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Abstract

The interaction between skin cells and skin microbiota is complicated and not fully
understood. A diverse community of microbes resides on the skin that participates in
shaping its physiology. Skin microbiota can modulate skin immunity and barrier, thus,
contributing to skin health. Also, the microbiota’s imbalance and dysbiosis can cause skin
disorders. Yet the mechanisms of function of skin microbiota on skin health and disease
are only beginning to be discovered. Pseudomonas aeruginosa is one of the leading
opportunistic pathogens in chronic wound infections. Biofilm formation of P. aeruginosa in
the wound area following its attachment to the keratinocytes has a deleterious impact on
wound healing. On the other hand, Staphylococcus epidermidis, as a skin commensal, has
been shown to protect the skin against pathogens. Therefore, this study aims to investigate
the effect of skin commensal bacteria on the skin cells and the opportunistic bacteria
inhabiting the skin.

The effect of S. epidermidis NCTC 11047 supernatant on the biofilm formation, virulence
factors production, and quorum sensing network of P. aeruginosa strains NCTC 10662 and
PAO1 was investigated using a range of colorimetric assays and RT-qPCR. Also, the effect
of S. epidermidis supernatant on the viability, migration, and proliferation of the human
skin keratinocytes (HaCaT cell line) was investigated using scratch and MTT assays.
Furthermore, the protective impact of S. epidermidis and its supernatant on the skin cells
against P. aeruginosa infection was explored by co-culturing keratinocytes with the
bacterial cells. The co-culture of S. epidermidis and P. aeruginosa in planktonic and biofilm
states was also investigated in order to investigate the interaction of commensal and
opportunistic microbes.

S. epidermidis supernatant diminished biofilm formation by 68% in NCTC 10662 and 34% in
PAO1 (P=0.0001 and P=0.002, respectively). It also diminished the virulence factor
production of P. aeruginosa (such as elastase production P=0.02) without any impact on its
growth through the modulation of the P. aeruginosa quorum sensing network.
Furthermore, the S. epidermidis supernatant improved proliferation of keratinocytes
(P=0.001). It also increased the re-epithelisation rate of an in vitro scratch model wound on
a monolayer of keratinocytes in 24 hours (P=0.01). S. epidermidis in co-culture with
P. aeruginosa decreased the adhesion of NCTC 10662 (P=0.02) and PAO1 (P=0.02) to the
abiotic surface. However, S. epidermidis, during the co-culture formed on keratinocytes,
was unable to decrease the adhesion of P. aeruginosa to the keratinocytes (biotic surface).
With increase in the prevalence of multi-drug resistant pathogens, the discovery and
application of molecules from the supernatant of commensals offering anti-virulence
properties may be a promising alternative therapy for the healing of infected wounds.
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Chapter 1 Introduction

1.1 Human skin

The skin is a complex and dynamic organ with a unique structure, and it has the capacity to
grow and restore itself. One of the important roles of the skin is to protect the inner body
from external assaults such as ultraviolet radiation, dehydration, chemical agents, and
pathogen invasion. The skin controls body temperature and moisture by regulating water
evaporation through sweat glands, which also acidify the skin, making conditions
unfavourable for the growth of certain pathogens (Kolarsick et al., 2011). Among the
essential roles of the skin is the synthesis of vitamin D from sunlight, which is necessary for
the normal growth of bones and the normal function of the immune system (Fitzpatrick et
al., 2012). Alongside the chemical and physical barrier that the skin makes for the body is
the immune barrier, which is comprised of both adaptive and innate immune cells residing
in the skin. The immune defence is distributed throughout the skin and is in constant
connection with other epithelial cells to orchestrate the cutaneous behaviour and
homeostasis. A well-balanced cutaneous barrier is a prerequisite to the maintenance of
body integrity and health. The importance of this function can be observed in people with

defective skin, like in burn victims who are most at risk of infection (Proksch et al., 2008).

1.1.1 Human skin structure

The skin is one of the largest organs of the body, constituting 15% of the body weight. It
has three major layers, which from outside to inside, are: the epidermis, the dermis, and
the hypodermis or subcutaneous tissue. The thickness of the skin varies throughout the
body, and based on the geographical location, it can change between 0.05 mm thick

(eyelid) to 1.5 mm (palms) approximately (Fitzpatrick et al., 2012).

The hypodermis or subcutaneous tissue is the innermost layer of the skin. It mostly consists

of adipocytes packed with lipids and fatty acids, which protects the underlying layers from



external shock and provides an energy reservoir for the body. It also contains a large
number of blood vessels and nerves that supply vascular networks in the dermis (Kolarsick
etal., 2011).

The dermis mostly consists of connective and fibrous tissue, supports the epidermal layer,
and provides structure and resilience to the skin. In the dermis, the main type of cells are
fibroblasts, which secrete collagen and elastin fibres that form a dense extracellular matrix
(ECM). The ECM provides a scaffold for immune cell migration. It also provides a network
for the distribution of blood and lymph vasculatures and neurons. Blood capillaries irrigate
the dermis while lymph fluid is drained through lymphatic vessels to lymph nodes
(Fitzpatrick et al., 2012). In addition to fibroblast, other resident cell types are present in
the dermis, including innate immune cells (such as dendritic cells, macrophages, and mast
cells), innate lymphoid cells (ILCs), Y& T cells, and a large number of adaptive resident

lymphocytes such as CD8* T cells (Kabashima et al., 2019).

As the epidermis is the most superficial layer of the skin, it plays an important role in the
skin’s barrier function. This layer does not have blood vessels, but it is thin enough to be
nourished by underlying layers. The epidermis is mainly composed of keratinocytes, but
other types of cells such as melanocytes (produce melanin pigment), Merkle cells (a type
of sensory cell), dendritic cells (a type of antigen-presenting cells), Langerhans cells (a
unique type of tissue-resident macrophages), and resident memory T cells (Trm) also reside
in there (Kabashima et al., 2019). The epidermis is a multi-layered structure with the ability
to renew itself through cell division. Constant division and differentiation of keratinocytes
rise to make the four layers of the epidermis (Figure 1.1). These four distinct layers of the
epidermis are identified by the maturity and morphology of the keratinocytes, the pattern

of proteins, and the expression of lipids (Kolarsick et al., 2011).

The stratum basale (basal layer) is the deepest layer of the epidermis, which is located on
top of the dermis. Basal keratinocytes are attached to the basement membrane via a and
B integrins, which provide a connection to the underlying ECM. There is a single layer of
epidermal stem cells and transit-amplifying cells in this part that differentiate into

keratinocytes (Koster and Roop, 2007). Keratinocytes’ morphology in this layer is cuboidal,



and they can be distinguished from other cells by the expression of keratin 5 and 14
(Simpson et al., 2011). Epidermal keratinocytes constantly migrate from the base of the
epidermis to the upper layer, and as they migrate, they proliferate and differentiate to

regenerate the epidermis.

As the cells in the basal layer continue to divide asymmetrically, they leave the stratum
basale and form the stratum spinosum. This layer comprises 8-10 layers of keratinocytes.
In the lower layers, cells are polyhedral in shape with rounded nuclei, whereas in the upper
layers, they become flattened and contain lamellar granules. Lamellar granules produce
lipids, fibrillar proteins, and hydrolytic enzymes. Lipids produced by keratinocytes in this
layer are essential for water retention (Fitzpatrick et al., 2012). Fibrillar proteins such as
keratins eventually aggregate together and make desmosomes. The desmosomal network
is responsible for cell connection, which promotes intercellular connection and resistance
to mechanical stress. Keratinocytes in this layer express keratin 1 and 10, which are specific
to these cells. As the cells move into the stratum granulosum, they flatten and develop
keratohyalin granules, which are composed of filaggrin, keratin filaments, loricrin, and
involucrin. All these proteins are responsible for the hydration of the stratum corneum and
filtration of ultraviolet (UV) radiation. Also, by binding to the desmosomal structure and
underlying plasma membrane, loricrin forms the cornified cell envelope, which is important
for the construction of the epidermis (Simpson et al., 2011). The last stage of keratinocytes
differentiation is self-destruction, which in this process, they destroy almost all their
cellular components except keratin filaments and filaggrin matrix. Several layers of these
flattened and cornified cells form the stratum corneum, the uppermost layer of the skin
(Proksch et al., 2008). Corneocytes in this layer are filled with proteins and are surrounded
by an extracellular lipid matrix. This combination is known as the ‘bricks’ (corneocytes) and
‘mortar’ (extracellular lipids). Regulation of permeability, desquamation, antimicrobial
peptide activity, and selective chemical absorption are all primary functions of the

extracellular lipid matrix.

On the other hand, corneocytes are responsible for mechanical support, skin hydration,

cytokine production, and protection from UV radiation (Fitzpatrick et al., 2012).



Keratinocytes, sebocytes, and commensal microbes are the producer of lipids in the skin.
Ceramides are produced by epidermal cells; cholesterols, triglycerides, and free fatty acids
are often produced by microbes; and squalene and wax ester are produced by sebaceous

glands (Chen et al., 2018).
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Figure 1.1 Representation of different layers of the epidermis (Kabashima et al., 2019).

1.1.2 Epidermal appendages

In addition to the epidermis layers, the appendages are also present throughout the
epidermis. These appendages are important in thermo-regulation, waterproofing, skin
flexibility, and pH control. These appendages include sebaceous glands, sweat glands, and

hair follicles (Kolarsick et al., 2011) (Figure 1.1)

Sebaceous glands produce and secrete sebum, lipid-rich substances, to the different layers
of the skin to improve flexibility. Some of these glands are also connected to the hair
follicles, which together form pilosebaceous units to lubricate hair growth. The
pilosebaceous unit can be a suitable environment for bacterial growth. The by-product of
bacterial metabolization from sebum, which is hydrolysing triglycerides into free fatty
acids, builds the acidic pH of the skin (Fitzpatrick et al., 2012). Sebaceous glands are

distributed all over the body but are mostly present in the face and scalp. Hormones and



age control the sebum production by these glands; specifically, in puberty, the sebum

production is elevated (SanMiguel and Grice, 2015).

There are two types of sweat glands: apocrine sweat glands and eccrine sweat glands.
Apocrine sweat glands are mainly restricted to the axillae, perineum, and hairy region in
the body. They mostly secrete oily substances to the hair follicle and are not open to the
skin surface. Apocrine glands are involved in thermoregulation and scent release, which is

essential in sexual attractants (Grice and Segre, 2011).

Eccrine sweat glands are dispersed throughout the body, predominantly present in the
palms, soles, and forehead. These are the only glands that are open to the skin's surface.
The hypotonic solutions of the sweat are essential for thermoregulation, pH maintenance,

and skin hydration (SanMiguel and Grice, 2015).

The other appendage in the skin is the hair follicle, which has an important function in heat
loss, protection against UV radiation, and scratches to the skin. At the base of the hair
follicle, there is a hair bulb, and living cells in the hair bulb differentiate and keratinise to
form the hair shaft. Blood vessels, nerves, and sebaceous glands are connected to the hair

follicle to nourish the follicle and control hair growth (Fitzpatrick et al., 2012).

Epidermal appendages have an essential role in human skin activity. They provide moisture,
nutrients, and balanced pH in different sites of the skin, and make the skin a unique
environment for the growth of a diverse microbial community. Also, there are no
corneocytes (dead cells) around the appendages; the microbiota coexists with living
keratinocytes in these areas, which results in skin appendages being an immunologically
unique spot. So, it is important to investigate the contribution of the epidermis and

epidermal appendages to the skin microbiome.



1.2 Skin immune system

The epidermis, which mostly consists of keratinocytes, makes the first defence barrier in
the skin. The primary function of keratinocytes is to maintain the physical barrier of the
skin, but this is not the only role. They are also a component of the innate immune system
and the mainline of immune response by the production of a range of cytokines,
chemokines, and antimicrobial peptides (AMPs) (Nestle et al., 2009). Cytokines are small
proteins released by different types of cells, mostly immune cells and epithelial cells, that
affect the behaviour of nearby cells that bear appropriate receptors. Chemokines, a
particular subgroup of cytokines that act as a chemoattractant, attract cells bearing
chemokine receptors such as neutrophils. The release of cytokines and chemokines in the
skin, which are responsible for cellular communications, activates a complex network of
signalling with several different results. For example, they can result in attracting immune
cells from the adaptive immune system to the skin. They are also essential for the

proliferation, differentiation, and balanced physiology of keratinocytes (Hanel et al., 2013).

Keratinocytes recognise pathogens and other stimuli in the skin through multiple receptors
known as pattern recognition receptors (PRRs). These receptors are expressed on the cell
surface or within the cells. Toll-like receptors (TLRs) are one of the PRRs which recognise a
distinct set of molecular patterns that are called pathogens-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs). PAMPs are a general
component of both pathogenic and non-pathogenic microbes that usually have repetitive
structures, such as bacterial lipopolysaccharides (LPS) and viral double-stranded (ds)
ribonucleic acid (RNA). DAMPs are endogenous danger signals from stressed, damaged,
and necrotic cells such as reactive oxygen species (ROS), high-mobility group protein box 1
(HMGB1), heat shock proteins, uric acids, and adenosine triphosphate (ATP) (Hornef and
Bogdan, 2005; Nguyen and Soulika, 2019).

TLRs are transmembrane receptors located on the cell surface or the surface of endosomal
organelles. There are 10 TLRs recognised in the human body, and each of them is specific
in recognition of a distinct PAMP and DAMP (Table 1.1). For example, TLR4 recognises
bacterial LPS, and TLR5 recognises bacterial flagella. Among 10 different types of TLRs, all



of them are expressed in keratinocytes except TLR7 and TLR8 (Lebre et al., 2007).
Recognition of dangers by TLRs activates different transcription factors such as nuclear
factor-kappa B (NF-kB), interferon regulatory factor (IRF), activator protein 1 (AP-1), and
mitogen-activated protein kinase (MAPKs). The ability of TLRs to activate NF-kB and other
transcription factors is crucial to enable the adaptive immune response and initiate the
expression of cytokines, chemokines, AMP, and co-stimulatory molecules (Fitzpatrick et al.,

2012).

Cytokines and chemokines production activated by TLR signalling include Interleukins (IL-
la, IL-1B, 1I-6, IL-8, IL-10), Interferons (IFN-a, IFN-B), growth factors, tumour necrosis
factors (TNF-a), and transforming growth factors (TGF-a, TGFB) (Williams and Kupper,
1996). IL-1a, IL-1B, IL-6, IL-8, and TNF-a, key pro-inflammatory cytokines expressed by
keratinocytes, can induce mechanisms that trigger local inflammation. In the presence of
environmental dangers such as bacterial LPS and UV radiation, the production of IL-1 and
TNF-a increases. IL-1 and TNF-a are primary cytokines that modulate the production of
other cytokines. In response to primary cytokines, the release of IL-6 (enhance B cell growth
and differentiation) and IL-8 (or CXCL8, which is a potent chemoattractant for neutrophils)
significantly rise. These processes cause immediate elimination of infection, repair of
damaged tissue, and activation of the adaptive immune response for further action

(Kupper, 1990; Grone, 2002; Nguyen and Soulika, 2019).

On the other hand, anti-inflammatory cytokines, which are immunosuppressive proteins,
inhibit the function of pro-inflammatory cytokines. IL-10 is one of the important anti-
inflammatory cytokines produced by keratinocytes that can inhibit T cell proliferation. A
balanced release of anti and pro-inflammatory cytokines is essential in the regulation of

immune response (Grone, 2002; Hanel et al., 2013).

The other receptors from the PRRs family that can detect both PAMPs and DAMPs are
nucleotide oligomerisation domain (NOD)-like receptors (NLRs). NLRs are exclusively
cytoplasmic receptors and have different subtypes (Nestle et al., 2009). Activation of some
NLRs mediates the formation of the inflammasome complex, which is a large multiprotein
consisting of NLR, adaptor protein ASC (an apoptosis-associated speck-like protein

7



containing a caspase recruitment domain), and pro-caspasel. The inflammasome assembly

activates caspasel, which cleaves pro-IL-1 B to its active form (Martinon, 2009).

Table 1.1 Toll-like receptors as pattern recognition receptors and their ligands. TLR10
ligand is unknown.

PRRS PAMP

Cytoplasmic TLR

TLR3 Viral ds RNA

TLR7, TLR8 Viral ss RNA

TLR9 ?slgtAe)rial unmethylated CpG deoxyribonucleic acid

Cell membrane

TLR1/2 or TLR2/6 (TLR2 can form
a heterodimer with either TLR1 or  Bacterial lipoprotein/peptides

TLR6)

TLR4 Bacterial LPS
TLR5 Bacterial flagellin
TLR2, TLR4 HMGB1 (DAMP)

The other tool of keratinocytes to defend the skin and fight microbes is the production of
antimicrobial peptides. Antimicrobial peptides are one of the essential components of the
innate immune system that disrupt microbial membranes and assist in the resolution of
infection. They are 10 — 150 amino acids long and cationic amphipathic peptides that are
produced by different cell types, including neutrophils, mast cells, and keratinocytes
(Schauber and Gallo, 2007). The most abundant antimicrobial peptides produced by human
keratinocytes are the human B-defensin 1 (HBD-1), HBD-2, HBD-3, cathelicidin (such as LL-
37), and ribonuclease 7 (RNase-7). The expression of antimicrobial peptides is either
regularly at a low level or is stimulated by inflammatory triggers (Schauber and Gallo,
2008). For instance, HBD-1 is produced continuously while the secretion of other
antimicrobial peptides is induced by other stimuli such as cytokines (TNF-a and IL-1 ) and
microbial products (LPS and lipoteichoic acids) (Kolls et al., 2008). This is not the only
function of antimicrobial peptides; they also contribute to activating and attracting
adaptive immune cells and inducing the production of anti and pro-inflammatory cytokines

through TLRs at the site of infection (Nguyen and Soulika, 2019).



The skin is the first line of defence in our bodies, and it ensures protection through physical,
chemical, and immune barriers. However, there is another important line that contributes

to the defence and homeostasis of the skin, and this is a microbiome barrier.

1.3 Skin microbiota

The skin is colonized by millions of bacteria, fungi, and viruses that compose the skin
microbiota. The skin microbiota with their genetic information, metabolites, structural
elements, and host interactions, build the human skin microbiome (Grice and Serge, 2011;
Byrd et al., 2018; Carmona-Cruz et al., 2022). Characterising the microbial community living
on the different sites of the skin is important to understanding the role of the skin
microbiota in health and disease. Historically, the skin microbiota was identified by their
cultivation from swabs of the skin surface. This approach selects microorganisms that grow
in artificial cultures, so it underestimates the diversity of the microbial community since
most skin microbes are unculturable. In 2007, the National Institutes of Health started the
Human Microbiome Project to study the microbial community in different parts of the
human body, including the human skin using molecular gene sequencing techniques
(Turnbaugh et al., 2007; Peterson et al.,, 2009). There are conserved taxonomic gene
sequences as molecular fingerprints in the bacterial and fungal genome that are specific to
bacterial and fungal organisms and are not found in other organisms. These sequences are
the 16S ribosomal RNA (rRNA) gene in bacteria and the internal transcribed spacer 1 region
in fungi. Sequencing these regions provides genus identification; however, species-specific
sequences are usually found adjacent to 16S rRNA and can be used to identify bacteria at
the species level (Grice et al., 2008; Grice et al., 2009; Costello et al., 2009). Researchers
first amplify the specific region using designed primers. After sequencing the amplified
region, they compare the raw data with the known bacterial sequences database library to
identify the bacteria. This method is also known as amplicon sequencing, as it just targets
a specific amplicon. The other method that has been used is shotgun metagenomic
sequencing, in which the whole genetic material in the sample is sequenced without

targeting specific regions. Since shotgun metagenomics amplifies all genetic material, it



allows us to study the community composition at the species and strain level (Oh et al.,
2014; Oh et al., 2016; Byrd et al., 2018). The result of these studies at different skin sites of
healthy individuals showed that the majority of the skin bacteria are categorised into four
phyla of Actinobacteria, Firmicutes, Bacteroidetes, and Proteobacteria (Figure 1.2).
However, the diversity and dominance of bacterial species vary based on the different

physiological sites of the skin.

The distribution of sweat glands, hair follicles, and sebaceous glands is not uniform
throughout the skin. Based on the secretion of the glands, each site of the skin has different
physiology and characteristics. The physiology of the skin can be categorised as moist, dry,
and oily or sebaceous, influenced by appendages present in these sites (SanMiguel and
Grice, 2015). These physiological features of skin provide a suitable microenvironment for
the growth of specific microorganisms. Several other factors specify the composition of the
microbial community living on each individual's skin. These include climatic conditions,
hygiene frequency, use of antibiotics, and other environmental factors (Prescott et al.,

2017).

Furthermore, the skin microbiome can change in the lifetime of each individual. For
example, the microbial community in a new-born baby can be determined based on the
mode of delivery and exposure of the new-borns to others and the specific environment.
Another example is the change in the skin microbiome during puberty; changes in hormone
levels and sebaceous secretion can change the skin microbiome noticeably (Kong, 2011;

Kong and Segre, 2017).

A comprehensive analysis of skin microbiota has revealed that in sebaceous sites of the
skin, like the face and the upper back, Cutibacterium, a lipophilic bacterium, is dominant.
This bacterium tends to hydrolyse sebum found in the skin and produce free fatty acids,
which acidify the sebaceous areas as a result (Grice et al., 2009; Costello et al., 2009).
Cutibacterium acne (formerly known as Propionibacterium acnes (P. acnes)) is one of the
species that colonise oily parts of the skin, especially the face, and it can cause acne vulgaris
in some cases. Acne vulgaris is a common skin disorder that causes comedones, papules,

and nodules on the skin because of the inflammation of pilosebaceous units. However, it
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has been shown that P. acnes species are commensal microbes in those with and without

acne, but some certain strains are related to acne vulgaris (Xu and Li, 2019).
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Figure 1.2 The phylogenetic tree from a metagenomic approach gives a comprehensive
detail of the microbial community (Taken from Chen and Tsao, 2013).

Staphylococcus and Corynebacterium are predominant organisms in moist skin zones like
the axilla and inner elbow. It has been shown that Corynebacterium’s metabolization of
sweat glands’ secretions in the axilla area is related to the production of odorous
compounds that are responsible for the smell of sweat. Staphylococci inhabit the aerobic
area and utilise the urea in sweat as a nitrogen source (Costello et al., 2009; Grice and
Serge, 2011). Atopic dermatitis (eczema) is a chronic skin disorder in moist areas, which
despite being non-infectious, it is related to skin microbiota dysbiosis (an imbalance of skin
microorganisms). The 16S rRNA sequencing has revealed an increase in the colonisation of
Staphylococcus aureus (S. aureus) in atopic dermatitis flares and a decrease in bacterial
diversity. Although there is no clear evidence of pathogenicity of S. aureus, it seems there
is an immune response to the staphylococcal protein A, secreted in the site of atopic
dermatitis, which might intensify eczema symptoms (Kong et al., 2012; De Vuyst et al.,

2017).

Despite the sebaceous and moist area of the skin, dry zones have greater bacterial diversity
with a lower bacterial load. Proteobacteria and Bacteroidetes are dominant in dry regions
like the elbow, knee, forearm, and leg (Grice et al., 2009; Costello et al., 2009). The common

11



skin disease in dry parts of the skin is psoriasis vulgaris, which is caused by chronic
inflammation and over division of keratinocytes because of excessive production of
inflammatory factors. It has been shown that there is a significant increase in the number
of Corynebacterium, Cutibacterium, Staphylococcus, and Streptococcus at the site of
psoriasis plaque. However, the exact mechanism of inflammation and the microbiota’s

roles are still unclear (Fyhrquist et al., 2019).

Microbial diversity is not limited to the bacterial cells; fungal species also play an essential
role in the skin microbiome and human health and disease (Findley et al., 2013). Foot sites
and toenails have a notable fungal diversity; however, the other sites of the skin are
dominated by Malassezia. Malassezia species are dominant fungal species in sebaceous
areas. The two major species are M. globosa and M. restricta, which might cause seborrheic
dermatitis (dandruff). The diversity of both bacterial and fungal species in sebaceous
habitats is limited (Grice and Dawson, 2017). The other players in skin microbiota are
viruses, with bacteriophages being predominant. The lytic bacteriophages that replicate
inside bacterial cells may modulate bacterial populations in the skin through preying and

genetic exchange (Hannigan et al., 2015; Liu et al., 2015).

1.3.1 Host-microbe interaction

The physical and immunological barriers are not the only defence mechanism in the skin.
The microbial barrier is an essential component of defending the skin against pathogens’
colonisation. Although the skin’s chemistry drives its microbial composition, the interaction
of the microbial community with local immune cells and keratinocytes is an essential factor
contributing to the homeostasis of the skin.

Keratinocytes and other immune cells that reside in the skin continuously recognise
microbes through their PRPs and react accordingly to maintain the healthy balance of the
skin. Skin microbes also contribute to the immunity of the skin through their influence on
the function of skin cells (Byrd et al., 2018). For example, researchers in 2012, showed that
commensal microbes affect IL-1 signalling in T cells. They concluded that the defect in T cell
signalling might be a result of an impaired dialogue between skin commensals and immune
cells (Naik et al., 2012). Several studies support the influence of Staphylococcus epidermidis
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(S. epidermidis) and other commensal bacteria on the skin (Chehoud et al., 2013; Naik et
al., 2015; Nakatsuji et al., 2018; Williams et al., 2019). This is supported by the evidence
that the imbalance of microbial community can cause skin disorders such as atopic
dermatitis, psoriasis, and non-healing wounds (Kong et al., 2012; Fry et al., 2013; Gardner
etal., 2013; Fahlen et al., 2018). Although increasing studies indicate dysbiosis in numerous
pathogeneses, it is still unclear if the dysbiosis causes skin disorders or if immune

dysregulation triggers the dysbiosis.

1.3.2 Staphylococcus epidermidis

One of the most abundant skin colonisers is coagulase-negative staphylococci (CoNS).
Staphylococcal species are Gram-positive round shape bacteria that form grape-like
clusters under the microscope. All species in the genus of Staphylococcus, with a few
exceptions, are catalase-positive, which differs them from Streptococcus, and they are all
facultative anaerobes. Most staphylococci, under unfavourable conditions such as
presence of antibiotics, tend to select for small colony variants (SCVs) in their population.
SCVs are a slow-growing subpopulation of bacteria which form very small colonies on agar
compared to the wild-type subpopulation. The slow growth in SCVs is attributed to the
deficiency in the electron transport chain, which can cause metabolic alterations in
bacteria. SCVs are usually persistent inside host cells (Proctor et al., 2006; Melter and
Radojevic, 2010). Staphylococci can be divided into coagulase-positive and coagulase-
negative groups based on their ability to convert the fibrinogen in plasma to fibrin using
the enzyme coagulase. S. aureus is a famous coagulase-positive bacterium and usually
causes infection in humans. It is one of the most important causes of hospital-acquired
(nosocomial) infections that are resistant to antibiotics, although more than 30% of healthy
individuals are colonised asymptomatically by this bacterium (Graffunder and Venezia,
2002). S. epidermidis, the well-known CoNS bacterium, like other CoNS, is one of the
abundant commensal bacteria that colonise human skin. S. epidermidis forms small
(1 — 2 mm) white colonies, and it is sensitive to deferoxamine (an iron chelating agent)
(Lindsay and Riley, 1991). Although S. epidermidis can use glucose to grow anaerobically, it

cannot ferment mannitol (Namvar et al., 2014).
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Despite having few virulence factors and being less pathogenic than S. aureus,
S. epidermidis is also considered a frequent cause of nosocomial infections. The bacteria
primarily infect compromised patients, including drug abusers, those on
immunosuppressive therapy, acquired immune deficiency syndrome (AIDS) patients, and
premature new-borns (Eiff et al., 1998; Darouiche, 2004). In immune-competent patients,
S. epidermidis infections are associated with indwelling medical devices such as catheters
(Darouiche, 2004; Dong and Speer, 2014). The systemic infections of S. epidermidis can

cause sepsis.

The virulence of S. epidermidis has been attributed to its biofilm formation through specific
attachment and accumulation elements. Autolysin proteins (AtlE), teichoic acid (TA),
lipoteichoic acid (LTA), and staphylococcal surface proteins (SSP) in S. epidermidis are some
of the important factors in attachment to hydrophobic abiotic surfaces, which are often
used in catheters and indwelling devices (Heilmann et al., 2003; Banner et al., 2007).
Polysaccharide intercellular adhesin (PIA) is an essential component of the extracellular
polymeric substances (EPS) of staphylococcal biofilm. PIA is a poly-B (1-6)-N-
acetylglucosamine (PNAG) responsible for the cell-to-cell adhesion in the accumulation
stage of biofilm formation (Vuong et al.,, 2004; Rohde et al.,, 2010; Sabate Bresco et al,,
2017). PIAis encoded in ica locus, and the majority of the S. epidermidis strains that contain
this gene are isolated from catheter infections, not from healthy skin, and are biofilm-

forming strains (Zhang et al., 2003).

Although most of the studies in the past investigated S. epidermidis as a pathogen, the
mutualistic effect of S. epidermidis on the skin has recently been gaining attention (Chen
et al., 2018; Severn and Horswill, 2022). S. epidermidis produces five different lantibiotics:
Pep5, epidermin, epicidin 280, epilancin K7, and epidermicin NIO1 (Bierbaum et al., 1996;
Gotz et al, 2013). Lantibiotics (lanthionine-containing-antibiotic), also known as
bacteriocins, are antimicrobial peptides synthesised in ribosomes of some strains of certain
species and are active against other strains of the same or related species (McAuliffe et al.,

2001).
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Several studies have shown the beneficial effect of commensal bacteria on the homeostasis
of the skin. For example, S. epidermidis induces the expression of antimicrobial peptides
like HBD-3 and RNase7 through TLR-2 and activation of NF-kB signalling pathways in human
keratinocytes, which results in the amplification of innate immune response. Interestingly

this activation is distinct from S. aureus. (Wanke et al., 2011).

Also, S. epidermidis produces its own antimicrobial peptides that have antimicrobial activity
against S. aureus and group A streptococci. These peptides, known as phenol soluble
modulins (PSMs), are small toxin peptides produced by staphylococcal species. PSM 6 and
PSM vy (also known as d-toxin) produced by S. epidermidis work together with the skin
antimicrobial peptide (cathelicidin LL-37) to protect the skin against pathogens. PSMs and
mammalian antimicrobial peptides have similar characteristics and modes of action; they
both interact with the lipid membrane (Cogen et al., 2010). These antimicrobial peptides
produced by S. epidermidis (and S. hominis) are strain specific. They are deficient in atopic
dermatitis patients, causing the overgrowth of S. aureus (Nakatsuji et al., 2017). In addition,
autoinducing peptides produced by CoNS isolated from healthy skin can suppress the
production of toxins (PSMa and protease) in S. aureus. PSMa. and protease cause
inflammation and epithelial damage in atopic dermatitis patients. Both production of
autoinducing peptides and PSMa are controlled by the quorum sensing system (Williams

etal, 2019).

PSMs are amphipathic and a-helical peptides, which their production in staphylococci is
under the restrict control of agr (accessory gene regulator) quorum sensing system. The
surfactant character of PSMs simplifies the growth of bacteria on the epithelial surface and
might further facilitate biofilm formation. In highly virulent S. aureus, PSMs contribute to
biofilm formation and aggressive virulence activities; however, in less pathogenic
staphylococci, they have other roles in bacterial physiology. PSMs produced by
S. epidermidis have moderate antimicrobial activity and can amplify the innate immune
response in the skin. On the other hand, methicillin-resistant S. aureus has an extraordinary
capacity to lyse human neutrophils and escape the innate immune system by the

production of PSMs, which is only limited to methicillin-resistant S. aureus (Otto, 2014).
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Skin microbiota can also regulate the skin’s immune response to commensals and
pathogens in the skin. Naik et al. showed that colonisation of the mice's skin with
S. epidermidis could induce the production of IL-17A; this cytokine contributes to the
pathology of various skin inflammatory disorders such as psoriasis. IL-17, along with IL-22,
induce the expression of the antimicrobial peptides in keratinocytes, which are effective
against Candida albicans infection. However, in psoriasis, the immune response to IL-17
stimulates the proliferation of keratinocytes, and this can cause the marked thickening of
the epidermis. Skin’s dendritic cells sense and respond to any changes in the microbial
community living on the skin. This activates the specific T- cells’ response to the commensal
bacteria and regulates the immunity barrier against pathogens; this immunity is called
heterologous protection. Also, this immune response to the skin commensals occurs in the
absence of inflammation. This is in contrast to the response that is given in the presence of

invading pathogens with inflammation (Naik et al., 2015).

As well as modulating immune cells, S. epidermidis and other commensals promote
epithelial integrity, especially during tissue repair. LTA, the major component of the
S. epidermidis cell wall, can modulate inflammation triggered by injury. LTA, through a
TLR-2 mechanism, inhibits the inflammatory cytokine release from keratinocytes and
promotes healing after injury. Inflammation is a fundamental immune response, but in the
absence of infections after the injury, dysregulated inflammation can delay the healing

process, consequently causing extensive tissue damage (Lai et al., 2009).

S. epidermidis metabolites even have a role in suppressing tumours’ growth. Researchers
have demonstrated that 6-N-hydroxyaminopurine (6-HAP), a nucleobase analogue
produced by S. epidermidis, inhibits DNA polymerase activity, and subsequently inhibits
tumour proliferation but not primary keratinocytes. When the live bacteria or the 6-HAP
were administered to the ultraviolet-induced tumour on a mouse’s skin, the tumour shrank

(Nakatsuji et al., 2018).

In addition to the beneficial roles of S. epidermidis on the overall homeostasis of the skin,
several further studies have demonstrated the contribution of other members of skin

microbiota to the skin barrier’s wellbeing (Meisel et al., 2018; Williams et al., 2019; Patra
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et al., 2019; Zheng et al., 2022). The interaction of commensal microbes and host cells
appears to be critical for establishing homeostasis in the skin but is still not fully

understood.

1.4 Wound healing

Skin protects the body against the invasion of pathogens and any environmental risks, but
sometimes this structure is disrupted, and a wound is formed. In healthy skin, wound
healing starts within a few minutes after the injury, and a set of biochemical events occurs
to help the process of healing and restore the barrier function. Wound healing is a complex
physiological function, which involves various cells and signalling molecules interacting
with each other to regulate healing events. It consists of four overlapping repair stages
(Figure 1.3): coagulation and haemostasis, inflammation, proliferation, and remodelling

phase (Gosain and DiPietro, 2004; Velnar et al., 2009).

1.4.1 Stages of wound healing

Coagulation and haemostasis. As blood spills to the site of injury, platelets in the blood are
exposed to the collagen and extracellular matrix components of injured cells. This exposure
activates platelets to attach to each other and to the matrix to form a blood clot. Blood
clots, composed of platelets and extracellular matrix proteins such as fibronectins, fibrin,
and vitronectin, provide a provisional network for the migration of immune cells to the site
of injury. Platelets’ cytoplasm contains growth factors and cytokines such as platelet-
derived growth factor (PDGF), transforming growth factor-B (TGF-B), epidermal growth
factor (EGF), and insulin growth factor (IGF), which are released after activation of platelets.
These growth factors direct the growth of new capillaries, regulate the production of
extracellular matrix proteins, mediate other signalling cascades, and attract neutrophils,
macrophages, endothelial cells, and fibroblasts to the injury site. Platelets also contain
vasoactive amines that increase vascular permeability, leading to the leakage of fluid into
the tissue, which is an important stage of inflammation (Barrientos et al., 2008; Gonzalez

etal., 2016).
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Inflammation. This phase establishes an immune barrier against the invasion of pathogens.
After the injury, skin cells are exposed to alarm signals such as DAMP and PAMP; TLRs
recognise these signals and initiate inflammation. Also, by an increase in blood vessel
permeability, immune cells infiltrate the wound area. Neutrophils are the first cells to arrive
at the site; they are attracted by chemokines produced from injured tissues and bacterial
components. They phagocytise bacteria, remove damaged tissue (debridement), and
produce antibacterial substances such as ROS. ROS are chemically reactive molecules (such
as hydrogen peroxide H20;) and free radicals (such as hydroxyl radical *OH) derived from
oxygen in cellular metabolism. They cause damage to biomolecules at high concentrations.
Neutrophils remain at the site of injury till the infection and tissue debris are cleared. In
addition, neutrophils secrete many pro-inflammatory cytokines and thereby amplify the

inflammatory response (Wilgus et al., 2013. Leoni et al., 2015).

Later in the inflammation phase (48 — 72 hours), macrophages enter the wound area and
replace neutrophils. Monocytes in the bloodstream infiltrate the injured tissue and mature
into macrophages. Tissue-resident macrophages phagocytise dead neutrophils and ingest
the fibrin clot and other cellular debris (Yanez et al., 2017). There are two different
phenotypes of macrophages in the wound area: M1: pro-inflammatory macrophages that
are activated through “classical activation” and improve host defence against pathogens.
They also promote the secretion of pro-inflammatory mediators such as TNF-a,, IL-6, nitric
oxide (a type of ROS) and IL-1B that contribute to the activation of different kinds of
antimicrobial mechanisms. M1 macrophages identify and engulf pathogens into their
organelles which are full of ROS and rapidly kill pathogens (Murray and Wynn, 2011; Yanez
etal., 2017). Most of the macrophages that migrate to the wound show the M1 phenotype.
M2: M2 macrophages are tissue-resident with anti-inflammatory functions. When the
inflammation persists (presence of a large number of inflammatory cytokines and impaired
clearance of neutrophils), macrophages transit to the anti-inflammatory phenotype
through “alternative activation.” They secret anti-inflammatory cytokines such as IL-10 to
promote the resolution of inflammation. M2 macrophages increase new vessel formation,
which contributes to the migration of more macrophages and nutrients to the site of

inflammation. They also release growth factors, which stimulate keratinocytes and
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fibroblasts proliferation and epithelial barrier repair (Murray and Wynn, 2011; Rodrigues
et al., 2019).

Proliferation. When the ongoing injury has ceased, haemostasis has been achieved, and an
immune response successfully set in place, the acute wound shifts toward tissue repair.

In this phase, wound healing continues with neoangiogenesis (formation of new blood
vessels from pre-existing ones), extracellular matrix formation, collagen synthesis, and re-
epithelisation (Gurtner et al., 2008). Macrophages produce several growth factors and
cytokines that stimulate fibroblasts and keratinocytes to promote tissue regeneration.
Macrophages play an important role in the transition from inflammation to proliferation

(Murray and Wynn, 2011).

Fibroblasts that are attracted to the site of injury proliferate and produce matrix proteins
such as hyaluronan, fibronectin, and, most importantly, collagen III. These extracellular
proteins accumulate and form a new scaffold that replaces the provisional network; this
scaffold supports cell migration and provides tissue integrity. Myofibroblasts — a
differentiated type of fibroblasts — are responsible for wound contraction due to the
presence of actin bundles in their cytoplasm. Wound contraction helps to reduce the size
of the wound. Myofibroblasts are eliminated by apoptosis when tissue integrity is restored

(Tomasek et al., 2002; Darby et al., 2014).

The skin’s regenerative capacity relies on the local epidermal stem cells, which are located
in separate sites: the epidermal hair follicles, the base of sebaceous glands, and the
interfollicular epidermis. In response to injury, epidermal stem cells participate in re-
epithelisation by proliferation and migration to the wound site (Fuchs, 2008. Sorg et al.,
2017). Proliferation and migration of epidermal stem cells and keratinocytes are initiated
when several growth factors are released. Examples of common growth factors are:
platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), epidermal growth
factor (EGF), and transforming growth factor (TGF-a or ). Keratinocytes are responsible
for barrier defence against pathogens and restoring the epidermis after injury. They
produce various antimicrobial peptides, cytokines, and growth factors to establish
homeostasis during wound healing (Barrientos et al., 2008; Pastar et al., 2014).
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New blood vessel formation (angiogenesis) is required to deliver nutrients and maintain
oxygen equilibrium in the wound area to enhance cellular proliferation and tissue
regeneration. Hypoxia in the wound area and growth factors such as vascular endothelial
growth factor (VEGF) and PDGF activate resident endothelial cells —which cover the surface

of blood vessels —and promote their proliferation and growth.

Endothelial cells produce proteases to remove extracellular matrix to ease their
movement. They proliferate, differentiate, and form a microvascular network composed of
many new capillaries within a few days (Werner and Grose, 2003). At this stage of wound
healing, granulation tissue is formed by developing new capillaries by endothelial cells,
forming an extracellular matrix by fibroblasts, and migrating keratinocytes, myofibroblasts,

and immune cells (Rodrigues et al., 2019).

Remodelling phase. Tissue can undergo remodelling for several months or even several
years to reconstitute scar tissue from granulation tissue. For remodelling, collagen 1II in
granulation tissue is replaced by collagen I, which is stronger collagen. Matrix
metalloproteinase (MMPs), synthesised by neutrophils, macrophages, and myofibroblasts,
are responsible for the degradation of extracellular material such as collagen. This
degradation induces cell migration. Macrophages also engulf extracellular matrix debris
and apoptotic cells. Remodelling of the wound is tightly controlled by regulatory
mechanisms with a delicate balance between degradation and synthesis, leading to regular

healing (Gurtner et al., 2008; Kawasumi et al., 2012; Rodrigues et al., 2019).
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Figure 1.3 Wound healing phases in normal skin.
Wound healing is a complex and overlapping process of haemostasis, inflammation,

proliferation, and remodelling. In haemostasis, blood clots form, which consist of platelets,
red blood cells, and extracellular matrix proteins. Inflammation starts immediately after
injury and last for few days. Signalling molecules attract macrophages and neutrophils to
the site of injury and triggering inflammatory responses. Macrophages produce several
growth factors and cytokines that stimulate fibroblasts and keratinocytes migration and
proliferation. Extracellular matrix proteins formed by fibroblast, new capillaries, and
keratinocytes forms granulation tissue. In the restoration or remodelling phase,
granulation tissue remodel to a collagen rich scar tissue. Platelet-derived growth factor
(PDGF), transforming growth factor-p (TGF-B), epidermal growth factor (EGF), nitric oxide
(NO), and matrix metalloproteinase (MMPs). (Taken and adapted from Negut et al., 2018).
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1.4.2 Types of wounds

1.4.2.1 Acute wound

In acute wounds, there is a reasonable timespan and development from injury to wound
healing. In normal conditions and in people with healthy immune function, wound healing
starts with coagulation and inflammation and continues with proliferation and tissue
regeneration. The whole process of healing might take up to one month without any
complications (Velnar et al., 2009). In acute wounds, the microbial composition of the skin
changes, and there is an opportunity for pathogens to colonise the wound bed; however,
a functional immune response in the area is able to overcome bacterial colonisation and
establish homeostasis in the skin. In a study, researchers examined in 52 subjects, the
microbial communities of traumatic open fracture wounds with culture-independent
methods (such as sequencing). They showed that the mechanism of injury could determine
the microbial community of the wound. They also demonstrated that the bacterial
composition was significantly different in the wound centre from the adjacent tissue at the
beginning of the injury, but the wound microbiota became similar to the skin microbiota

over time (Bartow-McKenny et al., 2018).

1.4.2.2 Chronic wound

Chronic wounds do not heal in a specific time span and do not progress to the late stages
of tissue remodelling (Velnar et al., 2009). They are usually caught in the inflammation
stage, in which there is an imbalanced inflammatory response in the wound area. Several
factors can contribute to chronic wounds: age, inadequate immune response, diabetes,
and an excessive amount of ROS. This situation creates an opportunity for microbes to
colonise the wound, which persists even with antibiotic treatment and wound dressing.
The colonisation of the wound with microbes increases the inflammation and makes the

situation perpetuated (Guo and DiPietro, 2010).

Chronic wounds usually are seen in people with underlying health issues, for example:
diabetic foot ulcers in diabetic patients, venous leg ulcers in patients with artery disease

and lack of exercise, pressure ulcers in patients with physical disabilities and malnutrition,
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and post-surgical wounds in patients with immune deficiency (Rodrigues et al., 2019).
Many of these conditions affect blood flow to the tissues resulting in an imbalanced pH and

oxygen and decreased activity of immune cells.

Several factors are involved in prolonged inflammation in chronic wounds: 1) the persistent
presence of neutrophils and macrophages that cause increased secretion of inflammatory
cytokines: microbial colonisation in the site of injury probably attracts neutrophils and
macrophages; however, they are not effective against the biofilm of bacteria (Diegelmann,
2003), 2) imbalanced presence of matrix metalloproteinases and their inhibitors: matrix
metalloproteinases are necessary for the degradation of collagen in tissue remodelling and
activation of growth factors; however, excessive amounts of these enzymes increase tissue
degradation and reduce proliferation and migration of keratinocytes and fibroblasts, 3)
oxidative stress in wound area: amplified levels of oxygen and nitrogen free radicals cause
tissue damage, 4) antibiotic-resistant bacterial biofilm that protects bacteria in the wound
from immune cells and antibiotic treatment: the open and necrotic wound is a great
environment for colonisation and biofilm formation of bacteria. Bacterial biofilm impairs
the wound healing process significantly, and it is believed to be a reason for chronic
inflammation (elevated number of immune cells, inflammatory cytokines, MMPs, and
oxidative stress) in the wound area (Guo and DiPietro, 2010; Eming et al., 2014; Leoni et

al,, 2015).

1.4.3 The role of growth factors, cytokines, and chemokines

in wound healing

The wound healing process starts immediately after injury when growth factors, cytokines,
and chemokines from different types of cells in the wound area are released (Werner and
Grose, 2003; Behm et al., 2012). The growth factors release to the site of injury, such as
PDGF, FGF, VEGF, EGF, and TGF, induce re-epithelisation through stimulation of cell

proliferation and migration (Barrientos et al., 2008).
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Pro-inflammatory cytokines such as TNF, IL-1, IL-6, and IL-17 participate in the
inflammation phase of wound healing and induce migration and proliferation of
keratinocytes and fibroblasts, and regulate the immune response (Grellner and Wilske,
2000; Werner and Grose, 2003). The balance in the release of pro-inflammatory cytokines
in the wound area is the key to time-efficient wound healing. A moderate level of pro-
inflammatory cytokines accelerates keratinocytes’ proliferation and re-epithelisation;
however, excessive release of pro-inflammatory cytokines can cause prolonged
inflammation and has a detrimental effect on the healing process (Xiao et al., 2020). For
example, wound healing in an IL-6 knock-out mice model took up to three times longer
than in a wild animal. However, the administration of IL-6 completely resolved the wound,
suggesting the crucial effect of IL-6 in re-epithelisation. On the other hand, the excessive
expression of IL-6 has been associated with formation of cutaneous scar (Galluchi et al.,
2000). Anti-inflammatory cytokines such as IL-4, IL-13, and IL-10 regulate inflammation and
regulate the production of pro-inflammatory cytokines, promote fibroblast proliferation,

and induce extracellular matrix synthesis (Barrientos et al., 2008; Mestrallet et al., 2021).

Chemokines are also produced during wound healing. Chemokines are small
chemoattractant cytokines released by several cells in the wound area and stimulate the
migration of multiple cell types to the wound. Chemokines are divided into four groups of
motifs C-C, C-X-C, C-X3-C, and C based on their amino acid composition and the location of
cysteine residues on the N-terminal. They all mediate their action by coupling their ligand
with transmembrane G-protein receptors on the surface of their target cells. Some of the
chemokines present in the wound are CXCL1 (also known as GRO-a), CXCL4, CXCL8 (also
known as IL-8), and CXCL10 (Gillitzer and Goebeler, 2001; Ridiandries et al., 2018). It has
been shown that in chronic wounds. This suggests that specific chemokines are essential

for wound healing (Gillitzer and Goebeler, 2001).

CXCL1, which is a neutrophil attractant, and its receptor CXCR1 are expressed in
keratinocytes and are induced during the wound healing process, especially during re-
epithelisation and angiogenesis. In fact, high level of CXCL1 and CXCL-8 has been associated
with early wound neoangiogenesis in the wound (Devalaraja et al., 2000). In an in vitro
study, the strong mitogenic activity of CXCL1 on keratinocytes was observed, which
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suggests this chemokine affects keratinocytes’ re-epithelisation (Rennekampff et al., 1997;

Werner and Grose, 2003).

1.5 Wound microbiota

Infection is one of the factors that can make a wound chronic and delay its healing. So, it is
important to study the microbiota of the wound and its impact on the healing process. To
establish the role of bacteria in the chronicity of the wounds, it is wise to distinguish

pathogens from normal colonisers or even beneficial bacteria present in the area.

Culture-dependent techniques have been proven limited and imperfect in analysing
microbial samples compared to molecular gene sequencing techniques that recognise
hard-to-culture and fastidious species. In the past decade, several studies investigated the
microbiota of the different types of wounds using genomic techniques. Genomic tools such
as DNA amplification, genome sequencing and pyrosequencing, and ribosomal RNA
sequencing provide the opportunity to thoroughly investigate wound flora and

acknowledge the composition, diversity, and prevalence of microbes in the wounds.

In a study in 2017, researchers investigated diabetic foot ulcer microbial composition by
16S rRNA sequencing and compared the result with samples from healthy people’s feet.
They showed diabetic foot ulcers are significantly less diverse in their microbial
composition than healthy skin microbiota (reduced alpha diversity). They also showed that
the most abundant bacteria on the healthy skin (such as Staphylococcus and
Corynebacterium) were also present in the wounds of patients; however, the diversity of
low-abundance bacteria between patients and control groups is significantly different

(Gardiner et al., 2017).

One of the limitations of amplicon sequencing (like 16S rRNA) is that it cannot distinguish
different species within genera. So, Kalan and colleagues used shotgun metagenomic
sequencing and 16S rRNA sequencing to investigate the strain and species-level microbial
diversity of diabetic foot ulcers. They showed that the most abundant genera in their

samples are Staphylococcus, Corynebacterium, and Pseudomonas, and the most abundant
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species are S. aureus, C. striatum, and P. aeruginosa. They showed S. aureus strains that
are associated with chronic wounds contain several antibiotic resistance genes and encode
staphylococcal endotoxins genes. When they compared their data with the Bartow-
McKenny study (Bartow-McKenny et al., 2018), which investigated the microbiota of acute
wounds, they found the same pattern of abundant genera in both studies (acute and

chronic wounds) (Kalan et al., 2019).

In a large clinical study to evaluate the bacterial composition of different wound types,
scientists inspected 2936 patients’ wound samples — the samples consisted of diabetic foot
ulcers, venous leg ulcers, non-healing surgical wounds, and decubitus leg ulcers. They
analysed the microbial composition with 16S rRNA pyrosequencing. The results revealed
that chronic wounds are immensely polymicrobial and showed Staphylococcus species,
such as S. epidermidis and S. aureus, and Pseudomonas species, such as P. aeruginosa were
the most common bacteria in the analysed chronic wounds. Although the abundance of
these species was different in various wounds, P. geruginosa was the most common
microbe seen in biofilms. They also detected vast numbers of anaerobic bacteria in the

wound samples (Wolcott et al., 2016).

In a recent study in 2020, scientists showed that facultative anaerobes (like Enterobacter
genus) were associated with non-healing wounds and were not present in the normal skin
of the patients in this study. Wounds that did not heal within six months were mainly
colonised with facultative anaerobes compared to healed wounds; this might be because
these bacteria can tolerate better the different metabolic environments and oxygen

tensions; therefore, they can persist in biofilm in chronic wounds (Verbanic et al., 2020).

In 2012 Han and colleagues analysed the bacterial flora of 45 chronic wound samples using
16S rRNA pyrosequencing, and they compared their results with studies on healthy skin
microbiota. They found an increased proportion of anaerobic bacteria present in the
wound, which are not detectable with standard culture-dependent techniques. Also, they
showed the number of Actinobacteria (Propionibacterium) decreased, and Proteobacteria
(Pseudomonas and Klebsiella) and Firmicutes (Staphylococcus) increased compared to the

healthy flora. They were able to detect quorum sensing molecules — acyl homoserine
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lactone (AHL) and autoinducer 2 (Al-2) — using bioluminescent assays from samples. They
discovered Al-2 in 80% of their samples, although in different concentrations and detected
AHL in 20% of samples. They assume the low concentration of AHL in the samples is
because of the low abundance of Gram-negative bacteria colonising the wound and the
quorum quenching effect of molecules produced by human cells and P. aeruginosa, which
can degrade AHL. This data suggests that bacteria in chronic wounds communicate through

interspecies signalling (Han et al., 2011).

Several other studies confirmed the polymicrobial characteristic of different types of
chronic wounds and the presence of Staphylococcus, Pseudomonas, Enterobacter
(Enterococcus faecalis), and Corynebacterium species in the wound site. Furthermore,
culture-independent studies recognised a higher incidence of anaerobe bacteria in
different wound types, which were impossible to detect with standard culture-dependent
techniques. These studies used different molecular techniques with varying numbers of
samples, but all of them confirmed the presence of pathogens and biofilm-forming species
in different wound types; however, the prevalence and abundance of different species are
different in these studies. Several factors such as age, antibiotic treatment, underlying
health issues, sample collection techniques, and different methods of analysis can impact
the result of microbiome studies in wounds; therefore, better models are required to study
wound microbiome to consider all these factors (Misic et al., 2014; Price et al., 2011; Dowd

etal., 2008; Jneid et al., 2018).

1.5.1 Pseudomonas aeruginosa

P. aeruginosa is a rod-shaped, motile, and Gram-negative bacterium commonly present in
the general environment, such as soil, water, and even on human skin. It is an opportunistic
bacterium that can cause severe infections in the respiratory tract of cystic fibrosis patients,
in soft tissue like chronic wounds, and in the urinary tract of immunocompromised patients
(Moradali et al., 2017). It is also responsible for nosocomial infections caused by multidrug
resistant strains of P. geruginosa. Several factors are responsible for antibiotic resistance
in P. aeruginosa: a) a large and adaptable genome provides an arsenal of virulence factors

to defeat the host immune response; b) biofilm protects bacterial cells in a stressful
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environment and enables them to colonise in competitive niches; c) numerous efflux
pumps present in the cell wall eject drugs and protect bacteria from antibiotics (Pang et al.,
2019). Besides antibiotic resistance that makes it difficult to eradicate P. aeruginosa
infections, P. aeruginosa sp. has several virulence factors that cause harmful infection in

their host.

1.5.1.1 Biofilm formation of P. aeruginosa

The chronic wound bed is a suitable environment for biofilm formation due to the presence
of necrotic tissues and impaired immune response. Because of exposed extracellular
polymers, necrotic tissue provides nutrition and a suitable surface for bacterial attachment.
The presence of bacterial biofilm in the wound induces the host immune response and
inflammation, but biofilm infection often persists and neutralises the effect of immune
cells. Macrophages and neutrophils are abundantly present at the site of chronic wounds;
however, it seems they are not sufficiently effective in eradicating bacterial infection. One
study using biofilm infection in a mouse model showed that S. aureus attracts macrophages
to the wound, but they changed from pro-inflammatory M1 phenotype to anti-
inflammatory M2 macrophages upon contact with biofilm. M2 macrophages have less
antimicrobial activity; therefore, the infection and inflammation will stay in the area
(Thurlow et al., 2011). Biofilm present in in vitro and animal models is quite different from
chronic wounds in clinical cases. However, scientists have proved the presence of microbial
aggregates in patients’ chronic wounds using light and scanning electron microscopy by
using fluorescence in situ hybridisation (FISH) probes (Davis et al., 2008; James et al., 2008).
For further confirmation of biofilm in the wound bed, scientists have also illuminated
alginate, an essential extracellular polymeric substance in P. aeruginosa biofilm (Bjarnsholt
et al., 2008). It has been shown that 60% of chronic wounds and 6% of acute wounds

contain biofilms (James et al., 2008).

Biofilm is a bacterial community structure composed of bacterial cells and extracellular
polymeric substances (EPS) — comprised of polysaccharides, extracellular DNA (eDNA), and
proteins. The EPS provides a suitable scaffold for the biofilm structure and the cell

placement inside the structure, which is important in cell-to-cell communications (Mulcahy
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et al., 2014). Biofilm enables bacteria to colonise in stressful environments when there are
insufficient nutrients and oxygen. It supports bacterial attachment to different surfaces and
protects the bacterial cells against antimicrobial agents and predators (Flemming et al.,

2016).

P. aeruginosa produces several extracellular polysaccharides, which form the EPS scaffold.
When P. aeruginosa initially colonise the site of infection, it produces Pel and Psl
polysaccharides. Psl is a polysaccharide containing glucose, mannose, and rhamnose (Ma
et al., 2007). The structure of Pel is still unclear; however, in a recent study, Le Mauff and
colleagues determined that Pel is composed of galactosamine and N-acetylgalactosamine
(Le Mauff et al., 2022). Non-mucoid clinical isolates of P. aeruginosa produce both Pel and
Psl (Jennings et al., 2021). In persistent infections, over the accumulation of mutations,
non-mucoid strains convert to mucoid phenotype and produce extracellular polysaccharide
alginate. Alginate is an anionic polymer rich in mannuronic acid and glucuronic acid.
Extracellular polysaccharides play an important role in preventing the penetration of
antibiotics into the biofilm of P. aeruginosa (Ryder et al., 2007; Franklin et al., 2011; Stoner
etal., 2022).

Extracellular proteins in the biofilm matrix of P. aeruginosa mostly contribute to the
structural integrity of the biofilm and its attachment to a variety of surfaces. CdrA is an
extracellular adhesin protein that promotes aggregate formation via binding with Psl and
maintains biofilm integrity (Reichhardt et al., 2020). P. aeruginosa also produces two small
soluble lectins, LecA and LecB. Both LecA and LecB interact with sugars in the biofilm matrix
(LecA binds to galactose, and LecB binds mainly to mannose), therefore helping the
structure of the biofilm. The other primary function of lectins is mediating the attachment
of bacterial cells to the host during infection and facilitating invading the host cells, and
causing cytotoxicity (Tielker et al., 2005; Diggle et al., 2006; Grishin et al., 2015; Passos da
Silva et al., 2019).

The eDNA in the biofilm matrix is another key factor in P. aeruginosa biofilm structure and
integrity. There is evidence that eDNA is essential in the early stages of biofilm formation.

DNase treatment of P. aeruginosa biofilm at early stages results in biofilm dissolution.
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However, the mature biofilm stays intact after DNase treatment (Whitchurch et al., 2002).
In another study by Alleson-Holm and colleagues in 2006, it was confirmed that eDNA was
concentrated towards the surface of a newly forming biofilm. In contrast, a mature biofilm
showed a high concentration of eDNA towards the stalk of the biofilm structure (Alleson-

Holm et al., 2006).

The first step to forming a biofilm is the attachment of bacterial cells to the surface and
each other. Due to the electrostatic and hydrophobic interaction between cells, the initial
attachment is reversible and repulsive. Irreversible attachment is facilitated via flagella, pili,
and adhesins, which overcome electrostatic forces and cease bacterial movement. Upon
successful attachment, a complex intracellular signalling cascade changes the gene
expression in planktonic cells and shifts them to the biofilm state phenotype. In a biofilm
state, sessile bacterial cells start to divide and produce EPS to form microcolonies and
establish biofilm structure. EPS enclose the bacterial community and provide structural
support and stable attachment to the surface; it also traps nutrient and water via
interspersed channels and pores to help the survival of bacteria in a stressful environment.
Various types of biopolymers with different functions make EPS a heterogenous structure

with vital properties (Flemming et al., 2016; Omar et al., 2017).

To form a mature biofilm, the microcolonies need to communicate with each other by
signalling molecules. The intracellular signalling is coordinated through quorum sensing
molecules secreted from bacterial cells and can be sensed by other cells at threshold
concentrations. Quorum sensing molecules control the expression of specific genes, such
as the expression of virulence factors at critical concentrations. Bacterial cells in the biofilm
can shift to a planktonic state and leave the biofilm — a process known as detachment —
and start new colonies (Mendoza et al., 2019). The transition of cells from a biofilm state
to a planktonic state is under the control of various molecular pathways, such as quorum

sensing and small non-coding RNA (Wu et al., 2019).

Biofilms are resistant to antimicrobial agents such as the host immune system and
antibiotics because of: the slow rate of growth and metabolisms in biofilm cells; which

affect the antibiotic mechanism of action, the presence of persister cells; which are
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resistant to the treatment, overexpression of efflux pump; which restrict the penetration
of xenobiotics, degradation of antimicrobial agents by exopolymers, and presence of
antibiotic resistance gene in the community which is transferable to other cells (Flemming

et al., 2016; Wu et al., 2019).
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Figure 1.4 Biofilm formation in the chronic wound.
Biofilm formation starts with the attachment of planktonic bacterial cells to the wound
surface via flagella, pili, and anchoring (adhesin) proteins. A complex signalling cascade
transforms planktonic cells to sessile cells. Sessile cells produce extracellular polymeric
substances and gradually microcolonies (immature biofilm) transform to a mature biofilm.
Small RNA (sRNA) (Taken from Darvishi et al., 2022).
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1.1.5.2 Virulence factors in P. geruginosa

Motility. Motility is an important opportunity for bacterial cells to colonise and explore
new niches. P. aeruginosa exhibits three types of motilities in the environment: swimming,
swarming, and twitching (Khan et al., 2020). A single polar flagellum is responsible for the
swimming motility of P. aeruginosa in a liquid environment. Swimming motility is also
important in biofilm dispersion. Twitching, bacterial movement through a solid
environment, is facilitated by polar type IV pili. Swarming aids motility in semisolid
environments like mucosal sites and is present in many organisms. Flagellum and pili also
assist in the surface attachment of bacterial cells; therefore, they enable biofilm formation

(Murray and Kazmierczak, 2008; Patriquin et al., 2008).

Siderophores. Siderophores are bacterial extracellular compounds that bind to iron and
transport it to the cells. Iron is an essential molecule for the growth and proliferation of
most organisms. P. aeruginosa produces two compounds to uptake iron from the
environment: pyoverdine and pyochelin (Cornelis and Dingemans, 2013). Pyoverdine is a
green fluorescence compound with a high affinity to iron. Pyoverdine scavenges iron from
the environment; it also uptake it from transferrin and lactoferrin — host proteins that bind
to iron and transfer it in the blood — then transports iron to the cell. Pyoverdine can also
acquire iron from mitochondria, which causes damage to the host cells. Furthermore, it
plays a vital role in biofilm formation in poor nutrition niches (Kang and Kirienko, 2018;
Kang et al., 2018). Pyochelin has a lower affinity to iron compared to pyoverdine, and it has
been shown to be associated with inflammation and oxidative damage in the host cells

(Cornelis and Dingemans, 2013).

Pyocyanin. Pyocyanin is a blue redox-active toxin produced by P. aeruginosa. It is a
nitrogen-containing aromatic compound with a low molecular weight that can infuse into
the cell membrane easily (Lau et al., 2004). Pyocyanin increases the intracellular levels of
ROS, especially superoxide (O ~) and hydrogen peroxide (H203), so it can cause oxidative
damage to the cells. Several studies have shown the toxic effect of pyocyanin through the
generation of ROS on different cell lines and cellular components like DNA and

mitochondria (Hall et al., 2016).
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Rhamnolipid. Rhamnolipids are rhamnose-containing glycolipid biosurfactants produced
by P. aeruginosa. Biosurfactants are surface-active molecules that can minimise surface
tension between two phases, which can have several biotechnological applications
(Soberon-Chavez et al., 2021). In P. aeruginosa, rhamnolipids promote the invasion of
bacterial cells into respiratory epithelium, facilitate swarming motility, and help maintain
the biofilm architecture (Zulianello et al., 2006). In 2007, Pamp and Tolker-Nielen showed
that P. aeruginosa surfactants attributed to bacterial migration, therefore, are essential for
migration-mediated structure formation in the later stages of biofilm development. They

were also crucial in biofilm development in the early stages.

Elastase B. Secreted proteases such as elastase A (LasA), elastase B (LasB), alkaline protease
(AP), protease IV (P 1V), and P. aeruginosa aminopeptidase (PAAP) play a crucial role in the
pathogenesis of P. aeruginosa. Elastase B, which is an elastolytic zinc metalloprotease (also
known as pseudolysin), is the most abundant protease in P. aeruginosa (Cigana et al.,
2020). Elastase B damages host tissue by hydrolysis of elastin, collagen, and fibronectin in
the extracellular matrix of epithelial cells and by degrading intercellular tight junctions in
endothelial and epithelial layers (Azghani, 1996; De Bentzmann et al.,, 2000). It also
degrades several critical proteins in the human immune system, such as cytokines,
chemokines, antibacterial peptides, immunoglobulin A, and immunoglobulin G (Parmely et

al., 1990; Kuang et al., 2011; Saint-Criq et al., 2018).

Exotoxin A. Exotoxin A is a soluble exoprotein and one of the most toxic virulence factors
in P. aeruginosa. Exotoxin A inactivates eukaryotic elongation factor-2 (eEF-2) in host cells
by targeting diphthamide, a post-translationally modified histidine on eEF-2. This
mechanism is similar to the mechanism of action of diphtheria toxin from
Corynebacterium diphtheria. eEF-2 is an essential factor in protein biosynthesis on the
ribosome. Therefore, its inactivation terminates protein synthesis, eventually leading to

cell apoptosis (Michalska and Wolf, 2015; Santajit et al., 2019).

Secretion system. One of the essential mechanisms for Gram-negative bacteria to release
enzymes, toxins, and virulence factors to the environment and host cells is protein

secretion system. Secretion systems are made of a large number of proteins crossing
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through the membrane. They can remain bound to the bacterial membrane, released to
the environment, and be injected to the host cells. There are nine different types of
secretion system (usually referred to as T1SS to T9SS) described in Gram-negative bacteria.
T3SS is one of the most studied and most relevant secretion system in human infections in
P. aeruginosa, which transport type three proteins from the bacterial cytosol to the
extracellular environment. T3SS is a complex needle-like machine, which is composed of
needle complex, the translocation apparatus, effector proteins, chaperon, and regulation
proteins. During bacterial colonization on host cell, T3SS injects effector proteins to the

host cells (Hauser, 2009; Horna and Ruiz, 2021; Liao et al., 2022).
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Figure 1.5 Virulence mechanisms in P. aeruginosa (Taken from Lee and Zang, 2015).
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1.5.1.3 Antibiotics and resistance in P. aeruginosa

How P. aeruginosa acquires its antibiotics resistance mechanisms can be divided into three
categories: intrinsic, acquired, and adaptive (Tenover, 2006). Intrinsic mechanisms are
those whose genes are encoded in the core genome of bacterial cells. Bacterial cells can
reduce the efficacy of specific antibiotics by inbuilt characteristics, which they inherit. Some
of these characteristics are the low outer membrane permeability, efflux pumps, and
enzymes to degrade antibiotics such as 3-lactam (Langendonk et al., 2021).

P. aeruginosa has 12- to 100- fold lower outer membrane permeability compared to E. coli
(Bellido et al., 1992). Acquired resistance comes from horizontal gene transfer and de novo
mutational events. Bacterial cells can receive antibiotic modifying genes and B-lactamase
genes via genetic information transfer by plasmids and transposons from the same or
different bacterial species (Blair et al., 2015). Also, de novo mutations such as point
mutations, insertions, and gene deletions may cause antibiotic resistance gene
overexpression (Dettman et al., 2016). In adaptive mechanisms, antibiotic resistance is
induced through environmental stimulations and stress factors, and they can be undone
when the stimuli are removed. It gives the bacterial cells the ability to survive in an
environment rich in antibiotics and host immune antimicrobials (Sandoval-Motta and
Aldana, 2016; Coleman et al., 2020). In this situation, they form biofilm and produce

persister cells to survive in a stressed environment (Moradali et al., 2017).
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Table 1.2 Antibiotics that have been used to treat P. aeruginosa infections.

Antibiotic Group /_\er:(t;rk:?,r: Structure Mode of Action
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1.5.1.4 Antibiotic resistance mechanisms in P. aeruginosa

Outer membrane permeability. Antibiotics must penetrate the microbial membrane in
order to reach internal targets. The outer membrane of P. aeruginosa, composed of a
symmetric bilayer of phospholipids and LPS implanted with porin channels, performs as a
barrier to stop antibiotic diffusion. Porins are water-filled protein channels within the
membrane, transporting nutrients and other molecules across the cellular membrane
(Achouak et al., 2001; Chevalier et al., 2017). Quinolones such as ciprofloxacin and -lactam
antibiotics such as penicillin diffuse through the cell membrane via porins. P. aeruginosa
has 26 different types of porin (Sugawara et al., 2006; Langendonk et al., 2021). To enter
the bacterial cells, aminoglycoside, such as gentamicin and polymyxin, such as colistin

interact with LPS and the outer membrane of bacterial cells (Pang et al., 2019).

Efflux pumps are the other part of the membrane that determines the permeability of the
bacterial cell membrane. They are comprised of cytoplasmic membrane transporter,
periplasmic linker protein, and outer membrane porin channel (Munita and Arias, 2016).
They transport toxic compounds such as antimicrobials and reactive oxygen species out of
the bacterial cells into the environment, and their expression is modulated in response to
external stimuli. Ribosome-blocking antibiotics like tetracycline induce efflux pump
(MexXY-OprM) expression (Langendonk et al., 2021). In the prokaryotic kingdom, there are
five major families of efflux transporter: major facilitator (MF), multidrug and toxic efflux
(MATE), resistance-nodulation-division (RND), small multidrug resistance (SMR) and ATP
binding cassette (ABC) (Webber and Piddock, 2003; Marquez, 2005). All these systems
generate energy for transport by transferring protons or electrons across the membrane,
except the ABC family, which uses ATP hydrolysis to move substrates. Proteins belonging
to the RND efflux pump are the leading player in multidrug resistance in P. aeruginosa. The
cytoplasmic and periplasmic proteins in the RND family are called Mex, and the porin is
called Opr. OprF is the most abundant porin in P. aeruginosa, and it is involved in a variety
of functions (Sugawara et al., 2006). The multidrug-resistant P. aeruginosa has been
associated with the overexpression of multiple efflux pumps (Hancock and Brinkman, 2002;

Langendonk et al., 2021).
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Inactivating enzymes. One of the significant intrinsic mechanisms that inactivate
antibiotics is releasing bacterial enzymes. B-lactam antibiotics bind penicillin-binding
proteins responsible for synthesizing peptidoglycan that forms bacterial cell walls.
Therefore, they cause cell lysis. P. aeruginosa produces an enzyme, B-lactamase, that can
hydrolyze the lactam ring in B-lactam antibiotics and inactivate them (Wright, 2005; Pang
et al., 2019). B-lactamases are classified based on different systems; a) the Ambler
classification groups enzymes according to amino acid sequence, and b) the Bush-Jacoby-
Medeiros system classifies enzymes according to function and phenotype (Bush et al.,
2010). P. aeruginosa is also able to modify antibiotics like aminoglycosides and therefore
inactivate them. One of the mechanisms is the modifying amino and glycoside group in
these antibiotics which cause a decrease in the binding affinity of antibiotics to their

binding target (Pang et al., 2019; Qin et al., 2022).

Biofilm formation. By forming biofilm, bacterial cells increase their chance of survival in
harsh environments. Biofilm, with the scaffold of EPS, decreases antibiotics’ permeability
to the core community of microbes. Even bacterial cells with low intrinsic resistance show
less susceptibility to antibiotics when they form biofilm. Eradication of P. aeruginosa in
biofilm form of growth in cystic fibrosis and chronic wound patients is one of the obstacles

in clinical settings due to their increased resistance to antibiotics.

Bacterial motility. Swimming and swarming motility in P. aeruginosa are known to cause
an increase in antibiotic resistance. They are the type of adaptive resistance mechanisms
whose gene expression depends on the environment. Swarming cells are significantly more
resistant to aminoglycosides, B-lactams, chloramphenicol, ciprofloxacin, tetracycline,
ethoprim, erythromycin and azithromycin (Coleman et al., 2020). Swimming cells,
however, showed significantly higher resistance to polymyxins, aminoglycosides,
fluoroquinolones, tetracycline, chloramphenicol, trimethoprim, and several B-lactams, but

not to macrolides (Sun et al., 2018)
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1.5.1.5 Quorum sensing network in P. aeruginosa

Biofilm formation and expression of most virulence genes are under the control of the
guorum sensing system. Quorum sensing is a cell-cell communication system that regulates
the expression and production of metabolites in a cell-density-dependent manner.
Bacterial cells produce signal molecules known as autoinducers. When the number of cells
increases in the environment surrounding the cells, the concentration of autoinducer
molecules increases as well (Figure 1.6). Autoinducer molecules can activate the
transcription of genes that are important for the survival of bacterial cells only when they
reach the threshold concentrations (Miller and Bassler, 2001; Rutherford and Bassler,

2012).

There are four major interconnected quorum sensing systems available in P. aeruginosa:
Lasl/LasR, Rhll/RhIR, quinolone-based quorum sensing, and integrated quorum sensing

(1QS) (Lee and Zang, 2015; Moradali et al., 2017).

Signal molecules in Las and Rhl systems are acyl-homoserine lactones (AHLs), a homoserine
lactone ring with a fatty acyl side chain with 4 to 20 carbons. Lasl and Rhll are signal
synthases that produce N-3-oxo-dodecanoyl-homoserine lactone (3-oxo-C12-HSL) and N-
butanoyl-homoserine lactone (C4-HSL), respectively. When the number of cells in the
environment increases and the signal concentration reaches the threshold, 3-oxo-C12-HSL
activates LasR and C4-HSL activates RhIR. LasR and RhIR are transcription regulatory
proteins that control the expression of several virulence factor genes (Lee and Zang, 2015;

Kostylev et al., 2019; Qin et al., 2022).

The signal molecules in quinolone-based quorum sensing are alkyl quinolones. There are
two signal molecules in this system: 4-hydroxy-2-heptylquinoline (HHQ) and 2- heptyl-3,4
dihydroxyquinoline, called Pseudomonas quinolone signal (PQS). HHQ and PQS activate
PgsR, a transcriptional regulator, which regulates the expression of virulence genes. Signal
synthase in this system is a cluster gene made up of pgsABCDE, phnAB, and pgsH (Lin et al.,
2018).
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IQS is an intercellular communication signalling regulated by several quorum sensing
molecules. 1QS signalling pathway is less understood, and its role in gene expression is not
clear yet (Lee et al., 2013; Kostylev et al., 2019). IQS is a new class of quorum sensing signal
identified as 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde3 (Lee et al., 2013; Lee and Zang,
2015). It has been shown that IQS could inhibit eukaryotic host cell growth and induce
apoptosis (Wang et al,, 2019). Quorum sensing is an interconnected and complicated
signalling network often activated depending on the environmental conditions (Figure 1.6).
It has been shown that cathelicidin LL-37 produced by keratinocytes promotes virulence
factor production such as pyocyanin, elastase, and rhamnolipid in P. aeruginosa through

the quorum sensing system (Strempel et al., 2013).
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Figure 1.6 Quorum sensing system in P. aeruginosa and regulation of virulence factors.
(A) There are four interconnected quorum sensing systems: Las, Rhl, Pgs (or quinolone-
based QS), and IQS, which in response to stress, produce signal molecules: HSL (N-3-oxo-
dodecanoyl-homoserine lactone), BHL (N-butanoyl-homoserine lactone or C4-HSL), PQS
(Pseudomonas quinolone signal), and IQS signal, respectively. These signal molecules
activate transcriptional regulators (LasR, RhIR, and PgsR), which consequently regulate the
expression of virulence genes (AprA, alkaline protease; Pyd, pyoverdine; PLC,
phospholipase C; Tox, toxin A; LasA, LasA elastase; LasB, LasB elastase; HCN, hydrogen
cyanide; Pyo, pyocyanin; Rhid, rhamnolipids; Lec A, lectin A). Dashed lines represent the
interaction of quorum sensing systems. Question marks represent unknown subjects. (B)
Autoinducers (small colourful circles) concentrations in the environment increase when the
number of cells increases (Taken from Moradali et al., 2017).
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1.6 Key factors involved in the study of wound healing

Chronic wounds affect millions of people annually, and the number of affected individuals
is rising because of the increase in the ageing population, obesity, and the high prevalence
of chronic wounds among the elderly, diabetic, and patients with cardiovascular diseases
(Guest et al., 2020; Sen, 2021). Also, the emergence of antibiotic-resistant pathogens
makes the treatment of chronic wounds difficult. This puts a considerable burden on
hospitalised patients and their quality of life. In some cases, amputation is the only way of
treatment. Chronic wounds also impact the healthcare system with enormous financial

consequences (Guest et al., 2015; Guest et al., 2020).

Infections in chronic wounds are critical factors that delay the wound healing process.
Bacterial communities existing in chronic wounds are primarily present in biofilm form,
which is highly resistant to the host immune system and antibiotic treatment, resulting in
non-healing wounds (Ibberson and Whiteley, 2020; Johnson et al., 2018; Frykberg and
Banks, 2015; Siddiqui and Bernstein, 2010). Despite the importance of infection, the role
of biofilm in the wound and its interaction with other components present in the wound
has not been thoroughly investigated (Wolcott et al., 2013; Kadam et al., 2019). To develop
novel and effective therapeutics to target biofilm infections, it is important to study the
biofilm in the context of the wound bed and investigate the effect of all components
involved in chronic wounds, such as microbial cells, human cells (skin and immune cells),

extracellular matrix proteins, and chemicals on biofilm formation.

1.6.1 Microbial cells

Biofilms present in the wound bed are mostly polymicrobial, with two or more species of
microbes involved in the community. The most abundant pathogenic bacteria present in
the wounds are from Staphylococcus (S. aureus) and Pseudomonas (P. aeruginosa) genera,
with a high number of facultative anaerobe microbes such as Enterobacter species. CONS
that are mainly commensals on the skin (S. epidermidis) are also present in the wound
(Wolcott et al.,, 2016; Verbanic et al., 2020). The role of commensals and facultative

anaerobes in wound infection is still unclear (Verbanic et al., 2020).
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In addition to single-species biofilm research, several other studies have designed dual-
species of S. aureus and P. aeruginosa biofilm models to investigate the complexity and
dynamics of the biofilm in the development of chronic wounds (Dalton et al., 2011; Sun et
al., 2013; Alves et al., 2018; Cendra et al., 2019; Tognon et al., 2019). For example, there is
evidence that S. aureus and P. aeruginosa colonise different spots in the wound bed;
S. aureus tends to settle in the surface area, while P. aeruginosa forms biofilm deeper in
the wound site. Hence, in this case, the co-infection and interaction of these two species
seem unlikely (Fazli et al., 2009). However, in 2018 Alves and colleagues conducted a co-
culture biofilm model, which indicated in the early stage of biofilm formation, the
interaction of these two bacteria is beneficial for their settlement and survival. They
reported that S. aureus facilitated the attachment of P. aeruginosa in the early stages of
biofilm formation, and P. aeruginosa promoted an invasive phenotype in S. aureus. This
interaction can support a stable infection (Alves et al., 2018). Despite a large number of
studies on biofilm-forming pathogens such as P. aeruginosa and S. aureus, there are a few
studies reporting the role of skin commensals in chronic wounds. In the light of microbiome
studies, the beneficial functions of commensals such as S. epidermidis are being discovered;
for example, a subset of S. epidermidis releases a serine protease that prevents biofilm
formation of nasal S. aureus (lwase et al., 2010). So, it is essential to consider the effect of

commensal microbes in a biofilm model.

1.6.2 Human cells

Human cells involved in chronic wounds are keratinocytes, fibroblasts, endothelial cells,
and resident immune cells. The healing process is regulated by a complex signalling
network among these cells through secretion and sensation of cytokines and growth
factors. Bacterial colonisation can disturb the balanced microenvironment of the wound by
over-attracting neutrophils and macrophages to the site of injury, which subsequently
increases the production of pro-inflammatory cytokines such as IL-1a, IL-1B, IL-6, and TNF-
o and the release of ROS. An increase in pro-inflammatory cytokines escalates the secretion
of metalloproteinases and elastases, which eventually degrade ECM and impair cell

migration. Fragments of ECM and resistant biofilms stimulate the constant influx of
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immune cells, therefore, amplifying the inflammation in the wound area (Frykberg and
Banks, 2015). Keratinocytes produce cytokines and growth factors to control the wound
healing process and re-epithelisation. They recognise pathogensin the wound area through
TLRs and respond to them by secretion of antimicrobial peptides and inflammatory
cytokines. For example, S. aureus can activate NF-kB in keratinocytes. NF-kB activates the
transcription of the inflammation genes such as IL-8 and nitric oxide (Mempel et al., 2003).
There is evidence that S. aureus in the biofilm state increases inflammatory cytokine
production, nitric oxide production, and reduced viability of human keratinocytes
compared to S. aureus in the planktonic state. Excessive inflammations degrade ECM,
impair keratinocytes migration and proliferation, and damage re-epithelisation, which is a

significant step in wound healing (Tankersley et al., 2014).

Host-microbe interactions at the wound site can determine the state of wound healing and
direct it toward recovery or deterioration, so it is important to consider human cells in in
vitro models to investigate wound physiology. Some studies reported the effect of biofilm
on cytokine gene expression, proliferation, and cell apoptosis in co-cultured biofilm or
biofilm-conditioned media with keratinocytes and fibroblast (Kirker et al., 2009; Secor et

al., 201; Kirker et al., 2012; Tankersley et al., 2014; 10lender et al., 2019).

One of the limitations of these studies is that they all use single-species biofilm, while for
more realistic experiments, it would be helpful to consider dual or multi-species biofilm
effects on human skin cells. Another way to improve the in vitro models to study host-
microbe interactions is to use 3D human skin models, also known as Human Skin
Equivalent. These models are made of keratinocytes and fibroblasts cultured on the protein
matrix (composed of collagen and fibronectin). They can be a suitable model for studying

chronic wounds as they are more relevant to human skin physiology (Haisma et al., 2013).

1.6.3 Extracellular matrix proteins (ECM proteins)

ECM proteins comprised of organised macromolecules (such as collagen, fibrin, fibronectin,
proteoglycan, glycosaminoglycan, and matricellular proteins) form a complex structure in

wound bed with several roles in wound healing. They also provide a suitable surface for
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bacterial attachment and colonisation in chronic wounds (Fitzpatrick et al., 2012). So, it
would be closer to reality in wound infection to investigate biofilm attachment to the
protein matrix instead of the microplate’s surface. Several in vitro models incorporated
ECM proteins as a platform for biofilm development to stimulate the biofilm’s structure in
the wound (Werthen et al.,, 2010; Chen et al., 2014; Gounani et al., 2020). In an in vitro
study, researchers developed a collagen gel matrix model filled with serum proteins to
provide a protein-rich platform for bacterial colonisation. The model enabled bacterial
biofilm formation in a similar way to the structure of biofilm in chronic wound infection.
This study indicated the presence of a wound-like microenvironment in the model that can

be used for biofilm simulation (Werthen et al., 2010).

1.6.4 Chemicals

In addition to the interaction between microbial cells and skin cells, the microenvironment
of the wound is an important factor in the pathogenesis and healing process. The
concentration/level of factors such as oxygen, ROS, pH, and signalling molecules in the

wound affects the biochemical and cellular processes in wound healing.

Oxygen. A balanced oxygen level in the wound is vital for various steps in the healing
process, such as collagen deposition, epithelisation, and angiogenesis. The formation of
new blood capillaries (angiogenesis) is responsible for the oxygenation of the wound area;
the concentration of oxygen in the area controls this process. However, there is inadequate
oxygen in chronic wounds due to the increase in oxygen utilisation in chronic wounds and
elevated ROS (Scalise et al., 2015). Low oxygen level in the wound bed favours the growth
of facultative bacteria, which in turn decreases the oxygen level further. Also, low or zero
levels of oxygen (hypoxia and anoxia) in the wound can affect the efficacy of antibiotics and

promote tolerance of biofilm to antibiotic therapy (Castilla et al., 2012).

pH. The pH of the environment affects the oxygen released from blood to the tissue. Tissue
oxygenation increases by a decline in pH level. The normal pH of the skin is acidic (4 — 6),
which is one of the defence mechanisms of the skin against microbial colonisation.

However, in chronic wounds, damaged cells and capillaries diffuse body fluid with a pH of
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7.4 to the area; this can shift the pH of the skin from acidic to alkaline. Alkaline pH in the
wound has some detrimental effects; for example, it can reduce the oxygenation to the
tissue, it increases the risk of microbial colonisation as they favour neutral to an alkaline
environment, and it increases the catalytic activity of proteases in the wound, which can
cause degradation of ECM. Even subtle changes in a wound’s pH can make a big difference

in wound healing and antibiotic treatment (Scalise et al., 2015).

ROS. Elevated ROS in the wound bed is one of the major factors that impairs wound
healing. ROS are normal by-products of cellular respiration in mitochondria, and low levels
of ROS mediate intracellular signalling; they are also required in defence against pathogens
as neutrophils and macrophages secrete them. However, an excessive amount of ROS
causes cellular damage due to their high reactivity, so the antioxidant system in the cells
aims to neutralise excess ROS and ameliorate their toxic effect (Cano Sanchez et al., 2018).
When the antioxidant defence system fails to inactivate a high level of ROS, cells undergo
“oxidative stress,” which leads to the loss of function and even cell death. A chronic wound
is one of the conditions in that oxidative stress is involved due to sustained inflammation,
the constant presence of neutrophils and macrophages, and an increased level of ROS. An
elevated level of ROS in chronic wounds is associated with delayed re-epithelisation,
cellular damage, delayed angiogenesis, and a proteolytic environment. (Nouvong et al.,

2016).

46



Aim and objectives

In this study, two strains of P. aeruginosa strains NCTC 10662 and PAO1, which are
originally isolated from infected wounds, were selected. S. epidermidis NCTC 11047, a nose
isolate, was also selected as a skin commensal. Immortalized human keratinocytes, HaCaT
cell line, was used as a skin model system. The hypothesis that commensal bacteria can
impact the pathogenicity of opportunistic bacteria and subsequently protect skin cells was

explored.

The overall aim of this study was to investigate the interaction between S. epidermidis and
its supernatant with planktonic growth and sessile cultures of P. aeruginosa to better
understand how commensal bacteria affect skin cells during wound infection. To address

the overall aim of this project, the following objectives were addressed:

e To investigate the effects of S. epidermidis supernatant on planktonic growth,
biofilm formation, and virulence factors secretion of P. aeruginosa.

e To determine the role of the quorum sensing network in the interaction of
S. epidermidis and P. aeruginosa.

e Tostudythe co-culture of S. epidermidis and P. aeruginosa in planktonic and biofilm
growth.

e To examine the effects of S. epidermidis and its supernatant on P. aeruginosa’s
antibiotic susceptibility.

e To study the effects of S. epidermidis supernatant on an in vitro wound healing
model of keratinocytes.

e To investigate the ability of S. epidermidis and its supernatant in protecting

keratinocytes from the attachment of P. aeruginosa.
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Chapter 2 Material and Methods

2.1 Materials

All bacterial culture media ingredients were purchased from Oxoid (UK), Sigma-Aldrich
(Dorset, UK), and Sigma Life Sciences (Dorset, UK).

Tissue culture media and reagents were purchased from ThermoFisher Scientific (Gibco
and Invitrogen, Loughborough, UK) and Sigma Life Sciences (UK). Tissue culture vessels,

including microwell plates, flasks, and falcon tubes, were obtained from Corning (UK).

All reagents for extraction and purification of RNA and reverse transcription reaction were
obtained from ThermoFisher Scientific (Applied Biosystem and Invitrogen, Loughborough,
UK). Eurofins Genomics (Ebensburg, Germany) provided the primers. The Proteome
Profiler Human Cytokine Array kit was purchased from R&D Systems, Bio-Techne,
(Minneapolis, USA). Unless otherwise stated, all other reagents were purchased from

Sigma-Aldrich (Dorset, UK) or Fisher Scientific (Loughborough, UK).

The spectrophotometer used to measure the absorbance in a microplate was from
SPECTROstar Nano, BMG Labtech, Germany, while the absorbance in cuvettes was

measured using Jenway 6300 Spectrophotometer, UK.

2.1.1 Bacterial strains

S. epidermidis NCTC 11047, P. aeruginosa NCTC 10662 and P. aeruginosa PAO1 were

obtained from the University of Westminster, London culture collection.

2.1.2 Mammalian cell line

Immortalized human keratinocytes cell line, HaCaT cells (ATCC CCL-185), was obtained
from the University of Westminster cell culture collection, generally a donation from the

Division of Surgery and Interventional Science, UCL, Royal Free Hospital, London, UK.
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2.2 Bacterial cell culture methods

2.2.1 Media preparation

All media for bacterial cultures were prepared according to the manufacturer’s instructions
and sterilized by autoclaving at 121°C for 15 minutes. Briefly, to prepare the broth culture
medium, the proper amount of medium powder was dissolved in distilled water for a final
volume of 1 litre. If the medium required supplementation of agar, 15 g/L agar was added
to the medium while being continuously stirred on a magnetic hot plate until the agar was

completely dissolved. All culture media used in this study are listed in Table 2.1.

2.2.2 Bacterial culture conditions and inoculum preparation

All bacterial strains were maintained in 25% (v/v) glycerol stocks at -20°C for storage for up
to 6 months and -80°C for long-term storage. To prepare working stocks, a loopful of
bacteria from freezer stock was streaked on a tryptone soy agar (TSA) and incubated
aerobically overnight (18 — 24 hours) at 37°C. A single colony of plated bacteria was
inoculated in 10 ml tryptone soy broth (TSB) in a falcon tube and incubated overnight at
37°C at 180 rpm. A loopful of liquid culture was then streaked on TSA slants, incubated
overnight at 37°C, and then stored at 4°C. The working stocks were refreshed every
4 months by culturing stocks from -80°C storage. As described by Cowan and Steel (2009),
Gram stains were performed for the basic characterization of bacteria when they were
received.

Bacterial cells were subcultured into TSB from a slant stock culture and incubated overnight
at 37°C and 180 rpm. By adding fresh media, the overnight culture’s optical density (OD) at
600 nm was adjusted to 0.08 — 0.12 using a spectrophotometer (Jenway 6300
Spectrophotometer, UK). The ODegoo of 0.08 — 0.12 is equivalent to 0.5 McFarland standard
and contains approximately 1.5 X 108 colony forming units (CFU)/ml. Subsequently, the
culture was diluted 1:10 in fresh media for further experiments for consistency in the

number of cells.
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Table 2.1 Media and their components used in this study.

Bacterial culture media

Composition

Tryptone Soy Broth (TSB)

Tryptone Soy Agar (TSA)

Muller Hinton Broth (MHB)

Muller Hinton Agar (MHA)

Luria Bertani Broth (LB)

Roswell Park Memorial

Institute (RPMI)-1640

Nutrient Broth (NB)

Nutrient Agar (NA)

Staphylococcus Agar

Cetrimide Agar

pancreatic digest of casein 17.0 g/L, enzymatic digest of soya
bean 3.0 g/L, sodium chloride 5.0 g/L, dipotassium hydrogen
phosphate 2.5g/L, glucose 2.5 g/L

agar 15 g/L, pancreatic digest of casein 17.0 g/L, enzymatic digest
of soya bean 3.0 g/L, sodium chloride 5.0 g/L, dipotassium
hydrogen phosphate 2.5g/L, glucose 2.5 g/L

beef infusion solids 2.0 g/L, starch 1.5 g/L, casein hydrolysate
17.5 g/L

agar 15.0 g/L, beef infusion solids 2 g/L, starch 1.5 g/L, casein
hydrolysate 17.5 g/L

sodium chloride 10.0 g/L, tryptone 10.0 g/L, yeast extract 5.0 g/L
glucose 2 g/L, phenol red 5 mg/L, salts without sodium
bicarbonate, amino acids without L-glutamine, vitamins

meat extract 1.0 g/L, yeast extract 2.0 g/L, peptone 5.0 g/L,
sodium chloride 5.0 g/L

agar 15.0 g/L, meat extract 1.0 g/L, yeast extract 2.0 g/L, peptone
5.0 g/L, sodium chloride 5.0 g/L

agar 15.0 g/L, dipotassium hydrogen phosphate 5.0 g/L, gelatine
30.0 g/L, lactose 2.0 g/L, mannitol 10.0 g/L, sodium chloride
75.0 g/L, tryptone 10.0 g/L, yeast extract 2.5 g/L

agar 15 g/L, cetrimide, 0.3 g/L, gelatine peptone 20 g/L,
magnesium chloride 1.4 g/L, potassium sulfate, 10 g/L, 1% (v/v)

glycerol

2.2.3 Growth curve

The turbidity of the bacterial culture in TSB over 24 hours of growth was used to plot a

growth curve against time. The ODsoo of overnight culture was adjusted to 0.08 —0.12; next,

it was diluted, 5 ml in 45 ml fresh media (1:10 ratio) in a shaking flask and incubated for

24 hours at 37°C and 180 rpm. The OD of the culture medium was measured at 600 nm

every hour using a spectrophotometer. Every 2 hours, ten-fold serial dilution of the culture
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was made using phosphate buffer saline (PBS) and drop plated on TSA, and subsequently,
incubated overnight at 37°C to determine the CFU for each sample.

CFU per 1 ml of the original culture was calculated using the equation below (Equation 2.1):
CFU/ml = (number of colonies X dilution factor)/volume of culture per plate

Generation time, also known as doubling time, can be measured by the equation below
(Equation 2.2):

tg= Ln2/u

Where:

tq = doubling time, and

K = specific growth rate

The specific growth rate can be derived from the slope of the natural logarithm of the
culture concentration (the exponential phase) against time. Measuring the growth rate can
be based on the CFU/ml or OD against time (assuming that the OD is directly proportional

to the number of live cells).

2.2.4 Preparation of S. epidermidis supernatant (SES)

The ODeoo of the overnight culture of S. epidermidis was adjusted to 0.08 — 0.12 and set as
an inoculum. The inoculum was then diluted 1:10 in fresh TSB in shaking flasks and
incubated at 37°C and 180 rpm for 24 hours. Samples were taken at different stages of
bacterial growth: 3 hours after incubation for the early-exponential phase, 5 hours after
incubation for the mid-exponential phase, 7 hours after incubation for the late-exponential
phase, and 24 hours after incubation for full growth. After taking samples at different time
points, bacterial cultures were centrifuged at 3000 rpm for 10 minutes to collect the SES.
Afterwards, they were filtered using a 0.22 um filter (Ministar Syringe Filter, Sartorius,
Germany). The SES (30 ul) was transferred to agar plates to ensure no viable bacteria were
present. The SES was stored at -20°C for further experiments. In all experiments, the

concentration of SES in the culture medium was set at 10% (v/v) unless otherwise stated.
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2.2.5 Protein assay on the SES

Protein concentrations in the SES were determined by Bradford Micro Assay (Quick Start
Bradford, Bio-Rad, USA), a fast and accurate method to determine the total protein content
of a sample. A microtiter-plate assay was adopted for this experiment. This assay is based
on the reaction of Coomassie brilliant blue dye with protein in the given sample (Bradford,
1976). The colour change after the reaction was detected at 595 nm. Bovine serum albumin
(BSA) (Sigma-Aldrich, UK) at 2 mg/ml was used as a stock to prepare standard protein
solutions according to the manufacturer’s instructions (Table 2.2). A series of dilutions of
BSA was made from the stock in Eppendorf Tubes® at a final volume of 1 ml based on
Table 2.2. Afterwards, 150 pl of the prepared standards and samples were added to each
well of a 96-well plate, and then 150 pl of Bradford’s dye reagent was added and mixed
thoroughly with the samples. The plate was incubated at room temperature for 15 minutes.
The absorbance was read at 595 nm using a spectrophotometer (SPECTROstar Nano, BMG
Labtech, Germany). The standard curve was constructed based on the reading of serially
diluted standard solutions. The protein concentration in each sample was calculated using

the equation of the standard curve linear trendline (Figure 2.1).

Table 2.2 Standard protein solution used to make a standard curve.

Distilled water Protein Conc.
Tube Protein Stock Stock volume (pl)
(1) (ng/ml)
1 BSA (2 mg/ml) 10 790 25
2 BSA (2 mg/ml) 10 990 20
3 BSA (2 mg/ml) 6 794 15
4 Tube 2 500 500 10
5 Tube 4 500 500 5
6 Tube 5 500 500 2.5
7 Tube 6 500 500 1.25
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Figure 2.1 Protein standard curve to measure protein concentration in SES sample.
The protein concentrations were determined using the equation of linear trendline.

2.2.6 Crystal violet biofilm formation assay

P. aeruginosa biofilm formation in the presence and absence of SES was assessed using the
microtiter plate crystal violet assay as described in several in vitro model studies (Merritt
et al.,, 2005; O Toole, 2011) with some modifications. P. aeruginosa biofilms were formed
in a 96-well plate. The ODeoo of an overnight culture was adjusted to 0.08 — 0.12. Then
20 pl of the culture was added to 180 pl of fresh media (with and without SES) per well.
The plates were then incubated at 37°C for 24 hours. After the incubation period, the
contents of the wells were gently removed, and the wells were gently washed twice with
distilled water to remove planktonic bacterial cells. Biofilm was stained with 220 pl of
1% (v/v) solution of crystal violet for 15 minutes at room temperature. Then the crystal
violet solution was removed, and the plate was washed gently with distilled water till the
water ran clear. The plate was then allowed to dry completely in a 37°C incubator before
adding acetic acid. Acetic acid at 30% (v/v) (220 pl) was added to each well. The plate was
incubated at room temperature for 15 minutes while shaking gently at 75 rpm on an orbital
shaker. The absorbance at 570 nm was measured. Experiments were performed three

times using three biological replicates each time.
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2.2.7 Extraction of extracellular polymeric substances (EPS)

from P. aeruginosa biofilm

To investigate the composition of P. aeruginosa’s EPS in the presence and absence of SES,
the formaldehyde-sodium hydroxide (NaOH) method was used to extract the EPS (Liu and
Fang, 2002). In this method, formaldehyde (Sigma Life Sciences, UK) is used to fix the cells
to prevent them from lysis and release of their intracellular contents. NaOH increases the
pH, which results in the increase of solubility of EPS in water, therefore, allowing a higher
quantity of EPS to be extracted (Liu and Fang, 2002).

To extract the EPS, the biofilm was detached using a 100 pl pipette tip and resuspended in
PBS. Formaldehyde at 6% (v/v) was added to the homogenized biofilm and incubated at
4°Cfor 1 hour. NaOH (1 M at 40% v/v) was added to the solution and incubated for another
3 hours at 4°C. The solution was then centrifuged at 8000 rpm at 4°C for 30 minutes. The
resulting supernatant was filtered using a 0.22 um membrane filter and stored at -20°C for

further analysis.

2.2.7.1 Carbohydrate assay on EPS

The phenol-sulfuric acid method was used to determine the quantity of carbohydrates in
P. aeruginosa biofilm. This method was adopted from Masuko and colleagues’ study in
2005 with some modifications (Masuko et al., 2005). Glucose solution at 1 mg/ml was used
as a stock to prepare standard glucose solutions ranging from 1 -100 ug/ml (Figure 2.2).
The carbohydrate assay was performed in a 96-well microtiter plate. Into 50 ul of the
standard and the samples in each well, 150 pl of concentrated sulfuric acid was added, and
the mixture was shaken on an orbital shaker for 5 minutes. Then 30 ul of 5% (v/v) phenol
was added to the mixture, and the plate was carefully floated in a 90°C water bath for
5 minutes. The plate was cooled to room temperature for 5 minutes, and the absorbance
was measured at 490 nm. The standard curve was created using the readings of the
standard glucose solutions. The carbohydrate concentration in each sample was calculated

using the equation of the standard curve linear trendline (Figure 2.2).
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Figure 2.2 Glucose standard curve to measure carbohydrate concentration in EPS sample.
The carbohydrate concentration of the samples was determined using the equation of
linear trendline.

2.2.7.2 Protein assay on EPS

The Bradford Micro Assay (Quick Start Bradford, BIO-RAD, USA), as described in Section
2.2.5, was used to determine the protein concentration in P. aeruginosa biofilm. Briefly, a
series of dilutions were made from BSA stock (2 mg/ml) based on the instruction described
in Table 2.2 (Section 2.2.5). Subsequently, 150 pl of the BSA standard solutions and the ESP
samples were added to each well of a 96-well microtiter plate, and then 150 pl of
Bradford’s dye reagent was added and mixed properly with the standards and samples,
incubated at room temperature for 15 minutes. The absorbance was measured at 595 nm,
the standard curve was created using the reading of the standard solutions (Figure 2.3),
and the protein concentration in each sample was calculated using the standard curve
linear trendline equation. Each experiment was repeated three times with three biological

replicates each time.
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Figure 2.3 Protein standard curve to measure protein concentration in EPS sample.
The protein concentrations were determined using the equation of the linear trendline.

2.2.7.3 eDNA quantification in EPS

The eDNA content of the biofilm was measured using the NanoDrop™ spectrophotometer
(Ambion, ThermoFisher Scientific, UK) based on the manufacturer’s instructions. Briefly,
the instrument was blanked using 1 pl of PBS in 40% (v/v) in 1 M NaOH solution. The
concentration of dsDNA was calculated by the NanoDrop™ based on the absorbance at

260 nm and reported as ng/ul concentration.

2.2.8 Assessment of P. geruginosa virulence factors

2.2.8.1 Pyocyanin quantification

To quantify pyocyanin production in the culture of P. aeruginosa, a method developed by
Essar et al. 1999 with modification was adopted for this study.

P. aeruginosa was grown in 25 ml of LB medium in conical flasks in the presence and
absence of SES at 37°C and 180 rpm. After 24 hours of incubation, the cultures were
pelleted by 5000 rpm centrifugation for 20 minutes at 4°C, and the supernatants were
filter-sterilized using 0.22 um filters. Afterwards, a chloroform-hydrochloric acid extraction

was performed; 7.5 ml of the supernatant was added to 4.5 ml of chloroform and vortexed
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for 20 seconds to mix the supernatant with chloroform thoroughly. The tubes were then
centrifuged at 5000 rpm at 4°C for 10 minutes, 3 ml of blue-green phase (chloroform phase)
at the bottom was transferred to a new tube, and 1.5 ml of 0.2 M hydrochloric acid was
added to it, vortexed for 20 seconds. Samples were centrifuged at 5000 rpm at 4°C for
5 minutes; 1 ml of pink solution at the top phase was used to measure the absorbance at
520 nm (0.2 M hydrochloric acid was used as blank). To calculate the pyocyanin
concentration in 1 ml of P. geruginosa culture supernatant, the absorbance was multiplied
by the extinction coefficient of 17.072 and 1.5 (dilution factor) (Essar et al. 1999). This

experiment was repeated three times and each time with three replicates reading.

2.2.8.2 Pyoverdine quantification

For pyoverdine quantification, P. aeruginosa was grown in RPMI 1640 medium as a defined
medium with no traceable iron. P. aeruginosa was grown in 25 ml of in RPMI 1640 the
presence and absence of SES in 100 ml conical flasks at 37°C and 180 rpm. After 24 hours
of incubation, the absorbance of the cultures at 600 nm was measured to record the
bacterial growth. The cultures were then centrifuged at 5000 rpm for 30 minutes and
filtered through 0.22 um filters. The absorbance of the supernatants was measured at
405 nm (Sass et al., 2018). The pyoverdine production was normalized using the equation

below (Equation 2.3):

Relative Pyoverdine Expression = Absorbance at 405 nm/Absorbance at 600 nm

2.2.8.3 Assessment of elastase activity

The elastase activity of P. aeruginosa was determined using elastin Congo red assay as
described by Pesci and colleagues in 1997 with some modifications (Pesci et al., 1997).
Elastin Congo red (ECR) complex is insoluble in the ECR buffer (100 mM Tris, 1ImM CaCl,,
pH 7.5); however, in the presence of elastase activity, elastin is digested, and the Congo
red is released from the dye-elastin complex, resulting in a colour change of the buffer from
no colour to red. P. geruginosa was grown in 25 ml of LB medium in the presence and
absence of SES in 100 ml conical flasks at 37°C and 180 rpm. After 24 hours of incubation,

the supernatant was separated by centrifugation at 5000 rpm for 20 minutes. ECR powder
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at 20 mg/ml was added to the ECR buffer. Bacterial culture supernatant was mixed at a
1:1 ratio with ECR buffer mixture and incubated in shaking flasks at 37°C for 20 hours. The
supernatant was then extracted by centrifugation, and the absorbance of released Congo
red dye was measured at 495 nm. This experiment was performed three times with three

replicates each time.

2.2.8.4 Motility assay

The motility of P. aeruginosa was tested on agar plates containing different concentrations
of agar powder, as described by Rashid and Kornberg in 2000, with some modifications.
The nutrient broth was supplemented with 0.3% (w/v) agar to test swimming capability.
For swarming motility assessment, the nutrient broth was supplemented with 0.5% (w/v)
agar. For bacterial twitching evaluation, LB broth was supplemented with 1% (w/v) agar.
To test the impact of SES on the motility of P. aeruginosa, the agar plates were
supplemented with SES at 10% (v/v) before solidifying. All the agar plates were dried
overnight in a safety cabinet to avoid any moisture on their surface.

The ODeoo of overnight cultures of P. aeruginosa was adjusted to 0.1. To test swimming and
swarming motility, 3 ul of the cell suspension was added to the centre of 0.3% (w/v)
nutrient agar and 0.5% (w/v) nutrient agar, respectively. For the twitching assay, 1% (w/v)
LB agar was stab inoculated with a needle. The plates were incubated at 37°C for 24 hours

prior to measuring the diameter of the migration zone.

2.2.9 Evaluating antibiotics susceptibility in P. aeruginosa

The minimum inhibitory concentration (MIC) of antibiotics tetracycline hydrochloride
(Sigma Aldrich, UK), gentamicin (ThermoFisher Scientific, UK), and ciprofloxacin (Sigma
Aldrich, UK) were determined by the micro-dilution assay in 96-well microtiter plates
according to the recommendation of the European Committee for Antimicrobial
Susceptibility Testing (EUCAST) regulations (Leclercq et al., 2013). Briefly, serial dilution of
antibiotics in MHB and TSB ranging from 0.25 to 512 ug/ml was prepared in 96-well
microtiter plates. The ODegoo of overnight bacterial culture was adjusted to 0.09 — 0.11,
representing 1.5 X 10% CFU/ml and equivalent to 0.5 McFarland. The suspension was
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subsequently diluted 1:100 (v/v) in the antibiotic microplates to achieve 1.5 X 10° CFU/ml
cell suspension. The culture was incubated then at 37°C for 24 hours. The MIC was
determined as the lowest concentration of antibiotic for which no visible growth could be
observed after 24 hours of incubation. Also, the absorbance of the cultures was determined
by spectrophotometry at 600 nm, and the absorbance below or equal to 0.05 was
considered MIC. To determine the minimum bactericidal concentration (MBC) of
antibiotics, 10 ul of culture with no visible growth was cultured on MHA, and TSA followed
with 24 hours of incubation. The MBC was determined as the lowest concentration of the
antibiotic when no visible growth was observed, and it ultimately killed all bacterial cells
within the population during the incubation period of 24 hours, according to the EUCAST
of the European Society of Clinical Microbiology and Infectious Diseases (ESCMID). To
further evaluate the viability of bacterial cells in co-culture and after antibiotic treatment,
a series of ten-fold dilutions of cultures were made and 10 pl of each sample was dropped
on the selective agar plates. CFUs were counted from the sample, which contained

5 — 20 colonies.

2.2.10 Evaluating the combined activity of antibiotics and SES

on preformed biofilm of P. aeruginosa

The established biofilm of P. aeruginosa was prepared by inoculating 20 ul of bacterial cell
suspension (ODeoo adjusted to 0.08 —0.12) into a total volume of 200pul of fresh TSB in 96-
well plates. The cultures were incubated at 37°C for 24 hours. After 24 hours, planktonic
cells were gently removed, and the wells were washed gently with PBS to remove the
remaining non-attached cells. Then serial dilutions of antibiotics solutions ranging from
0.25-512 pug/ml with and without SES were added to corresponding wells. Then the plates
were incubated at 37°C for another 24 hours. After the incubation period, wells were
washed twice with PBS, and the biofilm biomass and cell viability after treatment were
determined by crystal violet and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay, respectively. This experiment was repeated three times and each time with

at least three biological replicates.
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2.2.10.1 Crystal violet assay on preformed biofilm

For the crystal violet assay, after two washing steps, 220 ul of 0.1% (v/v) crystal violet was
added into each well and incubated for 15 minutes at room temperature. The crystal violet
solution was removed gently and washed off with distilled water three times, and the plate
was air dried for a few hours. The dye was then solubilized using 220 pul of 30% (v/v) acetic
acid solution and incubated at room temperature for 15 minutes. The absorbance of each

well was measured at 570 nm using a spectrophotometer.

2.2.10.2 MTT assay on preformed biofilm

MTT is a water-soluble yellow tetrazolium salt. Metabolically active cells reduce MTT to
water-insoluble purple formazan crystals. Then the crystals will be dissolved in dimethyl
sulfoxide (DMSO), and the formazan production is quantified by spectrophotometry. The
total amount of formazan produced is directly proportional to the number of viable cells in
the culture (Mosmann, 1983; Tom et al., 1993). To determine the viability of the cells in the
biofilm after treatment, the MTT assay was performed. After the incubation period of
48 hours, wells were washed twice with PBS and then were filled with 200 pl of fresh TSB.
Subsequently, 20 ul of 5 mg/ml MTT reagent (Vybrant MTT cell viability assay,
ThermoFisher Scientific, UK) in PBS was added to all wells. Plates were incubated at 37°C
for 3 hours in the dark. The formazan crystal produced by metabolically active cells was
solubilized using 220 ul of DMSO and mixed by gentle pipetting. The absorbance of the
solution was measured at 570 nm using a spectrophotometer. The percentage of viability

of the cells was reported using the equation below (Equation 2.4):

Absorbance of treated wells

iabili fcells % = x 1
Viability of cells % Absorbance of non treated wells 00

2.2.11 Accumulation assay

To assess the activity of P. aeruginosa’s efflux pump in the presence and absence of SES, a
fluorometric assay based on ethidium bromide’s (EtBr) fluorescent signal was performed.
Bacterial cells uptake ethidium bromide if present in their culture medium through the

efflux system and cell wall permeability. The fluorescent signal of ethidium bromide in the
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culture medium is weak; however, when it is accumulated inside the cells and bound to
DNA, it radiates a strong signal (Paixao et al., 2009). By tracking the fluorescent signal of
ethidium bromide over an hour, the uptake of the ethidium bromide can be tracked and
therefore identify efflux system activity (Blair and Piddock, 2016). Bacterial cells were
grown till they reached the OD of 0.8 to 1 at 600 nm. The OD then was adjusted to 0.4 at
600 nm by centrifugation at 3000 rpm for 5 minutes and resuspending the pellet in PBS.
SES was added to the bacterial suspension at the final concentration of 10% (v/v). Glucose
was used as an energy source at the final concentration of 0.4% (w/v). Then bacterial
suspension with the supernatant and glucose was transferred to a 96-well plate and the
ethidium bromide at the final concentration of 2 ug/ml was added to each well. Bacterial
suspension without SES and with glucose and ethidium bromide was set as control. The
reaction was run using a Fluostar Optima plate reader (SPECTROstar Nano, BMG Labtech,
Germany) at 37°C for an hour. Every minute the absorbance was taken at excitation

520 nm and emission at 590 nm.

To assess the activity of the efflux pump in P. aeruginosa in co-culture with S. epidermidis,
P. aeruginosa and S. epidermidis were grown separately till they reached OD of 0.8 to 1 at
600 nm. The OD of each bacterial suspension was adjusted to 0.4 at 600 nm. Bacterial
suspensions were then mixed at a 1:1 ratio and transferred to a 96-well plate. Glucose at
the final concentration of 0.4% (w/v) and ethidium bromide at the final concentration of
2 ug/ml were added to each well. The mono-culture of P. aeruginosa with glucose and
ethidium bromide was set as control. The reaction was run as described previously using a

Fluostar Optima plate reader.

2.2.12 Planktonic co-culture growth curve

The overnight cultures of P. aeruginosa and S. epidermidis were centrifuged at 3000 rpm
for 5 minutes. The pellets were resuspended in fresh TSB, and their ODggo Was adjusted to
0.08 — 0.12; then, they were mixed in a 1:1 (v/v) ratio to be used as inoculum for the co-
culture growth. The mixed culture inoculum (5 ml) was added to 45 ml of TSB in a 250 ml
shaking flask and incubated at 37°C and 180 rpm. The ODeoo of the cultures was measured

hourly using a spectrophotometer. Also, every 2 hours, samples from the cultures were
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ten-fold serially diluted in PBS and plated on selective agars: cetrimide agar (Sigma-Aldrich,
UK) and staphylococcus agar (Sigma-Aldrich, UK) to measure P. aeruginosa and
S. epidermidis CFU/ml, respectively. For control, mono-cultures of P. aeruginosa and
S. epidermidis were also set up, and the ODgooand the CFU/ml were measured as described
above.

Assess the competition between S. epidermidis and P. aeruginosa in a co-culture growth
The competitive index (Cl) in mixed infections or co-culture provides an accurate and
sensitive comparison between each species’ growth within the co-culture. The competitive
index in dual-species growth indicates the competition between two species and any
growth advantage of one species over the other.

To calculate Cl at a specific time, the ratio of total viable cells (CFU) of each species at the
desired time is divided by the ratio of the viable cell at time zero or inoculation. CFU data
is obtained from the growth of the co-culture suspension on the selective agar. The Cl was

calculated using the equation below (Equation 2.5):

_ (logCUF species A/logCFU species B) at t = n in the coculture

~ (logCUF species A/logCFU species B) at t = 0 in the coculture

If the Cl value equals 0, it means equal competition between two species.

If the Cl value > 0, it means a competitive advantage for the species on the numerator
(species A).

If the Cl value < 0, it means a competitive advantage for the species on the denominator
(species B).

On the other hand, the relative increase ratio (RIR) compares the growth curves of both
species in single-species culture. RIR is calculated based on the count of viable cells
obtained from the single-species culture of each strain and is calculated in a similar way to
Cl using the equation below (Equation 2.6):

RIR = (logCUFml species A growth/logCFU species B growth) att = n

(logCUF species A growth/logCFU species B growth) att = 0

To determine which species has an advantage over the other or how they grow together,

two values must be known: Cl and RIR. These values can be depicted together in one figure
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to compare the growth of each species on its own and in co-culture (Mach et al., 2007;

Milho et al., 2019).

2.2.13 Biofilm co-culture model set up

To investigate the biofilm formation of P. aeruginosa in co-culture with S. epidermidis, a
48-hour biofilm model in a 96-well plate was set up. In this model, P. aeruginosa biofilm
formation was investigated in three ways: 1) P. aeruginosa and S. epidermidis were co-
cultivated at the same time for 48 hours, 2) P. aeruginosa was added to the 24-hour
preformed biofilm of S. epidermidis, and 3) S. epidermidis was added to the 24-hour

preformed biofilm of P. aeruginosa.

The overnight cultures of P. aeruginosa and S. epidermidis were centrifuged at 3000 rpm
for 5 minutes. The pellets were resuspended in fresh TSB, and their ODggo was adjusted to
0.08 — 0.12; the suspensions were diluted 10 times in TSB. The bacterial suspensions were
mixed at a 1:1 (v/v) ratio, and 200 pl of the suspension was added to the individual wells
of the 96-well plate for the co-culture model. The plates were incubated at 37°C for
24 hours.

To set up the mono-culture biofilm, the overnight cultures of P. aeruginosa and
S. epidermidis were centrifuged at 3000 rpm for 5 minutes. The pellets were resuspended
in fresh TSB, and their ODgoo Was adjusted to 0.08 — 0.12; each bacterial suspension was
diluted 10 times in TSB separately. From each bacterial suspension, 200 pl was added to

the individual wells of the 96-well plate. The plates were incubated at 37°C for 24 hours.

After the 24 hours incubation period, the planktonic phase was discarded, and all the wells
were washed gently once with PBS. As described above, a fresh 1:1 mixed suspension of
P. aeruginosa and S. epidermidis was made, and 200 pl of the suspension was added to the
co-culture wells. Fresh S. epidermidis suspension was prepared as described above, and
200 pl of the suspension was added to the preformed biofilm of P. aeruginosa. Freshly
made suspension of P. aeruginosa (200 pl) was added to the S. epidermidis preformed

biofilm. The plates were incubated for another 24 hours at 37°C (Figure 2.4).
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The biofilm biomass after 48 hours of incubation was determined by the crystal violet

assay, as described in Section 2.2.6.

To evaluate the viability of cells in the biofilm, after 48 hours of incubation, planktonic cells
were removed gently, and all the biofilm containing wells were washed twice with 250 pl
of PBS to remove non-attached cells. The biofilm was then scraped off the surface of the
wells using a pipette tip, and it was collected using 100 pl of PBS. The bacterial aggregates
were resuspended with vigorous pipetting and 10 seconds vortex to homogenize the
suspension. A series of ten-fold dilutions were prepared using PBS and drop-plated on
selective agar plates of cetrimide and staphylococcal selective agar to determine the CFU
of P. aeruginosa and S. epidermidis, respectively. The agar plates were incubated at 37°C

for 24 hours.

96-well plate co-
culture model
set up

S. epidermidis

S. epidermidis P aeruginosa & P aeruginosa

Mono- and co-

culture biofilm P aeruginosa S. epidermidis S. epidermidis & P
were set up for 24 24-hour biofilm 24-hour biofilm aenigmoss 24-
hours in each well J our biofiim

24 hour 24 hour 24 hour
After 48 hours, +pedppeeats prm———
biofilm biomass Crystal violet i + ( | Viable cell counts
and CFU/ml was assay \ | on selective agar
assessed \:

Figure 2.4 Schematic illustration of biofilm co-culture set-up.

Mono-culture and co-culture of S. epidermidis and P. aeruginosa were set up for 24 hours
at 37°C. After incubation, fresh bacterial suspension in mono-culture and co-culture was
added to the respective wells and incubated for another 24 hours at 37°C. Crystal violet
assay and viable cell count were performed to measure biofilm biomass and viable cell per
ml, respectively.
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2.2.14 Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-gPCR)

2.2.14.1 RNA extraction and purification

Based on the manufacturer's instruction, RNA from bacterial cells was extracted using the
total RNA isolation (TRI) Reagent® (Invitrogen, ThermoFisher, UK). The ODeoo of the
overnight culture of P. aeruginosa was adjusted to 0.08 — 0.12, and then the biofilm in the
presence and absence of SES was set up in a 6-well plate at 37°C for 24 hours. After
incubation, wells were washed once with PBS then 1 ml of TRI reagent per 10 cm? of culture
dish was added. Lysing of the cells embedded in the biofilm was performed directly in the
culture dish by pipetting them up and down several times until a homogenous mixture was
attained. The mixture was then collected in 1.5 ml Eppendorf tubes, and 0.2 mL chloroform
(Sigma Aldrich, UK) per 1 ml of TRl reagent was added, and RNA was separated from DNA
and proteins in the sample by centrifugation at 2000 rpm for 15 minutes at 4°C. The
aqueous phase at the top, which solely contained RNA, was collected. For RNA
precipitation, 0.5 ml of isopropanol (Sigma Aldrich, UK) per 1 ml of TRI reagent was added;
the mixture was vortexed for 10 seconds, then incubated for 10 minutes at room
temperature, followed by centrifugation at 2000 rpm for 15 minutes at 4°C. RNA formed a
white pellet at the bottom of the tube. RNA was washed with 75% ethanol (Sigma Aldrich,
UK), and then the pellet was dissolved in 30 pl of nuclease-free water. The RNA was stored

at 4°C for immediate analysis, and for long-term storage was stored at — 80°C.

RNA was purified using a DNA-free™ DNA Removal kit (Invitrogen, ThermoFisher, UK)
according to the manufacturer’s instructions. Briefly, 3 pl of 10X DNase | buffer with 1 pl of
DNase | enzyme were added to 30 ul of RNA sample (1 ug/ul) and incubated at 37°C for
30 minutes. DNase | was inactivated by adding DNase Inactivation Reagent to the sample.
RNA concentrations of the samples were determined using the NanoDrop™ instrument

(Ambion, ThermoFisher Scientific, UK).
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2.2.14.2 Reverse transcription

To synthesize complementary DNA (cDNA) from total RNA, a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, ThermoFisher) was used.

The reverse transcription master mix was prepared based on the manufacturer’s
instructions (Table 2.3), and it was kept on ice. For the cDNA reverse transcription reaction,
10 pl of the master mix was mixed with 10 ul of RNA (1 pg/ul) by pipetting up and down
twice, followed by brief centrifugation (at 1000 rpm for 10 seconds) to spin down all the
content. The reaction mixture was then incubated in a thermal cycler (T100™ Thermal
Cycler, Bio-Rad, USA) at 25°C for 10 minutes, 37°C for 120 minutes, and 85°C for 5 minutes.
cDNA was stored at -20°C.

Table 2.3 Reverse transcription master mix composition.

Component Reaction Volume (pL)
10X RT Buffer 2.0
25X dNTP Mix (100 mM) 0.8
10X RT Random Primers 2.0
MultiScribe™ Reverse Transcriptase 1.0
RNase Inhibitor 1.0
Nuclease-free Water 3.2

2.2.14.3 Quantitative real-time PCR

The primers used in this study were purchased from Eurofins Genomics, Germany, and they
are listed in Table 2.4. The stock of primers (100 uM) in nuclease-free water was made
based on the manufacturer’s instruction and stored at -20°C.

Quantitative real-time PCR was performed in Bio-Rad Hard-Shell® 96-Well microplates (Bio-
Rad, USA), using the protocol from PowerTrack™ SYBR™ Green Master Mix (Applied
Biosystems, ThermoFisher, UK). For 10 pl of the reaction per well, 5 ul of the SYBR™ Green
Master Mix was mixed with 0.5 pl of 8 uM forward and reverse primers and 3.5 pl of

nuclease-free water. Then, 1 ul of 5 ng/ul cDNA was added to the mixture.
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Table 2.4 The primers that were used in this study (Kalgudi et al., 2021).

Gene Primer Sequence
lasl Forward 5’ CGTGCTCAAGTGTTCAAGG 3’
Reverse 5 TACAGTCGGAAAAGCCCAG 3’
lasR Forward 5’AAGTGGAAAATTGGAGTGGAG3’
Reverse 5" GTAGTTGCCGACGACGATGAAG 3’
rhll Forward 5" TTCATCCTCCTTTAGTCTTCCC 3’
Reverse 5" TTCCAGCGATTCAGAGAGC 3’
rhiR Forward 5’ TGCATTTTATCGATCAGGGC 3’
Reverse 5’ CACTTCCTTTTCCAGGACG 3’
toxA Forward 5’ GGAGCGCAACTATCCCACT 3’
Reverse 5’ TGGTAGCCGACGAACACATA 3’
rhIAB Forward 5’ TCATGGAATTGTCACAACCGC 3’
Reverse 5’ ATACGGCAAAATCATGGCAAC 3’
rpsL Forward 5’ CCTCGTACATCGGTGGTGAAG 3’
Reverse 5’ CCCTGCTTACGGTCTTTGACAC 3’

The reaction was set up in a centrifuge tube, then 10 pl aliquots were added to the wells in
triplicates. In control wells, nuclease-free water was used instead of cDNA. The
housekeeping gene rpsL was used as endogenous control. The plate was sealed with an
optical adhesive cover and centrifuged briefly to spin down the contents. The reaction was
run in Bio-Rad CFX96™ Real-Time instrument (Bio-Rad, USA) with enzyme activation at 95°C
for 2 minutes and 40 cycles of amplification, including denaturation at 95°C for 5 seconds
and annealing/extension at 60°C for 30 seconds. Melting curve generation was followed in
three steps of 1.99°C/second increase at 95°C for 15 seconds, 1.77°C/second at 60°C for
1 minute, and 0.1°C/second at 95°C for 15 seconds.

The cycle threshold was determined by the Bio-Rad CFX Maestro software, and relative
gene expression was calculated using the AACt method (Livak and Schmittgen, 2001). The
data obtained were normalized against the untreated control and represented a relative

fold change in gene expression.
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2.3 Mammalian cell culture methods

2.3.1 Mammalian cell culture conditions and maintenance

Keratinocytes were maintained in complete high glucose (4.5 g/l) Dulbecco’s Modified
Eagle Medium (DMEM) containing phenol red. DMEM was supplemented with 10% (v/v)
foetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin solution, which contains
10,000 units/ml of penicillin, 10,000 pg/ml streptomycin, and 25 pg/ml Fungizone. The
complete DMEM medium was used throughout the study unless otherwise stated. For
long-term storage, cells were maintained in complete media containing 10% (v/v) DMSO,
10% (v/v) FBS, and 1% (v/v) penicillin-streptomycin at approximately 1 x 107 cells/ml in
cryovials. Cells were frozen slowly first at -80°C freezer before transferring into liquid
nitrogen storage. A list of cell culture media and reagents to grow and maintain

keratinocytes used in this study is shown in Table 2.5.

Table 2.5 Cell culture media and reagents used in this study.

Cell Culture Media and Reagents Supplier

High Glucose (4.5 g/l) Dulbecco’s Modified Eagle Medium Gibco, ThermoFisher Scientific,
(DMEM) Loughborough, UK

Foetal Bovine Serum (FBS) Sigma Life Sciences, UK

Gibco, ThermoFisher Scientific,
Penicillin-Streptomycin Solution
Loughborough, UK

Dimethyl Sulfoxide (DMSO) Sigma Life Sciences, UK

Gibco, ThermoFisher Scientific,
Dulbecco’s Phosphate Buffered Saline (DPBS) (1X)
Loughborough, UK

Invitrogen, ThermoFisher
Trypan Blue Solution 0.4% (w/v)
Scientific, Loughborough, UK

0.25% (w/v) Trypsin- Ethylenediaminetetraacetic acid Gibco, ThermoFisher Scientific,

(EDTA) (1X) Loughborough, UK
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Cells were grown in a 75 cm? cell culture flask (T-75) at 37°C in a humid atmosphere of
5% CO,. The medium was changed twice weekly till the cells reached 80% confluency. Once
the cells were 80% confluent, they were washed with 10 ml of DPBS. Cells were then
detached using 3 ml of 0.25% Trypsin-EDTA for 10 minutes in a 37°C incubator.
Subsequently, the cells were collected by adding 7 ml of medium followed by centrifugation
at 1000 rpm for 5 minutes. The supernatant was discarded, and the pellet was resuspended
in 1 ml of fresh medium. Viable cell count was carried out on the cell suspension by
performing the trypan blue exclusion assay (Section 2.3.2). Cells were re-seeded to 12-well
and 24-well plates at approximately 5 x 10° cells per well in 1 ml growth media, to 96-well
plates at approximately 1 X 10° cells per well in 0.2 ml growth medium, and to 6-well plates

at approximately 3 x 10° cells per well in 2 ml medium for further experiments.

2.3.2 Trypan blue exclusion assay

To test the viability of keratinocytes in the presence and absence of SES, S. epidermidis, and
P. aeruginosa, a trypan blue exclusion assay was performed. The culture medium was
removed from cells growing in multi-well plates. Cells were washed with 1 ml DPBS and
then detached using 0.1 ml of 0.25% Trypsin-EDTA per 1 cm? of well surface area for
10 minutes in a 37°C incubator. Subsequently, the cells were collected by adding medium
followed by centrifugation at 1000 rpm for 5 minutes. The cell pellet was resuspended in

1 ml fresh medium.

Viable cell count was carried out on the cell suspension by mixing 20 pl of cell suspension
with 20 pl of 0.4% (w/v) trypan blue solution. This suspension (10 ul) was loaded to the
Countess™ cell-counting chamber slides (Invitrogen, ThermoFiosher, UK), and the viable
cells were measured using an automated cell counter (Countess™ automated cell counter,
Invitrogen, ThermoFisher, UK). Trypan blue dye is negatively charged and does not interact
with cells unless the membrane is damaged. Therefore, non-viable cells stained blue while

the viable cells remained unstained (Strober, 2001).
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2.3.3 Microscopy

The keratinocytes” morphology in the presence and absence of SES was assessed using an
EVOS FL Auto2 microscope (Invitrogen, ThermoFisher, UK). CellTracker™ Red CMTPX dye
(ThermoFisher Scientific, UK) is a fluorescent dye for tracking cells through the cell
membrane and can be retained in living cells for several generations. It is transferred to
daughter cells and is not toxic to cells. Once the cells reached 80% confluency, the medium
was removed, and the cells were washed once with DPBS. A stock solution of CMTPX dye
was prepared based on the manufacturer’s instructions. The dye was added to each well
at the final concentration of 0.5 uM in a serum-free medium (DMEM without FBS). The
plates were incubated at 37°C for 30 minutes. After the incubation, the dye was removed,
and the fresh medium with and without the SES was added to the cells; the plates were
incubated at 37°C in a 5% CO; environment for 24 and 48 hours. Microscopy was then

performed on the fixed cells with 4% formaldehyde (Sigma Life Sciences, UK).

2.3.4 Scratch wound healing assay

Scratch assay is a standard method used to investigate the effect of different treatments
on wound healing. In this method, a scratch is created in a cell monolayer, and the closure
of the scratch is observed over time. This assay facilitates the study of an essential
component of wound healing; re-epithelialization, which is due to keratinocyte migration,
proliferation, or a combination of both. Factors altering the migration or proliferation of
the cells may increase or decrease the rate of healing (Guan et al., 2007; Martinotti and
Ranzato, 2019; Kauanova et al., 2021).

Keratinocytes were seeded in a 24-well plate and grown to 90 % confluency. A scratch was
made through the monolayer of cells using a sterile 100 pl pipette tip. Cells were washed
with DPBS; fresh medium was added to them, then incubated for 8, 16, 24, and 48 hours
in the presence and absence of bacterial cultures spent medium. Images were taken at
times zero and 8, 16, 24, and 48 hours of incubation to observe the scratch closure. The

images were analysed using Image-J 64 software program (https://imagej.nih.gov/). Re-

epithelization of keratinocytes was measured using the equation (Equation 2.7):
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(area of the scratch att = 0) - (area of the scratch at t = n) < 100

Re — epithelialisation% =
p 0 area of the scratchatt =0

2.3.5 Keratinocytes proliferation assay

The MTT assay was performed in 96-well plates to assess the proliferation of keratinocytes
after treatment with SES for 24 and 48 hours. Keratinocytes were seeded into 96-well
plates and incubated at 37°Cin 5% CO; environment till they reached 70% confluency. Cells
were then washed, and SES at the final concentration of 10% v/v in DMEM was added to
the wells. For control comparison, DMEM was added to the control wells. Cells were
incubated for 24 and 48 hours at 37°C in 5% CO; environment with and without SES. After
the incubation period, an MTT assay was performed on cells. For the MTT assay, first,
5 mg/ml stock of MTT reagent (Vybrant MTT cell viability assay, ThermoFisher scientific) in
DPBS was prepared; the reagent was filtered by a 0.22 um filter prior to use. Then, 20 ul of
MTT reagent (10% of the volume of medium in the well) was added to each well; the plate
was covered in foil to protect against light and incubated at 37°C in 5% CO; environment
for 3 hours. After the incubation period, the medium was discarded, and the formazan
crystals formed at the bottom of the wells were dissolved in 100 pl of DMSO. The plate was
incubated at room temperature on a rocking shaker for 15 minutes prior to reading the
absorbance at 570 nm using a spectrophotometer. The absorbance of formazan produced
by keratinocytes at time zero at 70% confluency was considered as a normalized control.
The absorbance of formazan produced at any other time point was compared to the
normalized control. The percentage of the proliferation was measured using the equation
(Equation 2.8):

The absorbance of formazan at any time point 100

Proliferation% = - ; X
The absorbance of formazan at time zero(normalized control)

2.3.6 Human cytokine array

To evaluate the cytokine production by keratinocytes when they were exposed to SES,
Proteome Profiler™ Human Cytokine Array kit (R&D Systems, Bio-Techne, USA) was used

in accordance with the manufacturer’s instructions. Extracellular signalling molecules such
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as cytokines and chemokines have critical roles in inflammation and cell migration. In the
cell communication process, multiple cytokines operate in an extensive network, where
the action of one cytokine is regulated by the presence or absence of other cytokines. The
Human Cytokine Array kit, which is a membrane-based sandwich immunoassay, detects
the relative expression of 36 human cytokines on two nitrocellulose membranes, which

selected antibodies are spotted on them (Figure 2.5 and Table 2.6).

To the monolayer of confluent cells grown in a 6-well plate, a scratch was made.
Subsequently, the cells were exposed to the SES for 24 hours. After the incubation, the cell
culture supernatant was collected, and cell debris was removed by centrifugation at
1000 rpm for 5 minutes. The supernatants were used immediately or stored at -20°C for
future assay. Human Cytokine Array membranes and cell culture supernatants were
prepared based on the manufacturer’s instructions. Then 15 pl of reconstituted Human
Cytokine Array Antibody Cocktail was added to 1.5 ml of prepared cell culture supernatant;
the mixture was incubated at room temperature for 1 hour. Then the mixture was added
to the membrane in a 4-well multi-dish plate; the plate was incubated for 18 hours at
2 — 8°C on a rocking shaker. After the incubation period, the membranes were washed
three times with a wash buffer provided by the manufacturer. The wash took 10 minutes
each time using a rocking shaker. Afterwards, diluted Streptavidin-HRP (horseradish
peroxidase) (1:5000) was added to the membranes; the membranes were incubated for
30 minutes at room temperature on a rocking shaker and washed three more times. The
membranes were removed from the plate and placed on a cling film; 1 ml of
Chemiluminescence Reagent Mix was evenly added to each membrane and incubated for
1 minute at room temperature. Membranes were visualized using an enhanced
chemiluminescence technique by exposing the membrane to a chemiluminescent gel
imager (UVP BioSpectrum® Imaging System, USA). The pixel intensity of the dots that
appeared on the membrane’s pictures after visualization was analysed using the Image-J

64 software program (https://imagej.nih.gov/) (Figure 2.5 and Table 2.6).
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Figure 2.5 Schematic picture for coordination of cytokines on the nitrocellulose membrane
of Human Cytokine Array kit.

Table 2.6 List of detectable cytokines using Human Cytokine Array kit and their
coordination on the nitrocellulose membrane.

Coordinates Cytokines Coordinates Cytokines
Al, A2 Reference Spots (7,C8 IL-4

A3, AMd ccLl (9, C10 IL-5

A5, A6 CcL2 C11,C12 IL-6

A7, A8 MIP-1a C13,C14 IL-8

A9, A10 CCL5 C15,C16 IL-10

Al1, A12 (D40 Ligand C17,C18 IL-12 p70
Al13, Al4 Complement Component C5 D3, D4 IL-13

A15, A16 CXCL1 D5, D6 IL-16
A17,A18 CXCL10 D7,D8 IL-17A

A19, A20 Reference Spots D9, D10 IL-17E

B3, B4 CXCL11 D11, D12 IL-18

B5, B6 CXCL12 D13,D14 IL-21

B7,B8 G-CSF D15, D16 IL-27

B9, B10 GM-CSF D17,D18 IL-32a

B11, B12 ICAM-1 E1, E2 Reference Spots
B13,B14 [FN-y E3, E4 MIF

B15, B16 IL-1a E5, E6 Serpin E1
B17,B18 IL-1B E7,E8 TNF-a

(3,C4 IL-1ra E9,E10 TREM-1

(5, C6 IL-2 E19, E20 Negative Control
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2.3.7 Co-culture of keratinocytes with bacterial cells

2.3.7.1 Preparation of bacterial cells for co-culture with keratinocytes

To prepare the bacterial suspensions for co-culture with keratinocytes, the overnight
cultures of S. epidermidis and P. aeruginosa were centrifuged at 3000 rpm for 5 minutes;
the pellets were washed twice in PBS, and then the ODggo was adjusted to 0.09 — 0.11 in
10 ml PBS. The suspensions were centrifuged again, and this time the pellets were
resuspended in 10 ml DMEM without the antibiotic solution. Next, 100 pl of this
suspension was used to infect 5 X 10° confluent cells in 1 ml DMEM in a 12-well plate at
approximately 1:20 multiplicity of infection (MOI).

To prepare the supernatant of P. aeruginosa, the ODeoo of the overnight culture of
P. aeruginosa was adjusted to 0.08 — 0.12 and set as an inoculum. The inoculum was then
diluted 1:10 in fresh TSB in shaking flasks and incubated at 37°C and 180 rpm for 24 hours.
Afterwards, the bacterial culture was centrifuged at 3000 rpm for 10 minutes to collect the
supernatant. The supernatant was filtered using a 0.22 um filter. Next, 30 pl of the
supernatant was transferred to agar plates to ensure that there were no viable bacteria

present.

2.3.7.2 Assessment of keratinocytes viability after infection with

bacterial cells

To test if the SES or S. epidermidis can protect keratinocytes against P. aeruginosa,
keratinocytes were grown to full confluency in a 12-well plate containing approximately
5 X 10° cells per well in 1 ml of medium. Keratinocytes were pre-, co-, and post-treated
with SES or S. epidermidis cells prior to infecting with P. aeruginosa. For pre-treatment,
keratinocytes were exposed to SES or S. epidermidis for one hour at 37°C in 5% CO;
environment, then infected with P. aeruginosa for two hours. For co-treatment,
keratinocytes were exposed to SES or S. epidermidis at the same time as P. aeruginosa for
two hours. For post-treatment, keratinocytes were infected with P. aeruginosa for one
hour, and then SES or S. epidermidis were added to the cells plus P. aeruginosa for further

1 hour of incubation. After the incubation period, the trypan blue exclusion assay, as

74



described in Section 2.3.2, was performed on the cells to check their viability after

infection.

2.3.7.3 Assessment of bacterial cells’ adhesion to the keratinocytes

Confluent keratinocytes were exposed to the SES and bacterial cell suspension as described
in Section 2.3.7.2. After the incubation period, cells were washed with DPBS three times to
remove all non-adherent bacterial cells. The cells were detached using 0.25% trypsin-EDTA
and collected in 1 ml of medium. The cell suspension was then serially diluted in DPBS, and

spot plated on selective agar plates to assess the number of adherent cells as CFU per ml.

2.4 Statistical analysis

The data for each experiment were collected from three independent sets, which were
performed in triplicate, unless otherwise stated. All data in this study were statistically
analyzed using Prism GraphPad version 9. For experiments comparing one variable
between several groups within the same experiment, one-way ANOVA with a post hoc
Dunnett’s was used. For experiments comparing two or more treatments in one
experiment, a two-way ANOVA with a post hoc Tukey test was used to analyze the main
effects and the interaction between multiple factors. For comparing two variables in one
experiment unpaired Student’s t test was performed. Error bars are reported as
mean * standard error of the mean (SEM), and P values < 0.05 were considered statistically

significant.
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Chapter 3 The effect of S. epidermidis
supernatant on the biofilm formation and

virulence factors of P. aeruginosa

3.1 Introduction

P. aeruginosa is one of the most widespread opportunistic pathogens causing several
nosocomial infections in immunocompromised patients. P. aeruginosa is mainly
responsible for pneumonia in cystic fibrosis patients and severe infection in non-healing
wounds (Nathwani et al., 2014). The main virulence characteristic in P. aeruginosa is biofilm
formation, which provides several opportunities for the organism to escape the host
immune system and antibiotic treatment (Mulcahy et al., 2014). P. aeruginosa is well-
known for producing numerous toxins, enzymes, and proteins that help the colonisation of
bacteria during infection (Qin et al., 2022). The orchestrated quorum sensing signalling
system in P. aeruginosa regulates the biofilm formation and release of several virulence
factors. P. aeruginosa has a remarkable capacity to resist antibiotics through its intrinsic,
adaptive, and acquired resistance mechanisms (Tenover, 2006). Given the increasing
prevalence of antibiotic resistance, especially after the coronavirus disease 2019 (COVID-
19) pandemic, it is crucial to investigate antibiotic alternatives (Nieuwlaat et al., 2021;
Tanne, 2022).

The human microbiota is considered one of the crucial features influencing health and
disease in the human body. Many studies are focusing on the gut microbiota and the way
commensal microbes in the gut affect the human body. However, little is known about the
skin microbiota (Byrd et al, 2018). Coagulase-negative staphylococci, including
S. epidermidis, are one of the most abundant members of the skin microbiota. Although in
the past, S. epidermidis was only considered as a potential pathogen causing infection in
patients receiving medical devices, recent studies highlight its potential roles in modulating
skin immunity and promoting antimicrobial defence as a commensal microbe (Severn and

Horswill, 2022).
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The following chapter examined the effect of S. epidermidis liquid culture extract on the
biofilm formation of P. aeruginosa. It also investigates possible effect of the extract on a
range of virulence factors and antibiotic susceptibility in P. aeruginosa. Finally, this chapter
studied the expression of quorum sensing genes in P. aeruginosa in the presence of

S. epidermidis liquid culture extract.

3.2 Results

3.2.1 S. epidermidis growth curve

The growth of the bacterial cells in liquid media is normally presented by logarithmic
progression curves. The time that takes a bacterial population to divide and double in
numbers is called the generation time or doubling time. The cell numbers in an appropriate
medium will increase exponentially until the nutrient is exhausted and the cells’ toxins and
waste are accumulated. In a simplified picture, the bacterial growth curve determines three
different phases of lag, exponential and stationary, during the growth of bacteria in an

appropriate medium.

The growth curve for S. epidermidis was generated following the inoculation of bacteria
into TSB. The absorbance (as measured by OD) of the bacterial culture was measured every
hour for 24 hours at 600 nm to determine the growth curve of the bacterium. Furthermore,
the number of viable cells (CFU/ml) at each time point (every two hours) was determined
by counting bacterial colonies on the TSA to correlate the ODggo of the bacterial culture
with the number of viable (CFU/ml) cells in the culture for further assays. The generation
time was calculated based on the logarithmic growth of the culture (the exponential phase)
against time (Section 2.2.3). Generation time was calculated using the equation below:

tqg = Ln2/u

Where:

tq = doubling time, and

K = specific growth rate

S. epidermidis stationary phase began at approximately 10 hours post-incubation. The

generation time during the exponential phase was calculated as 59.5 minutes (Figure 3.1).
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Figure 3.1 Growth curve of S. epidermidis in TSB. S. epidermidis was grown in 50 ml TSB in
a 250 ml shaking flask at 37°C and 180 rpm for 24 hours.

The OD of the bacterial culture was measured at 600 nm every hour to determine the
bacterial growth profile. Error bars are reported as mean + SEM, n=9.
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Figure 3.2 Correlation between the number of viable bacterial cells (CFU/ml) in the culture
of S. epidermidis and the OD of the culture measured at 600 nm.

S. epidermidis was grown in 50 ml TSB in a 250 ml shaking flask at 37°C and 180 rpm for
24 hours. The ODggo of the culture was measured every hour during the exponential phase.
The number of viable cells in the culture corresponding to the measured ODgoo Was
calculated by determining CFU/ml. The experiment was repeated three times, with three
replicates in each experiment. The points marked on the graph are the mean of
9 replicated values of the ODgooand CFU/ml.
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3.2.2 Protein concentration in the S. epidermidis supernatant

(SES)

The protein concentration in the SES was quantified as an indicator of metabolite
production during bacterial growth (Table 3.1). S. epidermidis was grown in TSB in a shaken
flask at 37°C. The supernatant of S. epidermidis was obtained from different stages of
bacterial growth. These stages were determined based on the growth curve in the previous
experiment (Figure 3.1): early exponential phase (3 hours post-incubation), mid-
exponential phase (5 hours post-incubation), and late exponential phase (7 hours post-
incubation). The supernatant was also collected at the end of the 24-hour growth. The
protein concentration in each sample was measured using Bradford Micro Assay, Quick

Start Bradford kit (Section 2.2.5).

Table 3.1 Protein concentration in each SES sample at different stages of growth.

Hours Post-incubation Absorbance at 595 nm Protein Conc. pg/ml
3 0.21 59.7
5 0.25 72.5
7 0.27 78.0
24 0.37 106.1

3.2.3 Biofilm formation of P. aeruginosa in the presence of

SES

P. aeruginosa was exposed to SES (obtained at different stages of growth) at two different
concentrations of 10% and 20% (v/v) to investigate the activity of SES on the biofilm
formation of P. aeruginosa as one of its main pathogenesis characteristics. Two strains of
P. aeruginosa were grown in 96-well plates in a TSB medium supplemented with SES, which
was obtained at different stages of growth and at final concentrations of 10% and 20%
(v/v). For control comparison, P aeruginosa was grown in TSB without SES. Crystal violet
assay was performed on 96-well plates to measure the biofilm biomass at 570 nm (Section

2.2.6). Each experiment was performed three times with three repeats in each experiment.
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Figure 3.3 Biofilm formation of P. aeruginosa NCTC 10662 (A), and P. aeruginosa PAO1 (B)
in the presence and absence of SES.

The SES was obtained after 3, 5, 7, and 24 hours of S. epidermidis growth. The SES was
added to the growth medium (TSB) of P. aeruginosa at time zero at two different
concentrations (10% and 20% v/v). P. aeruginosa cultures with and without the SES in 96-
well plates were incubated at 37°C for 24 hours. Biofilm biomass was measured by crystal
violet assay at 570 nm. This experiment was repeated three times in triplicate reading
(n=9). Error bars are reported as mean + SEM. * P <0.05, ** P <0.01, *** P <0.001.

Both strains of P. aeruginosa formed visible biofilm after 24 hours of incubation. Biofilm

formation by P. aeruginosa PAO1 was ~28.7% higher than P. aeruginosa NCTC 10662

(Figure 3.3). The effect of 3-hour SES at both 10% and 20% (v/v) on biofilm formation of
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both strains of PAO1 and NCTC 10662 was insignificant, as analysed by Tukey’s multiple
comparison test. However, 5-hour, 7-hour, and 24-hour SES at both 10% and 20% (v/v)
significantly decreased biofilm formation in both strains (Figure 3.3). SES from 5-hour,
7-hour, and 24-hour growth decreased biofilm formation in NCTC 10662 with P values at
0.004, 0.0004, and 0.0001, respectively, and in PAO1 with P values at 0.02, 0.01, and 0.002,
respectively (Figure 3.3). SES from 24-hour growth decreased biofilm formation by ~67.8%
in P. aeruginosa NCTC 10662 and ~34.4% in P. aeruginosa PAO1, which was higher than the
effect of other SESs. The difference between the effect of 10% and 20% (v/v) on biofilm
formation was insignificant. However, keratinocytes showed a higher viability percentage
when treated with SES at 10% (v/v) concentration than 20% (v/v), as shown in chapter 5.

Therefore, 24-hour SES at 10% (v/v) was chosen for use in further experiments.

3.2.4 Growth curve of P. aeruginosa in the presence of SES

Following determining the effect of SES on the biofilm formation of P. aeruginosa, the
activity of SES on the planktonic growth of P. aeruginosa was investigated. In order to
examine if the impact on biofilm formation is due to the effect on bacterial growth,
P. aeruginosa was grown in the presence and absence of SES in the planktonic state. Two
strains of P. aeruginosa were grown in 250 ml shaking flasks; TSB medium was
supplemented with 24-hour SES (10% v/v) and incubated at 37°C for 24 hours. For control
comparison, two strains of P. aeruginosa were grown in TSB without SES. The growth was
monitored by measuring the OD of growth media at 600 nm every hour using
spectrophotometry. The impact of SES on P. aeruginosa planktonic growth was verified,

and no significant effect was observed (Figure 3.4).
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Figure 3.4 Growth curve of P. aeruginosa NCTC 10662 (A), and P. aeruginosa PAO1 (B) in
the presence and absence of SES.

P. aeruginosa strains were grown in 250 ml shaking flasks containing 50 ml of TSB at 37°C
for 24 hours. To assess the effect of SES, the culture media of P. aeruginosa strains were
supplemented with the SES (10% v/v) at time zero. The OD of the culture media at
600 nm was measured every hour for 24 hours. Error bars are reported as mean + SEM,
n=9. No significant change was observed in the growth of P. aeruginosa strains in the

presence of SES.
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3.2.5 The effect of SES on extracellular polymeric substances

(EPS) of P. aeruginosa biofilm

EPS, comprised of polysaccharides, eDNA, and proteins, provide a suitable scaffold for
biofilm structure. In addition to their roles in preserving the structure and integrity of the
biofilm, they each have specific functions. For example, extracellular polysaccharides
prevent antibiotics penetration, proteins facilitate the attachment of bacterial cells to the

host, and eDNA mediates early biofilm stages development.

The next step of the investigation focused on the impact of SES on each EPS component.

P. aeruginosa biofilm was set up in the presence and absence of SES at 37°C for 24 hours.
The EPS from the biofilm was extracted in a way to prevent the release of intracellular
polymers, as mentioned in Section 2.2.7. The total carbohydrate content of the biofilms
was quantified by the phenol-sulfuric acid method, proteins concentrations were
guantified by Bradford Micro Assay, and eDNA concentration was measured by a

NanoDrop™ (Section 2.2.7.1, 2.2.7.2, and 2.2.7.3, respectively).

Production of all components of EPS (eDNA, protein, and carbohydrate) decreased
significantly in the presence of SES compared to the control with no SES (Figure 3.5). In
P. aeruginosa NCTC 10662, eDNA, protein and carbohydrate concentration diminished
evidently (P=0.0001, P=0.0001, and P=0.002, respectively, n=3, Figure 3.5). A similar result
was observed with P. geruginosa PAO1, in which EPS components were reduced in the
presence of SES. The concentration of eDNA (P=0.0007), protein (P=0.0004), and

carbohydrate (P=0.004) showed a significant reduction in the presence of SES (Figure 3.5).

83



aA) I Contol [ SES B) Il Control [ SES

40 - *k*k *k* 30 - *%k* *%*
= €
£ 30- >
£ == € 20-
. (&) ——
Q c
& 20 S
O C
> g 107
A 10— o
o o
0- r I 0- T T
NCTC10662 PAO1 NCTC10662 PAO1

C) Il Control [ SES

** *%*
60— I
J !
20\
0_ 1 1

NCTC10662 PAO1

Carbohydrate Conc. mg/ml

Figure 3.5 Quantification of EPS components, eDNA (A), protein (B), and carbohydrate (C)
in the presence and absence of SES in two strains of P. aeruginosa PAO1 and NCTC 10662.
P. aeruginosa biofilm was set up in the presence and absence of SES at 37°C for 24 hours.
The EPS from the biofilm was extracted in a way to prevent the release of intracellular
polymers. The total carbohydrate content of the biofilms was quantified by the phenol-
sulfuric acid method, protein concentration was quantified by Bradford Micro Assay, and
eDNA concentration was measured using a NanoDrop™. Error bars are reported as mean +
SEM, n=3. *P <0.05, ** P <0.01, *** P <0.001.
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3.2.6 The effect of SES on the virulence factors production of
P. aeruginosa

3.2.6.1 The impact on motility of P. aeruginosa

P. aeruginosa produces several virulence factors during infection. Some of them are the
structural components of bacterial cells, and others are released to the host cells through
secretion systems. Flagellum and pili are structural components of P. aeruginosa

responsible for bacterial motility and attachment to the host cells.

P. aeruginosa harbours three types of motion; swimming facilitated by flagellum, twitching
by a polar type IV pili, and swarming through secretion of surfactants like rhamnolipids.
Swimming and twitching motility occurs in individual cells moving in a semi-liquid
environment, unlike swarming motion, which is established by rapid multicellular
movements. Flagellum and type IV pili also initiate the attachment of bacterial cells to the
surface and facilitate biofilm formation in the early stages of colonization. (Murray and
Kazmierczak, 2008; Patriquin et al., 2008; Khan et al., 2020). Motility studies are based on

the capacity of the bacterium to migrate from the point of inoculation.

Motility assay was performed on agar plates with different agar concentrations (0.3% w/v
for swimming, 0.5% w/v for swarming, and 1% w/v for twitching) to facilitate bacterial
motions. The plates supplemented with and without SES before solidifying were used to
investigate the effect of SES on the motility of P. aeruginosa. The agar plates were then
inoculated with the bacterial suspension and incubated at 37°C for 24 hours (Section
2.2.8.4). The diameter of the growth zone formed by bacterial migration was then

measured in millimeters (mm) (Figure 3.6 and Figure 3.7).
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Figure 3.6 The impact of SES on swarming, swimming, and twitching motility of
P. aeruginosa NCTC 10662.

Representative images of bacterial motion on agar plates in the presence and absence of
SES (A) along with the colony diameter (mm) of P. aeruginosa on an agar plate with and
without SES (B). A motility assay was performed based on the capacity of the bacterium to
migrate from the point of inoculation. Agar plates with different agar concentrations
(0.5% w/v for swarming, 0.3% w/v for swimming, and 1% w/v for twitching) were prepared
to assess bacterial motility. The agar plates were then inoculated with the bacterial
suspension and incubated at 37°C for 24 hours. The diameter of the growth zone formed
by the bacterial migration was then measured in mm.
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Figure 3.7 The impact of SES on swarming, swimming, and twitching motility of
P. aeruginosa PAOL.

Representative images of bacterial motion on agar plates in the presence and absence of
SES (A) along with the colony diameter (mm) of P. aeruginosa on agar plates with and
without SES (B). A motility assay was performed based on the capacity of the bacterium to
migrate from the point of inoculation. Agar plates with different agar concentrations
(0.5% w/v for swarming, 0.3% w/v for swimming, and 1% w/v for twitching) were prepared
to assess bacterial motility. The agar plates were then inoculated with the bacterial
suspension and incubated at 37°C for 24 hours. The diameter of the growth zone formed
by the bacterial migration was then measured in mm.
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As it is shown in figure 3.8, both strains of P. aeruginosa NCTC 10662 and PAO1 harbour
swimming, swarming, and twitching motility. Both NCTC 10662 and PAO1 strains showed
quite similar swimming capacities (Figure 3.8 B). The experiment result shown in figure 3.8
(B) demonstrated that in the presence of SES, the migration zone formed by swimming
motility reduced significantly in both NCTC 10662 and PAO1 (P=0.0075 and P=0.0002
respectively, n=3). However, this reduction in individual cell movement seems not to affect
the collective swarming movement of PAO1 strain (P= 0.345, n=3, Figure 3.8 A). On the
other hand, SES significantly reduced both individual and collective movement of
NCTC 10662 strain as the migration zone in the swarming and swimming experiment
decreased (P=0.008 and P=0.0075, respectively, n=3, Figure 3.8 A). Twitching motility, a
form of surface-associated movement, is mediated through type IV pili in P. aeruginosa.
Twitching motility is known as a vital factor in biofilm formation on abiotic surfaces, and it
is also involved in the cytotoxic capacity of P. aeruginosa in infections. The SES was found
to have no significant effect on the twitching motility of NCTC 10662 and PAO1 (P=0.67 and

P=0.37, respectively, Figure 3.8 C).
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Figure 3.8 Motility of P. aeruginosa PAO1 and NCTC 10662 in the absence and presence of
SES.

The diameter of the migration zone formed by two strains of P. aeruginosa cultured on
agar plates with and without SES was measured to test three types of motilities, swarming
(A), swimming (B), and twitching (C). Error bars are reported as mean %+ SD.
ns = not significant, * P <0.05, ** P <0.01.
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3.2.6.2 The impact on the enzyme, toxin, and pigment production of

P. aeruginosa

Elastase and pyocyanin are released through type II and type III secretion systems (T2SS
and T3SS) in P. aeruginosa, and both have a deleterious effect on epithelial cells during
infections (Galle et al., 2013; Ruffin and Brochiero, 2019). Elastase degrades type I and
type IV collagen proteins in the extracellular matrix of epithelial cells, therefore triggering
tissue damage (De Bentzmann et al., 2000). Pyocyanin, a blue pigment with redox activity,
causes cell growth inhibition, apoptosis, and tissue damage, probably through the
induction of reactive oxygen species (Caldwell et al., 2009; Lau et al., 2004). Pyoverdine is
an iron scavenging molecule whose synthesis is strongly related to iron starvation.
Pyoverdine’s high affinity to iron can hijack iron from host sources such as transferrin,
lactoferrin, and mitochondria which can cause damage to host cells. Iron-bound
pyoverdine acts as a signalling molecule which activates the release of other virulence
factors. It is also essential in biofilm formation (Meyer, 2000).

An elastin Congo red assay was used to assess the activity of elastase in the presence and
absence (control) of SES (Section 2.2.8.3). Pyocyanin was extracted from the LB culture
medium of P. aeruginosa in the presence and absence (control) of SES using a chloroform-
hydrochloric acid extraction method (Section 2.2.8.1). To investigate the effect of SES on
the release of pyoverdine, P. aeruginosa was grown in a low-in-iron medium to induce
pyoverdine production. The release of pyoverdine was measured at 405 nm (Section
2.2.8.2).

Elastase activity was decreased in both strains of P. geruginosa in the presence of SES.
(P=0.02, n=6, Figure 3.9 A). It is noticeable that PAO1 produced seven times more elastase
compared to NCTC 10662. A similar result was observed in pyocyanin production; PAO1
produced a significant concentration of pyocyanin compared with the trace amount
produced by NCTC 10662. The SES reduced the production of pyocyanin in P. aeruginosa
PAO1 (P=0.007, n=6, Figure 3.9 B), whereas there was no effect on NCTC 10662 pyocyanin
production. The SES induced a significant decrease (P=0.0001, n=6, Figure 3.9 C) in relative
pyoverdine production in PAO1. There was no difference in pyoverdine production when

NCTC 10662 was treated with SES (P=0.06).
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Figure 3.9 Quantification of virulence factors released from P. aeruginosa NCTC 10662 and
PAO1 in the presence and absence (control) of SES.

A) shows the elastase activity in two strains of P. aeruginosa in the presence and absence
(control) of SES. Elastase activity is measured by reading the absorbance of released Congo
red dye from the ECR complex at 495 nm. B) demonstrates the concentration of pyocyanin
extracted from the LB culture of two strains of P. aeruginosa in the presence and absence
(control) of SES. C) shows relative pyoverdine production normalised against the number
of bacterial cells in the RPMI culture of two strains of P. geruginosa in the presence and
absence (control) of SES. Error bars are reported as Mean + SEM, n=9.
*P<0.05, ** P<0.01, *** P<0.001.
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Figure 3.10 Virulence factors gene expression of P. aeruginosa in the presence and absence
of SES.

A) demonstrates the relative expression of toxA in P. aeruginosa NCTC 10662 and PAO1 in
the presence and absence of SES. B) demonstrates the relative expression of rhlAB in
P. aeruginosa NCTC 10662 and PAO1 in the presence and absence of SES. The expression
of virulence genes in the biofilm of P. aeruginosa was assessed by RT-qPCR analysis. Results
are expressed as the mean * SEM, n=3. ns=not significant, * P < 0.05, ** P < 0.01,
*** P <0.001.

To further investigate the influence of SES on other virulence factors of P. aeruginosa, the
expression of virulence genes in the biofilm of P. aeruginosa treated with SES was assessed
by RT-qPCR analysis. Rhamnolipids are actively involved in the invasion of
P. aeruginosa to the host epithelial cells and facilitate motility in P. aeruginosa. The rhIAB
operon encodes rhamnosyltransferase 1, which is an enzyme involved in the synthesis of
surfactant rhamnolipid (Medina et al., 2003). Exotoxin A inhibits protein biosynthesis in
host cells leading to great tissue and even organ damage; the toxA gene regulates the
expression of exotoxin A (Hirakata et al., 1993; Jenkins et al., 2004). The expression of both
genes is under the control of quorum sensing genes in P. aeruginosa (Duplantier et al.,
2021). The expression of toxA in the presence of SES decreased significantly in both
NCTC 10662 and PAO1 compared with the control (P=0.0001 and P<0.0001, respectively,
n=3). There was a statistically significant reduction in the expression of rhlABin NCTC 10662
(P<0.0001), however, no significant change was observed in the expression of rh/AB in the

PAO1 strain (P=0.07).

91



3.2.7 Antibiotic susceptibility of P. aeruginosa in the presence

of SES

Biofilm formation is one of the antibiotic resistance mechanisms in P. aeruginosa. Since the
SES caused a decrease in biofilm formation in P. aeruginosa, the effect of SES on antibiotic
susceptibility was tested. Antibiotic susceptibility was investigated on NCTC 10662 and
PAO1 strains in two different culture media MHB, the standard medium for antibiotic
susceptibility test, and TSB, as it is the main medium used in this study. The MIC of
tetracycline hydrochloride, gentamicin, and ciprofloxacin alone and in combination with
the SES were evaluated by the micro-dilution assay in 96-well microtiter plates according
to the EUCAST regulations (Leclercq et al., 2013). MBC was determined by plating the
cultures treated with antibiotics and a combination of antibiotics and SES on MHA and TSA.
The MBC was reported as the lowest concentration of the antibiotic when no visible growth
was observed (Section 2.2.9). Three types of antibiotics were selected for this experiment.
Tetracycline hydrochloride was selected as an inefficient antimicrobial against
P. aeruginosa. Ciprofloxacin (from a quinolone family of antibiotics) and gentamicin (from
aminoglycosides) were chosen as broad-spectrum antimicrobials, which are active against
P. aeruginosa. These experiments were repeated three times, with three replicates each

time.

The efficiency of tetracycline in combination with SES did not change at MIC and MBC in
NCTC 10662 compared with tetracycline alone. However, in combination with SES,
tetracycline resulted in a two-fold decrease in the MIC in the PAO1 treatment compared
with the treatment with tetracycline alone. This effect was not observed in MBC in PAO1
(Table 3.2). In combination with SES, gentamicin showed the best outcome among all other
antibiotics tested in this experiment. There was a two-fold reduction in MIC and MBC of
gentamicin when it was combined with SES. The same result was observed in the treatment
of PAO1 with gentamicin in combination with SES. A two-fold reduction in MIC and MBC of

gentamicin was observed when gentamicin was mixed with SES (Table 3.2).
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The combination of SES with ciprofloxacin did not improve the efficacy of the antibiotic at

MIC against NCTC 10662 and PAO1. However, the MBC of ciprofloxacin in combination with

SES was reduced by two folds in both NCTC 10662 and PAO1. When ciprofloxacin alone was

used, a concentration of 1 ug/ml was required to eradicate bacterial cells in NCTC 10662.

When ciprofloxacin was mixed with SES, a concentration of 0.5 ug/ml was enough to

eradicate NCTC 10662. In PAO1, 1 ug/ml of ciprofloxacin with SES was required to eradicate

bacteria compared with 2 ug/ml of ciprofloxacin alone.

Table 3.2 Susceptibility of P. aeruginosa to antibiotics tetracycline, gentamicin, and

ciprofloxacin alone and in combination with SES.

TSB MHB
MIC (ng/ml) MBC (ug/ml) MIC (pg/ml) MBC (ug/ml)

Tetracycline
NCTC 10662 32 512 8 nd*
NCTC 10662 plus SES 32 512 8 nd*
PAO1 32 512 16 nd*
PAO1 plus SES 16 512 8 nd*

Gentamicin
NCTC 10662 4 8 1 4
NCTC 10662 plus SES 2 4 0.5 2
PAO1 4 8 1 4
PAO1 plus SES 2 4 0.5 2

Ciprofloxacin
NCTC 10662 0.25 1 0.12 1
NCTC 10662 plus SES 0.25 0.5 0.12 0.5
PAO1 0.25 2 0.25 2
PAO1 plus SES 0.25 1 0.25 1

*not defined
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3.2.7.1 Evaluating the combined activity of antibiotics and SES on

preformed biofilm of P. aeruginosa

Next, the effect of combination therapy was investigated on the eradication of the
preformed biofilm of P. aeruginosa. The biofilms of the two strains of P. aeruginosa were
established over 24 hours. After 24 hours, planktonic cells were discarded, and the wells
were washed with PBS to remove the remaining non-attached cells. Then the established
biofilm was treated with different concentrations (including % MIC, MIC, and 2MIC as
determined in Section 3.7) of the three antibiotics (tetracycline, gentamicin, and
ciprofloxacin) alone and in combination with SES. The biofilm was incubated for another
24 hours. Crystal violet assay (Section 2.2.6) was used to measure biofilm formation after
the treatment, and MTT assay (Section 2.2.10.2) was used to evaluate the viability of cells
in the biofilm. Biofilm biomass after 48 hours without any treatment was considered as
control. The viability of cells after 48 hours of incubation without any treatment in culture
media was considered 100% cell viability (control), and the viability of cells after the other

treatments were compared to the control (as mentioned in Section 2.2.10.2).
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Figure 3.11 The effect of SES on antibiotic susceptibility of the established biofilm of
P. aeruginosa NCTC 10662.

Biofilm of NCTC 10662 was set up in 96-well plates for 24 hours at 37°C. Then 24-hour established
biofilm of P. aeruginosa was treated with SES, three types of antibiotics, and a combination of
SES and antibiotics for 24 hours. The three antibiotics tetracycline (A and B), gentamicin (C and
D), and ciprofloxacin (E and F) at different concentrations, including %2 MIC, MIC, 2MIC alone and
in combination with SES at 10% v/v were used to treat the preestablished biofilm of
P. aeruginosa. Biofilm biomass after 48 hours was quantified by crystal violet assay (A, C, and E).
The viability of the cells in the biofilm after 48 hours was determined by MTT assay. The number
of viable cells present in the biofilm of P. aeruginosa NCTC 10662 without any treatment in the
control media after 48 hours was considered to have 100% viability (control), and the number of
cells after treatments were compared to it (B, D, and F). Results are expressed as the mean *
SEM, n=9, * P <0.05.
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Figure 3.11 shows that SES alone has no significant effect on the eradication of the
established biofilm and the viability of cells embedded in the biofilm. However, the
combination of SES with antibiotics in some concentrations showed an additional effect.
Tetracycline at 128 pug/ml concentration depicted the highest efficacy in biofilm eradication
and reduction in bacterial cell viability compared to control with no treatment (P=0.01 and
P=0.003, respectively, n=9). This is four times higher than tetracycline MIC in P. aeruginosa
NCTC 10662. The combination therapy of tetracycline and SES didn’t demonstrate any
significant alteration in biofilm eradication and bacterial cell viability compared to the

antibiotic treatment alone.

Gentamicin at 16 ug/ml concentration showed the highest efficacy in biofilm eradication
and elimination of the bacterial cells compared to other antibiotics tested on the
established biofilm of NCTC 10662 (P=0.001 and P=0.002 respectively, n=9, Figure 3.11).
Combination of gentamicin at 8 ug/ml with SES significantly reduced biofilm formation and
viability of cells compared to gentamicin at 8 ug/ml alone (P=0.02 and P=0.005,
respectively, n=9, Figure 3.11). In combination therapy, only 8 ug/ml of gentamicin was
enough to achieve the level of biofilm disruption and elimination of the cells at 16 pg/ml

of gentamicin, suggesting an additive effect between gentamicin and SES.

Although ciprofloxacin showed no significant effect on biofilm disruption at any
concentrations, high concentrations of 1 and 2 ug/ml of ciprofloxacin displayed lower
viable cells compared to the control (P=0.02, n=9). Combination of SES with ciprofloxacin
at all concentrations of the antibiotic (2, 1, 0.5, 0.25, and 0.12 ug/ml) improved
ciprofloxacin effect on eradication of the viable cells in the established biofilm (P=0.002,

P=0.002, P=0.04, P= 0.03, P=0.03 respectively, n=9, Figure 3.11).
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Figure 3.12 The effect of SES on antibiotic susceptibility of established biofilm of
P. aeruginosa PAO1.

Biofilm of PAO1 was set up in 96-well plates for 24 hours at 37°C. Then 24-hour established
biofilm of P. aeruginosa was treated with SES, three types of antibiotics, and a combination of
SES and antibiotics for another 24 hours. The three antibiotics tetracycline (A and B),
gentamicin (C and D), and ciprofloxacin (E and F) at different concentrations, including % MIC,
MIC, 2MIC alone and in combination with SES at 10% v/v were used to treat the preestablished
biofilm of P. aeruginosa. Biofilm biomass after 48 hours was quantified by crystal violet assay
(A, C, and E). The viability of the cells in the biofilm after 48 hours was determined by MTT
assay. The number of viable cells present in the biofilm of P. aeruginosa PAO1 without any
treatment in the control media after 48 hours was considered to have 100% viability (control),
and the number of cells after treatments were compared to it (B, D, and F). Results are
expressed as the mean + SEM, n=9, * P <0.05.
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As shown in figure 3.12, SES alone showed no significant effect on biofilm disruption and
reduction of the bacterial cells from the preformed biofilm of P. aeruginosa PAO1.
Tetracycline only at 256 ug/ml was effective in eradicating the established biofilm of PAO1
(P=0.005, n=9), even though other concentrations of 128 and 64 ug/ml were also effective
in eliminating viable cells from the established biofilm (P=0.0007, P=0.004 respectively,
n=9, Figure 3.12). The addition of tetracycline at 32 ug/ml alone did not affect the biofilm
disruption in PAO1. However, when tetracycline at 32 ug/ml was used in combination with
SES, biofilm disruption was significantly reduced compared to tetracycline alone (P=0.005,
n=9). This effect was similar to the effect of 256 pg/ml tetracycline alone on biofilm
eradication. It was noticeable that the combination of SES with tetracycline at all
concentrations (256, 128, 64, 32, and 16 ug/ml) had an additive effect on reducing viable
cells in the biofilm (P=0.01, P=0.01, P=0.008, P=0.001, and P=0.03 respectively, n=9, Figure
3.12).

Gentamicin displayed the highest biofilm eradication compared to the other two
antibiotics, tetracycline and ciprofloxacin. Gentamicin at all concentrations (16, 8, 4, 2, and
1 ug/ml) significantly disrupted the biofilm compared to the control (P=0.0005, P=0.0005,
P=0.001, P=0.001, and P=0.001 respectively, n=9, Figure 3.12). However, only gentamicin
at concentrations of 16 and 8 pug/ml was able to reduce viable cells in the biofilm (P=0.0002
and P=0.003, respectively, n=9, Figure 3.12). Combination of SES with gentamicin at
4 pg/ml displayed a greater biofilm eradication compared to gentamicin at 4 ug/ml alone
(P=0.01, n=9). This effect was similar to the effect of 8 ug/ml gentamicin alone on biofilm
eradication. Combination of gentamicin at 16, 8, and 4 ug/ml with SES displayed greater
efficiency in diminishing bacterial cells in the biofilm (P=0.02, P=0.008, P=0.002

respectively, n=9, Figure 3.12).

Ciprofloxacin alone at concentrations 2 and 1 pg/ml demonstrated significant biofilm
eradication compared to the control, although the efficacy of the combination therapy was
not significant in comparison to ciprofloxacin alone, it was effective compared to the
control. Ciprofloxacin could not diminish the biofilm at 0.5 and 0.25 pg/ml; however, mixed

with SES, it was able to disrupt the biofilm significantly compared to the control (P=0.03
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and P= 0.01, respectively, Figure 3.12). The combination of ciprofloxacin with SES (under
all concentrations 2, 1, 0.5, 0.25, and 0.12 ug/ml) with SES significantly reduced the
percentage of viable cells in the biofilm compared to ciprofloxacin alone (P=0.02, P=0.04,

P=0.02, P=0.008, and P=0.006, respectively, n=9).

3.2.7.2 Evaluating the effect of SES on the efflux pumps activity of

P. aeruginosa

Efflux pumps allow bacterial cells to control the absorption of chemical substances and
monitor the intake of toxic molecules in P. aeruginosa. They also extrude antimicrobial
agents from within cells to the extracellular environment. The mechanism of antibiotic
resistance is multifactorial and complicated, but the capacity of bacterial cells to repel
antimicrobial agents through efflux pumps is one of the main factors (Du et al., 2018). As
SES in combination with antibiotics showed some promising results, the effect of SES on

efflux pump activity was evaluated to further investigate the mechanism of SES action.

The uptake of ethidium bromide from the culture medium in the presence and absence
(control) of SES and its accumulation inside bacterial cells through efflux pumps were
monitored to test the activity of efflux pumps. Efflux pump inhibitors can interfere with the
transfer of chemicals into bacterial cells, leading to the accumulation of antimicrobial
agents inside cells. An accumulation assay (Section 2.2.11) was performed on both strains
of NCTC 10662 and PAO1 in the presence of ethidium bromide with and without (control)
SES. The accumulation of ethidium bromide inside the bacterial cells was assessed over an
hour by measuring the excitation at 520 nm and emission at 590 nm every minute. SES
showed no significant effect on the efflux pump activity of P. aeruginosa NCTC 10662 and
PAO1 (Figure 3.13).
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Figure 3.13 Fluorometric accumulation assay of P. aeruginosa NCTC 10662 (A) and PAO1
(B) in the presence of SES, compared to the untreated control.

The OD of P. aeruginosa suspension was adjusted to 0.4 at 600 nm. The bacterial
suspension was then added to each well of a 96-well plate. SES at the final concentration
of 10% (v/v), glucose at the final concentration of 0.4% (w/v), and ethidium bromide at the
final concentration of 2 ug/ml were added to each well. The reaction was run using a
Fluostar Optima plate reader at 37°C for an hour. Every minute the absorbance was taken
at excitation 520 nm and emission at 590 nm. Results are expressed as the mean £ SEM,
n=6.

3.2.8 Evaluating the effect of SES on the expression of

guorum sensing genes in P. aeruginosa

The quorum sensing system controls biofilm formation and production of most virulence
factorsin P. aeruginosa. As it was shown that biofilm formation and release of at least some
virulence factors were affected by the presence of SES, the impact of SES on quorum
sensing genes in P. geruginosa was assessed. Two major interconnected quorum sensing
systems of lasl/lasR and rhll/rhIR were analysed in this experiment. Acyl-homoserine

lactones (AHLs) are the signal molecules in these systems.

RT-qPCR analysis of quorum sensing genes in NCTC 10662 presented in figure 3.14 showed
that SES effected the down-regulation of the expression of las/ and rhll compared with the
control (P<0.0001 and P=0.004 respectively, n=3). However, no significant change in the
expression of lasR and rh/IR was observed when NCTC 10662 was treated with SES (P=0.53,
n=3, Figure 3.14).

100



@l Control (NCTC10662) O SES

c 157 gk ns %ok ns
(@]
17
= =
S 1.0
L
(O]
C
&
() 05_
=
: II‘
(O]
n'd
0.0- T T I I
lasl lasR rhll rhiR

Figure 3.14 Quorum sensing gene expression in P. aeruginosa NCTC 10662 in the absence
and presence of SES.

NCTC 10662 was cultured in the absence (control) and presence of SES in biofilm. RNAs
were extracted, and gene expression was monitored by RT-qPCR. The relative fold change
of gene expression was determined by normalizing data against the untreated control.
Results are expressed as the mean + SEM, n=3. ns = not significant, * P <0.05, ** P <0.01,
*** p <0.001.

As it is demonstrated in figure 3.15, SES effected the down-regulation of the expression of
lasl and rhll significantly (P<0.0001, n=3). The expression of /asR in the presence of SES was
up-regulated compared with control (P<0.0001, n=3), and no significant change was
observed in the expression of rh/IR in PAO1 when it was treated with SES compared with

control (P=0.1, n=3).
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Figure 3.15 Quorum sensing gene expression in P. aeruginosa PAO1 in the absence and
presence of SES.

PAO1 was cultivated in the absence and presence of SES in a biofilm state. RNAs were
extracted, and gene expression was monitored by RT-gPCR. The relative fold change of
gene expression was determined by normalizing data against the untreated control. Results
are expressed as the mean + SEM, n=3. ns = not significant, * P < 0.05, ** P < 0.01,
*** P <0.001.
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3.3 Discussion

This chapter investigated the biofilm formation and virulence factors production of
P. aeruginosa in the presence of SES. Two phenotypically different strains of P. aeruginosa
were chosen for this study, P. aeruginosa NCTC 10662 and PAO1. PAO1 forms a mucoid
biofilm due to the production of alginate, while NCTC 10662 is a non-mucoid biofilm-
forming human isolate (Kalgudi et al., 2021). Although P. aeruginosa PAO1 was originally
obtained as a wound clinical isolate, it is a laboratory strain that has been passaged
numerous times in laboratories since its initial isolation. However, it has been used in the
laboratory as a reference clinical isolate. S. epidermidis strains have noticeably diverse
characteristics with differences in their genome content, metabolite production, and
relationship to the host (Gallo and Nakatsuji, 2011; Naik et al., 2015; Severn and Horswill,
2022). In this study, the supernatant of S. epidermidis NCTC 11047, which is a human nose

isolate, was used.

P. aeruginosa is one of the leading pathogens associated with human infections due to its
ability for biofilm formation, resistance to antimicrobial agents, and possession of
numerous virulence factors. Therefore, initial experiments in this study aimed to determine
the effect of SES on biofilm formation and the composition of EPS of biofilms formed by
P. aeruginosa. Biofilm formation was significantly decreased in the presence of SES in both
strains of P. aeruginosa without affecting bacterial growth. The transition between
planktonic to biofilm state is accompanied by EPS production (Thi et al., 2020). Additional
analysis of the components of EPS revealed that SES also diminished the carbohydrate,
protein, and eDNA content of P. aeruginosa biofilm. All components of EPS primarily
operate for the structural integrity of the biofilm. They all form an integrated network of
structures to protect bacterial cells against foreign threats (Ma et al.,, 2009; Ciofu and
Tolker-Nieelsen, 2019). Carbohydrates in the biofilm, such as Pel and Psl polysaccharides,
form the scaffold (Franklin et al, 2011). In persistent infections, polysaccharides’
production extends to alginate production to convert the bacterial biofilm to a mucoid
phenotype (Kalgudi et al., 2021). Proteins in biofilm matrix have a structural role by cross-

linking to polysaccharides. CdrA is an extracellular adhesin protein that promotes
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aggregate formation via binding with Psl and maintains biofilm architecture (Reichhardt et
al., 2020). Structural proteins such as flagella and pili are also important in the
establishment and integrity of the biofilm (Valentin et al., 2022). The primary role of eDNA
within the biofilm is to facilitate attachment and stabilisation of the biofilm. DNase
treatment of P. aeruginosa biofilm at early stages results in biofilm dissolution; however,
the mature biofilm stays intact after DNase treatment (Whitchurch et al., 2002), showing
the important role of eDNA in aggregation. A decrease in the concentration of all
components of EPS after treatment with SES is consistent with a decrease in total biofilm
biomass in the presence of SES in both strains of P. aeruginosa, as shown in this study.
However, a better understanding of the effect of SES on the composition of EPS needs the

identification and broad characterisation of active molecule(s) in SES.

Motility in P. aeruginosa is considered a structural virulence factor, which also plays a vital
role in biofilm formation. The formation of a biofilm begins with the interaction of
planktonic cells with a surface. Extensive studies have characterised the role of the
flagellum and type IV pili in the initiation and development of biofilm (O’Toole and Kolter,
1998; Klausen et al., 2003; Barken et al., 2008; Valentin et al., 2022). The main types of
motilities in P. aeruginosa are flagellum-mediated swimming and pili-mediated twitching.
Moreover, flagella-mediate swarming motility is aided by the release of rhamnolipids and
involves multicellular group movement on a surface. Attachment and the initial formation
of microcolonies in a biofilm are associated with type IV pili, while flagellum-mediated
motility is essential in the development of mature biofilm. Social swarming motility later
aids the dispersal of biofilm (Barken et al., 2008). The presence of SES in the growing culture
of P. aeruginosa reduced flagellum-mediated swimming in both strains of NCTC 10662 and
PAO1. The multicellular social swarming motility also was decreased in NCTC 10662.
However, type IV pili-mediated twitching did not change in the presence of SES. This result
indicates that SES could inhibit the maturation of biofilm through the inhibition of
swimming rather than the initiation and attachment of bacteria through type 1V pili. Also,
SES might be able to inhibit biofilm dispersal through inhibition of flagella-mediated

swarming in NCTC 10662; however, more studies are needed to confirm this result.
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S. epidermidis produces several metabolites that have been shown to impact other
microorganisms’ growth and biofilm formation. However, the impact of S. epidermidis
exoproducts on P. aeruginosa is rarely described. It has been shown that a serine protease
secreted by S. epidermidis degrades S. aureus adhesin proteins (lwase et al., 2010;
Sugimoto et al., 2013). Adhesin proteins, such as extracellular adherence proteins, are
essential in the biofilm formation of S. aureus on biotic and abiotic surfaces. S. epidermidis’
serine protease also degrades several S. aureus binding proteins, such as fibronectin-
binding protein A, which is involved in attachment to human cells (Sugimoto et al., 2013).
Flagella and pili are the major components in P. aeruginosa’s adhesion to surfaces. Several
other adhesin proteins, such as cdrA, also promote the attachment and colonisation of
P. aeruginosa (Reichhardt et al., 2020; Valentin et al., 2022). Furthermore, proteins have
structural roles in P. aeruginosa biofilm, as discussed earlier. Therefore, it can be
considered that S. epidermidis, by degrading adhesin proteins and structural proteins,

might have an impact on biofilm formation and maturation in P. aeruginosa.

It is well known that P. aeruginosa produces several other virulence factors that help
bacterial colonisation during infection. This study showed that the production of elastase
and exotoxin A in both strains of NCTC 10662 and PAO1 decreased in the presence of SES.
Elastase and exotoxin A are directly responsible for tissue damage during the infection by
degrading proteins and inhibiting protein synthesis in the host cells (Casilag et al., 2016).
SES also reduced the production of pyocyanin in P. aeruginosa PAO1. Pyocyanin, a blue
pigment with redox activity, is another vital virulence factor in P. aeruginosa. Pyocyanin is
often detected in large quantities in the sputum of cystic fibrosis patients (Caldwell et al,,
2009). It is noteworthy that PAO1 produced a significantly higher amount of elastase and
pyocyanin compared with NCTC 10662. Rhamnolipid surfactant release, which facilitates
the multicellular swarming motility, also was decreased in NCTC 10662 in the presence of
SES. This result was in accordance with the reduction in swarming motility in NCTC 10662,

as discussed earlier. The SES did not affect rhamnolipid release in PAO1.

Quorum sensing gene expression analysis in this study showed that SES effected the down-
regulation of the expression of autoinducer synthases Lasl and Rhll in both PAO1 and

NCTC 10662 strains. In the las and rhl quorum sensing systems, autoinducer synthases Lasl
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and Rhll produce the 3-oxo-C12-HSL and C4-HSL signals, respectively (Kievit et al., 2003;
Wilder et al., 2011). These signals interact with their cognate receptors, LasR and RhIR,
respectively, to activate the regulation of several virulence genes in P. aeruginosa. The
expression of lasR and rhIR did not change in the presence of SES in NCTC 10662. The
expression of lasR was up-regulated with no change in the expression of rhlIR in PAO1 in
the presence of SES. This result indicated that SES reduced the release of 3-oxo-C12-HSL
and C4-HSL signals in both strains of P. aeruginosa. Acyl homoserine lactone-mediated
quorum sensing systems are associated with the regulation of virulence genes expression
and biofilm formation in P. aeruginosa. Research has revealed that /as and rhl quorum
sensing systems regulate the expression of 315 genes in P. aeruginosa (Schuster et al.,
2003). The expression of virulence factors investigated in this study are also under the
control of las and rhl quorum sensing systems. The decline in the release of virulence
factors such as elastase, pyocyanin, rhamnolipids, and exotoxin A could be the result of the
effect of SES on the production of quorum sensing signals. Some genes, such as /asA, which
is responsible for the expression of elastase protein, respond well to the 3-oxo-C12-HSL
signal, while some genes, like rhIAB, respond well to the C4-HSL signal, and some genes
would be activated only in response to both signals (Schuster et al., 2003; Schuster and
Greenberg, 2006). Both signal synthases Lasl/Rhll and their receptor proteins LasR/RhIR are
necessary to form a complex of signal-receptor and activate the promoter of target genes

for gene expression (Lee and Zhang, 2015).

Unlike the effect of SES on the biofilm formation of P. aeruginosa, the SES had no significant
impact on the preformed biofilm of P. aeruginosa. However, the combination of SES with
antibiotics showed promising results in reducing biofilm biomass and viable cells residing
in the preformed biofilm. In order to assess the impact of SES on the activity of effective
and ineffective antibiotics against P. aeruginosa, three antibiotics of tetracycline,
gentamicin, and ciprofloxacin were chosen. Tetracycline, typically ineffective against
P. aeruginosa, inhibits bacterial protein synthesis by reversibly binding to ribosomal 30S
subunit. Tetracycline passively diffuses through bacterial cells and has short-term action.
The combination of SES with tetracycline did not change the efficacy of tetracycline against
P. aeruginosa NCTC 10662. However, the combination of tetracycline with SES led to a drop

in PAO1 cell viability at all concentrations tested on the preformed biofilm.
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The combination of SES with gentamicin also improved the efficacy of gentamicin in
diminishing bacterial cells in the preformed biofilm of PAO1, especially in higher
concentrations of the antibiotic. Interestingly, the efficacy of combination therapy of
gentamicin and SES on NCTC 10662 biofilm only improved at 8 ug/ml of gentamicin and
was not observed at other concentrations. Gentamicin also inhibits bacterial protein
synthesis by irreversibly binding to the ribosomal 30S subunit. Gentamicin has a prolonged
action against P. aeruginosa; however, P. aeruginosa produces several aminoglycoside-
modifying enzymes as part of its resistance mechanisms (Poole, 2005). SES might have
inactivated these modifying enzymes and improved the efficacy of gentamicin in reducing

viable cells.

Ciprofloxacin, on the other hand inhibits DNA replication and is the most active quinolone
against P. aeruginosa. A combination of ciprofloxacin and SES improved the efficacy of
ciprofloxacin in diminishing biofilm and bacterial cells embedded in the biofilm of PAO1.
However, the SES did not change the effect of ciprofloxacin on the reduction of the
preformed biofilm of NCTC 10662. The combination therapy of ciprofloxacin and SES
reduced the number of viable cells in NCTC 10662 biofilm compared with ciprofloxacin
alone. This study suggests that the impact of SES on the antibiotic susceptibility of
P. aeruginosa could be strain specific and remains to be investigated on other clinical
isolates. However, the data indicate that presumably certain metabolites of S. epidermidis
are responsible for improving the efficacy of antibiotics, while the exact molecule(s) remain
to be identified. In a recent study, researchers showed that the cell-free culture medium of
S. aureus could also sensitise P. aeruginosa to antibiotics (Trizna et al., 2020). In their study,
the certain metabolites in the culture of S. aureus responsible for the impact on
P. aeruginosa susceptibility were not identified either. This data and data from current
study suggest the potential impact of staphylococci species on P. geruginosa antibiotic

susceptibility, which needs further investigation.

The results of this study in determining the impact of SES on efflux pump activity in
P. aeruginosa showed no significant change in the efflux pump activity in both strains of
NCTC 10662 and PAO1. The efflux pump activity determines the permeability of the
bacterial cell membrane. As the effect of SES on the improvement of the antibiotic’s
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efficacy was not the same for all antibiotics tested, and the efflux pump activity did not
change in the presence of SES, we can rule out the impact of SES on the permeability of
P. aeruginosa to antibiotics. The reason for the effect of SES on the susceptibility of

P. aeruginosa remains to be discussed.
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Chapter 4 Investigation of P. aeruginosa and
S. epidermidis co-culture in planktonic and

biofilm state

4.1 Introduction

Most microorganisms are frequently present in poly-microbial communities where there
are different microbial interactions between individual species. In infections such as cystic
fibrosis and chronic wounds, the interaction between species can influence pathogenic
behaviour, such as biofilm formation and antibiotic resistance of the bacterial communities
(Korgaonkar et al., 2013; Omar et al., 2017; Brown et al., 2022).

In the case of skin wounds, the bacterial infection is an important factor that strongly
affects wound healing in both acute and chronic wounds. Current clinical data suggest that
bacterial infection present in the wound is in the form of poly-microbial biofilm; bacterial
pathogenicity in polymicrobial infections could be enhanced in comparison to mono-
culture infections (Wolcott et al., 2016; Buch et al., 2019; Loesche et al., 2017; Sachdeva et
al., 2022). Furthermore, managing multidrug-resistant bacterial infections is a significant
challenge for clinicians and researchers (Guest et al., 2020). Already a complex challenge,
now due to the COVID-19 pandemic and a surge in patients’ hospitalization and an increase
in prescribed antibiotics, antimicrobial resistance needs further attention (Taylor, 2021).
Unravelling the interaction of microbiota in the wound can lead to the development of new
therapeutics.

So, in recent years extensive research has been carried out to uncover the interaction
mechanisms of bacterial cells present in the wound. Advances in genomic sequencing have
helped to understand the wound microbiome better (Wolcott et al., 2016). A recent study
revealed when coagulase-negative staphylococci are present in the wound, there is a
better chance of wound healing (Verbanic et al., 2020). Current knowledge is limited about
commensal skin microbiota’s impact on the development or improvement of the wound.

Further research is needed to discover how the interaction of commensal microbes with
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opportunistic pathogens during infection could affect the wound-healing process (Ruff et
al., 2020; Sachdeva et al., 2022).

This study aimed at investigating the interaction of S. epidermidis, a major skin commensal,
and P. aeruginosa, an opportunistic pathogen residing on the skin, in both planktonic and
biofilm states to assess the relative competition between S. epidermidis and

P. aeruginosa.

4.2 Results

4.2.1 Co-culture of P. aeruginosa and S. epidermidis in the

planktonic state

To better understand the interaction of P. aeruginosa and S. epidermidis, the competition
of these bacteria was tested first in the planktonic growth state. Although there is no
investigation of the interaction of P. aeruginosa and S. epidermidis in the literature, the
interaction between P. aeruginosa with S. aureus has been investigated extensively (Biswas
et al., 2009; Briaud et al., 2019; Gounani et al., 2020). P. aeruginosa and S. aureus are
recognised as the most important pathogens in causing nosocomial infections, and they
usually are isolated from wound and lung infections in cystic fibrosis patients (Fazli et al.,
2009; Pallett et al., 2019). Both competitive and co-existing phenotypes have been
reported for S. aureus in the co-culture of P. aeruginosa and S. aureus (Tognon et al., 2019;
Trizna et al., 2020). These phenotypes have been determined by analysing the growth
curve, number of colonies, and size of colonies after the co-colonisation of the two
bacteria. Therefore, this study aimed to investigate the interaction between P. aeruginosa
and S. epidermidis first by analysing the growth curve.

The growth of S. epidermidis and P. aeruginosa alone and in co-culture with each other was
analysed by monitoring the absorbance of the culture at 600 nm every hour for 12 hours.
Bacterial cells were inoculated at a 1:1 ratio in 250 ml flasks containing 50 ml of TSB and
incubated at 37°C at 180 rpm in shaking flasks. Mono-cultures of both strains were also
incubated under the same conditions for control comparison. Every two hours, samples
from each culture (mono-cultures and co-cultures) were plated on cetrimide and

staphylococcal selective agars to determine the number of CFU per ml of the culture of
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P. aeruginosa and S. epidermidis, respectively. The size and shape of colonies were also

examined from mono-cultures and co-cultures (Section 2.2.12).
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Figure 4.1 Planktonic growth of P. aeruginosa NCTC 10662 and S. epidermidis in mono- and
co-culture.

A) P. aeruginosa NCTC 10662 and S. epidermidis were mono- and co-cultured in 250 ml
flasks containing 50 ml of TSB for 12 hours at 37° C and 180 rpm. The OD of the cultures
was measured at 600 nm every hour. B) Every two hours, bacterial culture samples from
mono- and co-culture growth were plated on cetrimide and staphylococcal selective agar
to determine CFU/ml of P. aeruginosa NCTC 10662 and S. epidermidis, respectively. C)
Comparison of CFU/ml of P. aeruginosa NCTC 10662 in mono- and co-culture. D)
Comparison of CFU/ml of S. epidermidis in mono- and co-culture. This experiment was
repeated three times in triplicate reading. Error bars are reported as mean * SEM,
* P <0.05.
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As shown in figure 4.1 (A), the growth curve of the co-culture of P. aeruginosa NCTC 10662
and S. epidermidis showed the same trend as the mono-culture of each bacterium growth
curve during the 12 hours of growth. Analysing the number of bacterial cells in the cultures
reported as CFU/ml revealed a better insight into determining the interaction of
NCTC 10662 and S. epidermidis (Figure 4.1 B, C, and D). Although the number of
S. epidermidis cells in the co-culture was lower than the number of cells at the same time
in the mono-culture, this number did not decline to zero, suggesting S. epidermidis’ survival
in the co-culture with NCTC 10662 (Figure 4.1 B and D). The stationary phase of
S. epidermidis in mono-culture started at 8 hours after the inoculation. However, in the co-
culture, the stationary phase of S. epidermidis started after 4 hours of growth, and the
number of CFU/ml did not increase after 4 hours (Figure 4.1 D). Analysing colonies from
mono-culture and co-culture of S. epidermidis showed no discernible differences in shape

and size.

P. aeruginosa NCTC 10662 in mono-culture and co-culture showed a similar trend of growth
(Figure 4.1 B). However, the number of cells in co-culture was lower than the number of
cells in mono-culture at the same time-points after 6 hours of incubation (P=0.01, P=0.002,
and P=0.002, respectively, Figure 4.1 C). Colonies from mono-culture and co-culture of
P. aeruginosa NCTC 10662 were analysed, and no differences were observed in the

colonies’ shape, size, and colour.

The interaction of P. aeruginosa NCTC 10662 and S. epidermidis was further investigated
using a mathematical method by calculating the ClI and RIR of NCTC 10662 over
S. epidermidis (Section 2.2.12, Figure 4.2). RIR index compares the growth of both species
when they are in their mono-culture, and Cl compares each species’ growth when they are
in co-culture. A positive Cl was detected for all time-points of growth; however, there were
no significant differences between Cl and RIR at any time-point, indicating no competitive
advantage of NCTC 10662 over S. epidermidis through 10 hours of planktonic growth
(Figure 4.2 B). This data indicates that P. ageruginosa NCTC 10662 grows better in mono-

and co-culture compared to S. epidermidis.
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Figure 4.2 Competition growth profile between P. aeruginosa NCTC 10662 and
S. epidermidis in co-culture.

A) Number of bacterial cells reported as CFU/ml in planktonic co-culture of P. aeruginosa
NCTC 10662 and S. epidermidis. Samples from every two hours of planktonic growth were
plated on cetrimide and staphylococcal selective agar to determine the number of cells of
NCTC 10662 and S. epidermidis, respectively, in the co-culture growth media. B) The RIR
was calculated for NCTC 10662 and S. epidermidis by comparing the growth curve (based
on the CFU/mI) of both species in their mono-culture. The ClI was calculated for
NCTC 10662 and S. epidermidis by comparing the number of bacterial cells of the two
species when they were cultivated together. Cl and RIR were calculated by comparing
NCTC 10662 advantages over S. epidermidis. This experiment was repeated three times in
triplicate reading. Error bars are reported as mean + SEM, * P <0.05.
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Figure 4.3 Planktonic growth of P. aeruginosa PAO1 and S. epidermidis in mono- and co-
culture.

A) P. aeruginosa PAO1 and S. epidermidis were mono- and co-cultivated in 250 ml shaking
flasks containing 50 ml of TSB for 12 hours at 37° C and 180 rpm. The OD of the cultures
was measured every hour at 600 nm. B) Every two hours, bacterial culture samples from
mono- and co-culture growth were plated on cetrimide and staphylococcal selective agar
to determine CFU/ml of P. aeruginosa PAO1 and S. epidermidis respectively. C) Comparison
of CFU/ml of P. aeruginosa PAO1 in mono- and co-culture. D) Comparison of CFU/ml of
S. epidermidis in mono- and co-culture. This experiment was repeated three times in
triplicate reading. Error bars are reported as mean + SEM, * P <0.05.
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Measuring the ODeoo of mono-culture and co-culture of P. aeruginosa PAO1 and
S. epidermis, as it is presented in figure 4.3 A, showed the same trend on all growth curves
profiles during 12 hours of growth. Further analysing the number of bacterial cells at each
time-point and in mono-cultures and co-cultures revealed a significantly higher number of
PAO1 cells reported as CFU/ml compared to S. epidermidis CFU/ml from the 6-hour time-
point onward (P=0.01, P=0.001, P=0.002, respectively, Figure 4.3 B and Figure 4.4 A). There
was no significant difference between the number of bacterial cells in the mono-culture of
P. aeruginosa PAO1 and its co-culture, except at 6 hours after incubation which the CFU/mll
of PAO1 in co-culture was significantly lower than the CFU/ml at the same time in mono-
culture (P=0.001, Figure 4.3 B and C). The analysis of colonies from mono-culture and co-

culture of PAO1 at any time-point showed no significant change in size, shape, and colour.

S. epidermidis in mono-culture and co-culture showed a similar growth trend; however, the
number of bacterial cells in co-culture was significantly lower than in mono-culture from
6 hours post incubation onward. The stationary phase in both mono-culture and co-culture
of S. epidermidis was started 8 hours after the incubation (Figure 4.3 B and D). Analysing
the colonies of S. epidermidis in mono-culture and co-culture showed no significant

changes in size and shape.

To better understand the differences between P. aeruginosa PAO1 and S. epidermidis in
the planktonic growth co-culture, the Cl and RIR indexes were calculated as described in
Section 2.2.12 (Figure 4.4). RIR index compares the growth of both species when they are
in their mono-culture, and Cl compares each species’ growth when they are in co-culture.
There is a negative Cl at the 2-hour post-incubation time-point, suggesting the advantage
of S. epidermidis in co-culture over PAO1 at this time-point. However, there is no
statistically significant difference between Cl and RIR. A positive Cl was detected in all other
time-points; however, only at 4-hour and 6-hour post incubation a significant difference
between Cl and RIR was observed (P=0.0003 and P=0.002, respectively, Figure 4.4 B),
suggesting a competitive advantage of P. geruginosa PAO1 over S. epidermidis during the

exponential phase of planktonic growth of co-culture (Figure 4.4).
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Figure 4.4 Competition growth profile between P. aeruginosa PAO1 and S. epidermidis in
co-culture.

A) Number of bacterial cells reported as CFU/ml in planktonic co-culture of P. aeruginosa
PAO1 and S. epidermidis. Samples from every two hours of planktonic growth were plated
on cetrimide and staphylococcal selective agar to determine the number of PAO1 and
S. epidermidis, respectively, in the co-culture growth media. B) The RIR was calculated for
PAO1 and S. epidermidis by comparing the growth curve of both species in their mono-
culture. The Cl was calculated for PAO1 and S. epidermidis by comparing the number of
bacterial cells of the two species when they were cultivated together. Cl and RIR were
calculated by comparing PAO1 growth advantages over S. epidermidis. This experiment was
repeated three times in triplicate reading. Error bars are reported as mean + SEM,
* P <0.05.
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4.2.2 Co-culture of P. aeruginosa and S. epidermidis in biofilm

state

In order to further study the interaction of P. aeruginosa and S. epidermidis, they were
grown in a biofilm state, and their biofilm growth was assessed. Biofilms are present in
most chronic infections, especially in lung infections in cystic fibrosis patients and in
wounds. Little is known about the impact of bacterial interactions in polymicrobial biofilms
on the evolution of infections, specifically about the interaction of P. aeruginosa and

S. epidermidis.

The first step in biofilm formation is the attachment of bacterial cells to the surface.
Therefore, successful attachment and placement of bacterial cells on a surface can
determine their survival in polymicrobial infections. One mechanism by which
S. epidermidis may affect biofilm formation of P. aeruginosa is through the inhibition of
adhesion to the surface. To test this hypothesis, three different in vitro scenarios were
simulated to assess the effect of S. epidermidis on the biofilm formation of P. aeruginosa
(Section 2.2.13).

In the first scenario, S. epidermidis mono-culture biofilm was formed in a 96-well plate at
37°C for 24 hours. After the incubation time, the established biofilm was washed with PBS
to discard unattached cells. Then, 200 pl of the fresh culture of P. aeruginosa was added to
the S. epidermidis preformed biofilm and incubated for another 24 hours at 37°C (Figure
4.5 and Figure 4.8).

In the second scenario, 24-hour preformed biofilm of P. aeruginosa in a 96-well plate was
washed with PBS; then, 200 pl of the fresh culture of S. epidermidis was added to the
biofilm and incubated for another 24 hours at 37°C (Figure 4.6 and Figure 4.9).

The third scenario was the co-exposure of S. epidermidis and P. aeruginosa (200 ul of mixed
culture at 1:1 ratio). Both P. aeruginosa and S. epidermidis were inoculated at the same
time at 1:1 ratio in a 96-well plate and grown at 37°C for 24 hours. After the incubation
time, the biofilm was washed, and a fresh suspension of bacterial cells at a 1:1 ratio was

added for another 24 hours of incubation (Figure 4.7 and Figure 4.10).
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Alongside these simulated scenarios, as control, separate mono-culture biofilms of
P. aeruginosa and S. epidermidis were also set up. The control experiments were incubated
for 24 hours followed by biofilm wash and the addition of fresh bacterial suspension of the
same culture and incubated for another 24 hours at 37°C. After 48 hours of incubation,
biofilm biomass from all experiments was measured by crystal violet assay, and the number
of bacterial cells in mono-culture and co-culture was measured by plating bacterial
suspension from the biofilm cultures on cetrimide and staphylococcal selective agar to

determine P. aeruginosa and S. epidermidis, respectively (Section 2.2.13).

From the first scenario, an investigation was done to determine whether S. epidermidis
could inhibit P. aeruginosa NCTC 10662 adhesion through exclusion. The data shown in
figure 4.5 demonstrates that if NCTC 10662 suspension was added to the preformed biofilm
of S. epidermidis, the NCTC 10662 biofilm forming abilities would decrease (P=0.03, n=9,
Figure 4.5 A). Also, the number of adherent NCTC 10662 cells reduced when NCTC 10662
was added to S. epidermidis (P=0.01, n=9, Figure 4.5 B), suggesting S. epidermidis is able to
mitigate NCTC 10662 adhesion through exclusion.

Next, the ability of S. epidermidis to inhibit NCTC 10662 adhesion through the displacement
of the biofilm was investigated by executing the second scenario experiments. The data
presented in figure 4.6 demonstrates that when 200 ul of S. epidermidis suspension was
added to 24-hour biofilm of NCTC 10662, no change in NCTC 10662 biofilm formation
occurred (P=0.06, n=9, Figure 4.6 A), and the number of NCTC 10662 adherent cells did not
change (P=0.06, n=9, Figure 4.6 B). Indicating S. epidermidis would not be able to reduce
NCTC 10662 adhesion through displacement.

To investigate if S. epidermidis and NCTC 10662 would compete to adhere to the surface of
tissue culture, both strains were co-cultured at the same time for 48 hours (as explained in
the third scenario). Figure 4.7 shows that although the biofilm biomass did not change at
the co-exposure of the two strains to the surface, the number of adherent cells in both

strains decreased significantly (P=0.02, n=9, Figure 4.7 A and B).
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Figure 4.5 Biofilm growth of P. aeruginosa NCTC 10662 in co-culture with S. epidermidis
(SE) when NCTC 10662 was added to the 24-hour preformed biofilm of S. epidermidis.

A) Biofilm biomass of S. epidermidis and NCTC 10662 in mono-culture and co-culture for
48 hours. In the co-culture, S. epidermidis biofilm was formed in a 96-well plate for
24 hours, then 200 pl of NCTC 10662 fresh culture was added to the 24-hour preformed
biofilm of S. epidermidis and incubated for another 24 hours (SE+NCTC 10662). Biofilm
biomass was measured using the crystal violet assay. B) Number of bacterial cells reported
as CFU/ml in mono-culture and co-culture biofilm of S. epidermidis and NCTC 10662 when
NCTC 10662 is added to the 24-hour preformed biofilm of S. epidermidis. Samples from the
biofilms were plated on cetrimide and staphylococcal selective agar to determine CFU/ml
of NCTC 10662 and S. epidermidis, respectively. This experiment was repeated three times,
and in each case, triplicate readings were made. Error bars are reported as mean + SEM,
* P <0.05.
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Figure 4.6 Biofilm growth of P. aeruginosa NCTC 10662 in co-culture with S. epidermidis
(SE) when S. epidermidis was added to the 24-hour preformed biofilm of NCTC 10662.

A) Biofilm biomass of S. epidermidis and NCTC 10662 in mono-culture and co-culture for
48 hours. In the co-culture, NCTC 10662 biofilm was formed a 96-well plate up for 24 hours,
then 200 ul of S. epidermidis fresh culture was added to the preformed biofilm of
NCTC 10662 and incubated for another 24 hours (SE+NCTC 10662). Biofilm biomass was
measured using crystal violet assay at 570 nm. B) Number of bacterial cells reported as
CFU/ml in mono-culture and co-culture biofilm of S. epidermidis and NCTC 10662 when
S. epidermidis was exposed to the 24-hour preformed biofilm of NCTC 10662. Samples from
the biofilms were plated on cetrimide and staphylococcal selective agar to determine
CFU/ml of NCTC 10662 and S. epidermidis, respectively. This experiment was repeated
three times, and in each case, triplicate readings were made. Error bars are reported as
mean + SEM, and ns = not significant.
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Figure 4.7 Biofilm growth of P. aeruginosa NCTC 10662 in co-culture with S. epidermidis
(SE) when NCTC 10662 and S. epidermidis were co-cultivated at the same time.

A) Biofilm biomass of S. epidermidis and NCTC 10662 in mono-culture and co-culture for
48 hours. In the co-culture, NCTC 10662 and S. epidermidis co-culture biofilm was formed
over 24 hours. Then fresh mixed suspension of the S. epidermidis and NCTC 10662 was
added to the preformed biofilm and incubated for another 24 hours (SE+NCTC 10662).
Biofilm biomass was measured using crystal violet assay at 570 nm. B) Number of bacterial
cells reported as CFU/ml in mono-culture and co-culture biofilm of S. epidermidis and
NCTC 10662 when S. epidermidis and NCTC 10662 were co-cultivated at the same time.
Samples from the biofilms were plated on cetrimide and staphylococcal selective agar to
determine CFU/ml of NCTC 10662 and S. epidermidis, respectively. This experiment was
repeated three times, and in each case, triplicate readings were made. Error bars are
reported as mean + SEM, ns = not significant, and * P <0.05.
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A similar set of experiments as described previously was carried out to investigate the
interaction of S. epidermidis and P. aeruginosa PAO1 in biofilm state.

The data shown in figures 4.8, 4.9, and 4.10 highlight the interaction of P. aeruginosa PAO1
and S. epidermidis. To investigate if S. epidermidis can inhibit the adhesion of PAO1 by
exclusion, PAO1 was added to the preformed biofilm of S. epidermidis. The data in Figure
4.8 demonstrates that the biofilm biomass in the co-culture of PAO1 and S. epidermidis,
when PAO1 was added to S. epidermidis, did not change compared to the mono-culture of
PAO1 (Figure 4.8 A). However, the number of adherent cells in S. epidermidis and PAO1
biofilm diminished significantly (P=0.004 and P=0.01, respectively, n=9, Figure 4.8 B). This
data suggests that S. epidermidis cannot impact the biofilm-forming ability of PAO1 through

exclusion, but it decreases its adhesion ability.

To further explore the potential of S. epidermidis to inhibit biofilm formation and adhesion
of PAO1, the 24-hour preformed biofilm of PAO1 was post-exposed to S. epidermidis.
Interestingly, as shown in figure 4.9, not only was S. epidermidis unable to diminish the
biofilm biomass and cell adhesion, but also the S. epidermidis’ attachment was inhibited by
PAO1 (P=0.002, n=9, Figure 4.9 B). This data indicates that S. epidermidis is not able to
inhibit the PAO1 attachment through displacement. However, PAO1 can inhibit the

adhesion of S. epidermidis by exclusion.

Next, the ability of S. epidermidis and PAO1 to compete in adhesion to the tissue culture
surface was investigated when both strains were co-cultivated at the same time (Figure
4.10). S. epidermidis and PAO1 in a 1:1 ratio was cultivated in a biofilm set-up; after
24 hours of incubation, the biofilm was rinsed carefully, and the fresh mixed suspension
was added to the preformed biofilm of PAO1 and S. epidermidis. The data in figure 4.10
shows that biofilm biomass decreased in the co-culture of S. epidermidis and PAO1 (P=0.04,
n=9, Figure 4.10 A). Also, the number of attached S. epidermidis and PAO1 decreased in the
co-culture (P=0.003 and P=0.02, respectively, n=9, Figure 4.10 B).
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Figure 4.8 Biofilm growth of P. aeruginosa PAO1 in co-culture with S. epidermidis (SE) when
PAO1 was added to the 24-hour preformed biofilm of S. epidermidis.

A) Biofilm biomass of S. epidermidis and PAO1 in mono-culture and co-culture for
48 hours. In the co-culture, S. epidermidis biofilm was formed in a 96-well plate for
24 hours, then 200 pl of PAO1 fresh culture was added to the 24-hour preformed biofilm
of S. epidermidis and incubated for another 24 hours (SE+PAO1). Biofilm biomass was
measured using the crystal violet assay at 570 nm. B) Number of bacterial cells reported as
CFU/ml in mono-culture and co-culture biofilm of S. epidermidis and PAO1 when PAO1 is
added to the 24-hour preformed biofilm of S. epidermidis. Samples from the biofilms were
plated on cetrimide and staphylococcal selective agar to determine CFU/ml of PAO1 and
S. epidermidis, respectively. This experiment was repeated three times, and, in each case,
triplicate readings were made. Error bars are reported as mean + SEM. ns = not significant,
* P <0.05, and ** P <0.01.
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Figure 4.9 Biofilm growth of P. aeruginosa PAO1 in co-culture with S. epidermidis (SE) when
S. epidermidis was added to the 24-hour preformed biofilm of PAO1.

A) Biofilm biomass of S. epidermidis and PAO1l in mono-culture and co-culture for
48 hours. In the co-culture, the PAO1 biofilm was formed in a 96-well plate for 24 hours,
and then 200 pl of S. epidermidis fresh culture was added to the preformed biofilm of PAO1
and incubated for another 24 hours (SE+PAQO1). Biofilm biomass was measured using
crystal violet assay at 570 nm. B) Number of bacterial cells reported as CFU/ml in mono-
culture and co-culture biofilm of S. epidermidis and PAO1 when S. epidermidis is added to
the 24-hour preformed biofilm of PAO1l. Samples from the biofilms were plated on
cetrimide and staphylococcal selective agar to determine CFU/ml of PAO1 and
S. epidermidis, respectively. This experiment was repeated three times, and in each case,
triplicate readings were made. Error bars are reported as mean + SEM. ns = not significant
and ** P <0.01.
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Figure 4.10 Biofilm growth of P. aeruginosa PAO1 in co-culture with S. epidermidis (SE)
when PAO1 and S. epidermidis were co-cultivated at the same time.

A) Biofilm biomass of S. epidermidis and PAO1 in mono-culture and co-culture for 48 hours.
In the co-culture, PAO1 and S. epidermidis co-culture biofilm was formed over 24 hours.
Then fresh mixed suspension of S. epidermidis and PAO1 was added to the preformed
biofilm and incubated for another 24 hours (SE+PAO1). Biofilm biomass was measured
using the crystal violet assay at 570 nm. B) Number of bacterial cells reported as CFU/ml in
mono-culture and co-culture biofilm of S. epidermidis and PAO1 when S. epidermidis and
PAO1 were co-cultivated at the same time. Samples from the biofilms were plated on
cetrimide and staphylococcal selective agar to determine CFU/ml of PAO1 and
S. epidermidis, respectively. This experiment was repeated three times, and in each case,
triplicate readings were made. Error bars are reported as mean + SEM. ns = not significant,
* P <0.05, and ** P <0.01.
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4.2.3 Antibiotic susceptibility of P. aeruginosa when is co-

cultivated with S. epidermidis

Infections often are known to be composed of multiple combinations of bacteria, involving
complex interactions that can influence the fitness and antibiotic tolerance of the involved
bacteria (Murray et al., 2014; Algburi et al., 2017). Therefore, the antibiotic susceptibility

of P. aeruginosa in co-culture with S. epidermidis was investigated.

Antibiotic susceptibility of P. aeruginosa NCTC 10662 and PAO1l in co-culture with
S. epidermidis was investigated on TSB medium, the main medium in the study of co-
culture. Three types of antibiotics were selected for this experiment. Tetracycline
hydrochloride was chosen as an ineffective antimicrobial against P. aeruginosa.
Ciprofloxacin (from a quinolone family of antibiotics) and gentamicin (from
aminoglycosides) were selected as broad-spectrum antimicrobials, which are active against

P. aeruginosa (Trizna et al., 2020).

A range of the antibiotic’s concentrations (tetracycline hydrochloride, gentamicin, and
ciprofloxacin) was added to the mono-cultures and co-cultures of P. aeruginosa and
S. epidermidis based on the micro-dilution assay in 96-well microtiter plates according to
the EUCAST regulations (Section 2.2.9). MIC was determined as the lowest concentration
of antibiotic for which no visible growth (no turbidity in the culture) could be observed after
24 hours of incubation. MBC was determined by plating the cultures treated with the
antibiotics on cetrimide and staphylococcal selective agar to measure the CFU/ml of
P. aeruginosa and S. epidermidis, respectively. The MBC was reported as the lowest
concentration of the antibiotic when no visible growth on the selective agars was observed

(Table 4.1 and Table 4.2).
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Table 4.1 Antibiotic susceptibility of P. aeruginosa NCTC 10662 and S. epidermidis in a co-

culture.
MIC (ug/ml) MBC (ug/ml)
Tetracycline
NCTC 10662 mono-culture 32 512
NCTC 10662 co-culture 32 512
S. epidermidis mono-culture 32 32
S. epidermidis co-culture 32 64
Gentamicin
NCTC 10662 mono-culture 4 8
NCTC 10662 co-culture 2 4
S. epidermidis mono-culture 0.25 0.25
S. epidermidis co-culture 2 2
Ciprofloxacin
NCTC 10662 mono-culture 0.25 1
NCTC 10662 co-culture 0.25 0.5
S. epidermidis mono-culture 0.25 0.5
S. epidermidis co-culture 0.25 0.5

The susceptibility of P. aeruginosa NCTC 10662 to tetracycline did not change when

P. aeruginosa was in co-culture with S. epidermidis. There was no change in MIC and MBC

of tetracycline in the co- and mono-culture of NCTC 10662. However, two times higher

concentration of tetracycline was needed to completely eradicate S. epidermidis in the co-

culture with NCTC 10662 compared with its mono-culture (Table 4.1). In the mixed culture

of PAO1 and S. epidermidis, the presence of S. epidermidis did not affect the susceptibility

of PAO1 to tetracycline. However, as the tolerance of S. epidermidis increased in co-culture

with NCTC 10662, a similar result was repeated in co-culture with PAO1. Importantly, a four

times higher concentration of tetracycline was needed to eradicate S. epidermidis in co-

culture with PAO1 (Table 4.2).
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Tolerance of NCTC 10662 to gentamicin was lower when co-cultured with S. epidermidis.
The MIC and MBC for NCTC 10662 decreased twice in co-culture with S. epidermidis
compared with its mono-culture. In the presence of S. epidermidis, just 0.5 MIC and
0.5 MBC of gentamicin were enough to inhibit the growth of NCTC 10662 and ultimately
eradicate it. Conversely, the MBC to eradicate S. epidermidis in co-culture with
NCTC 10662 increased eight times from 0.25 ug/ml to 2 pug/ml (Table 4.1). This increase
was observed with the formation of small colony variants (SCVs). The susceptibility of PAO1
decreased to gentamicin in co-culture with S. epidermidis. In the presence of
S. epidermidis, only 0.5 MIC of gentamicin was sufficient to inhibit the growth of PAO1;
however, no reduction in MBC of PAO1 was observed in the mixed culture. The MBC to
eradicate S. epidermidis in co-culture with PAO1 increased sixteen times from 0.25 ug/ml
to 4 ug/ml (Table 4.2). This increase was also observed with the formation of SCVs on

S. epidermidis selective agar.

The MBC of ciprofloxacin for NCTC 10662 decreased twofold from 1 ug/ml to 0.5 ug/mlin
the co-culture with S. epidermidis. When the mixed culture was treated with ciprofloxacin,
twofold lower concentration of the antibiotic was sufficient to obtain a similar eradication
of NCTC 10662 in the mono-culture. S. epidermidis susceptibility to ciprofloxacin in co-
culture with NCTC 10662 did not change compared with its mono-culture (Table 4.1).
Interestingly, when the co-culture of PAO1 and S. epidermidis was treated with
ciprofloxacin, 0.25 MBC (a four-fold lower concentration of the antibiotic) was enough to
eradicate PAO1. However, the MIC needed to inhibit the growth of PAO1 was not affected
in the presence of S. epidermidis. The susceptibility of S. epidermidis to ciprofloxacin did

not change in the co-culture with PAO1 (Table 4.2).
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Table 4.2 Antibiotic susceptibility of P. aeruginosa PAO1 and S. epidermidis in a co-culture.

MIC (ug/ml) MBC (ug/ml)

Tetracycline

PAO1 mono-culture 32 512
PAO1 co-culture 32 512
S. epidermidis mono-culture 32 32
S. epidermidis co-culture 32 128
Gentamicin
PAO1 mono-culture 4 8
PAO1 co-culture 2 8
S. epidermidis mono-culture 0.25 0.25
S. epidermidis co-culture ) 4

Ciprofloxacin

PAO1 mono-culture 0.25 2
PAO1 co-culture 0.25 0.5
S. epidermidis mono-culture 0.25 0.5
S. epidermidis co-culture

0.25 0.5
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4.2.3.1 Evaluating P. aeruginosa efflux pumps activity in the co-

culture of P. aeruginosa and S. epidermidis

To further investigate if S. epidermidis can influence the efflux pump activity of
P. aeruginosa, the uptake of ethidium bromide in the mono-culture of P. aeruginosa and
co-culture of P. aeruginosa with S. epidermidis was assessed. When present in their culture
medium, bacterial cells uptake ethidium bromide through the efflux system and cell wall
permeability. Ethidium bromide is fluorescent when bound to DNA; therefore, the
intracellular fluorescent intensity is higher than extracellular (Blair and Piddock, 2016). An
accumulation assay was performed on both strains of NCTC 10662 and PAO1 in mono-
culture and in co-culture with S. epidermidis (Section 2.2.11). The accumulation of ethidium
bromide inside the bacterial cells was assessed over an hour by measuring the excitation

at 520 nm and emission at 590 nm every minute (Figure 4.11).

A) B) & PAO1

& NCTC10662 -®- PAOL1+ S. epidermidis

-@ NCTC10662 + S. epidermidis

Relative Fluorescence Unit

7000

6000

5000 +

4000+

30004
<

2000 ¥

1000

0

0 5 10 15 20 25 30 35 40 45 50 55 60

T

T

T

T

T T T

Time (Minute)

T

T

T

T

Relative Fluorescence Unit

7000

6000 -

5000 +

4000 +

30004

N
o
o
o
1

1000+

0
0

— T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60

Time (Minute)

Figure 4.11 Fluorometric accumulation assay of P. aeruginosa NCTC 10662 (A) and PAO1
(B) in their mono-culture and co-culture with S. epidermidis.

The OD of S. epidermidis and P. aeruginosa suspension was adjusted to 0.4 at 600 nm.
Bacterial suspensions were then mixed at a 1:1 ratio and transferred to a 96-well plate.
Glucose at the final concentration of 0.4% (w/v) and ethidium bromide at the final
concentration of 2 ug/ml were added to each well. The mono-culture of P. aeruginosa with
glucose and ethidium bromide was set as control. The reaction was run using a Fluostar
Optima plate reader at 37°C for an hour. Every minute the absorbance was taken at
excitation 520 nm and emission at 590 nm. Results are expressed as the mean + SEM, n=6.
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4.3 Discussion

This chapter investigated the interaction of P. aeruginosa and S. epidermidis in co-culture
during planktonic and biofilm growth conditions. Also, it evaluated the antibiotic
susceptibility of P. aeruginosa during the co-culture. These experiments were performed
on two phenotypically different human isolates of P. aeruginosa: PAO1, a mucoid strain
and NCTC 10662, a non-mucoid strain (Kalgudi et al., 2021). S. epidermidis NCTC 11047 is a
commensal nasal isolate and is a non-biofilm forming strain, and it was used as a skin

commensal in this study (Banner et al., 2007).

Both P. ageruginosa and S. epidermidis colonise the skin and have been isolated from
infected wounds; therefore, it would be reasonable to assume they can co-exist within the
wounds (Wolcott et al., 2016; Kalan et al., 2019). The presence of S. epidermidis and other
coagulase-negative staphylococci in the wound has been associated with a faster healing
process (Verbanic et al., 2020). So far, there is no published study on the interaction of
P. aeruginosa and S. epidermidis. However, there are extensive research on the interaction
of S. aureus and P. aeruginosa (Mashburn et al., 2005; Briaud et al., 2019; Trizna et al,,
2020), and also on the interaction between S. epidermidis and S. aureus (lwase et al., 2010;

Fredheim et al., 2015; Nakatsuji et al., 2017).

The initial experiments investigated the growth profile of P. aeruginosa and S. epidermidis
in mono- and co-culture. The data was further analysed by determining Cl and RIR indexes
to better understand the state of co-existence between the two bacteria. Although
P. aeruginosa NCTC 10662 showed better growth in mono- and co-culture compared to
S. epidermidis, NCTC 10662 indicated no competitive advantage over S. epidermidis in the
co-culture (Figure 4.2). On the other hand, PAO1 showed a competitive advantage over
S. epidermidis during the exponential phase of planktonic growth (Figure 4.4). It is
reasonable to assume that PAO1, through producing a higher amount of virulence factors
such as pyocyanin and elastase compared to NCTC 10662 (Chapter 3, Figure 3.9), was able
to suppress S. epidermidis during co-culture. Several studies have indicated that

P. aeruginosa suppresses S. aureus’s growth during in vitro planktonic and biofilm co-
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culture. P. aeruginosa is known as a common dominator in polymicrobial infections due to
harbouring several virulence factors and adaptation mechanisms such as biofilm formation
(Mashburn et al., 2005; Briaud et al., 2019; Trizna et al., 2020). It has been suggested that
P. aeruginosa, through the production of siderophores such as pyoverdine and pyocyanin,
inhibits the electron transport chain in S. aureus and, therefore, shifts S. aureus to a
fermentative growth mode. This eventually leads to reduced viability in S. aureus, but it
does not instigate complete eradication of S. aureus (Voggu et al., 2006). S. epidermidis,
similar to S. aureus, is a facultative anaerobe and can switch to alternative electron
acceptors in the electron transport chain (Uribe-Alvarez et al., 2016). These data suggest
that P. aeruginosa, through the release of pyocyanin, might have a similar effect on
S. epidermidis. It was noticeable that the number of S. epidermidis cells in the co-culture
with PAO1 decreased at all times; however, it did not decline to zero. Hence, a continuous
culture study would be beneficial to better understand the suppression effect of

P. aeruginosa on S. epidermidis.

The interaction of P. aeruginosa and S. epidermidis was further investigated when they
were grown as biofilms. The aim of the study was to investigate the impact of
S. epidermidis on the biofilm formation of P. aeruginosa on a 96-well tissue culture plate
surface (abiotic surface). Since attachment is an essential step in biofilm formation, the
study was designed in a way to evaluate the impact of S. epidermidis on the attachment of
P. aeruginosa to the surface, therefore, evaluate its biofilm formation. S. epidermidis
diminished biofilm formation in P. aeruginosa NCTC 10662 when it was added before
NCTC 10662 biofilm formation (Figure 4.5 A). However, the biofilm formation in
NCTC 10662 did not change when S. epidermidis was added to the culture simultaneously
with NCTC 10662 or after NCTC 10662 biofilm was formed for 24 hours (Figure 4.7 A, Figure
4.6 A). In addition, the number of NCTC 10662 cells in the biofilm in the presence of
S. epidermidis decreased when S. epidermidis was added before or at the same time as
NCTC 10662 (Figure 4.5 B and Figure 4.7 B). On the other hand, the biofilm formation in
PAO1 diminished only when PAO1 was co-cultured with S. epidermidis at the same time
(Figure 4.10 A). The number of PAO1 cells in the biofilm also decreased when PAO1 was co-

cultured with S. epidermidis simultaneously (Figure 4.10 B). Pre-exposure of PAO1 to

132



S. epidermidis culture reduced the number of PAO1 cells in the biofilm, although it was
ineffective in diminishing biofilm formation (Figure 4.8).

S. epidermidis NCTC 11047 is a non-biofilm forming strain due to the lack of polysaccharide
intercellular adhesin, which is an essential protein for the development of biofilm in
biofilm-forming strains of staphylococci (Banner et al., 2007). However, S. epidermidis
possesses several other factors, such as autolysin and staphylococcal surface proteins,
which are highly effective in attachment to hydrophobic abiotic surfaces (Heilmann et al.,
2003; Otto, 2009; Foster, 2020). This suggests that S. epidermidis might be able to compete
with P. aeruginosa (PAO1 and NCTC 10662) to attach to abiotic surfaces and limit
P. aeruginosa’s access to the establishment. Furthermore, it has been demonstrated that
S. epidermidis strains isolated from the nasal cavity produce serine proteases which inhibit
biofilm formation and colonisation of S. aureus (lwase et al., 2010; Fredheim et al., 2015).
Although the mechanism of action of serine proteases in in vitro and in vivo has not been
confirmed yet, serine proteases can be the reason for the decrease in the attachment

through the degradation of adhesin proteins such as cdr A in P. aeruginosa.

Presence of exopolysaccharides, namely alginate, Psl, and Pel in mucoid PAO1 and Pel and
Psl in non-mucoid NCTC 10662 exhibit structural and protective functions in a mature
biofilm (Franklin et al., 2011); so accordingly, S. epidermidis might be unable to penetrate

to the preformed biofilm of P. aeruginosa.

As discussed earlier, P. aeruginosa, through pyoverdine production, can reduce the viability
of S. epidermidis by inhibiting the electron transport chain. This might be the reason for the
reduction in the number of S. epidermidis in co-culture with P. aeruginosa, especially the

co-culture with PAO1 strain, which is a stronger producer of pyocyanin than NCTC 10662.

Biofilm formation is an important virulence factor for many bacteria, as EPS decreases
antimicrobial susceptibility. Furthermore, polymicrobial communities with numerous
interspecies interactions could alter bacterial susceptibility to antimicrobials (Qin et al.,
2022). Several studies have indicated that the mixed culture of pathogens such as
P. aeruginosa and S. aureus have different tolerance to antibiotics compared to their mono-

cultures (Alves et al., 2018; Briaud et al., 2019; Trizna et al., 2020).
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The data from this study indicate that the susceptibility of PAO1 and NCTC 10662 to
tetracycline in their mono-culture is similar to when they are co-cultured with
S. epidermidis. However, the susceptibility of S. epidermidis to tetracycline increased in co-
culture with both strains of P. aeruginosa (Table 4.1 and 4.2). Tetracycline is generally
ineffective against P. aeruginosa, while it is effective against a range of staphylococci
species. The increased susceptibility of S. epidermidis to tetracycline in co-culture with
P. aeruginosa might be because of the protective effect of P. aeruginosa’s EPS for
S. epidermidis cells. Tetracycline is not effective against P. aeruginosa even when
P. aeruginosa is in the co-culture with S. epidermidis. Thus, the presence of P. aeruginosa
biofilm and its EPS might provide a shield for S. epidermidis cells and reduce the moderate
circumstances for penetration of the antibiotic to cells. Further investigation is necessary

to confirm this hypothesis.

On the other hand, in the co-culture with S. epidermidis, both strains of P. aeruginosa
became more susceptible to gentamicin and ciprofloxacin (Table 4.1 and 4.2). Gentamicin
and ciprofloxacin are typically active against P. aeruginosa. A similar result was observed
in a study wherein a mixed culture of S. aureus and P. aeruginosa was treated with broad-
spectrum antibiotics, and the susceptibility of P. aeruginosa decreased significantly in the
co-culture (Trizna et al., 2020). S. epidermidis supernatant also showed a similar effect and
sensitised P. aeruginosa to gentamicin and ciprofloxacin (Chapter 3, Table 3.2). One of the
active molecules among exoproducts of S. epidermidis is phenol soluble modulins (PSMs)
that have been shown to have antimicrobial activity against S. aureus and Group A
Streptococcus (Cogen et al., 2010). PSMs might have an additional effect on gentamicin and

ciprofloxacin effect; however, this needs further research for confirmation.

Both strains of P. aeruginosa in the mixed culture decreased the efficacy of gentamicin
against S. epidermidis (Table 4.1 and 4.2). S. epidermidis formed SCVs on the selective agar
when they were treated with gentamicin in co-culture with P. aeruginosa. SCVs are smaller
than wild-type colonies and grow significantly slower, with weaker metabolic function than
wild-type bacteria. S. aureus and various coagulase-negative staphylococci shift toward
SCV phenotype during unfavorable conditions. The data from this study is in accordance

with the data indicating the formation of SCVs in S. aureus when growing with
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P. aeruginosa and treated with aminoglycosides (Mitchell et al., 2010). Resistance to
aminoglycosides such as gentamicin in S. aureus in co-culture with P. aeruginosa has been
attributed to the formation of SCV and reduction of active transport, which directly affects
the efficacy of aminoglycosides (Hoffman et al., 2006; Orazi and O’Toole, 2017). As it was
discussed earlier, pyoverdine, pyocyanin, 2-heptyl-4-quinolone N-oxide (HQNO), and even
hydrogen cyanide (HCN) produced by P. aeruginosa suppress the electron transport chain
in S. aureus; therefore, decreasing the active transport of aminoglycosides to the bacterial

cells (Voggu et al., 2006; Biswas et al., 2009; Biswas and Gotz, 2021).

Several factors can contribute to the efficacy of antibiotics in the co-culture of bacterial
cells, such as the effect of metabolites of one species on the growth or biofilm formation
of the other. One of the crucial factors that can determine the interaction of bacteria in a
mixed culture and their impact on each other’s growth is the localisation of bacteria in a
biofilm. As it is important to investigate the impact of the mechanism of action of
metabolites on the interaction of bacterial cells, it is essential to monitor the placement of

bacterial cells in a community of microbes.

Lastly, the efflux pump's activity in P. aeruginosa in co-culture with S. epidermidis was
investigated. Efflux pumps are one the crucial mechanisms in resistance to antibiotics in
P. aeruginosa. Efflux pumps alongside porins determine the permeability of the cell
membrane to environmental molecules. The accumulation assay in this study indicated
that the efflux pump activity in PAO1 and NCTC 10662 did not change in the presence of
S. epidermidis. Tetracycline induces the expression of efflux pumps in P. aeruginosa; this is
why tetracycline is ineffective against P. aeruginosa, as it cannot penetrate the cell.
S. epidermidis could not impact the efflux pump system in P. aeruginosa and subsequently

could not affect tetracycline efficiency.
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Chapter 5 Investigation of the effect of
S. epidermidis and its supernatant on protecting
keratinocytes against P. aeruginosa infection

5.1 Introduction

Keratinocytes are one of the important components of chronic wound microenvironment;
they actively interact with immune cells and bacterial cells to maintain the homeostasis of
the skin. They are also essential in re-epithelisation and wound healing. By releasing
cytokines, chemokines, and AMPs, Keratinocytes fight bacterial infections (Kadam et al,,
2019). In recent years skin microbiota has gain attention because of its influence on the
skin homeostasis. The beneficial role of S. epidermidis colonisation on keratinocytes has
been attributed to the stimulation of the immune response, such as antimicrobial peptides
expression in keratinocytes (Lai et al., 2010). A number of studies also suggested that
probiotic bacteria can reduce the S. aureus infection by inhibiting the adhesion and
internalisation of the pathogens to the keratinocytes (Prince et al., 2012; Mohammedsaeed
et al., 2014). Reducing the pathogenicity and enhancing the immune response can be
promising options in controlling infections on the skin. P. geruginosa is an opportunistic
pathogen residing on the skin. P. aeruginosa is one of the leading pathogens in nosocomial
infections and has been isolated from chronic wound. It is also one of the most prevalent
pathogens in polymicrobial biofilm-associated infections. Since both P. aeruginosa and
S. epidermidis residing on the skin, it is likely that they interact with each other. In a recent
study in 2020, both P. aeruginosa and S. epidermidis have been isolated from wound
(Verbanic et al., 2020). The interaction of S. epidermidis and P. aeruginosa on the skin has
not been explored yet.

In this chapter a monolayer of immortalised human keratinocytes cell line (HaCaT) was
used as a model system to monitor the possible protective effect of S. epidermidis on the
keratinocytes. In this study, first, the effect of SES on keratinocytes was tested through
several assays. Then the interaction of P. geruginosa and S. epidermidis on a monolayer of

keratinocyte was investigated.
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5.2 Results

5.2.1 Investigation of the effect of SES on keratinocytes

5.2.1.1 Viability of keratinocytes

First, the effect of SES on the viability of keratinocytes (HaCaT cell line) was investigated at
different time-points using trypan blue exclusion assay (Section 2.3.3).

Keratinocytes were grown in the presence and absence of SES at 10% v/v and 20% v/v for
8, 16, 24, and 48 hours at 37°C in a humid atmosphere of 5% CO;. After the incubation
period, cells were detached, and a viable cell count was performed on the cells mixed with

trypan blue solution.

Figure 5.1 shows the viability of keratinocytes in the presence of 10% v/v and 20% v/v SES
at different time-points during 48 hours of incubation. Viability of keratinocytes decreased
after 48 hours of incubation with 20% SES (P=0.02, n=3) but there was no significant change
in viability with 10% v/v SES. Therefore the 10% v/v SES was chosen for further

experiments.
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Figure 5.1 The viability of keratinocytes in the absence and presence of SES.
Cells grown in DMEM (keratinocytes complete medium) were used as control. Error bars
are reported as mean + SEM, n=3, and * P <0.05.
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5.2.1.2 Morphology assessment by microscopy

To confirm cells’ viability after treatment with the SES, the cells were tracked by cell tracker
red fluorescence dye (CMTPX) and observed using the EVOS microscope for 24 hours
(Section 2.3.3). The morphology of keratinocytes was also assessed using crystal violet dye
and without any dye on the bright field of the EVOS microscope. The morphology of cells
did not change when they were treated with 10% SES for 24 hours (Figure 5.2).

Control SES

No Dye CMTPX

Crystal Violet

Figure 5.2 The morphology of the keratinocytes was assessed using an EVOS microscope.
Keratinocytes in the presence and absence of 10% v/v SES were tracked with CMTPX dye
for 24 hours under 5% CO, environment at 37°C. Keratinocytes were also dyed using crystal
violet after 24 hours of growth with and without 10% v/v SES. The morphology was also
assessed on the bright field of the EVOS microscope. The scale bar is 200 pum.
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5.2.1.3 The effect of SES on keratinocyte wound healing

The scratch assay is a low-cost and standard method to study the effect of different
treatments on the re-epithelisation of keratinocytes. By making a scratch on a monolayer
of confluent keratinocytes, an artificial wound can be created. Observing the closure of the
scratch over time under the microscope facilitates studying the wound healing and re-
epithelisation of keratinocytes (Guan et al., 2007). Proliferation and cell migration are two

of the most important factors involved in wound healing.

Keratinocytes were grown to full confluency, and using a 100 pl pipette tip, a scratch was
made on a monolayer of cells. Scratched cells were then treated with SES at 10% v/v or
without SES in DMEM for control comparison. For comparison between different bacterial
culture supernatants, the supernatants of P. aeruginosa NCTC 10662 and PAO1 were also
extracted and added to the scratched cells at 10% v/v. The cells were then incubated under
5% CO; environment at 37°C. The closure of the scratches was assessed at 8, 16, 24, and

48 hours after the incubation by taking microscope images (Section 2.3.4).

The effect of SES on keratinocytes’ wound healing was determined by the scratch assay, as
it is shown in figure 5.3. Re-epithelisation in keratinocytes was accelerated by SES
compared to control at 16 and 24 hours after incubation (Figure 5.3). By 16 hours after the
incubation, the scratch on keratinocytes that were treated with SES was healed up to 50%
compared with 26% re-epithelisation in the control scratch (P=0.01, n=3, Figure 5.3 B).
After 24 hours of incubation, the 86% of the scratch area treated with SES was healed
compared with 68% of the gap closure in the control (P=0.01, n=3, Figure 5.3 B). Scratches
on the monolayer of keratinocytes were also treated with the supernatants of NCTC 10662
and PAO1, which showed a considerable difference compared to SES. Supernatant from
the culture of NCTC 10662 did not have any effect on wound healing during 24 hours of
incubation, and only 7% re-epithelisation was occurred. There was an increase in the
scratch area after 48 hours post-treatment with NCTC 10662 supernatant compared with
the control (P=0.0001, n=3, Figure 5.3). What can be clearly seen in the figure 5.3 is that no
healing was occurred in the case of PAO1 supernatant, and the scratch area increased by

two-fold after 8 hours of incubation (P=0.002, n=3, Figure 5.3).
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Figure 5.3 Keratinocytes’ re-epithelisation during wound healing in the presence and
absence of bacterial cultures supernatants.

A) Microscopy images of scratches on the monolayers of keratinocytes at different time-
points with and without SES, NCTC 10662 supernatant, and PAO1l supernatant. B)
Percentage of keratinocytes scratch re-epithelisation in the presence and absence of SES,
NCTC 10662 supernatant, and PAO1 supernatant. Error bars are reported as mean * SEM,
n=3, and * P <0.05.
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5.2.1.4 The effect of SES on keratinocytes proliferation

Keratinocytes’ proliferation is one of the important attributors in wound healing. The
proliferation of keratinocytes was studied using the MTT assay. Metabolically active cells
reduce MTT to water-insoluble purple formazan crystals. The total amount of formazan
produced is directly proportional to the number of viable cells in the culture (Mosmann,
1983; Tom et al, 1993). The amount of formazan produced by keratinocytes at the
beginning of the experiment (at time zero) at 70% confluency was considered as a
normalised control. The amount of formazan was then measured at 24 and 48 hours of
incubation in the presence and absence of SES. The amount of formazan produced by cells
at any time-point was compared to the normalised control (Section 2.3.5).

Incubation of keratinocytes with SES resulted in increased formazan production, which
could be the indication of increased proliferation of cells compared with non-treated cells
(DMEM) after 24 and 48 hours of incubation (P=0.001 and P=0.01, respectively, n=6, Figure
5.4).
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Figure 5.4 Proliferation of keratinocytes in the presence and absence of SES.

The absorbance of formazan produced by metabolically active keratinocytes in the
presence and absence of SES after 24 and 48 hours of incubation was measured at
570 nm. The absorbance of formazan at time zero at 70% confluency was measured and
considered as a control. Error bars are reported as mean * SEM, n=6. * P < 0.05,
** p<0.01.
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5.2.1.5 The effect of SES on the cytokine production of keratinocytes

So far, the data presented suggest that SES has the potential to increase keratinocytes re-
epithelization through stimulating proliferation. Cytokines and chemokines released from
the cells in the wound area are among the essential factors during wound healing process.
Therefore, to better understand the underlying pathways of the stimulated proliferation
by SES, the production of cytokines by keratinocytes in the presence of SES was

investigated.

The Proteome Profiler™ Human Cytokine Array kit allows to measure the relative
expression of 36 human cytokines in a sample (Section 2.3.6). Keratinocytes were grown to
full confluency, and using a 100 ul pipette tip, a scratch was made on a monolayer of the
cells. The scratched cells were incubated either in DMEM or DMEM plus SES (10% v/v) for
24 hours. After the incubation period, the supernatants were collected and mixed with a
cocktail of biotinylated detection antibodies. The mixtures were incubated with the array
membranes for 18 hours. The array membrane is spotted in duplicate with capture
antibodies to specific target cytokines and chemokines. Captured cytokines were visualised
using chemiluminescence detection reagents and subsequently exposing the membranes
to a chemiluminescent gel imager for 13 minutes (Figure 5.5). The pixel intensity of the
signals that appeared on the spots on the membrane’s images were analysed using Image-

J 64 software program (https://imagej.nih.gov/) (Section 2.3.6) (Figure 5.6). The signal

produced is proportional to the amount of analyte bound. This experiment was repeated

twice with two repeats each time.

This technique revealed seven proteins in the supernatants of keratinocytes grown in the
presence or absence of SES. Macrophage migration inhibitory factor (MIF), serpin E1 also
known as plasminogen activator inhibitor-1 (PAI-1), and CXCL8 (also known as IL-8) were
detected in a moderate level. The CXCL1 and IL-6 were detected in a low level. The CCL5
and intercellular adhesion molecule 1 (ICAM-1) were detected in a very low level (Figure

5.5).
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Figure 5.5 Representative image of nitrocellulose membranes of Human Cytokine Array
and the detected cytokines and chemokines present in the keratinocyte’s supernatant.
The scratched keratinocytes were grown in DMEM or DMEM plus SES (10% v/v) for
24 hours. The cell culture supernatants were collected after 24 hours of incubation. The
supernatant mixed with a cocktail of biotinylated detection antibodies was added onto
each membrane array an incubated for 18 hours. The captured cytokines and chemokines
on the membranes were visualized using a chemiluminescent imager.

The presence of SES in the growth medium of scratched keratinocytes increased the release
of CXCL1, ICAM-1, IL-6, and CXCL8 from keratinocytes (P=0.0001, P=0.015, P=0.0001, and

P=0.0001, respectively, n=4, Figure 5.6).
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Figure 5.6 Cytokines and chemokines detected in the supernatant of keratinocytes treated
or untreated with SES, spotted by Proteome Profiler™ Human Cytokine Array.

The scratched keratinocytes were grown in DMEM or DMEM plus SES (10% v/v) for
24 hours. The cell culture supernatants were collected after 24 hours of incubation. The
supernatant mixed with a cocktail of biotinylated detection antibodies was added onto
each membrane array and incubated for 18 hours. The detected cytokines and chemokines
on the membranes were visualized using a chemiluminescent imager. The pixel intensity of
the signals appeared on the spots on the membrane’s image were analysed using Image-J
64 software program. Error bars are reported as mean * SEM, n=4. ns = not significant,
* P <0.05, **P<0.01, *** P<0.001.
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5.2.2 Investigation of the protective effect of S. epidermidis
and its supernatant on keratinocytes against P. aeruginosa

infections

One of the mechanisms by which S. epidermidis and its supernatant may protect
keratinocytes is through the inhibition of P. aeruginosa adhesion to the keratinocytes
(biotic surface). Adhesion of bacterial pathogens is a critical step in biofilm formation and

pathogenicity of the microorganisms.

This experiment was performed to determine whether S. epidermidis or its supernatant
inhibit the adhesion of P. aeruginosa to keratinocytes through competition, exclusion, or
displacement. Keratinocytes were infected with P. aeruginosa at 1:20 MOI before, after, or
simultaneously treated with S. epidermidis or its supernatant. Keratinocytes were
incubated with bacterial cells for maximum three hours to avoid overgrowth of bacterial
cells on keratinocytes. Therefore, keratinocytes were pre-treated with S. epidermidis for
only one hour to reduce the exposure time to bacterial cells and remain in the three-hour
incubation window. After being exposed to the bacterial cells, the viability of keratinocytes
was determined using trypan blue exclusion assay (Section 2.3.7.2). To determine the
number of bacterial cells attached to the keratinocytes, first the keratinocytes were
washed and then detached. The suspension of keratinocytes and bacterial cells was then
spot plated on the selective agar (cetrimide) to count the number of adherent

P. aeruginosa (Section 2.3.3.7).

To investigate the potential of S. epidermidis to protect keratinocytes from toxic effect of
P. aeruginosa, viability of the infected keratinocytes monolayer was estimated after
exposure to S. epidermidis and its supernatant. P. aeruginosa NCTC 10662 caused
significant reduction in the viability of keratinocytes (P=0.0001, n=3, Figure 5.7). Uninfected
keratinocytes had a mean viability of 96%, while keratinocytes infected with NCTC 10662
indicated ~36% viability. The keratinocytes showed the viability of ~68.3% when exposed
to S. epidermidis. The viability of keratinocytes infected with NCTC 10662 increased to
~49.3% in the presence of S. epidermidis and to ~54.6% in the presence of SES (P=0.003

145



and 0.0002 respectively, n=3 Figure 5.7 A). Furthermore, the number of attached
NCTC 10662 to keratinocytes was reduced in the presence of S. epidermidis and SES (P=0.02
and P=0.004 respectively, n=3, Figure 5.7 B).
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Figure 5.7 Infection of keratinocytes with P. aeruginosa NCTC 10662.

A) Keratinocytes were co-exposed to P. ageruginosa NCTC 10662 plus S. epidermidis
(NCTC 10662+SE) or its supernatant (NCTC 10662+SES) at the same time. The viability of
cells was measured after two hours of incubation using the trypan blue exclusion assay. B)
The number of adherent P. aeruginosa NCTC 10662 to the keratinocytes in the co-culture
was measured by spot plating the suspension on selective agar (cetrimide). Error bars are
reported as mean + SEM, n=3. * P <0.05, ** P <0.01, *** P <0.001.
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Next, an investigation was performed to determine whether S. epidermidis and its
supernatant could inhibit the adhesion of NCTC 10662 through exclusion. Therefore,
keratinocytes were pre-exposed to S. epidermidis or SES for one hour before being infected
with NCTC 10662. Data presented in figure 5.8 shows that the addition of S. epidermidis to
keratinocytes before infecting them with NCTC 10662 increased keratinocytes’ viability to
~50% (P=0.01, n=3, Figure 5.8 A). However, pre-treatment of keratinocytes with SES did
not protect keratinocytes against NCTC 10662 infection (P=0.06, Figure 5.8 A). The number
of attached NCTC 10662 to keratinocytes also decreased when keratinocytes were pre-
exposed to S. epidermidis (P=0.04, n=3, Figure 5.8 B). Pre-exposure to SES had no effect on
the attachment of NCTC 10662 to keratinocytes (P=0.06, Figure 5.8 B).
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Figure 5.8 Infection of keratinocytes with P. aeruginosa NCTC 10662.
A) Keratinocytes were pre-exposed to S. epidermidis (SE) or SES for one hour before being
infected with P. aeruginosa NCTC 10662 for two hours. The viability of cells was measured
using the trypan blue exclusion assay. B) The number of adherent P. aeruginosa
NCTC 10662 to the keratinocytes in the co-culture was measured by spot plating the

suspension on selective agar (cetrimide). Error bars are reported as mean * SEM, n=3.
ns = not significant, * P <0.05, ** P <0.01, *** P <0.001.

Subsequently, the ability of S. epidermidis and SES to inhibit P. aeruginosa NCTC 10662 to
keratinocytes by displacement was investigated. Keratinocytes were infected with
NCTC 10662 for an hour; afterwards, S. epidermidis or SES were added to the infected
keratinocytes and incubated for another hour. The addition of SES to the infected
keratinocytes increased the viability of Keratinocytes to ~48.3% compared with ~36%
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viability of infected cells alone (P=0.04, n=3, Figure 5.9 A). However, the number of
attached NCTC 10662 to keratinocytes did not change after the addition of SES (P=0.06,
Figure 5.9 B). S. epidermidis was not able to inhibit the adhesion of NCTC 10662 to
keratinocytes through displacement (P=0.07, Figure 5.9 B).
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Figure 5.9 Infection of keratinocytes with P. aeruginosa NCTC 10662.

A) Keratinocytes were infected with NCTC 10662 for two hours. After one hour of infection,
keratinocytes were post-exposed to SES or S. epidermidis (SE) for another hour. The
viability of cells was measured after two hours of incubation using the trypan blue exclusion
assay. B) The number of adherent P. aeruginosa NCTC 10662 to the keratinocytes in the co-
culture was measured by spot plating the suspension on selective agar (cetrimide). Error
bars are reported as mean + SEM, n=3. ns = not significant, * P < 0.05, ** P < 0.01,
*** P <0.001.
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This experiment was also performed to investigate the impact of S. epidermidis and SES on
the infection of keratinocytes with P. aeruginosa PAO1. Keratinocytes infected with PAO1
showed the viability of ~28%, while the viability of keratinocytes infected with PAO1 in the
presence of SES was as high as ~43.3% (P=0.005, n=3, Figure 5.10 A). The number of
attached PAO1 to keratinocytes was also reduced in the presence of SES compared with
the adhering PAO1 with cells alone (P=0.02, n=3, Figure 5.10 B). S. epidermidis was unable
to inhibit the adhesion of PAO1 to keratinocytes through competition; therefore, it was

unable to protect keratinocytes (P=0.08, Figure 5.10).
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Figure 5.10 Infection of keratinocytes with P. aeruginosa PAOL1.

A) Keratinocytes were co-exposed to P. aeruginosa PAO1 plus S. epidermidis (PAO1+SE) or
its supernatant (PAO1+SES) at the same time. The viability of cells was measured after two
hours of incubation using the trypan blue exclusion assay. B) The number of adherent
P. aeruginosa PAO1 to the keratinocytes in the co-culture was measured by spot plating
the suspension on selective agar (cetrimide). Error bars are reported as mean + SEM, n=3.
ns = not significant, * P <0.05, ** P <0.01, *** P <0.001.
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Next, the ability of S. epidermidis and its extract to exclude PAO1 from binding to the
keratinocytes was investigated. Keratinocytes were treated with S. epidermidis or SES for
one hour before being infected with PAO1. Pre-exposure of keratinocytes with
S. epidermidis or SES did not protect the PAO1 infected cells; the viability of keratinocytes
did not change (P=0.1, Figure 5.11 A). However, pre-exposure of keratinocytes to
S. epidermidis reduced the attachment of PAO1 to keratinocytes through exclusion

(P=0.005, n=3, Figure 5.11 B).
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Figure 5.11 Infection of keratinocytes with P. aeruginosa PAOL1.

A) Keratinocytes were pre-exposed to S. epidermidis (SE) and SES for one hour before being
infected with P. geruginosa PAO1 for two hours. The viability of cells was measured using
the trypan blue exclusion assay. B) The number of adherent P. aeruginosa PAO1 to the
keratinocytes in the co-culture was measured by spot plating the suspension on selective
agar (cetrimide). Error bars are reported as mean * SEM, n=3. ns = not significant,
*P<0.05, ** P<0.01, *** P <0.001.
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Post-exposure of keratinocytes to S. epidermidis and SES had no significant effect on the
viability of the cells and the attachment of PAO1 to the keratinocytes (P>0.05, Figure 5.12).
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Figure 5.12 Infection of keratinocytes with P. aeruginosa PAO1.

A) Keratinocytes were infected with PAO1 for two hours. After one hour of infection,
keratinocytes were post-exposed to SES or S. epidermidis (SE) for another hour. The
viability of cells was measured after two hours of incubation using the trypan blue exclusion
assay. B) The number of adherent P. aeruginosa PAO1 to the keratinocytes in the co-culture
was measured by spot plating the suspension on selective agar (cetrimide). Error bars are
reported as mean + SEM, n=3. ns = not significant, * P <0.05, ** P <0.01, *** P <0.001.
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The data presented in table 5.1 further summarizes the data collected from the
experiments stated above. What stands out in this table is that the co-exposure of SES to
the P. aeruginosa (both strains) infection on keratinocytes, it is able to improve the viability

of keratinocytes and decrease the adhesion of P. aeruginosa to the cells.

Table 5.1 The summary of the protective impact of S. epidermidis and its supernatant on
P. aeruginosa infected keratinocytes.

S. epidermidis S. epidermidis Supernatant
Decreased Decreased
Improved bacterial Improved bacterial
keratinocytes | attachment | keratinocytes | attachment
viability to viability to
keratinocytes keratinocytes

Pre-exposure 4 4 x x
o
\o}
3

8 Co-exposure 4 v v v
|_
Q
z

Post-exposure x x v x

Pre-exposure x v x x
—

Q| Co-exposure x x v v
o

Post-exposure x x x x
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5.3 Discussion

This chapter investigated the impact of SES on keratinocytes and wound healing. Also, it
evaluated the protective effect of S. epidermidis and its supernatant on keratinocytes
against P. aeruginosa. P. aeruginosa is one of the leading pathogens in chronic wound
infections. Biofilm formation of P. aeruginosa in the wound area following its attachment
to the cells has a deleterious impact on wound healing (Qin et al., 2022). On the other hand,
S. epidermidis, as a skin commensal, has been shown to protect the skin against pathogens
(Sugimoto et al., 2013). In this study, a monolayer of keratinocytes was used as a model to
study wound healing and the interaction between S. epidermidis and P. aeruginosa on the

biotic surface.

The SES at 10% v/v preserved the viability and morphology of keratinocytes (Figure 5.1 and
Figure 5.2). It was also able to increase the re-epithelization of keratinocytes during scratch
wound healing at a faster rate than the control from 16 hours of incubation onward (Figure
5.3). Proliferation and migration of keratinocytes are two of the most important attributers
in wound healing (Pastar et al., 2014). Thus, cytokines and chemokines released from
keratinocytes in the presence of SES were investigated to understand the underlying

pathways of SES impact on keratinocyte re-epithelization.

SES increased the release of two chemokines, CXCL1 and CXCLS, from keratinocytes after
24 hours of incubation (Figure 5.6). This time-point was selected to collect the cell culture
supernatant because SES showed increased re-epithelization from 16 hours of incubation.
Also, keratinocytes begin migration and proliferation during normal wound-healing process

within 12 to 24 hours after injury (Nagaoka et al., 2000).

CXCL8 and CXCL1 are potent neutrophil attractants to the site of inflammation, therefore,
are important in early antimicrobial response at the site of injury (Fujiwara et al., 2002;
Ridiandries et al., 2018). Furthermore, CXCL1 and CXCL8 both belong to the glutamate-
leucine-arginine (ELR) positive motif group of chemokines, which means they can bind with
CXCR1 and CXCR2 receptors, especially CXCR2 (Kroeze et al., 2012). Keratinocytes express
CXCR2 receptors (Michel et al., 1992). Activation of CXCR2 through binding with CXCL1 and

154



CXCL8 induces various signalling cascades, which lead to the proliferation and migration of
keratinocytes and neoangiogenesis in the wound area (Cheng et al., 2019). Moreover,
according to Devalaraja et al., (2000) CXCR2-knockout mice exhibited reduced neutrophil
recruitment, keratinocyte migration and proliferation during re-epithelialization
(Devalaraja et al., 2000). It seems that SES, by influencing chemokine release in
keratinocytes through CXCL1 and CXCL8/CXCR2 activation pathways, may mediate the
accelerated re-epithelization of keratinocytes during scratch wound healing. However, this

does not exclude other activation pathways, which need more studies to confirm.

SES also increased the release of IL-6 and ICAM-1 from keratinocytes (Figure 5.6). IL-6 is a
pro-inflammatory cytokine playing a crucial role in the inflammation and resolution of the
wound repair in a timely manner. As it has been reported in numerous studies, IL-6
promote keratinocytes proliferation and migration (Grossman et al., 1989; Gallucci et al.,
2004; Johnson et al., 2020). ICAM-1 is a cell surface glycoprotein and an adhesion receptor
that is best known for regulating leukocyte attraction to sites of inflammation (Hubbard
and Rothlein, 2000). ICAM-1 is also expressed in epithelial cells, and its expression is
upregulated in response to inflammation (Bui et al., 2020). According to an in vivo study
wound healing in mice lacking ICAM-1 was inhibited; the keratinocytes migration from the

edges of the wound toward the centre was also repressed (Nagaoka et al., 2000).

The data from this study suggest that not only SES can help attracting immune cells to the
site of injury, but it also promotes keratinocytes proliferation and migration. Wound
healing is a dynamic and complex process that requires the controlled release of diverse
cytokines and chemokines. Overproduction of pro-inflammatory cytokines such as IL-6 can
cause prolonged inflammation and delayed healing. Nevertheless, it has been revealed that
pro-inflammatory cytokines, released during the early phase of wound healing are effective
stimulators of the expression of various growth factors and chemokines from different

types of cells (Hernandez-Quintero et al., 2006; Ghazizadeh, 2007; Piipponen et al., 2020).

In the context of tissue damage, other studies confirm that LTA from the S. epidermidis cell
wall could dampen excess inflammation and promote wound healing (Lai et al., 2009; Xia

et al., 2016). This anti-inflammatory communication occurs through discrete mechanisms.
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TLR2 activation by S. epidermidis’ LTA inhibits pro-inflammatory TLR3 signalling in response
to double-stranded RNA from damaged host cells (Lai et al., 2009). This has been confirmed
in C. acnes induced inflammation, wherein S. epidermidis’ LTA via induction of microRNA,
reduce the inflammation (Xia et al., 2016). S. epidermidis is also associated with healing
wound, and it has been suggested to act as an early bioindicator of non-chronic wounds. A
recent study discovered a specific lipopeptide (lipopeptide 78) in S. epidermidis, which

inhibits TLR-3 mediated inflammation, therefore promoting wound healing (Li et al., 2019).

In a set of studies, researchers have shown that the application of S. epidermidis on mice’s
skin induced the IL-1 signalling pathways through the activation of skin resident immune
cells, which promotes innate barrier immunity (Naik et al., 2012; Naik et al., 2015).
Secretion of IL-1 from the keratinocytes was not observed in the current study. Although
Human Cytokine Array test is a suitable start for qualitatively screening cytokine
production, it cannot be the only test to rely on. Further, enzyme-linked immunosorbent
assay (ELISA) and gene expression analysis would be beneficial to confirm the data

obtained.

The present study also investigated the potential of S. epidermidis and SES to protect
keratinocytes against the toxic effect of P aeruginosa infection. It also aimed to examine
the effect of S. epidermidis and its supernatant on the attachment of P. aeruginosa to the
monolayer of keratinocytes as a biotic surface. The viability of infected keratocytes with
P. aeruginosa (at 1:20 MOI) was examined when treated with S. epidermidis (at 1:20 MOI)
or SES. It was observed that the viability of keratinocytes was significantly reduced when
exposed to P. aeruginosa NCTC 10662 and PAO1, while exposure to live S. epidermidis
caused a slight reduction in cell viability (Figure 5.7 and Figure 5.10). SES, as shown before
in this chapter, even preserved the viability of cells with no decrease in viability being
observed after 24 hours (Figure 5.1). SES was able to provide protection to keratinocytes
when it was co-exposed with both strains of P. aeruginosa. In contrast, live S. epidermidis
cells were unable to improve the viability of cells when co-exposed with P. aeruginosa
(Figure 5.7 A and Figure 5.10 A). SES also reduced the attachment of NCTC 10662 and PAO1
to keratinocytes (Figure 5.7 B and Figure 5.10 B). The decreased attachment of

P. aeruginosa to keratinocytes might be the reason for the improved viability of cells. The
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attachment of bacteria to the host cells is the first step in biofilm formation and
pathogenicity. It has been reported previously that a reduction in P. aeruginosa adhesion
could decrease its pathogenicity (Sadikot et al., 2005; Kuchma et al., 2014). This confirms
the data presented in chapter 3 that SES was able to reduce the biofilm formation and
virulence factor release of P. aeruginosa through modulating quorum sensing network. This
result also concurs with previous studies showing the impact of S. epidermidis extract on

protecting keratinocytes against pathogens (Iwase et al., 2010; Fredheim et al; 2015).

Live S. epidermidis cells were the most effective in protecting keratinocytes once it was
added to the cells before P. aeruginosa infection. S. epidermidis reduced the attachment
of NCTC 10662 to keratinocytes and also increased the viability of cells during infection
with NCTC 10662 (Figure 5.8). Although S. epidermidis was able to reduce the attachment
of PAO1 to keratinocytes, it was unable to protect cells during infection, and the viability
of keratinocytes did not change (Figure 5.11). This can be due to the production of more
virulence factors in higher concentration by PAO1 (shown in chapter 3), which are
deleterious to the cells. Similar results have been demonstrated in chapter 4, when
S. epidermidis was pre-exposed to P. aeruginosa, the attachment of P. aeruginosa to the
abiotic surface reduced. These data suggest that S. epidermidis diminished P. aeruginosa

attachment to biotic and abiotic surfaces through competitive exclusion.

SES had no protective effect on keratinocytes when it was added before the infection. In
pre-treatment of cells with SES, the SES was removed from the cell layer after one hour
and the P. aeruginosa was added to the cells thereafter. Removing SES from the cells might
remove the active molecule(s), presumably guorum quenching molecule(s), responsible for
attenuating PAO1 and NCTC 10662. Therefore, pre-treatment with SES was unable to
protect keratinocytes. Further studies are required to characterize the active molecule(s)

in SES.

The addition of S. epidermidis to the post-infection of P. aeruginosa (both strains) on
keratinocytes did not change the attachment of P. aeruginosa to the cells or the viability of
keratinocytes (Figure 5.9 and Figure 5.12). SES was also ineffective in protecting the cells in

post-infection of PAO1 and adhesion reduction of PAO1 to the cells (Figure 5.12). However,
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the addition of SES to the NCTC 10662 infected keratinocytes improved the viability of cells
with no effect on the attachment of bacterial cells to the keratinocytes (Figure 5.9). It
appears that the infection of P. aeruginosa inserts its toxic impact on the keratinocytes
even during the short incubation period therefore, addition of S. epidermidis or its

supernatant could not protect keratinocytes after the infection.

In summary, the data presented in this chapter suggests that SES can improve proliferation
and migration of keratinocytes through induction of chemokines and cytokines release
from keratinocytes during scratch wound healing. Also, when the SES is added
simultaneously with P. aeruginosa, it is capable to reduce P. aeruginosa adhesion to
keratinocytes therefore increase the cell viability. Furthermore, S. epidermidis could inhibit

P. aeruginosa adhesion to keratinocytes through exclusion.
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Chapter 6 Overall discussion

The general aim of this study was to investigate the interaction between S. epidermidis, a
major human skin commensal, and P. aeruginosa, an opportunistic pathogen, in the

context of wound infections.

The data obtained from chapter 3 of this study demonstrate that S. epidermidis secreted
molecules diminished biofilm formation of mucoid and non-mucoid biofilm-forming strains
of P. aeruginosa without any impact on their growth. This result was supported by the data
showing a decrease in the flagellum-mediated motility in NCTC 10662 and PAO1 in the
presence of SES. In P. aeruginosa, swimming motility is directly related to the ability of
biofilm formation (Khan et al., 2020). The results presented in this thesis is in agreement
with a work published in 2020, where researchers also showed that small molecules
produced by S. epidermidis could disrupt the biofilm formation of S. aureus (Glatthardt et
al., 2020). The impact of active molecules in SES was not limited to biofilm disruption of
P. aeruginosa. SES also effected several key virulence factors. SES inhibited elastase activity
and toxA expression in both strains of P. aeruginosa. PAO1 is a strong pyocyanin producer
compared to NCTC 10662; pyocyanin production by P. aeruginosa PAO1 also decreased in
the presence of SES. Biofilm formation, pyocyanin production, and toxA expression are
under the control of quorum sensing genes involving the las and rhl quorum sensing system
(Lee and Zang, 2015; Jenkins et al., 2004). The analysis of the impact of SES on the quorum
sensing gene expression of P. aeruginosa revealed the down-regulation of autoinducer
synthases las/ and rhll expression. There are several reports that bacterial cells use quorum
sensing signalling system to reduce the fitness of their competitors and to gain the
advantage of resources in the environment; there is also evidence of quorum sensing
molecules in chronic wounds clinical samples (Han et al., 2012; Paharik et al., 2017). Hence,
the inhibition of quorum sensing signal production might be a solid weapon to suppress

infection in wound areas.

One of the reasons that biofilm is an important virulence factor is that the EPS of biofilm

drastically reduce the susceptibility of bacteria to antimicrobials. Therefore, disruption of

159



biofilm might increase the susceptibility of P. aeruginosa to antibiotics. Treatment of
established biofilm of P. aeruginosa using the combination of gentamicin with SES
increased this antibiotic’s efficacy in reducing biofilm-embedded cells. The same result was
observed in combination therapy using ciprofloxacin and SES. However, the combination
of SES with tetracycline could not improve the efficacy of tetracycline against P. aeruginosa.
P. aeruginosa is generally resistant to tetracycline due to the efflux pump activity on the
outer membrane, which is one of the primary intrinsic drug resistance mechanisms in
bacteria. There is evidence that tetracycline could increase the activity of the efflux pump
in P. aeruginosa, thus reducing its own efficacy (Morita et al., 2014). The experiment in
this study on the efflux pump activity in P. aeruginosa confirmed that SES has no impact on
efflux pump activity, thus ineffective in improving the efficacy of tetracycline. The
mechanism of action of SES to improve the effectiveness of gentamicin and ciprofloxacin
remains to be investigated. However, in a study in 2020, researchers showed that the cell-
free culture liquid of S. aureus could also enhance the susceptibility of P. aeruginosa to
aminoglycosides (Trizna et al., 2020). The active molecule in the culture of staphylococcal
species responsible for the increase might be similar and remains to be identified. Yet, it
seems that SES might be able to improve the efficacy of gentamicin and ciprofloxacin

through disruption of biofilm in P. aeruginosa.

An in vivo study on a wound-bearing mouse model showed that bacterial species
associated with chronic wounds differ from the microbial community in non-chronic
wounds. Researchers identified several specific species that can be used as bioindicators of
chronic and non-chronic wounds. This suggests that bacterial species found in healing
wounds might be beneficial in controlling infectious wounds. S. epidermidis has been found
to be associated with healing wounds, and it is an early bioindicator of non-chronic wounds
(Kim et al., 2020). Additionally, it seems likely that S. epidermidis and P. aeruginosa interact
within the cutaneous wound (Jneid et al., 2018; Kalan et al., 2019). Commensal bacteria
compete for resources with pathogens and produce compounds to limit pathogens’ growth
and biofilm formation (lwase et al., 2010; Paharik et al., 2017). Therefore, in chapter 4 of
this study, the interaction of S. epidermidis and P. aeruginosa in planktonic and biofilm

states was explored.
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The initial data from chapter 4 showed that in planktonic co-culture, the number of
S. epidermidis cells was significantly lower than P. aeruginosa. Although NCTC 10662 had
no competitive gain over S. epidermidis in planktonic co-culture, PAO1 showed a
competitive advantage. PAO1, through high production of pyocyanin and pyoverdine,
could inhibit the electron transport chain in S. epidermidis and shift it to fermentative
mode, which can eventually reduce the number of bacterial cells. Interestingly in biofilm
co-culture, S. epidermidis diminished the number of the attached P. aeruginosa to the
abiotic surface. The preformed biofilm of S. epidermidis likewise decreased the number of
the attached P. aeruginosa. While S. epidermidis is not a biofilm-forming strain, it still has
the potential to attach to abiotic surfaces through surface proteins. This might be the
reason for the exclusion of P. aeruginosa by S. epidermidis from attachment to the surface.
Moreover, several studies confirm that serine proteases secreted from S. epidermidis could
degrade S. aureus adhesion proteins, subsequently inhibiting the colonization through
obstructing adhesion to the surface (Iwase et al., 2010; Sugimoto et al., 2013; Fredheim et
al., 2015). Pre-exposure to S. epidermidis in NCTC 10662 co-culture and co-exposure to

S. epidermidis in PAO1 co-culture also reduced the biofilm biomass.

S. epidermidis showed higher tolerance to tetracycline in co-culture with P. aeruginosa,
while the susceptibility of P. aeruginosa did not change. However, the susceptibility of
P. aeruginosa to gentamicin and ciprofloxacin was reduced in co-culture with
S. epidermidis. This suggests that the interaction of S. epidermidis and P. aeruginosa would
induce phenotypical changes, which can alter some of the important pathogenesis
characteristics of microbes. This has been supported by several studies on the interaction
of bacterial cells in co-culture conditions (Alves et al., 2018; Cendra et al., 2019; Briaud et
al., 2019). A thorough transcriptomic profile of co-existing S. epidermidis and
P. aeruginosa would be beneficial to shed light on the complex interaction of

S. epidermidis and P. aeruginosa.

Chapter 5 of this study explored the impact of SES on keratinocytes and the interaction of
S. epidermidis and P. aeruginosa on keratinocytes. The current results revealed the
protective effect of SES on keratinocytes, especially during the wound healing process.

Scratched keratinocytes showed better healing outcomes when treated with SES than
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untreated wounds. SES induced keratinocytes’ proliferation and migration through
stimulation of chemokines and cytokines release from keratinocytes. CXCL1 and CXCL8
release from keratinocytes increased in the presence of SES; these chemokines could
induce proliferation and migration in keratinocytes, thus improving wound healing.
Although activation of CXCR2 in the presence of SES needs to be confirmed with further
experiments, CXCL1 and CXCL8 generally activate CXCR2 to induce proliferation and
migration. SES also increased the release of IL-6 and ICAM-1, which are important factors
in the proliferation of keratinocytes after injury. The SES may provide a novel approach to
protect keratinocytes during the wound healing process that has not been studied before.
Therole of S. epidermidis in enhancing the cutaneous immune system has been established

in several studies (Stacy and Belkaid, 2019; Yang et al., 2022).

In 2020, researchers made a discovery by demonstrating that innate immune responses
during wound healing are not solely reliant on host-derived signals, but also on the
presence of skin microbiota (Di Domizio et al. 2020). Commensal bacteria, including
S. epidermidis, play a crucial role in activating neutrophils to express CXCL10, which, in turn,
stimulates fibroblasts and macrophages to produce essential growth factors that facilitate
wound healing (Di Domizio et al., 2020). The current study provided evidence that the
supernatant of S. epidermidis triggers the release of chemokines such as CXCL1 and CXCL8
in keratinocytes, thereby potentially enhancing wound closure. Furthermore, certain
strains of S. epidermidis have been found to produce trace amines as by-products of
aromatic amino acid metabolism, which have been shown to contribute to improved
wound healing (Lugman et al., 2020). The beneficial effects of skin microbiota in wound
healing extend beyond the production of metabolites. In 2009, researchers discovered that
LTA derived from the cell wall of S. epidermidis can inhibit skin inflammation induced by
UVB radiation through the activation of TLR3. They also demonstrated that LTA could
reduce TNF-a production following injury (Lai et al., 2009). These findings highlight the
potential of skin microbiota in promoting the wound healing process and emphasize the
need for caution in the prolonged use of antibiotics for acute and even chronic skin

wounds.

162



The current study also showed that SES could decrease the adhesion of P. aeruginosa to
the keratinocytes when it is added simultaneously with P. aeruginosa to the keratinocytes.
It also increased the viability of keratinocytes during P. aeruginosa infection. Taken
together, the result suggests that SES might possess potential molecule(s) that reduce the
pathogenicity of P. aeruginosa as well as protect the keratinocytes during the infection with
P. aeruginosa. These data provide a preliminary platform to further investigate the

complicated interaction of microbe-microbe and microbe-host.
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Chapter 7 Conclusion and future work

7.1 Conclusion

Biofilm-associated infections are one of the most challenging infections to deal with in the
healthcare system due to their ability to resist host antimicrobial agents and external
antibiotic treatment (Sen et al., 2021; Benjamin et al., 2022). P. aeruginosa is one of the
well-recognized biofilm-forming pathogens in nosocomial infections, and new therapeutics
are urgently needed for its control (Moradali et al., 2017; Qin et al., 2022). On the other
hand, human microbiome studies are revealing the fundamental role of the human
microbiome on human health and disease (Byrd et al., 2018; Hou et al., 2022). Although
evidence supports that the commensal microbial community on the skin could modulate
the immune system and deter the invasion of opportunistic pathogens (Lai et al., 2009;
Nakatsuji et al., 2017; Williams et al.,, 2019), only a few studies have investigated the
interactions between commensals with pathogens in skin infections such as a wound (Hou
et al., 2022). Several clinical studies have shown that loss of microbial diversity in the skin
can cause disorders such as atopic dermatitis and psoriasis, in which patients suffer from
prolonged inflammation due to the microbial imbalance (Williams et al., 2019; Benhadou
et al.,, 2018; Byrd et al., 2018). Also, in chronic wounds, the diversity and abundance of
microbes change and provide a situation for the growth of biofilm-forming pathogens.
Biofilm in the wound worsens the inflammation and delays wound healing (Johnson et al.,

2018; Benjamin et al., 2022).

Most research has investigated the interaction of co-infecting pathogens in the wound
(Fazli et al., 2009; Alves et al., 2018; Trizna et al., 2020); however, commensals’ role in
communication with pathogens and the wound healing process is still unclear. The current
study highlighted the potential of skin commensal in combating P. aeruginosa infections

during wound healing.

The anti-biofilm effect of active molecule(s) present in the supernatant of S. epidermidis

has a strong potential for the development of innovative therapeutics for biofilm-
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associated infections, which can reduce biofilm formation and increase antimicrobial
treatment efficiency. This can be used as an alternative to the currently available

antibiotics.

The active molecule(s) present in the supernatant, which can counteract virulence factors
of P. aeruginosa without any effect on the growth of bacterial cells, might provide many
benefits compared to the use of traditional antibiotics. It can preserve the host’s beneficial
microbiome and create less selective pressure on the bacteria, which potentially could

reduce resistance.

On the other hand, maybe the introduction of commensal species to the wound as
probiotics or adding compounds that support the growth of commensals as prebiotics
could save the microbial diversity in the wound, therefore, restore the skin homeostasis.

S. epidermidis extract can boost local proliferation, therefore, promote wound healing
while also preserving tissue homeostasis and cell viability. Application of S. epidermidis’
active molecule(s) to the wound area could be a potential treatment to conventional
therapies to reduce the infection and improve wound healing. Clearly, more investigation
is needed to develop novel treatment using the S. epidermidis extract before applying it to
human skin. Based on The Human Microbiome Project (Turnbaugh et al., 2007; Byrd et al.,
2018), new probiotics and prebiotics can be developed for skin conditions. However, in
situations such as open wounds on the skin, the use of live probiotics might have a risk of
bacterial cells invading the bloodstream. In this case, using the extract is safer, with the

potential to reduce the infection and improve wound healing.
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7.2 Future work

For a deeper understanding of the impact of commensal bacteria on the pathogens and
human host, thorough identification of all active molecule(s) present in the supernatant of
S. epidermidis would be beneficial using a range of analytical equipment/techniques. The
skin microbiota plays an important role in skin homeostasis and skin disease development.
Therefore, modulation of skin microbiota and harnessing its potential metabolites could be

a prospective strategy in skin disease treatment.

There are several S. epidermidis strains living on human skin with different genome
contents, characteristics, and levels of pathogenicity (Turnbaugh et al., 2007; Byrd et al.,
2018; Boxberger et al., 2021; Severn and Horswill, 2022). Identifying and characterising
these strains and evaluating their potential for skin health and diseases will expand the
current understanding of skin microbiome behaviour. While metagenomic analysis has
focused on identifying the microbes on the skin, it is essential to continue to unravel the
mechanisms that regulate commensal colonization and pathogenicity on the skin. In
addition, further analysis of the mechanistic interactions between the commensals, skin

cells, and opportunistic pathogens remains to be discovered.

Although in vitro cell culture, using a cell line such as HaCaT, is an ideal primary method in
skin cell studies, the development of an optimized 3D skin model could offer a better
understanding of the skin microenvironment and physiology. An optimized 3D skin model
that includes immune, nervous, and endothelial cells could be an advantageous option to

investigate host-microbe interaction.

It is not fully understood how microbial cells interact with each other in an infection site.
The omics analysis of the impact of commensals, such as S. epidermidis, on opportunistic
bacteria, such as P. aeruginosa, help to better understand the microbe-microbe
interactions. Furthermore, in situ monitoring of skin microbiota’s spatial distribution in the
infection site and identifying pathogens and commensals’ locations will provide essential
preliminary information on how microbes interact and manage infections. Identification of

signalling molecules in the co-culture supernatant of S. epidermidis with other
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opportunistic pathogens is another appealing approach to further investigate the

communication network between microbial cells present on different skin sites.
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