is a multi-stage process initiated (1) by reversible cell attachment to the
surface, (2) irreversible attachment followed by EPS creation, (3) generation of mature biofilm
and (4) dispersal and release of planktonic bacteria from the mature biofilm to colonise a new
location or remain in the planktonic mode of growth (Figure 1.4) (Stoodley et al., 2002). PA
biofilm architecture fundamentally depends on the production of EPS, and it is thought that
the EPS holds these communities together working as glue, and contributes to the persistence
of bacterial infections by protecting against host immune response and antimicrobial agents
(Stoodley et al., 2002). In PA, the EPS mainly consists of exopolysaccharides, eDNA and

proteins (Rybtke et al., 2015b).
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Figure 1.4 The process of biofilm formation in PA

Biofilm formation is a multi-stage process initiated (1) by reversible cell attachment to surface, (2)
irreversible attachment followed by EPS production, (3) generation of mature biofilm and (4) dispersal
and release of planktonic bacteria from the mature biofilm. Figure adapted from (Ma et al., 2009).

1.4.1. Role of proteins in biofilm formation:

Proteins play different functions during the process of biofilm formation, including assistance
to cellular attachment to surfaces and the maintenance of biofilm integrity and stability through
interactions with EPS components (Fong and Yildiz, 2015). The most studied protein linked to
biofilm formation is the extracellular adhesin CdrA which is exclusively found in the PA EPS
matrix and is absent in planktonic cell fractions (Toyofuku et al., 2012). Western blot analysis
revealed the presence of two forms of CdrA, a cellular fraction form (220 kDa) and a
supernatant fraction form (150 kDa) (Borlee et al., 2010). The cleavage by the periplasmic
protease LapG of cell surface CdrA was reported to mediate the release of the CdrA into the
supernatant (Rybtke et al., 2015a). The expression of CdrA is c-di-GMP dependent which also
controls other genes essential for biofilm formation such as those involved in Psl and Pel
synthesis (Borlee et al., 2010, Filloux, 2011, Hickman and Harwood, 2008). Structurally, CdrA

is suggested to have a carbohydrate-binding domain (Borlee et al., 2010). It was reported that
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through its carbohydrate-binding domains CdrA binds Psl, and this interaction promotes
biofilm stability and bacterial aggregation (Borlee et al., 2010). This interaction was also found
to enhance aggregate integrity offering protection against self-produced and exogenous

proteases (Borlee et al., 2010).

Additionally, the localization of Psl at the biofilm periphery was reported to be controlled by
CdrA (Borlee et al., 2010). It was reported that CdrA could facilitate bacterial aggregation and
biofilm formation even in the absence of Psl due to CdrA-CdrA interactions which were shown
to offer protection against mechanical stress (Reichhardt et al., 2018). Recently, it was
reported that CdrA interacts with another important biofilm carbohydrate, Pel, and this
interaction protects against proteases, as described for the CdrA-Psl interaction mentioned
above (Reichhardt et al., 2020). Due to the low amount of information on the CdrA and Pel
structure, it is uncertain whether CdrA binds to Psl and Pel through the same or different

binding site (Reichhardt et al., 2020).

Along with CdrA additional proteins were reported to have a role in the biofilm formation,
including the Type IV pili, which binds to eDNA and facilitates the establishment of biofilms
(Van Schaik et al., 2005). Other proteins reported to mediate bacterial attachment to surfaces
during initial biofilm formation are the CupA, CupB, CupC, CupD fimbriae (Vallet et al., 2001,
Kulasekara et al., 2005). Additionally, overexpression the Fap amyloid was shown to increase
biofilm biomass (Dueholm et al., 2013). The lectin LecB assist the biofilm structure by
facilitating the attachment of cells to each other and to the host surface (Vallet et al., 2004,
Tielker et al., 2005). Recently LecB was shown to bind to Psl resulting in enhanced retention
of cells and EPS in the biofilm (da Silva et al., 2019). Similar to the CdrA, the DNA-binding
protein HU protein was also only found in the biofilm matrix and is absent in planktonic cells
(Toyofuku et al., 2012); however the exact function of this protein has not yet been established.
It was suggested that HU might stabilise DNA in extreme environments to prevent

denaturation (Stover et al., 2000).
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1.4.2. Role of eDNA function in biofilm formation:

eDNA is a fundamental component of biofilms; treatment with DNase completely prevented
biofilms formation by PAO1 (Swartjes et al., 2013). eDNA has been suggested to play a key
role in the early stage of biofilm development, working as a cell-to-cell interconnecting
compound (Allesen-Holm et al., 2006, Flemming and Wingender, 2010, Whitchurch et al.,
2002). eDNA was shown to facilitate the mass transit of cells toward the edge of actively
expanding biofilms, preventing traffic jams through maintaining the coherent of cells
alignments (Gloag et al., 2013). Additionally, it was reported that bacteria utilise eDNA as a
nutrient source during starvation (Mulcahy et al., 2010, Finkel and Kolter, 2001). As mentioned
above Pel cross-links eDNA via an ionic binding mechanism, and this interaction was
suggested to partially affect the localization of Pel to the biofilm stalk, which enhances biofilms
structure (Allesen-Holm et al., 2006). eDNA also enhances biofilms stability, protecting it from
mechanical stress, antibiotics, and detergents (Flemming and Wingender, 2010, Mulcahy et

al., 2008).

The source of eDNA in biofilms was initially reported to be autolysis of bacteria subpopulations
within the biofilm community (Turnbull et al., 2016, Montanaro et al., 2011) which was
supported by the detection of full bacterial genomic DNA in the EPS of a PAO1 biofilms (Deng
et al., 2020). This controlled cell death of bacterial cells was suggested to mainly take place
in the central part of the microcolonies, releasing large amounts of eDNA that concentrate
primarily in the stalk (Allesen-Holm et al., 2006). However, a recent study has found that PAO1
AwspF displayed a distinct mechanism of eDNA release independent of the suicidal path as
previously reported in PAO1 (Deng et al., 2020). In this case the eDNA in biofilms formed by
PAO1 AwspF contains only parts of the whole bacterial genome, opposite of what been
reported with WT PAO1. This fragmented eDNA was shown to enhance biofilms resistance to

DNase treatment (Deng et al., 2020).
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1.4.3. EPS function in the biofilm formation:

In addition to proteins and eDNA, PA utilises three polysaccharides to construct biofilms:
alginate, Psl, and Pel (Figure 1.5) (Ma et al., 2009). Expression of these polysaccharides
within the EPS matrix and their importance for biofilms structural stability varies depending
upon the strain and the infection stage (Colvin et al., 2012). For instance, alginate, Psl, and
Pel are thought to be expressed during various stages of PA CF lung infections (Reichhardt
and Parsek, 2019, Martin et al., 1993). Generally, these EPS polysaccharides function as a
structural platform facilitating cell-cell and cell-surface interactions maintaining biofilms
integrity and shielding it from antibiotic treatment (Wei and Ma, 2013). A more detailed account

of alginate, Psl, and Pel is given in the following section.
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Main polysaccharides in PA biofilms

Alginate
EPS @Anionic, repeating units of D-mannuronate and L-guluronate.

@ Mucoid isolates from CF patients secrete large amount of alginate.

’ Psl
O MO % @ Neutral charge, repeating pentamer of TN D-mannose
‘ D-mannose, L-rhamnose, D-glucose. D-mannose

f‘o@ @ % @Helical distribution at the cell surface of PAO1. DT

@Key role in cell-cell and cell-surface

L-rhamnose

O Psl eDNA interaction during biofilm formation. AT
Pel
@ € Pel
@Alginate @ Positively charged, N-acetyl-galactosamine, N-acetyl-glucosamine.
. @ Interacts with extracellular DNA.
' Proteins

Figure 1.5 Main polysaccharides in PA biofilms

PA biofilms are embedded in EPS matrix that contains eDNA, proteins and polysaccharides. Three
main polysaccharides are reported in PA biofilms alginate, Pel and Psl. Each of these
polysaccharides have distinct structure and function. Generally, these EPS polysaccharides function
as a structural platform facilitating cell-cell and cell-surface interactions (Wei and Ma, 2013). Created

with BioRender.com.

1.4.3.1. Alginate:

Alginate is an anionic linear polymer composed of 3-D-mannuronic acid and a-L-guluronic
acid (Zhao et al., 2016). It is the predominant polysaccharide in biofilms formed by mucoid PA
strains while non-mucoid PA strains mainly relay on Psl and Pel (Franklin et al., 2011). Mucoid
strains overproduce alginate and these strains are associated with chronic infection of the CF
lung. Non-mucoid strains are isolates taken from initial infection or a reverted mucoid variant
that converted to a nonmucoid phenotype (Rao et al., 2011). Nonmucoid revertants were
recovered from CF lungs. PA have been reported to have a selective benefit of the coexistence
in both mucoid and nonmucoid in the CF lung as both variants interact with each other to
evade the immune response and for the persistence of the infection (Malhotra et al., 2018).
Although alginate is not essential for biofilm formation (Nivens et al., 2001, Wozniak et al.,
2003), it was shown to protect against host defence and antimicrobial agents (Alkawash et al.,

2006, Boyd and Chakrabarty, 1994). Aggregates formed by the alginate overproducing mutant
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strain mucA showed higher antibiotic tolerance compared to aggregates formed by WT
bacteria (Goltermann and Tolker-Nielsen, 2017). Alkawash et al. (2006) showed that using
alginate lyase to treat PA biofilms boosted the bacterial killing capacity of gentamicin
(Alkawash et al., 2006). At the early stages of infection, nonmucoid strains colonise CF lungs,
but as the infection persists, mucoid forms begin to appear and become the dominant strains
(Hay et al., 2009, Lee et al., 2005). The transformation from a non-mucoid to mucoid
phenotype is attributed to alginate production and frequently due to mutations in the mucA
gene (Hay et al., 2009, Lee et al., 2005). The presence of the mucoid form in the CF lung
highly correlates with the deterioration of the patients’ condition (Li et al., 2005). CF lung
infection causes the recruitment of inflammatory cells into the infection site, where reactive
oxygen species are released. Alginate scavenges these free radicals released by active
macrophages and neutrophils offering protection from phagocytic clearance (Pier, 1998,

Govan and Deretic, 1996).

Furthermore, alginate was reported to protect biofiims from IFN-y mediated killing by
macrophages (Leid et al., 2005). While high titers of alginate antibodies are present in the sera
of chronically infected CF patients (Pier et al., 1987), these antibodies were found not to
facilitate phagocyte-dependent bacterial killing or increase protection against infection (Pier et
al., 2004). Additionally, in a model of CF respiratory infection, alginate overproduction assists
in the coexistence of PA with S. aureus as it was shown to reduce the synthesis of tools utilised

by PA to kill S. aureus such as siderophores and rhamnolipids (Limoli et al., 2017).

1.43.2. Psl

Psl is a neutral pentasaccharide composed of repeating units of D-mannose, D-glucose and
L-rhamnose in an approximate ratio of 3:1:1. (Byrd et al., 2009). The ps/ locus is composed of
fifteen genes, eleven of which (psIACDEFGHIJKL) are essential for Psl| polysaccharide
biosynthesis (Byrd et al., 2009). While the structures and functions of the majority of these
proteins remain largely unknown, a recent study on PsIG which is localised on the inner

membrane and periplasm, reported its critical role in the biosynthesis of Psl with the
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periplasm/inner membrane ratio of PsIG determining the amount of secreted Psl (Wu et al.,

2019).

Psl is found in two forms (1) cell-associated form with high molecular weight and (2) a low
molecular weight soluble form (Byrd et al., 2009, Mann and Wozniak, 2012). It was indicated

that the cell-associated form is helically distributed around the cell surface (Ma et al., 2009).

Although the mechanism that regulates the helical pattern of Psl is not yet understood, this
distribution of Psl was found to facilitate the interactions with Psl on adjacent bacteria (Ma et
al., 2009). Several studies indicated the importance of Psl during the initial attachment of
bacterial cells to biotic and abiotic substrates (Friedman and Kolter, 2004b, Jackson et al.,
2004, Ma et al., 2006, Ryder et al., 2007). Overproduction of Psl further increases bacterial
surface attachment and production of biofilm (Colvin et al., 2012, Ma et al., 2006). Also, Psl
increases the crosslinking and elasticity of the EPS matrix, strengthens the scaffolding and
enhances the formation of microcolonies (Byrd et al., 2009, Mann and Wozniak, 2012,
Reichhardt and Parsek, 2019). It has been suggested that mutation in Psl synthesis increased
the viscosity of the biofilms, which in turn resulted in more diffused biofilm structure (Chew et

al., 2014).

Researchers widely utilised a lectin called Hippeastrum hybrid lectin (HHA) to detect Psl,
which suggested to bind specifically to Psl (Ma et al., 2007). Interestingly, it has been shown
that PA deposits a trail of Psl as it moves on surfaces that guides the subsequent movement
of the upcoming cells. Furthermore, cells with highest Ps| expression serve as the founders of
microcolonies (Zhao et al., 2013). In mature biofilms Psl was localised in the centre (Huq et
al., 2005) and the periphery (Ryder et al., 2007). The peripheral localisation has been
attributed to the interaction of Psl with CdrA as mentioned in an earlier section (Reichhardt et

al., 2018).

Using continuous flow and static biofilm experiments Billings et al. (2013) have shown that Psl

represents the first line of biofilm defence against antibiotic treatment (Billings et al., 2013).

47



Overexpression of Psl was found to promote resistance of Polysorbate 80, which is a
detergent that inhibits biofilm formation by PA and is well tolerated in human tissues (Zegans
et al., 2012). Additionally, Billings et al. (2013) showed that Psl-mediated protection against
antibiotics extends to other bacterial species such as E. coli and S. aureus in co-culture

biofilms (Billings et al., 2013).

Psl inhibits effective complement opsonisation, which resulted in a reduction in neutrophil ROS
production, and reduced bacterial killing activity by neutrophils and macrophages (Mishra et
al., 2012). Recently, it was reported that the serine protease inhibitor ecotin, produced by PA,
binds to Psl within the biofilms, and this binding protects biofilms from neutrophil elastase-
mediated killing (Tseng et al., 2018). In addition, neutrophils failed to penetrate biofilms
containing Psl at ocular surfaces (Kugadas et al., 2019). Since 99% percent of PA clinical
isolates were shown to produce Psl (Zegans et al., 2016, Tabor et al., 2018), the therapeutic
and prophylactic effects of anti-Psl antibodies have been widely explored (DiGiandomenico et
al., 2012). Recently three different anti-Psl antibodies named I, Il and Il that target different
Psl epitopes were identified (Ray et al., 2017). Using confocal microscopy Ray et al. (2017)
showed that each of these anti-Psl antibodies targets specific locations within the biofilms and
exhibit differential abilities to inhibit early biofilm formation and reduce the biomass of mature

biofilms (Ray et al., 2017).

1.43.3. Pel

Pel is a cationic positively charged polysaccharide, composed of acetylated 1—4 glycosidic
linkages of N-acetylgalactosamine (GalNAc) and N-acetylglucosamine (GIcNAc) (Jennings et
al., 2015). The pel locus is composed of seven genes (pelABCDEFG) necessary for Pel
polysaccharide biosynthesis (Friedman and Kolter, 2004a, Vasseur et al., 2005). Similar to
Psl, transcription of the pel operon is also controlled by c-di-GMP (Hickman and Harwood,
2008, Baraquet et al., 2012). A recent study showed that after 30 min of surface attachment,
pelA transcript levels increased 10-fold compared to planktonic cells as a result of the rise in

c-di-GMP levels (Armbruster et al., 2019). It has been proposed that the Pel biosynthesis
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machine uses enzymes involved in the synthesis pathways of other carbohydrates to provide

necessary sugar precursors to Pel (Franklin et al., 2011).

The function of Pel in biofilm development was first recognised in an screen for mutants
deficient in pellicle formation, which is the floating layer formed on top of standing cultures
(Friedman and Kolter, 2004a). A more explicit description of the role of Pel in biofilm
development indicated that the contribution of this carbohydrate depends on the strain
(Jennings et al., 2015). Deletion of Pel in strains where Psl is the dominant carbohydrate such
as PAO1 did not affect biofilm development (Colvin et al., 2012), on the other hand strains
incapable of producing Psl such as the highly virulent laboratory strain PA14 fundamentally
relies on Pel as the primary biofilm matrix polysaccharide (Colvin et al., 2012). Although Psl is
the dominant EPS in PAO1 as mentioned earlier, in its absence, Pel is upregulated to
compensate for the lack of Psl (Jennings et al., 2015). Furthermore, Pel localization within the
biofilms was found to be strain-dependent as well (Jennings et al., 2015). Using the Pel-
specific lectin Wisteria floribunda lectin (WFL), which has specificity to GalNAc moieties,
Jennings et al. (2015) found that in Pel-dominant strains including PA14 and PAO1AwspF
Apsl, Pel was observed in both the biofilm periphery and stalks, whereas it was found only in
the biofilm stalk of the Psl-dominant strains such as PAO1 and AwspF (Jennings et al., 2015).
As mentioned earlier Psl was reportedly located inside and in the periphery of PAO1 biofilms,
Interestingly, in its absence, Pel was found in the periphery suggesting a necessity of either
Pel or Psl in the periphery of PAO1 biofilms (Reichhardt and Parsek, 2019). The stalk region
is rich in eDNA, and it was suggested that Pel binds eDNA in the stalk region of the biofilm
through ionic interactions aiding to biofilms structure (Jennings et al., 2015). Pel is reported to
be essential for maintaining cell-to-cell interactions in a PA14 biofilm and provides resistance
to aminoglycoside antibiotics (Colvin et al., 2011). Additionally, increased production of Pel in
PAO1 and PA14 enhanced tolerance to gentamicin and tobramycin compared to WT strains,

indicating that Pel could improve resistance to antibiotics (Khan et al., 2010).
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1.4.4. Role of wspF gene in biofilm formation:

PA with mutations in the Wsp operon, mainly wspF, are frequently detected in isolates from
CF sputum (Starkey et al., 2009, Smith et al., 2006). This chemosensory system, Wsp,
controls c-di-GMP levels in response to surface sensing (O'Connor et al., 2012). The wspF
gene is a member of the wsp operon, which consists of eight genes, wspA-R (Hickman et al.,
2005). The methyl-accepting chemotaxis protein (MCP), WspA, is methylated by the
methyltransferase, WspC, after PA makes contact with a surface. WspA then interacts with
the histidine kinase, WspE, which phosphorylates WspR, a diguanyl cyclase (DGC), leading
to the synthesis of c-di-GMP.WspF is a methylesterase that removes methyl groups from
WspA, thereby decreasing its signalling activity to WspR. Hence a mutation in WspF will lead
to WspA becoming constitutively activated. This results in boosted WspR phosphorylation,
causing elevation of c-di-GMP levels. C-di-GMP has been recognized as a key regulator of
PA biofilm formation (Maunders and Welch, 2017). Overproduction of c-di-GMP is associated
with increased production of the biofilm matrix components psl and pel (Ha and O'Toole,
2015). Addtionaly, increased c-di-GMP levels promote eDNA level and bacterial adhesins

(Chua et al., 2015).
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1.5. The role of the innate immune system during PA

infection:

1.5.1. Immune recognition of PA via pattern recognition receptor
(PRRs):

The innate immune system senses pathogens by a variety of non-clonally expressed receptors
termed, Pattern Recognition Receptors (PRRs), which have the ability to bind highly
conserved molecular complexes called Microbe-Associated Molecular Patterns (MAMPS) also
referred to in the literature as Pathogen-Associated Molecular Patterns (PAMPs) (Benko et
al., 2008, Medzhitov, 2007). These MAMPS are not only found on pathogens and could be
components of the bacterial cell wall (LPS and peptidoglycan), flagella and DNA or RNA
(Medzhitov, 2007, Mogensen, 2009). Additionally, PRRs recognize endogenous molecules
released after damage to the host cells known as Damaged Associated Molecular Patterns
(DAMPs) (Takeuchi and Akira, 2010). PRRs are expressed by a wide range of immune and
structural cells, which include macrophages, neutrophils, DCs, monocytes, lymphocytes,
endothelial cells, epithelial cells and others (Hartl et al., 2012). Four major classes of PRRs
have been discovered: Toll-Like receptors (TLRs), NOD (Nucleotide-binding Oligomerization
Domain receptors)-like receptors (NLRs), C-type lectins receptors (CLRs) and the retinoic

acid-inducible gene (RIG)-I-like receptors (Takeuchi and Akira, 2010).

1.5.2.  Toll-Like receptors:

Members of the TLR family consist of two domains, an extracellular domain containing leucine-
rich repeats (LRR) which take part in ligand binding (Opitz et al., 2010) and a cytoplasmic
Toll/IL-1 receptor homology (TIR) domain that mediates downstream signalling (Janssens and
Beyaert, 2003). Four TLRs have been identified to have roles in PA recognition: TLRs 2, 4, 5
and 9 (Williams et al., 2010). TLR-2 is possibly involved in the detection the extracellular slime-

glycolipoprotein (slime-GLP) (Lagoumintzis et al., 2008), alginate (Flo et al., 2002), and ExoS
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(Epelman et al., 2000). TLR-2 is known to facilitate the interaction between PA flagella and
asialoGM1 (Adamo et al., 2004). TLR-4 and 5 are responsible for the recognition of LPS and
flagella, respectively (Hayashi et al., 2001, Janeway and Medzhitov, 2002). In contrast to TLR-
2, 4 and 5 which are expressed at the plasma membrane, TLR 9 is endosomal and able to
sense unmethylated CpG DNA (Vollmer, 2006). TLRs are highly expressed by different host
inflammatory cells including, macrophages, DCs, lung epithelial cells and endothelial cells
(Williams et al., 2010, Opitz et al., 2010). Following the identification of bacterial ligands, TLRs
initiate signalling though the MyD88 adaptor protein causing the activation of NF-kB and
production of pro-inflammatory cytokines (Parker and Prince, 2011). The significance in host
defence of MyD88 signalling was observed experimentally using MyD88(-/-) mice infected with
a low dose of PA as these mice become very susceptible, with 100% of mice dying within 48

h (Ramphal et al., 2005).

As mentioned in (1.3.4) the main immune stimulatory part of LPS, Lipid A elicits immune
signalling through interaction with the MD-2/TLR-4 receptor complex, leading to the initiation
of TIRAP-MyD88-pathway and the activation of the transcription factor NF-kB, which result in
a cascade of inflammatory cytokines (Weiss and Barker, 2018). This interaction is mainly
through Lipid-A acyl chains, and optimal inflammatory activity of LPS was shown to require
six lipid chains (Park and Lee, 2013). Isolates from CF patients with hexa- and hepta-acylated
lipid A were found to be very potent in triggering an inflammatory response compared to the
penta-acylated lipid A usually found in laboratory strains or those obtained from non-CF-
related diseases (Huszczynski et al., 2020, Ernst et al., 1999, Ernst et al., 2006). TLR-4 also
signals through TRIF-TRAM pathway, following TLR-4 endocytosis TRAF3 is activated which
trigger IRF3 activation leading to IFNs (Figure 1.6). In addition to TRAF3 role in promoting
TRIF-dependent pathway, activation of TRAF3 inhibit the MyD88-dependent pathway
(Kawasaki and Kawai, 2014), suggested to be initiated to avoid septic shock and multiple
organ failure (Kuzmich et al.,, 2017). It was reported that CFTR mutation in murine

macrophages leads to the blocking of the endosomal-lysosomal TLR-4 trafficking in
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macrophages causes a reduced TLR-4 degradation and an enhanced plasma membrane

TLR-4 expression, which results in higher inflammatory response to LPS (Bruscia et al., 2011)

TLR-5 recognition of flagellin activate the mitogen activated protein kinase (MAPK) and NF-
kB (Tallant et al., 2004). This activation seems to protect against PA infection through initiation
of IL-8 production (Zhang et al., 2007). Flagellin-mutant PA strains failed to activate nuclear
factor NF-kB in human airway epithelial cells (Zhang et al., 2005). As mentioned earlier (1.3.1),
PA undergoes downregulation of flagellin during chronic infection (Mahenthiralingam et al.,
1996, Wolfgang et al., 2004). This suppression or downregulation of flagellin synthesis by PA
promotes immune evasion and diminishes phagocytosis (Jyot et al., 2007, Wolfgang et al.,
2004). Some PA strains isolated from CF lack flagella (Deligianni et al., 2010). It was reported
that PA produce alkaline protease (AprA) which work as a TLR-5 signalling inhibitor that
obstructed NF-kB activation (Kuzmich et al., 2017). Additionally, AprA reported to degrade
free flagellin monomers and thus assisting PA to avoid immune recognition (Bardoel et al.,

2011).
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Figure 1.6 TLRs signalling pathways.

Membrane TLRs (TLR-2, TLR-4, and TLR-5) detect ligands such as gram-positive peptidoglycan,
gram-negative LPS and flagellin respectively. On the other hand TLRs localised in the endosomal
compartment (TLR-3, TLR-7, TLR8 and TLR-9) recognise ligands such as double strand RNA
(dsRNA) for TLR-3, and single strand RNA (ssRNA) for TLR-7 and TLR-8, and CpG for TLR-9. TLR-
4 could be endocytosed in a process mediated by CD14. All TLRs utilise MyD88-dependent pathway,
except TLR3 which employs the TRIF -dependent pathway. Recognition of ligands by TLRs initiates
signalling through the two main downstream adaptor proteins TRIF and MyD88, leading to the
production of inflammatory cytokines. TIRAP directs the signal from TLR-2, -4 to MyD88 while TRAM
facilitate signalling from TLR-4 to TRIF within endosomes. Activation of MyD88-dependent pathway
leads to the activation of IKK complex-NF-kB and MAP Kinases while initiation of the TRIF- signalling
activates NF-kB, MAPKs, IRF3, and IRF7. Following activation, NF-kB subunits and IRF3,7 are
relocated to nucleus to initiate inflammatory cytokines (NF-kB, CREB and AP1) and type | interferons
transcription (IRF3 and IRF7) (Fitzgerald and Kagan, 2020, Kawasaki and Kawai, 2014). Created

with BioRender.com.

1.5.3.  Nod-Like receptors:

All 22 members of the NLR family consist of a central nucleotide-binding oligomerization

(NOD) domain and C-terminal LRRs which are possibly involved in ligand binding. NLRs
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contain different N-terminal effector binding domain including caspase recruitment domains
(CARD), pyrin domains (PYD), or baculovirus inhibitor repeats (BIR) (Fritz et al., 2006, Chen
et al., 2009). The CARD-containing molecules NOD1 and NOD2 bind gamma-glutamyl
diaminopimelic acid and muramyl dipeptide, respectively, which are present in peptidoglycan
in gram-positive and gram-negative bacteria including PA (Travassos et al., 2005, Lipinski et
al., 2009). Similar to TLR, when NOD 1 and 2 are engaged, they activate NF-kB (Williams et
al.,, 2010). NLRP 1-4 forms a subgroup of NLRs receptors characterized by displaying the
PYD some of which have the capacity to form inflammasomes (Kofoed and Vance, 2011).
Inflammasomes regulate Caspase-1 activity which in turn mediates the processing and
secretion of IL-1B and IL-18. The production of IL-1B is controlled by another signal, which
came from TLRs, through activation of an NF-kB—dependent synthesis of inactive pro-IL-13
(Opitz et al., 2010). NLRP-1 in murine macrophages is activated in response to PA pilin, the
main protein constituent of bacterial type IV pili. (Arlehamn and Evans, 2011). It has been
indicated that PA triggers, through T3SS, the activation of another member of the NLR family
called NLRC4 which contains a CARD domain instead of the PYD domain, leading to IL-13
and IL-18 secretion (Faure et al., 2014). NLRC4 activation induced by PA expressing T3SS
decreases the clearance of this extracellular pathogen. The proposed underlining mechanism
was that when NLRC4 is activated by T3SS it will trigger IL-18 secretion, which will induce
high neutrophil recruitment and, in turn, host damage. Furthermore, IL-18 will downregulate
IL-17 secretion in the lung, decrease the expression of antimicrobial peptides by lung epithelial

thereby hindering bacterial clearance (Faure et al., 2014).

1.5.4. C-type lectins (CLRs):

CLRs are a family of PRRs that includes soluble and transmembrane proteins capable of
binding carbohydrate ligands, and with one or more C-type lectin-like domains (CLTDs)
(Zelensky and Gready, 2005, Weis et al., 1998). CLRs play a critical role in the control and
regulation of infection (Geijtenbeek and Gringhuis, 2009) triggering multiple cellular and

immunological responses, which include cell adhesion, pathogen recognition, complement
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activation and phagocytosis (Kerrigan and Brown, 2009). CLRs are categorised into 17 groups
based on phylogeny and structural features (Zelensky and Gready, 2005). This thesis will
focus on four CLRs members, which are relevant for the present study, one from the Group
VI, mannose receptor (MR, CD206), two from Group Il, dendritic cell-specific ICAM-3-grabbing
non-integrin (DC-SIGN, CD209) and dendritic cell-associated C-type lectin-2 (Dectin-2), and

one from Group V dendritic cell-associated C-type lectin-1 (Dectin-1) (Figure 1.7).
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Figure 1.7 Schematic representation of the structure and signalling of MR, DC-SIGN, Dectin-
1, Dectin-2 and Mincle

Mannose receptor is composed of three main extracellular regions: cysteine-rich domain (CR),
fibronectin type 1l domain (FNII), and 8 CTLDs. The cytosolic region contains an internalisation motif.
DC-SIGN is a tetrameric transmembrane protein composed of a single CTLD followed by a stalk
region, a transmembrane region, and a terminal cytoplasmic domain. Dectin-1 has a single CTLD
attached to a stalk region and ends with a cytoplasmic tail, that consists of a motif similar to the
immunoreceptor tyrosine-based activation motif (ITAM) called hemITAM. Dectin-2 and Mincle are
composed of one CTLD domain and both associate with the ITAM containing FcRy chain to transduce
intracellular signalling for the phosphorylation and activation of the spleen tyrosine kinase (SYK).
Dectin-1 directly activates SYK via hemITAM. SYK activation begins the protein kinase C delta
(PKC®) pathway, which initiates the caspase-associated recruitment domain (Card9)- B-cell
lymphoma (Bcl10)- mucosa-associated lymphoid tissue lymphoma translocation (Malt1) complex.
Dectin-1 employ the serine and threonine kinase Raf-1 for signalling to activate NF-kB. DC-SIGN

also was reported to trigger the activation of Raf-1, which consequently leads to activation of the NF-
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KB subunit p65, but only after TLR-induced activation of NF-kB (Gringhuis et al., 2007). Although MR
is reported to activate intracellular signalling, MR signalling mechanism remain unclear. CLRs
engagement not necessarily induce signalling by themselves but rather modulate signalling by other
PRRs such as TLRs (Shibata et al., 2012).

1.5.4.1. Mannose receptor (MR, CD206):

MR is a 175 kDa transmembrane protein belonging to the mannose receptor family, which is
a subgroup of CLRs (Martinez-Pomares, 2012). MR has three extracellular regions: a
cysteine-rich domain (CR), a fibronectin type-ll domain (FNII), and eight CTLDs. The CR
domain recognises sulphated sugars, the FNII domain collagen, and the CTLDs are
responsible for binding to carbohydrates terminated in mannose, fucose, or N-acetyl
glucosamine; binding of these sugars occurs only in the presence of calcium (Martinez-
Pomares, 2012). The MR cytoplasmic tail does not contain an ITAM or ITIM motif but does
have a tyrosine residue which is essential for facilitating endocytosis (Schweizer et al., 2000).
It has been shown that the binding affinity of CTLDs (4-8) is the same as for the complete MR
receptor (Gazi and Martinez-Pomares, 2009, Taylor et al., 2005a). MR is found in
macrophages, DCs, endothelial cells of the liver, splenic sinusoids, microvascular endothelial
cells of the dermis, cells of Kaposi’'s sarcoma, human keratinocytes, and retinal pigment
epithelium (Jahagirdar et al., 2019). Additionally, macrophage and DCs differentiation pattern
influence the expression of MR. Differentiated macrophages and DCs have abundant
expression of the receptor, whereas CD14+ monocytes lack MR (Martinez-Pomares, 2012).
Only less than 20% of MR is present at the cell surface, whereas the remaining is located
intracellularly within early endosomes (Jahagirdar et al., 2019). The expression of MR is
upregulated by IL-4, IL-10, and IL-13, and down-regulated by IFN-y and LPS (Kerrigan and
Brown, 2009). MR performs several functions, which include enhancing antigen presentation,
clearance and cellular activation (Martinez-Pomares, 2012). It is well established that the ITAM
— containing adaptor molecule FcRy-chain is required for the cell surface expression and
signalling of several CLRs such as MCL, Mincle and Dectin-2 (Miyake et al., 2013, Yamasaki
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et al., 2008). Recently, (Rajaram et al., 2017) reported that MR binds FcRy-chain, and this
binding is essential for the cell surface localisation of MR on human monocyte-derived
macrophages (Rajaram et al., 2017). Additionally, the same authors reported that the
activation of MR expressed on monocyte-derived macrophages by Mycobacterium
tuberculosis (MTB) results in phosphorylation of the tyrosine residue in the MR. (Rajaram et
al., 2017) also showed that Syk, is phosphorylated upon MR activation, suggesting that Syk
is possibly activated through MR binding to the FcRy-chain, which contains an ITAM motif
(Rajaram et al., 2017). It is important to note that Syk activation in this case might possibly

mediated by Dectin-1, which also reported to recognise MTB (Wagener et al., 2018).

Different studies have described the role of MR as a homeostasis regulator by binding and
removing endogenous unwanted molecules from circulation including lysosomal enzymes,
neutrophil-myeloperoxidase, the anterior pituitary hormone lutropin as well as thyroid-
stimulating hormone (Allavena et al., 2004, Taylor et al., 2005a). Similarly, MR has an
endocytic activity to internalise a wide range of allergens including house dust mite (Martinez-
Pomares, 2012, Gazi and Martinez-Pomares, 2009). Additionally, MR can recognise different
microorganisms through the CTLDs including MTB, Candida albicans, Leishmania, HIV,
dengue virus, Klebsiella pneumonia, and Streptococcus pneumonia (Gazi and Martinez-
Pomares, 2009). These pathogens might bind MR to trigger an anti-inflammatory/immune-
suppressive response and cause a persistent infection (Jahagirdar et al., 2019). For example,
in the case of MTB, a component of the cell wall called Mannose-capped lipoarabinomannan
(ManLAM), possess a terminal mannose structure that can bind MR (Schlesinger et al., 1994).
MR binding of ManLAM is reported to induce upregulation of the transcription regulatory factor
peroxisome proliferator-activated receptor-gamma (PPAR-y) causing increase in the
transcription of signal transducer and activator of transcription (STAT)-5a (Turner and
Torrelles, 2018). High level of PPAR-y was reported to be associated with ManLAM-
dependent suppression of macrophage apoptosis, decrease of nitric oxide (NO) and oxygen

radicals and restricting proinflammatory cytokine production (Turner and Torrelles, 2018).
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Furthermore, MR binding by MTB obstructs phagosome-lysosome fusion in the macrophage,

which facilitate the dissemination of MTB infection (Le Cabec et al., 2005).

While MR was implicated in the recognition and phagocytosis of different pathogens such as
P. carinii, Saccharomyces cerevisiae, Leishmania, MTB, and C. albicans (Gorvel, 2004), no
differences were observed in the response of MR-deficient mice to C. albicans (Lee et al.,
2003) or Leishmania (Akilov et al., 2007). A possible explanation is that although the signalling
mechanisms of MR is still unclear, it is possible that MR biological response depends on the
co-activation of other receptors (Gazi and Martinez-Pomares, 2009). Bernardo et al. (1998)
showed that the capacity of macrophages to generate a calcium response following exposure
to ManLAM requires engagement of both CD14 and MR (Bernardo et al., 1998). In agreement
with this, MR reportedly cooperates with TLR-4 for the proliferation and differentiation of CD4+
and CD8+ T lymphocytes into Th17/Tc17 cells in response to P. brasiliensis-challenged DCs

(Loures et al., 2015).

1.5.4.2. Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-
integrin (DC-SIGN, CD209):

DC-SIGN is a type Il transmembrane protein that belongs to group Il C-type lectin receptors
and is expressed by DCs and some macrophage subpopulations (Kerrigan and Brown, 2009).
Structurally, DC-SIGN is composed of a CTLD domain followed by a stalk region, a
transmembrane region, and a cytoplasmic domain (Kerrigan and Brown, 2009). The
cytoplasmic tail of DC-SIGN contains a di-leucine motif reported to mediate antigen uptake
and internalization (Engering et al., 2002, Azad et al., 2008). In addition, this cytoplasmic area
contains tyrosine residue that functions as a dock for several proteins that are essential for
cellular responses and intracellular trafficking such as Leukemia-Associated RhoGEF (LARG),
Ras homolog gene A (RhoA), and leukocyte-specific protein 1 (LSP1) (Gringhuis et al., 2009,
Gringhuis et al., 2014, Hodges et al., 2007). DC-SIGN activation after binding to mannose
structures induces a complex chain of events that eventually cause the phosphorylation and

activation of Raf-1 leading to the modulation of NF-kB signalling in response to other PRRs.
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This modulation enhances the transcription of the immunosuppressive cytokine IL-10

(Yamasaki, 2016).

The stalk region forms a-helices that mediate the spontaneous formation of tetramers reported
to enhance binding avidity (Frison et al., 2003). The CTLDs facilitate binding to mannose and
fucose structures in a calcium-dependant manner (Garcia-Vallejo and van Kooyk, 2013).
Expression of DC-SIGN is induced by IL-4 and is down-regulated by IFN-y, TGF(, and

dexamethasone (Relloso et al., 2002).

Functionally, DC-SIGN binds high fucose and mannose, as well as blood group Lewis antigens
in a calcium-dependent manner (Ehlers, 2010, Geijtenbeek et al., 2000b). DC-SIGN has been
indicated to recognise pathogens containing mannose structures such as HIV-1, HCV, Ebola,
and MTB (Gringhuis et al., 2009, Péhimann et al., 2003, Lin et al., 2003), as well as those
containing fucose structure, such as Schistosoma mansoni and H. pylori (Gringhuis et al.,
2014). Similar to MR, DC-SIGN is involved in recognition of ManLam and induction of an
immunosuppressive response characterised by enhanced IL-10 release and neutralization of
the TLR-4-dependent pro-inflammatory response (van Kooyk and Geijtenbeek, 2003). DC-
SIGN is also important in facilitating DCs antigen presentation and T-cell differentiation
(Svajger et al., 2010). DCs internalise antigen and facilitate presentation by MHC to CD4+ and
CD8+ T cells. DC-SIGN on DCs bind with ICAM-3 on T-Cell, which contains high mannose
oligosaccharides and this binding facilitates the scanning of MHC by TCRs, leading to T cell
activation and differentiation (Svajger et al., 2010). It has been shown that the presence of
biofilms in chronic rhinosinusitis correlates positively with the accumulation of DCs expressing

CD209 (Karosi et al., 2013).

1.5.4.3. Dendritic-Cell-Associated C-type lectin-1 (Dectin-1, CLEC7A):

Dectin-1 is primarily expressed by DCs, macrophages, and neutrophils (Taylor et al., 2002).
The structure of Dectin-1 contains a single CTLD attached to a stalk region and end with a

cytoplasmic tail, that consists of a motif similar to the immunoreceptor tyrosine-based
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activation motif (ITAM) termed by some authors hemITAM (Brown, 2006). Dectin-1 found in
two isoforms A and B. A-isoform is the full-length Dectin-1 protein, with 247 amino acid, single
transmembrane and spanning protein. On the other hand, B-isoform lacks 46 amino acid with
long stalk region between the CRD and the transmembrane domains (Fischer et al., 2017).
The most-reported Dectin-1 ligand is the -1, 3-linked glucan found in of MTB, C. albicans,
Aspergillus fumigatus, and zymosan, Saccharomyces cerevisiae cell wall component (Tone
etal., 2019). Engagement of Dectin-1 by its ligand binding trigger the activation of Syk-CARD9
signalling pathways which provokes expression of chemokines and cytokines, including TNF-
a, CXCL2, IL-2, IL-10 and IL-12 (Dostert and Tschopp, 2007). Along with cytokine secretion,
Dectin-1 binding reported to facilitate phagocytosis and ROS production (Goodridge et al.,
2011). Mutation of Dectin-1 increased mouse susceptibility to C. albicans infection due to
impaired immune response, including phagocytosis (Taylor et al., 2007). In adaptive immunity,
Dectin-1 reported to mediate recruitment of MHC Il molecules to phagosomes, promoting
fungal-derived antigen presentation to CD4 T cells (Ma et al., 2012). Additionally, Dectin-1
plays an important role in promoting Th17, Th1 and Th2 differentiation (Tone et al., 2019).
Dectin-1 deficiency associated with impaired C. albicans clearance, dysregulated cytokine
production and reduced Th17 response (Carvalho et al., 2012). Ferwerda et al. (2009) have
indicated that humans with Dectin-1 deficiency are more susceptible to C. albicans mucosal

infection (Ferwerda et al., 2009).

1.5.4.4. Dendritic-Cell-Associated C-type lectin-2 (Dectin-2, CLECGA):

Dectin-2 has been shown to be crucial for protective host immunity against C. albicans
(Robinson, Osorio et al. 2009, Saijo, Ikeda et al. 2010). Similar to MR and DC-SIGN, Dectin-
2 is capable of detecting ligands bearing high mannose structures, but with 10-fold lower

affinity (McGreal et al., 2006). Dectin-2 is reviewed in detail in chapter 4.
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1.6. The role of innate immune cells during PA Infection:

1.6.1.  Dendritic Cells (DCs):

DCs are specialised antigen presenting cells essential in orchestrating adaptive immunity
against different pathogens such as bacteria, viruses and fungi (Geginat et al., 2015). DCs
are found throughout the body located mainly in barrier sites including lung, spleen, gut and
skin as well as circulating in the blood (Durand and Segura, 2015, Guilliams et al., 2016). Two
main DCs subtypes have been identified in human and mouse, plasmacytoid dendritic cells
(pDCs) and conventional dendritic cells (cDC). Both DC populations originate from
proliferating progenitor cells in the bone marrow (Auray et al., 2016, Guilliams et al., 2016,
Heidkamp et al., 2016) and can be distinguished from each other by their surface markers and
functionality (Swiecki and Colonna, 2015) . While pDCs are particularly important in the
initiation of IFN-induced antiviral responses during viral infections (Swiecki and Colonna,
2015), cDC are professional antigen-presenting cells, utilising MHC molecules to present
antigen to naive T cell and facilitate Th1, Th2, Th17 and Treg polarisation (Merad et al., 2013).
Under some conditions cDCs are associated with the production of high IL-12p70, promoting
cytotoxic T cells polarisation (Merad et al., 2013). DC research has benefited from the use of
DCs generated in vitro by culturing monocytes in GM-CSF and IL-4, known as monocyte-
derived (mo)DCs (moDCs) (Sichien et al., 2017). These cells are thought to represent DCs
subpopulations that differentiate from blood monocytes in response to inflammation or
infection (Segura et al., 2013, Reynolds and Haniffa). The relevance of moDCs is a
controversial area, however, due to the low number of pDCs and cDCs, their isolation is
challenging and time-consuming (Sichien et al., 2017). Thus, in human studies, moDCs have
been used extensively as a tool to study DCs function in vitro (Lutz et al., 2017). The culture
of CD14+ monocytes with GM-CSF and IL-4 generate a large number of cells that exhibit
immature DCs characteristics (Lutz et al., 2017, Dauer et al., 2003). DCs exist mainly in two

functional states: immature and mature. Immature DCs are typically located in peripheral

63



tissues and characterised by high endocytic activity and low surface expression of MHC Il and
costimulatory molecules. Immature DCs are regarded as weak inducers of T cells proliferation
and activation (Harding and Song, 1994); however, these cells display high ability for antigen
recognition and capture due to their high expression of PRRs including DC-SIGN and MR
(Geijtenbeek et al., 2000b, Sallusto et al., 1995). Following the recognition of exogenous and
endogenous signals by PRRs such as TLRs, DCs undergo maturation (Dalod et al., 2014).
DCs maturation alters cellular metabolic, and genetic transcription systems enabling mature
DCs migration from peripheral tissues to secondary lymphoid organs and upregulation of
MHCII and costimulatory molecules to present antigen to naive CD4+ T cell and induce T cell

activation and proliferation (Dalod et al., 2014).

Efficient pathogen-specific immunity involves T cell differentiation induced by complex
cytokine profiles, established following recognition of pathogens and cell damage by antigen-
presenting cells such as DCs and macrophages (Mogensen, 2009). Moss et al. (2000)
demonstrated that T cells from patients with CF produce lower levels of IFN-y, a Th1 cytokine,
and higher levels of IL-10, a Th2 cytokine (Moss et al., 2000). Additionally, Moser et al. (2000)
reported that a Th2 type immune response is most common in CF patients with chronic PA
lung infection, characterised by high level of IL-4 and decreased lung function. In the other
hand, a Th1-dominated immune response associated with higher IFN-y production and better

lung function was observed in CF patients with no chronic PA infection (Moser et al., 2000).

Several studies suggested that the engagement of DCs during PA infection might facilitate the
bacterial long-lasting repression of inflammatory responses and could impact T cell response
and polarization. It was reported that production of pulmonary DCs to IL-10 cytokine is
important for the inhibition of Th1 responses (Akbari et al., 2001). Whiteson et al. (2017)
exposed human moDCs to culture supernatant from five PA strains including mucoid and non-
mucoid PA, Streptococcus pneumonia, S. salivarius and Rothia mucilaginosa. These
organisms are found commonly in the oral and respiratory tract of CF patients and associate

with CF pathology (Whiteson et al., 2017). The data in Whiteson et al. (2017) indicated that
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PA supernatants from both mucoid and nonmucoid strains induced the highest release of the
anti-inflammatory cytokine IL-10 compared to all other bacteria tested (Whiteson et al., 2017).
Additionally, it was reported that two PA QS molecules 3-oxo-C12-HSL and PQS reduced IL-
12 production in LPS-stimulated murine DCs. These murine DCs showed reduced capability
of inducing T cell proliferation and activation (Skindersoe et al., 2009). It was indicated that
Th2 response is due to pulmonary DC-mediated inhibition of Th1 responses via IL-6

production which negatively regulate the expression of IL-12 (Dodge et al., 2003).

In a mouse model of chronic PA pulmonary infection characterized by bacteria growing as
biofilm, Damlund et al. (2016) reported that activated DCs were detected in the lung after day
one of infection, and in the regional lymph nodes by day three of infection. Damlund et al.
(2016) suggested this is could be attributed to migration of DCs to the regional lymph nodes
after they encounter and process PA in the lungs. The author isolated DCs from both, the lung
and regional lymph nodes and assessed cytokines expression in response to PA-LPS. Data
indicated constant increase of IL-10 production from day one through days two and three to
day seven in both DCs isolated. Similar gradual increase from day one up to day seven were
detected in IL-6. On the other hand, the author reported that IL-12 concentration in the lungs
decreased at day three which correlate with the increase in IL-6 and IL-10, both IL-12 inhibitors

(Damlund et al., 2016).

Airway epithelial cells are particularly important in the initiation of IFN-a and IFN- signalling
cascade that are crucial in the activation of innate immune cells including DCs and the
elimination of different pulmonary bacterial pathogens, including Streptococcus pneumoniae,
S. aureus and PA (Cohen and Prince, 2012). It has been reported that due to CFTR
dysfunction, CF airway epithelial cells displayed diminished activation capability of pulmonary

DCs in response to PA infection (Parker et al., 2012a).
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1.6.2. Macrophages:

Macrophages are critical players in host defence by initiating and regulating innate immune
responses. Generally, macrophages act as scavengers of foreign particles and are able to
sense intruders as well as tissue dysfunction (Williams et al., 2010). Macrophages are found
in all human tissues, with different types of macrophages in each tissue displaying a high
degree of heterogeneity in morphology, phenotype and life span (Ovchinnikov, 2008). This
heterogeneity is due to the stimulation from nearby cells and components of the extracellular
matrix (Gordon and Martinez-Pomares, 2017). There are different subsets of tissue-resident
macrophages (TRMs) depending on the organ they are located in. For example, alveolar
macrophages are located in the lung alveoli, microglia in the brain, Kupffer cells in the liver,
renal macrophages in the kidneys, while osteoclasts are the macrophages in bone, and dermal
macrophages reside in the skin (Xu and Shinohara, 2017). Upon injury/infection, circulating
monocytes can migrate to the site of inflammation where they can differentiate into
macrophages or DCs depending on the local cytokine environment (Smith et al., 2018b). The
contribution of monocytes in circulation to the pool of resident tissue macrophages is tissue-
dependent. In the case of AMs, they originate from fetal embryonic monocytes, and their
differentiation requires GM-CSF (Gordon and Martinez-Pomares, 2017, McGovern et al.,
2015). Following recruitment, the number of AM is maintained by cell division (Aberdein et al.,
2013), in contrast, due to their short half-life the dermal resident macrophage are continuously
replaced upon monocyte recruitment (McGovern et al., 2014). Macrophages can be activated
through two main pathways, the classical activation or M1 activation where macrophage are
activated with IFN-y, a major Th1 cytokine, and/or PAMPs. The other macrophage activation
route is the alternative pathway or M2 macrophages, where macrophages are activated with
IL-4, IL-10, or IL-13 (Gordon and Martinez, 2010). These populations are thought to represent
different stages of macrophage activation during inflammation, with M1 viewed as pro-

infammatory and M2 as anti-inflammatory and pro-resolution.
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The potential role of macrophages in controlling PA infection have been addressed in several
studies (Speert et al., 1988, Speert and Gordon, 1992, Heale et al., 2001, Kannan et al., 2008).
Previous results by our group have showed treatment of macrophages with IL-17 enhanced
macrophages killing of PA compared to macrophages treated with IFN-y (Muntaka et al.,
2019). However, it was indicated that peripheral blood mononuclear cells (PBMCs) from CF
patients with PA chronic infection production of IFN-y positively correlated with lung function,
in contrast IL-17A levels tended to correlate negatively with lung function. Treatment of human
macrophages with IFN-y lead to up-regulation of IL-6, MCP-1 and TNF-a, and down-regulation

of IL-10 expression by infected macrophages (Singh et al., 2015).

A possible role for alveolar macrophages in recruiting neutrophils during PA infection has been
supported by different studies (Hashimoto et al., 1996, Kooguchi et al., 1998). Kooguchi et al.
(1998) stated that when lung macrophages were depleted it negatively correlated with
neutrophil recruitment to the site of infection (Kooguchi et al., 1998), same effects were seen
in a study by Hashimoto and his colleagues (Hashimoto et al., 1996). An in vitro study showed
that alveolar macrophages display phagocytic competency against PA; however, it failed to

phagocyte un-opsonized PA (Cheung et al., 2000).

There is a growing body of literature showing that CF macrophages have reduced capability
to clear pathogens (Ratner and Mueller, 2012). Some studies have indicated that CF
macrophages hindered killing ability might be attributed to the disturbance in phagosome
acidification caused by the CFTR mutation (Deriy et al., 2009, Di et al., 2006). It was reported
that macrophages treated with CFTR-specific inhibitors have increased intracellular calcium

(Caz+) levels, which might hampered macrophage activity (Shenoy et al., 2011).

1.6.3.  Neutrophils:

Neutrophils constitute about 50—70% of all circulating white blood cells in humans. Neutrophils
originated from myeloid precursor cells in the bone marrow (Doeing et al., 2003, Mestas and

Hughes, 2004). These cells play an essential role in the complete resolution of lung infection
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as they function as effective phagocytic cells against extracellular bacteria and fungi (Segal,
2005). Granulocyte colony-stimulating factor (G-CSF) controls neutrophil proliferation,
differentiation and their release from the bone marrow (Shochat et al., 2007). G-CSF is
produced in response to IL-17A (Ley et al., 2006), which regulates the severity of inflammatory
diseases and contributes to host immunity against bacterial and fungal infection by indirectly
promoting neutrophil recruitment (Korn et al., 2007, lwakura et al., 2011). The main source of
IL-17A is Th17 cells; however, neutrophil could also produce IL-17A after stimulated by
MAMPs such as LPS (Ferretti et al., 2003, Lin et al., 2011). It has been indicated that treatment
of neutrophils with both IL-6 and IL-23 were required for IL-17 production in neutrophils as IL-

17 expression was inhibited in the presence of anti-IL-6 or anti-IL-23 (Taylor et al., 2014).

Tissue resident macrophages and DCs act as sentinel cells through the action of PRRs, such
as those mentioned above, and could initiate neutrophil recruitment through several process
such as the production of IL-23 and increasing blood vessels permeability (Kolaczkowska and
Kubes, 2013). It had been indicated that deletion of macrophage or dendritic cells significantly

reduced neutrophil infiltration into infected tissues (Ajuebor et al., 1999, Vieira et al., 2009).

Neutrophils can eliminate pathogens by different means, both intracellularly and extracellularly
(Kolaczkowska and Kubes, 2013). When neutrophils encounter a pathogen, the pathogen is
phagocytosed and becomes encapsulated inside a phagosome (Kolaczkowska and Kubes,
2013). In order to kill these pathogens neutrophil employ NADPH oxygen-dependent
mechanism or antibacterial proteins such as cathepsins, defensins, lactoferrin and lysozyme
(Borregaard, 2010, Hager et al., 2010). To aid the elimination of pathogens neutrophils
generate neutrophil extracellular traps (NETs) (Kolaczkowska and Kubes, 2013). NET is a
meshwork of DNA structures consisting of chromatin-associated with different antimicrobial
peptides with potent bactericidal activity including myeloperoxidase, elastase, lactoferrin,
histones, cathepsin, gelatinase, and proteinase 3 (Papayannopoulos, 2018). NETs continued

presence can, however, result in tissue damage (Castanheira and Kubes, 2019).
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The important role of neutrophil against PA infection have been stated by several studies,
were neutrophil-depleted mice showed high vulnerability and mortality rates (Koh et al., 2009,
Tsai et al., 2000, Fujimoto et al., 2002). It was reported recently that 30-C12-HSL induces
neutrophils apoptosis (Singh et al., 2019). Induction of NETs was reported during PA infection;
however, several studies indicate that PA was able to resist neutrophils NETs antimicrobial
activity (Geddes-McAlister et al., 2019). In a mouse model of PA infection in the cornea, even
though PA biofilms were reported to resist neutrophils killing and antibiotic treatment, NETs
formed a barrier restricting bacteria to the external corneal environment, and preventing
bacterial dissemination into the brain (Thanabalasuriar et al., 2019). In a mouse PA infection
model, Hirche et al. (2008) showed that neutrophil elastase is necessary for the elimination of
PA (Hirche et al., 2008). CF patients experience persistent bacterial infection associated with
massive neutrophil infiltration because of the excessive IL-17A release, resulting in pulmonary
injury. Singh et al. (2015) found that the production of IL-17A by circulating immune cells
correlates negatively with pulmonary function (Singh et al., 2015). Additionally, CFTR mutation
was proposed to diminish neutrophils phagocytic and killing capacity (Ratner and Mueller,

2012, Painter et al., 2010, Painter et al., 2008).

1.7. Hypothesis and aims

The overarching aim of this project is to investigate the interplay between PA and
innate immune cells and how it is affected by biofilm formation. This thesis investigates

the innate immune cells-biofilms from three directions:

a) Previous work in the lab (Tamanna Rahman and Mohammad Alshahrani, PhD
theses) indicated that PA biofilms bind MR and DC-SIGN and that DC-SIGN
bound to PA biofilms significantly better than MR. In addition, MR and DC-SIGN

recognise purified biofilm carbohydrate. Therefore, we hypothesized that
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b)

Dectin-2 is another CLR that could bind PA biofiims and purified biofilm

carbohydrate

Because of its high carbohydrate content EPS could modulate immune

activation through the engagement of C-type lectin receptors.

The specific aims for directions A and B are:

e Set up a system to generate PA biofilms under flow conditions to investigate the
distribution of C-type lectin ligands within PA biofilms.

e Determine the capability of Dectin-2, to interact with PA biofilms and purified EPS
components.

¢ Identify how recognition of EPS by C-type lectins influence the immune response
to PA.

As the first responder cells of the innate immune system, neutrophils possess

a unique set of migration features. Several studies found that neutrophils were

not able to eradicate infection caused by biofilm-forming PA, which might

indicate that biofilm formation was hindering neutrophils activity. The

establishment of an in vitro model suitable for imaging will enable us to examine

neutrophil morphological and behavioural changes following their contact with

PA biofilms.

The aims of direction C are:

e Set up an assay to study neutrophil-PA biofilm interactions.

e Utilise this assay to determine neutrophil morphological and behavioural changes

following their interaction with PA biofilms.

70



Chapter 2. Materials and Methods

2.1. Bacterial strains and generation of mid-log phase

cultures:

All the strains (Table 1 and Table 2), unless otherwise stated, were grown on Lysogenic Broth
(LB) agar plates from glycerol stocks stored at -80°C and incubated overnight at 37°C. The
following day, a single colony was selected and inoculated into 5 ml of X-Vivo-15 media
(LZBEO02-061Q, Lonza) and incubated overnight at 37°C, at 200/220 rpm. The ODsoonm Of
cultures was adjusted to 0.01 in 20 ml of media in a 250 ml flask and incubated for 3 hr at
37°C, shaking at 200/220 rpm in order to reach mid log phase. Strains in (Table 1) were kindly
provided by Dr. Yasuhiko Irie, University of Tartu, Estonia. Strains in (Table 2) were kindly

provided by Dr. Ana da Silva, University of Nottingham, UK.
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Table 1 Strains used in the study

Strain

Features

Source

PAO1

(WT) Laboratory strain from Parsek’s

laboratory
Normal cellular level of c-di GMP
Expresses Psl and Pel

(Holloway et al., 1979)

AwspF

PAO1 AwspF.
High cellular levels of c-di GMP
Expresses Psl and Pel

(Hickman et al., 2005)

AwspFApel

PAO1 AwspFApel

High cellular levels of c-di GMP
Overexpresses Psl

Lacks Pel

AwspFAps!

PAO1 AwspFApsl!

High cellular levels of c-di GMP
Overexpresses Pel

Lacks Psl

(Irie et al., 2010)

AwspFApelAps]

PAO1AwspFApelAps!

High cellular levels of c-di GMP
Lacks Psl and Pel

Biofilm deficient

(Borlee et al., 2010)

AwspF GFP

PAO1 AwspF.

High cellular levels of c-di GMP
Expresses Psl and Pel

Expressing chromosomally labelled
constitutive GFP

AwspFApelAps]
GFP

PAO1AwspFApelAps!

High cellular levels of c-di GMP
Lacks Psl and Pel

Biofilm deficient

AwspF Apel Apsl expressing
chromosomally labelled constitutive
GFP

(Irie et al., 2017)
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Table 2 P. aeruginosa wound clinical isolates used in the study

Strain Description Source

CW2 B40

Isolated from bone
CWS5 B1
CW3 T40

(Singh et al., 2020)

Cwe T4 Isolated from wound tissue
CW7 T1
CWS5 S1 Isolated from blood
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2.2. Genotyping of Wspf, Psl, and Pel mutation using
polymerase chain reaction (PCR)

Table 3 Primers used to confirm specific mutations in the wspF mutants

WspF gene Primer sequence (5’-3’)
Forward primer | AAGATTCAGAACGTCGGCTG
Reverse primer | GATGTGATTGTTGGTCCCCG

PsIC and PsID | Primer sequence (5°-3’)
Forward primer | GGTCTACCATTCCCACGATTAC
Reverse primer | TCAGCTCGTTGGCGATTT

PelA Primer sequence (5’-3’)
Forward primer | CCCTATCCGTTCCTCACCTC
Reverse primer | TACTGGGCCTCGAAGTTCTC

PCR was used to confirm the mutations in (Table 1) strains. Primers were designed to target
the mutated gene(s) (Table 3). PCR reactions were carried out in 25 pul reaction containing 1
ul of overnight bacterial culture in X-Vivo-15 media, 0.1 yM each of reverse and forward
primers, and 1x of GoTaq G2 green master mix (M7822, Promega). The amplification process
was as follows: a denaturation cycle at 96 °C for 5 min, followed by 30 cycles of denaturation
at 95 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s. This process
was completed by an extra extension cycle at 72 °C for 5 min. PCR products (15 ul) were
loaded into 0.1% agarose gel containing 0.01% of Syber safe DNA gel stain (S33102,

Invitrogen) in Tris-acetate-EDTA (TAE) buffer and electrophoresed for 1 hr at 100 volts.

2.3. Biofilm formation and quantification assay (Crystal violet

assay).

After mid log phase (3 hr) cultures were generated as described above, absorbance was
measured at ODsoonm in 1 ml samples using an spectrophotometer (Thermo Scientific Biomate
3) before adjusted to ODgoonm 0.04 in X-vivo-15 media (Lonza) and kept on ice. Then 100 pl of
adjusted ODeoonm cultures were added to each well of a UV-sterilised 96-well plate
(MaxiSorp™, 439454, Nunc immune-plate), Cell culture 96-well plate (0030730135,
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eppendorf) or CELLview™ slide (543979, Greiner Bio-One). To quantify the biomass, cultures
incubated for 24 hr at 37°C, 5%CO, were washed three times with 200 ul of HPLC water and
stained with 125 pl of 1% (w/v) crystal violet (1 hr, room temperature (RT)). After washing
three times in water, the stain was solubilised by adding 200 ul of 70% ethanol for 15 min; 125
ul was transferred into a clean 96-well MaxiSorp plate to measure the absorbance at 595 nm

using a Multiskan FC (Thermo Scientific).

24, Analysis of the adhesion of planktonic PA to plastic

Overnight PA cultures in X-Vivo-15 were centrifuged at 16,000 x g for 5 min at 4°C, washed
twice with phosphate buffered saline (PBS), and re-suspended in 4% paraformaldehyde (PFA,
15710-S, Electronic Microscopy Sciences, USA) in PBS for 30 min at 4°C. After fixation,
cultures were washed once with PBS, adjusted to 0.5 ODsoonm in PBS, and pipetted onto 96-
well Maxisorp plates (50 ul/well) and incubated overnight at 4°C. After washing three times
with PBS blocking was carried out by adding 50 ul of 3% (w/v) bovine serum albumin (BSA)
(80400-100, Alpha diagnostics) prepared in PBS. Rabbit anti-PA polyclonal antibody (50
ul/well, ab68538, Abcam) 10ug/ml in PBS was added and incubated for 90 min at RT. After
three washes in PBS, the plate was incubated with 50 ul of goat anti-rabbit IgG conjugated to
alkaline phosphatase diluted 1:2000 (A3687, Sigma) in PBS for 1 hr at RT. After three washes
with AP buffer (100 mM Tris-HCI, 100 mM NaCl, 1 mM MgCI2, pH 9.5), 50 ul of p-nitrophenyl
phosphate substrate solution (N2770, Sigma) were added to each well and incubated for 30-
40 min at room temperature in the dark. Absorbance was measured at 405 nm using a

Multiskan FC (Thermo Scientific).

2.5. Lectin binding assays (Enzyme-Linked immunosorbent

assay, ELISA).

Assays for the binding of chimeric proteins to fixed PA biofilms, fixed planktonic PA cells and

purified carbohydrate were performed as follows. Biofilms were grown on a (MaxiSorp™,
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439454, Nunc immune-plate) over 24 hr and fixed with 100 pl of 4% PFA in PBS for 10 min at
4°C. For fixed PA cells, wells of Maxisorp plates were coated with fixed bacteria (100 pl/per
well) and incubated at 4°C overnight. Purified biofilm carbohydrate was added to Maxisorp
plates overnight (50 pl/well in 154 mM NaCl, 37°C). In all instances, plates were washed three
times with TBS (10 mM Tris-HCI, pH 7.5, 10 mM CaCl2, 154 mM NaCl and 0.05% (v/v) Tween
20). Chimeric proteins MR-CTLD4-7 (CTLD-4-7-Fc, prepared in house, (Linehan et al., 2001)),
Dectin-2-Fc (ALX-522-126-C050, Enzo) and DC-SIGN-Fc(161-DC, R&D) (50 pl/well in TBS)
were added and incubated for 2 hr at RT. After three washes with TBS, anti-human Fc-
conjugated to alkaline phosphatase (A9544, Sigma) was added (50 pl/well) and incubated for
1 hr, RT (1:1000 dilution). After washing three times with TBS, alkaline phosphatase activity
was measured as above. Inhibition assays were carried out as above but using TSB buffer
containing 1M NaCl (TSB-high salt). MR-CTLD4-7 and Dectin-2 were pre-incubated with
different concentrations of the Mana1-2Man (M202, Dextra) in TSB-high salt for 30 min at RT.
After pre-incubation, proteins were added to appropriate wells containing biofilms. Polymers
containing D-mannose, L-fucose, D-galactose (2-5 ug/ml, 50 ul per well, Lectinity) or Heat
killed Candida albicans (4x10° PA/well, 50 ul per well, kindly provided by Mohammad

Alshahrani) were used as controls.
2.6. Generation of Biofilms for microscopic analysis

2.6.1. Generation of PA biofilms on CELLview™ cell culture slides.

Mid log phase (3 hr) cultures generated as described above, were diluted to ODsoonm 0.04 in
X-Vivo-15 medium (Lonza) and used to inoculate CELLview™ slide (100 pl per well, 543979,
Greiner Bio-One). Slides were incubated at 37°C, 5% CO- for 24 hr. To visualize PA biofilms,
following 24 hr incubation supernatants were removed, and cultures fixed with 4% PFA in PBS
at 4°C for 10 min before washing three times with PBS. The wells then were blocked with 5%
normal goat serum (Sigma-Aldrich) in PBS for 30 min. Next the blocking buffer was removed

and rabbit polyclonal anti- Pseudomonas aeruginosa prepared in blocking buffer (4.5ug/ml,
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Abcam) was added and incubated for 1hr before doing three washes with PBS. Biofilms were
then labelled with a mixture of the following: (green) Goat anti-rabbit antibody conjugated to
Alexa Fluor 488 (10 ug/ml, A-11008, Molecular Probes) to stain the bacteria and (Blue) DAPI
(1 pg/ml, D9542, Sigma-Aldrich) to stain DNA. The staining mixture was prepared in 5% goat
serum (100ul per well) and incubated for 30 min. Excess dye was removed by washing three
times with PBS. Each well of the CELLview™ cell culture slides were then filled with 0.1%
NaN; prepared in PBS before confocal microscopy examination. Confocal images were
acquired using Zeiss LSM 710 using a 40x /1.2 water objective. Fluorescence emission was
collected between 405- 457 nm (DAPI) and 488-525 nm (Alexa Fluor 488). Presented Z-Stack
(212.55 pym, y: 212.55 pym, z: 0.44 pym). Images were processed using Fiji (Schindelin et al.,

2012).

2.6.2. Generation of PA biofilms on p-Slide VI 0.4 slides.

Mid log phase (3 hr) cultures generated as described above were diluted to ODsoonm 0.04 in X-
vivo-15 medium (Lonza) and used to inoculate u-Slide VI 0.4 channels (30 pl per channel,
Ibidi, tissue culture treated) and incubated at 37°C, 5% CO- for 24 hr. To visualize PA biofilms,
following 24 h incubation supernatants were removed, and cultures fixed with 4% PFA in PBS
at 4°C for 10 min before being washed three times with PBS. Next, biofilms were labelled with
(Blue) DAPI at 1 pg/ml to stain DNA. Confocal images were acquired using Zeiss LSM 710
using a 40x /1.2 water objective. Fluorescence emission was collected between 415- 496 nm
(DAPI). Presented Z-Stack (212.55 pym, y: 212.55 ym, z: 5.5.35 - 12.311 pm). Images were
processed using Fiji (Schindelin et al., 2012) and biofilm parameters were quantified using

Comstat (Heydorn et al., 2000b).

2.6.3. Generation of PA biofilms under flow condition using a peristaltic

pump system.

Mid log phase (3 hr) cultures generated as described above, were diluted to ODsoonm 0.04 in

X-Vivo-15 medium (Lonza) and used to inoculate p-Slide VI 0.4 channels (30 ul per channel,
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Ibidi, tissue culture treated) and incubated at 37°C for 1 hr to allow bacterial attachments to
the surface. Slides were fitted into the peristaltic pump system, and exposed to flow (4.5 ml/hr,
bacterial culture 0.04 ODegoonm in X-vivo-15 medium, 15 hr) at 37°C, 5% CO.. After culture,
supernatants were collected, biofilms fixed with 100 ul of 4% PFA in PBS for 10 min at 4°C.
After fixation, biofilms were washed gently 3 times with 120 pl of PBS. Membranes were
labelled with FM™ 1-43 FX (100 ul per channel, F35355, Thermo Fisher, 5 ug/ml, 15 min, on
Ice) and DNA with DAPI (100 pl per channel, Thermo Fisher, 2 ug/ml, 15 min, RT). After
incubations slides were washed gently 3 times with 120 pl of PBS. Finally, slides were filled
with ibidi mounting medium (50001, ibidi). Confocal images were acquired using Zeiss LSM
710 using a 40x /1.2 water objective. Fluorescence emission was collected between 415- 496
nm (DAPI), 506-554 nm (FM 1-43FX), 603-690 nm (HHA). Presented Z-Stack (212.55 ym, y:
212.55 ym, z: 15.257 um). Images were processed using Fiji and biofilm parameters were

quantified using Comstat (Heydorn et al., 2000b).

2.6.4. Generation of PA biofilms under standardized flow conditions

using the syringe pump system.

Mid log phase (3 hr) cultures generated as described above, were diluted to ODsoonm 0.04 in
X-Vivo 15 medium (Lonza, pre-gassed for 48 h at 37°C / 5% CO-) and used to inoculate p-
Slide VI 0.4 channels (30 pl per channel, Ibidi, tissue culture treated) and incubated at 37°C
for 1 hr to allow bacterial attachment to the surface. Slides were fitted into the syringe pump
system, and exposed to flow (1.6 ul/hr, pre-gassed X-Vivo-15, 18 or 24 hr) at 37°C, 5% CO..
After culture, supernatants were collected, biofilms fixed with 100 ul of 4% PFA in PBS for 10
min at 4°C. After fixation, biofilms were washed gently 3 times with 120 ul of PBS. Mannose-
rich carbohydrate was labelled with HHA-conjugated to Texas red (100 ul per channel, T-
8008-1, EYlabs, 100 ug/ml, 2 hr, RT). Membranes were labelled with FM™ 1-43 FX (100 pl
per channel, F35355, Thermo Fisher, 5 ug/ml, 15 min, on Ice) and DNA with DAPI (100 ul per
channel, Thermo Fisher, 2 pg/ml, 15 min, RT). After incubations slides were washed gently 3

times with 120 pl of PBS. Finally, slides were filled with ibidi mounting medium (50001, ibidi).
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Confocal images were acquired using Zeiss LSM 710 using a 40x /1.3 oil objective.
Fluorescence emission was collected between 415- 496 nm (DAPI), 506-554 nm (FM 1-43FX),
603-690 nm (HHA). Presented Z-Stack (212.55 ym, y: 212.55 ym, z: 7.5-19.181 uym). Images
were processed using Volocity (PerkinElmer Inc.) and biofilm parameters were quantified

using Comstat (Heydorn et al., 2000b).

2.7. Study of lectin binding to PA biofilms by confocal
microscopy

Biofilms generated under flow on u-Slide VI 0.4 (80606, Ibidi) as described above (section
6.4), were fixed with 4% PFA in PBS (100 pl per channel, 10 min, 4°C), and washed three
times with TSB buffer. In some instances, wells were stained with FM 1-43 FX membrane dye
(100 pl per channel, 5 pg/ml, F35355, Thermofisher) in PBS for 15 min on ice. Following three
washes with TSB buffer MR-CTLD4-7 (CTLD-4-7-Fc, prepared in house, (Linehan et al.,
2001), MR-CR-FNII-CTLD1-3, prepared in house (Martinez-Pomares et al., 2006), Dectin-2-
Fc (ALX-522-126-C050, Enzo) or DC-SIGN-Fc (161-DC, R&D) (30 pl per channel, 10 pg/ml
in TSB buffer) were added and incubated for 2 hr at RT. After washing three times with TSB
buffer, 100 ul of TSB containing 10 pg/ml goat anti-Human IgG conjugated to Alexa fluor 647
(A21445, Invitrogen) and 3%(v/v) Goat serum (G9023, Sigma) in TBS were added and
incubated for 1 hr at RT. Following three washes with TSB, DNA was labelled with DAPI (100
ul per channel, 2 ug/ml, D9542, Sigma-Aldrich) in PBS for 15 min, RT. The plates were washed
with TSB and mounted in Ibidi mounting media (50001, Ibidi) before storing at 4°C in the dark.
Confocal images were acquired using Zeiss LSM 880 using a 40x /1.20 water objective, the
collection was not done with filters. Fluorescence emission was collected between 434 and
515 nm (DAPI), 469-538 nm (FM 1-43FX), 641-688 nm (AF 647). Stack size (49.43 um, y:
49.43 ym, z: 7.5-12.9 um). Presented single slice size (49.43 ym, y: 49.43 um, z: 0.288-0.293

um). Images were processed using Fiji (Schindelin et al., 2012).
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2.8. Isolation of human monocytes (CD14+ cells).

Buffy coats from the Blood Transfusion Service, Sheffield, UK were used to isolate monocytes
(CD14+ cells) by positive selection. Use of buffy coats was approved by the Faculty of
Medicine and Health Sciences Research Ethics Committee. After decontaminating the blood
bags with 70% alcohol, the buffy coats were transferred into a T75 flask and diluted up to 140
ml with Dulbecco’s Phosphate Buffered saline (DPBS) without Ca®* and Mg?* (Invitrogen). The
diluted buffy coat was layered into four Falcon tubes (BD Biosciences or CellStar), each
containing 15 ml Histopaque-1077 (10771, Sigma). The tubes were centrifuged at 800 x g for
30 min, acceleration 3, deceleration 3 using an Allegra X- 15R centrifuge (Beckman Coulter).
Following centrifugation, the peripheral blood mononuclear cells (PBMC) layer was gently
collected and transferred into new falcon tubes using a sterile pipet and washed once in PBS
(centrifuged — 350 x g for 10 min). Following centrifugation, if pellet looked contaminated with
red blood cells (RBC), RBC lysis buffer (11814389001, Roche) was used as follows. RBC lysis
buffer was added at 1:3 dilution (for example if the pellet is in 5 ml, 10 ml of lysis buffer was
added) and incubated at RT 10 min on tube roller. The tubes were then centrifuged 350 x g
for 5 min accel 1 decel 1 or minimum. In all instance tubes were washed twice with in PBS
each centrifugation — 350 x g for 10 min. Cells were counted, before being re-suspended in
pre-cold MACs buffer (80 ul per 107 cells) and incubated with CD14-magnetic beads (10 pl
per 107 cells, Miltenyi Biotec) on ice, in the dark for 15 min to obtain the monocyte (CD14+
cells) fraction by positive selection. CD14+ cells were washed with MACS buffer at 350 x g for

5 min and applied through a LS MACS column following the manufacturer’s protocol.
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2.9. Preparation of human monocyte-derived dendritic cells

(moDCs)

After numbers of monocytes and cell viability were determined using automated cell counter
(TC20, BIO-RAD), Purified monocytes were resuspended in RPMI complete medium [RPMI-
1640 (R0883, Sigma), 15% (v/v) human AB serum (PAA Laboratories, UK), 2 mM L-glutamine
(G7513, Sigma), 10 mM HEPES (15630056, Gibco), 50 ng/ml recombinant human
granulocyte macrophage colony-stimulating factor (rhGM-CSF) (130-093-865, Miltenyi
Biotec), and 50 ng/ml rh interleukin (IL)-4 (130-093-921, Miltenyi Biotec)] at density of 1.5 x
10° monocytes/ml. Monocytes were seeded in each well of 24 well flat bottom tissue culture
plates (EP0030722116-60EA, Eppendorf; at 750,000 cells per well) and cultured at 37°C,
5%CO2 for 6 days. On Day 3, fresh RPMI complete media containing growth factors was
added to each well. To collect moDCs at Day 7, the 24 well plates were placed on ice for 20
min, then using 1 ml pipette, the cells were gently flushed and transferred into 15 ml falcon
tubes and placed on ice. Wells were observed microscopically to ensure complete harvest of
the moDCs. If there were any cells still attached to the wells, then 500 pl of the media to be
used was added to the wells and the plate was incubated for 5 min on ice. Then cells were
flushed off gently with 1 ml pipette and transferred to the 15 ml falcon tube. In all cases, cell
suspensions in the 15 ml falcon tubes were centrifuged at 350 x g, 4°C, acceleration 3,
deceleration 3, for 5 min to pellet moDCs. These were then washed 2 times with fresh X-Vivo-
15 before re-suspended in appropriate media per assay. Cells were counted and adjusted to

densities as appropriate per assay.
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2.10. Purification of human neutrophils

Human blood samples were obtained by venipuncture from healthy donors under an ethics
protocol approved by the University of Nottingham. Informed written consent form was
obtained from all participants. Neutrophils were purified from whole blood using negative
selection following manufacturer’s instruction (STEMCELL, 19666). Whole blood collected in
EDTA tube (2 ml) was transferred to an isolation round button tube and incubated for 5 min at
RT with 50 ul/ml of both, (1) antibody isolation cocktail and (2) magnetic RapidSpheres. The
tube was then toped up to 10 mL with Hank’s buffer without Ca** and Mg®* before being mixed
gently 3 times with a 10 ml pipette. Next the tube was placed (without lid) into the magnet
(“The Big Easy”, Catalog #18001, STEMCELL) and incubated for 5 min at RT. After incubation,
the magnet and tube were picked and in one continuous motion were inverted to pour the cell
suspension into a new tube . Then, same volume of magnetic RapidSpheres used earlier were
mixed and incubated with the cell suspension (5 min at RT). The tube was then placed in the
magnet and incubated for further (5 min at RT) before being poured into new tube. The new
tube was placed in the magnet and incubated for (5 min at RT). Finally, the magnet and tube
were picked and in one continuous motion were inverted to pour the purified neutrophils into

new tube .

Neutrophils purity were determined by cytospin preparations. Cell suspensions were placed
onto a glass slide already inserted into cytofunnels (EZ Single Cytofunnel, Ref: A78710020,
Fisher Scientific) and centrifuged at 200 rpm, 20 min, low acceleration using a cytospin
(Cytospin 2, Shandon). Slides were air dried, labelled with Hemacolor (MERCK) following the
manufacturer’s procedure (solution 1: applied for 30 seconds, solution 2 for 3 seconds and
solution 3 for 6 seconds), air dried, mounted with DPX (Sigma-Aldrich). The stained slides

were examined under a bright field inverted microscope fitted with a camera.

In only one experiment (Figure 6.3), labelling for PKH67 was performed following manufacture

instructions. First, purified neutrophils were washed twice in fresh X-Vivo-15 and (centrifuged
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—350 x g for 5 min) at RT. 500 pl of diluents C was added to the cell pellet, and gentle pipetting
was performed to ensure complete dispersion. A dye solution was prepared by mixing 4 ym
of PKH67 dye solution (Sigma-Aldrich, PKH67GL-1KT) into 500 ul of diluent C in a 15 ml
falcon tube. 500 pl of the cell suspension in Diluent C was added to 500 pl of dye solution and
mixed immediately by pipetting and incubated for 5 minutes at RT. Staining was stopped by
adding an equal volume of BSA (1ml) and incubating for 1 min at RT C to allow binding of
excess dye. Cells were washed three times with X-Vivo-15 media and (centrifuged — 350 x g

for 5 min) at RT and re-suspended in X-Vivo-15 medium for further experimentation.

2.11.  Analysis of cell surface markers using flow cytometry

Cells were re-suspended in X-vivo-15 media in a 15 ml falcon tube at a density of 1x10° cells
/ml, centrifuged at 350 x g, for 5 min, acceleration and deceleration 3, at 4°C and re-suspended
in 1 ml of 5% (v/v) human serum (PAA Laboratories Ltd) in PBA solution [0.5% (w/v) BSA and
0.1% (w/v) sodium azide (S2002, Sigma) prepared in PBS], and incubated for 1 hr at 4°C.
After washing the cells with cold PBA three times, the cell density was adjusted to 100,000
cells/100pl of PBA. Then the cells were incubated with anti-human monoclonal antibodies or
their matched isotype controls: CD206 (MMR)-Allophycocyanin (APC) (321109, Biolegend),
DC209 (DC-SIGN)-APC (330107, Biolegend), CLEC6A (Dectin-2)-APC (FAB3114A, R&D),
CLECTYA (Dectin-1)-APC (144306, Biolegend), CD66b-FITC (REA306, Miltenyi Biotec), APC
Mouse IgG1 (MR) Isotype Ctrl (400120, Biolegend), APC Mouse IgG2a (DC-SIGN) Isotype
Ctrl (400222, Biolegend), APC Mouse IgG1 (Dectin-2) Isotype Ctrl (IC002A, R&D), APC Rat
IgG1 (Dectin-1) Isotype Ctrl (400411, Biolegend) or human IgG1 FITC-REA (CD66b) control
Ab (130-113-437, Miltenyi Biotec) for 1 hr at 4°C. The cells were washed twice with cold PBA
and re-suspended in fresh cold PBA and fixed with 0.5% PFA (15710-S, Electronic Microscopy
Sciences, USA) in PBS at 4°C. Cells were analysed using a FC500 Beckman Coulter flow

cytometer; 10,000 events were collected. Data were analysed using Kaluza Software 1.5a.
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2.12. Analysis of Dectin-2 expression by western blot

For western blot analysis, cells were lysed in lysis buffer [10 mM Tris-HCI, pH8.2, 150 mM
NaCl, 5 mM EDTA, 2% Triton X-100 and two tablets of protease inhibitor (11836170001,
Roche)] for 30 min on ice. Lysates are then clarified by centrifugation at 13,000g for 30 min
before the supernatants were collected. Protein concentration was determined by the BCA
assay (Bio-Rad Laboratories). Samples were boiled at 100°C for 5 mins before different
amounts of protein were electrophoresed on SDS—polyacrylamide gel. A 10-230 kDa Protein
Ladder were used to determine molecular weight. The gels were then electro-blotted onto
nitrocellulose membranes. After blocking with 5% milk in PBS with 0.1% tween 20,
membranes were incubated with primary antibody against human Dectin-2 (Anti-Dectin-2
antibody (ab107572, abcam)) at 5 pg/ml. Finally, the relevant protein was visualized by
incubating with IRDye 800CW anti mouse Licor at 1:5000 for 1 hr at room temperature. The

bands were detected by using an Odyssey Imager (LI-Cor biosciences).

2.13. Analysis of changes in moDCs morphology after

incubation with HMW-Psl or PA biofilms

Assays for the analysis of changes in moDCs morphology after incubation with HMW-Ps| or
PA biofilms were performed as follows. Biofilms were grown on p-Slide VI 0.4 slides over 24
hr using the syringe pump system described above and fixed with 100 pl of 4% PFA in PBS
for 10 min at 4°C. Purified biofilm carbohydrate was added to u-Slide VI 0.4 slides (10 pg/ml,
in X-vivo-15) overnight at 4°C. After washing, and addition of moDCs (5 x 10* cells per channel
in X-vivo 15 containing GM-CSF and IL-4) cultures were incubated for 24 hr at 37°C, 5% COs..
Samples were fixed in 4% PFA (15710-s, EM Grade) in PEM (Cytoskeleton-preserving buffer
PIPES-EGTA-Magnesium, 80 mM PIPES pH 6.8, 5 mM EGTA, 2 mM MgCl,) for 15 min, RT.
Slides were washed in PEM, and blocked with 5% donkey serum (D9663, Sigma) in PEM in

the presence or absence of 0.25% Triton X-100. After 3 washes in PEM, cells were incubated
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with rabbit polyclonal to DC-SIGN (10 ug/ml overnight at 4°C) (ab5715, Abcam) in blocking
buffer and then with Alexa Fluor® 647 AffiniPure Donkey Anti-Rabbit 1gG (H+L))
(jacksonimmuno, 711-605-152) 1:500 in blocking buffer. After 3 washes in PEM cells were
labelled with DAPI (1.5 pyg/ml in PBS, Sigma-Aldrich, D9542), washed in PBS and mounted
in Ibidi mounting media (Ibidi, 50001). Confocal images were acquired using Zeiss LSM 710
under 40x /1.3 oil objective, without filters. Fluorescence emission was collected between 410
and 585 nm (DAPI) and 638-755 nm (AF 647). Image size (212.55 ym, y: 212.55 ym, z: 0.406
um). Images were analysed using Fiji (Schindelin et al., 2012). Raw Integrated density and
cell perimeter were measured by manually following the contour of the cell using the
segmented line tool (width=12 nm). Circularity (the ratio between longer and shortest axes for
each cell) was determined by manually following the contour of the cell using the free hand
line tool. The selected areas were then saved in the ROl manager for analysis. Single per unit
area was calculated by (Raw Integrated density / area selected using the segmented line tool

(width=12 nm) = single per unit area).
2.14. Analysis of changes in neutrophil morphology after

incubation with HMW-Psl or PA biofilms

Assays for the analysis of changes in neutrophils morphology after incubation with biofilm
cultures of PAO1, AwspF, AwspFApelApsl or AwspFApelAps! + (High molecular weight
(HMW))-Psl were performed as follows. Bacterial cultures were placed on y-Slide VI 0.4 slides
under shear stress for 18 hr using the syringe pump system described above and fixed with
100 pl of 4% PFAe in PBS for 10 min at 4°C, washed twice using PBS with Ca?* and Mg?*,
purified biofilm carbohydrate was added to fixed AwspFApelAps/ (10 pg/ml in X-vivo-15 for 1
hr) and removed prior addition of neutrophils. After addition of neutrophils (5 x 10* cells per
channel in X-vivo 15) cultures were incubated for 2 hr at 37°C, 5% CO.. Neutrophils-PA co-
cultures were fixed (4% PFA in PBS 10 min at 4°C), washed twice with PBS and permeabilised

with 0.15% Triton X-100 in PBS for 10 min, washed twice with PBS and blocked with 1% BSA

85



in PBS for 30 min. Cells were stained with 1:500 rhodamine phalloidin at RT for 30 min
followed by HHA-conjugated to Texas red (100 ul per channel, T-8008-1, EYlabs, 100 pg/ml,
2hr, RT), before stained with DAPI (100 ul per channel, 2 pg/ml, D9542, Sigma-Aldrich) 5 min
at RT. After each staining step slides were washed twice with PBS. Slides were then mounted
with Ibidi mounting media (50001, Ibidi) before storing at 4°C in the dark. Confocal images
were acquired using Zeiss LSM 710 using a 40x /1.3 oil objective. Fluorescence emission was
collected between 405- 459 nm (DAPI), 488-549 nm F-actin (phalloidin (P)-AF488), 594-645
nm (HHA). Acquired Z-Stack (212.55 pm, y: 212.55 ym, z: 15.257-18 um). Presented Z-Stack
(32.38 pm, y: 31.97 ym, z: 15.257-18 pym). Images were processed using Fiji (Schindelin et
al., 2012). F-actin intensity and circularity (the ratio between longer and shortest axes for each
cell) were determined by manually following the contour of the cell using the free hand line

tool. The selected areas were then saved in the ROl manager for analysis.

2.15. Analysis of the effect of biofilms or purified HMW-Psl on
cytokine production by moDCs

Assays for the analysis of cytokines production by moDCs incubated with fixed PA biofilms
and purified carbohydrate were performed as follows. Biofilms were grown on a cell culture
96-well plate (0030730135, eppendorf) over 24 hr and fixed with 100 ul of 4% PFA in PBS for
10 min at 4°C. Then wells were washed three times with 200 pl of PBS before 50 pl of X-vivo
15 was added to each well. For assays to test the effect of HMW-Ps| (LPS-free) on moDCs
responses to PA Psl-deficient biofilm and planktonic cultures, HMW-Psl was added at different
concentration in 50 ul X-vivo-15 and incubated 1 hr (37 °C/ 5% CO,). Next moDCs (10 x10*
in 50 yl X-vivo-15 + 50 ng/ml IL-4 and 50 ng/ml GM-CSF) were added to each well and
incubated 4 hr at 37 °C, 5% CO,). Next, plates were centrifuged 350 x g for 5 min accel 3
decel 3 and supernatants were collected in 1.5 ml centrifuge tubes and stored at -80 °C prior

cytokines quantification.
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2.16. Cytokine quantification

Magnetic luminex assay kit (LXSAHM-7, R&D) was used to measure IL-13, IL-6, TNF-a,IL-10,
MCP-1 and IL-23 cytokines in supernatant collected from the assays described above. Color-
coded magnetic micro-particles coated with specific cytokines antibodies were added to wells
(50 pl), same volume of supernatant and standards (50 ul) were added to appropriate wells
and incubated for 2 hr at RT on a shaker at 800 rpm. Wells were washed three times with the
provided washing buffer following the manufacturer protocol. Next, 50 ul biotinylated antibody
cocktail was added to each well and incubated for 1 hr at RT on a shaker at 800 rpm. After
washing three times, 50 ul of streptavidin conjugated to phycoerythrin (PE) were added and
incubated for 30 min at room temperature on a shaker at 800 rpm. The wells were washed
three times and the micro-particles were re-suspended in 100 ul of the washing buffer per well
and incubated for 2 min RTon a shaker at 800 rpm. Samples and standard were read using

Bio-Rad Bio-Plex 200 system. Data was analysed with Microsoft Excel and GraphPad Prism.

ELISA was used for the analysis of TNF-a, MCP-1 and Gro- a (Duoset, R&D). Assays were
conducted following manufacturer’s protocol. Briefly, 96 well plate (MaxiSorp™, 439454, Nunc
immune) was coated with 100 ul of capture antibody before sealed and incubated overnight
at RT. Next the, plate was washed three times with the washing buffer provided. Wells were
blocked with 300 pl of reagent diluent, incubated for 1 hr, and then washed three times with
the washing buffer. Supernatants or standard (100 pl), both diluted with reagent diluent, were
added and incubated for 2 hr at RT. The plate was then washed three times with the washing
buffer before 100 ul of detection antibody was added and incubated for 2 hr at RT. After, the
plate was washed three times with the washing buffer and Streptavidin-HRP was added and
incubated for 20 min at RT. The plate was then washed three times with the washing buffer
before 100 pL of Substrate Solution was added and incubated for 20 min at RT. Reaction was
stopped by adding , 50 pl/well of the Stop Solution. Optical density was immediately measured

using a using a Multiskan FC (Thermo Scientific) set to 450 nm. Readings at 595 nm was
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taken and subtracted from 450 nm for wavelength correction as recommended. Data was

analysed with Microsoft Excel and GraphPad Prism.

2.17. Cell survival (LDH assay)

Cell supernatants were tested for the release of lactate dehydrogenase (LDH) using an LDH
cytotoxicity detection kit (11644793001, Roche) following the manufacturers’ protocol. An LDH
positive control (cells incubated with 2% Triton X-100) was also used alongside the test
samples. In brief, equal volumes of test samples and reaction mixture were mixed and
incubated for 30 min in the dark before reading. The plate was read using a microplate reader
(Multiskan FC, Thermo Scientific) at 492nm and wavelength correction at 620nm. Data was

analysed with Microsoft Excel and GraphPad Prism.

2.18. CLRs blocking on moDCs

Blocking of CLRs on moDCs was performed as follows, moDCs generated from CD14+
monocytes as described above were incubated with X-vivo-15 only or anti-hMR (40 pug/ml, 15-
2,321102, Biolegend), anti-hDC-SIGN (40 pg/ml, AZN-D1, kindly provided by Prof van Kooyk,
VUMC), anti-hDectin-2 (20 pyg/ml, mabg-hdect2, InvivoGen) or isotype-matched control
antibody for 1 hr, 37 °C, 5% CO.. To confirm the blocking capability of each anti-CLR used,
moDCs (incubated with one, two or all anti-CLRs) were tested for MR, DC-SIGN, and Dectin-

2 expression by flow cytometry as described above.

2.19. Dectin-2 reporter cells assay

2B4-NFAT-GFP reporter cells expressing human Dectin-2 and FcR-y, or FcR-y only were
kindly provided by Dr. Sho Yamasaki (Osaka University, Japan) and grown in Ultra-Low
attachment cell culture flasks (CLS3815, Sigma) in 10 ml of RPMI-1640 medium (R0883,

Sigma) containing 10% (v/v) foetal bovine serum (FBS, F9665, Sigma), 50,000 U Penicillin,
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50 mg streptomycin (11074440001, Roche) and (55 uM) 2-mercaptoethanol (M6250, Sigma)
at 37°C, 5% CO.. The media were changed when the cells are about 80% confluent. Cells
were harvested by pipetting then centrifugated at 250 x g for 5 min before washed once in
RPMI-1640 medium, re-suspended in RPMI-1640 medium containing supplements and
adjusted to 4 x10%ml. To determine whether Dectin-2 recognition of biofilm-associated
carbohydrates would induce Dectin-2-mediated signalling, cell culture 96-well plate
(0030730135, eppendorf) were pre coated with purified HMW-Psl (500 pg/ml) or HKCA (4x10°
particles/well) prepared in PBS with Ca®* and Mg?** for 24h at 4° C. Reporter cells expressing
human Dectin-2 + FcR-y, or FcR-y only were added at 4 X10* /100yl into the wells and
incubated at 37°C, 5% CO; for 20 hr. Cells were collected and GFP expression were
assessed using a FC500 Beckman Coulter flow cytometer; 10,000 events were collected. Data

were analysed using Kaluza Software 1.5a.

2.20. Biofilm-human neutrophils live microscopy assay

Assays for the live microscopy analysis of neutrophils behaviour after incubation with PA
biofilms were performed as follows. Bacteria were cultured in p-Slide VI 0.4 and placed under
shear stress for 18 hr using the syringe pump system explained earlier, fixed with 4% PFA in
PBS (100 ul, 10 min at 4°C), washed twice using 100 pl of PBS with Ca?* and Mg**. The slide
was kept with 100 pl of PBS with Ca®* and Mg? in 4°C while neutrophil isolation was
performed. Next, purified neutrophils were washed twice with HBSS with Ca?* and Mg?*,
diluted in fresh X-Vivo-15 and added to the slide (the opposite side of the original shear stress,
50,000 cells in 30ul). Immediately 60 pl of fresh X-Vivo-15 were added simultaneously in each
reservoir to reduce the tendency of neutrophils to move by capillarity as a result of surface
tension. Cellular behaviour was monitored live using a DeltaVision microscope under Olympus
U-Plan S-Apo 40X/0.95 objective. Time lapse images (15) were taken every 8 min from each
condition. To increase accuracy of the data generated using this system and to aid in the

experimental design, neutrophils movements were monitored in exactly 5 fixed locations.
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These locations were stored with known stage coordinates and were applied in all experiments

conducted as shown in (Ch.6, Figure 6.5).

2.21. Analysis of biofilm-human neutrophils live microscopy

assay using TrackMate

Analysis of the time laps images collected as explained earlier was conducted as follow. To
increase the detection capability of TrackMate the background of each video was subtracted
before being uploaded to Fiji software. To start TrackMate, Plugins was pressed from the top
list of options, then Tracking, then TrackMate. To recognize the cells, LoG Detector was
selected with an estimated blob diameter of 10 um, Threshold: 00, Use median filter: No, Do
sub-pixel localization: Yes, then next. For Initial thresholding Auto Quality were chosen then
next. (5) For the view: Hyperstack Display were selected then Next. (5) Quality filters were
applied to filter unwanted spots. (6) to track the cells Simple LAP tracker was chosen with
linking max distance: 50 ym and 15 gap-closing max frames. (7) Software were run to process
the cell tracking. (8) no filter was set on tracks. (9) Data generated were saved in EXCEL

format.

2.22. Quantification of neutrophils motility parameters

Velocity and net distance were automatically generated by Trackmate. For calculation of the
other neutrophils motility parameter, Mean squared displacement (MSD) and cell speed we
utilised DiPer, which is an Excel based program developed by (Gorelik and Gautreau, 2014).
Briefly, MSD and cell speed were calculated as follow, the migration trajectory (Frame number,
Position_X and Position_Y) previously generated using TrackMate were copied and pasted in
DiPer excel file. To run the macros in order to compute cell migration parameters, Developer

tab was clicked then Macros. From the list that will appear, MSD or Speed were selected.
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Then Run were pressed and the displayed results were saved in excel with MSD or Speed

graph automatically generated.

2.23. Statistical analysis

Statistical analysis was performed in GraphPad Prism as follows:

In Chapter 4 significance was calculated using Two-way ANOVA followed by Tukey’s multiple
comparisons test or Dunnett’'s multiple comparisons test. Parametric statistical tests were
used because the number of repeats for the Fc chimericproteins binding to PA biofilms were
too low (N=2-3) to assess normality, henece we assumed they followed a normal distribution.
In addition the standard deviation was the same for each group. In all instances significance
was calculated by comparing every mean with every other mean (Tukey’s test). In only one
condition as a result of high binding of DC-SIGN to clinical isolates the data was presented in
a different graph and the binding mean of each Fc chimeric protein was compared to the mean

of the control, thus the Dunnett test was applied.

In Chapter. 5 significance was calculated using One-way ANOVA followed by Tukey’s multiple
comparison test. Parametric statistical tests were used because the number of repeats for the
Fc chimericproteins binding to PA biofilms were too low (N=7) to assess normality, henece we

assumed they followed a normal distribution.

In Chapter. 6 significance was calculated using the Kruskal Willis test. A non-parametric
statistical tests was used because the sample sizes were different and data were not normally

distributed.
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Chapter 3. Generation and Characterisation of

Pseudomonas aeruginosa biofilms

3.1. Introduction

Biofilms are responsible for 80% of chronic microbial infection in humans (Rémling and
Balsalobre, 2012). In addition to the challenge of diagnosing biofilm infections, they are
antibiotic resistances and capable of immune evasion, leading to high morbidity and mortality
rates (Lynch and Robertson, 2008, Wolcott et al., 2010). These significant threats of biofilms
have encouraged researchers to develop methods to study biofilms characteristic and host
interaction. Several methods have been used to study biofilms, for the purpose of this thesis
mainly two methods well be discussed below, (1) the microtiter plates (2) the continuous flow.
In addition, other biofilm formation methods well discussed briefly. Moreover, highlight well be

given on confocal microscopy as a biofilm studying tool.

(1) Commonly called the 96-well plate assay, the microtiter plates were originally used to
assess staphylococcus adherences to plastic tissue culture plates (Christensen et al., 1985).
The protocol published by Christensen et al. (1985) was then used to culture biofilm of many
bacterial and fungal organisms with modification of growth times, media used, and ODs based
on microorganism analysed (Genevaux et al., 1996, O'Toole, 2011, O'Toole and Kolter,
1998b). In brief, cells are cultivated for a certain period, and then the wells are washed to
remove planktonic cells. Following, the remaining cells attached to the wells are stained with
crystal violet (CV) that enables the attachment pattern to be visualised. The CV is then
solubilised by ethanol and quantified by spectrophotometry to evaluate the formed biofilm.
Studies have shown that motile bacteria, such as PA, Escherichia coli and Vibrio cholera, tend
to aggregate at the top layer (the air-liquid interface) (Gomes et al., 2014). In contrast, non-

motile cocci, such as enterococci (except for motile species Enterococcus casseliflavus and
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Enterococcus gallinarum) and staphylococci, develop aggregates at the bottom layer of the

microtiter plate (Frank et al., 2013, Liesse lyamba et al., 2011).

Researchers mainly use the microtiter plate method because of its rapid, uncomplicated and
reproducible results. However, there are several disadvantages to consider, such as the
inability to generate highly mature biofilms due to nutrient reduction over incubation besides
some clinical isolates reported to be poorly attached to the abiotic surface, thus unable to form
biofilm (Magana et al., 2018, Azeredo et al., 2017). One of the most used techniques to assess
biofilm formation on microtiter plates is the crystal violet (CV) assay, which facilitates
visualisation of biofilm thickness and quantification of biofilm biomass. However, the technique
is not appropriate for measuring the viability (Costerton et al., 1999, Stepanovic¢ et al., 2000).
Besides, CV is not sensitive and highly variable; this might be due to the colour binds to
negatively charged molecules unspecifically or is inaccurately extracted by ethanol (Magana

et al., 2018, Azeredo et al., 2017).

Besides microtiter plates, there are other methods to form static biofilms, including, the
Calgary biofilm device (CBD), which is a technique that enables the formation of biofilms on
pegs attached to 96 wells plate lid (Ceri et al., 1999). The pegs lid is mounted in 96 wells plate
with a standardised optical density of bacterial inoculum. The plate then placed at a rocking
station to generate shear forces for a particular time and temperature. In this framework,
biomass quantitation usually involves the retrieval of bacterial cells from pegs by sonification,
which have some limitations. Only a fraction of the sessile population can be suspended
through sonification, usually between 5% and 90% of the biofilms (Edmonds et al., 2009,
Muller et al., 2011). Second, disruption caused by this process could modify the biofilms'

properties exhibited on the pegs (Grand et al., 2011).

Another method widely used is the biofilm ring test, which is a tool to detect the formation of
biofilms on modified 96-well plates using magnetic microbeads and a plate reader. When

beads are dispersed after application of the magnet field, biofiim-associated adherence is
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determined, and in contrast, beads are immobilised in the middle of the well in the presence

of planktonic cells (Chavant et al., 2007).

(2) Continuous flow cultures allow mature biofilms to be formed in chambers connected to
plastic tubes fitted with peristaltic or syringe pumps. The flow generated by the pump helps
fresh growth medium to circulate while eliminating planktonic cells and waste (Magana et al.,
2018). The biofilm formed can be monitored microscopically after injection of fluorescent
proteins or reporter genes such as Green Fluorescent Protein (GFP) (Starek et al., 2011). The
opportunity to analyse the effects that different media, oxygen concentrations, temperature
changes, and substances exert on a biofilm at all developmental phases is one of the benefits
of continuous-flow models (Azeredo et al., 2017, Magana et al., 2018). Such models also
provide an evaluation of the effects of transient molecules, such as antibiotics or adhesion
inhibitors, on biofilms (Azeredo et al., 2017, Magana et al., 2018). Biofilms are reported to
exist in aqueous environments subjected to a shear force (Thomen et al., 2017, Hall-Stoodley
et al., 2004). This might also be applicable in some clinical settings, for example in bacterial
endocarditis it was speculated that the turbulent flow might promote biofilms formation as
biofilm aggregates respond to the turbulent flow of the cardiac environment by producing more
EPS (Donlan and Costerton, 2002). The technological drawbacks of continuous-flow biofilms,
however, include increased experimental complexity, cost as well as potential air bubble

trapping in the setup tubing (Crusz et al., 2012, Wolfaardt et al., 1994).

Several microscopic models have been utilised to study biofilm characteristic and have
contributed to enrich our understating of microbial biofilms such as light, fluorescent, scanning
and confocal microscopy. Here, for the purpose of this thesis, we give special attention to
confocal laser scanning microscopy (CLSM). CLSM is a useful tool for the analysis of biofilms,
and several laboratories have widely applied CLSM to the study of biofilms cultivated in flow
chambers (Borlee et al., 2010, Tseng et al., 2013, Jennings et al., 2015, Colvin et al., 2012).
This approach has several benefits, including that it is a reproducible format for biofilm culture,

live biofilms can be imaged non-destructively at different times and three-dimensional details
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about cell and matrix distribution can be obtained (Heydorn et al., 2000a). Antibodies and/or
lectin-conjugated dyes can also be used for the characterisation and identification of the
biofilm components. Furthermore, by using COMSAT, the image analysis software (Heydorn
et al., 2000b) image acquired can be used to analyse the biofilm matrix and adherent biomass
quantitatively, while location and specific amounts of matrix components can also be
calculated (Neu et al., 2001, Berk et al., 2012). Furthermore, the gradual effects of various
nutrient conditions or antimicrobial therapies can also be monitored (Tseng et al., 2013,

Senderholm et al., 2017).

As mentioned above, there are different tools to study biofilms that vary between each other.
Thus, researchers need to assess which approach is better for each study based on the
research questions and other different factors, including budget. As this study aimed to study
PA biofilms and C-type lectin interaction, in this chapter and for the purpose of this study and
to utilise in the following chapters we (1) confirmed and quantified biofilm formation by PA
AwspF strains and clinical isolates on microtiter plates and (2) optimised PA biofilm formation

on microscopy slides to better understand changes in biofilm structure.
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3.2. Hypothesis

Generation of biofilms in substrates suitable for microscopic examination will provide a

platform for accurate analysis of:

1. Biofilm structure (this chapter).
2. Distribution of ligands for immune lectin receptors (Chapter 4).

3. Immune cells-biofilm interactions (Chapters 5 and 6).

3.3. Aims

The specific aims for this chapter are:

1. Confirm and quantify biofilm formation by PA AwspF strains and clinical isolates on two
types of microtiter plates using a defined eukaryotic media; these biofilms will be utilised to
test binding of C-type lectins and incubation with innate immune cells (Chapters 4 and 5,

respectively).

2. Optimise PA biofilm formation on microscopy slides to better understand changes in biofilm
structure with time. These useful tools will be exploited to study biofilm-myeloid cells

interactions (Chapters 4, 5 and 6).
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3.4. Results

3.4.1.  Validation of the PAO1 strains, AwspF, AwspFApsl, AwspFApel
and AwspFApelApsl

Extracellular polymeric substances (EPS) are a key component of the biofilm matrix (Stoodley
et al., 2002). The contribution of the carbohydrates components, Pel and Psl to mature biofilm
structure vary among PA strains, and either one or both can serve as the primary biofilm matrix
polysaccharide (Colvin et al., 2012). wspF controls c-di-GMP levels, and AwspF mutants have
increased amounts of intracellular c-di-GMP, leading to enhanced biofilm formation (Hickman
et al., 2005). Intracellular c-di-GMP controls expression of genes involved in the production of
exopolysaccharides in PA; c-di-GMP upregulates the pel and ps/ operons (Hickman et al.,
2005). The overarching aim of this study is to study the interaction of myeloid cells with PA
biofilms and how it is affected by carbohydrate composition. Therefore, it was essential to
employ different PA strains that vary in the expression of the biofilm-associated genes involved
in the synthesis of Pel and Psl; AwspF, AwspFApel, AwspFAps! and AwspFApelAps! (Table
1). The generation of the wspF gene deletion in the PAO1 (WT) was described by (Hickman
et al., 2005). The mutations of the biofilm-associated operons pel and ps/ in the AwspF

background were characterised by (Starkey et al., 2009, Kirisits et al., 2005), respectively.

Mutations in wspF and the pel and ps/ biosynthesis pathways were analysed by PCR (Figure
3.1). Using primers that target wspF (Table 3), we confirmed the mutation in wspF in all the
strains except PAO1 (WT). To validate the mutation in the ps/ operon, primers that target ps/C
and ps/D were used. Results indicated the presence of the mutation in only two strains
AwspFApsl and AwspFApelApsl. Finally, the pel operon mutation was tested using primers
that target pelA. The pel mutation was detected only in two strains AwspFApel and

AwspFApelAps! (Figure 3.1).
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Figure 3.1 Confirmation of mutations in wspF and psl and/or pel operons using PCR.

PCR reactions were carried out in 25 pl reactions containing 1 pl of overnight culture, 0.1 uM of each
of the reverse and forward primers, and 1X of GoTaq G2 green master mix in nuclease-free water. The
amplification started with a denaturation cycle at 96 °C for 5 min, followed by 30 cycles of denaturation
at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 30 s. Then a new extension
cycle at 72 °C for 5 min was performed. PCR products (10 pl) were loaded into 1% agarose gel
containing 0.01% of Sybergreen safe stain in Tris-acetate-EDTA (TAE) buffer and electrophoresed for
60 min at 100 volts. A 100 bp marker was used. The figure shows representative images from 3

independent experiments.
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3.4.2. Analysis of biofilm formation on 96 wells plates by PAO1, AwspF

mutants and clinical isolates using the CV assay

Following PCR confirmation of their genetic mutation, the different AwspF strains were tested
for their ability to form biofilms on 96 wells plates (MaxiSorp™) when incubated in X-Vivo-15,
a serum-free cell culture media used in the laboratory for the proliferation of human myeloid
cells. One of the main aims of this thesis is to explore the potential of C-type lectins to
recognise PA biofilms. In order to assess the binding of C-type lectins to the biofilms using
ELISA, it was necessary first to assess the ability of PA to form biofilm on 96 wells plates
compatible with the ELISA (Martinez-Pomares et al., 2006). Biofilm formation was assessed
by measuring biomass using the crystal violet assay. The diagram in (Figure 3.2A)
summarises the basic steps of the assay performed as described in (2.3). Data shows that all
the strains that express pel or/and psl displayed variable ability to form a biofilm. All AwspF
strains produce more biofilms than PAO1 except the biofilm-deficient strain, AwspFApelAps!
(Figure 3.2B), confirming that the AwspF mutation led to higher biomass. The strains that
overexpress Psl, AwspF and AwspFApel, produced higher biofilm biomass than AwspFApsl,
supporting the role of Psl as an essential component of the PA matrix (Figure 3.2B). This result
confirmed the ability of all the strains to form biofilms on (MaxiSorp™) plates. The potential of

C-type lectins to recognise PA biofilms will be tested in chapter 4 and 5.
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A Summary of Crystal violet (CV) assay
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Figure 3.2 Measurement of biofilm formation of PAO1 and AwspF strains in X-vivo-15 media
using the crystal violet method.

(A) Schematic representation of the crystal violet assay. Bacterial cultures in X-Vivo-15 with 0.04
ODsoonm Were incubated statically on (B) MaxiSorp or (C) tissue culture-treated plates for 24 hr at 37°C
with 5%CO2. Non-adherent material was washed with HPLC water, and the amount of biofilm was
quantified by staining with 1% crystal violet and measuring the absorbance at ODsgsnm (A). Error bars

indicate the standard deviation (SD) of at least three independent repeats with five technical replicates.
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After testing the biofilm formation of AwspF mutant strains on MaxiSorp™, they were next
tested for their capacity to form biofilm on tissue culture-treated plates. One of the main
objectives of this project is to investigate the interaction of human monocyte-derived dendritic
cells with PA biofilms to perform cytokine analysis. Thus, it was essential to form biofilms on
plates where we can add human cells. Using the crystal violet assay, a similar pattern as that
found in MaxiSorp™ was observed in tissue culture-treated plastic, although biofilm biomass
was lower (Figure 3.2 C). Clinical isolates from a patient suffering from a chronic wound (Table
2) were also tested in this assay and showed differential ability for biofilm formation with bone
isolates (B) displaying increased biomass compared to tissue (T) and blood isolates (S)

(Figure 3.3).

1.5
MaxiSorp™

§1.0-$
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o
Ty}
o
O 0.5-
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Figure 3.3 Biofilm formation of PA clinical isolates in X-vivo-15 media using the crystal violet
method.

Bacterial cultures in X-vivo-15 with 0.04 ODsoonm Were incubated statically on MaxiSorp for 24 h at 37°C,
5%CO2. Non-adherent material was washed with HPLC water, and the amount of biofilm was quantified
by staining with 1% crystal violet and measuring the absorbance at ODsesnm. Error bars indicate the
standard deviation (SD) of five independent repeats with five technical replicates.
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3.4.3. Visualisation of biofilm formation using confocal microscopy

Biofilms are multidimensional communities in which bacteria is covered by a self-derived
extracellular matrix (Borlee et al., 2010, Costerton et al., 1999). With the aim of utilising
microscopy to study the interaction of myeloid cells and PA biofilms in our lab, we tested
different techniques to develop biofilms in a reproducible manner on microscopic slides. The
goal was for these biofilms to mimic as much as possible the shape and the size of biofilms

found chronic infection.

3.4.3.1. Biofilm formation in cell view slide

In the previous section 3.4.2), it was demonstrated that PA from different mutant strains were
able to form biofilms on 96 wells plates using X-Vivo-15. In order to visualise the biofilms under
confocal microscopy, it was essential to first test biofilm formation on an appropriate slide
compatible with confocal microscopy. For this, PA biofilms were generated in CELLview™ cell
culture slides using the same protocol as 96 wells plate summarised in (Figure 3.4 A) and
crystal violet staining was performed to measure biofilm biomass as described (2.3). Results
from biofilms generated in this system for 24 hr showed that, as above, all AwspF strains
produce more biofilm biomass than PAO1 except the biofilm-deficient strain, AwspF Apel Aps/
(Figure 3.4 B). These results indicate that PA, particularly strains lacking wspF that express

Pel and/or Psl form biofilms on CELLview™ slides (Figure 3.4 B).

To visualise PA biofilms generated on CELLview™ cell culture slides, biofilms were stained
with three labels; rabbit anti-PA and goat anti-rabbit antibody conjugated to Alexa Fluor488 to
label bacterial cells (green) and DAPI to label extracellular DNA (blue) (Figure 3.4 C). Biofilms
formation (green) extracellular DNA (Blue) were observed on all tested strains (Figure 3.4 C)
except for the biofilm deficient strains AwspfApelAps! (data not shown). Confocal images
showed formation of biofilms by Awspf with formation of microcolonies all around the field
(Figure 3.4 C, upper row). Images of AwspfAps/ and AwspfApel showed biofilm formation

(Figure 3.4 C, middle and last row, respectively) although larger bacterial aggregates were
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observed in AwspfApel as bacterial cells seemed to gather and concentrate in two specific
locations. Furthermore, the rest of the bacterial cells seemed to be directed towards these two
locations to join in the underdevelopment biofilms (Figure 3.4 C, last row). Interestingly, this
behaviour was not detected in AwspfAps/ as this strain displayed formation of small and
scattered microcolonies (Figure 3.4 C, middle row). Large quantities of eDNA were observed
in biofilms formed by Awspf and AwspfApel with most eDNA accumulated within biofilms. In
contrast, in AwspfAps/ cultures, scattered eDNA was distributed all around the field (Figure
3.4.C). This result represents the first time we observed how Awspf mutants organise

themselves during biofilm formation.
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A Summary of the assay
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Figure 3.4 Visualisation of biofilm formation of AwspF strains using confocal microscopy.

Bacteria were grown on CELLview™ Slides for 24 hr at 37°C, 5% COz, as shown above (A). Following
incubation, biofilms were either stained with crystal violet to assess biomass (B) or fixed with 4% PFA
in PBS for visualisation using confocal microscopy (C). Biofilm was dual labelled with (green) rabbit
anti-PA and goat anti-rabbit conjugated to Alexa Fluor 488 and (blue) DNA stain, DAPI. Z-stack
combined images were taken using a Zeiss 710 confocal microscope, water x40 objective. Alexa Fluor
488 (green) was detected using excitation at 488 nm. Nucleic acid staining was revealed using
excitation at 561 nm. Images were processed using Fiji (Schindelin et al., 2012). Images are

representative of a single experiment.
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3.4.3.2.  Biofilm formation in ibidi y-Slide VI 0.4

After testing biofilm formation on Cell view slides, a major disadvantage was observed.
Specifically leaking from wells was noticed, and this would affect the future assays such as
labelling for ligands for different lectins and cultures with immune cells in the same slide.
Besides the Cell view slides did not provide us with the possibility of developing biofilms under
flow conditions. Thus, it was decided to search for a system that supported biofilm formation
without the risk of leaking and where the wells could be subjected to flow. Based on these
requirements, ibidi p-Slide VI 0.4. was selected. In the first instance, slides with different
coatings were tested in the absence of flow for PA biofilm formation. Three options were
tested: uncoated, tissue culture (TC)-treated and collagen-coated. Briefly, mid-log phase
cultures in X-Vivo-15 medium (Lonza) were diluted to ODsoonm 0.04 and used to inoculate (30
bl per channel) and incubated statically at 37°C / 5% CO- for 24 hr. After culture, supernatants
were collected, biofilms fixed with 100 pl of 4% paraformaldehyde in PBS for 10 min at 4°C.
After fixation, biofilms were washed gently 3 times with 120 pl of PBS. DNA was labelled with
DAPI (2 pg/ml, 15 min, RT). After incubations slides were washed gently 3X with 120 pl of
PBS, mounted using ibidi mounting medium and examined binding under confocal microscopy
LSM710, 40X oil. Images were processed using Fiji (Schindelin et al., 2012), and biofilm
parameters were quantified using Comstat (Heydorn et al., 2000b). Preliminary results
indicated that AwspF could form biofilms on y-Slide VI 0.4 slides with higher biofilm formation
observed on TC-treated slides compared to the uncoated and collagen-coated surfaces

(Figure 3.5).
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A Visualisation of AwspF biofilmson ibidislide
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Figure 3.5 Comparison between three coating plates.

48 hr

(A) Representative images of AwspF biofilms cultured statically for 24 hr on three different p-Slide VI

0.4 plates (uncoated, tissue culture treated and collagen). (B) Preliminary results indicated higher

biofilm observed on TC-treated slides compared to the uncoated and collagen-coated surfaces. Results

represent images from one repeat; three images of each condition from one single expermint were

analysed using comstat (Heydorn et al., 2000b).
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3.4.3.3. Generation of AwspF biofilms in ibidi p-Slide VI 0.4 under flow conditions,
generated using a peristaltic pump

Continuous-flow cultures enable the formation of mature biofilms in chambers covered with
coverslips or latex tubes fitted to a device that controls the flow rate such as a peristaltic or
syringe pump. The pump facilitates the flow of fresh growth medium, whereas planktonic cells
and waste are removed. In an attempt to improve biofilm formation in ibidi y-Slide VI 0.4 slides
bacteria were exposed to shear stress using a peristaltic pump. Results indicated higher

biofilm formation even with shorter incubation time (Figure 3.6).
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Figure 3.6 Biofilm formation by AwspF in ibidi y-Slide VI 0.4 slides under flow conditions
generated with a peristaltic pump.

Mid-log phase cultures in X-Vivo-15 medium were diluted to ODsoonm 0.04 and used to inoculate y-Slide
VI 0.4 channels (30 yl per channel, Ibidi, tissue culture treated) and incubated at 37 °C for 1 hr. Slides
were fitted into the syringe pump system, and exposed to flow (4.5 mi/hr, bacteria culture in X-Vivo-15,
15 hr) at 37 °C. After culture, supernatants were collected, biofilms fixed with 100 pl of 4%
paraformaldehyde in PBS for 10 min at 4 °C. After fixation, biofilms were washed gently 3 times with
120 pl of PBS. Membranes were labelled with FM™ 1-43 (5 ug/ml, 15 min, on Ice) and DNA with DAPI
(2 pg/ml, 15 min, RT). After incubations slides were washed gently 3X with 120 pl of PBS, mounted
using ibidi mounting medium and examined binding under confocal microscopy LSM880C, 40X oil.
Images were processed using Volocity, and biofilm parameters were quantified using Comstat five

images from one single expermint were analysed (Heydorn et al., 2000b).
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3.4.3.4. Optimisation of biofilms formation in ibidi p-Slide VI 0.4 under flow
conditions, generated using a syringe pump

Although the peristaltic pump was suitable to generate flow that supported biofilm formation,
the system was not considered optimal because it was difficult to control the flow rate and
sterility. Therefore, we choose to apply a syringe pump flow system, which allowed for full
control of flow rate and maintenance of sterile conditions. Among the advantages of the
syringe pump system is the ability to compare the effects of different media, CO;
concentrations, incubation time and flow rate on a biofilm at all developmental phases.
Different experiments were conducted using the syringe pump system to select the best flow
rate and incubation time for the bacteria to form biofilm evenly on the surface of y-Slide VI 0.4
slides. First, three flow rates were compared [0.8, 1.6 and 3.2 ml/hr]. Results indicated that
the best flow rate that maintains sufficient shear stress on the bacteria without affecting the
structure of the biofilm is 1.6 ml/hr (data not shown). Second, we compared the effect of flowing
media, which contain bacterial culture versus flowing fresh media. Results showed that flowing
of fresh X-Vivo-15 media after initial bacterial attachment instead of bacteria cultures
enhanced the biofilm biomass (data not shown). Third, because the syringe system is closed,
we tested the effect of pre-gassing X-Vivo 15 prior use for 48 hr at 37 °C/5% CO, as described
in (Figure 3.7). Results indicated that biofilm formed by PAO1 was increased after the use of
the pre-gassing media (data not shown). Finally, to minimise biofilm biomass variability among
repeats confocal microscopy images were taken from the area of homogeneous shear stress

(Figure 3.8 C).
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The process of pre-gassing X-Vivo-15 media

— B — | | —
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media culture flasks 179.5 cm? 37°C, 5% CO, to syringe, apply flow
with vented filter cap pre-gass X-Vivo-15 using syringe pump

Figure 3.7 Process for pre-gassing of X-Vivo-15 media.
200 ml of X-Vivo-15 media was transferred to 1 L tissue culture vented flask (T175) with 179.5 cm?
growth area and incubated at 37 °C/5% CO: for 48 hr. Media was then transferred to a 50 ml syringe

pump before use. Created with BioRender.com.
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Standardised conditions

A. Pre-gassed X-Vivo-15 B. Fixed flow rate
Fresh X-Vivo-15 Syringe pump

D O | —e (200 ml) —~

Surfacearea ||| | | =

(179.5 cm?) (1.6 ml/hr)
Incubate at —{ Tube

(37°C, 5% CO,, 48 h)|| (50 ml Syringe) L (1.6 mm pv)

{\_

C. Fixed microscopic and analysis settings

Stacks of images acquired from three
E/ Objective inpdendet repeats are analysed using
(40X oil) Comstat applying the same threshold

Aquire z-stack images

on specified locations  -................__] ubldl
(area of homogeneous shear stres's Q_@\
at a distance of 5-10 mm from the |r:1|et) OO
@m(e)
u-Slide flow profile Q ©
characterized by y o)
parabola shaped flow R Q) ©)
profiles in the y-direction 5’ HE meemidm Q ©
(Data from ibidi GmbH) e I“l”l“:“h“‘;‘o‘o;:;‘“ u-Slide V1 0.4

Figure 3.8 Standardised conditions applied to generate biofilms using a syringe pump system.
1) media was pre-gassed for 48 hr. 2) Pre-gassed media was transferred to 50 ml syringe connected
with 1.6 mm PVC tube and placed on the syringe pump with a fixed flow rate at 1.6 ml per hr. 3) images
were taken using 40x oil objective at the area of homogeneous shear stress to minimise variability

among repeats (arrow pointed). Created with BioRender.com.
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3.4.3.5. Generation and analysis of PAO1 biofilms in ibidi p-Slide VI 0.4 under

standardised flow conditions using a syringe pump

Confocal laser scanning microscopy has been used extensively in the field to study biofilms
cultured under continuous flow (Borlee et al., 2010, Tseng et al., 2013, Jennings et al., 2015,
Colvin et al., 2012). In our lab, the aim was to utilise this method to better understand the
interaction of biofilms with myeloid cells. According to work presented in previous sections to
optimise and grow biofilms under flow, the best conditions to grow PAO1 biofilms utilising the
syringe pump system were (1) 1.6 ml/hr flow rate, (2) pre-gassed X-Vivo-15 (Figure 3.8).

These conditions were applied in all assay afterwards as summarised in the (Figure 3.9).

It is important to clarify that we were not able to calculate the shear stress reported as
(dynes/cm?2). This is because we were not able to identify the viscosity of X-Vivo-15 either by
direct communication with the manufacturer or by having access to a viscometer. Therefor, all
data presented in this thesis shows the flow rate (volume/time) that the cultures were exposed

to. To calculate the shear stress in p-Slide VI 0.4 we can use the following formula:

Shear stress (dyn/cm2) = Dynamical viscosity (dyn s/cm2) X 176.1 (Factor dependent on the

slide used and provided by ibidi) x Flow rate (0.0266 ml/min).

For example, if we assume that the Dynamical viscosity (¥" *°™2) of X-vivo-15 is the same as

water in 37°C the shear stress is = 0.0068 x 176.1 x 0.0266 = 0.0319 (dyn/cm?).
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Figure 3.9 Generation of PAO1 biofilms under standardised flow conditions.

(A) Mid-log phase cultures in X-Vivo 15 medium (Lonza, pre-gassed for 48 hr at 37°C / 5% CO3) were diluted to ODsoonm 0.04 and used to inoculate p-Slide VI
0.4 channels (30 pl per channel, Ibidi, tissue culture treated) and incubated at 37 °C for 1 hr. Slides were fitted into the syringe pump system (B), and exposed
to flow (1.6 ml/h, pre-gassed X-Vivo-15, 18 or 24 hr) at 37 °C, 5% CO.. After culture, supernatants were collected, biofilms fixed with 100 pl of 4%
paraformaldehyde in PBS for 10 min at 4 °C. After fixation, biofilms were washed gently 3 times with 120 ul of PBS. Mannose-rich carbohydrate were labelled
with HHA-conjugated to Texas red (100 ug/ml). Membranes were labelled with FM™ 1-43 Fx (5 pg/ml, 15 min, on Ice) and DNA with DAPI (2 pug/ml, 15 min,
RT). After incubations, slides were washed gently 3X with 120 pl of PBS, filled using ibidi mounting medium and examined using confocal microscopy, 40X oil.

Images were processed using Volocity or Fiji, and biofilm parameters were quantified using Comstat. Diagram designed using Biorender.
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3.4.3.6. Analysis of PAO1 biofilm formation in ibidi p-Slide VI 0.4 using the

standardised conditions confirms the reproducibility of the culture system

To study how PAO1 biofilms affect immune cells, it was considered essential to test the
reproducibility of the optimised culture system. Therefore, biofilms generated as described
above were fixed and stained for three components, HHA-Texas Red was used to label
mannose-rich carbohydrate (likely Psl). This lectin was shown to be specific for Psl in a
previous study (Ma et al., 2007). The bacterial cells were counterstained with the membrane
stain FM 1-43 Fx, while eDNA was stained with DAPI. Five representative images from three
independent experiments were taken from area of homogeneous shear stress as described
in (Figure 3.8) and analysed using Comstat. PAO1 biofilms grown in p-Slides VI 0.4 displayed
increased biomass, carbohydrate and DNA at 24 hr compared to 18 hr (Figure 3.10). Biofilms
cultured for 24 hr showed almost complete coverage of the slides with high cellular density
(Figure 3.10 A). At 18 hr, PAO1 formed numerous cellular aggregates with numerous bacteria-
free spaces (Figure 3.10 A) which would be consistent with increased roughness (Figure 3.10
B). All three labels co-localised on areas of high cellular density and increased to a similar

degree at 24 hr compared to 18 hr (Figure 3.10).
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Figure 3.10 Biofilms characteristics after 18 and 24 hr culture.
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(A) Representative images of PA biofilms cultured for 18 or 24 hr under flow. (B) Thickness and biomass

increased at 24 hr culture compared to 18 hr when assessing membrane, carbohydrate (HHA/Psl) or

DNA labelling. With additional incubation roughness coefficient diminished slightly. Results represent

images from three independent repeats, five images of each repeat were analysed using comstat
(Heydorn et al., 2000b).(Ra= Roughness average of the surface).
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One of the main advantages of confocal microscopy is that it can be used to localise the matrix
components of the biofilms 3D structure (Swerhone et al., 2001; Berk et al., 2012). Although
it is acknowledged that mushroom-shaped biofilms are an unlikely feature of biofilms in vivo,
the few mushroom-like structures seen on PAO1 biofilms provided us with the opportunity to
test the specificity of the different labels. Hence in slides stained for bacteria with FM 1-43 Fx,
for carbohydrate with HHA and DNA with DAPI, we could observe eDNA forming the base of

the structure (arrow B), while Psl| was found on the periphery of the mushroom-shaped biofilms

and seemed to support the structure (arrow A) (Figure 3.11).
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\
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Figure 3.11 Analysis of biofilm components in mushroom-shaped structures within PAO1
biofilms.

PAO1 biofilms were generated as described above, and Psl was stained using HHA (red). The
bacterial cells were counterstained with the membrane stain FM 1-43 Fx (green), while DNA was

stained with DAPI. Figure shows one representative image of three independent analysis of these
structures.
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3.5. Summary

To summarise data presented in this chapter:

e PCR analysis confirmed mutation of AwspF, AwspFApsl, AwspFApel and
AwspFApelApsl.

e PAO1, AwspF mutants and clinical isolates were tested for biofilm formation on
(MaxiSorp™) plates:

o PAO1, AwspF, AwspFApel, AwspFAps! but not AwspFApelApel were able to
form biofilms on (MaxiSorp™) plates, supporting that, without at least (Pel
and/or Psl) PA cannot form biofilms (Figure 3.2 B).

o All clinical isolates tested exhibited the ability to form biofilms on (MaxiSorp™)
with different biomass (Figure 3.3).

e PAO1, AwspF mutants were tested for biofilm formation on tissue culture-treated
plates:

o Data showed a similar pattern as observed with (MaxiSorp™), though with
lower biofilms biomass (Figure 3.2 C).

e PAO1 biofilm was optimised to generate biofilms under flow condition in ibidi y-Slide
VI 0.4. After several optimisation experiments summarised in the schematic (Figure
3.12) data (Figure 3.10) revealed that the best biofilm generation conditions are as
follows:

o (1) ibidi y-Slide VI 0.4 tissue culture coated (Figure 3.5)

o (2) Flow rate 1.6 ml/hr using a syringe pump

o (3) Media: X-Vivo 15 pre-gassed 48 hr as described (Figure 3.7).

e These fixed measures mentioned above were applied to form PAO1 biofilm, data
indicated increased biofilms structure by incubation time and reproducible results

(Figure 3.10).
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e This useful tool could be used to study biofilms components such as Psl and eDNA
(Figure 3.11) and will be exploited to study biofilm-myeloid cells interactions (Chapters

4,5 and 6).
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3.6. Discussion:

Biofilms are multicellular communities of microorganisms in which the cells are adherent to
each other and/or to a surface or interface; these cells are enclosed in a self-produced EPS
(Borlee et al., 2010). Biofilm formation is a multi-stage process initiated by planktonic cells
reversible and irreversible attachment to the surface followed by EPS creation and generation
of mature biofilm, that ends with the dispersal and release of planktonic bacteria from the
mature biofilm to colonies a new location or retain the planktonic mode of growth (Klapper et
al., 2002). The main aim of this project is to investigate the interaction between PA and innate
immune cells and how it is affected by biofilm formation. As this study investigates innate
immune cells and biofilm interaction mainly through CLRs-EPS recognition, we employed
different PAO1 strains that express either Psl and/or Pel to test whether CLRs bind PA biofilms
and display selective bindings to EPS components. As mentioned earlier, strains employed in
this study express the same high levels of c-di-GMP, resulted from the mutation of wspF
(Borlee et al., 2010). The high levels of c-di-GMP stimulate the expression of EPS and

correlate with the tendency of bacteria to form biofilms (Hengge, 2009).

Confirmation of the genetic mutations in the strains utilised in this research prior the
establishment of the study was considered a good starting point to ensure that the PAO1
strains used correctly possess the wspF and/or ps/ and pel mutations. Thus, we confirmed the
genetic mutation in all strains employed (Figure 3.1). We also confirmed and quantified biofilm
formation by PA AwspF strains (Figure 3.2) and clinical isolates (Figure 3.3) on microtiter
plates to be used for testing binding of CLRs (Chapter 4) and incubation with innate immune
cells in (Chapter 5). We also optimised a procedure to generate and analyse PA biofilms on
microscopy slides (Figure 3.9, Figure 3.10) to better understand biofilm structure and study
biofilm-myeloid cells interactions (see Chapters 4, 5 and 6). This chapter discussion will focus
mainly on (1) the use of the defined serum-free medium X-Vivo-15 and (2) biofilm formation

using the syringe pump system which are unique aspects of the biofilms developed in our lab.
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3.6.1. The use of X-Vivo-15:

Researchers have been using multiple types of bacteriological or synthetic media
supplemented with different nutrients or growth factors to study PA biofilms in vitro (Reichhardt
and Parsek, 2019). To establish PA biofilms in a media suitable for the assessment of immune
cell responses, we generated PA biofilms in X-Vivo-15. This media is generally used for the
generation and proliferation of eukaryotic cells but not for prokaryotic cells (Bethke et al., 2002,
Dasgupta et al., 2007, Earle et al., 2005). X-Vivo-15 was extensively used by previous
members of our laboratory group to study innate immune cells interaction with PA. It was
indicated that this medium supports the growth of PA and the bacterium capability to express
quorum sensing molecules and virulence factors (Singh et al., 2015). Tamanna Rhamman,
and Mohammad Y. Alshahrani (PhD thesis) established the optimisation of PA biofilm
formation in X-Vivo-15 and found that this medium supports the formation of PA biofilms
(Alshahrani, 2018, Rahman, 2016). Likewise, measurements of the biofilm biomass of PAO1,
wspF mutant strains and clinical isolates after staining with CV dye and quantifying the
absorbance of bound dye re-confirmed the capability of PA to form biofilms in X-Vivo-15
(Figure 3.2 Figure 3.3). Furthermore, confocal microscopy analyses, performed following 18
and 24 hr of incubation of PA in such medium, clearly demonstrated the presence of biofilm

structure (Figure 3.10).

Although the composition of X-Vivo-15 is not available, email communication with the
manufacturing company (Lonza) confirmed lack of mannose structures in X-Vivo-15. This was
essential to make sure that no components in the media can elicit an immune response or
alter the CLRs-biofilm binding assays conducted in Chapters 4, 5 and 6. Our lab has previously
compared the growth of PAO1 in X-Vivo-15 medium to LB broth. Data revealed similar values
of log phase and stationary phase optical density in both media (Singh et al., 2015). However,
the LB broth contains yeast extract that could activate the immune cells and affect the assays;
this was the main reason to favour X-Vivo-15 over the LB broth. The growth media TSB is

widely used to generate PA biofilms (Colvin et al., 2012, Powell et al., 2018). Nevertheless, it

113



was found that TSB did not support macrophage growth and induced cell death (Hanke and
Kielian, 2012). On the other hand, media that support innate immune cells generation and
differentiation, such as RPMI 1640 medium were found not to support PA adhesion and
planktonic growth (Wijesinghe et al., 2019). Therefore, the use of X-Vivo-15 was considered

appropriate for this study.

3.6.2.  Biofilm formation using the syringe pump system

As mentioned in the introduction, the significant threats represented by biofilms have
encouraged researchers to develop several methods to study biofilms characteristics and
interactions with the host. In this study, in addition to the confirmation of biofilm formation
statically on 96 well plates, we optimised a system to generate biofilms under flow conditions
in microscopy slides, ibidi y-Slide VI 0.4. The main aim for developing this model was to better
understand changes in biofilm structure in X-Vivo-15 with time, and utilise this useful tool to
study biofilm-myeloid cells interactions (Chapters 4, 5 and 6). Additionally, it had been
suggested previously that culturing PA CF isolates under shear stress induced the expression
of phenotypic and molecular genetic traits in PA similar to those observed in vivo (Dingemans
et al., 2016). Several optimisation experiments were conducted (summarised in the schematic
(Figure 3.12)) which concluded that the best biofilm generation conditions among all tested
were: (1) PA culture inoculated in tissue culture coated slide and subjected to (2) continuous
flow (1.6 ml/hr) of (3) pre-gassed X-Vivo-15 [48 hr prior usage as described in (Figure 3.7)].
The flow of pre-gassed X-Vivo-15 was controlled using a syringe pump which has been
preferred over the use of a peristaltic pump because it allows better flow control in a sterile
environment. We compared three flow rates, 0.8, 1.6 and 3.2 ml/hr with the aim to select the
flow rate that maintains sufficient shear stress on the bacteria without affecting the structure

of the biofilm and 1.6 ml/hr was selected.
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Optimsation of Pseudomonas aeruginosa biofilm formation

- Slide was leaking

Cell view slide | _ Flow can't be applied

1 Test biofilm formation on
microscopy plates
Static 8 - No leaking
(no flow applied) u-Slide V10.4 - Compatible with shear stress.
2 Test biofilm formation of
different coating plates
{ —
Uncoated LD Collagen
culture (TC) 9
TC was the
highest biofilm
biomass
3 Test biofilm formation
under shear stress
A
\ v
- Uncontrolled flow rate - Controlled flow rate

Peristaltic pump Syringe pump

- Unsterile condition - Sterile (closed system)

'

Test biofilm formation using
different flow rate

O

[ 0.8 mi/hr ] | 1.6mime | [ 3.6 mi/hr ]

The highest biofilm biomass with
low effect on biofilm structure

5 Test the effect of - Controlled flow rate
pre-gassing X-Vivo-15 | - Sterile (closed system)
- PAO1 form biofilm [ Pre-gassed ] [ Fresh ] - PAO1 doesn't form biofilm
6 Final results

- High heterogeneity [ 18 hr biofilm ] [ 24 hr biofilm ]

Figure 3.12 Summary of the work done in this chapter to optimise biofilm formation using the
syringe pump system.

(1) The initial biofilm visualisation was done using cell view slides. Due to leaking problems, it was then
substituted with ibidi u-slides. (2) After forming biofilms on three different coating options, TC coating
was chosen because of high biomass formation. (3) Following that, flow was applied, and the syringe
pump was chosen as it provides sterility and full control of the flow rate. (4) After applying the fixed flow
rate and using (5) a pre-gassed media, we choose to use the (6) 18 hr biofilms as it provides higher

heterogeneity. Diagram designed using Biorender.
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In CF lungs and chronic wounds, PA grows in dense suspended separated aggregates with
no mushroom-shaped structures or high biomass (Bjarnsholt et al., 2013) as observed at 24
hr (Figure 3.11). In our study, we observed enhanced biofilm formation that correlated with the
introduction of the shear force and incubation time. Biofilms grown for 18 hr showed increased
roughness (Figure 3.10) thus higher heterogeneity. Therefore, to better mimic the in vivo
conditions of PA in chronic infections, we employed the 18 hr biofilms to study host-biofilms
interaction in Chapters 4 and 5. The microcolonies observed in the 18 hr biofilms showed
similar structure to PA aggregates observed in lungs from CF patients (Kragh et al., 2014) and

chronic wounds (Bjarnsholt et al., 2013).

While it is well established that culturing biofilms under controlled shear stress produce higher
biofilm biomass compared to static condition (Azeredo et al., 2017), as far as we know no
study had evaluated the effect of CO, on the growth of PA as biofilm. A negative linear
correlation was reported between the concentration of CO, and the growth rate of PA; the
author attributed this low growth to lower enzymatic activity (King Jr and Nagel, 1975).
Similarly, it was reported that CO, reduced the growth rate of a strain within the Pseudomonas
genus P. fluorescens (Gill and Tan, 1979). It was indicated that the slow growth rate is a
shared common characteristic of bacteria growing in biofilms triggered as a defensive
mechanism in response to stimulation or nutrient limitation (Jefferson, 2004). Mohammad Y.
Alshahrani (PhD thesis) evaluated the growth rate of PAO1 wspF mutant strains in X-Vivo-15
and based on the growth curves, wspF mutant strains that overexpress Psl and/or Pel,
including AwspF, AwspFAPel, and AwspFAPsI showed lower growth rate compared to PAO1
and AwspFAPelAPs| (Alshahrani, 2018) which could relate to their increase ability to form
biofilms. It has been indicated that CO; in high concentration might work as an antimicrobial
against PA biofilms at concentrations greater than 5% (King Jr and Nagel, 1975). Therefore,
it is possible that the introduction of CO- in the media worked as a stress mechanism that

might trigger the enhanced biofilm generation of PAO1 strain. However, further research
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should be undertaken to investigate the growth rate of PAO1 in both fresh and pre-gassed X-

Vivo-15 and whether the pre-gassing of the media affects the PA metabolic activity.

As mentioned earlier, the architecture of the PA biofilms fundamentally relies on the production
of EPS consisting mainly of polysaccharides, proteins, eDNA (1.4). The extracellular
polysaccharides are probably the most studied macromolecules within the EPS (Vu et al.,
2009). Fluorescent-conjugated lectins are commonly utilised as a tool to stain the extracellular
microbial polysaccharides (Neu et al., 2001, Zhang et al., 2015). These lectins are proteins
derived from a wide range of natural sources including seeds, plants, animals, fungal and
bacterial cells (Strathmann et al., 2002). Several lectins have been employed to visualise
different PA EPS components including the Wisteria floribunda lectin (WFL) isolated from
Japanese Wisteria seeds and HHA obtained from the Amaryllis plant (Jennings et al., 2015).
While WFL demonstrated specificity for GaINAc moieties which were indicated to be part of
the Pel structure, HHA reportedly recognises 1,3- or 1,6-linked mannosyl units in Psl (Jennings

et al., 2015).

As this study explored the interaction of CLRs, known to bind high mannose structures, and
PA biofilms we utilised HHA to visualise the distribution of Psl within the biofilms along with
the use of DAPI for DNA and FM 1-43 Fx for bacterial cells. In the case of mushroom-shaped
biofilms, we observed eDNA forming the base of the structure (Figure 3.11), which correlates
with the results reported in (Allesen-Holm et al., 2006). We also observed localisation of Psl
on the periphery of the mushroom-shaped biofilms (Figure 3.11). These results correlate with
Ma et al. (2009), who also utilising HHA, reported the peripheral localisation of Psl (Ma et al.,
2009). These results confirmed the specificity of the staining utilised to assess the

reproducibility of the system utilising the biofilms analysis software COMSTAT.

Overall, the optimised biofilm production system presented in this chapter will be utilised as a

tool to study PA biofilms-CLRs interaction in the following chapters.
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Chapter 4. Recognition of Pseudomonas
aeruginosa biofilms and purified biofilm-associated

carbohydrate by Dectin-2

41. Introduction

The dendritic cell-associated C-type lectin-2 (Dectin-2) (Clec4n, CLEC6A) was originally
identified as a Langerhans cell-specific C-type lectin (Ariizumi et al., 2000), but following
studies found Dectin-2 expression in other myeloid cells, including monocytes, macrophages,
neutrophils and other populations of dendritic cells (McDonald et al., 2012, Robinson et al.,
2009, Seeds et al.,, 2009, Taylor et al., 2005b). Expression of Dectin-2 in these cells is
relatively low and is augmented by inflammatory stimuli (Miura et al., 2019, Kerscher et al.,
2013, Saijo and Iwakura, 2011). However, specific molecular mechanisms regulating Dectin-
2 expression have not been identified. The gene encoding Dectin-2 is located on chromosome
6F in mouse and chromosome 12q13 in humans, alongside other C-type lectins that comprise
the Dectin-2 cluster (Balch et al., 2002, Fujikado et al., 2006). In the mouse, the Dectin-2
cluster contains nine C-type lectins that share a similar structure; these include, Dectin-2
(Clec4n), Macrophage C-type lectin (MCL, Clec4d), and Mincle. In humans fewer genes are
found within the Dectin-2 cluster, these include Dectin-2 (CLEC6A), BDCA-2 (CLEC4C), DCIR
(CLEC4A), MCL (CLECSF8), and Mincle (CLEC4E) (Yamasaki, 2016). Considering the
shared similarity in gene structure by the receptors and the variability among cluster members
between different species, it was hypothesised that this gene cluster might have resulted from
gene duplication (Yamasaki, 2016). Interestingly, the chromosome area where the Dectin-2
cluster is located has been associated by linkage studies to several autoimmune diseases
such as type | autoimmune diabetes, pernicious anaemia, systemic lupus erythematosus,
multiple sclerosis and rheumatoid arthritis (Fujikado et al., 2006, Wandstrat and Wakeland,

2001). Therefore, C-type lectins may contribute to such diseases (Caliz et al., 2013). In this
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section, we summarise the observations made on Dectin-2 with regards to structure, ligand

recognition and contribution to disease. Then we finish with data leading to this study.

411. Structure of Dectin-2

Dectin-2 is a transmembrane type Il glycosylated protein; the C-terminal end encodes the
extracellular region and the N-terminal the cytoplasmic region (Ariizumi et al., 2000). This
protein is composed of four parts: (1) a single extracellular Carbohydrate Recognition Domain
(CRD) domain, (2) a stalk region, (3) a transmembrane region and (4) a short cytoplasmic
domain without a known signalling motif (Figure 4.1). Such structures are found in other C-
type lectins of the Dectin-2 cluster except for DCIR and DCIR2, which have an
immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytoplasmic region. To
transduce signalling, Dectin-2 engaged the adapter molecule Fc receptor common y chain
(FcRy, Fcer1g) that contains an immunoreceptor tyrosine-based activation motif (ITAM)

(Figure 4.1) (Yamasaki, 2016).
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Figure 4.1 Structure of Dectin-2
Dectin-2 is composed of four parts: (1) a single CRD domain in the extracellular area, (2) a stalk

region, (3) a transmembrane region and (4) a short cytoplasmic domain without a known signalling
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motif. To transduce signalling upon ligand ligation, Dectin-2 links with the adapter molecule Fc

receptor common y chain. Created with BioRender.com.

While Dectin-2 contains an arginine residue, which often mediates interactions with
immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor molecules in the
transmembrane region, the interaction between Dectin-2 and FcRy these two molecules does
not depend on the arginine residue, unlike other FcRy-coupled receptors, but instead involves
the membrane-proximal region of the cytoplasmic tail of Dectin-2 (Sato et al., 2006). It has
been reported that Dectin-2 might form disulfide-linked homodimers and heterodimers with
the C-type lectin Dectin-3 via the preserved cysteine residue in its stalk region, with
heterodimers displayed a greater affinity to the C. albicans hyphae than the homodimers (Zhu
et al., 2013). The requirement of the cysteine residue of Dectin-2 for heterodimerisation and

the molecular mechanism for dimer formation is still unknown.

4.1.2. Ligands of Dectin-2

Dectin-2 raised considerable interest as a pattern recognition receptor (PRR) as it possesses
a glutamic acid — proline — asparagine (EPN) motif in its CRD domain, known to facilitate
mannose, glucose, N-acetylglucosamine and fucose binding in a calcium-dependent manner
(Fernandes et al., 1999). Competition binding studies indicated that the Dectin-2 CRD binds
to monosaccharides with modest affinity and that affinity was greatly enhanced for mannose-
linked (1-2) or (1-4) to a second mannose residue. Glycan array analysis confirmed selective
binding of the CRD to glycans that contain a-(1-2)-linked mannose epitopes (Feinberg et al.,
2017). A study using a glycan array showed that Dectin-2 binds to high-mannose complexes
present across a wide range of organisms, including fungi, bacteria and mammals (McGreal
et al.,, 2006). In line with these findings Dectin-2 binds to a number of pathogenic
microorganisms, including Candida spp., Saccharomyces cerevisiae, Cryptococcus
neoformans, Trichophyton rubrum, Paracoccidioides brasiliensis, Malassezia spp.,

Aspergillus fumigatus, Mycobacterium spp., Streptococccus neoformans, Streptococcus
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pneumoniae, and Ebola virus. In all instances, their surface cell wall polysaccharides contain
a high mannose structure (McGreal et al., 2006, Sato et al., 2006, Barrett et al., 2009, Brudner

et al., 2013, Miyasaka et al., 2013, Ritter et al., 2010).

4.1.3. Dectin-2 involvement in fungi recognition

C. ablicans cell wall is composed of cell wall proteins decorated with N- and O-linked
glycansosylations known as mannans (Calderone and Clancy, 2011). Mannans account for
40% of the total cell wall polysaccharides. Mannans are composed of an N-glycan core, an a-
(1,6)-mannoside backbone, and side chains that contain o-(1,2) or (1,3) linked
oligomannosides (Graus et al., 2018). It was reported that culturing C. albicans under carbon-
limiting, low pH and low-temperature conditions prevents the release of 3-1,2-linked mannose
residues, but not a-1,2-mannose residues that are secreted as water-soluble fractions into the
medium (Shinohara et al., 2006). The a-1,2-mannose was found to be the primary ligand of
Dectin-2 (Feinberg et al., 2017). C. albicans-derived a-mannans were used to stimulate wild
type, and Dectin-2-deficient mouse bone marrow-derived DCs (BMDCs) and Dectin-2
deficient cells were unable to produce IL-6 and TNF-a indicating that Dectin-2 is a C. albicans
a-mannans receptor. Depending on growth conditions, C. albicans can exist in yeast or hyphal
form (Saijo et al., 2010) and Dectin-2 binds better to the hyphal form (Sato et al., 2006).
Stimulation of Dectin-2- deficient BMDCs with C. albicans hyphae decreased significantly but
not completely, cytokine production compared to wild type cells (Sato et al., 2006). On the
other hand, absence of Dectin-2 abolished cytokine secretion in response to the yeast form of

C. albicans (Sato et al., 2006).

The skin opportunistic pathogen Malassezia furfur is another fungus recognised by Dectin-2
(Ishikawa et al., 2013). Fractionation methods found that the hydrophilic cell wall components
of Malassezia, the O-linked mannobiose-rich protein which contains a-1,2-mannosyl residues,

is a distinct binding ligand for Dectin-2. Accordingly, the Malassezia a-1,2-mannosyl residues
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activated Dectin-2-expressing reporter cells (Ishikawa et al., 2013). Dectin-2 deficiency

reduced TNFa release by BMDCs after stimulation with M. furfur (Ishikawa et al., 2013).

It has been reported that Dectin-2 recognises the terminal mannose of N-linked glycan
(McGreal et al., 2006). Based on the analysis of different Malassezia sp. (Ishikawa et al.,
2013) define Dectin-2 ligands as a multivalent terminal a-1,2-mannose attached to glycans,
proteins, and presumably any kind of scaffold. In line with this hypothesis, C. guilliermondii
and S. cerevisiae were not recognised by Dectin-2, most likely because the cell wall of these
fungi contains a-1,2-mannose masked with B-1,2-mannose and a-1,3-mannose, respectively

(Romero et al., 1999, Shibata et al., 1996).

4.1.4. Role of Dectin-2 in recognition of mycobacteria

Mycobacteria (M.) display cell wall components that influence the host immune responses
such as lipoarabinomannan (LAM). LAM is structured in four parts: (1) the anchor, a
mannosyl-phosphatidyl-myoinositol (MPI), (2) the mannose backbone, (3) the arabinan
domain and (4) the capping moieties located at the terminal extremity of the arabinan domain

(Zhou et al., 2019).
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Figure 4.2 Man-LAM structure
LAM is structured in four parts: (1) the anchor a mannosyl-phosphatidyl-myo-inositol (MPI), (2) the
mannose backbone, (3) the arabinan domain and (4) the capping moieties located at the terminal

extremity of the arabinan domain. Figure and information adapted from (Zhou et al., 2019).

These capping moieties differ among mycobacterial species, and can include mannose as
found in mannose-capped lipoarabinomannan (Man-LAM) (Figure 4.2) produced by M.
tuberculosis, M. leprae, and M. bovis (Turner and Torrelles, 2018). Man-LAM from the
pathogen M. tuberculosis causes wide effects on host immunity (Mishra et al., 2011) including
suppression (Briken et al., 2004). Dectin-2 recognises mycobacterial Man-LAM, and this
recognition induces both anti- and pro-inflammatory responses including IL-10 production
during mycobacterial infection, which was abrogated in Dectin-2 deficient DCs (Yonekawa et
al., 2014). It is important to note that another Mincle and MCL who share the same gene
cluster with Dectin-2 recognise another mycobacterial cell wall component, trehalose-6,60-

dimycolate (TDM) (Miyake et al., 2013, Ishikawa et al., 2009).
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4.1.5. Dectin-2 Signalling

Dectin-2 recognition of carbohydrates structures triggers a sequence of cellular responses
through the association of the ITAM-containing adaptor molecule FcR-y. The process starts
with phosphorylation of Spleen tyrosine kinase (Syk), which activates the Caspase recruitment
domain family member 9 (CARD9)- B-Cell lymphoma 10 (BCL10)- Mucosa-associated
lymphoid tissue lymphoma translocation protein 1 (MALT1) (CBM) cluster, leading to nuclear
factor (NF)-kB activation (Hara et al., 2007, Saijo et al., 2010) NF-kB activation leads to the
translation of cytokines such as IL-23 and pro-IL-1f3. Simultaneously, the activation of Syk
induces the production of reactive oxygen species (ROS). ROS are essential for pathogen
eradication and activation of the NLRP3 inflammasome. The NLRP3 inflammasome that
facilitates the processing of pro-IL-1 into mature IL-1 (Ritter et al., 2010). At the same time,
the mitogen-activated protein kinases (MAPK) pathway is activated (Ritter et al., 2010),
although the biological significance of MAPKSs signalling in Dectin-2-mediated host defence is

unknown (Figure 4.3).
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Figure 4.3 Dectin-2 signalling pathway

The interaction of the Dectin-2 with carbohydrates triggers cytoplasmic signalling and a number of cellular
responses through association with FcR-y chain. The process initiates after phosphorylation of Syk, which
associates with the CARD9-BCL10-MALT1 complex, resulting in the production of pro-inflammatory cytokines and

induction of T-cell immunity.
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4.1.6. Role of Dectin-2 in Disease

The importance of Dectin-2 in antifungal immunity has been shown in mouse models
(Robinson et al., 2009). Dectin-2-deficient mice showed decreased survival after C. albicans
infection and displayed increased fungal growth in the kidney (Saijo et al., 2010). These results
suggest an important role for Dectin-2 in pathogen eradication, but the mechanism remains
unclear. One explanation is that the pro-inflammatory cytokines secreted by myeloid cells
expressing Dectin-2 improve lymphocytic IL-17 production. Mice that are deficient in IL-17A
and deficient in IL-23-p19 are more vulnerable to C. albicans infection indicating that IL-17A
is essential to host defence against this fungus (Saijo et al., 2010, Kagami et al., 2010).
Furthermore, mutations influencing human IL-17F and IL-17-receptor A (IL-17RA) function
lead to the development of chronic fungal infection because of a compromised IL-17-mediated

immunity (Puel et al., 2011).

Dectin-2 recognises MAN-LAM from M. tuberculosis; MAN-LAM has modulatory effects on
host immunity as mentioned above (Briken et al., 2004, Gringhuis et al., 2009, Mazurek et al.,
2012). Yonekawa et al. (2014) reported that bone marrow-derived dendritic cells (BMDCs)
stimulated with Man-LAM produce both pro- (TNF-q, IL-6) and anti- (IL-10) inflammatory
cytokines, which was completely abrogated in Clec4n—/— BMDCs. The author suggested that
this production of pro- and anti-inflammatory cytokines are beneficial for host organisms to
maintain balanced immune responses (Yonekawa et al., 2014). Dectin-2 deficient mice
displayed augmented lung pathology in response to mycobacterial infection compared to WT
mice suggesting Dectin-2 involvement in host defence against mycobacteria (Yonekawa et

al., 2014).

4.1.7. Data leading to this study

As mentioned in the main introduction, colonisation and persistent infection by Pseudomonas
aeruginosa (PA) are important causes of mortality and morbidity in individuals with underlining

conditions such as cystic fibrosis (Moradali et al., 2017). The adaptability of PA enabling the
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bacteria to switch from planktonic growth to biofilms contributes to chronic infection (Valentini
et al., 2018). Biofilms are enclosed in an extracellular polymeric substance (EPS) (Costerton
et al., 1999, Borlee et al., 2010) and the polysaccharides Psl| and Pel are important EPS
components that promote biofilm formation (Ma et al., 2009). Our lab reported binding of two
CLRs to PA biofilms, DC-SIGN and the CTLD-4-7 fragment of MR (Figure 4.4). These results
suggest the existence of a ligand recognised by CLRs within the biofilms, binding was (A)
inhibited by specific sugars and (B) calcium-dependent (Figure 4.4) (Singh et al., 2020),

preprint.
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Figure 4.4 Recognition of DC-SIGN and MR-CTLD-4-7 to PAO1 biofilm

PA biofilms generated in 96 well plates for 24 hr were fixed and incubated with MR-CTLD4-7-Fc or
DC-SIGN-Fc followed by anti-human Fc antibody conjugated to alkaline phosphatase. A. DC-SIGN
and MR-CTLD4-7 bind to PAO1 biofilms and binding is selectively inhibited by Mannose and Fucose.
Binding assays were performed in two NaCl concentrations (0.154 M and 1M), and for the 1M
condition, incubation with Fc chimeric proteins was performed in the presence of different
concentration of monosaccharides (1, 0.2 and 0.04 M). Binding at 1M NaCl was comparable to that
observed at 0.154 M. Mann: Mannose, Fuc: Fucose; Gal: Galactose. N=3 in triplicate. Graphs show
mean +/- SEM. B. DC-SIGN and MR-CTLD4-7 binding to PAO1 biofilms is Ca?* dependent. N=2 in

triplicate.
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Furthermore, our lab purified Psl from the Pel deficient mutant AwspFApel (two independent
preparations) to determine whether the PA biofilm-associated carbohydrate was recognised
by CLRs (Singh et al., 2020). The AwspF background causes high cyclic di-GMP levels that
promote biofilm formation and a phenotype similar to small colony variants reported during
chronic infections (Pestrak et al., 2018). Psl was fractionated into high (> 45 kDa, HMW-PsI)
and low molecular weight (< 45 kDa, LMW-Psl) preparations using gel filtration
chromatography (Bales et al., 2013). Gel permeation chromatography (GPC) confirmed
differences in size (15,370 Da for LMW-Psl-1 and 182,300 Da and 132,670 Da, for HMW-Psl-
1 and HMW-PsI-2, respectively) (Figure 4.5 A). No major protein or DNA contamination was
detected based on Coomassie and Silver staining and spectrophotometry, respectively (data

not shown).
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Figure 4.5 Size analysis and binding to DC-SIGN and MR-CTLD4-7 of P. aeruginosa

biofilm-associated carbohydrate.

A. GPC analysis of HMW-PsI-1, LMW-PsI-1 and HMW-PsI-2 confirms successful fractionation into high
and low MW forms. HMW-PsI-2 contained two peaks poorly resolved. This indicates that this sample is
comprised of two components that are similar in MW and perhaps conformation. The MW for HMW-
Psl-2 reflects the average MW for the entire sample. B. Lectin binding assays demonstrate binding of
MR-CTLD4-7 and DC-SIGN to HMW-PslI-1, LMW-Psl-1, HMW-Ps|-2 and LMW-Psl|-2. Robust binding
of HMW-PsI-1 and 2 was observed at 0.5 ug/ml while binding of LMW-PslI-1 and 2 at this concentration
was substantially reduced. Dose-dependent binding of HMW-Psl-1 and HMW-Ps|-2 to MR-CTLD4-7
and DC-SIGN occurs at lower doses. Fc-chimeric proteins and anti-human Fc-secondary antibody
conjugated to alkaline phosphatase were used. Graphs show Mean + SEM of 2 independent repeats

done in duplicate.
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Ligand binding assays demonstrated binding of HMW-Psl and LMW-Psl preparations to MR
and DC-SIGN. Binding of HMW-Psl was stronger (Figure 4.5 B). The hydrolysed
carbohydrates monomer compositions in moles % for HMW-Psl-1 was 74.9% mannose,
14.7% glucose, 7.4% galactose, and 3.0% rhamnose and for HMW-Psl-2 was 87.2%
mannose, 15.3% glucose, 3.3% galactose, and 3.2% rhamnose. The 'H-NMR spectra of
HMW-Psl-1 and HMW-PsI-2 are very similar (Figure 4.6 A) and show that mannose, the major
monomer present, arose from mannan segments in the polymer (Lowman et al., 2011). Both
HMW exopolysaccharide preparations contain a small proportion of galactose, and there is a
high proportion of 1-6-linked-a-mannose with some 1-2 linkages. Mannose-rich composition
of HMW-Ps| preparations is in agreement with previous findings (Byrd et al., 2009) and
supported by its recognition by Hippeastrum Hybrid Amaryllis (HHA) lectin (Figure 4.6 B)
commonly used to detect the mannose-rich carbohydrate Psl| within PA (Reichhardt and

Parsek, 2019).
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Figure 4.6 Characterisation of high molecular weight biofilm carbohydrates

A. 1H-NMR spectra from HMW-Psl-1 and HMW-PsI-2 demonstrate that they are very similar and
contain primarily carbohydrates composed of a(1-6) linked mannose segments. Small amount of lipid
and a trace of protein were also detected. B. HMW-PsI-2 bound the mannose-specific lectin HHA. HHA
recognises both (1-3) and (1-6) a-linked mannose structures. HMW-Ps|-2LPS-free (more details on
Chapter 5) and HHA conjugated to alkaline phosphatase were used in these assays. Lewisx-PAA and
Heat-Killed Candida albicans (HKC) were negative and positive controls, respectively. Graph shows

Mean = SEM of two independent repeats done in duplicate.
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4.2. Hypothesis

The previous results demonstrate that PA biofilms directly engages CRLs expressed by
human immune cells Mannose Receptor (CD206, MR) and DC-SIGN (CD209), this attracted
our attention to the potential of other CLRs to bind PA biofilms. Taking into consideration that
a common feature among C-type lectin receptors that bind mannose is the presence of the
EPN amino acid triplet in their CRD in a Ca**-dependent manner; we hypothesised that other
EPN-containing C-type lectins, such as Dectin-2 expressed by myeloid cells, might also

contribute to the recognition of PA biofilms by immune cells.

4.3. Aims

This part of the project aims to:

1. Determine the capability of Dectin-2 to interact with PA biofilms and purified EPS
components.
2. Identify how recognition of EPS by this C-type lectin influences the immune response

to PA.

4.4, Results

4.4.1. Biofilms formed by PAO1 and AwspF mutants are recognised by
the CRD domain of Dectin-2

Previously, our lab demonstrated binding of two CLRs to PA biofilms, DC-SIGN and the CTLD-
4-7 fragment of MR. These results suggest the existence of a ligand recognised by CLRs
within the biofilms (Singh et al., 2020). As a result, we explored the potential of the CLR Dectin-
2 to recognise PA biofilms. Towards this aim, we performed a lectin ELISA assay as described
in (2.5). In this study, we used two chimeric proteins containing either the extracellular domain

of Dectin-2 (aa 44-209) or the CTLD4-7-region of mouse MR fused to the Fc portion of human
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IgG1 (Linehan et al., 2001). The binding capability of Dectin-2-Fc was tested against a
combination of PA strains with different EPS composition and different biofilms biomass, as

shown in (Figure 4.7 inlet).

Dectin-2-Fc exhibited binding capacity to all tested strains except to the biofilm deficient strain
AwspFApelApsl (Figure 4.7 A). Dectin-2-Fc showed a binding pattern similar to MR (CTLD-4-
7-Fc); however, MR binding was slightly higher. Dectin-2-Fc bound better to wells containing
biofiims formed by Psl overexpressing strains AwspF and AwspFApel compared to
AwspFApsl and PAO1. These findings indicated that the presence of Psl promotes Dectin-2-
Fc binding. Binding of Dectin-2-Fc and MR to biofilms formed by the strain lacking Psl
(AwspFApsl) indicates that both receptors might bind to another ligand within biofilms that are
independent of Psl. To assess whether the binding observed is through the CRD domain of
Dectin-2, we simultaneously tested the effect of removing calcium from the assay buffer (10
mM vs 0 mM CaClz). As shown in (Figure 4.7 A), Dectin-2 and MR binding was significantly
reduced by calcium removal. These results indicate the existence of a ligand recognised by
Dectin-2 within PA biofilms recognised in a calcium-dependent manner. In all experiments,
binding of Dectin-2-Fc to heat-killed candida (HKC) and different commercial carbohydrates
were tested as controls. Results indicated high binding of Dectin-2 to HKC at 4x10° particles
/well (Figure 4.7 B) and moderate or no binding to mannose-containing polymers at 2 pg/ml

(Figure 4.7 C).
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Figure 4.7 Binding of Dectin-2-Fc to PA biofilms.

(A) Biofilms from different strains (inlet), developed over 24 hr using Maxisprop plates as described
(2.3), (B) Mannose-containing polymers at 2 ug/ml or (C) HKC at 4x10° particles /well, were incubated
with 10 ug/ml of Dectin-2-Fc or MR (CTLD-4-7-Fc) chimeric proteins prepared in TSB buffer with or
without calcium (CaClz) for 2 hr at RT. The binding was determined using anti-human IgG Fc-specific
antibody conjugated to AP (1:1000 dilution). Absorbance was read at ODa4os nm. N=3 in triplicate. The
analysis was done using two way ANOVA applying Tukey’s multiple comparisons test. Graphs show
mean +/- SEM. Inlet (black box) show the biofilm formation of PA lab strains which was presented

earlier in (Chapter.3, Figure 3.2).
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4.4.2. Biofilms formed by PA wound clinical isolates are recognised by
Dectin-2-Fc, DC-SIGN-Fc and MR (CTLD-4-7-Fc)

To confirm that the binding of Dectin-2-Fc and MR (CTLD4-7-Fc) to biofilms occurred when
using strains other than lab strains, biofilms generated by clinical PA isolates were also tested
for DC-SIGN-Fc, Dectin-2-Fc and MR (CTLD4-7-Fc) binding. Biofilm formation by these PA
clinical isolates (Table 2) was confirmed using crystal violet assay, as shown in (Figure 4.8
inlet). We used a collection of PA wound clinical collected from bone (CW2 B40 and CW5 B1),
wound tissue (CW3 T40, CW6 T4 and CW7 T1) and blood (CW5 S1). Results showed that
Dectin-2-Fc, MR (CTLD4-7-Fc) (Figure 4.8 A), DC-SIGN-Fc (Figure 4.8 B), bind to biofilms
formed by clinical isolates and that, as seen previously [(Alshahrani, 2018), PhD thesis; (Singh
et al., 2020), preprint], DC-SIGN-Fc binds significantly better than Dectin-2-Fc and MR

(CTLD4-7-Fc) to all samples (Figure 4.8).
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Figure 4.8 Assessment of binding of DC-SIGN-Fc, Dectin-2-Fc and MR (CTLD4-7-Fc)
to biofilms formed by PA clinical isolates.

Formation of biofiims by PA clinical isolates was assessed using the crystal violet method (inlet).
Biofilms were developed over 24 hr in Maxisorp plates as described in (2.3). Biofilm (A and B) or
Maxisorp plates pre-coated with Mannose-containing polymers at 2 ug/ml or HKC at 4x10° PA/well
(C), were incubated with 10ug/ml MR (CTLD4-7-Fc) and 10ug/ml Dectin-2-Fc and 5ug/ml DC-SIGN-
Fc for 2 hr at RT. The binding was determined using anti-human IgG Fc-specific antibody conjugated
to AP (1:1000 dilution). Absorbance was read at ODa4os nm. N=3 in triplicate. The analysis was done
using two way ANOVA applying Dunnett’s multiple comparisons test. Graphs show mean +/- SEM.
Inlet (black box) show the biofilm formation of PA clinical isolates which was presented earlier in
(Chapter.3, Figure 3.3).
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4.4.3. Distribution of C-type lectin receptor ligands on PAO1 biofilms

After we confirmed the ability of Dectin-2-Fc to bind PA biofilms by ELISA using different lab
and clinical strains, we then examined the distribution of ligands for Dectin-2 alongside that of
DC-SIGN and MR on PAO1 biofilms developed on microscopic chamber slides as described
in Chapter 3 (Figure 3.9). In brief, PAO1 biofilms formed under flow using the syringe pump
system were fixed and incubated with Fc chimeric proteins used in ELISA assays. Binding
was detected with a secondary antibody coupled to a fluorescent dye. Each lectin receptor
displayed differing binding profiles to PAO1 biofilms. DC-SIGN-Fc showed abundant and
dispersed binding, reaching substantial density in some areas located in the upper regions of
the biofilm (Figure 4.9, top panel). MR (CTLD4-7-Fc) and Dectin-Fc ligands were less
abundant (laser intensity was increased for their detection) (Figure 4.9, second and last panels
respectively). Dectin-2-Fc showed more restricted binding, which concentrated in areas
between bacterial aggregates. In the other hand, MR (CTLD4-7-Fc) showed a more diffused
and lower binding compared to Dectin-2-Fc in terms of intensity. No binding was observed
with the control protein CR-FNII-CTLD1-3-Fc or 2Ab (Figure 4.9, third panel). These results
supported the display of DC-SIGN, MR and Dectin-2 ligands by PA biofilms and indicated that

each C-type lectin bound to different areas within PA biofilms.

135



Merged AF 647 FM 1-43 FX DAPI

DC-SIGN-Fc

MR (CTLD4-7-Fc)

MR (CRFNII-CTLD-1-3-Fc)

Figure 4.9 Distribution of DC-SIGN, MR, and Dectin-2 ligands in PAO1 biofilms.

PAO1 biofilms generated under flow conditions for 18 hr as described in (Figure 3.9) were incubated
with 10 ug/ml DC-SIGN and 10 pug/ml MR-CTLD4-7-Fc and Dectin-2 Fc-chimeric proteins followed
by anti-human Fc-secondary antibody conjugated to Alexa 647 (magenta) and counterstained with
DAPI (DNA, blue) and FM1-43 Fx (bacteria, green). Z-stacks were acquired for all samples using
confocal microscopy. Figure shows slice 9 for DC-SIGN-Fc, 16 for MR (CR-FNII-CTLD1-3-Fc) and
12 for corresponding secondary Ab control, and slice 12 for MR (CTLD4-7-Fc), 9 for Dectin-2-Fc and
12 for its control. Settings for image acquisition and processing were maintained constant for test
and control samples. Inset shows biofilms incubated with corresponding secondary antibody only.
No specific labelling was seen with MR (CR-FNII-CTLD1-3-Fc) chimeric protein. Size bar is 4 um.
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4.4.4. Dectin-2 Fc binds Psl purified from PA biofilms

The mannose-rich carbohydrate Psl is a major component of EPS in PA biofilms. Several
studies have shown that Psl plays a major role in the development of biofilms through the
promotion of cell aggregation and surface attachment. In our lab, a previous study indicated
that carbohydrate purified from AwspFApel biofilms bind MR (CTLD4-7 region) and DC-SIGN
in a calcium-dependent manner. Thus, after we confirmed that Dectin-2-Fc bound to PA
biofilms and Psl promoted binding, we assessed whether Dectin-2-Fc chimeric protein bound
to new preparations of carbohydrate purified from AwspFApel following the protocol by Bales
et al. (2013). We examined three independent preparations, Psl-1, Psl-2 and Psl-3, which
contained similar carbohydrate ratios (Singh et al., 2020). Each preparation was divided based
on molecular weight after gel filtration into (A) high and (B) low molecular weight (Figure 4.5
and Figure 4.6). Results showed robust binding of Dectin-2-Fc and MR (CTLD4-7-Fc) to
purified carbohydrate in a dose-dependent manner and that, as seen for total biofilms, CTLD4-
7-Fc recognised this purified carbohydrate better than Dectin-2-Fc in all instances. In addition,
both CLRs bound better to the higher molecular weight carbohydrates (A) (Figure 4.10). Initial
1H-NMR analysis indicated increased level of impurities in LMW-Ps|-1 compared to HMW-
Psl-1 and HMW-Psl-2 (data not shown), hence further work focused on HMW-PsI

preparations.
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Figure 4.10 Binding of Dectin-2-Fc and MR (CTLD4-7-Fc) to purified Psl.

Maxisorp plates were coated with different preparations of carbohydrate purified from the Pel-
deficient mutant AwspFAPel diluted in 154mM NaCl overnight at 37°C. MR (CTLD4-7-Fc) and
Dectin-2-Fc chimeric proteins were incubated for 2 hr at RT in TSB buffer. The binding was
determined using anti-human IgG Fc-specific antibody conjugated to AP (1:1000) dilution.

Absorbance was read at OD4os nm. Graphs show mean +/- SEM of two independent repeats.

4.4.5. Binding of Dectin-2 to Psl is calcium-dependent

In order to confirm that the binding of these lectins to purified carbohydrates or positive
controls such as mannose and HKCA is calcium-dependent as observed earlier (Figure 4.7),
the binding assay was carried out in TSB buffer, with and without calcium. It is important to
note that in this assay and all subsequent assays in this chapter, LPS free preparations of
HMW-Psl were used unless otherwise stated and will be referred to as HMW-Ps|-"$e®) Thig

issue is discussed in details in Chapter 5 (5.4.2.1).

Results indicated that Dectin-2-Fc and MR (CTLD4-7-Fc) strongly bound to HMW-Ps]|-1-"S-
free) HMW-Ps|-2(-PSe¢) and HKCA in TSB buffer with calcium, and a significant reduction of

lectin binding occurred in the absence of calcium (Figure 4.11). Data suggest that calcium is
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necessary for the binding of Dectin-2 and MR to purified carbohydrate. LPS removal did not

affect the binding of Dectin-2-Fc to HMW-Ps|-PS¢) (Figure 4.11).
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Figure 4.11 Binding of Dectin-2-Fc and MR (CTLD4-7-Fc) to purified HMW-Ps|(-PS-ree)
is calcium-dependent.

Maxisorp plates were coated with different preparations of carbohydrate purified from the Pel-
deficient mutant AwspFAPel diluted in 154 mM NaCl overnight at 37 °C. Dectin-2-Fc and MR
(CTLD4-7-Fc) chimeric proteins were added for 2 hr at RT in TSB buffer with or without calcium. The
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binding was determined using anti-human IgG Fc-specific antibody conjugated to AP (1:1000)
dilution. Absorbance was read at ODa4os nm. The analysis was done using two way ANOVA applying

Tukey’s multiple comparisons test. Graphs show mean +/- SEM of two independent repeats.

4.4.6. Mana-1-2Man inhibits binding of Dectin-2 to purified HMW-Psl|

As was mentioned in the chapter introduction, Dectin-2 binds specifically to high mannose
structures (Ligands of Dectin-2). Therefore, to confirm that the binding of Dectin-2-Fc to Psl is
specific to mannose, we performed inhibition assays in a high salt buffer; the high salt
concentration improves the robustness of the inhibition assay (McGreal et al., 2006). We
tested the binding of Dectin-2-Fc and MR (CTLD4-7-Fc) to purified HMW-Ps|-2-75¢) in gither
TSB with normal salt (0.154 M) or in TSB with high salt concentration (1M) as described in
(2.5). We found that the high salt buffer increases the binding of Dectin-2-Fc while MR
(CTLD4-7-Fc) binding was not affected (Figure 4.12 A). Initially, the monosaccharides
mannose was tested for its ability to inhibit the binding of Dectin-2-Fc and CTLD4-7-Fc to
HMW-Ps|-2-PS¢) or controls, HKCA 4x10° and a-D-galactose. Pre-incubation of Dectin-2-Fc
with a very high concentration of monosaccharides (90mM) in TSB buffer with normal salt
(0.154 M) for 30 min at RT did not inhibit the binding of Dectin-2-Fc (data not shown). Recent
data indicated selective binding of Dectin-2-Fc to glycans that contain Mana-1-2Man epitopes
(Feinberg et al., 2017). As mentioned in the introduction, our lab analysis of our purified HMW-
Psl preparation indicated the presence of Mana-1-2Man. To investigate whether Dectin-2-Fc
binding to HMW-Ps|-2(-"$¢) ghserved earlier is through binding to Mana-1-2Man, we tested
the binding of Dectin-2-Fc pre-incubated with different concentration of Mana-1-2Man for 30
min at RT prior addition to 96 Maxisorp plates containing purified HMW-Ps|-2(-"S€) gg
described in (2.5). Data indicated that Mana-1-2Man was able to inhibit the binding of Dectin-
2-Fc and MR (CTLD4-7-Fc) to the purified HMW-Ps|-2-"S®) (Figure 4.12 A). The inhibition
was dose-dependent, and complete inhibition was reached at the concentration of 36.5 mM.
Also, Mana-1-2Man was able to inhibit the binding of Dectin-2 and CTLD4-7-Fc to HKCA

(Figure 4.12 B). MR and dectin-2 did not bind galactose-PAA (Figure 4.12 C). These data
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indicate that Dectin-2-Fc bind to Mana-1-2Man within our purified HMW-Ps|-2(-PS-ree)

preparation.

A. HMW-Ps|-2(LPS-Free) (5 ng/ml)
5-
4- -o- Dectin-2-Fc 10ug/ml
£ -% MR (CTLD4-7-Fc) 10pg/ml
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a . ~* 2Ab only
(@)
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0 — - ¢ -
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41 1.0q
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° 11 0.2
.;.‘-—W
o 0.0 T T T T T
(a1-2 Mannobiose) On'IlM 0rrl|M 9.2‘mM 18.2I5mM 36.5'mM (a1-2 Mannobiose) OmM omMm 9.2mM 18.25mM 36.5mM
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Figure 4.12 Inhibition of Dectin-2-Fc binding to purified HMW-Ps|-2(-P5¢) by Mana-1-
2Man.

Maxisorp plates were coated with (5 pg/ml) carbohydrate purified from the Pel-deficient mutant
AwspFApel diluted in 154mM NaCl overnight at 37°C. Dectin-2-Fc and CTLD4-7-Fc chimeric
proteins were pre-incubated with different concentration of Mana-1-2Man in TSB with high salt (1 M
NaCl) for 30 min at RT before incubated for 1.5 hours at RT in TSB buffer with high salt. The binding
was determined using anti-human IgG Fc-specific antibody conjugated to AP (1:1000) dilution.
Controls in 154 mM NaCl were included. Absorbance was read at OD4os nm. Graphs show mean +/-

SEM of two independent repeats.
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4.4.7. Confirmation of Dectin-2 binding to Psl using biolayer

interferometry

After we showed that both Dectin-2-Fc and MR (CTLD4-7-Fc) bind to purified Psl using ELISA,
we wanted to confirm the binding using another approach. Our collaborator at East Tennessee
State University, Prof David L. Williams, tested the binding of full-length human Dectin-2
(rhDectin-2) against HMW-Psl-2(-P$F¢®) ysing biolayer interferometry. Results indicated very

strong binding of rhDectin-2 to this preparation in a dose-dependent manner (Figure 4.13 A).

After testing the binding of Dectin-2 using biolayer interferometry our collaborator, David L.
Williams, kindly compared the binding kinetics of rhDectin-2 against HMW-PsI-2 to other
CLRs, biotinylated tetrameric DC-SIGN and full-length human MR (rhMR) and Dectin-1
(rhDectin-1). Analysis of the binding kinetics revealed two interesting observations. First,

rhDectin-1 unexpectedly showed binding to HMW-Ps|-2(-"S-Free)

considering the fact that
Dectin-1 was not reported to bind high mannose (Figure 4.13 B, the third one in the table).
Second, Kd for Dectin-2 binding was lower (0.020 mM)) compared to DC-SIGN, MR and
Dectin-1 (0.103 mM, 0.114 mM, and 0.091 mM respectively), indicating that in this

experimental setting Dectin-2 binding showed the highest binding affinity (Figure 4.13 B).
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HMW-Ps|-2(LPS-Free) \\/ Dectin-2
(corrected by same day control)
ogp T Ty i e
-=- 190429
T o4 - 190426a
k=) : -=- 190426b
» ¥ -+ 190426¢
g 0.2} - 190429c
0.0f -d
0 1 2 3
B. HMW-Psl-2 (uM)
KD ! KNON-SPECIFIC4
Receptor (microMolar) (BLI/microMolar)
0.103 0.100 0.0007828
rhDC-SIGN (0.062 — 0.143)? (0.052 — 0.148) (0.005647 —0.01001)
rhMR 0.114 0.517 0.009623
(0.088 — 0.147) (0.271 - 0.764) (-0.00087 — 0.020116)
rhDectin-1 0.091 0.567 0.02118
(0.066 — 0.126) (0.385 — 0.749) (0.01362 — 0.02874)
rhDectin-2 0.020 0.223 0.05556
(0.010 — 0.041) (0.129 - 0.317) (0.04893 — 0.06219)

"Kp—Equilibrium dissociation constant for the receptor ligand interaction in yM.
295% Confidence intervals in uM.

3Bmax — receptor density on the biosensor surface. This value also is indicative of
the relative number of receptors bound.

*Kron-specific — Non-specific binding.

Figure 4.13 Dectin-2 binding using BLI

Tetrameric hDC-SIGN, biotinylated and immobilised on a streptavidin sensor and rhMR, rhDectin-1
and rhDectin-2 immobilised on a Ni-sensor were incubated with different HMW-Ps]-2(LPS-ree)
concentrations. (A) Saturation binding curves for rhDectin-2 are shown. (B) Comparison of the
recognition and binding of HMW-Ps|-2(-PS-ee) by four human full-length pattern recognition receptors.
The table shows equilibrium dissociation constants for the receptor-ligand interaction in mM (KD);
receptor density on the biosensor surface (BMAX) and non-specific binding (KNON-SPECIFIC). 95%

Confidence intervals in mM are shown within brackets. N=6 replicates.
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4.4.8. Dectin-2 Fc does not bind PA planktonic cells

To explore the potential of Dectin-2 to bind planktonic PA, we tested binding of Dectin-2-Fc to
planktonic bacteria using an ELISA assay as described in (2.5). Results showed no binding of
Dectin-2 to planktonic PA (Figure 4.14 A) and confirmed negative MR binding previously
described in Alshahrani (2018). Adherence of planktonic cells to the wells was confirmed by
ELISA using an antibody against PA (anti-PA) as described in (2.4), results showed the ability

of PA to attach to maxisorp plate (Figure 4.14 B).

As mentioned in the introduction, LPS is the major outer membrane component of Gram-
negative bacteria (Silhavy et al., 2010) and composed of three different domains: lipid A, core
oligosaccharide and O-antigen (Caroff and Novikov, 2019). Dectin-2 was reported to
recognise mannosylated O-antigens from several Gram-negative bacteria such as Hafnia
alvei and E. coli (Wittmann et al., 2016). For this, in addition to testing Dectin-2-Fc binding to
planktonic cells, we tested Dectin-2-Fc binding to commercially available LPS of PA serotype
10.22 as described in (2.5). Data indicated no binding of Dectin-2 to purified LPS (Figure 4.14

A).

Confocal microscopy was utilised to further validate no binding of Dectin-2-Fc observed with
ELISA (Figure 4.14 A). In this assay, DC-SIGN-Fc was used as a positive control, as
Alshahrani (2018) indicated that DC-SIGN binds to PA planktonic cells, and binding was
independent of Psl. Results confirmed no binding of Dectin-2-Fc observed with ELISA (Figure

4.15)
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Figure 4.14 Dectin-2-Fc does not bind to planktonic PA and purified LPS in ELISA.

(A) Wells of maxisorp plates were coated over night with 100 pl of (fixed PA suspension adjusted to
0.5 ODesoonm in PBS), (LPS at 100ug/ml) and (HCKA 4X10° PA/Well) at 4 °C. Dectin-2-Fc or MR
(CTLDA4-7-Fc) both at (50 pl per well, 10 ug/ml in TSB buffer) were incubated for 2 hr at RT to assess
the binding to whole bacteria, LPS or HCKA. The binding was determined using anti-human IgG Fc-
specific antibody conjugated to AP (1:1000 dilution). Absorbance was read at ODa4os nm. Graphs show
mean +/- SEM of three independent repeats. (B) Adherence of planktonic cells to the wells was
confirmed by ELISA. Wells of maxisorp plates coated over night with 100 pl of fixed PA suspension
adjusted to 0.5 ODsoonm in PBS were incubated with rabbit anti-PA polyclonal antibody (10ug/ml in
PBS) for 90 min at RT. The binding was detected using anti-rabbit 1IgG Fc-specific antibody
conjugated to AP (1:2000 dilution) for 1 hr at RT. Absorbance was read at ODaos nm. N=2. Graphs

show mean +/- SEM of two independent repeats.
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Figure 4.15 Dectin-2 does not bind planktonic PA in an immunofluorescence assay.

A. Channels of Ibidi y-Slide VI 0.4 slides were coated overnight with 100 pl of fixed PA suspension
adjusted to 0.5 ODsoonm in PBS) at 4°C. Bacteria cells were stained with FM 1-43 FX before incubated
with Dectin-2-Fc or DC-SIGN-Fc (30 pl per channel, 10 pg/ml in TSB buffer) for 2 hr at RT. The
binding was determined using goat anti-Human IgG conjugated to Alexa fluor 647 (100 pl per
channel, 10 pg/ml in TSB containing 3%(v/v) Goat serum, incubated for 1 hr at RT). DNA was then
labelled with DAPI before cultures were mounted in ibidi mounting media and stored at 4°C in the
dark. Figure shows one image of each condition acquired using confocal microscopy. No specific
labelling was seen with Dectin-2-Fc chimeric protein. Size bar is 4 ym. B. Assessment of the
colocalisation of FM 1-43 FX channel with either DAPI (DNA) or Magenta (Fc proteins) was carried
using a Fiji plugin that calculates Pearson’s correlation coefficient for the two selected channels in

each condition (Robs). N=1.
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4.4.9. Psldoes notinduce Dectin-2 signalling

As was pointed out in the introduction to this chapter (Figure 4.3), Dectin-2 binding to high
mannose structures trigger signalling through association with FcR-y. We examined whether
Dectin-2 strong binding of HMW-Psl observed in (Figure 4.10, Figure 4.11 and Figure 4.13)
would induce Dectin-2-mediated signalling. For this, we utilised 2B4-nuclear factor of activated
T-cell (NFAT)-GFP reporter cells expressing both, human Dectin-2 (hDectin-2) and FcR-y.
Activation of these cells induces nuclear translocation and transcriptional activity of NFAT,
which can be detected through GFP activity (Ishikawa et al., 2013). FcR-y-expressing reporter
cells were used as a negative control. 2B4-NFAT-GFP reporter cells were cultured with HMW-
Psl-1 (LPS contaminated) 500 pg/ml or HKCA 4x10° particles/well for 20 hr at 37°C, 5% COs.
NAFT-GFP activity was assessed using flow cytometry as described (2.19). As shown in
(Figure 4.16), GFP expression on hDectin-2-reporter cells was only induced after co-culture

with HKCA, which is opposite of what was expected.
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Figure 4.16 huDectin-2 2B4-NFAT-GFP reporter cells do not respond to purified Psl
Wells of maxisorp plates were coated overnight with 100 pl of HMW-PsI-1 (LPS contaminated) 500
pg/ml or HCKA 4x108 PA/Well. Following day 50.000 cells of 2B4-NFAT-GFP reporter cells that either
express both hDectin-2 + FcR-y, or FcR-y only were incubated for 20 hr. GFP expression was
assessed using flow cytometry as described in (2.19). Representative images of three independent
repeats.

To confirm our observation seen in figure (Figure 4.16), our collaborator at East Tennessee
State University, Prof David L. Williams, tested whether the effect of biofilm-associated
carbohydrate on another form of Dectin-2 reporter cells. They employed HEK-Blue™ mDectin-
2 cells, an engineered human embryonic kidney HEK293 cells that stably express high levels
of murine Dectin-2 as well as the genes of the Dectin-2 signalling pathway. These cells stably
express an NF-kB-inducible secreted alkaline phosphatase (SEAP) reporter gene. Upon
stimulation of Dectin-2 ligands, the cells express a SEAP, which are measurable by a simple
colourimetric assay as described by the manufacturer. As a negative control, they used HEK-
Blue™ Null1-v cells, which lacks Dectin-2. Results surprisingly correlated with previous
observation presented in (Figure 4.16) and indicated no effect of the HMW-Ps|-2(-7S€) gn

Dectin-2 reporter cells which showed a visible response to zymosan particles (Figure 4.17 A).

Along with incubation with Dectin-2 reporter cells, Prof Williams’ lab tested whether Dectin-1
reporter cells would show activation in response to biofilm carbohydrates following previous
observation of Dectin-1 binding to HMW-PsI-2(-P5e€) (Figure 4.13). Using cells expressing the
two major Dectin-1 isoforms a full-length A isoform and a ‘stalkless’ B isoform (Heinsbroek et
al., 2006), HEK-Blue™ hDectin-1b and HEK-Blue™ hDectin-1a cells, results indicated
activation of HEK-Blue™ hDectin-1a but not HEK-Blue™ hDectin-1b reporter cells after
incubation with high concentration of HMW-PsI-2(-P$€) (100ug/ml) (Figure 4.17 B). This
results confirms the earlier observation of hDectin-1 binding to HMW-Psl-2-75¢) (Figure 4.13)
and indicate the capability of high concentration of HMW-PsI-2(:P$® to induce Dectin-1

activation (Figure 4.17 B).
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Figure 4.17 mDectin-2 reporter cells and hDectin-1 reporter cells incubation with
HMW-PsI-2

(A) Murine Dectin-2 reporter cells (HEK-blue mDectin-2) and control cells (Null 1V), (B) human
Dectin-1 reporter cells (HEK-Blue™ hDectin-1a) and control cells (HEK-Blue™ hDectin-1b). All
reporter cells were exposed (5 x10* cells per well) to different stimuli [LPS (1 and 10 pg/ml), Zymosan
(1 and 100 pg/ml), laminarin (100 and 1 ug/ml) and HMW-Psl-2(-FPS-ree) (100, 10, 1 and 0,1 pg/ml)] for

18 hr. Plates were read at ODessnm. Image shows a representative image from 2 independent repeats.

149



4.4.10. Pslacts as an antagonist for Dectin-2

Even though Dectin-2 displayed high affinity towards HMW-Ps|-2-"SF®) (Figure 4.13), the
observation in (Figure 4.16 and Figure 4.17) shows that HMW-Ps|-2-"S®) fajled to induce
Dectin-2 signalling. Therefore, an alternative outcome for the interaction between Dectin-2

and HMW-Ps|-2(-PS-Free) s for these carbohydrates to act as receptor antagonists.

Prof Williams’ lab tested this hypothesis; HEK-Blue™ mbDectin-2 cells were exposed to
different concentrations of HMW-Pg|-2(-PS-Free) before being
stimulated with zymosan. Interestingly, results indicated that HMW-PsI-2(-PSF¢¢) inhibited the
response of Dectin-2 reporter cells to high zymosan doses correlating with the possibility of
HMW-Ps|-2(-PS-Free) tg act as an antagonist. This inhibition was obtained at lower dose of HMW-
Psl-2-PSFree) (0.1, 1 and 10 pg/ml) in agreement with the high affinity detected between Dectin-

2 and HMW-Ps]-2-PSFree) (Figure 4.13).
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Figure 4.18 HMW-Psl-2(-P5¢) inhibits Dectin-2-mediated cellular activation.

(A) Dectin-2 reporter cells (5 x10* cells per well) were pre-incubated with different concentrations of
HMW-Psl-2(-PS-Free) for 1 hr and then exposed to zymosan (1 ug/ml), for 18 hr. Plates were read at
ODe645 nm. N=3.
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4.5.

4.6.

Summary

Using a combination of strains with similar high level of cyclic di-GMP and different
carbohydrate EPS components, we demonstrated that the recombinant protein Dectin-
2-Fc comprising the mannose-binding region of Dectin-2 fused to the Fc portion of
human IgG1 binds to biofilms formed by PAO1 and wound isolates.

Binding of Dectin-2-Fc is highest towards biofilms formed by strains that overexpress
Psl, AwspF and AwspFApel. Nevertheess, data indicated that Dectin-2 bound to
strains that lack Psl, indicating that Dectin-2-Fc could bind ligands present in biofilms
that are independent of Psl.

Data indicate no binding of Dectin-2-Fc to PA planktonic cells or to PA10 LPS which
suggest that PA expresses ligands for Dectin-2 only when growing as a biofilm.

In agreement with these findings, two different forms of recombinant Dectin-2 bound
to the biofilm purified carbohydrate, Psl.

Finally, Psl acts as a Dectin-2 antagonist.

Discussion

In this chapter, we have demonstrated that the C-type lectin receptor Dectin-2 is (1) a direct

receptor for PA biofilms and purified Psl, and (2) purified Psl acts as an antagonist for Dectin-

2. To our knowledge, this is the first study that reports direct recognition of PA biofilms by

Dectin-2. As mentioned in the introduction, Dectin-2 is a transmembrane type Il glycosylated

protein; the C-terminal end encodes the extracellular region and the N-terminal the

cytoplasmic region (Ariizumi et al., 2000). This protein is composed of four parts: (1) a single

extracellular CRD domain, (2) a stalk region, (3) a transmembrane region and (4) a short

cytoplasmic domain. To transduce signalling upon ligand ligation, Dectin-2 links with the

adapter molecule Fc receptor common y chain (Hara et al., 2007, Saijo et al., 2010).
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Dectin-2 reportedly binds several pathogenic microorganisms, and in all instances, the cell
wall polysaccharides of these organisms contain high mannose structures (McGreal et al.,
2006, Sato et al., 2006, Barrett et al., 2009, Brudner et al., 2013, Miyasaka et al., 2013, Ritter
et al.,, 2010). Competition binding studies indicated that the Dectin-2 CRD binds to
monosaccharides with modest affinity and that affinity was significantly higher for mannose-

linked (1-2) or (1— 4) to a second mannose residue (Feinberg et al., 2017).

4.6.1. Binding of Dectin-2 to P. aeruginosa biofilms

In this chapter, we used two chimeric proteins containing either the extracellular domain of
Dectin-2 (aa 44-209) or the CTLD4-7 region of mouse MR fused to the Fc portion of human
IgG1. ELISA binding-assays showed binding of Dectin-2-Fc to biofilms of all tested lab strains
except to the biofilm deficient strain AwspFApelAps! (Figure 4.7). When 96 well plates were
coated with planktonic cultures of these strains, no binding was detected. This observation
was confirmed with confocal microscopy (Figure 4.14). No binding of Dectin-2 to LPS was also
observed (Figure 4.14). This finding is in agreement with previous findings showing no binding
of Dectin-2 to PA LPS (Wittmann et al., 2016). The same study reported that Dectin-2
recognise mannosylated O-antigen found in two gram-negative bacteria, Hafnia alvei and E.
coli (Wittmann et al., 2016). Altogether, these data suggest that PA display ligand(s) for Dectin-

2 only as a biofilm.

The binding pattern of both proteins towards PA biofilms formed by lab strains was similar,
with MR (CTLD-4-7)-Fc binding being slightly higher (Figure 4.7). Our data indicated that
Dectin-2 preferentially binds Psl overexpressing strains AwspF and AwspFApel rather than
the Pel overexpressing strain AwspFApsl/ (Figure 4.7). This enhanced binding could relate that
the biofilms formed by Psl overexpressing strains AwspF and AwspFApel displayed more

ligands for Dectin-2.

As mentioned in the introduction, Dectin-2 possesses an EPN motif in its CRD domain which

was reported to facilitate binding to high mannose structures in a calcium-dependent manner
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(McGreal et al., 2006, Gavino et al., 2005). Removal of calcium from the assay buffer
significantly reduced Dectin-2-Fc binding to PA biofilms, confirming the existence of a
mannose structure within PA biofilms recognised by the CRD domain of Dectin-2 (Figure 4.7).
Our data also showed minor binding of Dectin-2-Fc and MR to biofilms formed by the strain
lacking Psl (AwspF Apsl) which might indicate that both receptors bind to another ligand within

the biofilms that are independent of Psl (Figure 4.7).

Pel is a polymer of N-acetylglucosamine (GIcNAc) and N-acetylgalactosamine (GalNAc)
(Jennings et al., 2015). Since Dectin-2 was not reported to bind GIcNAc or GalNAc it is unlikely
that the binding was through Pel. This data could be further confirmed in the future using Pel
dependent strains such as PA14 and PA14 with AwspF mutation. The mutation AwspF was
shown to increase the biofilm formation (Hickman et al., 2005). Thus, it would be of interest to
investigate if biofilms formed by PA14 AwspF would exhibit more ligands for Dectin-2. This

might further confirm the presence of ligands of Dectin-2 in PA biofilms independent of Psl.

Studies have found that >90% of clinical isolates are capable of expressing Psl under in vitro
conditions; thus it was essential to test binding of CLRs against biofilms formed by wound
clinical isolates (DiGiandomenico et al., 2012, DiGiandomenico et al., 2014, Thaden et al.,
2015). Our data show that the binding of DC-SIGN-Fc, Dectin-2-Fc and MR (CTLD4-7-Fc) to
biofilms is not restricted to lab strains, but also biofilms generated by a collection of PA wound
clinical isolates isolated from different sites (Figure 4.8). As seen previously [(Alshahrani,
2018), PhD thesis], DC-SIGN-Fc binds significantly better than Dectin-2-Fc and MR (CTLD4-
7-Fc) to all samples (Figure 4.8). This is possibly attributed to DC-SIGN binding to planktonic

cells in addition to biofilms which was reported in (Alshahrani, 2018), PhD thesis.

Examination of the distribution of ligands for DC-SIGN, Dectin-2 and MR on PAO1 biofilms
developed on microscopic slides confirmed the enhanced binding of DC-SIGN compared to
Dectin-2 and MR and showed that each receptor exhibited different binding profiles (Figure

4.9). Opposite of what seen in the ELISA, we observed enhanced Dectin-2 binding compared
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to MR (Figure 4.9). Since biofilm cultured on p-Slide VI 0.4 slides were subjected to a
continuous flow of media opposite of the static condition on 96 well plate, it seems possible
that the different binding profiles are due to the two different biofilm generation method which

might alter biofilm structure (Azeredo et al., 2017).

The different binding profiles exhibited by DC-SIGN, Dectin-2 and MR might also be due to
the different binding affinity towards different high mannose structure within the biofilms. Li et
al. (2013) reported the presence of three distinct epitopes in Psl (class |, II, and Ill), each
targeted with different monoclonal antibodies (mAbs) (Li et al., 2013). In a later study, these
three antibodies identified the different location of these Psl epitopes within mature PAO1
biofilms as each antibody used showed different staining profile (Ray et al., 2017). Therefore,

it is possible that each CLRs may bind a different Psl epitope.

As mentioned in the introduction, Psl is found in two forms (1) cell-associated form with high
molecular weight and (2) a low molecular weight soluble form (Byrd et al., 2009, Mann and
Wozniak, 2012). Our results in (Chapter 3, Figure 3.10) using the mannose-specific lectin HHA
indicated production of Psl in PAO1, which was also confirmed by others using the same lectin
(Jennings et al., 2015). HHA binding to PAO1 biofilms was described as a “coating shell” (Ma
et al., 2009). In agreement with this, a polyclonal antibody against Psl was reported to bind to

the surface of the biofilms (Jones and Wozniak, 2017).

Several studies have shown that for Dectin-2 to bind, ligands need to be terminally exposed
based on the analysis of different Malassezia species (Ishikawa et al., 2013). Dectin-2 ligands
consist of a multivalent terminal a-1,2-mannose attached to glycans, proteins and,
presumably, any kind of scaffold. In line with this, even though the cell wall of C. guilliermondii
and S. cerevisiae contains a-1,2-mannose, it is not recognised by Dectin-2, most likely
because the a-1,2-mannose is masked with 3-1,2-mannose and a-1,3-mannose, respectively
(Romero et al., 1999, Shibata et al., 1996). Therefore, it is possible that the observed Dectin-

2-Fc binding to PA biofilms is to Psl exposed on the outer biofilm structure.
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4.6.2. Binding of Dectin-2 to purified carbohydrates from biofilms

As stated earlier, in this chapter, three independent preparations of the mannose rich
carbohydrate Psl were employed (Psl-1, Psl-2 and Psl-3). Preparations 1 and 3 contained
similar carbohydrate ratios and all were divided based on molecular weight after gel filtration

into high (HMW) and low (LMW) molecular weight (Figure 4.5 and Figure 4.6).

Dectin-2-Fc and MR (CTLD4-7-Fc) exhibited robust binding to all preparations, and both CLRs
bound better to the higher molecular weight carbohydrates (Figure 4.10). These results might
correlate with the biofilm binding observed by confocal microscopy (Figure 4.9) since both
CLRs exhibited binding to aggregates which are possibly the location of the biofilm-
associated/high molecular weight Psl (Byrd et al., 2009, Mann and Wozniak, 2012). The fact
that removal of the calcium caused a significant reduction of Dectin-2-Fc and MR (CTLD4-7-
Fc) binding to high molecular weight Psl confirm that the binding occurs through the CRD

domain of each lectin (Figure 4.11).

EPS-associated proteins such as LecB and CrdA have been reported to bind Psl and
contribute to the biofilm formation (Borlee et al., 2010, da Silva et al., 2019). As was pointed
out in the Data leading to this study, no major protein contamination was detected in all Psl
preparation used in this study. Therefore, it is possible that the moderate lectin binding to
biofilms compared to the robust binding to purified Psl might be due to the competition of Psl

binding from other EPS-associated Psl binding proteins such as LecB and CrdA.

As mentioned earlier, Feinberg et al. (2017) reported selective binding of Dectin-2-Fc to
glycans that contain Mana-1-2Man epitopes. Analysis of our purified Psl preparation indicated
the presence of Mana-1-2Man (Singh et al., 2020). In the current study, pre-incubation of
Dectin-2-Fc and MR (CTLD4-7-Fc) with Mana-1-2Man prior to performing the Psl-binding
assay inhibit the binding of Dectin-2-Fc and CTLD4-7-Fc to purified Psl (Figure 4.12). This
result correlates with Dectin-2 specificity to Mana-1-2Man mentioned in (Feinberg et al., 2017)

and might indicate that both receptors were binding to the Mana-1-2Man structure within the

155



Psl preparation although the sugar specificity for MR-CTLD4-7 is broader (Martinez-Pomares,

2012).

Binding of Dectin-2 to HMW-Ps| was further confirmed by Prof David L. Williams, at East
Tennessee State University, utilising the full-length rhDectin-2 (Figure 4.13 A). Binding of
rhDectin-2 to HMW-Psl was compared to other CLRs, biotinylated tetrameric DC-SIGN and
full-length rhMR and rhDectin-1(Figure 4.13 B). Analysis of the binding kinetics revealed two
interesting observations. First, rhDectin-1 unexpectedly showed binding to Psl despite the fact
that Dectin-1 was not reported to bind high mannose structures. Second, the affinity for Dectin-
2 binding was (0.020 mM) compared to DC-SIGN, MR and Dectin-1 (0.103 mM, 0.114 mM
and 0.091 mM, respectively), indicating that in this experimental setting Dectin-2 binding

showed the highest binding affinity.

As mentioned in the main introduction, the most-reported Dectin-1 ligand is the p-1, 3-linked
glucan found in MTB, C. albicans, Aspergillus fumigatus, and zymosan a Saccharomyces
cerevisiae cell wall component (Tone et al., 2019). It is somewhat surprising that Dectin-1
binding to HMW-PsI-2 was noted in this assay (Figure 4.13). This finding was further confirmed
using hDectin-1a reporter cells that were activated using high Psl doses (Figure 4.17). The
underlying cause of this binding is unclear; however, a possible explanation for these results
may be the presences of B-glucan in our purified Psl. Because the activation of Dectin-1
reported cells was only observed with a high concentration of Psl, it might indicate that the -
glucan concentration in our Psl preparation could be so low that is below the level of detection.
The presence of B-glucan in PA was previously reported (Lequette et al., 2007). A later study
confirmed the presence of 1,3-B-D-glucan in seven PA isolates from the blood of
immunocompromised patients, which might alter the diagnosis of invasive fungal infection and
lead to false-positive results (Mennink-Kersten et al., 2008). In future investigations, it might
be possible to utilise the 1,3--D-glucan reactivity assay to assess the presence of 3-glucan

in Psl preparations.
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4.6.3. Antagonistic activity of HMW-Psl| against Dectin-2

|(LPS-Free) characterised by

In this study, Dectin-2 exhibited very high affinity towards HMW-Ps
the low 0.020 mM KD value (Figure 4.13). Contrary to expectations, incubation of HMW-
Ps|(-PSFree) with hDectin-2-NAFT-GFP reporter cells and HEK-Blue™ mDectin-2 cells failed to
induce Dectin-2-mediated signalling when compared to other Dectin-2 ligands HKCA and
Zymosan used in (Figure 4.16 and Figure 4.17) respectively. These findings led us to test the
possibility of HMW-Psl| to work as an antagonist. A competition assay incubating the HEK-
Blue™ mDectin-2 with different concentration of the known Dectin-2 agonist, Zymosan

I(LPS-Free) Showed

(McGreal et al., 2006) after incubating with different concentration of HMW-Ps
inhibition of zymosan-medited activation of HEK-Blue™ mDectin-2 cells in agreement with the
high affinity detected between Dectin-2 and HMW-Ps|-2t7SFe) (Figure 4.7). This might

suggest for the first time an antagonistic effect for Psl against Dectin-2 and suggests that no

signalling resulted from Dectin-2 and Psl ligation.

One possible explanation of this antagonistic activity is that in addition to high mannose

LPS-Free)) the preparation might contain a

structures in the purified carbohydrate (HMW-PsI-2(
minimal amount of a particular molecule that interferes with Dectin-2 signalling. A similar
observation was noted with Laminarin ((1—3)-B-D-glucans), which was initially described as
an antagonist of Dectin-1 (Brown and Gordon, 2001); however, subsequent studies indicated
that it also works as Dectin-1 agonist (Goodridge et al., 2007). A recent study compared
different preparations of laminarin and indicated that differences in agonist and antagonist

activity depend on the physicochemical properties, purity and structure of the laminarin

preparation (Smith et al., 2018a).

It has been suggested that different gram-negative bacteria are capable of releasing
molecules that interfere with the activity of Syk. For example, Salmonella secretes protein

tyrosine phosphatases SptP which prevent the phosphorylation of Syk in mast cells and
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suppresses degranulation (Choi et al., 2013). In PA, it was shown that the Las QS system
indirectly controls c-di-GMP levels through the tyrosine phosphatase TpbA (Ueda and Wood,
2009). TpbA was found to also contribute to biofilm formation by positively regulating the eDNA
release and bacterial cell lysis (Ueda and Wood, 2010). It is possible that the preparation might
contain a very low amount of TpbA, which might interfere with Dectin-2 signalling, but was
below detection. To test this hypothesis, future studies could incubate the HMW-Psl with cell
lines that express a certain receptor that signals through Syk, but does not bind to HMW-Psl.
The idea would be to activate the receptor with the receptor-ligand in the presence of HMW-
Psl to confirm that no molecule in the HMW-PsI preparation that interferes with Syk

phosphorylation.

Both Dectin-1 and Dectin-2 trigger signalling through Syk (Saijo and lwakura, 2011). However,
Dectin-1 activates Syk directly through an hemITAM at its cytosolic domain, while Dectin-2
activates Syk through association with the ITAM-containing FcR-y (Robinson et al., 2009).
Ligation of Dectin-1 or Dectin-2 by B-glucan or C. albicans respectively, leads to the
phosphorylation of ITIM-bearing receptors, which recruit the Src homology 2 (SH2).
Phosphorylated SHP-2 then works as a scaffold protein recruiting Syk to Dectin-1 or Dectin-
2-FcR-y, leading to the activation of Syk and Syk-dependent signalling cascade (Deng et al.,
2015). SHP-2 possesses two SH2 domains at the N-terminus, N-SH2 and C-SH2 domain
(Deng et al., 2015). It was indicated that SHP-2 is recruited to Dectin-1 hemITAM via its N-
SH2 domain as deletion of the N-SH2 domain only, stopped the association of SHP-2 and
Dectin-1. On the other hand, both SH2 domains N-SH2 and C-SH2 were found to be essential
in recruiting Syk to FcR-y (Deng et al., 2015). Thus it could be speculated that the
carbohydrate preparation might contain molecules that interfere with C-SH2 only but not N-

SH2 as Dectin-1 induced signalling upon stimulation with HMW-Psl.

Additionaly, further research should be undertaken to investigate the fate of Psl upon binding
to Dectin-2. For example, Dectin-2 expressing cell line or human monocytes (highly

expressing Dectin-2) could be employed and stained with LysoTracker to track the fate of Psl
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upon ligation as shown in (Sato et al., 2006). Further work needs to be done to determine to

wither Dectin-2 binding to HMW-PSI induces Syk, SHP-2 and ITAM phosphorylation.

Overall, the results of this chapter indicate that PA biofilms display ligand for Dectin-2 and that
binding of these ligands inhibit receptor activity. The potential consequences of Dectin-2, DC-
SIGN, and MR binding to biofilms and Psl will be discussed on the following chapter with
suggestions for future work and describe how the findings might translate to in vivo situations.

(Chapter 5).
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Chapter 5. Interaction of human Dendritic cells

with PA Biofilms

51. Introduction

Dendritic cells (DCs) are essential in orchestrating adaptive immunity against different
pathogens such as bacteria, viruses and fungi (Geijtenbeek and Gringhuis, 2009). DCs and
macrophages express pattern recognition receptors (PRRs) to detect pathogens and trigger
innate signalling pathways leading to cells activation and cytokine release that impact on the
ensuing T cell activation and differentiation. Such PRRs include Toll-like receptors (TLRs) and
C-type lectins receptors (CLRs). Following pathogen binding, TLRs trigger signalling pathways
through MyD88 or TRIF adapter proteins, leading to activation of transcription factors such as
NF-xB (Kawasaki and Kawai, 2014). This research focus on a subset of PRRs (CLRs), which
play an important role in pathogen recognition and induction of adaptive immunity
(Geijtenbeek and Gringhuis, 2009). CLRs are able to independently induce immunity or

modulate responses that are triggered by other PRRs (Zelensky and Gready, 2005).

Efficient pathogen-specific immunity involves T-cell differentiation induced by complex
cytokine profiles, established following PRRs recognition of pathogen-associated molecular
patterns (PAMPs) (Mogensen, 2009). Growing evidence supports the idea that signalling
cascades generated by myeloid cells through CLRs engagement might have adverse effects
on the outcome of infections. It has been shown that several CLRs recognise different viruses
and promote viral spread and transmission (Geijtenbeek et al., 2000a, Lambert et al., 2008,
Simmons et al., 2003). HIV, CMV, HCV and Ebola enter DCs through binding to DC-SIGN,
where they are protected from lysosomal degradation, facilitating the transmission of these
viruses to T-Cells (Geijtenbeek et al., 2000a, Halary et al., 2002, Ludwig et al., 2004, Alvarez
et al., 2002). This feature is not exclusive to DC-SIGN, MR binding to HIV in macrophages

also protects the virus and favour transmission of the virus to T-cells (Nguyen and Hildreth,
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2003). LPS induces DC maturation through TLR-4 signalling (Ardavin et al., 2001). It was
reported that ManLAM binding to DC-SIGN prevents mycobacteria- or LPS-induced DC
maturation, suggesting that DC-SIGN, upon binding of ManLAM, interferes with TLR-mediated

signals and suppress DC function (Geijtenbeek et al., 2002).

As mentioned in the main introduction, the opportunistic pathogen PA is considered a threat
as can cause devastating infections in patients suffering underlying disease (e.g. cancer and
cystic fibrosis (CF)) or individuals with disrupted non-specific host defences (e.g. burns,
catheters, ventilators and surgery). Several factors account for the ability of PA to cause these
infections. Besides its ability to adapt to different environments, the bacterium is intrinsically
resistant to a broad spectrum of antimicrobial agents (Lister et al., 2009). In addition, PA is
able to generate biofilms and use a wide array of virulence determinants to interact with the
immune system (Gellatly and Hancock, 2013). Biofilms promote PA survival by increasing
resistance to antimicrobial agents and immune assault (Mulcahy et al., 2014). Within biofilms,
bacterial cells are enclosed in extracellular polymeric substances (EPS) consisting of
carbohydrates, nucleic acids and proteins (Colvin et al., 2012, Irie et al., 2012). Three major
carbohydrates are produced by PA: Psl, Pel and alginate, with Psl and Pel playing a key role
in biofilm structure in a strain-dependent manner (Colvin et al., 2012, Irie et al., 2012, Franklin
et al., 2011). Psl is neutral and mannose-rich (Byrd et al., 2009). Pel is cationic and largely

composed of N-acetyl-galactosamine and N-acetyl-glucosamine (Jennings et al., 2015).

Bacteria-induced cellular activation and subsequent release of cytokines have been generally
regarded as a protective mechanism by the immune system (Steichen et al., 2013, Dorhoi et
al., 2010). In the case of PA biofilm infections, though, these reactions are very deleterious,
leading to enhanced tissue damage and decreased bacterial clearance (Palomo et al., 2014,
Rowe et al., 2005). Here we tested the hypothesis that the carbohydrate composition of PA
biofilms affects the activation of human myeloid cells. Our data presented in Chapter 4,
indicated strong binding of PA biofilms and purified Psl to three CLRs MR, DC-SIGN and

Dectin-2. We hypothesized that engagement of CLRs expressed by human myeloid cells
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through EPS recognition constitute a host factor granting an advantage to PA and facilitate
the establishment of chronic infection. In this chapter, we first investigated the expression of
DC-SIGN, MR, Dectin-1 and Dectin-2 on two populations of human myeloid cells moDCs and
M-CSF macrophages. Second, we assessed the capability of PA biofilms and/or purified Psl
to influence the activation of moDCs. A combination of flow cytometry, cytokine and confocal
analysis were employed to investigate these questions. Most of the work in this chapter was

generated together with Dr. Sonali Singh, unless otherwise stated.

5.2. Hypothesis

Our data in (Chapter 4, section 4.1.7 and 4.5) showed that the CTLDA4-7 region of MR, the
extracellular domain of DC-SIGN and the CRD of Dectin-2 recognise PA biofilms and purified
EPS carbohydrate. In this chapter we aim to investigate whether the carbohydrate composition
of PA biofilms affect the activation of human myeloid cells through CLR engagement. We
hypothesized that engagement of CLRs through EPS recognition provides an advantage to
the bacteria by modulating the immune cells towards a regulatory phenotype, hence facilitating

the establishment of chronic infection (Figure 5.1).
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Figure 5.1 Role of lectin receptors during PA infection.

Bacteria are present in two separate ways: planktonic (free floating) and biofilms (cells aggregated
embedded in a matrix). Planktonic bacteria display traits associated with enhanced cytotoxicity
(T3SS+) and capacity to activate immune cells (Flagellin+) and may trigger several signalling
pathways by interaction with PRRs (TLRs are shown as an example). In this case, DC-SIGN, possibly
through the recruitment of Raf-1, will modulate cell activation and lead to an increase in the
development of IL-10 (as seen in other pathogens). Biofilms co-stimulates DC-SIGN (through biofilm-
associated carbohydrate and ligands in planktonic cells), MR and Dectin-2 (through biofilm
carbohydrates). In addition, biofilm-associated bacterial cells display decreased capacity to induce
cytotoxicity and activate pattern recognition receptors. In this case, MR, DC-SIGN and Dectin-2 may
modulate the already altered cell activation, which will possibly contribute to more immune

modulation away from the pro-inflammatory Th1-dominated reactions.
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5.3. Aims

1. Investigate the expression of DC-SIGN, MR, Dectin-1 and Dectin-2 on M-CSF
macrophages and moDCs.
2. Assess the capability of PA biofilms to influence the activation of moDCs by:
a. Testing the effect of biofilms with different EPS components on moDCs.
b. Test how highly purified HMW-Psl preparations modulate the activation of
moDCs incubated with PA biofilms formed by strains lack Psl.
c. Testing the contribution of DC-SIGN, MR and Dectin-2 on moDCs-biofilm

interaction.
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54. Results

5.4.1.  Analysis of DC-SIGN, MR, Dectin-1 and Dectin-2 expression on

human myeloid cells

5.4.1.1. RNAseq analysis of DC-SIGN, MR, Dectin-1 and Dectin-2 expression on
human macrophages.

After we confirmed that the CTLD4-7 region of MR, the extracellular domain of DC-SIGN and
the CRD of Dectin-2 recognise PA biofilms and purified EPS carbohydrate (Chapter 4, section
4.1.7 and 4.5), it was essential to search for human myeloid cells expressing the CLRs
employed in this study. These cells can then be utilised to assess the contribution of CLRs on
the immune recognition of PA biofilms. The first set of experiments aimed to analyse the
expression of CLRs investigated in this study on human myeloid cells. We exploited a novel
RNAseq data set produced in the lab to explore the expression of DC-SIGN, MR, Dectin-1
and Dectin-2 at the transcriptional level in human monocyte-derived macrophages (Sirina

Muntaka, unpublished).

Results include macrophages generated in the presence of M-CSF and left untreated (M-CSF-
Macrophages) or treated with LPS, IFN-y, IL-4 or IFN-y+LPS. Samples were collected at 4 h
post-treatment. Data indicated that in M-CSF-macrophages highest expression was observed
for MR followed by DC-SIGN and Dectin-1 respectively (Figure 5.2). DC-SIGN gene
expression was relatively low compared with MR and enhanced with the addition of IL-4. Data
also showed positive effect of IL-4 on the expression of MR and Dectin-1. Levels of Dectin-2
transcripts were very low compared to MR, and LPS had a small positive effect on Dectin-2
levels. In the other hand, data showed negative effect of LPS (with or without IFN-y) on the
expression of DC-SIGN, MR and Dectin-1. Treatment with IFN-y showed no effect on any of
CLRs expect for MR, which increased (Figure 5.2). These data suggest that human
macrophages would possibly be applicable to establish MR contribution to biofilm recognition,

but not the contribution of DC-SIGN and Dectin-2.
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Figure 5.2 mRNA levels of DC-SIGN, MR, Dectin-1 and Dectin-2 on M-CSF-
Macrophages

Cells generated from CD14+ monocytes in the presence of M-CSF (50 ng/ml) for 6 days
were harvested and seeded (1.2 x 108 cells/well) on 6 well TC plate for overnight incubation
at 37 °C. On day 7 cell were treated with (20 ng/ml) of LPS, IFN-y and/or IL-4 for 4 hr at 37
°C. Following incubation total cellular RNA were extract using (ReliaPrep™ miRNA Cell and
Tissue Miniprep System) following manufacture’s protocol. Gene expression profiles were
determined by RNAseq. Graphs show mean +/- SEM of four independent repeats. (Sirina

Muntaka, unpublished).
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54.1.2. Flow cytometry analysis of DC-SIGN, MR, Dectin-1 and Dectin-2
expression on huDCs

After we found that human macrophages are not suitable to establish the contribution of DC-
SIGN and Dectin-2 to biofilm recognition (Figure 5.2); we explored the expression of these
receptors along with the expression of MR in moDCs using flow cytometry. CD14+ monocytes
purified as described in (2.8) were differentiated into moDCs in the presence of GM-CSF and
IL-4 (Sallusto and Lanzavecchia, 1994, Chapuis et al., 1997), harvested on day 6, and
analysed by flow cytometry (2.11) using commercial antibodies specific for MR, DC-SIGN,

Dectin-2 and Dectin-1. Unstained and relevant antibody isotypes were used as controls.

Results demonstrated that DC-SIGN, MR, Dectin-1 and Dectin-2 were present in all moDCs
tested (Figure 5.3 A). Expression of MR and DC-SIGN is higher than that of Dectin-1 and
Dectin-2, with MR showing the highest MFI ( Figure 5.3 B). The MFI values of MR range from
(47.2262) to (387.6422) with most values being between (200) and (300). The MFI values of
DC-SIGN range from (12.96591) to (60.21333) with most values being between (20) and (30).
Expression of Dectin-1 was lower than MR and DC-SIGN with MFI ranging from (4.929825)
to (9.829932) with most values being between (5) and (8) (Figure 5.3 B). Findings confirmed
previous observation of relatively low expression of Dectin-2 on moDCs (Carter et al., 2006)
with MFI of Dectin-2 being the lowest and ranging from (2.189873) to (3.935484) with most
values being between (2.5) and (3.5). As both Dectin-1 and Dectin-2 expression were
relatively low, it is important to note that the data presented need to be validated using positive
control cells and/or RNA analysis. In terms of the number of cells positive for each CLR, almost
100% of the cells express MR, 80-90% express DC-SIGN, while Dectin-2 is expressed by 40-
60% of the cells and Dectin-1 was the lowest with a negligible number of the cells express it
(Figure 5.3 B). These data indicate that moDCs are best suited to investigate the contribution

of MR and DC-SIGN to biofilm recognition but would not for investigating Dectin-2 contribution.
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Figure 5.3 Flow cytometry analysis of DC-SIGN, MR, Dectin-2 and Dectin-1 expression on moDCs

moDCs generated from CD14+ monocytes in the presence of GM-CSF and IL-4 (50 ng/ml) for 6 days were
tested for MR, DC-SIGN, Dectin-1 and Dectin-2 expression by flow cytometry. moDCs were re-suspended
in X-Vivo-15 media in a 15 ml falcon tube at a density of 1x10° cells/ml, centrifuged and re-suspended in
1 ml of 5% (v/v) human serum in PBA solution, and incubated for 1 hr at 4°C. After washing, the cell density
was adjusted to 100,000 cells/100ul of PBA and cells were incubated with mouse anti-human monoclonal
antibodies or their matched isotype controls: CD206 (MMR)-Allophycocyanin (647), CD209 (DC-SIGN)-
647, CLECGA (Dectin-2)-APC, or CLEC7A (Dectin-1)-APC for 1 hr at 4°C. Cells were then washed and
fixed with 0.5% (v/v) PFA and analysed using a FC500 Beckman Coulter flow cytometer; 10,000 events
were collected. Data were analysed using Kaluza Software 1.5a. Data are from 25 independent
preparations and show consistent expression of both MR and DC-SIGN in all instances and low expression
of Dectin-2 and Dectin-1. A. Representative histograms for each labelling. B. Representation of relative
MFI and the percentage of positive cells for all markers. Relative MFI was calculated as the MFI obtained

by the specific antibody divided by the MFI obtained for the isotype control. Percentage of positive cells
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was claucated by the following. First, A dot plots of the markers vs. side scatter for the isotype control,
unstained, and stained conditions was made. Then the quadrants were set such that in the isotype control
the positive cells were <= 1% (% Gated cells in the plots). These same quadrants were copied to the
stained condition. The value obtained for % gated cells in the positive quadrant is what was reported as
“% positive cells” for the marker.
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5.4.2. The effect of biofilm carbohydrate on the cytokine response of

human dendritic cells

5.4.2.1. Effect of purified Psl on cytokine production by moDCs

Before proceeding to examine the effect of purified Psl on cytokine production by moDCs it is
important to return (briefly) to the work done by Sonali Singh to characterize and purify Psl
form PA biofilms (4.1.7). As previously stated, Psl preparation generated were divided into
high (>45 kDa, HMW-Psl) and low molecular weight (<45 kDa, LMW-Psl) based on protein
standards by gel filtration chromatography (4.1.7). DC-SIGN and MR-CTLD4-7 was shown to
bind to HMW-Psl and LMW-Psl from different preparations but binding to HMW-Psl| was
stronger (Figure 4.5). Initial NMR analysis indicated an increased level of impurities in LMW-
Psl compared to HMW-Psl (data not shown), hence further work largely focused on HMW-Psl
preparations. Silver staining of two preparation of HMW-Ps| highlighted large LPS
contamination (Figure 5.4 A). Thanks to substantial efforts placed by our lab members (Sonali,
Singh and Darrel Jackson), LPS removal from HMW-Ps| was finally achieved using an
endotoxin removal column and confirmed using SDS-PAGE (Figure 5.4 B) and TLR4-
transduced cells (Data not shown). ELISA binding assay indicated that HMW-Ps|(-PSree)

retained the ability to bind DC-SIGN and MR-CTLD4-7 (Figure 5.4 C).

After we confirmed the expression of DC-SIGN and MR on moDCs (Figure 5.3) and based on
the data presented in (Figure 4.5), which indicated strong binding of PA biofilms and purified
Psl to MR and DC-SIGN, we explored the possibility of the mannose-rich HMW-Ps]-2(-7S-ree)
to induce cytokines production by moDCs (DC-SIGN+, MR+, Dectin-1"", Dectin-2"°", Figure
5.3). Data indicated that HMW-Ps|-2-"S®) (10, 1, 0.1 ug/ml) in isolation did not induce
cytokine production by moDCs nor modified the response of moDCs to purified E. coli LPS

(data not shown).

Following this observation, we explored the possibility of HMW-Ps|-2-"S®) altering the

cytokine production of human moDCs in response to biofilms that lack Psl (AwspFApel) and
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planktonic cultures (AwspFApelApsl). For this, cultures of AwspFAPsI and AwspFAPelAPs/
were prepared in 96 wells TC plates as described in (2.3) and shown in (Figure 3.2 A).
Following 24 hr incubation, cultures were fixed with 4% PFA in PBS for 10 min at 4°C and
washed. Then HMW-Psl-2(-P$®) was added at different concentration (0, 0.01, 0.1, 1, 10
ug/ml) and incubated for 1 hr before moDCs (5 x 10* per well) were added and incubated for
4 hr at 5% CO2/37°C. Following incubation, supernatants were collected and stored at -80°C
until analysis for cytokine release. Multiplex assay was used as described in (2.16) to analyse
IL-1B, IL-23, IL-6 and IL-10, and ELISA was used as described (2.16) to analyse TNF-a, MCP-

1 and Gro-a.

Results presented in (Figure 5.5 B) confirmed previous observation that moDCs stimulated
with different concentration of HMW-Psl-2(P$) (0.01, 0.1, 1 or 10 pg/ml) did not induce any
of the tested cytokines. Additionally, information in (Figure 5.5 B) demonstrated that there is a
considerable variation among different donors in terms of cytokines release upon stimulation
with bacterial cultures in the presence and absence of different concentrations of HMW-Psl-
2(tPSfree) - Although, certain cytokines exhibited a downward or an upward trend after treatment
with different concentration of HMW-Ps|-2(-"S¢) ' ng statistical significance could be detected
in any conditions. From the data in (Figure 5.5 B) it can be seen that IL-18 production
increased when moDCs were incubated with AwspFAps/ cultures compared to
AwspFApelAps! cultures, addition of HMW-Ps|-2tPS®)  didn’t altered this response
significantly. Overall, these findings suggest that HMW-PsI-2(-P5¢) iy jsolation did not induce
cytokine production by moDCs nor modified the response of moDCs to PA biofilms or

planktonic cells.
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Figure 5.4 Characterisation of HMW carbohydrate preparations.

A. Estimation of LPS contamination in two HMW-Psl preparations by SDS-PAGE and silver staining.
Both preparations (37.5 ug) were electrophoresed under reducing conditions alongside different
amounts of purified PA LPS (1, 2, 4, 6, 8 and 10 ug, Sigma L8643) in a 15% SDS-PAGE and silver
stained using PlusOne Silver Staining kit, (71-71777-00, GE Healthcare). HMW-Psl-1 contained
approx. 2 ug/37.5 ug. HMW-PsI-2 contained approx. 4 pug/37.5 ug. B. Successful removal of LPS
contamination in HMW-PsI-2 through repeated passages by a LPS-removal column (Pierce ™ High
Capacity Endotoxin Removal Spin Columns (0.5ml) Cat No 88274). To ensure lack of contamination
10 passages were performed. The x10 passage preparation (HMW-Ps|-2(-PS-ree)y did not induce
cytokine production by human monocyte-derived dendritic cells (data not shown). C. Binding of DC-
SIGN and MR-CTLD4-7 is maintained after LPS removal. Maxisorp plates were coated with
Untreated- and LPS-free HMW-PsI-2 and incubated with DC-SIGN-Fc or MR-CTLD4-7-Fc. Binding
was detected with anti-human Fc antibody conjugated to alkaline phosphatase. N=1. (Singh et al.,
2020).
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Figure 5.5 Effect of HMW-Ps|-2(-PS-free) on moDCs responses to PA Psl-deficient biofilm and
planktonic cultures

(A) Flow chart summarises the assay conditions. Different concentration of HMW-Psl-2(-PS-ree) were
added to wells that either were (1) empty, (2) contained biofilms or (3) contained cultures of PA
unable to form biofilms. moDCs were added at 5 x 10* cells per well for 4 hr, 5% CO2/37°C before
supernatants were collected for analysis. (B) Multiplex assay was used to analyse IL-18, IL-6, TNF-
a,IL-10, MCP-1 and IL-23. ELISA was used to analyse TNF-a, MCP-1 and Gro- a. Data represented

using GraphPad Prism, N=5. Flow chart created using Biorender.
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5.4.2.2. Effect of biofilms with different carbohydrate composition on cytokine
responses by moDCs

After we earlier found that HMW-PsI-2(-"$®) did not induce cytokine production by moDCs
nor altered their response to PA biofilms, planktonic cells or LPS, we next questioned whether
exposing moDCs to biofilms with different carbohydrate components would induce different
cytokine responses. For this, biofiims of PAO1 and different AwspF mutant strains with
different EPS components were formed on TC 96 wells plates as described in (2.3) and shown
in (Figure 5.6 A) and incubated with moDCs. As summarised in the flow diagram (Figure 5.6
A), 1 x 10° moDCs per well were incubated 4 hr with fixed 24 hr PA biofilms; following
incubation, supernatants were collected and stored in -80 °C before analysis for cytokines
release as described in 2.15). Multiplex assays were used to analyse IL-1, IL-23, IL-6, IL-10,

and ELISA was used to analyse TNF-a and MCP-1 as described in (2.16).

Results show that levels of all cytokines tested expect MCP-1, were higher in infected cells
than uninfected cultures (Figure 5.6 B). Similar to previous observations, IL-13 levels were
significantly higher when moDCs were exposed to biofilms forming strains compared to low/no
biofilm strains (Figure 5.6 B). No significant difference was observed in IL-13 production
induced by Psl and/or Pel producing biofilms. IL-23, IL-6, IL-10, TNF-a, and IL-10 levels in
stimulated moDCs cultures did not differ significantly when biofilms were formed by AwspF,
AwspFApel or AwspFAps!, and low/no forming biofilms strains PAO1 and AwspFApelApsl. A
trend towards reduced IL-1( production was observed when Psl was missing in biofilms while
the opposite was true for IL-23 (Figure 5.6). To conclude, although certain cytokines exhibited
a downwards or an upwards trend as in IL-13 and IL-23 as described above, apart from IL-13
which was biofilms specific, no significant effect of different EPS components on cytokine
production by moDCs was observed (Figure 5.6). Indicating that carbohydrate composition

does not influence cytokine production by moDCs under these experimental conditions.
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Figure 5.6 Analysis of cytokine production by moDCs in response to Psl+/Pel+, Psl+/Pel-,
Psl-/Pel+ biofilms .

(A) Flow chart of experimental methods including biofilm growth for 24 hr and (1.) assessment of
biofilm formation using CV assay as described in (2.3), and (2.) stimulation of moDCs with fixed PA
biofilms for 4 hr as described in (2.15). Supernatants were collected for cytokines analysis using
multiplex assay (IL-1B, IL-6, IL-23, IL-10) and ELISA (TNF-a and MCP-1). (B) Violin plots showings
the level of cytokines released by moDCs stimulated with fixed PA biofilms with different EPS
components. Dashed lines (----) denote median, dotted lines (.....) denote the two quartile lines of
the highest and smallest value and width denote frequency. N=7. Significance analysis was done
using GraphPad Prism 8.3.0 and one-way ANOVA with Tukey’s multiple comparison test. Flow chart

created using Biorender.
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5.4.2.3. Contribution of DC-SIGN, MR and Dectin-2 to the cytokine response of
moDC to PA biofilms

Although previous findings indicate that carbohydrates do not dominate the early cytokine
response of moDCs to PA biofilms, we completed this investigation by assessing the effect of
blocking DC-SIGN, MR and/or Dectin-2 on the cytokine response of moDCs to PA biofilms.
For this, AwspF biofilms were generated on TC 96 well plates for 24 hr, fixed, washed and
kept at 4°C prior addition of moDCs (2.15). The moDCs added were pre-incubated either with
X-Vivo-15 only or at least with one or more of the anti-CLRs blocking antibodies or the
respective isotype control as described in (2.18) for 1 hr at 5% CO2/37 °C. To validate blocking
of CLRs on moDCs, we utilised flow cytometry, two donors out of four were tested. Results
confirmed blocking of MR and DC-SIGN in both donors tested (Figure 5.7) & (Figure 5.8)
respectively. Dectin-2 data is from one donor and indicated no effect of the blocking reagent
as the isotype control showed a similar effect (Figure 5.7). This result confirmed previous
observations (Figure 5.3) regarding the lack of Dectin-2 expression by moDCs. moDCs (DC-
SIGN+, MR+, Dectin-1°" and Dectin-2°"") cells were then incubated with biofilms for 4 hr

when supernatants were collected for cytokine analysis.

Similar to results observed in (Figure 5.5 and Figure 5.6) data demonstrated high level of
variation between different donors. Cytokine values (Figure 5.9) were normalised to show the
fold change. No statistically significant changes could be detected; however, certain cytokines
exhibited a downward or an upward trend when CLRs were blocked but there was a great
deal of inconsistency. Taken together, all results presented earlier (Figure 5.5, Figure 5.6 and
Figure 5.9) suggest that these experimental conditions might not be suitable for testing our

hypothesis.
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Figure 5.7 Confirmation of CLRs blocking using flow cytometry donor 2

moDCs generated from CD14+ monocytes in the presence of (50ng/ml) GM-CSF and IL-4 for 6 days
were pre-incubated either with X-Vivo-15 only or at least with one or more of the anti-CLRs blocking
antibodies (mouse anti-human DC-SIGN Ab (AZN-D1) for DC-SIGN, mouse anti-human MR Ab
(15.2) for MR and mouse anti-hDectin-2-IgG for Dectin-2) or their respective isotype controls as
described in (2.18) for 1 hr, 5% CO2/37 °C. After incubation, moDCs were tested for MR, DC-SIGN,
and Dectin-2 expression by flow cytometry as follows. moDCs were re-suspended in X-Vivo-15
media in a 15 ml Falcon tube at a density of 1 x10° cells/ml, centrifuged and re-suspended in 1 ml of
5% (v/v) human serum in PBA solution, and incubated for 1 hr at 4°C. After washing, the cell density
was adjusted to 100,000 cells/100ul of PBA and cells were incubated with mouse anti-human
monoclonal antibodies or their matched isotype controls: CD206 (MMR)-Allophycocyanin (647),
CD209 (DC-SIGN)-647 or CLEC6A (Dectin-2)-APC for 1 hr at 4°C. Cells were washed and fixed with
0.5% (v/v) PFA and analysed using a FC500 Beckman Coulter flow cytometer; 10,000 events were
collected. Data were analysed using Kaluza Software 1.5a. Data are from 1 independent experiment
and show blocking of the expression of both MR and DC-SIGN.
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Figure 5.8 Confirmation of CLRs blocking using flow cytometry donor 3

Similar to donor 2 presented in (Figure 5.7), following incubation with blocking antibodies. moDCs
were tested for MR and DC-SIGN expression by flow cytometry. Data indicated effective blocking of
both MR and DC-SIGN. Data were analysed using Kaluza Software 1.5a. Data are from 1

independent experiment.
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Figure 5.9 Effect of blocking CLRs on moDCs responses to PA biofilms

(a) Flow chart summarising the assay conditions. moDCs were pre-incubated either with X-Vivo-15
only or at least with one or more of the anti-CLRs blocking antibodies or their respective isotype
controls as described in (2.18) for 1 hr, 5% CO2/37 °C before being added to fixed AwspF biofilms.
Following 4 hr of incubation at 5% C02/37 °C supernatants were collected for analysis. (B) cytokines
were analysed using multiplex assay (IL-1pB, IL-6, IL-23, IL-10) and ELISA (TNF-a, MCP-1 and Gro-
a). Cytokine values were normalised to show the fold change. Data represented using GraphPad

Prism, N=4. Flow chart created using Biorender.
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5.4.3. Cell survival (LDH assay)

To confirm all cytokines assays conducted above were not affected by differential cell death
resulting from necrosis or pyroptosis, the Lactate Dehydrogenase (LDH) assay was performed
as described in (2.17). LDH is a soluble cytoplasmic enzyme found in nearly all cells that is
released into the extracellular space after membrane damage (Burd and Usategui-Gomez,
1973). The assay measures the amount of LDH released in supernatants as a result of
cytotoxicity. Results showed minimal cytotoxicity of all assay performed, some data are not
included as it was done using an expired LDH assay kit, which showed the same LDH levels
under all assays conditions even with positive and negative control. Analysis using a new LDH
kit (11644793001, Roche) in (Figure 5.10), showed neither fixed biofilms or HMW-Ps|-2(-"S-ree)
have a cytotoxic effect on moDCs after 4 hr incubation. These results confirmed also that the

assay condition of using 5 x10° cells in one well were not inducing cell death.
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Figure 5.10 Lactate Dehydrogenase (LDH) assay indicated neither fixed PA biofilms or HMW-
Psl-2(tPS-free) cyes moDCs cell death.

moDCs were either (1) unstimulated (DCs only) or stimulated with (2) fixed PA biofilms (AwspF Apsl),
or (3) fixed PA planktonic cells (AwspFApelApsl) in the presence and absence of different
concentrations of HMW-Psl-2(.PS-ee) - After incubation for 4 hr, 5% CO2/37 °C supernatants were
collected. LDH assay was performed following the manufacturer’s instructions as described in (2.17).
Results showed that neither fixed planktonic cells, biofilms or HMW-Ps|-2(-FS-ee) have a cytotoxic

effect on moDCs after 4 hr incubation. N=at least 3.
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5.4.4. Biofilm carbohydrate interferes with the function of cell-
associated DC-SIGN and MR

The previous work showed that our model to study moDCs-PA biofilm interactions did not
provide any information suggesting an important role for carbohydrates on the interaction of
biofilms with immune cells. In order to determine whether HMW-Psl| could modulate different
characteristics of moDCs, a series of endocytosis experiments were performed by Dr. Sonali
Singh. MR and DC-SIGN are important endocytic receptors expressed by the antigen
presenting cells, moDCs (Garcia-Vallejo and van Kooyk, 2013, Martinez-Pomares, 2012). The
ability of two different HMW-Psl preparations HMW-Psl-1 and HMW-PsI-2 to interfere with
moDCs endocytic activities were evaluated. moDCs internalise fucose-PAA-FITC (model
ligand for MR and DC-SIGN), Lewis*-PAA-FITC (model ligand for DC-SIGN) and, poorly,

galactose-PAA-FITC (not recognised by MR or DC-SIGN).

Presence of HMW-PsI-1 and HMW-PsI-2 (contaminated with LPS) partially inhibits uptake of
Lewis*-PAA-FITC but not that of fucose-PAA-FITC or galactose-PAA-FITC by moDCs (Figure
5.11). These findings were not affected by Polymyxin B (100 pg/ml) (Figure 5.12) suggesting
that these observations are LPS-independent. These results indicate specific ability of HMW-

Psl-1 and HMW-Psl-2 to modulate DC-SIGN-mediated endocytosis in moDCs.
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Figure 5.11 Inhibition of sugar uptake by MR and DC-SIGN expressing cells by HMW-Psl-1 and

HMW-PsI-2.

moDCs (DC-SIGN+, MR+, Dectin-1"°" and Dectin-2'°¥-, Figure 5.3) were treated with HMW-Psl|-1 and
HMW-PsI-2 (10 pg/ml) for 1 hr, then fluorescently labelled sugars were added for a further 1 hr.
Association of fluorescent sugars to cells was measured by flow cytometry. Representative
histograms and scatter plots depicting mean + SEM of MFI are shown. moDCs internalise fucose
(Fuc), Lewis* and galactose (Gal) PAA-FITC polymers but only Lewis* uptake was reduced by HMW-
Psl-1 and HMW-PsI-2, N=4. Repeated-measures ANOVA was performed to determine statistical

significance; *, <0.05. Fuc: fucose; Gal: galactose.
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Figure 5.12 Polymyxin B does not affect HMW-Psl-1 and HMW-Psl-2 mediated inhibition of
Lewis* uptake by moDCs.

moDCs were treated with HMW-Psl-1 or HMW-PsI|-2 (10 ug/ml) for 1 hr in the presence or absence
of Polymyxin B (100 pg/ml, PmB), then fluorescently labelled sugar polymers (5 pg/ml) were added
for a further 1 hr. Association of fluorescent sugars to cells was measured by flow cytometry.
Representative scatter plots depict mean + SEM of median fluorescence intensity (MFI) are shown.

N=3. Fuc, Lewis* and Gal refer to polymers bearing fucose, Lewis* or galactose, respectively.
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5.4.5. The effect of biofilm carbohydrate on morphological

characteristics of human dendritic cells

5.4.5.1. Visualisation of DC-SIGN expression on huDCs; a comparison of two
different anti-DC-SIGN antibodies.

The fact that HMW-Psl modulate DC-SIGN-mediated endocytosis in moDCs encouraged us
to establish a microscopy-based model to determine whether HMW-PsI, could affect other
aspects of moDCs biology. Thus, we investigated whether incubation with biofilms and/or
biofilm-associated carbohydrates could alter DC-SIGN distribution on moDCs. The first step
in this process was to optimise DC-SIGN staining for confocal analysis. To reveal the
localisation of DC-SIGN on moDCs, we employed two different anti-DC-SIGN antibodies
(Figure 5.13 A), (1) mouse anti-human DC-SIGN Ab (AZN-D1), kindly provided by Prof van
Kooyk, VUMC (Bashirova et al., 2001), and (2) rabbit polyclonal anti-DC-SIGN antibody (Rb
pAb) (ab5715, Abcam). After CD14+ cells were differentiated to moDCs for 6 days as
described in (2.9) they were harvested and seeded into y-Slide VI 0.4 TC treated channels (5
x 10° per channel) and incubated for 24 hr at 37 °C, 5% CO prior fixation with 4% PFA
prepared in PBS for 10 min at 4°C. After fixation, cells were either permeabilised and blocked
with 0.25% Triton X-100 in blocking buffer [5% normal donkey serum (NDS) in PBS], or
blocked with blocking buffer in the absence of 0.25% Triton X-100 for 15 min at 4°C. After that,
cells were washed and incubated with AZN-D1 or Rb pAb (10 pg/ml in blocking buffer)
overnight at 4°C. After incubation, secondary antibodies were added prepared in blocking
buffer. To label the nucleus, samples were incubated with DAPI, before being washed and

mounted in Ibidi mounting media (Figure 5.13 B).

Examination of samples using confocal microscopy revealed that DC-SIGN labelling with both
antibodies used was identical (Figure 5.14). Permeabilised cells showed slightly lower cell
surface expression compared with none permeabilised. Furthermore, the DC-SIGN was

mostly detected at the cell surface, which is in agreement with previous findings (Horrevorts
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et al., 2018). However, data showed unexpected DC-SIGN staining in the nucleus, which was

more obvious in permeabilised cells (Figure 5.14).

Since DC-SIGN was never reported in the literature to be expressed in the nucleus, we
questioned the use of PBS buffer in our assay. Thus, to overcome this problem, we tested the
use of a different fixative: PIPES-EGTA-Magnesium (PEM). Fixation with freshly prepared 4%
PFA in PEM [80 mM PIPES pH 6.8, 5 mM EGTA, 2 mM MgCl,] has been recently reported to
be better than PBS in preserving cells characteristics with minimum effect on the cytoskeleton

(Leyton-Puig et al., 2016, Pereira et al., 2019).

Results (Figure 5.15) using the PEM fixation confirmed the previous observation of DC-SIGN
expression associated with the cell membrane. More importantly, there was no sign of DC-
SIGN staining in the nucleus, which indicated that the previous observation might be related
to the use of PBS buffer (Figure 5.15). Overall, these results indicate that DC-SIGN localised
mostly at the cell membrane and highlighted the importance of using of PEM for fixing, staining

and blocking the moDCs to rule out any labelling artefacts.
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Figure 5.13 Visualisation of DC-SIGN on moDCs

(A) Summary of the two anti-DC-SIGN antibodies employed in this study, (1) anti-DC-SIGN mouse
Ab (AZN-D1), kindly provided by Prof van Kooyk, VUMC, and rabbit anti-DC-SIGN antibody (Rb pAb)
(ab5715, Abcam). Both antibodies target the CRD domain of human DC-SIGN. (B) Flow chart

summarizes the process to localise DC-SIGN in moDCs using confocal microscopy. More details of

the process are available in (2.13).
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Figure 5.14 Comparison of moDCs DC-SIGN expression using two different anti-DC-SIGN
antibodies

moDCs (5 x 10° cells per channel) in X-Vivo-15 with IL-4 and GM-CSF (50 ng/ml) were added to
chambers of p-slide VI 0.4 and incubated overnight at 37°C, 5% CO2. Samples were then fixed with
4% PFA prepared in PBS for 10 min at 4°C. Afterward, permeabilised cells (A) were, blocked and
permeabilised with [0.25% triton in 5% NDS] for 15 min at 4°C. For non-permbilised cells (B), cells
were just blocked with the same buffer lacking 0.25% Triton X-100. Next samples were stained for
DC-SIGN with 10 ug/ml of AZN-D1 (green) or Rb pAb (magenta), and nuclei were labelled with 1.5
pg/ml DAPI (blue). Experiment were repeated independently twice; the images shown are

representative of one experiment and showing one slice of z-stack images. Scale bar 10 um.
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Figure 5.15 Optimisation of DC-SIGN staining using PEM buffer

Analysis of DC-SIGN in moDCs using Rb pAb anti-DC-SIGN. (Right panels) Permeabilised cells
blocked with 0.25% Triton X-100 in blocking buffer [5% normal donkey serum (NDS) in PEM] for 20
min at RT. (Left panels) Non-permeabilised cells were incubated with blocking buffer without 0.25%
Triton X-100 for 20 min at RT. Samples were stained for DC-SIGN with 10 ug/ml of Rb pAb and anti-
rabbit secondary antibody (magenta). Nuclei were labelled with 1.5 ug/ml DAPI (blue). Experiment
was repeated independently twice; the images shown are one single slice form one independent

experiment. Insets show secondary antibody only controls. Scale bar 10 um.
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5.4.5.2. Phenotypic changes in moDCs incubated with Psl+/Pel+, Psl+/Pel-, Psl-
/Pel+ biofilms

After we confirmed the localisation of DC-SIGN distribution on moDCs we performed an initial
screening experiment to gain a preliminary data on what would happen to moDCs incubated
with to biofilms with different EPS components. For this, biofilms of AwspF mutant strains with
different EPS components were formed on to p-Slide VI 0.4 TC treated as described in (2.6.4)
for 15 hr. The 15 hr time point was chosen because the AwspF mutant strains if exposed to
1.6 ml/hr shear stress longer than 15 hr form high biomass biofilms that block the p-Slide
channels causing leakage (data not shown). Thus, biofilms generated for 15 hr were fixed,
washed, and incubated with moDCs (5 x 10 cells per channel)for 24 hr. Following incubation,
samples were fixed, permeabilised, and stained for DC-SIGN (PBS fixation) as described in
(2.13). It is important to clarify that at the time this experiment was conducted PEM fixation

had not been evaluated.

Preliminary results (n=1) (Figure 5.16) indicated that moDCs adopt different morphologies
when incubated with different AwspF strains. moDCs cultured with strains that overexpress
Psl (AwspF and AwspFApel) tend to display rounder shapes. On the other hand, the strain
that lacked Psl (AwspFAps/) induced a stretched phenotype in moDCs with numerous
membrane ruffles. Cells incubated with planktonic cells (AwspFApelApsl) were also stretched
and seemed to express less DC-SIGN. Low numbers of moDCs were detected in wells with
strains that overexpress Psl (AwspF and AwspFApel) compared to the strains that lack Psl
(AwspF Apsl and AwspFApelApsl) (Figure 5.16, based on nucleus (DAPI) stain). Overall,
these preliminary observations indicated that presence of Psl in biofilms may induce
phenotypical changes on moDCs that could possibly influence their shape and affect their

attachments.
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Figure 5.16 Visualisation of moDC morphology after incubation with PA biofilms

Biofilms formed by different AwspF mutants in chambers of p-slide VI 0.4 as described in (2.6.4) for
15 hr were fixed with 4% PFA in PBS for 10 min at 4°C. moDCs (5 x 10* cells per channel) were
added and incubated for 24 hr. After incubation, moDCs-biofilm co-cultures were fixed with 4% PFA
in PBS. Samples were blocked and permeabilised with [0.25% Triton X-100 in 5% NDS] in PBS
before stained for DC-SIGN with 10 pg/ml of Rb pAb and anti-rabbit secondary antibody 1:500 (DC-
SIGN, magenta), FM1-43 Fx (membranes day label both bacteria and moDCs, green) and DAPI
(nucleus, blue). Data are representative images from one experiment. Image processed using Fiji.

Scale bar 10 pg/ml. Inlet increased brightness of DAPI channel to show bacteria.
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5.4.5.3. Effect of purified Psl on moDC phenotype

Following on previous findings, we explored the possibility of HMW-Ps|-PSe)  gjtering the
phenotype of human moDCs (DC-SIGN+, MR+, Dectin-1"°" and Dectin-2°"", Figure 5.3). Thus

we examined if moDCs incubated with HMW-Ps|-FSfree)

would also adopt the round
morphology observed earlier with Psl-containing biofilms. Towards this aim we investigated
morphological changes in moDCs and DC-SIGN surface distribution (Figure 5.15) after
incubation on HMW-Psl-coated surfaces as described in (2.13). Both HMW-Psl and HMW-
Ps|(PSee) were tested. moDCs cultured on HMW-PsItPSfe)  for 24 hr display a rounder
morphology, characterised by increased circularity index and reduced perimeter (Figure 5.17),
suggesting changes in the cytoskeleton related to maturation state. These morphological
changes were less apparent when using crude Psl indicating that LPS can partially reverse
this effect. Analysis of DC-SIGN surface expression showed reduced DC-SIGN labelling (Raw
Integrated Density) in cells cultured in the presence of Psl (both HMW-Psl and HMW-Ps|-"S-
free)). When adjusting for cell size (Signal per Unit Area), only the LPS-containing samples
showed reduced surface DC-SIGN labelling (Figure 5.17), which is compatible with a more

classical moDC activation (Relloso et al., 2002). These findings support the ability of biofilm-

associated carbohydrates to influence moDCs function in the absence of LPS.
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Figure 5.17 Changes in unpermeabilised moDCs morphology in the presence of biofilm-associated
carbohydrate, Psl.

HMW-PsI (with and without LPS contamination) diluted in X-Vivo-15 (10 pug/ml) were used to coat
chambers of p-slide VI 0.4 overnight at 4°C. moDCs (5 x 10* cells per channel) were added and
incubated for 24 hr. Samples were then fixed and stained for DC-SIGN with 10 pg/ml of Rb pAb
and anti-rabbit secondary antibody 1:500 (DC-SIGN, magenta), and 1.5 ug/ml DAPI (nucleus,
blue). Top panels show representative images from unpermeabilised samples of one repeat.
Permeabilised samples from the same repeat are shown in (Figure 5.18). Bottom panels show
analysis for changes in shape (Circularity Index), size (Perimeter) and DC-SIGN labelling intensity
(Raw Integrated Density and Signal per Unit Area). Data derive from 3 independent experiments,
20 cells per experiment were analysed. Statistical significance assessed using Kruskal-Wallis test

corrected for multiple comparison using a Dunn’s multiple comparison test.
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Figure 5.18 Specific detection of DC-SIGN in permeabilised moDCs in the presence and absence of

Psl.
Psl (with and without LPS contamination) diluted in X-Vivo-15 (10 ug/ml) was used to coat chambers

of y-slide VI 0.4 flow slides for 24 h. moDCs (5 x 10* cells per channel) were added and incubated
for 24 hr. Samples were then fixed before blocked and permeabilised with 0.25% Triton X-100 in
blocking buffer [5% normal donkey serum (NDS) in PEM] for 20 min at RT. Permeabilised samples
were then stained for DC-SIGN with 10 ug/ml of Rb pAb and anti-rabbit secondary antibody 1:500
(DC-SIGN, magenta), and 1.5 ug/ml DAPI (nucleus, blue). Insets in show labelling with secondary

antibody only of permeabilised samples. Image processed using Fiji. Size bars: 10 ym.
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5.5.

Summary

To summarize data presented in this chapter:

Flow cytometry analysis indicated high expression of DC-SIGN and MR by moDCs
(Figure 5.3).

Biofilm-moDC co-culture studies in the presence and absence of Psl show high
variability in cytokine production, and suggest either a minor role for carbohydrates in
dictating the early responses of moDCs to biofilms, or the model used is not the right
approach to study this interaction (Figure 5.5, Figure 5.6 and Figure 5.9).

Confocal analysis of DC-SIGN on cells incubated with Psl-containing biofilms or HMW-
Psl-2(-PSfee) revealed rounded cells morphology (Figure 5.16, Figure 5.17 and Figure
5.18). These results agree with specific ability of two HMW-Ps| preparations to

modulate DC-SIGN-mediated endocytosis in moDCs (Figure 5.11 and Figure 5.12).
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5.6. Discussion

Our data in (Chapter 4, section 4.1.7 and 4.5) showed that the CTLD4-7 region of MR, the
extracellular domain of DC-SIGN and CRD domain of Dectin-2 recognise PA biofilms and
purified EPS carbohydrate. In this chapter, we have utilised moDCs (DC-SIGN+, MR+, Dectin-
1°% and Dectin-2°"", Figure 5.3) to study the effect of CLRs engagement in the immune
recognition of PA biofilms and Psl. This is, to our knowledge, the first attempt to utilise human
DCs expressing DC-SIGN and MR to investigate the engagement of CLRs through EPS
recognition. We hypothesised such engagements would provide an advantage to the bacteria
by modulating the immune cells towards a regulatory phenotype, hence facilitating the

establishment of chronic infection.

Biofilms are critical players in bacterial pathogenesis. Several reports indicated an immune-
modulatory effect of PA biofiims (Jones and Wozniak, 2017, Mulcahy et al., 2014,
Rasamiravaka et al., 2015). MR and DC-SIGN are known as promotors of immune regulatory
responses intended to mitigate inflammatory harm and MR and/or DC-SIGN binding is
regarded as mechanisms of immune evasion during infection (Garcia-Vallejo and van Kooyk,
2013, Martinez-Pomares, 2012). Based on the fact that biofilms are generally linked to chronic
disease, it is possible to speculate that a biofilm mode of growth will offset immune attacks
after early infections started by planktonic cells while tuning immunity to non-resolving,

ineffective immunity as shown earlier in (Figure 5.1).

Our strategy in this chapter was to use human myeloid cells that express all CLRs being
investigated to determine their response to PA biofilms or purified Psl. Using human moDCs
(DC-SIGN+, MR+, Dectin-1"°", Dectin-2°"", Figure 5.3), we have shown that (i) Biofilm-moDC

2(-PS-ree) show high variability in

co-culture studies in the presence and absence of HMW-Ps|-
cytokine production and suggest either a minor role for carbohydrates in dictating the early
responses of moDCs to biofilms or the model used is not the right approach to study this

interaction (Figure 5.5, Figure 5.6 and Figure 5.9). More importantly, we have shown (ii)
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specific ability of HMW-Psl-1 and HMW-PsI-2 to modulate DC-SIGN-mediated endocytosis in
moDCs (Figure 5.11Figure 5.12), and (iii) confocal analysis of DC-SIGN on cells incubated
with Psl-containing biofilms or HMW-Psl-2(-PS¢) revealed that cells adopt a rounded

morphology (Figure 5.16, Figure 5.17 andFigure 5.18).

5.6.1.  moDCs express high level of DC-SIGN and MR but not Dectin-
2.

Taking advantage of novel RNAseq data set produced in the lab by Dr Sirina Muntaka
(unpublished), we explored the expression of several CLRs at the transcriptional level in
human monocyte-derived macrophages (5.4.1.1). M-CSF is a key inducer of macrophage
differentiation (Hamilton, 2008); it is constitutively expressed under steady-state conditions
leading to resident M2-like macrophages, while GM-CSF is enhanced during inflammation and

promotes pro-inflammatory M1-like macrophages (Hamilton, 2008).

For the RNAseq study, CD14+ monocytes were differentiated into macrophages using M-CSF
(Martinez and Gordon, 2014). Data indicate that in M-CSF-Macrophages highest expression
was observed for MR followed by DC-SIGN and Dectin-1, respectively (Figure 5.2). This result
agrees with studies showing that DC-SIGN expression is not restricted to human dendritic
cells (Soilleux et al., 2002, Dominguez-Soto et al., 2011, Garcia-Vallejo and van Kooyk, 2013).
However, levels of Dectin-2 transcripts were very low, consistent with previous observations
(Miura et al., 2019, Taylor et al., 2005b). Although macrophages treated with LPS exhibited
higher Dectin-2 compared to untreated consistent with previous research (Miura et al., 2019,
Taylor et al., 2005b), levels of Dectin-2 were still very low indicating a major limitation that

prevented the use of macrophages in this study (Figure 5.2).

As DC-SIGN expression has been described in DCs (Garcia-Vallejo and van Kooyk, 2013),
we explored the expression of these CLRs on moDCs a well-known antigen-presenting cells
(Rossi and Young, 2005). Culturing of mouse bone marrow cells with the cytokine GM-CSF

is widely used to generate mouse bone marrow DCs in large numbers (Inaba et al., 1992,
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Steinman and Inaba, 1999, van de Laar et al., 2012, Zhan et al., 2012a, Zhan et al., 2012b).
In humans, the differentiation of moDCs was found to be dependent on IL-4 (Romani et al.,
1996, Sallusto and Lanzavecchia, 1994, Bender et al., 1996). A strong relationship between
IL-4 and both DC-SIGN and MR expression has been reported in the literature. It was indicated
that IL-4 primarily induces DC-SIGN expression during the monocyte-DC differentiation
pathway and GM-CSF cooperates with IL-4 to up-regulate DC-SIGN expression during
moDCs differentiation (Relloso et al., 2002). Additionally, it was reported that interleukin IL-4
up-regulated MR surface expression (Stein et al., 1992). The RNAseq results are in agreement
with these observations as both MR and DC-SIGN transcripts are upregulated by IL-4 (Figure

5.2).

In our study, we generated moDCs after culturing human CD14+ monocyte for 6 days in RPMI
media containing IL-4 and GM-CSF as described in (2.9). While the addition of GM-CSF with
IL-4 has shown to induce the expression of DC-SIGN and MR, the addition of these two
cytokines did not promote Dectin-2 expression. Flow cytometry analysis (Figure 5.3 A)
indicated that moDCs are best suited to investigate the contribution of MR and DC-SIGN to
biofilm recognition, but would not be efficient for investigating Dectin-2 contribution. Our data
(Figure 5.3 A) showed relatively low expression of Dectin-2 on moDCs, which is consistent
with a previous observation (Carter et al., 2006). It seems possible that these results are due

to the downregulation effect of IL-4 on Dectin-2 expression on moDCs (Gavino et al., 2005).

Although it was reported that IL-4 and GM-CSF would stimulate the expression of Dectin-1
(Willment et al., 2003), similar to Dectin-2 our data showed low expression of Dectin-1 in
moDCs (Figure 5.3 A). These data must be interpreted with caution as the expression of both
Dectin-1 and Dectin-2 were relatively low; therefore, there is a need for data validation with

known positive controls of both lectins.

Since our data suggest that neither human monocyte-derived macrophages or DCs would not

be suitable to establish Dectin-2 contribution to biofilm recognition, to develop a full picture of
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Dectin-2 function in recognition of PA biofilms, future research should include the use of
different primary cells with high expression of this receptor. For example, possible human cell
types include monocytes and neutrophils as it was indicated to express Dectin-2 (McDonald
et al., 2012). Additionally, as mentioned in the main introduction and chapter 4 introduction,
mouse models might offer a good tool to explore the contrition of Dectin-2 in PA biofilms
recognition. Further general recommendations for future research using mouse models is

covered in (5.6.4.2).

5.6.2. Biofilm-moDC co-cultures in the presence and absence of Psl

show high variability in cytokine production.

As stated in the introduction, biofilms are defined as bacterial cells enclosed in extracellular
polymeric substances (EPS) which consist of proteins, nucleic acids and carbohydrates
(Colvin et al., 2012, Irie et al., 2012). The three main carbohydrates produced by PA are Psl,
Pel and alginate, with Psl and Pel playing a key role in biofilm structure in a strain-dependent
manner (Colvin et al., 2012, Irie et al., 2012, Franklin et al., 2011). While the structure of Pel
known to be largely composed of N-acetyl-galactosamine and N-acetyl-glucosamine

(Jennings et al., 2015) Psl is described as mannose-rich exopolysaccharide (Byrd et al., 2009).

One of the keys aims of our lab MRC-funded project to study CLRs-PA biofilm interaction was
to extract and purify the mannose-rich Psl from PA biofilms. Dr. Sonali Singh efforts in our lab
resulted in the production of several Psl preparations from AwspFApel biofilms which lack Pel
and overexpress Psl (4.1.7). Based on protein standards, Psl preparations were divided into
high (>45 kDa, HMW-Psl) and low molecular weight (<45 kDa, LMW-Psl) (Figure 4.5). This is
consistent with a previous study indicating the presence of both LMW-Psl and HMW-PsI (Byrd
et al.,, 2009). As stated earlier, due to the high level of unknown impurities in LMW-Psl|
compared to HMW-Ps| detected by "H-NMR analysis (data not shown), we only utilised HMW-

Psl preparations in this study. '"H-NMR spectra of two HMW-Ps| preparation indicates high
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level of similarity and shows that mannose, is the major monomer present and accounts for

74.9%-87.2% of the hydrolysed carbohydrates monomer compositions in moles (Figure 4.6).

Silver staining of both HMW-Ps| preparations highlighted large LPS contamination (Figure 5.4
A) (Singh et al., 2020). Since LPS is known as a potent cellular activator as mentioned in
(1.3.4), there was a critical need to remove LPS from HMW-Ps| preparation prior assessment
of cellular responses. LPS removal from HMW-Ps| was achieved and confirmed using SDS-
PAGE (Figure 5.4 B) as a result of significant efforts placed by our lab members (Dr. Sonali,
Singh and Darryl Jackson), ELISA binding assays indicated that HMW-Ps|-P$¢) retained the
ability to bind DC-SIGN and MR-CTLD4-7 (Figure 5.4 C). With this information in hand, we
moved to assess the interaction between DC-SIGN and MR and HMW-Ps|-PSf®) on the

cellular level.

5.6.2.1. Different experiments performed to assess cytokine release.

The analysis presented in (Figure 5.3) confirms that DC-SIGN and MR are highly expressed
in all moDCs tested, although there was a donor to donor variability. As stated above, a series
of different experiments were performed to assess cytokine profiles (5.4.2). We quantified IL-
18, IL-23, IL-6, IL-10, MCP-1, Gro-a and TNF-a) in supernatants collected following 4 hr

incubation.

Both DC-SIGN and MR binding were reported in the literature not directly to lead to the
induction of immune responses; instead, the engagement of these receptors was reported to
modulate signalling induced by other PRRs such as TLRs significantly. Contrary to
expectations based on the strong binding of MR and DC-SIGN to HMW-Ps|-"$¢) which was
confirmed by several methods (ELISA, Figure 5.4 C and BLI, Figure 4.13 B), results indicated
that HMW-Ps|-PS$f®) in jsolation did not induce cytokine production by moDCs nor modified
the response of moDCs to purified E. coli LPS (data not shown). These findings raise
LPS-free)

intriguing questions about the nature of DC-SIGN and MR interaction with HMW-Ps|'

and the possibility of such interaction requiring the presence of other ligands within the PA
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biofilms or on planktonic cells to trigger a modulatory effect. However, the addition of different
concentration of HMW-Ps|-P$fe®) to PA biofilms formed by Psl-deficient strain or Psl-, Pel-

deficient planktonic cells did not alter moDCs response (Figure 5.5).

ManLAM is a known ligand for both MR and DC-SIGN (Geijtenbeek et al., 2002, Kang et al.,
2005). Riviere et al. (2004) have reported that the modulatory effect resulted from the
engagement of both MR or DC-SIGN is only achieved by ManLAM clusters and not by
monomers ManLAM (Riviére et al., 2004). Therefore, to rule out the possibility that the
structure of our purified HMW-Ps|-"S¢® does not resemble that of Psl within PA biofiims, we
exposed moDCs to PA biofims formed by wspF mutant strains with different EPS
components. Data showed no evidence that the presence of Psl influenced moDCs cytokine
response to biofilms (Figure 5.6). Taken together, these results suggest that there is either no
role for Psl on the modulation of moDCs responses or the models implemented in this study

are too limited.

DC-SIGN induces signalling events that modulate TLR responses (Horrevorts et al., 2018). In
the last attempt to use this model, we evaluated the effect of blocking DC-SIGN and/or MR
well alter moDCs response to PA biofilms. Flowcytometry analysis validated the blocking
capability of both anti-DC-SIGN (AZD-1), and anti-MR (15-2) used (Figure 5.7Figure 5.8).
Similar to data observed with the earlier two assays, there was no clear effect of blocking
either DC-SIGN, MR or/and Dectin-2 on the response of moDCs to PA biofilms (Figure 5.9).
LPS-free)

Thus far, the most obvious findings to emerge from using this model is that HMW-Ps|(

does not stimulate cytokines production of moDCs (Figure 5.5).

While we were conducting the experiments discussed above, Dr. Sonali Singh was carrying
another set of tests aimed to determine whether HMW-PsI could affect different characteristics
of moDCs. As stated in the literature, both MR and DC-SIGN are considered important
endocytic receptors expressed by the antigen-presenting cells (Garcia-Vallejo and van Kooyk,

2013, Martinez-Pomares, 2012). Thus, the ability of two different HMW-Psl preparations
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HMW-PsI-1 and HMW-PsI-2 to interfere with moDCs endocytic activities were evaluated.
Presence of HMW-Psl-1 and HMW-PsI-2 (contaminated with LPS) partially inhibits the uptake
of Lewisx-PAA-FITC (Figure 5.11) with no effect resulted from Polymyxin B (Figure 5.12)
indicating specific ability of HMW-Psl to modulate DC-SIGN-mediated endocytosis in moDCs
independent of LPS. These results triggered the establishment of the microscopy model to

study moDCs- HMW-Psl interaction.

5.6.2.2. Rounded cells morphology when moDCs incubated with Psl-containing
biofilms or purified HMW-Psl|.

CLRs expressed by DCs facilitate pathogen internalisation and subcellular trafficking to
endosomal compartment (Yamasaki, 2016). In particular, it has been well established in the
literature that the interaction of DC-SIGN with mannose-rich ligands triggers internalisation
(Engering et al., 2002). For example, it was reported that DC-SIGN binding to HIV-1 gp120
leads to internalisation and cytoskeleton remodelling that mediate subsequent transmission of
HIV-1 to T cells (Smith et al., 2007, Moris et al., 2006). As our purified HMW-Ps| showed
capability to modulate DC-SIGN-mediated endocytosis in moDCs independent of LPS, we
examined if HMW-Ps|-"$®) could modulate other aspects of moDCs biology. Towards this

aim, we first localised and optimised DC-SIGN staining.

Previous studies evaluated DC-SIGN expression on moDCs observed exclusive receptor
expression at the extracellular membrane (Horrevorts et al., 2018, Cambi et al., 2004). In this
research, we utilised anti-DC-SIGN mouse Ab (AZN-D1), kindly provided by Prof van Kooyk,
VUMC, and rabbit polyclonal anti-DC-SIGN antibody (Rb pAb), both antibodies target the CRD
domain of DC-SIGN. AZN-D1 is widely used in the literature to target and block DC-SIGN
(Tacken et al.,, 2011, Geijtenbeek et al., 2000a) while only one previous study used the
commercially available rabbit polyclonal anti-DC-SIGN antibody (Rb pAb) (Moutsopoulos et

al., 2014).
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Examination of samples using confocal microscopy revealed that DC-SIGN labelling with both
antibodies used was identical (Figure 5.14), confirming that both target the same receptor. In
agreement with earlier findings, our data revealed that the DC-SIGN was mostly detected at
the cell surface (Horrevorts et al., 2018, Cambi et al., 2004). However, initial experiments
demonstrated unexpected DC-SIGN staining in the nucleus (Figure 5.14), which was more
obvious in permeabilised cells. Since DC-SIGN was never reported in the literature to be
expressed in the nucleus, this finding raises an intriguing question regarding the use of PBS

buffer in our assay to fix the cells prior staining for DC-SIGN.

PFA crosslinks the amino groups without modifying the tertiary protein structure, thus keeping
epitopes in place for the detection by antibodies (Fujiwara, 1980, Robinson and Snyder, 2004).
Proper PFA sample fixation was reported to be critical in microscopic analysis and play a
crucial role in the introduction of artefacts (Pereira et al., 2019). Ideal fixation was shown to
be important not only in preserving the structural properties of the cells but also minimising
photobleaching that might result from using different fluorochromes for labelling (Endesfelder
and Heilemann, 2014, Ha and Tinnefeld, 2012, van de Linde et al., 2010). Recent studies
suggested that PFA fixation demonstrates better ability to preserve the architecture of the actin
cytoskeleton and to facilitate the localization of various membrane-associated protein when it

is dissolved in PEM compared to PBS (Leyton-Puig et al., 2016, Pereira et al., 2019).

In this study, we tested the effect of fixation with freshly prepared 4% PFA in PEM; results
confirmed the previous observation of DC-SIGN expression associated with the cell
membrane (Figure 5.15). More importantly, this time, there was no sign of DC-SIGN staining
in the nucleus, which indicated that the previous observation highly likely related to the use of
PBS buffer. To conclude, results of this investigation show that (1) DC-SIGN expression
associated on the membrane of moDCs (Figure 5.14 and Figure 5.15), (2) both anti-DC-SIGN
antibodies used showed identical staining for DC-SIGN, confirming that both target the same
location, thus they can be used in further analysis (Figure 5.14), (3) artefact of nuclear staining

of DC-SIGN was resolved by the using of PEM (Figure 5.15).
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Previous studies evaluating the morphological characteristics of moDCs reported a significant
increase in size, irregular shape and multiple dendritic projections, including podosomes,
invadopodia and circular dorsal ruffles, following six days of culture in the presence of GM-
SCF and IL-4 (Tang et al., 2005, Nguyen et al., 2015, McRae et al., 2000). Importantly, the
irregular shape membrane structures, podosomes, are involved in many cellular activities. In
addition to their role in attachment, podosomes allow DCs to migrate through the extracellular
matrix and control the cells actin arrangement through complex mechanisms (Linder and

Aepfelbacher, 2003, Buccione et al., 2004).

Preliminary results indicated that moDCs (DC-SIGN+, MR+, Dectin-1"°", Dectin-2°"", Figure
5.3) adopt rounded morphologies when incubated with biofiims formed by strains that
overexpress Psl (AwspF, AwspFApel) (Figure 5.16). Swetman Andersen et al. (2006) reported
that DCs with rounded morphology have reduced adherence ability. In this preliminary assay
(5.4.5.2), even though the same number of cells were added in all conditions, lower number
of moDCs was noticed in wells containing Psl overexpressing strains (AwspF, AwspFApel)
(Figure 5.16). These results would seem to suggest that the rounded morphology observed in
moDCs incubated with Psl* biofilms could interfere with moDCs adhesion ability. Similar to the
rounded cells observed with Psl* biofilms, moDCs cultured with HMW-PsI-PSfee) for 24 hr
displayed a rounder morphology (Figure 5.17 and Figure 5.18), characterised by increased
circularity index and reduced perimeter (Figure 5.17), suggesting changes in the cytoskeleton

related to maturation state.

These morphological changes were less apparent when using HMW-Psl| contaminated with
LPS indicating that LPS can moderately reverse this effect (Figure 5.17 and Figure 5.18).
Analysis of DC-SIGN surface expression showed reduced DC-SIGN labelling (Raw Integrated
Density, Figure 5.17) in cells cultured in the presence of HMW-Psl (both with LPS or LPS-free
preparations). When adjusting for cell size (Signal per Unit Area, Figure 5.17), only the LPS-
containing samples showed reduced surface DC-SIGN labelling which is compatible with a

more classical moDCs activation (Relloso et al., 2002) and recent published data which
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showed reduction of DC-SIGN on moDCs following stimulation with LPS (Horrevorts et al.,
2018). These findings support the possible ability of HMW-PsI to influence moDCs function in
the absence or the presence of LPS, though the later need to be validated with LPS only

control.

Podosomes contain proteins involved in adhesion and actin-regulating, including integrins,
kinases, and GTPases (Murphy and Courtneidge, 2011, Foxall et al., 2016, Di Martino et al.,
2016). DC-SIGN stimulation with antibody or HIV, a known DC-SIGN ligand, led to increased
GTPase activity (Hodges et al., 2007). Once activated, GTPases are known to bind a variety
of effectors and some actin-binding proteins that directly or indirectly affect the local assembly
or disassembly of filamentous (F)-actin (Sit and Manser, 2011). Earlier studies report that PA
activates GTPase in lung endothelial, epithelial and macrophages cells (Kazmierczak and
Engel, 2002, Ganter et al., 2009). Interestingly although this activation is through the type
three secretion protein ExoT, it induces morphological changes in macrophages similar to
those observed in this study (cell rounding and detachment, Figure 5.16 and Figure 5.17)
(Kazmierczak and Engel, 2002). Additionally, a previous study reported a rounded morphology
in neutrophils incubated with PA biofilms which resulted in reduced neutrophil phagocytic

ability (Jesaitis et al., 2003).

Immuno-gold labelling for various PRRs on moDCs confirmed localisation of PRRS such as
DC-SIGN, MR, Dectin-1 and DCIR on moDCs podosomes with 3-fold (DC-SIGN) and 9-fold
(MR) enrichment on podosome compared to other part of cell membrane (Baranov et al.,
2014). It was reported that absence of podosomes, reduced 10 fold the DCs uptake ability
(Gawden-Bone et al., 2010). Additionally, there are similarities between the moDCs’
morphology caused by Psl in this study and those described by (Swetman Andersen et al.,
2006). The study showed that DCs blocked with antibodies against CD209 adopted rounded
morphology. Furthermore, cells treated with cytoskeleton inhibitor cytochalasin B and
colchicine adopted a rounded shape as well (Swetman Andersen et al., 2006). Taken together,

these studies support the notion that rounded cellular morphology might result from Psl binding
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to DC-SIGN. The rounded cell morphology also was found to reduce the endocytic uptake by
DCs through DC-SIGN significantly (Swetman Andersen et al., 2006); thus, it might be an

evading mechanism of bacteria.

In summary, moDCs incubated with HMW-Ps|-"$F¢) gdopted rounded morphology (Figure
5.17), suggesting that Psl capability to interfere with moDCs activity, possibly through

modulation of cytoskeleton.

5.6.3. The possible adverse impact of bacterial fixation and donor

variability on the cytokines results.

LPS-Free) does not stimulate

The clearest findings to emerge from this chapter is that HMW-Psl¢
cytokines production of moDCs. However, the presence of HMW-PsI-"SF€) glters moDCs in
two ways (1) stops Lewis* uptake (Figure 5.11) and (2) induces a round morphology (Figure
5.17). Analysis of moDCs cytokines responses during different stimulation with PA biofilms
and/or HMW-Ps|-PS$F®) did not show any modulatory effect (5.4.2). Hence, the question was,
how can we observe an effect of HMW-Psl on Lewis* uptake and the changes in morphology
that does not translate into changes in cytokines release?. These results might indicate that
the strategy followed in this chapter to study moDCs activation is not effective when studying

the dynamics of moDCs interactions with PA biofilms and/or EPS components. This could be

due to (1) biofilms were not fixed properly and/or (2) donors’ variability.

Fixation techniques could be categorized into two types: additive and denaturing fixatives (St-
Laurent et al., 2006). Additive fixatives (also known as cross-linking solutions) which include
formaldehyde and paraformaldehyde, work by forming covalent bonds between proteins
(Dapson, 2007). This approach largely maintains and preserve the proteins structures (Meade
et al., 2010). On the other hand, denaturing fixatives such as methanol and ethanol, act by
reducing protein solubility and/or interfering with hydrophobic association, thereby altering and

denaturing protein structures and inactivating enzymes (St-Laurent et al., 2006). An issue that
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was not addressed in this study was whether the fixation implemented in this study using 4%

PFA for 10 min is enough for the full fixation of bacterial cells within biofilms.

Previous research comparing the effect of different fixation methods on the EPS found that
fixation with 4% PFA highly preserves the bacterial EPS whereas glutaraldehyde or ethanol
significantly removed the EPS (Chao and Zhang, 2011). One study explored the impact of
fixating PA biofilms with 4% PFA found that Psl epitopes on PA biofilms are conserved
indicating no effect of fixation on Psl within biofiims (Ray et al., 2017). All this information

support the use of our fixation approach.

However, our fixation technique might not be effective in stopping the bacterial growth, and
that may be mirrored in the high cytokines variability. The reason could be due to the fact that
biofilm matrix is composed of 97% water (Zhang et al., 1998). The amount of water retained
within PA biofilms is not fully studied but expected to be very high (Mann and Wozniak, 2012).
It was speculated that this large amount of water might possibly disturb fixation process,
leading to large variability between experiments when compared to other biofilms forming

organisms such as S. aureus and C.albicans (Peeters et al., 2008).

Throughout this research, we endeavoured to apply identical procedures of growing, handling
and fixing all the biofilms developed in 96-wells plates before the addition of moDCs in all
assays. Consequently, different biofilms biomass which might contain different quantity of
water might respond differently to the fixative added. Thus, the concentration of the added
fixation might not be as anticipated as it might be diluted by the amount of water already
present within the biofilms (Mann and Wozniak, 2012). Additionally, researchers reported that
biofilms formed by PA showed a high degree of variability not only between each experiment

but also between neighboured wells (Kragh et al., 2019).

In literature, biofilms are referred to as a defensive structure protecting the bacteria from
antibiotics; in this state, bacteria within biofilms might be resistant to the fixation when

compared to their planktonic counterparts. Our data showed IL-1(3 levels were significantly
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higher when moDCs were exposed to biofilms forming strains compared to low/no biofilm
strains with no influence of different EPS components on IL-1B release (Figure 5.6). LDH
analysis of the supernatants collected showed that moDCs incubated with PA biofilms induced
similar LDH levels to untreated samples, indicating IL-1B release is not due to cell death
(Figure 5.10). It might appear like IL-1[3 release is biofilms specific, but it is highly anticipated
that what we are observing is not biofilm-related but rather, related to the presence of live
bacteria. PhD student Kelly Lee successfully recovered live bacteria from PA biofilms fixed

with 4% PFA for 30 min, which suggested that our fixation approach was not efficient.

Unfixed bacteria might continue quorum sensing (QS) signalling. Several researchers have
demonstrated that QS signals, when administered in vitro, can modulate the production of
proinflammatory cytokines by macrophages (Glucksam-Galnoy et al., 2013). Moreover, as
bacteria continue to grow, it will eventually increase the number of ligands associated with IL-
1B release in PA infection such as T3SS or flagellin (Miao et al., 2008, Sutterwala et al., 2007,
Miao et al., 2010, Faure et al., 2014). Therefore, we believe that the presence of live bacteria
might be played a role in the high variability noticed in our cytokines data as fixation of bacteria

cells for 10 min with 4% PFA was not effective in stopping the bacterial growth.

Another uncontrolled factor that might have influenced the results in our model is the work with
primary human cells, which could introduce a high degree of biological variance (Li et al.,
2016). This issue is a significant challenge for researchers. In our case, DCs are found in very
low number in the blood. Thus, it is challenging to work with directly isolated DCs from blood
(Plantinga et al., 2015). Alternatively, scientists have been culturing monocytes with GM-CSF
and IL-4 to generate moDCs in large numbers as a tool to study DCs functions in vitro (Romani
et al., 1996, Sallusto and Lanzavecchia, 1994, Bender et al., 1996, Inaba et al., 1992,

Steinman and Inaba, 1999, van de Laar et al., 2012, Zhan et al., 2012a, Zhan et al., 2012b).

Primary human cells derived from different donors can behave differently in culture conditions

depending on various factors, including genetics and age of individuals from whom that buffy
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coat or tissue was derived (Li et al., 2016). In the case of infection, studies have shown that
different donors might respond differently to bacteria and fungi due to genetic variations. For
example, measurement of seven different cytokines after stimulation of PBMCs from 71
healthy donors with 10 different bacterial and fungal stimuli revealed inter-individual variability
(P < 0.01) in cytokine secretion following stimulation (Li et al., 2016). Additionally, (Mummidi
et al., 2001) reported significant donor variability of DC-SIGN expression in DCs, which might
affect the interpretation of data when studying DC-SIGN-pathogen interactions and their
influence on cytokines levels. In this chapter, we recognised a little to medium degree of
variability in the expression of DC-SIGN and MR among donors tested, which in addition to

the issue of bacterial fixation, add to the variability observed in cytokines.

In summary, it has been shown from this section that insufficient biofilms fixation and donor
variability might have affected the cytokines data generated. Therefore, what is now needed
is a full controlled model to study CLRs and PA biofilms interaction. The next section will
introduce recommend adjustments on the current models and alternative models that could

be used to follow up this study.

5.6.4. Recommended adjustments on the current models and an

alternative mouse model that could be used to follow up this research

56.4.1. Revised model

Recognition of pathogen structures by TLRs induces signalling from either MyD88 or TRIF
adaptor proteins leading to the activation of NF-kB and other transcript factors which influence
the immune response (Fitzgerald and Kagan, 2020). Signals emerging from CLRs, including
DC-SIGN, modulate TLR response (Geijtenbeek et al., 2002). A strong association was
reported between DC-SIGN-mediated Raf-1 activation in response to several mannose-
expressing pathogens, including M. tuberculosis and HIV-1, and the modulation of TLR
immune responses (Gringhuis et al., 2007). DC-SIGN activation of RaF-1 in response to

mannose structures was shown to modulate TLR-4 signalling by augmenting the expression
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of IL-10, IL-12 and IL-6 (Gringhuis et al., 2007). In our model, in the context of cytokines
analysis, we did not observe any modulatory effect of Pslon moDCs (DC-SIGN+, MR+, Dectin-
1% Dectin-2'°"", Figure 5.3) in any of the assays conducted (Figure 5.5, Figure 5.6 or Figure
5.9) Implementation of further controlled measures on bacterial fixation and donors variability
could minimize the variability and improve the quality of the data generated using the current
system. This could include both (1) the use of effective fixation technique and stratification of

the donors based on DC-SIGN and MR expression profiles.

In regard to fixation, as stated above, current work in our lab is undergoing to evaluate different
fixation approaches. The use of 4% PFA was reported to highly preserve the bacterial EPS
compared with other fixatives (Chao and Zhang, 2011). More importantly, it conserved Psl
epitopes on PA biofilms (Ray et al., 2017). All this information indicating our fixation approach
was not altering the EPS composition as we aimed. However, with the fact that PA biofilms
contain large amount of water (Mann and Wozniak, 2012) that could interfere with fixation
process (Peeters et al., 2008); it could be recommended to use different PFA concentrations
and time of incubation to reach the optimum condition that stops the bacterial growth and

negligibly affect the EPS components. Inclusion of UV inactivation is currently being explored.

To reduce donor variability, moDCs generated from different donors could be divided into
different groups. For example, after stimulation of moDCs with Psl, PA-biofilms and/or LPS,
based on the cytokines profiles, individuals could be grouped to either a high or low
responders. In support of this suggestion, measurement of seven different cytokines after
stimulation of PBMCs from 71 healthy donors with 10 different bacterial and fungal stimuli
reviled inter-individual variability (P < 0.01) in cytokine secretion following stimulation (Li et al.,
2016). The same study also found that one particular individual could be a high responder in
terms of one set of cytokines, but a low responder for other cytokines (Li et al., 2016). In
general, based on these natural variations, it seems not possible to claim that the response of
an individual to certain stimuli is similar to all other donors. Hence, grouping of donors based

on high and low responders is highly recommended.
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56.4.2. The use of mouse models

The physiological role of several CLRs has been well studied utilizing the targeted deletion of
their homologs in mice (Yamasaki, 2016). However, with the absence of DC-SIGN homologs
in mice and to address the functional role of human DC-SIGN in response to PA biofilms or
Psl under in vivo condition, researchers applied the use of DC-SIGN transgenic mice as
solution (Garcia-Vallejo and van Kooyk, 2013). However, mouse cells express other lectins
such as DCIR which also binds high mannose structures (Yamasaki, 2016). Co-stimulation
of CLRs was found to affect the internalisation of high mannose ligands. Particularly, DC-SIGN
internalisation and antigen presentation to T-Cells was reduced when DCIR was triggered
simultaneously (Garcia-Vallejo et al., 2015). In our study, we found a ligand within the PA
biofilms that bind three CLRs, MR, DC-SIGN and Dectin-2, it is possible that DCIR could also
be involved in biofilm recognition. Current available models using only one CLRs knockout
might provide a preliminary indication of the role of that CLR in PA EPS recognition, however,
such model might miss the effect of the costimulation of other CLR which might have an impact
on the data generated with that model. To fully understand the role of CLRs in PA infection,

the need for a comprehensive mouse model that allows the study of multiple CLRs is essential.

5.6.5. Concluding remarks

Several questions remain to be answered, one of which is whether incubation of DCs
stimulated with Psl with or with LPS would influence the differentiation of naive T-cell. Future
work could focus on this area. Also, recognition of pathogen structures by TLR induce
signalling from either MyD88 or TRIF adaptor proteins leading to the activation of NF-kB and
other transcript factors which influence the immune responses (Fitzgerald and Kagan, 2020).
Signals emerging from CLRs, including DC-SIGN, modulate TLR responses. A strong
relationship was reported between DC-SIGN Raf-1 activation and the modulation of TLR
signalling. DC-SIGN activation of Raf-1 in response to mannose structure was shown to

modulate TLR-4 signalling by augmenting the expression of IL-10, IL-12 and IL-6 (Gringhuis
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et al., 2007). Work will need to be done to determine whether Psl with or without LPS, induce

Raf-1 activation.

Despite its limitations, this study certainly adds to our understanding of the interaction between
biofilm-associated carbohydrates and CLRs and opens the possibility for these receptors to

contribute to the establishment of chronic infections.
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Chapter 6. Analysis of biofilm-human neutrophils

interactions

6.1. Introduction

Different types of cells participate in the immune response to PA, including epithelial cells,
neutrophils, macrophages, lymphocytes and DCs (Gellatly and Hancock, 2013). Neutrophils,
however, are regarded as the most important cells in the defence against PA infection
(Williams et al., 2010) and their contribution to PA clearance is considered more important
than that of other cells, particularly during acute infection (Qjielo et al., 2003). For example,
neutrophil-depleted mice were much more susceptible to PA infection even when very small
bacterial numbers were used (Koh et al., 2009). Depletion of neutrophils in mice results in
higher mortality during PA-induced pneumonia (Tsai et al., 2000). However, there is evidence
of PA overcoming neutrophil-mediated killing in vitro and reports of PA utilising neutrophil-

released DNA for biofilms formation (Walker et al., 2005, Laharrague et al., 1984).

Neutrophils follow a variety of signals to reach sites of infection (de Oliveira et al., 2016).
Neutrophils recognition of PA biofilms is facilitated by several pathogen recognition receptors
that detect several ligands such as LPS, peptidoglycan, bacterial DNA and other PAMPs
(Madianos et al., 2005, Bass et al., 2008, Newton and Dixit, 2012). Additionally, there are
reports of neutrophils being attracted to biofilms by different potent chemo-attractant such as
the quorum sensing molecules N-acyl homoserine lactones (AHL) and formyl-Met-Leu-Phe

(Karlsson et al., 2012, Holm and Vikstrém, 2014).

As the first responder cells of the innate immune system, neutrophils possess a unique set of
migration features. These include high velocity, and both ability for transmigration, shared by
other leukocytes across endothelia, and reverse migration (Vestweber, 2015, Wang et al.,
2017). Neutrophil nuclei are considered key determinants of neutrophil migration as it
transmits traction force through cells as they migrate (Manley et al., 2018). Neutrophils can
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migrate within a short space of time through different extravascular environments through
polarisation and repeated cycles of adhesion, extension, contraction and adhesion (Sheetz
et al., 1998). There were indications based on in vitro experiments that the local physical
environment also modifies neutrophils migration properties (Bershadsky et al., 2003,
Toyjanova et al., 2015). Throughout migration process, neutrophils integrate multiple
extracellular signals from several source to direct their migration (Van Haastert and Devreotes,

2004).

Several studies on the interaction of neutrophils with biofilms report migration of neutrophils
towards biofilms and neutrophils localised within, around or on biofilms. Neutrophils are
reported to remain phagocytic and able to release granule contents and form nets (Jesaitis et
al., 2003). The same study reported that although neutrophils were phagocytic when settled
on PA biofilms, they become immobilised and acquired a rounded morphology (Jesaitis et al.,
2003). Using time-lapse microscopy to monitor the dynamic interactions between PA and
neutrophils in a mouse model of bacterial keratitis, Thanabalasuriar et al. (2019) found that
neutrophils were not able to eradicate infection caused by biofilm-forming PA. In contrast
neutrophils were efficient at clearing biofilm-deficient bacteria. The authors also demonstrated
that anti-biofilm antibodies that target Psl blocked biofilm formation and reduced ocular
infection and pathology while preventing bacterial dissemination (Thanabalasuriar et al.,
2019). Indicating that biofilm formation was hindering neutrophils activity. In line with this it has
been indicated that extensive amounts of eDNA and biofilm EPS found in mucus obtained
from CF patients restricted neutrophils movements (Stewart, 2014). Similarly, it has been
suggested that biofilm mechanics may assist resistance to phagocytic clearance by
neutrophils (Kovach et al., 2017). Considering the clinical relevance of this opportunistic

pathogen, it is essential to better understand neutrophil-biofilm interplay.

Here, we describe an in vitro assay that allows us to examine neutrophils’ behaviour, as
determined by live and confocal microscope following their interaction with PA, as a planktonic

or biofilms. Using live microscopy analysis, we observed that (1) biofilms reduced neutrophil
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velocity, net distance covered and the mean square displacement (MSD). Using confocal
microscopy analysis, we observed that (2) neutrophils appeared unable to release granules
when incubated with biofilms. Finally (3) preliminary observations indicated that cells exhibit
higher circularity when incubated with biofilm formed by strains expressing Psl or Psl-deficient

biofilms in the presence of HMW-PSL.

6.2. Hypothesis

The establishment of an in vitro model suitable for imaging will enable us to examine neutrophil

morphological and behavioural changes following their contact with PA biofilms.

6.3. Aims

6.3.1.  Establish an assay to study neutrophil-PA biofilm interactions.

6.3.2. Utilise this assay to determine neutrophil morphological and

behavioural changes following their interaction with PA biofilms.

215



6.4. Results

6.4.1. Optimisation of neutrophil PA co-culture for microscopic analysis

After having produced consistent biofilms using the syringe pump system described in (2.6.4)
and applying this system to determine the distribution of CLRs ligands within biofilms (4.4.3)
and investigate DCs-biofilm interactions (5.4.5) we employed this system to establish a model
to study biofilms and neutrophil interaction. A first step towards this aim was the optimisation
of the procedure and several testing experiments were carried out aimed to standardise the

assay to generate reproducible data.

6.4.2. Neutrophil isolation using negative selection

First, although when this study established, there was a neutrophil isolation technique already
used in the lab (Muntaka et al., 2019), a reliably quicker neutrophil isolation technique was
required to reduce duration of the isolation process and the time neutrophil left on the bench
due to short neutrophil half-life (Summers et al., 2010). The purification procedure should also
provide high purity neutrophils with minimum or no activation (Oh et al., 2008). Therefore, we
employed a neutrophil isolation technique commercially available that enable the isolation of
non-activated neutrophils directly from whole blood using negative selection (STEMCELL,
19666). Briefly as described in (2.10), whole blood collected in EDTA was transferred to an
isolation round button tube and mixed with antibody Isolation cocktail and magnetic
RapidSpheres, which target all cells in the blood except neutrophils. The tube is then placed
in a magnet, which pulls unwanted cells to the side of the tube, and the purified neutrophils
can be poured from the tube (Figure 6.1 A.). Cytospin analysis using a bright field inverted
microscope indicated successful neutrophil isolation (Figure 6.1 A.). It was reported that
purified neutrophils require Ca®* and Mg?* for activation (Estensen et al., 1976). As mentioned
in (2.10) during the isolation process, we used Hank’s buffer without Ca** and Mg?* as a
dilution solution aiming not to activate the neutrophils. However, prior addition to biofilms cells

were washed twice with Hank’s buffer with Ca?* and Mg** before being suspended in X-Vivo-
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15 and added to biofilms. Our data indicated that this method generates highly purified
neutrophils in a short time, thus we employed this procedure in all assays conducted in our

study.

6.4.3. Analysis of Dectin-2 expression by neutrophils.

Following neutrophil isolation, along with our efforts in assessing Dectin-2 expression in
human macrophages and DCs presented in (Figure 5.2 and Figure 5.3, respectively), we also
explored whether human neutrophils offer a suitable model to study the biological
consequences of the Dectin-2-biofilm interaction reported in (4.5). For this, the expression of
Dectin-2, along with the expression of the known neutrophil marker CD66b (Eades-Perner et
al., 1998), was assessed by flow cytometry using commercial antibodies (FAB3114A, R&D)
and (130-104-395, Miltenyi Biotec), respectively. Unstained and relevant antibody isotypes
were used as controls. Results demonstrate low/negative expression of Dectin-2 and high
expression of CD66b (Figure 6.1 B.). This result is in agreement previous observation of
relatively low expression of Dectin-2 on human neutrophils (McDonald et al., 2012) and high
expression of CD66b (Eades-Perner et al., 1998). Data of Dectin-2 expression must be
interpreted with caution because when the same Dectin-2 antibody stock was used to stain
monocytes and/or Dectin-2 expressing cell lines (Ishikawa et al., 2013), similar results were
observed, which is opposite of what was expected (data not shown) (Taylor et al., 2005b).

Thus, further work is required to validate these findings.

In addition, we studied the expression of Dectin-2 on human neutrophils by western blotting.
For this, cells were lysed as described (2.12), and total protein concentration was determined
by the BCA assay. Four serial dilutions of the lysate were electrophoresed, and Dectin-2-Fc
was used as a positive control. Anti-Dectin-2 antibody mouse monoclonal antibody (IMG3D1)
was used as a primary Ab at 2 ug/ml. IRDye 800CW anti-mouse was used as secondary Ab
at 1:5000. Dectin-2 was detected as a 40 kDa band in a dose-dependent manner (Figure 6.1

C.), this is higher than the full-length Dectin-2 expected size which is 27 kDa (Ariizumi et al.,
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2000). Furthermore, results showed a high molecular weight band (Figure 6.1 C.) which might
indicate either cross-reactivity of the anti-Dectin-2 antibody or presence of Dectin-2
heterodimers with other lectin(s), such as Dectin-3 which has been reported in the literature

(Zhu et al., 2013).

Overall, these preliminary observations suggest that Dectin-2 appears to be expressed by
human neutrophils, although further work is required to validate these data as there were
concerns regarding the quality of the antibodies. Additionally, further studies on western

blotting analysis need to be undertaken in future, including the use of a secondary antibody

only control.
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Figure 6.1 Neutrophil purification and analysis of Dectin-2 expression

(A.) Schematic flow chart of the process of immunomagnetic negative isolation of neutrophil directly
from peripheral blood collected in a tube containing EDTA. Briefly, peripheral blood was mixed in a
round-bottom tube with both antibody Isolation cocktail (50 pl/ml), and the magnetic RapidSpheres (50

pl/ml) following manufacturers’ instructions. The tube then was placed in a magnet, and purified
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neutrophils were poured into a fresh tube. The purity of the isolated neutrophil was verified by cytospin,
as shown in the representative image taken using a bright-field inverted microscope. Cell suspensions
were placed onto a glass slide already inserted into cytofunnels (EZ Single Cytofunnel, Ref: A78710020,
Fisher Scientific). This was then spun at 200 rpm, 20 min, at low acceleration using a cytospin (Cytospin
2, Shandon). Slides were air-dried, labelled with Hemacolor (MERCK) following the manufacturer’s
procedure (solution 1: applied for 30 seconds, solution 2 for 3 seconds and solution 3 for 6 seconds),
air-dried, mounted with DPX (Sigma-Aldrich). The stained slides were examined under a bright field
inverted microscope fitted with a camera. (B.) Neutrophils isolated by negative selection were tested
for Dectin-2 and CD66b expression by flow cytometry. Cells were re-suspended in X-Vivo-15 media in
a 15 ml Falcon tube at a density of 1x108 cells/ml, centrifuged and re-suspended in 1 ml of 5% (v/v)
human serum in PBA solution, and incubated for 1 hr at 4°C. After washing, the cell density was
adjusted to 100,000 cells/100ul of PBA and cells were incubated with mouse anti-human monoclonal
antibodies or the matched isotype control of CLEC6A (Dectin-2)-APC, or CD66b-FITC (REA306,
Miltenyi Biotec, Germany) or the matched recombinant antibody (REA) control for 1 hr at 4°C. Cells
were washed and fixed with 0.5% (v/v) PFA and analysed using a FC500 Beckman Coulter flow
cytometer; 10,000 events were collected. Data were analysed using Kaluza Software 1.5a. Data are
from 1 preparation and show histograms for each labelling which show expression of CD66b but low/no
expression of Dectin-2. (C.) Analysis of Dectin-2 expression in human neutrophil by western blot. Cells
were lysed in lysis buffer (10 mM Tris-Hcl, pH 8.2, 150 mM NaCl, 5 mM EDTA, 2% Triton X-100 and
protease inhibitors). Different amounts of protein were electrophoresed on SDS-PAGE. A 10-230 KbP
Protein ladder was used to determine molecular weight. The gels were then electroblotted onto
nitrocellulose membranes. After blocking, membranes were incubated with specific primary anti-human
antibodies against Dectin-2. The relevant protein was visualised by staining with IRDye 800CW anti-
mouse Licor for 1 hr at room temperature. Bands were visualised using Odyssey Imager (LI-Cor
biosciences). Data are from 1 preparation and show expression of Dectin-2 at 40 kDa in a dose-
dependent manner (white arrow). However, there was unexplained high band at 57 kDa detected which
might indicate cross-reactivity of the anti-Dectin-2 antibody used (red arrow) or the presence of Dectin-
2 heterodimers with other lectin(s), such as Dectin-3 which has been reported in the literature (Zhu et
al., 2013).
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6.4.4. Optimisation experiments to study neutrophil-PA interaction

Several optimisation experiments were carried out to explore the possibility of using live
microscopy to investigate the interaction of neutrophils with PA biofilms. In the first
optimisation experiments, PAO1 biofilms generated under flow conditions in ibidi y-Slide VI
0.4 for 15 hr as described in (2.6.4), fixed with 4% PFA in PBS for 10 min at 4°C and washed
with PBS with Ca2+ and Mg2+ before the addition of human neutrophils at (5 x 10° cells
/channel) suspended in X-Vivo-15. Neutrophils behaviour was monitored by live microscopy

using DeltaVision microscope under Olympus U-Plan S-Apo 40X/0.95 objective.

Live microscopy exanimation and settings in the first optimisation assay and all assays
presented in this chapter were performed by Dr. Chris Gell from the School of Life Sciences
Imaging Facility. In the first optimisation experiments (Figure 6.2), the microscope was set up
to take time-lapse images every 1 min for 2 hr from 10 different locations in the middle of the
channel (area of homogenise shear stress as shown in Figure 3.8). Locations were 2 mm
apart from each of other. Preliminary observations presented in (Figure 6.2 A) of individual
frames from a continuous time-lapse movie show disappearance of PAO1 biofilms during
incubation. Zoomed area of one single cell showed neutrophil engulfing biofilm material
(Figure 6.2 B.). This preliminary observation indicated neutrophils cultured with fixed PAO1
biofilms in X-Vivo-15 were active during the time of incubation (2 hr) with no observed cells
death. Our data also showed that cells were clearly detected with the Olympus U-Plan S-Apo

40X/0.95 objective, confirming our microscopic settings.

In an attempt to explore the possibility of labelling neutrophils using live cells staining prior
incubation with PA biofilms, 5 x 10* PKH67-labelled neutrophils were added to fixed 15 hr
PAO1 biofilms, and the interaction monitored live as explained earlier. Wells containing AwspF
ApslApel cultures were used as controls. Preliminary observation indicated neutrophils lost
the staining during incubation (Figure 6.3 A.). To confirm this observation, we analysed PKH

intensity over time. Briefly, using a rectangular selection tool in Fiji, the whole imaging area
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were selected, and the mean intensity of all pixels within the selected area was calculated.
Data indicated a reduction of the green intensity over time of incubation (Figure 6.3 B). Data
also indicated that the standard deviation of the area selected (StdDeV) was very high at the
first imaging point this is because of the large differences in intensity between neutrophils and
other areas in the field (areas without neutrophils). However, the StdDev reduced during
incubation, which means the difference in intensity is reduced over time of incubation (Figure
6.3 C.). This reduction in intensity could be caused by quenching of the signal caused by the
laser. There were also concerns about the possibility of neutrophils being stressed by laser
exposure. Therefore, all subsequent experiments were performed with unlabelled neutrophils,

aiming to not exposed the cells to any form of stress that might influence the assay outcomes.
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Figure 6.2 First live microscopy monitoring of neutrophil-biofilm interaction indicated
neutrophil were active throughout 2 hr incubation.

PAO1 biofilms generated under flow conditions for 15 hr as described in (2.6.4) were fixed with 4%
PFA in PBS for 10 min at RT and washed with PBS with Ca2+ and Mg2+ before addition of human
neutrophils (50x10* cells per channel). Time-lapse images were taken every 1 min for 2 hr from 8
different location using a DeltaVision microscope under Olympus U-Plan S-Apo 40X/0.95 objective

(please see videos of 8 location). (A) individual frames from a continuous time-lapse movie shown

disappearance of PA biofilms overtime of incubation. (B) zoomed area of a single neutrophil engulfing

PAO1 biofilm material. n = 1. (Scale bars: 20 ym.) Relative time is displayed in min.
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Figure 6.3 Analysis of neutrophil labelling intensity during live imaging

Human neutrophils pre-labelled with PKH (green) (2.10) (50.000 in 30 pl X-Vivo-15) were added to
fixed PAO1 biofilms or AwspFApelAps! bacteria cultured under flow condition in ibidi y-Slide VI 0.4
for 15 hr as described in (2.6.4). Interaction was monitored live using DeltaVision microscope under
Olympus U-Plan S-Apo 40X/0.95 objective. In this experiment images were acquired every 130 sec
on the DeltaVision Elite. Scale bar, 20 um. (A) Results indicated neutrophil lost staining and were not

moving (please see the video) as compared to previous experiments. (B) Mean intensity of PKH stain

indicates that neutrophils labelling became less bright over time. (C) Standard deviation of the area
selected (StdDeV) was very high at the first time point this is because of the large variation in intensity
observed in neutrophils compared of other filed area. However, the StdDev reduced over the time
point of incubation, which means the difference in intensity is reduced over time of incubation. n = 1.

(Scale bars: 20 ym.) Relative time is displayed in min.
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Figure 6.4 Summarised workflow of the microscopy-based assay to study neutrophil and PA
interaction.

(1) Bacteria were cultured in p-Slide VI 0.4 under flow for 18 hr to enable biofilm formation, fixed with
4% PFA in PBS (10 min at 4°C), washed twice with PBS with Ca?* and Mg?*. The slide was kept in
4°C while neutrophil isolation was performed. (2) Neutrophils were isolated by negative selection
following manufacturers’ protocol, as summarised earlier. In this process, we used Hank’s buffer
(HBSS) without Ca?* and Mg?* as a dilution solution aiming not to activate the neutrophils. However,
prior addition to bacterial cultures cells were washed twice with HBSS with Ca?* and Mg?* before
suspended in X-vivo-15 and added to biofilms. (3) Purified neutrophils were transferred to p-Slide VI
0.4 (with or without fixed bacterial cultures, 5x10* cells per channel). Following neutrophils inoculation
60 pl of fresh X-vivo-15 were added from both sides of the channel simultaneously (total volume 120
). (4) Neutrophil-PA co-cultures were incubated for 2 hr at 37°C. Interaction was monitored live by
taking time-lapse images every 8 min using a DeltaVision microscope under Olympus U-Plan S-Apo
40X/0.95 objective. (5) Following 2 hr incubation co-cultures were fixed with 4% PFA prepared in
PBS (10 min at 4°C) before being washed and stained for confocal analysis. (6) Microscopy images
are processed for subsequent data analysis and interpretation using Fiji. Time laps analysis was
performed by applying computational image-processing algorithms following tracking using the Fiji
free plugin TrackMate.
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6.4.5. Live microscopy analysis of neutrophil responses to PA biofilms

Following examination of different assay parameters as presented above, we standardised
the assay conditions with the aim to generate reproducible data as shown in (Figure 6.4). In
brief, bacterial cultures were placed under shear stress for 18 hr using the syringe pump
system presented in (Figure 3.9). Three strains were used in this assay, PAO1, AwspF GFP
and AwspFApelAps! GFP. The GFP expressing AwspF GFP and AwspFApelAps! GFP

mutants were validated in the lab by Kelly Lee using PCR (data not shown).

After incubation bacterial cultures were fixed with 10 % PFA prepared in PBS for 10 min at
4°C and washed twice using PBS containing Ca®" and Mg?*. At this point bacterial cultures
were left in PBS with Ca®* and Mg?®" at 4°C while neutrophil isolation was conducted. After
isolated neutrophils were washed twice with HBSS with Ca?* and Mg?*, diluted in fresh X-Vivo-
15 and added to the slide (the opposite side of the original shear stress, 50,000 cells in 30 pl).
Immediately 60 pl of fresh X-Vivo-15 were added simultaneously in each reservoir to reduce
the tendency of neutrophils to move by capillarity as a result of surface tension. Cellular
behaviour was monitored live using a DeltaVision microscope under Olympus U-Plan S-Apo
40X/0.95 objective. Time-lapse images (15) were taken every 8 min from each condition. To
increase accuracy of the data generated using this system and to aid in the experimental
design, we monitored the neutrophils movements in exactly 5 fixed locations for both repeats.
These locations were stored with known stage coordinates and were applied in both

experiments conducted as shown in (Figure 6.5).

After time lapse images were collected, data were uploaded to Fiji to conduct tracking analysis
to perform statistical analysis of the microscopy data. For this we used TrackMate, an open
source Fiji plugin for the automated tracking of single-particles (Tinevez et al., 2017).
TrackMate uses algorithms that identify moving neutrophils and creates linkages between the
same neutrophil from different time laps images and then provides neutrophils tracks that

represents cells movements throughout the p-Slide VI 0.4 over the 2 hr incubation. TrackMate
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directly generates useful data for each individual cell such as mean velocity and net distances,

data of each individual cell also can be exported for further analysis.

The tracking process by TrackMate involves several stages and we followed a protocol widely
used for tracking cellular migration (Gorelik and Gautreau, 2014, Visweshwaran and Maritzen,
2019). First to differentiate the neutrophils on the time-lapsed images a detection process was
established. The LOG detector was selected based on TrackMate developers’
recommendation. This step will detect and draw a 10 um estimated blob diameter around each
cell in the track but will also select unwanted spots. To filter these unwanted spots to focus on
the neutrophils, quality filters were applied. Second, to track the cells, simple lap tracker was
applied with 50 micron linking max distances and gap closing distances and 16 gap closing
frame. Next, data was generated afterimages were computed using algorithms written in detail

at the original paper describing TrackMate.

In our study we compared different neutrophils motility parameters to investigate whether
biofilms influence cellular motility. Velocity and net distance data were directly obtained from
information generated from tracking analysis. Our data showed that neutrophils’ velocity was
lower when cells were incubated with biofilms-forming strains (PAO1, AwspF) compared to
cells incubated with the planktonic strain (AwspF Apel Apsl) or left untreated (Figure 6.7 A). A
similar trend was also observed with another motility parameter, the net distance covered

(Figure 6.7 B). These data indicate that biofilms limit neutrophils movement.
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Figure 6.5 fixed stage coordinate used in this assay

Schematic chart designed using Biorender showing the fixed stage coordinates used in this assay.
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Figure 6.6 Neutrophil tracking using TrackMate

Following the acquisition of time-lapse images, data were uploaded to Fiji to conduct tracking analysis
aiming to translate the microscopy data into numbers. Using TrackMate, an open-source Fiji plugin
for the automated tracking of single-particles which uses algorithms that identify moving neutrophils
and creates linkages between the same neutrophil from different time-lapse images and then gathers
neutrophils tracks that represent cells movements throughout the u-Slide VI 0.4 over the 2 hr
incubation (A.) Examples taken from one location of the tracking results obtained by TrackMate Fiji
plugin. Results show neutrophils exposed to fixed PAO1, AwspF and AwspFApelAps! cultures or
untreated (Neutrophils). Videos of the tracked image stacks available upon click on this link. The
colour of the tracks represents the track index detected. Neutrophils are represented as spheres with
an initially constant radius (10um). (B.) TrackMate directly generates useful data for each cell such

as mean velocity and net distances; data of each cell also can be exported for further analysis.
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Figure 6.7 Analysis of mean velocity and net distances in neutrophils cultured under
different conditions

Cultures of PAO1, AwspF and AwspFApelApsl exposed to shear stress on p-Slide VI 0.4 for 18 hr
were fixed before neutrophils were added and incubated for 2 hr. Neutrophil movement was
monitored live using a DeltaVision microscope, and 15-time laps images were taken every 8 min
from each condition. To increase the accuracy of our data, we monitored the neutrophils movements
in five fixed locations for both experiments conducted. After time-lapse images were acquired, data
were uploaded to Fiji to conduct tracking analysis using TrackMate to calculate mean velocity and
net distances. (A.) Mean velocity values calculated using the link velocity. The link velocity (or
velocity) is defined for a single link between two spots (distance between the two spots divided by
the time difference). Our data indicated that neutrophils incubated with biofilm-forming strains PAO1
and AwspF displayed lower velocity compared to neutrophils incubated with the biofilm-deficient
strain, AwspFApelApsl!, or uninfected cells (B.) Similarly, the distance travelled by neutrophils is
reduced in the presence of biofilms compared to untreated neutrophils or neutrophils exposed to
planktonic cultures. (Neutrophils, 215 cells; AwspF Apel Apsl, 339 cells; PAO1, 82 cells; AwspF, 134
cells; data pooled from 2 independent experiments). Graphs and analysis were generated in
GraphPad Prism, and bars show median values with interquartile range. Significant calculated using
Kruskal Willis test.
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To further analyse the characteristics of the cellular motion we calculated the mean square
displacement (MSD). The MSD is used in physics to relate displacement of objects;
particularly MSD describes average square displacements over increasing time intervals
between positions within a migration route (Gal et al., 2013). In the context of cell migration,
MSD is a good measure of the surface area explored by cells over time, which relates to the
overall efficiency of migration. For this we utilised DiPer, the custom-made open-source suite
of a computer program created by Gorelik & Gautreau (Gorelik and Gautreau, 2014). Our data
indicate that the slope of movement for control neutrophils continuously increased until 72 min
time of incubation when the slope started to decrease indicated reduction in cellular
movement. This was less apparent for all other conditions (Figure 6.8 A.). Data also revealed
that neutrophils incubated with biofilm-forming strains showed lower MSD compared to
uninfected cells or neutrophils incubated with planktonic cultures which suggests that biofilms
disturb cellular migration (Figure 6.8 A.). We also utilised DiPer to computer the average speed
for each cell as average of its instantaneous speeds. Results indicated that the average speed
of neutrophils incubated with biofilms were lower compared to cells uninfected or incubated

with planktonic cultures.

As described earlier, we acquired data from precisely five fixed stage coordinates in both
experiments, and these locations are 2mm apart from each other (Figure 6.5). As neutrophils
were inoculated from the slide’s inlet close to location 5, they probably reached location 5 first
before moving to 4,3,2 and 1 respectively (Figure 6.10 A). To assess whether neutrophils were
attracted to a specific location, we compared the total number and percentages of cells
appeared within the time of incubation, in these five locations. Results showed that the
numbers of control neutrophils in the locations (5,4 and 3) that first reached ‘theoretically’ were
more than the remote sites (location 2 and 1) (Figure 6.10 B). The opposite was seen with
neutrophils incubated with PAO1 with interestingly no cells detected in location 5 while the
maijority of cells attracted to location 1, the furthest location monitored. A similar observation

can be seen in cells incubated with (AwspF and AwspFApelApsl) (Figure 6.10 B). This might
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indicate that the presence of bacterial cells encouraged cells to travel to distant locations. The
data also revealed that total numbers of cells from all five locations of neutrophils incubated
with biofilms forming strains (PAO1 and AwspF) were lower than controls and cells incubated
with the planktonic strain (AwspFApelApsl). This might indicate that biofilms might influence

neutrophils attachments.

Overall data generated from live microscopy and tracking analysis indicated that although
neutrophils appear phagocytic when incubated with biofilms (Figure 6.9 A. and Figure 6.9 C.),
incubation of neutrophils with biofilms might limit cellular movement and alter cells

attachments.
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Figure 6.8 Mean square displacement (MDS) and average speed in neutrophils cultured
under different conditions

(A.) MSD, i.e the amount of space neutrophils have explored in the channel is plotted on a linear
scale from neutrophils incubated with PAO1, AwspF and AwspF Apel Aps/ cultures or empty
channels (Control). Data revealed that neutrophils incubated with biofiims (PAO1, AwspF cultures)
displayed lower MSD compared to neutrophils uninfected (controls) or incubated with planktonic
cultures(AwspF Apel Apsl). (B.) Average neutrophil speed was calculated using Diper applying the
Firth’s formula. Data indicate that cells incubated with biofilms (PAO1, AwspF cultures) exhibited
lower average speed compared to those incubated with planktonic counterparts (AwspF Apel Apsl)
or controls indicating that biofilm structures might reduce neutrophils motility. Data computed using
DiPer. Graphs were performed in Excel. (Neutrophils, 215 cells; AwspF Apel Apsl, 339 cells; PAO1,
82 cells; AwspF, 134 cells; data pooled from 2 independent experiments). Data is represented as
mean +/- SEM.
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Figure 6.9 Neutrophils were phagocytic against both, biofilms and planktonic cells.

(A) Representative images of one location showing human neutrophils introduced to fixed bacterial
cultures of AwspF GFP (biofilm-forming strain) and AwspFApelAps! GFP (biofilm-deficient strain).

(B) Magnified images showing the presences of GFP-labelled bacteria within the neutrophils (Red
arrow). (C) The intensity of GFP in the area with (AwspF GFP, Blue and AwspFApelAps! GFP, Green)
or without (AwspF GFP, Red and AwspFApelAps! GFP, Purple) neutrophils was calculated using Fiji.
Results show signal per unit area plotted over time of incubation. Data displayed small reduction in GFP
expression over time in both areas with or without neutrophils, suggesting neutrophils activity in clearing
bacteria in the presence or absence of biofilms. The reduction in GFP signal in the presence and
absence of neutrophils, might indicate that neutrophils alongside engulfing the bacteria the may perhaps
produce free radicals and released bactericidal molecules in the extracellular milieu to eliminate

bacteria. (Scale bars: 20 um.) Relative time is displayed in min.
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Figure 6.10 Total neutrophils per location

Time-lapse images were taken from precisely five fixed stage coordinates for each condition
numbered as location 1,2,3,4 and 5. Neutrophils probably reached location 5 first before moving to

locations 4, 3, 2 and 1 sequentially (A.). After time-lapse images were acquired, data were uploaded

to Fiji to conduct tracking analysis using TrackMate aiming to calculate the total number of neutrophils

appeared in each location. (B) Total number of neutrophils appearing in each position (No.) and the
percentage of cells (%) over the 2 hr incubation. N=2
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6.4.6. Confocal microscopy analysis of changes in neutrophil

phenotype in response to PA biofilms

Following our earlier observation of neutrophils reduced migration capabilities based on
reduced velocity, net distance, MSD and speed when incubated with biofilm cultures (PAO1,
AwspF) compared to cells incubated with planktonic cultures (AwspFApelApsl) or empty
channels (Figure 6.7 and Figure 6.8), we utilised confocal microscopy to further assess
neutrophils biofilm interaction. For this, after the interaction of neutrophils and PA (PAO1,
AwspF or AwspFApelApsl) was recorded using live microscopy, cultures were fixed with 4%
PFA prepared in PBS for 10 min at 4°C, washed and stained with DAPI and HHA prior analysis
by confocal microscopy. It is important to note that at the time these experiments were

conducted, fixation using PEM had not been introduced.

As Psl contains high mannose structures, our initial aim was to stain with HHA to explore the
possibility of neutrophils being attracted to areas with higher Psl deposition. Surprisingly, data
showed that neutrophils were labelled with HHA and that labelling intensity was significantly
low in neutrophils incubated with planktonic strains compared to neutrophils incubated with
biofilms forming strains. Non-infected neutrophils displayed an intermediate phenotype.
Recent study reported the presence of high mannose structures (paucimannosidic proteins)
within neutrophils azurophilic granules that can be released upon activation (Thaysen-
Andersen et al., 2015). This could explain the changes in HHA staining observed. Our data
suggest that HHA stains high mannose proteins within neutrophils’ azurophilic granules with
possible translocation of these components to the plasma membrane in the presence of PA
biofilms. It is important to note the need for future validation of this observation using a known

staining of neutrophils granules and permeabilised and non-permeabilised conditions.

Images presented in (Figure 6.11 A) indicated that neutrophils incubated with AwspF mutant
strains exhibited clustering behaviour. Therefore, in order to confirm this observation, we

utilised a concept in biology named the nearest neighbour distance (NND) (Mao, 2016). ltis a
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tool that measures the distance between each cell and its nearest neighbours to observe
whether this could be different in cells incubated with biofilms compared to planktonic cells.
We utilised a Fiji plugin to calculate the NND (Mao, 2016). Our data indicate that NND of cells
incubated with the AwspF mutant was significantly lower compared to AwspF Apel Apsl or
untreated neutrophils. While the PAO1 data was not statically different when compared to
control cells, analysis indicated that the NND of PAO1 was statically different when compared
to planktonic strains AwspFApeAps!l. However, the difference is lower than the difference
noticed between AwspF and AwspFApelApsl, this could be due to that PAO1 biofilms being
more heterogeneous compared to AwspF biofilms, which were more homogenous due to the

higher biomass. These observations need further validation.

All together this section indicated that neutrophils, although phagocytic when encountered

biofilms, might display increased capability of granular release and clustering behaviour.
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Figure 6.11 Confocal microscopy analysis of neutrophil PA interaction

Biofilms of PAO1 and AwspF GFP in chambers of y-slide VI 0.4 as described in (M&M) for 18 hr were
fixed with 4% PFA in PBS for 10 min at 4°C. Following biofilms fixation, neutrophils (50.000 cells per
channel) in 30 uyl X-Vivo-15 were added and incubated for 2 hr. After incubation, neutrophils-biofilm
co-cultures were fixed with 4% PFA in PBS. Following, samples were stained with DAPI (nucleus or
bacterial DNA, blue) and HHA (Psl and granules, red). (A.) representative images from one donor.
Image processed using Fiji. Scale bar 20 um. (B.) Relative intensity of HHA staining of each
neutrophils measured as described in M&M. Data were normalised to cells with the highest HHA
intensity (250). (C.) Nearest neighbour distances (um) were measured using Fiji applying a plugin
(Mao, 2016) that compute the distance between centroids for each cell. Graphs and analysis were
generated in GraphPad Prism, and bars show median values with interquartile range. Significant
calculated using Kruskal Willis test.
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6.4.7. Investigation of neutrophils circularity following incubation with
PA

In an earlier chapter, we observed that moDCs adopted a rounded morphology when exposed
to PA biofilms or HMW-Psl| (Figure 5.16Figure 5.17). Similarly, it has been reported that
neutrophils display rounded morphology only when exposed to PA biofilms (Jesaitis et al.,
2003). Here, we examined whether neutrophils would also adopt a circular morphology when
exposed to PA biofilms, and whether addition of the biofilm purified component, HMW-Ps| to
planktonic cells would influence neutrophils shape. To investigate these possibilities
neutrophils were incubated (2 hr, 37 °C/ 5% CO3) with fixed bacterial cultures of PAO1, AwspF,
AwspFApelAps! and AwspFApelAps! + HMW-Ps| (10 pg/ml added in X-Vivo-15 for 1 hr and
removed prior addition of neutrophils). Neutrophils-PA co-cultures were fixed with 4% PFA in
PBS, washed and permeabilised. Samples were labelled with Alexa Fluor 488-phalloidin for
F-actin (green) and DAPI for DNA (blue), and HHA for Psl (and possibly neutrophils’ granules
(Red)). Sample were examined under confocal microscopy. Images acquired were then
uploaded to Fiji for the calculation of circulatory following the same protocol used with moDCs
explained earlier (Figure 5.17) and (2.14). These initial observations indicate that neutrophils
exhibited reduced circular morphology when incubated with biofilms or planktonic cultures with
HMW-Psl, with this effect being more apparent in the case of planktonic cultures with HMW-
Psl. In this case, HMW-Psl addition shows a possible trend to increases circularity. These data
also confirmed our earlier observation of increased HHA labelling in neutrophils incubated with
biofilms. In this instance, as cells were permeabilised, it is possible that the total amount of
HHA+ material within the neutrophils increases in the presence of biofilms. We also assessed
the intensity of Alexa Fluor 488-phalloidin for F-actin (green) using Fiji as explained in (2.13),
data indicated that biofilms tend to increase the intensity of phalloidin while planktonic reduced
it with the addition of HMW-Psl reverse the decrease of intensity. It is possible that this

observation is due to high motility observed with planktonic strains observed earlier with live
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microscopy analysis (Figure 6.7 and 4.8) while the opposite with planktonic strains and

addition of HMW-Psl| might have an influence on neutrophils’ movements.
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Figure 6.12 Neutrophils incubated with biofilms or Psl tend to retain circular morphology
compared to those incubated with planktonic cultures

After growing PA biofilms for 18 h under shear stress, cultures were fixed with 4% PFA. Neutrophils
were then isolated from human healthy donors using negative selection were added at 50,000
cell/channel and incubated with biofilm forming strains (PAO1, AwspF) or biofilm deficient strain
(AwspFApelApsl) with or without purified HMW-PSL for 2hr. After incubation samples were fixed and
nucleus stained with DAPI, F-actin stained with phalloidin (P)-AF488 and mannose structures
stained with HHA-TR. (A.) Single slice of images processed with Fiji from each condition. (B.)
analysis of cellular circularity calculated based on the F-actin (membrane). (C.) analysis of integrated
density of phalloidin calculated with Fiji. Scale bar 20 um. (Neutrophils, 33 cells; AwspFApelApsl, 58
cells; AwspFApelApsHHMW-Ps|, 71 cells; PAO1, 54 cells; AwspF, 43 cells; data from 1

experiments).

6.5. Summary

1. Live microscopy analysis indicated that biofilms significantly reduced neutrophils motility
determined as reduced velocity, net distance, MSD and speed. Biofilms also induce neutrophil

clustering.

2. Preliminary observations indicate that (i) neutrophils were not retained on biofilms (lower
total numbers in 5 fields), (ii) neutrophils display structures labelled with the HHA lectin, (iii)
HHA labelling in neutrophils was affected by the presence of biofilms and planktonic cells and
(iv) retained circular-shaped after exposed to biofilms or HMW-Psl + (V) displayed higher

intensity of phalloidin, suggesting modulation of the cytoskeleton.
6.6. Discussion

6.6.1.  Motility and biofilms

Neutrophils migrate towards attractive molecules released by microorganisms (de Oliveira et
al., 2016, Wagner and Roth, 2000). Such migration requires an allowable matrix (Wagner and
Roth, 2000). Several studies on the interaction of neutrophils with biofilms report migration of
neutrophils towards biofilms and neutrophils localised within, around or on biofilms (Jesaitis et

al., 2003). Using time-lapse microscopy to monitor the dynamic interactions between PA and
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neutrophils in a mouse model of bacterial keratitis, Thanabalasuriar et al. (2019) found that
neutrophils were not able to eradicate infection caused by biofilm-forming PA. In contrast,
neutrophils were efficient at clearing biofilm-deficient bacteria (Thanabalasuriar et al., 2019).
Biofilms are encapsulated in EPS matrix, which is composed mainly of protein, eDNA and
polysaccharides (Limoli et al., 2015). The EPS generally described as highly viscoelastic
material (Bol et al., 2013, Gloag et al., 2018, Klapper et al., 2002, Stewart, 2014, Wilking et

al., 2011).

In this study, we examined neutrophils behaviour using live microscopy, following their
interaction with PA, as a planktonic and biofilms (encapsulated by EPS). Results of this study
(Figure 6.7 and 6.8) showed that biofilms significantly reduced neutrophils motility observed
as reduced velocity, net distance, MSD and speed. Our results reflect those of Jesaitis et al.
(2003) who investigated human neutrophils response to biofilms and reported that neutrophils
were partially active when encountered biofilms and displayed limited degranulation ability and
reduced motility (Jesaitis et al., 2003). A possible explanation for this might be that the reduced
motility is due to the biofilm biomass working as a trap for neutrophils. It was reported that the
size of biofilms biomass works adversely on human neutrophils migration. Hansch et al.
(2008) reported that neutrophils migrated only in the case of low biomass biofilms, while
neutrophils migration was significantly inhibited when incubated with higher biomass biofilms.
In the same study, Hansch et al. (2008) also tested neutrophils migration on purified EPS and
stated that neutrophils were “stuck” when incubated with a high concentration of EPS (Hansch

et al., 2008).

In a mouse model, Rich (2016) used a strain that was engineered with the thermo-sensing
diguanylate cyclase (tdcA) gene to facilitate biofilm production when inoculated into the
mouse. This diguanylate cyclase acts on the development of c-di-GMP as the temperature
increases to 37 °C, which then facilitates EPS overproduction. The diguanylate cyclase is
inactive at 28 °C, which allows the PA strains to be grown at lower temperatures and

suspended planktonically to a standardised inoculum to ensures that aggregates are not being
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introduced into the lung and strains with a functional copy of tdcA will then be induced to
produce EPS at the murine body temperature, 37 °C. Following mouse infection with different
PAO1 strains that either overproduce biofilms or lack Psl or Pel, Rich (2016) have tracked
neutrophils movements in the mouse lung using live microscopy. Rich (2016) reported that
only the strains that produce Psl show significant reduction in neutrophils motility. The average
speed of neutrophils incubated with strains overproduce Psl were slower compared to the
control (uninfected). Neutrophils incubated with strain that overproduce both Pel and Psl
showed lower track length, displacement and velocity compared to all other strains. Overall,

the author suggests that EPS expression reduced neutrophil activity (Rich, 2016).

Similar to biofilms, many host biological materials are viscoelastic as well (Levental et al.,
2007, Stewart, 2014) For example, It was reported that neutrophils, were able to migrate in
normal airway mucus (1.5-2.5% dry weight) but showed reduced migration capacity in thick
mucus (6.5%) (Matsui et al., 2005), which is similar to the mucus found in CF lung (Hill et al.,
2018). Additionally, Parkhurst and Saltzman (1994) reported that neutrophils migrated
effectively in cervical mucus. The same scientists also measured human neutrophil motility in
collagen gels and found that motility reduced dramatically after the concentrations of collagen
were increased and were immobilised in very high concentration (Parkhurst and Saltzman,
1992). It was speculated that the viscoelasticity of in vivo biofilms is higher than the biofilms
formed in vitro (Stewart, 2014). It is now understood that a number of host materials could be
incorporated by the bacteria into the biofilm structure such as secreted mucus, necrotic tissue,
DNA released from dead neutrophils (Parks et al., 2009, Siddiqui and Bernstein, 2010, Wolcott
et al., 2008). Therefore, these structures might increase biofilm rigidity, and such increases

could possibly further reduce phagocyte mobility (Stewart, 2014).

Substantial progress has been made in understanding the mechanisms that control neutrophil
migration in different diseases utilising live microscopy (de Oliveira et al., 2016). The majority
of the work has involved the use of mouse neutrophils and these models mainly focus on

mouse tissues that can be imaged under microscope, such as cornea, lung and ear
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(Mantopoulos et al., 2010, Looney et al., 2011, Ng et al., 2011). Despite the useful data
generated from these models, they do not fully reflect the situation in humans. For example,
using a mouse model, it was indicated that Ly6G is a key regulator of neutrophil migration
(Wang et al., 2012). However, human neutrophils lack Ly6G (Lee et al., 2013b); thus, the need

for human cell-based assay is essential to understand neutrophils biofilms interaction.

Neutrophils normally circulate in the bloodstream (Balamayooran et al., 2010). At the time of
infection, they migrate rapidly to the infection sites (Balamayooran et al., 2010). Migration from
the blood to the site of infection can occur through migration of neutrophils either directly
through or between endothelial cells (de Oliveira et al., 2016). One limitation of our system is
that we introduced neutrophils to biofilms directly and did not take in consideration the
endothelial barrier. To fully understand neutrophils biofilm interaction, it would be
recommended to establish a model which contain a membrane that reflects endothelial cells
and separate neutrophils from the biofilms. At the same time, it would be very time saver to

utilise the syringe pump system already established and optimised in Chapter.3.
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Figure 6.13 Suggested model for future assays

Schematic of a suggested model to study neutrophils biofilms interaction for future analysis. Biofilms
could be formed on p-Slide Membrane ibiPore slide from ibidi. This slide offer two channel, lower
channel where we could culture the biofilms under shear stress and an upper channel where we
could inoculate the neutrophils after biofilms formation and fixation. For neutrophils to move from the
upper channel to the lower channel they need to pass through a membrane which resemble the
epithelial cells (3-5 um pore size). Image curtesy of ibidi.

For example, biofilms could be formed on u-Slide Membrane ibiPore slide from ibidi. This slide
contains two independent channels that allow us to generate PA biofilms in the lower area and
inoculate the cells in the upper channel. For the cells to move to the lower channel, they need
to cross a membrane, resembling neutrophils migration from the blood to the site of infection

through endothelial cells.

Neutrophils don’t work alone, their initial recruitment, activation and survival is facilitated by
airway epithelial cells and macrophages through the release of different cytokines and
chemokines (Linden et al., 2005, Mantovani et al., 2011). In addition to neutrophils recruitment,
macrophages could also induce a “switch-off” response to clear neutrophils and restore the
organ function (Soehnlein and Lindbom, 2010, Grainger et al., 2013, Muntaka et al., 2019).
Macrophages can also react to and incorporate neutrophil products, particularly
myeloperoxidase, which activates macrophages further (Silva, 2011). Models allowing

interactions between macrophages and neutrophils, therefore provide a physiologically
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relevant experimental framework to investigate an effective immune response to PA biofilms
(Muntaka et al., 2019). We previously studied neutrophils and morphogens interaction in
response to PA as a planktonic. However, that model is limited to planktonic cells as it might
affect the structure of the biofilm (Muntaka et al., 2019). The above-suggested model enables
us to pre incubate macrophages with fixed biofilms at the lower channel, following incubation
we could introduce neutrophils at the top channel to assess neutrophils ability in migration and

their behaviour in the presence or absence of macrophages.

Despite the need to incorporate and develop complex models that take inconsideration the
effect of the epithelial cells and macrophages on neutrophils migration. Data presented in this
chapter showed that biofilms significantly reduced neutrophils motility determined as reduced

velocity, net distance, MSD and speed.

6.6.2. Lack of attachment

In our study, as explained earlier, we measured the total number of neutrophils appeared in 5
different location in the 4 conditions tested. We observed that the total number of neutrophils
incubated with biofilms forming strains (PAO1 and AwspF) were lower than the total number
of neutrophils incubated with planktonic strains (AwspFApelApsl) or controls cells. We pointed
in an earlier chapter that we observed lower number in moDCs incubated with biofilms
compered to planktonic (Figure 5.16). It is possible that biofilms affect the ability of neutrophils
to adhere on the surface. It was reported that biofilms reduce the ability of neutrophils to
adhere, Guenther et al. (2009) showed that neutrophils adhered less on S. epidermidis
biofilms compered to S. aureus biofims and S. epidermidis had little susceptibility to
phagocytic destruction by neutrophils. The author suggested that this could be due to S.
epidermidis biofilms rigidity is higher than S. aureus biofilms (Guenther et al., 2009). Another
study showed that neutrophils surround biofilm and become activated, but were not able to
migrate into the biofilm, probably because of a lack of a chemotactic signal as well as by

hindrance of migration into the “slimy” material (Arciola et al., 2012). Thus, the inability of
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neutrophils to penetrate biofilm results in progression of implant-related infections (Arciola et
al.,, 2012). In case of PA, although there is no clear explanation of why would this happen,

based on the data in the literature, there are, however, possible explanations.

First biofilms could possibly produce materials that kill the cells. For instance, rhamnolipids,
which play a role into PA biofilm formation, are reported to be toxic to neutrophils and the host
tissues at the site of biofilm infections (Mulcahy et al., 2014). Alhede et al. (2014), showed that
both in vitro and in vivo PA biofilms produce a shield of rhamnolipids, that protect bacteria
from neutrophils (Alhede et al., 2014). Second, as mentioned earlier, that neutrophils are
attracted towards the site of infection through chemotactically active molecules
(Balamayooran et al., 2010). These molecules may either found on the bacteria as explained
in the introduction or released by several immune cells at the site of infection, such as epithelial
cells macrophages (Linden et al., 2005, Mantovani et al., 2011). Biofilms could possibly
reduce the diffusion of these chemoattractant molecules; thus, neutrophils were not

encouraged to move forward and reach the examined site.

To understand this in future, we could utilise the system suggested earlier which equipped
with 300-nm-thick membrane with 3-um pores as explained previously. After development of
biofilms on those slides similar to explained in chapter 3 we could possibly monitor neutrophils
transmigration from the upper channel (empty) to the lower channel (biofilms or planktonic
cells) through the pores to understand whether neutrophils well be attracted to biofilms
compared to wells containing planktonic cells or empty wells. Similar works on neutrophils
transmigration were already performed on these slides to study neutrophils transmigration to
neutrophils chemoattractant molecules N-formylmethionyl- leucyl-phenylalanine (fMLP)

(Rohwedder et al., 2019).

Overall these data might indicate that biofilm might affect neutrophil attachment.
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6.6.3. HHA labelling and granules content

As covered earlier in the introduction of this chapter and in main introduction, neutrophils are
a key effector cells in the innate immune system, working as the first line of defence against
invading microorganisms. Neutrophils utilise several defensive mechanisms to tackle these
foreign pathogens. In addition to its ability to produce inflammatory cytokines and chemokines
they contain compounds that can kill pathogens, called granules. Granule content can also be
released into the extracellular environment when the granule membrane fuses with the plasma
membrane through a process known as degranulation (Cowland and Borregaard, 2016). As
mentioned in the main introduction, Four types of neutrophil granules have been categorised
and referred to as primary (or azurophil), secondary (or specific), tertiary (or gelatinase)
granules and secretory vesicles (Cowland and Borregaard, 2016). Once released outside of
the cells, those granule contents play a role in the elimination of extracellular pathogens
(Pham, 2006). Content of these granules were discussed in details in the main introduction
(1.6.3). It is known that LPS causes neutrophil degranulation (DeLeo et al., 1998, Ward et al.,

2000, Ruchaud-Sparagano et al., 2014).

In our study, we observed that neutrophils were stained with the HHA which was reported that
it is specific for high mannose structure (Balzarini et al., 2004) and where shown to stain
paucimannose from Trypanosoma brucei (Castillo-Acosta et al., 2013). It was reported that
azurophilic granule proteins contain paucimannosidic N-linked carbohydrate structures
(Thaysen-Andersen et al., 2015). Furthermore, Shepherd and Hoidal (1990) reported uptake
of MPO by MR (Shepherd and Hoidal, 1990). Additionally, Reiding et al. (2019) recently
characterised the structure of MPO in neutrophils from healthy human donors; the author
confirmed the presence of high mannose structure in MPO (Reiding et al., 2019). Therefore,
it can thus be suggested that possibly HHA stain the azurophilic granules which contain
mannose structures, though this needs to be verified in future studies using stain specific for
neutrophils azurophilic granule protein MPO (Allen, 2014). Analysis of the HHA stain intensity

showed that neutrophils incubated with biofilms forming strains (PAO1 and AwspF) have
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similar intensity values to control (uninfected neutrophil). On the other hand neutrophils
incubated with planktonic strain (AwspFApelApsl) showed lower intensity when compared to
controls and biofilms forming strains. These results might suggest that neutrophils when
encountered with planktonic strains, were able to release the granules content, but was not
the case when countered the biofilms, thus it might be possible that biofilms restrict neutrophils

granules release.

LPS is a major component of the outer membranes of all Gram-negative bacteria (Aguiniga et
al., 2016). As mentioned earlier, it is known that LPS causes neutrophil degranulation (DeLeo
et al., 1998, Ward et al., 2000, Ruchaud-Sparagano et al., 2014). However, it was indicated
that PA undergoes LPS alteration when forming biofilms, most importantly, lipid A (Ciornei et
al., 2010). Relatively, It was reported that PA lipid A mutant isolated from CF patients showed
lower ability in triggering neutrophil degranulation (SenGupta et al., 2016). Additionally, it was
indicated that extracellular DNA, a major proinflammatory part of PA biofilm reduces the
release of neutrophils azurophilic granules component, MPO and treating the biofilms with
DNase increase the MPO activity (Bass et al., 2010). Together, this may perhaps explain the
results shown earlier were neutrophils incubated with biofilms strains showed higher intensity

of HHA staining compared with planktonic strains.

Overall, these data showed that HHA might possibly stain neutrophils azurophil granules and
HHA labelling in neutrophils was affected by the presence of biofilms and planktonic cells,

biofilms might restrict the release of the granules content.

6.6.4. Circularity

In the previous chapter, we reported round cells morphology of moDCs incubated with biofilms
and purified HMW-Psl (Figure 5.16 and Figure 5.17). Similarly, preliminary observation in this
chapter indicated neutrophils incubated with biofilms forming strains (PAO1 and AwspF)
showed higher circularity compared to neutrophils incubated with planktonic strains and

addition of purified HMW-Ps| tend to increase circulatory of neutrophils incubated with
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planktonic strains (Figure 6.12). Relatively, Neutrophils were reported to retained round
morphology when incubated with PA biofilms which resulted in reduced neutrophil phagocytic
ability (Jesaitis et al., 2003). Additionally, Pseudomonas contain proteins involved in adhesion
and actin-regulating, including integrins, kinases, and GTPases (Murphy and Courtneidge,
2011, Foxall et al., 2016, Di Martino et al., 2016). We also analysed the intensity of phalloidin,
data indicated that biofilms tend to increase the intensity of phalloidin while planktonic reduced
it with the addition of HMW-Psl reverse the decrease of intensity observed with planktonic
strains. It is possible that both circulatory and high intensity of phalloidin observed with
neutrophils incubated with biofilms or with neutrophils incubated with planktonic cells +HMW-

Psl affects its motility through changes in cytoskeleton.

Cytoskeleton alterations by bacterial pathogens been reported as a tool to impair neutrophils
phagocytosis following neutrophil recognition (Bros et al., 2019). Different gram-negative
bacteria utilise the T3SS to inject GTPase activating proteins (GAPSs) into the host cell to
facilitate the establishment of infection. Throughout all situations, host actin dynamics are
modified by bacteria manipulating RHO GTPases, such as ROS, RAC1 and cycle 42 cell
division. RHO GTPases act as molecular switches by regulating the actuin-related protein 2/3
complex 26 in the control of actin dynamics. For instance, it was reported that PA utilise ExoS
to cause cells rounding in epithelial cells (Frithz-Lindsten et al., 1998). Similarly, Yersinia uses
YopE to target small RhoA family G proteins affecting the actin cytoskeleton, thus actively
inhibiting phagocytosis (Rolan et al., 2013). Yersinia also expresses another type Il effector
protein tyrosine phosphatase (PTPase), YopH, which, together with YopE, has recently been
shown to interfere with neutrophil degranulation (Taheri et al., 2016). In addition, Salmonella
enterica SptP target the actin cytoskeleton through GTPase activation (Galan and Zhou,

2000).

It is possible that the alteration of the cytoskeleton characterised by high circularity and high
intensity of phalloidin after neutrophils incubation with PA biofilms or planktonic strains +

HMW-Psl is through changes in GTPase, which is similar to the morphological changes
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observed with moDCs in earlier chapter. Innate immune cells such as neutrophils,
macrophages and DCs share an overlapping range of functions (Bros et al., 2019). Thus, it
was speculated, RhoA-specific functions that have been elucidated in one myeloid cell type
may generally be applicable to other cells as well (Bros et al., 2019). As we observed similar
changes in both cells, neutrophils and moDCs incubated with biofilms or EPS, future analysis
might focus on analysis of GTPase in both cells to unveil the mechanism behind the round
morphology. In addition, neutrophil function involves numerous processes that are also
regulated by Rho GTPases such as phagocytosis, degranulation including MPO release and
NETs formation (McCormick et al., 2019). This also added to the important of investigating

GTPases in future analysis.

6.6.5. Final conclusions

To develop a full picture of neutrophils biofilms interaction, additional studies will be needed

on two important neutrophils defence strategies, MPO and NETSs.

MPO is the most abundant enzyme within the neutrophils and important in the host defence
(Van der Veen et al., 2009). Mainly, MPO is released into the phagosome to support in the
degradation of opsonised pathogens, and 30% could be released into the extracellular space
following degranulation (Parker et al., 2012b). In this study after incubation of neutrophils with
fixed bacteria, supernatants were collected, we aim to analyse MPO activity utilising a
commercial assay kit (abcam, ab111749). However, we didn’t detect any MPO released in the
supernatants neither in neutrophils incubated with planktonic cells or with biofilms (data not
shown). This finding was unexpected and suggested that there was a problem with the
supernatants collected, as the assay positive control was working (data not shown). Despite
the results reported by Bass et al. (2010) of reduced MPO activity with biofilms, our data are
not concordant with previous data as neutrophils MPO activity was reported with planktonic
PA as well (Mathy-Hartert et al., 1996). It is possible that our negative results were due to the

long-time supernatants were stored in -80 °C prior to analysis, as a result, MPO enzymes
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might have lost their activity. For future analysis, it might be recommended to assess MPO as

soon as supernatant collected.

NETs are large, extracellular, web-like structures composed of DNA and granule proteins,
such as neutrophil elastase, MPO, and cathepsin G. (Papayannopoulos, 2018). Most of DNA
in NETs is derived from the nucleus, and NETs also enriched in mitochondrial DNA
(Papayannopoulos, 2018, Lood et al., 2016). Neutrophils release NETSs to catch, trap and Kkill
different pathogens including bacteria (Brinkmann et al., 2004), fungi (Urban et al., 2006) and
viruses (Saitoh et al., 2012). Nevertheless, if dysregulated, NETs can contribute to the
progression of disease (Papayannopoulos, 2018). It was indicated that different PA strains
induce NETSs that contain different structures suggesting that the composition of NETs varies
depending on the stimulus (Dwyer et al., 2014). Additionally, It was reported that mucoid
strains of PA, seem to be moderately resistant to neutrophil NETs—mediated killing (Young et
al., 2011). Furthermore, some bacterial biofilms were able to either inhibit NETs (Ma et al.,
2017) or to be protected inside biofilms and resisted NETs (Hong et al., 2009, Wartha et al.,

2007). Therefore, it was essential to investigate NETs release in our study.

Therefore, along with our efforts to assess MPO we examined neutrophils’ release of NETs
utilising microscopy and using the DNA staining DAPI. Although NETSs release assessment
utilising DNA stain DAPI is widely used method (Rebernick et al., 2018, Gomez-Lopez et al.,
2017), we encountered a problem which is DPAI stain both bacteria and neutrophils and it
was difficult to adjust the microscopic setting to clarify NETs. Therefore, we were unable to
observe any NETs formation. Future studies should utilise specific staining for NETs only that
target several granule components, for example, myeloperoxidase or elastase, which have
also been shown to be present at high amounts within NETs to be able to assess NETs release
accurately, with the addition of NETs positive controls (de Buhr and von Kockritz-Blickwede,

2016).
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To end, analysis performed in this study were based on free available program that need the
interventions of human factor, which might reduce the reproducibility and take a very long time
for analysis. To increase the data accuracy, and reduce the analysis time, for future analysis
it would be highly recommended to utilise the current available artificial intelligence programs
based on machine learning. These programs currently are opening new horizons in biomedical

research and promises to revolutionise the microscopy field (von Chamier et al., 2019).

Overall, despite its limitation presented earlier, this study adds up to our understanding on
human neutrophils and PA biofilms interaction and identified possible factors that might

affected neutrophils ability in eliminating biofilms.
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Chapter 7. General discussion and future
perspective

The opportunistic pathogen Pseudomonas aeruginosa (PA) is believed to play a key role in
the long-lasting infections of immunocompromised individuals, including patients with cystic
fibrosis (Moradali et al., 2017). One of the most important adaptive factors that facilitate
chronic infection is the switch from planktonic to the biofilm mode of growth which makes PA
eradication extremely difficult or even impossible (Hogardt and Heesemann, 2010,
Schelstraete et al., 2013). Biofilms consist of bacterial communities interconnected and coated
by a self-produced extracellular polymeric substance (EPS) (Costerton et al., 1999, Borlee et
al., 2010). PA produces two major carbohydrates within the EPS, Psl and Pel; the presence
of at least one is essential for biofilms formation (Franklin et al., 2011). Structurally, Psl
contains D-mannose, D-glucose, and L-rhamnose (Byrd et al., 2009) and Pel is composed of

N-acetylgalactosamine (GalNAc) and N-acetylglucosamine (GIcNAc) (Jennings et al., 2015).

It is understood that the immune response to planktonic PA is triggered through the
engagement of multiple PRRs able to detect specific PA antigens, including TLR-4 and TLR-
5 which bind LPS and flagellin, respectively (Hayashi et al., 2001, Janeway and Medzhitov,
2002). During the process of biofilm formation, PA undergoes phenotypic changes, including
the loss of LPS O-antigen, downregulation of flagellin, and loss of T3SS (Bragonzi et al., 2009)
that might alter PRR engagement and, in turn, immune responses. So far, very little attention
has been paid to the immune response to biofilms and the role of PRRs, including C-type
lectin receptors (CLRs), in this process. Therefore, the overarching aim of this thesis was to
investigate the interplay between PA and innate immune cells and how it is affected by biofilm

formation from three different angles presented in Chapters 4, 5 and 6, respectively.

First, data from previous work in the lab (Tamanna Rahman and Mohammad Alshahrani, PhD

theses) revealed that two CLRs, MR and DC-SIGN recognise PA biofilms and purified biofilm
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carbohydrates. The main aim of Chapter 4 was to determine the capability of another CLR,
Dectin-2, to interact with PA biofilms and purified EPS components. Second, as mentioned in
Chapter 5, the hydrolysed carbohydrates monomer compositions in moles % for HMW-Psl-1
was 74.9% mannose. Hence this chapter mainly aimed to determine how recognition by C-
type lectins (DC-SIGN and MR) of this high mannose compound influences immune
responses. Third, in Chapter 6 we set up an assay to study neutrophil-PA biofilm interactions,
particularly neutrophil morphological and behavioural changes following contact with PA
biofilms. Neutrophils are first responder cells of the innate immune system that play a major

role in the control of bacterial infections.

To study the interaction of myeloid cells with PA biofilms and how it is affected by carbohydrate
composition, we employed different PA strains that vary in the expression of genes involved
in the synthesis of Pel and/or Psl; AwspF, AwspFApel, AwspFApsl and AwspFApelApsl. These
strains express the same high levels of c-di-GMP, resulted from the mutation in wspF (Borlee
et al., 2010). The high levels of c-di-GMP stimulate the expression of EPS and correlate with
the tendency of bacteria to form biofilms (Hengge, 2009). Confirmation of the genetic
mutations in the strains utilised in this research prior initiating the study was considered a good
starting point to ensure that these PAO1 strains possessed the correct wspF and/or ps/ and
pel mutation (Figure 3.1). What follows is a brief summary of the aims and main findings of

this thesis.

7.1. Generation and Characterisation of PA biofilms (Chapter
3)

Chapter 3 described the biofilm generation methods used in this investigation to study the
interaction of innate immune cells with biofilms. The main aim was to optimise biofilm
generation in substrates suitable for microscopic examination to analyse biofilm architecture
(Ch.3), visualise the distribution of ligands for immune lectin receptors (Ch.4), and investigate

Immune cells-biofilm interactions (Ch.5 and 6). Following several optimisation experiments as
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summarised in the schematic diagram (Ch.3, Figure 3.12), we successfully generated biofilms
under flow conditions in ibidi p-Slide VI 0.4. From the confocal laser scanning microscopy data
in (Ch.3) we determined that within our experimental settings, the most suitable biofilm
generation conditions were when (1) PA cultures were inoculated on tissue culture slides and
subjected to (2) continuous flow (1.6 ml/hr) of (3) pre-gassed X-Vivo-15 [48 hr prior usage as

described in (Figure 3.7)].

Alongside optimising the biofilms formation, in another set of experiments in the same chapter
(Ch.3), we confirmed and quantified the biofilm formation by PA AwspF strains and clinical
isolates in two types of microtiter plates using a defined eukaryotic media (Figure 3.2 and
Figure 3.3). The aim was to use these biofilms in testing the binding of C-type lectins and the

analysis of biofilms-innate immune cells interaction (Chapters 4 and 5, respectively).

In all biofilm generation methods in this thesis, we utilised the defined eukaryotic media X-
Vivo-15 which is generally used for the culture of eukaryotic cells but not for prokaryotic cells
(Bethke et al., 2002, Dasgupta et al., 2007, Earle et al., 2005). The main aim was to utilise a
media where we can co-culture both biofilms and innate immune cells. Since X-Vivo-15 was
shown to support biofilm generation, it was considered appropriate for this study. The results
obtained by exploiting these biofilm generation procedures are described in the following

sections.

7.2. Recognition of Pseudomonas aeruginosa biofilms and
purified biofilm-associated carbohydrate by Dectin-2 (Chapter

4).

The CLR Dectin-2 reportedly binds several pathogenic microorganisms, in all instances, the
cell wall polysaccharides of these organisms contain high mannose structures (McGreal et al.,
2006, Sato et al., 2006, Barrett et al., 2009, Brudner et al., 2013, Miyasaka et al., 2013, Ritter

et al., 2010). Competition binding studies indicated that the Dectin-2 CRD binds to
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monosaccharides with modest affinity and that affinity was significantly higher for mannose-
linked (1-2) or (1— 4) to a second mannose residue (Feinberg et al., 2017). In Ch.4, we mainly
investigated the possibility of Dectin-2 recognising PA biofiims and purified biofilm
carbohydrates. A commercially available Dectin-2-Fc chimera protein comprising the
mannose-binding region (CRD) of Dectin-2 fused to the Fc portion of human IgG1 was used
to test the capability of Dectin-2 to bind PA biofilms and purified Psl in ELISA assays as
described in (2.5). The functionality of the Dectin-2-Fc was confirmed in all assay conducted
by testing the binding against the confirmed Dectin-2 ligand heat-killed C.albicans (HKCA)

(Figure 4.7-Figure 4.11).

When Dectin-2-Fc was added to 96 well plates coated with PA LPS or fixed planktonic cells
of PAO1 and wspF mutant lab strains, no binding was detected (Figure 4.14). The results were
further confirmed by comparing Dectin-2-Fc and DC-SIGN-Fc binding to planktonic PAO1.
DC-SIGN-Fc had been shown to bind planktonic cells using ELISA, and we confirmed these
findings using confocal microscopy (Figure 4.15). This observation is in agreement with a
previous study demonstrating no binding of Dectin-2 to PA LPS (Wittmann et al., 2016). On
the other hand, when Dectin-2-Fc was incubated with biofilms formed by PAO1 or wspF
mutant lab strains in 96 well plates, binding activity was detected in all tested strains except
for the biofilm deficient strain AwspFApelAps! (Figure 4.7). Dectin-2-Fc binding was not only
observed with PAO1 and wspF lab strains but with biofilms formed by several wound isolates
(Figure 4.8). Altogether these data suggested that PA display ligand(s) for Dectin-2 only as a

biofilm. (Discussed in detail in 4.6.1)

The fact that Dectin-2-Fc binding was higher with strains that overexpress Psl compared to
Pel only and PAO1 suggests that these strains might display more ligands for Dectin-2 (Figure
4.7). When Dectin-2-Fc was added to wells pre-coated with three different preparations of
LMW-Psl and HMW-Psl, Dectin-2-Fc binding to all preparations was detected with stronger

binding observed to HMW-Psl preparations (Figure 4.10). Initial NMR analysis indicated an
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increased level of impurities in LMW-Ps| compared to HMW-Psl| (data not shown); hence all

subsequent work apart from the assay in (Figure 4.10) utilised the HMW-PsI| preparations.

Silver staining of two HMW-Psl preparations noted contamination with LPS (Figure 5.4 A).
Thanks to substantial efforts of our lab colleagues (Sonali Singh and Darrel Jackson), the
removal of LPS from HMW-Psl| was successfully achieved using an endotoxin removal column
and verified using SDS-PAGE (Figure 5.4 B) and TLR4-transduced cells (Data not shown).
The ELISA binding assay showed that the ability to bind DC-SIGN and MR-CTLD4-7 and
Dectin-2-Fc (Figure 5.4 C), respectively, was preserved in HMW-Ps|(-P$®) |n agreement with
the previous observations with biofilms, removal of calcium from the binding buffer diminished
the binding of Dectin-2-Fc to HMW-Ps|(-PS¢) suggesting contribution of the CRD domain to
binding high mannose structures within HMW-Ps|"S ) (Figure 4.11). Pre-incubation of
Dectin-2-Fc with Mana-1-2Man before performing the binding assay diminished Dectin-2-Fc
binding to HMW-Ps|-PS¢) (Figure 4.12). This result correlates with Dectin-2 specificity for
Mana-1-2Man mentioned in (Feinberg et al., 2017). Biolayer interferometry studies confirmed

the binding of huDectin-2 to purified HMW-Psl (KD 20 nM) (Figure 4.13).

The Dectin-2-Fc binding to PA biofilms and purified Psl was in all cases lower compared to
MR (CTLD-4-7-Fc) (Figure 4.7, Figure 4.10 and Figure 4.11), which correlate with the previous
report showing lower affinity of Dectin-2 to mannose-rich structures compared to MR (CTLD-
4-7-Fc) (McGreal et al., 2006). However, this was not the case when on PAO1 biofilms were
developed on microscopic slides under continuous flow (Figure 4.9). In addition to the different
binding profiles exhibited by each lectin, opposite of what was seen in the ELISA studies,
Dectin-2 showed enhanced binding to biofilms generated under flow conditions compared to
MR (Figure 4.9). It is possible to speculate that the different binding profiles are due to the two
different biofilm generation methods which might alter biofilm structure (Azeredo et al., 2017).
The enhanced DC-SIGN binding compared to both lectins might be attributed to the fact that
DC-SIGN binds to planktonic cells, as observed previously in Alshahrani (2018) (discussed in

detail in 5.6).
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Overall, the most prominent finding to emerge from this chapter was that PA biofilms display
ligands for Dectin-2 and that HMW-Psl behaves as Dectin-2 antagonist, which was

unexpected. This would fit with a role for biofilm polysaccharides in dampening immune

activation.
7.3. Interaction of human Dendritic cells with PA Biofilms
(Chapter 5)

In Chapter 5, the initial aim was to find human myeloid cells that express DC-SIGN, MR and
Dectin-2 to investigate their contributions to immune response after exposed to PA biofilms or
purified Psl. Analysis of the expression of these receptors on human macrophages indicated
that they would possibly be applicable to establish MR contribution to biofilm recognition, but
not the contribution of DC-SIGN and Dectin-2 (Figure 5.2). On the other hand, analysis of
expression of these lectins on moDCs indicated they are best suited to investigate the
contribution of MR and DC-SIGN to biofilm recognition but not for investigating Dectin-2
contribution (Figure 5.3). Therefore chapter 5 focused mainly on DC-SIGN and MR. As shown
in (5.4.2), a series of experiments were conducted to evaluate cytokine profiles produced by
moDCs after interaction with biofilms. IL-18, IL-23, IL-6, IL-10, MCP-1, Gro-a and TNF-a were
quantified in supernatants collected after 4 hr of incubation. The time point was chosen based

on the fact that LDH analysis showed no cytotoxicity at that time (Figure 5.10).

The most apparent results from this chapter were that HMW-Ps|-P$F®) does not stimulate the
production of cytokines by moDCs (Figure 5.5). Which is in agreement with the reports
showing that both DC-SIGN and MR do not directly trigger an immune response, but rather
modulate signalling by other PRRs, like TLRs (Gringhuis et al., 2007, Martinez-Pomares,
2012). However, HMW-Psl failed to influence moDCs cytokine responses to biofilms lacking
Psl suggesting either that Psl does not play a role on the modulation of moDCs responses, or

that the models implemented in this study were not suitable (Figure 5.5).
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Although ManLam is a well-known DC-SIGN and MR ligand, Riviére et al. (2004) indicated
that the modulatory effect resulted from the engagement of both MR or DC-SIGN is only
obtained by ManLAM clusters and not by monomers ManLAM (Riviére et al., 2004). Therefore,
to rule out the chance that the structure of our purified HMW-PsI-PSf) might not resemble
that of Psl within PA biofilms, we co-cultured moDCs with PA biofilms formed by wspF mutant
strains with distinct EPS components. However, data revealed no indication that the presence
of Psl influenced moDCs cytokine responses to biofilms (Figure 5.6). We completed this
investigation by assessing the effect of blocking DC-SIGN, MR and/or Dectin-2 on the cytokine
response of moDCs to PA biofilms. No statistically significant changes could be detected
(Figure 5.9). Together, these results suggest that there is either no role for Psl on the
modulation of moDCs responses or the models implemented in this study are too limited.
Recommendation of changes to existing models and suggestions on an alternative mouse

model for the follow-up of this research can be found in (5.6.4).

Because both MR and DC-SIGN are considered important endocytic receptors expressed by
antigen-presenting cells (Svajger et al., 2010). Dr. Sonali Singh conducted another set of
experiments intended to determine whether two different HMW-Psl preparations HMW-Psl-1
and HMW-Psl-2 could interfere with moDCs endocytic activities. Data show distinct ability of
HMW-Psl to modulate DC-SIGN-mediated endocytosis in moDCs independent of LPS (Figure
5.11 and Figure 5.12). These results prompted the launch of the microscopy-based

investigation to study moDCs-HMW-Psl interaction.

It has been well established in the literature that DC-SIGN recognition of mannose-rich ligands
such as HIV-1 envelope glycoprotein gp120 generates internalisation and cytoskeleton
remodelling (Engering et al., 2002). Therefore, the aim was to assess if we could make similar
observations when moDCs (DC-SIGN+, MR+, Dectin-1°", Dectin-2°"", Figure 5.3) are

incubated with biofilms formed by Psl-expressing strains or purified HMW-Ps|L"S-Free),
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Curiously, results indicated that moDCs adopt rounded morphologies when incubated with

LPS-free) fOf'

biofilms (Figure 5.16). In agreement with this result, moDCs cultured with HMW-Ps|(
24 hr displayed a rounder morphology, characterised by higher circularity index and lowered
perimeter (Figure 5.17). Together these results provide important insights into the Psl

capability to interfere with moDCs activity and might indicate changes in the cytoskeleton.

In spite of limitations in this chapter with regards to moDCs cytokines analysis, the most
obvious finding to emerge is that Psl have the capability to interfere with the activity of moDCs

(DC-SIGN+, MR+, Dectin-1" and Dectin-2°°"") (Major finding.2).

7.4. Analysis of biofilm-human neutrophils interactions

(Chapter 6)

About 50-70% percent of all circulating white blood cells in humans are neutrophils originated
from myeloid precursor cells in the bone marrow (Doeing et al., 2003, Mestas and Hughes,
2004). These cells play an essential role in the complete resolution of lung infection as they
function as effective phagocytic cells against extracellular bacteria and fungi (Segal, 2005).
Neutrophils follow a variety of signals to reach sites of infection (de Oliveira et al., 2016).
Although neutrophil infiltration is a hallmark of biofilm infection, the infection persists due to
failure of neutrophils to eradicate the bacteria (Hansch, 2012). Thanabalasuriar et al. (2019)
reported that biofilm formation hindered neutrophils activity. Therefore, in Chapter 6 we mainly
aimed to set up an in vitro microscopy-based model that enables us to examine neutrophils
morphology and behaviour, as determined by live and confocal microscopy, following their

interaction with PA, as planktonic or biofilms.

In this chapter, we utilised the biofilm formation method described in (Ch.3, Figure 3.9). Briefly,
isolated human neutrophils were co-cultured with PA biofilm-forming strains (PAO1 and
AwspF), or a biofilm-deficient strain (AwspFApelApsl). To analyse the interaction, we acquired

time-lapse images every 8 min using a DeltaVision microscope. Those images were then
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uploaded to Fiji software with the aim to analyse neutrophils behaviour in each condition
(Figure 6.4). Our data analysis mainly indicated that when neutrophils were exposed to fixed
planktonic PA or biofilms, neutrophils motility was significantly lower when exposed to biofilms
characterised as reduced velocity, net distance, MSD and speed. (Figures 6.7 and Figure 6.8).
These results were in agreement with previous observations, indicating that biofilms restrict

neutrophils activity (Thanabalasuriar et al., 2019).

While the added number of neutrophils and the location of image acquisition (Figure 6.5) were
maintained constant. We found that the number of neutrophils cultured with biofilm-forming
strains was lower than those cultured with biofilm-deficient cells, which may indicate that
biofilm interferes with the adhesion of neutrophils (Figure 6.10). While there is no clear
explanation of why this would occur, it possibly results from the presence of specific molecules
that could kill the cells such as rhamnolipids. Alternatively, it may result from a reduction in the
diffusion of certain molecules of chemoattractant that is necessary for the migration of

neutrophils to the tested locations (please refer to 6.6.2).

Following live microscopy data acquisition, we stained the neutrophils biofilms co-cultures with
HHA. The initial aim was to explore the possibility of neutrophils being attracted to high
mannose structures. One unanticipated finding was the uptake of HHA staining by neutrophils
(Figure 6.11), which was never reported before in the literature. This observation, (as
discussed in 6.6.3) might result from form staining of paucimannosidic proteins within the
neutrophils azurophilic granules. Based on this observation, we analysed the intensity of HHA
labelling in each condition tested. Our data indicated that HHA staining intensity was higher
for neutrophils incubated with biofilms-forming strains compared to biofilm-deficient strains
(Figure 6.11). Overall, our findings indicated that HHA could possibly stain azurophilic
granules within neutrophils, that HHA labelling was affected by the presence of biofilms and
planktonic cells, and that biofilms could restrict the release of granules. (Please refer to 6.6.3

for further explanation).
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Jesaitis et al. (2003) reported that neutrophils display rounded morphology when exposed to
PA biofilms. Similarly, in Chapter 5, we observed that moDCs adopted a rounded morphology
when exposed to PA biofilms or HMW-Psl (Figure 5.16Figure 5.17). Therefore, in this chapter,
we examined whether neutrophils would also adopt a circular morphology when exposed to
PA biofilms and whether the addition of the biofilm purified component, HMW-Psl to planktonic
cells would influence neutrophils shape. Similar to moDCs, neutrophils retained circular shape
after exposure to biofilms or HMW-Psl+ and showed higher phalloidin intensity, suggesting

changes in the cytoskeleton (Figure 6.12). (discussed in detail in 6.6.4).

Discussion of limitations and future work can be found in (6.6.5). Overall, data in Chapter 6

identified possible factors that might affect neutrophils ability to eliminate biofilms.
7.5. Future prospects

7.5.1.  Examination of the innate immune response to polymicrobial

biofilms:

The current study data highlighted the engagement of CLRs in recognition of PA biofilms.
However, data obtained in vitro with a single-species biofilm may not represent the whole
scenario in clinical settings. Several reports have shown that many chronic biofilms-associated
infections are polymicrobial composed of a collection of organisms (fungi and bacteria) (Peters
et al., 2012, Mulcahy et al., 2014). Multi-species biofilms have been involved in cystic fibrosis
pathogenesis and many hospital-acquired infections related to implanted medical devices,
including urinary catheters (Coad et al., 2016, Sibley et al., 2008). Additionally, analysis of 30

human wounds showed the presence of diverse bacterial species (Dowd et al., 2008).

While It is evident that immune responses to bacteria or fungi alone are different, there is very
little information about the host immune reactions to polymicrobial infections (Dhamgaye et
al., 2016). Additionally, it was indicated that competition between organisms caused by close

proximity and nutrient limitations could lead to changes in metabolism and virulence, which
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might influence the host immunity (Tay et al., 2016, He et al., 2017). For example, PA is
reported to secret the toxin pyocyanin to outcompete co-infecting microbes such as
Burkholderia cepacian (Tomlin et al., 2001). However, the release of pyocyanin is reported to

induce neutrophil apoptosis and the release of ROS (Manago et al., 2015).

It has been demonstrated that C. albicans colonisation of the respiratory tract may facilitate
the establishment of PA-associated VAP (Azoulay et al., 2006). Additionally, the coexistence
of C. albicans and PA has been linked to poor clinical outcomes in cystic fibrosis patients
compared to mono-infection with PA alone (Navarro et al., 2001). This finding was validated
by results by Roux et al. (2009) utilising a mouse model (Roux et al., 2009). Several studies
have established the important role of CLRs in C. albicans infection. For example, mice lacking
Dectin-2 were more susceptible to candida infection compared to WT mice (Ifrim et al., 2016).
Early reports described the contribution of MR to cytokine release and killing of C. albicans by
phagocytic cells (Szolnoky et al., 2001, Marddi et al., 1991, Yamamoto et al., 1997).
Additionally, DC-SIGN was reported to bind the N-linked mannans in the cell wall of C.

albicans, and mediate DC internalisation of this pathogen (Cambi et al., 2003).

In this study, we showed evidence that PA biofilms display ligand for DC-SIGN, MR and
Dectin-2. Notably our data indicated, that Psl interferes with the biological function of these
receptors, working as an antagonist for Dectin-2 and restricting MR and DC-SIGN ligands
endocytosis (Ch.4 and Ch.5 respectively). Although this study focuses only on PA biofilms,
these findings may well have a bearing on polymicrobial biofilm infections involving C.albicans
and PA. In a mouse model, it was indicated that administration of fungal lysate from C. albicans
caused the release of Th2 cytokines (IL-4, IL-5 and IL-13), eosinophilia and hypersecretion of
mucus. On the other hand, administration of PA lysates only elicits the production of Th1
cytokines (IFN-y) and associated with neutrophils dominated responses with no mucus
secretion. Interestingly, co-stimulation with of both fungal and bacteria lysates shifted the

fungal immune response (Th2) towards the bacterial (Th1) (Allard et al., 2009). Therefore,
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further work needs to be done to establish whether CLRs response to C.albicans is altered in

the presence of PA biofilms or purified Psl.

PA also often coexist with S. aureus within the context of biofilm-associated infection. Although
the nature of this existence was reported to be competitional in some situations (Magalhaes
et al., 2019), some reports suggested that it might be advantageous. For example, it was
indicated that antibiotic susceptible S. aureus might benefit from being surrounded by
antibiotic resistance PA (Magalhaes et al., 2019). (Dalton et al., 2011) studied the impact of
co-infections of PA and S. aureus in a mouse model of polymicrobial wounds infection. In this
study, an in vitro biofilms were transplanted into the wounds of mice. Data revealed that co-
infection of both organisms caused delayed wound closure and hindered antibiotic treatments
compared to infection with PA only (Dalton et al., 2011). The engagement of DC-SIGN, Dectin-
2 and MR by S. aureus is not reported; preliminary observations in our lab indicated that DC-
SIGN might recognise EPS purified form S. aureus (data not shown). Further research could
also be conducted to determine how the coexistence of both organisms might influence the

innate immune response.

7.5.2. Examination of the possibility of other lectins to also contribute

to PA recognition:

In addition to MR, DC-SIGN and Dectin-2 other lectins among the CLRs family might
potentially bind to PA biofilms and EPS components such as Dendritic cell immunoreceptor

(DCIR) and Macrophage-inducible C-type lectin (Mincle).

7.5.2.1. Dendritic cell immunoreceptor (DCIR):

DCIR (CLECSF6, CLEC4A) belongs to the Dectin 2 family and is expressed on DC,
monocytes, macrophages, B lymphocytes, and granulocytes (Bates et al., 1999). In vitro,
DCIR expression was found to be high in moDCs, and was downregulated upon exposure to
LPS (Bates et al., 1999). This CLR had a broad specificity for carbohydrates, mainly binding

mannose and fucose (Nagae et al., 2016). In both pDCs and moDCs activation of DCIR with
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a monoclonal antibody modulated TLR-9 and TLR-8 responses, respectively; reduced
cytokines release (IFN-a and TNF-a for pDCs and IL-12 and TNF-a for moDCs) was detected
when both (TLR-9 or TLR-8) and DCIR were co-stimulated (Tel et al., 2012, Meyer-Wentrup
et al., 2009). Co-stimulation of DCIR and DC-SIGN was found to affect the internalisation of
high mannose ligands. DC-SIGN internalisation and antigen presentation to T-Cells was
reduced when DCIR was triggered simultaneously (Garcia-Vallejo et al., 2015). In a mouse
model of MTB infection Troegeler et al. (2017), found that DCIR deficiency inhibit type | IFN
signalling in DCs, leading to enhanced production of IL-12 and increased T cell differentiation
toward Th1. Although DCIR-deficient mice showed better ability to control MTB compared to
WT mice, it developed higher inflammation characterised by increased release of TNF and

inducible NOS (iNOS) in the lungs (Troegeler et al., 2017).

7.5.2.2. Macrophage-inducible C-type lectin (Mincle):

Mincle (CLECSF9, Clec4e) consists of a CTLD domain containing an EPN motif, thus able to
recognise different carbohydrates, mainly a-mannose (Lee et al., 2011, Yamasaki et al.,
2009). Similar to Dectin-2, Mincle is linked to the FcR-y to transduce intracellular signalling
(Yamasaki et al., 2008). Mincle is expressed by multiple innate immune cells including
monocytes, macrophages and neutrophils (Flornes et al., 2004, Vijayan et al., 2012, Yamasaki
et al., 2008, Lee et al., 2012, Kawata et al., 2012). Inflammatory stimuli, including LPS, TNF-
a, IL-6 and IFN-y, strongly induce Mincle expression in macrophages (Matsumoto et al., 1999).
Human Mincle has shown a mutual expression pattern on neutrophils and monocytes from
the same donor (Vijayan et al., 2012). Expression of Mincle in monocytes was shown to be
essential for inflammatory cytokine responses; however, it is negatively correlated with fungal
uptake and killing. On the other hand, the expression of Mincle in neutrophils aided fungal
uptake and killing (Vijayan et al., 2012). Research have showed that TLRs can collaborate
with Mincle synergistically to upregulate the production of inflammatory cytokines and
expression of complement receptor 3 (CR3) (Yamasaki et al., 2008, da Gléria Sousa et al.,

2011). Mincle intracellular signalling through Syk, CARD9-Bcl10-Malt1 and mitogen-
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activated protein kinase (MAPK) pathways will result in the induction of several cytokines and
chemokines, including TNF-a, macrophage inflammatory protein 2 (MIP-2; CXCL2),
keratinocyte-derived chemokine (KC; CXCL1) and IL-6 (Strasser et al., 2012, Yamasaki et al.,
2008). Mincle binds ligands from several fungal and bacterial pathogens, implicating its role
in anti-microbial immunity. Mincle binding to the cell wall of C. albicans triggers protective
immune response including inflammatory cytokine production, fungal killing and phagocytosis

(Vijayan et al., 2012, Wells et al., 2008).

7.5.3. Examination of the synergistic response of CLRs with other
PPRs such as TLR-9:

In this study, we noted an extensive amount of eDNA within the biofilm matrix (Figure 3.10
and Figure 3.11), which is relevant to all biofilms (Montanaro et al., 2011). eDNA is a
fundamental component of PA biofilms; treatment with DNase completely prevented biofilms
formation by PAO1 (Swartjes et al., 2013). The source of eDNA in biofilms was initially
reported to be autolysis of bacteria subpopulations within the biofilm community (Turnbull et
al., 2016, Montanaro et al., 2011) which was supported by the detection of full bacterial
genomic DNA in the EPS of PAO1 biofilms (Deng et al., 2020). However, a recent study found
that PAO1 AwspF displayed a distinct mechanism of eDNA release independent of the suicidal

path as previously reported in PAO1 (Deng et al., 2020).

The PPR, TLR-9, which resides in endosomes, is reported to bind microbial DNA in the
endolysosomal compartments to prevent activation by self-DNA (Kawasaki and Kawai, 2019).
Activation of TLR-9 with bacterial DNA triggers the release IL-8, which regulate neutrophils
recruitment (Kawasaki and Kawai, 2019). Neutrophils also express TLR-9, and it was indicated
that treatment of PA biofilms with DNase significantly reduced the release of IL-8, IL-18,

phagocytosis and NETs formation (Bass et al., 2010).

Two separate studies indicated that mice lacking TLR-9 exhibited better killing ability of PA

(Benmohamed et al., 2014) and S. aureus (Parker and Prince, 2012). Additionally, it was
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indicated that Syk activation is required for TLR-9 recruitment to 3-1,3 glucan beads and
fungal-containing phagosomes following ligation of Dectin-1 (Khan et al., 2016). Therefore,
future investigation on TLR-9 contribution in the immune response against PA biofilms and
the possible collaboration with other CLR such as DC-SIGN, MR and Dectin-2 is highly
recommended. DC-SIGN transgenic mice with or without mutation in MR, Dectin-2 and TLR-

9 would offer a possible tool for future investigation.

Summary

To conclude, we have shown that Dectin-2 binds to PA biofilms and different independent

LPS-Free) works as Dectin-2 antagonist and

preparations of Psl. We also found that HMW-Ps|'
interfere with moDCs morphology and endocytic activity of DC-SIGN and MR. Finally, we
highlighted possible factors that might affect neutrophils capability in eliminating biofilms.

Despite its limitations, this study certainly adds to our understanding of the interaction between

innate immune cells and PA biofilms.
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