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Abstract

Background: In atopic dermatitis (AD), studies have demonstrated inconsistencies in the interactions
between Staphylococcus epidermidis and Staphylococcus aureus concerning growth and biofilm
formation outcomes. This suggests that there might be a strain-level role played by the bacteria that
affect the outcomes of their interactions, and consequently, the pathophysiology of AD.
Furthermore, the factors that mediate these effects by S. epidermidis, are currently poorly

characterised.

Objective: To evaluate the effect of skin and nasal S. epidermidis on the growth dynamics and biofilm

formation of co-colonising S. aureus in toddlers with and without AD.

Methods: Twenty-eight (28) previously identified co-colonising pairs of S. aureus and S. epidermidis
isolates were selected based on different combinations of biofilm-forming strengths. Filtered S.
epidermidis-derived supernatant was incubated with S. aureus cultures to determine its effect on
biofilm formation and growth. Biofilm formation was evaluated using crystal violets assays and
Alamar Blue assays were used to determine cell viability. S. aureus biofilms were treated with
Proteinase K (PK) or sodium metaperiodate (SM) to determine their composition. The expression of
extracellular serine protease (esp) was determined by Real Time Polymerise Chain Reaction (RT-PCR).
S. epidermidis-derived supernatants subjected to heat, PK and SM to characterise other potential
effector molecules. Lastly, sequence types (ST) and clonal complexes (CC) of S. epidermidis and S.

aureus isolates were inferred from multi-locus sequence typing profiling.

Results: Pairs of S. aureus and S. epidermidis from 75% (6/8) of controls and 65% (13/20) of cases
demonstrated a decrease in biofilm formation compared with S. aureus alone. No significant
differences in biofilm formation were noted between pairs isolated from cases and controls. From
the viability assays, we observed that pairs of S. epidermidis and S. aureus from 25% of cases
compared with 80% of pairs from controls had an increase in cell viability. The majority (70%) of
established biofilms were composed of a proteinaceous matrix. Expression of esp was detected in
63% of S. epidermidis isolates. Heat-treated supernatant resulted in 50% of controls and 35% of case
pairs displaying an increase in biofilm biomass. Incubation with SM-treated S. epidermidis

supernatants resulted in 50% of isolates from control and case pairs showing decreases in biofilm



biomass. Pairs from control (88%) and case (65%) participants treated with PK showed decreases in
biofilm formation. Only five S. epidermidis isolates matched to exact STs, while several partially
matched to several possible STs. The clonal lineages of the S. aureus control isolates were made up

of CC1, CC5, and CC121, whereas the case isolates also included CC15 and CC8.

Conclusions: The variation displayed in the biofilm formation results indicates S. epidermidis strain
specificity plays a role in the outcome of interactions. Results from treated supernatant suggest the
possibility of multiple effector molecules with different constituents. Lastly, S. aureus strains exhibit
monoclonality whereas S. epidermidis strains present diverse strain compositions, which could be
the basis for the differential outcomes observed. Future research should apply a holistic approach to
microbiome studies to understand the different factors influencing the outcome of interactions

leading to biofilm production.
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Chapter 1: Introduction

1.1.

Global Epidemiology of Atopic Dermatitis
Atopic dermatitis (AD), also known as atopic eczema, is a chronic, inflammatory skin disease

affecting both children (prevalence: 15-20%) and adults (prevalence: 1-3%) worldwide [1-3],
with a reported incidence of 24.4 million cases in 2019 [4]. The best estimates for the
prevalence of childhood AD, according to the International Study of Asthma and Allergies in
Children (ISAAC), show an overall increase in AD prevalence globally between 1995 and 2002
[5, 6]. The prevalence of AD varies across different countries and geographical regions (Figure
1. The global age-standardised disability-adjusted life year AD in both sexes per 100,000 persons in
2019. Blue areas indicate low prevalence and red areas indicate high prevalence. Figure); however,
limited data exists for Southern Africa [7, 8]. Between 2008 and 2012, disease trends indicated
an increased prevalence in Africa (English-speaking countries, 12.7% to 14.0%; French-
speaking countries, 8.6% to 12.3%), and the Asia—Pacific region (4.7% to 6.3%) [6, 9, 10].
Conversely, countries such as New Zealand (12.9% to 8.8%) and the United Kingdom (14.7%
t0 10.6%), in which prevalence of AD was previously high, showed a decrease or levelling off
of AD cases [6]. In Africa, increases in the prevalence and incidence of AD have been observed
in adolescents and children, as obtained from questionnaire data on thirteen- to fourteen-
year-olds in Kenya and South Africa, and six- to seven-year-olds in Nigeria [11-13]. In South
Africa, there was an increase in the lifetime prevalence of AD between the years 1995 and
2002 (9.6% to 16.7%) [12]. That being said, it should be highlighted that many studies
investigating the global burden of AD may not accurately reflect the burden of disease. This
could be due to a lack of prevalence data in certain areas, particularly in developing countries;
or due to the risk misclassification of the disease when using questionnaires to gather data
[8]. Hence, better surveillance systems and larger population-based studies are required in

order to better understand the AD disease burden.
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Figure 1. The global age-standardised disability-adjusted life year AD in both sexes per 100,000 persons in
2019. Blue areas indicate low prevalence and red areas indicate high prevalence. Figure sourced from the
Global Health Metrics [4]

1.2. Atopic Dermatitis Pathogenesis and Pathophysiology
AD typically manifests in early childhood. It is viewed as the first step in the atopic march, the

progression of atopic manifestation. This progression begins with AD in infancy and is followed
by other allergic diseases, such as allergic rhinitis and asthma later in childhood [1]. AD is biphasic,
displaying distinct acute and chronic stages [1]. The condition is marked by acute flare-ups of
eczematic itchy lesions over dry skin [1]. These lesions are usually red and flat in the acute phase,
and turn dull red, dry, and thick in the chronic phase [14]. Non-lesional skin in chronic AD patients
was shown to also be distinct from healthy patients in terms of keratinocyte terminal
differentiation and certain inflammatory pathways [15]. The scoring of atopic dermatitis
(SCORAD) index is one of the best measures for the clinical signs of AD. It considers the intensity
and extent of clinical signs of AD and the severity of the AD symptoms to give a consistent and
interpretable composite score [16]. Other scoring indices, such as the Eczema Area and Severity
Index (EASI), which integrates body surface and intensity of lesional skin into generating a
composite score, has also been recommended for AD clinical trials, due to its interrater reliability
and supported use for people of colour [17]. However, all scoring systems are inherently
subjective to a degree and require adequate training and guides to ensure consistency and

reliability. AD is multifactorial, and can result from genetic deficiencies in the host which are



related to skin barrier integrity, bacterial symbioses, cutaneous immune dysregulation — which

results in a dominant T-helper type 2 (Th2) environment — and environmental influences [1].

1.2.1. Role of the Skin Barrier in AD

The outermost layer of the epidermal barrier, known as the stratum corneum (SC), functions to lessen
the absorption of chemicals from the environment, limit passive water loss, , and prevent microbial
infection [18]. The ‘brick and mortar model’ (Figure 2) suggests a lipid matrix (mortar) surrounds the
corneocytes (bricks). Ensuring proper development and maintenance of the SC is vital for fulfilling

its protective functions [19]. In AD, skin barrier defects can stem from multiple components to

promote pathogenesis.

Brick Mortar (fpid
{corneccytea) miatric)

i

' 'Brick and Mortar' model

Hypodermis

Figure 2. Brick and Mortar model of the stratum corneum of the skin epidermis

1.2.1.1.  The Role of Skin Lipids in AD
In AD, the water retention and permeability function of the SC becomes defective. This has been

associated with AD skin being more vulnerable to irritants that trigger inflammatory mediators in the
epidermis, resulting in clinically visible atopic lesions [20]. AD lesional skin also has reduced levels of
SC lipid subclasses, such as ceramides (CER) [21]. Furthermore, reduction in the chain lengths of free
fatty acids (FFAs) and an increase in unsaturated FFAs are noted in the skin of both lesional and non-
lesional AD patients, when compared to the skin of healthy participants [22]. This is thought to
contribute to skin barrier impairment in AD [22]. Enzymes participating in the biosynthesis of CERs
and FFAs showed altered expression in AD lesional skin, thereby playin a role in changes in lipid

composition [23]. Taken together, these changes are associated with reduced lipid organisation in



the SC, leading to an impaired skin barrier, which in turn becomes more susceptible to bacterial

infections [22].

1.2.1.2. Skin Mutations and AD
A hallmark of AD is a disrupted skin barrier. Mutations in the filaggrin gene (FLG), which encodes for

structural proteins that aid in the formation of the SC [24], are commonly associated with AD.
However, 40% of individuals who carry filaggrin mutations do not develop AD [25, 26]. A review
indicated numerous studies have demonstrated an association between reduced filaggrin expression
in AD skin and increased skin permeability [27]. Uncommon FLG loss-of-function variants were found
in African American children, and were shown to be associated with more persistent AD [28].
Ethopian AD patients and healthy controls were found to not carry FLG mutations commonly found
in European populations [29]. Instead, a novel mutation (2 bp deletion, 632del2) was found in the
Ethopian populations [29]. In South Africa, a study indicated that previously known FLG loss-of-
function mutations do not significantly contribute to AD in the AmaXhosa child population [30]. This
was further evidenced by significantly lower filaggrin breakdown products on the SC of AD children
who were wildtype for these FLG mutations [30]. Hence, given these differences, the contribution of
FLG mutations in African populations show conflicting results and requires more investigation in the

context of AD.

Alterations in the skin’s natural pH in atopic dermatitis are due to diminished release of amino acids,
lactic acid, and urocanic acid, as well as impaired fatty acids formation [31]. Filaggrin breakdown
products and their derivatives make up a significant proportion of the SC. For example, pyrrolidone-
5-carboxylic acid is an important natural moisturising factor of the skin which plays a role in water
retention of the SC. Another example is urocanic acid, which plays a crucial role in maintaining the
pH of the skin. Acidic skin plays a significant role in the maintenance of a healthy skin microbiome,
by supporting the growth of resident microflora, encouraging their adherence [32] and creating a
hostile environment for the colonisation of pathogenic bacteria [31]. Furthermore, a recent review
has indicated repression of various genetic factors implicated in the virulence and pathogenesis of
certain bacteria such as S. aureus by an acidic pH [33]. However, reduced expression of filaggrin leads
to decreased production of urocanic acid, and pyrrolidone carboxylic acid. This increases the pH of
the skin, thereby promoting colonisation of S. aureus, whose enterotoxin secretions can induce

eczema [32, 34]. Studies have noted that increased colonisation of lesional skin by S. aureus is also



associated with decreased or no filaggrin expression, thereby creating an impaired skin barrier [35,
36]. However, other factors contributing to the microenvironment of skin, such as hydration and

osmolarity, may also influence bacterial colonisation [37].

1.2.2. Role of Immune Dysregulation in AD
Immune dysfunction in AD is characterised by Th2 mediated immune responses. This results in higher

serum IgE levels, which can trigger an allergic-autoimmune response, thereby perpetuating
inflammation [25, 38]. Immune responses in AD develop in both acute and chronic AD [39]. During
the acute phase of AD, Th2 cells and Th22-mediated immune responses are predominant, while in
chronic AD, Thl-mediated responses are induced [40-42]. In lesional AD skin, other T-cell
subpopulations (Th1, Thl7 and Th22), eosinophils and inflammatory dendritic cells are increased,

encouraging S. aureus colonisation [40].

1.3.  Role of microbial Interactions in AD
Bacteria within an ecological niche can have positive (mutualism, synergism, or commensalism) or

negative (predation, parasitism, competition, or antagonism) interactions [43]. In different
environmental settings, these microbial interactions can lead to various outcomes to other microbes
or the host. These interactions can be co-operative, whereby microorganisms exist by maintaining
homeostasis with the host and other host-related microorganisms. Or, they can be competitive,
where microorganisms adapt to the host and related microbe stressors [44]. The skin and nasal
microbiomes are made up of different microorganisms that occupy and maintain a complex
relationship with their niches [45]. Various studies have cited the contribution of skin microbes in
host immune augmentation, colonisation resistance to pathogenic bacteria and skin disorders [46-
48]. Furthermore, a recent study utilising a transcriptomics approach revealed that a diverse
microbiome influences a distinctly altered expression of host human skin genes, when compared to
that of any individual microorganism [49]. Most of these skin microorganisms act as commensals and
function in the cutaneous immune function of the host [50] and homeostasis of the skin [51].
Although the gut microbiome has been extensively researched, the influence of the skin and nasal

microbiomes on skin physiology and function has been limited.



1.4.  Healthy Skin and Nasal Microbiome
In a healthy skin microbiome, the major bacterial phyla consist of Actinobacteria, Firmicutes,

Proteobacteria and Bacteroidetes. The dominant genera include Streptococcus (Firmicutes),
Staphylococcus (Firmicutes), Propionibacterium (Actinobacteria), Corynebacterium (Actinobacteria)
and Lactobacillus (Firmicutes) [52-54]. The genus Staphylococcus includes many common skin
commensals, such as the coagulase-negative staphylococci (CoNS) species [55]. However, CoNS
dominance is not as robust in the anterior nares of individuals compared to the skin [56, 57]. Instead,
distinct microbial communities are found in the nose and skin of children [56], although similar phyla
are found in both niches [52, 56]. The anterior nares are the preferred colonisation site for S. aureus,
where nasal carriage of S. aureus is a major risk factor for S. aureus infections. Nasal S. aureus isolates
often belong to a specific clonal complex, whereas other co-inhabiting staphylococcal species have

multiple strain types [58].

1.4.1. Role of Staphylococcal Commensals
CoNS species play an essential role in the defence system of the skin. Antimicrobials produced by

CoNS strains, from healthy skin and the nasal cavity, have been linked to inhibition of growth of S.
aureus [59]. Many commensal CoNS regulate S. aureus infections by secreting various factors, such
as proteases [60], antimicrobial peptides (AMPs), including lantibiotics, phenol-soluble modulins
(PSMs) [61], and auto-inducing peptides (AIPs) during quorum sensing (QS) [62]. Furthermore, CoNS
have been found to suppress the production of S. aureus virulence factors [59]. In addition, they play
a role in amplifying the host immune system, thereby inhibiting the growth of pathogenic bacteria
on the skin [46, 63]. S. lugdunensis produces a novel peptide antibiotic called lugdunin [64]. This
thiazolidine-containing cyclic peptide can work synergistically with host-derived AMPs dermicidin-
1(L) and LL-37 to eliminate methicillin-resistant S. aureus (MRSA), thus, enhancing the commensal-
induced immune response [65]. Lantibiotics synthesised by S. hominis selectively suppresses S.
aureus growth, without affecting the growth of commensal microbiota. Moreover, the activity of
these lantibiotics against S. aureus was shown to be enhanced when used in conjunction with host

endogenous AMPs [59].

QS is a form of bacterial intercellular signalling, modulated by increasing bacterial density. The QS

systems are involved in the regulation of S. aureus by CoNS. AlPs derived from commensal CoNS



species exhibit strong inhibitory effects on the S. aureus agr QS activity. This leads to a decrease in S.
aureus protease activity, thereby preventing damage to AD skin [62]. Despite the potent
antimicrobial activity exhibited against S. aureus by commensal CoNS species, via the production of
AMPs, AMP-producing CoNS strains are deficient in AD subjects, thereby underscoring the

importance of AMPs in maintaining a normal skin microbiome [59].

S. epidermidis is the most dominant Staphylococcus species on healthy skin. It is commonly regarded
as a skin commensal as it provides various protective roles for the skin [66, 67]. S. epidermidis has a
significant function in the skin’s defence system, particularly in the prevention of cutaneous bacterial
infections, by secreting AMPs [60, 68], PSMs [69] and bacteriocins [70], which inhibit S. aureus
colonisation (Figure 3). Furthermore, S. epidermidis has been shown to augment the host immune
response by activating Toll-like Receptor 2 (TLR2), inducing human B-defensins, and thereby
preventing S. aureus skin colonisation [48, 71]. S. epidermidis also enhances the production of AMPs,
by sensitising host human keratinocytes towards S. aureus, aiding the host immune response towards
clearing S. aureus infections [71]. In addition, S. epidermidis produces two PSMs, namely PSM& and
PSMy, which exhibit similar antimicrobial properties to that of human AMPs [69]. Both PSMs
selectively inhibit the growth of pathogenic S. aureus through the disruption of lipid membranes,

without inhibiting S. epidermidis [72].

To determine the extracellular protease production in S. epidermidis isolates sourced from biofilms
on endotracheal tubes, a study assessed the effect of supernatants of S. epidermidis isolates against
S. aureus biofilms using crystal violet and viability staining, and confocal laser scanning microscopy
[73]. Firstly, they noted lower protease production in S. epidermidis’ supernatant isolated from
biofilms, where S. aureus was also present, in the same patient, suggesting a connection between
protease production and the absence of S. aureus. Further, S. aureus biofilms treated with the
supernatant of protease-producing S. epidermidis showed significantly reduced biofilm mass,
resulting in thinner biofilms, with little extracellular matrix [73]. The effect was suggested to be S.
aureus strain-specific, due to variations in their biomass reductions. However, this was found to not
kill bacterial cells within biofilms treated with S. epidermidis supernatant [73]. Biofilm cells grown in
the presence of commensal S. epidermidis supernatant showed an increase in icaR expression, which
is a negative regulator of the ica operon. This leads to decreased biofilm production, without

affecting bacterial growth [74]. Biofilm production by S. aureus can be influenced by S. epidermidis-



derived serine protease (Esp) [60, 68, 73, 75]. As a result, pre-existing biofilms are degraded [68] and
further S. aureus biofilm production is inhibited [60]. This inhibitory effect was also observed in
biofilms formed by MRSA and vancomycin-intermediate S. aureus (VISA) [68], and was most likely
achieved by the degradation of essential proteins, specific for biofilm formation and host interaction
by Esp. This is supported by proteomic analyses, which showed that Esp degrades proteins such as
extracellular adherence protein, extracellular matrix protein-binding protein, fibronectin-binding
protein A and B, and host matrix receptors for S. aureus such as vitronectin fibronectin, and
fibrinogen; which are associated with biofilm formation and colonisation (Figure 3) [60]. Additionally,
Chen et. al. (2018) showed that Esp cleaves autolysin (Atl)-derived murein hydrolases and prevents
the release of staphylococcal DNA, which is a component of the extracellular matrix [75].
Furthermore, the susceptibility of S. aureus to human B-defensin 2 (hBD2) [68] in biofilms was
enhanced when Esp was tested in combination with hBD2. Although Esp has been shown to be a
potent inhibitor of S. aureus biofilms, its expression is not ubiquitous. S. epidermidis strains are
therefore divided into strains that inhibit biofilm formation and growth (inhibitory type), or strains
that do not inhibit biofilm formation and growth (non-inhibitory type) [68, 76]. However, the
mechanisms regulating this expression require further characterisation to explain the differences
between inhibitory strains, and their contribution to the outcome of these bacterial interactions. This

could provide valuable insight for effective drug development approaches for S. aureus infections.
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Figure 3.The commensal role of S. epidermidis against S. aureus colonisation and biofilm formation. Image
created on BioRender.com.

1.5.  Role of S. aureus in Atopic Dermatitis
Another hallmark of AD is S. aureus colonisation of the skin and nasal cavity. Multiple predisposing

factors contribute to successful S. aureus colonisation, with one of the main factors being the changes
in the biochemical composition of AD skin. In particular, the reduced levels of ceramides, sphingosine
and filaggrin —and the downstream effects of these reduced levels —encourage S. aureus colonisation
[77]. Furthermore, the levels of AMPs and host defence peptides, such as dermcidin, human B-
defensins and cathelicidin-LL37 are reduced significantly, making the skin more conducive to

colonisation [47, 77].

S. aureus-derived protease, staphopain, which is also detected on AD skin, decreases S. aureus
growth inhibition by cleaving the endogenous AMP LL-37. This disrupts the host defence system and
favours colonisation by S. aureus [78]. Furthermore, Di Domenico et al. (2018) have shown that
overexpression of proinflammatory cytokines in AD induced growth of S. aureus on lesional skin but

failed to induce growth of CoNS [79].



During AD flares, the microbiome of skin lesions shows an increased abundance of S. aureus and low
microbial diversity; a phenomenon strongly associated with disease severity [67, 80, 81]. Although
the nasal cavity is less frequently studied in the context of AD, research has shown an association
between S. aureus colonisation of the nasal cavity and increased severity of AD in children [82]. There
is also a decrease in the relative abundance of commensals such as Streptococcus, Propionibacterium,
Corynebacterium and commensal Staphylococcus species on AD lesions, compared to non-lesional

skin, thereby diminishing their protective effect against pathogens on the skin [80, 83, 84].

S. aureus proliferation in AD lesions usually coincides with a reduction in S. epidermidis abundance.
However, Kong et al. (2012) reported a concurrent increase of both species during AD flares. This
suggests that S. epidermidis has a compensatory mechanism, which allows it to grow in correlation
with the abundance of S. gureus on AD lesions, to limit over-proliferation of S. aureus [67]. Whilst S.
aureus was associated with more severe AD, the predominant presence of S. epidermidis was still
found to be associated with AD, albeit less severe cases [81], suggesting that S. epidermidis can also
play a pathogenic role in AD pathophysiology. Conversely, another study has reported S. epidermidis
toaugment S. aureus growth [76] . These conflicting reports highlight possible strain-level differences
playing a role in the outcome of these interactions. Therefore, more studies are required in order to

characterise this relationship that determines the outcome of interaction between these two species.

S. aureus virulence factor profiles from African American patients with AD were associated with more
severe AD when compared to European American and Mexican American populations, which
indicates a possible ethnic link d. Given bacterial colonisation may be affected by different geographic
locations and distinct forms of environmental exposure, a study determined the molecular
epidermiology of S. aureus from skin and nasal samples in AmaXhosa toddlers from rural and urban
settings in South Africa with or atopic dermatitis [85]. S. aureus colonisation was found to be higher
in cases independent of geographic location, with severe AD cases being associated with a higher
colonisation compared to moderate AD in urban cases. Distinct dominant spa types were noted
among cases, as well as specific spa types being more frequently found in different AD phenotypes,
indicating a possible role for genetic background of the colonising S. aureus strains in determining
AD severity [85]. Expanding on the staphylococcal colonisation patterns of this cohort, co-
colonisation with CoNS and S. aureus on lesional skin was found to be more prevalent in cases from

both geographic locations, when compared to the controls [86]. When exploring their association

10



with AD, cases co-colonised by S. aureus and CoNS on lesional skin, non-lesional skin or anterior nares
showed higher AD severity scores, however, this associations between different body sites were
dependent on geographic location [86]. Interestingly, non-lesional skin colonisation with S. capitis
and S. haemolyticus was more widespread in urban and rural cases, respectively. Furthermore, a
significant positive association was found between S. capitis colonisation and higher objective
SCORAD scores for non-lesional skin of rural cases [86], potentially indicating that these species may
play a role in AD pathogenesis. Although the colonisation of S. hominis on non-lesional skin was
similar between cases and controls regardless of locations, lesional skin was less frequently colonised
with this commensal compared to non-lesional skin of urban toddlers, supporting this species’
protective role on the skin [86]. Taken together, these findings highlight the complexity between
microbial interactions on the skin and the potential influence of geographic location. However,
further investigations based on African populations are necessary to better understand and identify
the significant contributors to AD pathogenesis in these populations, and the mechanisms that

govern these varying outcomes.

S. aureus expresses various virulence factors that contribute to AD pathophysiology and severity. The
evidence supporting the contribution of S. aureus in AD include: (a) production of proteases which
degrade epidermal barrier proteins [87, 88]; (b) release of toxins that trigger cutaneous pro-
inflammatory responses [89]; (c) S. aureus-induced decline in the ability of keratinocytes to produce
antimicrobial peptides, which are associated with reduced regulation of S. aureus colonisation [90,

91]; and, (d) the production of biofilms to encourage recurrent and recalcitrant colonisation [79, 92].

1.6. Role of Biofilms
A biofilm is defined as a microbially-derived sessile community that is identified by aggregates of cells

that attach to a surface or to each other and are embedded in a self-produced matrix of extracellular
polymeric substances (EPS), such as polysaccharides, proteins, nucleic acids, and lipids [93, 94]. This
offers multiple benefits including: 1) protection of microorganisms from ultraviolet radiation,
extreme temperatures, extreme pH, high salinity, poor nutrient availability and antibiotics; 2) the
ability to evade host clearance mechanisms; and 3) the potential for dispersal of the initial biofilm

community to unoccupied sites of the host, encouraging bacterial spread and colonisation [95, 96].
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1.6.1. Staphylococcal Biofilm Development
Biofilm-related infections have recently gained more interest due to an increase in the number of

patients receiving implanted medical devices. S. aureus and S. epidermidis biofilm production has
more frequently been associated with infection of indwelling medical devices, such central venous
catheters, mechanical heart valves or urinary catheters [97]. Competition between host tissue cells
and pathogenic bacteria occurs for occupancy on the surface of the implanted device. And, if bacteria
adhere successfully to the surface, they initiate biofilm formation; resulting in a phenotype that is
more resistant to common antibiotics [98]. Biofilm-associated resistance can be attributed to
restricted penetration of antibiotics [99], altered growth rates [98] and changes in gene expression

in response to stressful environments [100].

Biofilm development is an involved process that comprises three broad phases: (i) initial attachment;
(ii) production of extracellular matrix and cell proliferation; and (iii) biofilm structuring and cell
detachment (Figure 4) [101]. Evaluation of biofilm development using a microfluidic flow cell device,
with an integrated fluorescence microscope, revealed that S. aureus exhibits a five-stage
developmental process, namely: 1) attachment; 2) multiplication; 3) exodus; 4) maturations and 5)
dispersal [102]. In this model, the exodus step refers to the stage in which a subset of cells are

expelled from the biofilm so as to allow for characteristic structural development [102].
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Figure 4. Staphylococcal biofilm production. Cell attachment to a surface takes place by hydrophobic
interactions with an abiotic surface, or by certain surface proteins binding in a specific manner to host
proteins. Proliferation and maturation of the biofilms occurs concurrently with the generation of cell—cell
adhesive matrix factors and disruptive factors. In the detachment phase, disruptive factors lead to detachment
of the biofilms, facilitating their dispersal. MSCRAMMS: microbial surface components recognising adhesive
matrix molecules; PIA: polysaccharide intercellular adhesin; eDNA: extracellular DNA; Aap: accumulation-
associated protein; SasG: S. aureus surface protein G; Bap: Biofilm-associated protein; FnBP A/B: fibronectin-
binding protein A/B; Embp: extracellular matrix binding protein; WTA: wall teichoic acids; SdrD: serine-

aspartate repeat containing protein D; CIf-B: clumping factor B (Figure created in BioRender.com).
During attachment, staphylococci can directly adhere to abiotic or biotic surfaces, with a hydrophobic

character enabling the attachment. However, with indwelling medical devices, the surfaces become

covered in host matrix material — namely fibronectin, fibrinogen, and vitronectin — where adherence
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to the surface is enabled by a family of staphylococcal surface proteins known as microbial surface

components recognising adhesive matrix molecules (MSCRAMMS ) [103].

Nasal colonisation by S. aureus relies on the essential interaction of cell wall teichoic acids (WTA),
complex surface-exposed polymers [104], with nasal epithelial cells. Modification of the WTA with
N-acetylglucosamine (GIcNAc), in a or B configuration, is necessary for effective binding to nasal
epithelia [105]. It has been shown that scavenger receptor class-F member 1 (SREC-1), found on the
nasal epithelial cell, interacts with WTA to initiate adhesion [106]. However, adherence is also
facilitated by various cell wall-anchored proteins, such as MSCRAMM proteins, which promote long-
term adherence to anterior nares, and include clumping factor B (CIf), iron-responsive surface

determinant (IsdA), and serine—aspartate repeat protein (SdrD) (Figure 2) [58].

During the second phase of biofilm development, colonies undergo proliferation. Polymeric
molecules secreted by the cells to form the biofilm matrix, which is composed of extracellular DNA
(eDNA), exopolysaccharides, such as polysaccharide intercellular adhesin (PIA), or proteins such as
accumulation associated protein (Aap) (Figure 4. Staphylococcal biofilm production. Cell attachment to a
surface takes place by hydrophobic interactions with an abiotic surface, or by certain surface proteins binding
in a specific manner to host proteins. Proliferation and maturation of the biofilms occurs concurrently with
the generation of cell-cell adhesive matrix factors and disruptive factors. In the detachment phase, disruptive
factors lead to detachment of the biofilms, facilitating their dispersal. MSCRAMMS: microbial surface
components recognising adhesive matrix molecules; PIA: polysaccharide intercellular adhesin; eDNA:
extracellular DNA; Aap: accumulation-associated protein; SasG: S. aureus surface protein G; Bap: Biofilm-
associated protein; FnBP A/B: fibronectin-binding protein A/B; Embp: extracellular matrix binding protein;
WTA: wall teichoic acids; SdrD: serine-aspartate repeat containing protein D; CIf-B: clumping factor B (Figure.
The most well understood mechanism for biofilm formation by S. aureus and S. epidermidis is by PIA
/polymeric N-acetyl-glucosamine (PNAG), which is synthesised by enzymes encoded by the ica

operon, consists of four genes, viz.: icaA, icaB, icaC, and icaD [107-109].

Although PIA expression in S. epidermidis is detectable early in the course of foreign-body infection,
PIA production is stimulated in S. aureus during the course of infection. Furthermore, it was observed
that PIA expression and ica-specific transcripts were increased in all S. epidermidis strains under
different environmental conditions [107]. Conversely, in S. aureus strains, PIA expression proved to

be dependent on genetic background and growth conditions, thereby indicating species-specific
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differences in PIA expression activity between S. epidermidis and S. aureus [107]. However, the
mechanisms regulating these differences between the staphylococcal species require further

exploration, particularly in the context of diseases dominated by PIA-dependent biofilm formation.

Mutagenesis experiments of the jica-operon demonstrated PIA-independent biofilm formation in S.
aureus [110, 111] and S. epidermidis [112]. Studies have shown that PIA-independent biofilms were
in part mediated by Aap in S. epidermidis [113] and its homologue, SasG, in S. aureus [114]. This is
because of their ability to self-polymerise and create fibrils which interlink cells [115, 116]. Although
many biofilm studies have assessed the importance of PIA-dependent or protein-dependent biofilms
in disease pathogenesis [117, 118], these have been limited to infection of medical devices and
hospital-acquired infections. S. epidermidis strains isolated from AD patients showed the presence of
both the ica operon and aap gene [119]. However, more extensive research is needed in order to
assess the importance of the type of biofilm produced, and its association with disease phenotypes,

particularly in AD.

Biofilms have a characteristic three-dimensional, “mushroom-like” structure, as well as fluid-filled
channels. Biofilms acquire their characteristic shape from disruptive and adhesive factors, which
result from the production of cell-cell adhesive matrix components, and PSMs and degradative
secreted enzymes from bacterial cells [120]. The biofilm matrix component eDNA, which is DNA
released from dying cells, is highly polymeric and anionic, allowing for interactions with surface

molecules [121].

The last stage of biofilm development, viz. detachment, is mediated by the same nucleases and
proteases that degrade biofilm polymers and PSMs, which disrupt non-valent interactions [120]. The
eDNA component, may be degraded by nucleases secreted by S. aureus and S. epidermidis. In S.
aureus, biofilm detachment involves the activity of the agr QS system. Furthermore, the agr QS is
involved in biofilm structuring, via PSMs [120, 122]. Interestingly, it was suggested that the agr QS
system plays a regulatory role in the switch between planktonic and biofilm lifestyles, as
demonstrated by high levels of agr activity in bacterial cells, which are dispersed from biofilms.
Conversely, cells within biofilms showed repressed agr activity [122]. This stage also encourages the

dispersal of bacterial colonies.
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Different methods have been developed to analyse biofilms for various measurements, such as
number of viable cells, mass accumulation, and biofilm morphology (Table 1). Methods range from
direct quantification methods, which rely on direct observation for quantification of the desired
measurement, such as automated cell counting, or indirect quantification methods, whereby a proxy
marker is used to determine biofilm quantity, such as the crystal violet assay. However, the lack of
reproducibility among biofilm-related studies has proven to be a challenge, particularly due to the

lack of standardised protocols for characterisation [123].

16



Table 1. Methods to Analyse and Quantify Biofilms

Method Description Application Advantages Disadvantages Reference
Viable cell Mature biofilms are homogenised in liquid media via sonicating | Used to determine Does not require specialised Time and labour- [123]
determination by or scraping, serial dilutions and then plating onto nutrient agar | number of viable cells equipment or training intensive; only live,
plate count plates. After incubation, colonies are counted and number of colony-forming cells will

cells per millilitre (cfu/mL) in the original culture are calculated. be counted
Quantification of Non-fluorescent resazurin (blue colour) is reduced by Tool for determining Fast, inexpensive, and non- Metabolically inactive [124, 125]
viable biofilm cells by metabolically active cells to a fluorescent compound, called cell viability in biofilms toxic. It is useful for screening but still viable cells will
resazurin-based resorufin (pink). potential biofilm inhibitors. not be detected.
viability assay
Flow cytometry cell Cells within liquid cultures pass through narrow openings and Automated way to Speed, simplicity, and accuracy | Expensive equipment [123]
counting are counted by employing a laser that detects cells as they flow | count cells of measurements and training required.

via scattering, absorbance, or fluorescence measurements.
Confocal scanning Specialised type of microscopy that produces high resolution Tool for researching the | Reproducible; biofilms can be Expensive equipment [126, 127]

laser microscopy
(CLsMm)

images of biofilms in 3D. Can use excitation lasers to view
many fluorescent markers sequentially or simultaneously.

biofilm matrix since it
allows fully hydrated
samples to be observed
in real-time.

non-destructively images at
various time points; obtain
spatial information on cell and
distribution can be obtained

and media required;
experienced and highly
trained individuals
required.

Crystal Violet Assay

Indirect quantification approach involving the use of a gram
staining dye solution, crystal violet. This dye stains negatively-
charged surface molecules and the extracellular polysaccharide
matrix of biofilms. Absorption of crystal violet relates to biofilm
mass

Identification and
visualisation of bacteria
and useful for cell
estimate for biofilm
growth

Low cost, reproducible,
advantageous for measuring
amount of biofilm produced.

Cannot differentiate
between live and dead
cells.

[123, 128, 129]

Tetrazolium salt assay

Cells are incubated with tetrazolium salt that is reduced to a
formazan derivative by mitochondrial enzymes, which allows
direct reading of absorbance measurement

Metabolic activity is
measured in proportion
to production of
formazan measured at
Asg.

Low-cost technique that allows
rapid imaging of metabolically
active cells; shorter time to
obtain results

Inaccuracy may arise
when evaluating
mature, bottom cell
layers which tend to be
more quiescent

[129-132]
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1.6.2. Immune Responses to Staphylococcal Biofilms
Bacteria can produce protective biofilms, which allow recalcitrance to antibiotics and

recurrent colonisation. Although studies have shown reduced efficacy of the host defence
system in clearing various biofilm-producing bacterial species [133-135], recent studies have
suggested that biofilms skew the immune response to favour anti-inflammatory and pro-
fibrotic pathways, thus limiting bacterial clearance, particularly in S. aureus [136-138].
Microbial structural motifs are recognised by the innate immune system by toll-like receptors
(TLR). TLR activation results in the recruitment and activation of additional immune cell
populations by several pro-inflammatory mediators. TLR2 is expressed by different cell types
such as macrophages and neutrophils and is involved in the recognition of S. aureus
pathogen-associated molecular patterns (PAMPs), including lipoteichoic acids and
lipoproteins [136]. Although few macrophages were shown to migrate into biofilms, biofilms
elicited significant and swift cell death in the invading macrophages [136]. Furthermore,
biofilms influenced macrophage gene expression leading to expression of a profile similar to
a M2 phenotype, which is not optimal for bacterial clearance compared to the bactericidal
M1 phenotype [136]. A study by Scherr et. al. (2015) demonstrated that conditioned media,
from mature S. aureus biofilms inhibited macrophage phagocytic ability and induced
cytotoxicity, indicating that secreted factors may play a role in macrophage dysfunction [138].
Alpha-toxin (Hla) and leukocidin AB (LukAB) were identified as potential candidates, and
double mutant experiments suggested that they act synergistically to illicit macrophage
dysfunction [139, 140]. Decreased macrophage activation was also shown for S. epidermidis

biofilms [139, 140].

1.6.3. Staphylococcal biofilms in atopic dermatitis

Biofilm production by staphylococci is a necessary virulence mechanism allowing for
adherence and persistent colonisation of the skin and anterior nares. Although the biofilm-
forming capability of S. aureus and various CoNS (with S. epidermidis being the most
frequently isolated) has often been associated with the infection of indwelling medical
devices and disease (particularly in neonates) [97, 141, 142], the presence of biofilms in AD
lesions has also been reported [92, 119, 143]. Using Congo red staining, Allen et al. (2014)
highlighted the role of biofilm-producing staphylococci in the occlusion of eccrine (sweat)

ducts, adjacent to AD lesional skin [119, 143]. Further immunopathologic results showed
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activation of the innate immune system via TLR-2. Taken together, a ‘double-hit hypothesis’
was proposed. The first hit in the form of the genetic mutations observed in the disrupted SC
of AD patients, combined with the second hit in the form of an environmental component
causing biofilm-occluded sweat ducts, lead to activation of the innate immune system and
subsequent activation of mediators known to produce itching, scratching, and a rash [144].

However, further research is needed to validate and characterise this potential pathway.

S. aureus strains with a higher propensity to form biofilms were associated with increased AD
severity [79, 92, 119, 141, 145]. Furthermore, biofilm-producing strains isolated from anterior
nares (the largest reservoir of S. aureus) were strong biofilm producers and were associated
with a higher SCORAD value, extent of skin lesions, dryness, and extent of skin lesions during
flares [141]. These reports suggest that biofilm production might contribute to the chronicity
of bacterial colonisation via dispersal and maintenance of persistent S. aureus colonisation in

AD [141]. However, this association is not always the case [146].

Although both staphylococcal species are often present on the skin, many studies highlight
the inhibitory role of S. epidermidis against S. aureus on the skin, with very little being
explored about the possible inhibitory or cooperative nature of multi-species staphylococcal
biofilms, and how these interactions contribute to AD severity or pathogenesis. A study using
crystal violet assays to assess the extent of biofilm growth of S. aureus and S. epidermidis
isolates from children, reported on mixture of staphylococcal biofilm adherence strengths
[92]. They further compared the mixed biofilm biomass from co-cultured S. aureus and S.
epidermidis isolates to S. epidermidis mono-species biofilm biomass. These results showed
that 32% co-cultured isolates exhibited antagonistic interactions, whilst 68% exhibited
cooperative mixed biofilms, while 13% showed synergistic interactions by the mixed biofilm
biomass being greater than the combined biomass of both mono-species biofilms. This
suggests that S. epidermidis strains can either act synergistically, coexist, or inhibit during S.
aureus biofilm formation. Furthermore, the presence of S. aureus on the child’s skin was
associated with a higher SCORAD, while S. epidermidis presence showed no such association.
These results suggested that S. aureus colonisation shows significant association with
increased AD severity and the relative abundance of biofilm-forming S. aureus and S.

epidermidis strains could be involved in AD severity [92]. This emphasises the potential role
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of strain-level differences in S. epidermidis and their interactions with S. aureus [92].
However, these strain-level differences remain under-investigated, particularly with regards

to their contribution to AD pathophysiology.

1.7. Rationale
Research into S. epidermidis suggests potential pathogenesis in diseases, besides its already

described protective role against S. aureus colonisation in health [147]. In AD, there are
inconsistencies in the outcomes of S. epidermidis and S. aureus interactions, particularly
colonisation and biofilm formation. In this regard, it is possible that the strain diversity of S.
epidermidis may influence its behaviour and outcomes thereof in disease and health contexts.
Furthermore, most studies investigating biofilm formation in patients with AD only
considered S. aureus isolates from either healthy individuals or patients with mild AD. As
such, the relationship between these bacterial interactions in the context of colonisation,
biofilm formation and AD severity remains unclear. Geography is known to influence skin and
nasal bacteria and strain diversity, and ultimately, how these bacteria contribute to health
and disease [148]. Individuals of African descent are more likely to have AD and often present
with severe disease compared with other populations [30, 149, 150]. Despite this, research
primarily focus on European, American, or Asian populations [84, 151-153], while data from
African populations are limited. In our parent study, we previously reported a higher
likelihood of skin and nasal colonisation with S. epidermidis in cases compared with controls,
independent of rural and urban residency. However, the rural environment had a strong
relationship with S. epidermidis colonisation. These results highlight the influence of different
environments on S. epidermidis colonisation and its potential pathological contribution in

childhood AD, which is yet to be described.

1.8. Aims and Objectives

1.8.1. Aim
To evaluate the effect of skin and nasal S. epidermidis on the growth dynamics and biofilm

formation of co-colonising S. aureus in AD toddlers.

1.8.2. Objectives
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1. To evaluate the effect of S. epidermidis-derived supernatant on corresponding S.
aureus growth dynamics and disease severity.

2. To determine whether the composition of S. aureus biofilms have an association with
disease severity.

3. To assess the protease activity of extracellular S. epidermidis, and the presence and
semi-quantitative expression of Esp, and correlate this with the effect of S.
epidermidis-derived supernatant on corresponding S. aureus biofilms.

4. To characterise S. epidermidis-derived molecules that mediate effects on S. aureus
growth and biofilm formation.

5. To determine the strain diversity of S. epidermidis isolates in selected pairs.

Chapter 2: Study design

2.1. Study design, setting and population
We utilised a nested case-control study within the South African Food Allergy (SAFFA)

population-based study [154]. We recruited 220 children (aged 12—36 months [mean age:
22.49 + 7.32 months]) of African ancestry (Xhosa) from urban (Cape Town) and rural
(Umtata) South African settings, between February 2015 and May 2016 (Figure 5).
Children with moderate-to-severe AD (cases) were recruited from an urban Paediatric
Dermatology ward (n=56), Red Cross War Memorial Children’s Hospital (Cape Town) and
a rural Dermatology ward (n=60), Nelson Mandela Academic Hospital (Umtata). Non-AD
participants (controls) were recruited from non-allergic, non-food sensitised individuals
at randomly selected creches in the Cape Town metropole (n=50). Due to the scarcity of
creches in the rural district, rural control participants (n=54) were recruited from toddlers
within an eligible age range from areas surrounding 10 district community health clinics

in the rural Mqanduli district of Umtata [155].

2.2. Diagnosis of atopic dermatitis and determination of disease severity
AD was clinically diagnosed by a dermatologist using the validated UK Working Party

diagnostic criteria for AD [156]. The severity of AD was determined using the Objective
SCORing of Atopic Dermatitis (0SCORAD) index as moderate (15—40) and severe (> 40)
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[157]. A study nurse recorded environmental exposure data in conjunction with the

clinical data.

2.3. Ethics approval
The parent study (SAFFA) received approval from the University of Cape Town Human

Research and Ethics Committee of the Faculty of Health Science (HREC/REF: 668/2020)
and the Western Cape Provincial Child Health Research Committee. Written informed
consent from parents or legal guardians of the participants was secured during
recruitment. Participant enrolment and all associated procedures were conducted in

compliance with all relevant regulations.

Chapter 3: Methodology

3.1. Skin and nasal sample collection
Skin samples were collected using nylon-tipped flocked swabs (Cat. No. 516C; Copan lItalia,

Brescia, Italy) from both lesional skin (most active area of eczematous skin) and non-lesional
skin (unaffected/normal-appearing skin on the back). Lesional skin swabs were obtained
exclusively from children with AD. The swabs were moistened beforehand with sterile
distilled water, and a 4 cm? area of the skin (either lesional or non-lesional) was swabbed
continuously for a minimum of at least 1 min in a non-overlapping manner. In addition,
anterior nares (nasal) swabs were collected from all participants, as previously described
[158]. The swabs were immediately transferred into 1 mL skimmed milk—tryptone—glucose—
glycerol (STGG) medium (National Health Laboratory Services [NHLS], Green Point Media
Laboratory, Cape Town, South Africa) and stored at —80 °C at the Division of Medical

Microbiology, University of Cape Town, South Africa until further processing.

3.2. Selection of co-colonising pairs
Previously identified S. epidermidis and S. aureus isolates [159], originating from the same

sample site, were confirmed using the VITEK® mass spectrometer based on MALDI-TOF
(matrix-associated laser desorption ionisation-time of flight) technology (University of
Pretoria). This isolate data was stratified according to case-control status, study site, and AD

severity. Thereafter, a subset of 28 representative pairs of co-colonising S. epidermidis and S.
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aureus isolates were chosen based on four combinations of biofilm-producing types as shown
below in Figure 5. Briefly, these were moderate biofilm-producing S. aureus strains paired with
strong biofilm-producing S. epidermidis strains (n = 6), or strong biofilm-producing S. aureus

strains paired with either moderate (n = 12) or strong biofilm-producing S. epidermidis (n =

10) strains.
Total recruited participants
n=220
I

Rural Umtata Urban Cape Town

Cases n=60 Cases n=56

Controls n=54 Contrals n=50
Excluded Excluded

Cases n=10

Control n=1 Controls n=16

Cases n=60 Cases n=46

Controls n=53

Biofilm-producing type

Controls n=34

Pairs(n) Pairs(n)

Case 1 5. :?lureus_ moderate +5. Case 4
Control 1 epidermidis strong Control i}

Case 4 5. :Lureus_ds.trong; 5. Case

Control 2 epidermidis maderate Control 2

Case 4 Case 3
Control 3 5. aureus strong +5. Control

epidermidis strong

Figure 5. Participant recruitment and isolate selection strategy. From the confirmed S. aureus and S.
epidermidis isolates from participants, we further stratified the data according to case-control status,
study site and AD severity. Combinations of S. aureus or S. epidermidis were then chosen based on
biofilm-producing strength ( n=28).

3.3. Preparation of S. epidermidis-derived supernatant
The 28 chosen S. epidermidis isolates from skin and nasal samples were cultured on 5% Sheep

Blood Agar plates (Blood agar base; 5% BA; NHLS, South Africa) and aerobically incubated at
37 °C for 48 hours. Subsequently, a single colony was grown in 5 mL of tryptic soy broth (TSB)
at 37 °C on a shaking incubator at 120 rpm for 24 hours. After incubation, the S. epidermidis
broth cultures were centrifuged at 4,500 xg for 5 min then the resulting supernatants were

filtered through a 0.2 um syringe filter.
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3.4. Determining the effect of S. epidermidis supernatant on corresponding S. aureus
growth dynamics
Paired S. aureus and S. epidermidis isolates from corresponding skin and nasal samples were

cultured on 5% BA overnight, then grown in 5 mL of TSB at 37 °C on a shaking incubator at
120 rpm for 24 hours. After incubation, the S. aureus culture was diluted to 6 x 10° CFU/mL
in TSB (to an optical density of 0.05 measured at ODeoo). Thereafter, a 1:1 (final volume: 200
uL) volume of S. aureus culture and supernatant from S. epidermidis (as prepared above) was
added to tubes. Equal volumes of S. aureus culture and TSB, and TSB only were used as
controls [68, 76]. Thereafter, 10-fold serial dilutions of each bacterial suspension were
prepared and 10 plL was aliquoted onto brain heart infusion (BHI) agar plates and incubated
aerobically at 37 °C for 24hr. The resulting colonies on each BHI plate were counted and the
CFU determined. CFUs counts from suspensions of S. aureus culture mixed with S. epidermidis
supernatants were compared to the corresponding S. aureus and TSB controls. Each

experiment included three independent biological replicates.

3.5. Evaluating the effect of S. epidermidis-derived cell-free conditioned media on the
growth dynamics of co-colonising S. aureus
Briefly, cultures of co-colonising S. aureus and S. epidermidis isolates from nasal and skin

samples were grown as described above. The 24-hour cultures of S. aureus were diluted
1:100. Thereafter, a 1:1 ratio of the S. gureus cultures and paired S. epidermidis supernatants
was added to a final volume of 200 uL in a 96-well clear, flat-bottomed microtiter plate
(Greiner Bio-One, Austria). Wells containing S. aureus and TSB, and only TSB were used as
controls. Thus, experiments were completed with three independent biological replicates.
Plates were placed in a Tecan Infinite M200 Pro (Tecan, Austria) where growth curves were
generated overnight. The i-control™-based protocol was set as follows: temperature: 37 °C;
kinetic cycle (duration): 14 hours; kinetic interval: 30 mins; Shaking (10 sec): Orbital with
amplitude of 3mm; absorbance: 600 nm, 25 flashes with 100 ms settle time; and lastly,
incubation of two sets of 800 second orbital shaking at a 3 mm amplitude and a remaining
wait (timer) step [160]. Data obtained from the readings was used to generate growth curves

to compare the growth rate between control and experiment.
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3.6. Determining the effect of S. epidermidis supernatant on corresponding S. aureus
biofilm formation and growth in biofilm
For S. aureus biofilm formation, bacterial cultures were grown overnight as described above.

To determine the effect of S. epidermidis supernatant on biofilm formation of S. aureus,
aliquots of filtered S. epidermidis supernatants were added at equal volumes to the S. aureus
culture (final volume: 200 uL) in sterile wells of flat-bottomed, 96-well plastic microtiter
plates. Biofilms were allowed to form under aerobic conditions, during incubation at 37 °C for
24 hours [161]. Thereafter, the supernatants were aspirated, and the wells were washed 3
times with 300 pL reverse osmosis (RO) water. The residual attached biofilm was heat fixed
at 60 °C for one hour. The heat-fixed biofilm was stained with 200 pL of 0.5% crystal violet for
10 mins. Thereafter, the crystal violet solution was discarded, and the excess stain was
removed by washing each well 5 times with 300 pL sterile RO water. The stained biofilm was
dissolved by incubation at room temperature for 30 mins with 30% glacial acetic acid. Biofilm
mass was estimated by measuring the absorbance of each well at 492 nm using a Multiskan™
FC microplate photometer (Thermo Scientific, USA). The effect of S. epidermidis on biofilm
formation was measured by comparing the amount of biofilm produced in the absence of S.
epidermidis supernatant (control) to the amount of biofilm produced in the presence of S.

epidermidis supernatant and reported as the fold change [60, 162].

To determine the effect of S. epidermidis supernatant on the cell viability of S. aureus in
biofilms, a rezasurin assay was conducted. Biofilms were formed, as described above, and
each well was washed thrice with 300 uL of sterile Phosphate-Buffered Saline. Thereafter,
200 pL of AlamarBlue™ Cell Viability Reagent (Invitrogen, USA) were added to each well and
the plate was incubated for 4 hours at 37 °C. Results were recorded using an excitation
wavelength of 560 nm and an emission wavelength of 590 nm in the Tecan Infinite M200 Pro

(Tecan, Austria).

3.7. Determination of biofilm composition
To determine if S. aureus biofilms are proteinaceous or polysaccharide-based, biofilm

inhibition assays were performed in the presence of proteinase K and sodium metaperiodate
(NalO4) which act as protein-based and B-1,6-linked polysaccharide-based biofilm inhibitors,

respectively [163, 164]. Established biofilms were treated with proteinase K (100 ug/ml) or
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sodium periodate (40 nM) for 2 hours at 37 °C [74]. Thereafter, biofilm formation was
assessed by means of a crystal violet assay, as detailed above. Controls did not include any
treatment. The experiment was completed with three biological replicates and two technical

replicates.

3.9. Semi-quantitative expression analyses of esp
The semi-quantitative expression of esp was evaluated by reverse transcription polymerase

chain reaction (RT-PCR) [76] . Overnight cultures of S. epidermidis were grown at 37 °Cin TSB.
These cultures were diluted in fresh TSB at a ratio of 1:100. RNA extraction was carried out
using the Quick-RNA™ Miniprep Plus Kit (Zymo Research Corp, USA), based on the
manufacturers’ instructions. RNA quantity and integrity was determined with the
Nanodrop™ One (Thermo Scientific, USA). RT-PCR was performed under the following cycling
conditions: 30 cycles of 95 °C for 1 min, 55 °C for 1 min and 72 °C for 2 mins, using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA), in accordance with the
manufacturers’ instructions. A non-template control (NTC) and no reverse transcriptase
control (-RT) were included. PCR for both +RT and —RT samples was conducted using primers
targeting gseA F157-177 (5'-ATGAAAAAGAGATTTTTATCT -3') and gseA R660-642 (5'-
GTTTGGTGACACTCTTAAG-3') for esp [165]. The gyrB gene was used as the reference (Forward
strand: gyrB- F 5- AAGGCGGCTGAGCAATATAA-3'; Reverse strand: gyrB R 5'-
CAGGTGAAGATACACGAGAAGG-3) [165]. PCR products were visualised by agarose gel

electrophoresis. This experiment was performed with three independent biological repeats.

3.10. Characterisation of the S. epidermidis-derived molecules that mediate effects on
the growth and biofilm formation in S. aureus.

For initial characterisation of S. epidermidis-derived active molecules, we investigated a group
of S. epidermidis isolates which demonstrated significant effects on S. aureus biofilms. To do
this, S. epidermidis supernatants were exposed to a variety of treatments, and thereafter,
determination of the effect of supernatants on biofilm formation was conducted as described
above. Supernatants were treated with proteinase K (20 mg/ml) at 37 °C for 1 hour, to
determine if the inhibitory molecule is a protein. A separate treatment, to determine if the
inhibitory molecule is deactivated by heat, was included by boiling supernatant at 95 °C for 5

mins first [74]. To determine the potential size of the effector molecules, supernatants were
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passed through a 30 kDa, where the flow through was collected. The filters were washed
through with TSB three times thereafter, the residue was resuspended to obtain filtrate
containing proteins >30 kDa. Filtered supernatants were then incubated at 37 °C for 24 hours

with corresponding S. aureus isolates.

3.11. Strain diversity of S. epidermidis.
To determine the sequence type of co-colonising S. epidermidis, isolates were analysed using

multi-locus sequence typing (MLST) protocol as previously described [166]. Previously
published primer sequences for each of the seven most discriminatory alleles were used
[166]. Chromosomal DNA was isolated using the Maxwell® 16 Instrument (Promega
Corporation, USA) and the Maxwell® 16 LEV DNA purification kit (Promega Corporation, USA),
according to the manufacturers’ instructions. DNA quantity and quality was determined by
Nanodrop™ One (Thermo Scientific, USA). Total PCR reaction volumes of 25 pL were
performed under the following conditions: initial denaturation of 95 °C for 3 mins; followed
by 34 cycles of 95 °C for 30 sec, 50 °C for 1 min, and 72 °C for 1 min; and a final extension of
72 °C for 10 mins [166]. Amplicons were verified by gel electrophoresis, and thereafter,
sequenced using the Sanger sequencing method (Inqaba Biotec, South Africa). The alleles at

each locus were analysed using pubMLST (accessed by https://pubmlst.org). The allelic

profiles formed by the allele numbers at each of the seven loci were assigned sequence types.

Microreact (accessed https://microreact.org ) was used to visualise clustering of sequence

types or alleles to certain metadata.

3.12. Data analysis

Firstly, the raw data was normalised and log-transformed using Microsoft Excel (Version??).
Data analysis was performed using GraphPad Prism for MacOS (Version 9.5.1 (528), GraphPad
Software, Boston, Massachusetts, USA, www.graphpad.com) with a significance of an
adjusted P- value at < 0.05.To evaluate the effects on biofilm formation and the growth of S.
aureus, a Student’s t test was conducted using GraphPad Prism. A two-way ANOVA was
conducted using GraphPad Prism to evaluate the effect of the size of the effector molecules

from S. epidermidis supernatant on S. aureus biofilm production.
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Chapter 4: Results

4.1. Participant characteristics

Of the recruited 220 participants, only 193 were included in the initial analysis (Figure 5). The
mean age of the participants from urban and rural locations were 24.21 + 7.34 months and
21.27 + 7.08 months, respectively (Table 2). The rural cohort had more males than females,
however, the urban cohort had equal numbers of both. More toddlers had severe AD than
moderate AD in the rural cohort and compared to the urban cohort. Case participants had a
higher frequency of S. aureus growth at the lesional site compared to the nasal and non-
lesional site. Similarly, S. epidermidis growth was found on lesional skin of more frequently
compared to the other sites. However, in urban participants, S. epidermidis growth was found
in similar frequencies across body sites. From these participants, corresponding S. epidermidis
and S. aureus isolate pairs were chosen from different body sites, depending on the biofilm-

forming strength of either isolate making up the pair (Table 3).
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Table 2. Participant characteristics of cohort.

Explanatory variable Umtata Cape Town
Total, n (%) | Case, n (%) | Control, n (%) | p-value | Total, n (%) | Case, n (%) | Control, n (%) p-value
Total 113 (100) 60 (53.10) 53 (46.90) 0.560 80 (100) 46 (57.50) | 34 (42.50)
Age (months)
21.27
Mean [standard deviation] [7.08] 21.05[7.28] | 21.53 [6.90] 0.722 24.21[7.34] | 24.15[7.5] | 24.29[7.16] 0.933
Sex
Female 42 (37.84) | 24 (41.38) 18 (33.96) 0.441 40 (50) 22 (47.83) | 18 (52.94) 0.821
Male 69 (62.16) | 34 (58.62) 35 (66.04) 40 (50) 24 (52.17) | 16 (47)
AD severity ?
Moderate 58 (100) 23 (39.66) N/A 46 (100) 24 (52.17) | N/A
Severe 35 (60.34) N/A - 22 (47.83) | N/A
S. aureus growth
Lesional skin 22(19.47) | 22(19.47) N/A 22 (19.47) 22 (19.47) | N/A
Nonlesional skin 23 (20.35) | 17 (15.04) 6 (5.31) - 21 (18.58) 16 (14.16) | 5(4.42)
Nasal site 15(13.27) | 10(8.85) 5(4.42) 27 (23.89) 19 (16.81) | 8(7.08)
S. epidermidis growth
Lesional skin 24 (21.24) | 24 (21.24) N/A 10 (8.85) 10 (8.85) N/A
Nonlesional skin 25(22.12) | 17 (15.04) 8(7.08) - 13 (11.50) 10 (8.85) 3(2.65)
Nasal site 21(18.58) | 16(14.16) 5(4.42) 11 (9.73) 8 (7.08) 3 (2.65)

2 Disease severity was measured using the Objective SCORAD. N/A: Not applicable. ‘= were included in spaces where p-values could not be calculated.
Participant data is as previously in described [159] as it is the same study cohort. Participant data was stratified according to study site and comparison of
categorical variables and continuous variables were performed using the Fischer’s exact test and a Student’s t-test, respectively. Comparisons were drawn
between cases and control participants from either site.
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Table 3. Biofilm strength of S. aureus and S. epidermidis isolate pairs from the body site they were isolated.

S. aureus biofilm strength S. epidermidis biofilm strength

Lesional Nonlesional Nasal Lesional Nonlesional Nasal @ strong SA-strong SE
Isolate pair ID  Status @@» Strong SA-moderate SE
w1 Control @g/ @ @@» Moderate SA -strong SE
$S15 Control @ @
Ms18 Control @ @
sm2a Control @ ©
sM25 Control strong \_)
§526 Control @ @
ss27 Control strong @
sm28 Control @ @
sM3 Case @ ﬁéd_er@
ss4 Case strong @
sMs Case @ @
sm6 Case @ @
sm7 Case @ ﬁ&ﬁu)
smg8 Case @ @
$59 Case @ @
MS10 Case @ strong)
Ms11 Case @derate @
sM12 Case @\ @
sM13 Case Gt?orl? /‘j
514 Case @ @
MSs16 Case @ @
sM17 Case @ @
s519 Case @ @
$520 Case @ @
§521 Case @ strong
Ms22 Case @ strong
Mms23 Case @m/ @

Note: Isolate pair IDs were assigned depending on the biofilm-forming strength of S. aureus and S. epidermidis, respectively. For example, the pair SM1 would be made up of a strong S.
aureus isolate and a moderate S. epidermidis isolate .SA: S. aureus; SE: S. epidermidis.
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4.2 Effect of S. epidermidis supernatant on corresponding S. aureus biofilm formation and growth in
biofilm

The interactions between S. epidermidis and S. aureus are unclear. We tested the effect of S. epidermidis on
the biofilm formation of corresponding S. aureus isolates using a crystal violet assay. Our results showed
strain-dependent increases and decreases in S. aureus biofilm formation when incubated with
corresponding S. epidermidis supernatant. Most pairs isolated from healthy children (75%; 6/8) showed
decreased biofilm formation, however, both decreases (65%; 13/20) and increases (35%; 7/20) in biofilm
formation were observed in strains isolated from cases (Figure 6A). No significant results were observed
comparing the decreases in biofilm formation between healthy participants and toddlers with AD (75% vs
65%; p = 0.6152). The pair which showed a significant result was isolated from a child with AD (SM17;
adjusted p-value 0. 02), and was a decrease in biofilm formation compared to the control. We also note
three pairs (SM5, SM6 and MS23), all of which were isolated from children with severe AD, showed the
largest increases in biofilm formation. The four isolate pairs from children with AD showed the largest
decreases and were from either moderate (SM17 and SS14) or severe (SM8 and SS21) AD cases. We further
grouped the biofilm formation results according to sample site on the participant. Pairs where S. aureus was
isolated from lesional skin showed the most variation, while having the largest decreases in biofilm
formation (Figure 6B). Comparatively, the nonlesional skin site also showed variation in biofilm formation,
however, to a lesser extent compared to lesional skin. The nasal site showed more decreases (78%; 7/9) in
biofilm formation. When isolates were grouped according to the sample site where S. epidermidis was
isolated (Figure 6C), both increases and decreases were observed for lesional and nonlesional skin sites.

However, the nasal site only had pairs where biofilm formation decreased.
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Figure 6. (A) Changes in
biofilm formation of S.
aureus isolates incubated
with corresponding S.
epidermidis supernatant
compared to S. aureus
incubated with media.
Pairs were further
grouped according to the
sample sites from where
S. aureus strains (B) and S.
epidermidis strains were
isolated (C).

Strains isolated from
healthy and AD children
are shown by green and
purple bars, respectively.
Isolate pairs marked with
an “*’ represent adjusted
p < 0.05.



4.3. Effect of S. epidermidis supernatant on corresponding S. aureus growth in biofilm

An Alamar Blue Cell viability assay was used to assess the viability of S. aureus cells grown in biofilms after
24 hour incubation with corresponding S. epidermidis supernatant. Results from this assay showed that most
pairs (64%; 18/28) exhibited an increase in cell viability compared to S. aureus isolates grown in media only
(Figure 7A). However, SS9 was the only isolate pair which displayed a significant increase in cell viability. This
pair consisted of a strong biofilm-forming S. aureus strain, but a decrease in biofilm formation was seen
when treated with S. epidermidis supernatant. Similarly, for SM17 we saw an increase in cell viability and a
significant decrease in biofilm formation when S. aureus was exposed to S. epidermidis supernatant. This
indicates that effector molecules in S. epidermidis supernatant inhibit biofilm production whilst not

necessarily affecting cell viability.

SS26 and SM28 shared the same S. aureus strain for each pair. Decreases in biofilm formation were observed
for both pairs, however, SM28 showed a larger decrease compared to SS26. Cell viability decreases were
observed for both pairs, but this difference was negligible. These results further support S. epidermidis
strains’ biofilm formation inhibitory activity being site-specific, as well as their extent of biofilm formation,
given that the same S. aureus strain was tested against S. epidermidis strains from either nonlesional or nasal
sample sites of the same person. Likewise, SS15 and MS18 had the same strong biofilm-forming S.
epidermidis strain isolated from nonlesional skin of a control participant. When the supernatant of this strain
was incubated with a moderate biofilm-forming S. aureus strain from the nasal site (S515), increases in both
cell viability and biofilm formation were observed. However, when incubated with a strong biofilm-forming
S. aureus strain from the nonlesional skin site (MS18), a decrease in cell activity and increase in biofilm
formation was observed. This increase in biofilm formation in SS15 was less compared to MS18. Taken
together, these results could suggest site-specific strain differences of the bacteria making up the pairs in
terms of biofilm formation in participants. Both instances show that the nasal site seems to have cooperative
interactions where the biofilm formation increased (MS18) or decreased to a lesser extent (5S526) compared
to the other pair containing the same strain at the nonlesional site. However, this method of pairing strains
was not done for all isolates at different sites and needs to be further tested to determine if this trend

persists in other participants.
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Figure 7. (A) Changes in
cell viability of S. aureus
isolates grown in biofilms
incubated with
corresponding S.
epidermidis isolates
compared to S. aureus
incubated with media only.
Pairs were further grouped
according to the sample
sites from where S. aureus
strains (B) and S.
epidermidis strains were
isolated (C).

Isolates pairs marked with
an “* represent a p < 0.05.



4.4, Composition of S. aureus biofilms and their association with AD severity

The association of biofilm composition with AD severity has not been elucidated. When established S. aureus
biofilms were incubated in sodium metaperiodate ( Figure 8A), as this treatment disrupts the extracellular
polysaccharides of biofilms, it was observed that only 18.5 % (5/27) of the selected S. aureus isolates showed
decreases in biofilm masses compared to untreated controls. All significant results reported were fold
increases from strong and moderate (S7 and M23) biofilm-forming isolates. Isolates showed a similar pattern
of increases and slight decreases in biofilm formation regardless of the sample site (lesional, nonlesional or

nasal sites) or AD severity.

Established biofilms treated with Proteinase K ( Figure 8B) showed variable results of both increases (8/27)
and decreases (19/27) of biofilm biomass, with only S24 showing a significant decrease (—1.61 log-fold
change). Of the 19 isolates that demonstrated dispersal, 74% (14/19) were strong biofilm-forming S. aureus
isolates. Isolate S8 (—3.03 log-fold change) and S7 (—2.44 log-fold change) showed the greatest dispersal
when treated with PK, suggesting a more proteinaceous biofilm composition. When stratified using body
site of where S. aureus was isolated ( Figure 8C), isolates showing the largest dispersal were found at lesional
skin sites, however, most isolates showed evidence of more proteinaceous biofilms. This could indicate that
proteinaceous biofilm-forming isolates have a ubiquitous nature. We further stratified the data using AD
severity where only 64% (9/14) of severe cases showed biofilm dispersal, compared to 80% (4/5) of
moderate cases. However, these results were not significant. We also note no distinct pattern with biofilm
matrix composition and AD severity. Furthermore, the increases in biofilm formation for sodium
metaperiodate warrant further investigation. Overall, PK was better able to disperse the biofilm matrix than

sodium metaperiodate, possibly indicating a more proteinaceous biofilm matrix.
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4.5. Protease activity of extracellular S. epidermidis, the presence of Esp, correlated with the effect
of S. epidermidis-derived supernatant on corresponding S. aureus biofilms.

Previous results from our research group using conventional PCR to detect the presence of the esp gene in
all S. epidermidis isolates from this cohort revealed a low prevalence of the gene (2.2%; 2/90). Recent studies
have highlighted that carriage of the esp gene does not necessarily translate to its expression or S. aureus
biofilm inhibition [68]. We sought to determine the expression of Esp in this subset of S. epidermidis isolates,

and its effect on biofilm formation in the corresponding S. aureus isolates by RT-PCR for the esp gene.

Here, we found that of the 27 S. epidermidis isolates tested, 63% (17/27) were shown to express the gene.
S. epidermidis isolated from control participants had 71% (5/7) of isolates expressing the gene, whereas 60%
(12/20) S. epidermidis isolates from participants with AD expressed the gene. Decrease in biofilm formation
upon treatment with the S. epidermidis supernatant was correlated with 82% (14/17) of the S. epidermidis
isolates that express the gene. When stratified using body site, we note that lesional skin sites (88%) have a
higher prevalence of isolates expressing the gene compared to non-lesional (42%) and nasal sites (63%).
Furthermore, more severe AD cases (67%; 8/12) compared to moderate cases (33 %; 4/12) carried the Esp-
expressing S. epidermidis isolates, suggesting a role for Esp in the exacerbation of AD. Furthermore, from
the 19 pairs which showed a decrease in biofilm formation (Figure 6A), 14 of the corresponding S.
epidermidis isolates, where 71% of controls (5/7) and 75% (9/12) cases, came from those pairs that had

demonstrated expression of the esp gene.

4.6. Characterisation of S. epidermidis-derived molecules that mediate effects on S. gureus growth
and biofilm formation.

For the heat-treated supernatant (Figure 9A), 50% of controls and 35% of case participants’ pairs showed an
increase in biofilm biomass compared to control biofilm biomasses, with only SM28 and SS20 being
significant increases for control and case groups, respectively. These results possibly suggest that the S.
epidermidis effector molecules against biofilm formation are heat sensitive. Pair SS4 demonstrated an
increase in biofilm formation, although not significant (Figure 6A). When treated with heat, SS4 showed a
significant decrease in biofilm formation compared to the control possibly indicating that the S. epidermidis
effector molecules of this pair are also heat-sensitive. More specifically, we could infer that these effector
molecules are cooperative and heat-sensitive given that when SS4 was incubated with just the supernatant

it showed an increase. No distinct grouping was observed when results were sorted according to S. aureus
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isolate site (Figure 9B). Overall, these results suggest a variety of heat-sensitive effector molecules in S.

epidermidis isolates that either increase or decrease the ability of S. aureus to form biofilms.

Incubation with S. epidermidis supernatant treated with sodium metaperiodate (Figure 10A) resulted in 50%
of isolates from control participants showing decreases in biofilm biomass, with SS26 and SM24 being
significant decreases. Similarly, 50% of case participants’ pairs displayed decreases in biofilm biomass with
only SM17 being significant. However, SM8 showed an increase in biomass. This data suggests no specific
grouping of sodium metaperiodate-sensitive effector molecules. When stratified according to body site from
where S. epidermidis isolates originate (Figure 10B), we note that 7/8 (88%) of pairs from the lesional skin
site show increases in biofilm formation, suggesting these effector molecules could be antagonistic but
sensitive to sodium metaperiodate, however, these results were not statistically significant. Further, a
mixture of sodium metaperiodate effector molecules might exist, given that SM17 significantly showed a

decrease in biofilm biomass compared to untreated supernatant.

Most pairs (88%; 7/8) from control participants treated with PK (Figure 11A) showed decreases in biofilm
formation, with SM24 and SM18 being significant. Case participants showed 65% (13/20) of pairs with
decreased biofilm biomass when treated with PK, with the only significant value being SM6 which showed
in increase in biofilm biomass. When stratified by body site from where S. aureus was isolated (Figure 11B),
we note that all lesional site isolates showed decreases, whereas, when grouped according to where S.
epidermidis was isolated (Figure 11C) we observe only one pair with an increase in biofilm biomass either
the non-lesional skin site or nasal skin site. This could indicate that these sites, for the significant pairs, have

more proteinaceous effector molecules.

Interestingly, SM24 showed a significant decrease in biofilm formation for both PK- and SM-treated
supernatant. Similarly, this trend was observed for heat-treated supernatant, although not significant. This
could be due to a proteinaceous effector molecule being affected by heat and PK. However, decreases were
observed for all treatments suggesting the possibility of multiple effector molecules with different
constituents. During the initial biofilm formation analysis, we noted six pairs which gave significant results
of either increases (SM5, SM6, MS23) or decreases (SS14, SM17, SS21) in biofilm biomass when incubated

with the corresponding S. aureus supernatant.

Next, we sought to approximate the size of these potential effector molecules by incubating S. aureus

cultures with supernatants passed through a 30 kDa filter.
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Figure 12 shows a significant increase in biofilm formation of pair MS23 when incubated with supernatant
that contains molecules that are <30 kDa, possibly suggesting that the molecules from S. epidermidis that
encourage biofilm formation in S. aureus within this pair include those that are <30 kDa. We further note
that SM17 also showed a decrease in biofilm formation for molecules <30 kDa, suggesting that these effector

molecules resulting in a decrease are <30 kDa.
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Figure 9. Changes in biofilm formation when S. aureus cultures were incubated with heat-treated corresponding S.
epidermidis supernatant (A), and data further stratified by body site from where S. aureus was isolated (B).
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Figure 10. Changes in biofilm formation when S. aureus cultures were incubated with SM-treated corresponding S.
epidermidis supernatant (A), and data further stratified using body site from where S. epidermidis was isolated (B).
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4.7. Determination if the observed effects of S. epidermidis on S. aureus are associated with the
genetic background of S. epidermidis and S. aureus.

The genomes of both S. epidermidis and S. aureus isolates have presented varied MLST profiles. Only a subset
of S. epidermidis isolates (M3, M5, M7, S11, S19) matched to exact STs on pubMLST, and were observed to
be most closely related to these specific STs as shown in

Figure 13. These were cases with either severe or moderate AD. We note several of our isolates partially
matched to different STs at <6 loci. Of the control S. epidermidis isolates, Sample 3036 (S15/518) partially
matched to 6 MLST loci with its nearest match being ST677, however, in

Figure 13 we note this isolate clusters most closely to cases, namely Sample 24 (M12), Sample 40 (S20) and
Sample 16 (M8). Similarly, Sample 2 (M1) clusters more closely with cases. However, the rest of the controls
appear to cluster more closely with different STs.

In

Figure 13, cases diverging from the node of subtree 9 (except Sample 34) cluster as closely related isolates
from cases which have strong biofilm forming abilities. These could possibly be newly identified STs from

this cohort, which will require further analysis.

CC1, CC5 and CC121 made up the clonal lineages of the control isolates, whereas the case isolates included
CC15 and CC8 too. CC8 made up the majority (All isolates: 8/27, 30%; cases: 8/20, 40%) of S. aureus isolates,
however, none of the S. aureus control isolates were CC8 (Table 4). The majority of the control isolates’

clonal lineages were either CC5 (2/7, 29%) or CC121 (2/7, 29%). Most isolates from cases were ST8 (6/20,
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30%), whereas for isolates from controls ST121 (2/7, 29%) was the majority. Moderate AD cases either CC1,

CC121 and CC5, whereas severe cases were spread out across all case CCs.
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Table 4. Sequence types and Clonal complexes for S. aureus isolates in this study, obtained from
PubMLST.

Isolate Sequence type Clonal Complex
Cases

S2 51| CC5
S3 3
sS4 7 | CC8
S5 8 | CC8
S6 8 | CC8
S7 1| CC1
S8 612 | CC8
S9 8| CC8
M10 5| CC5
M11 121 | CC121
S12 8 | CC8
S13 101
S14 5| CC5
M16 8| CC8
S17 1| CC1
S19 121 | CC121
S20 121 | CC121
S21 8| CC8
M22 1| CC1
M23

Controls
Sic 1| CC1
S$15c¢ 5| CC5
M18c 20
S24c 121 | CC121
S$25¢ 121 | CC121
S26¢ 1| CC5
S27c 88

Note: Cells that are blank are due some results being returned with only a sequence type or clonal complex.

CC that are same have same colour font.
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Chapter 5: Discussion

Staphylococcal biofilms have been noted on AD lesions [119] and, in particular, certain strains
of S. aureus which produce strong biofilms have been associated with a pathogenic role [79,
92, 141]. Recent studies have highlighted a potential pathogenic role for S. epidermidis in AD
development [167], and have shown its ability to augment S. aureus growth [92]. This
indicates that some strains of S. epidermidis may have a synergistic relationship with S. aureus
and promote biofilm formation. Furthermore, studies on the outcome of interactions
between S. aureus and S. epidermidis have yielded mixed results [73, 76, 81]. Given the
conflicting observations, we sought to investigate the effect of S. epidermidis supernatant on

S. aureus biofilm formation from strains isolated from South African toddlers.

The variation displayed in our biofilm formation results supports the idea of S. epidermidis
strain specificity contributing to the outcome of interactions [92]. When focusing on the site
of origin of the S. epidermidis isolates, decreases in biofilm formation were observed,
suggesting the inhibitory activity of S. epidermidis against S. aureus may be site-specific, and
this could be explored on a larger sample scale. Pairs isolated from toddlers with either severe
or moderate AD showed no distinct pattern possibly indicating that AD severity is not
necessarily influenced by the outcome of biofilm formation, however, a larger sample size is
needed to verify this.

Observations from isolates from nonlesional skin tended towards more strongly antagonistic
interactions, possibly due to healthy participants having an abundance of commensals which
prevent biofilm formation, and perhaps also colonisation by pathogenic bacteria such as S.
aureus. Most of our isolate pairs have demonstrated an inhibitory effect on biofilm formation
(75% of controls and 65% of cases, 68% overall). This is higher than the report by lwase and
colleagues [68], who described an inhibitory prevalence of co-colonising S. epidermidis
supernatant on S. aureus biofilm formation at 45% (428/960). These differences are likely due
to the difference in the age of participants, where in our study participants were less than 2
years old whereas they were more than 22 years old in theirs. It follows that the prevalence
of S. epidermidis and S. aureus decreases with age [168]. Further, these differences can also
be explained by the geo-social differences between these two settings [169]. Another

hypothesis for this discrepancy could be that their isolates originated from the nasal cavities
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of healthy participants [68], whereas our isolates were sourced from the nasal cavity,
nonlesional and lesional skin of case and control participants.

Analyses of our cell-free supernatant has noted anti-S. aureus activity being strain-specific
[170]. This corroborates the hypothesis by Vandecandelaere et al [73] that the variation seen
in reduced biofilm biomasses after treatment with protease-producing S. epidermidis is due
to strain-specific differences. Likewise, our data shows variation in S. aureus biofilm biomass,
regardless of the biofilm-producing strength, thereby, supporting this hypothesis. Taken
together, these results reinforce the idea that the outcome of interactions between S. aureus

and S. epidermidis isolates are S. epidermidis strain-specific.

Although the presence of the esp was reported to be ubiquitous, its expression does not
necessarily correlate with inhibitory effects on S. aureus biofilm formation [76]. Even though
our previous work yielded a low prevalence for the presence of the esp gene, our subset
reports a high expression of the gene via RT-gPCR. Notably, the previous study’s protocol was
a conventional PCR [159] which had required optimization, therefore, the low percentage of
isolates exhibiting presence of the gene may not be the true representation of the overall
prevalence of the gene. Given these discrepancies, an optimised PCR protocol is necessary for
the clinical assessment of isolates. Esp secreted from inhibitory-type S. epidermidis has been
shown to inhibit biofilm formation and nasal colonisation by S. aureus [68]. Similarly, in the
present study, when S. epidermidis isolates from corresponding pairs were stratified using
body-site, particularly, at nasal site, decreases in biofilm biomass were noted. Furthermore,
about 63% (5/8) of S. epidermidis isolates from those pairs expressed the esp gene. However,
analysis of biofilm formation of a subset of pairs incubated with the 30 kDa filtered
supernatant (Figure 7) did not exhibit distinct differences in biofilm formation between the
different sizes. Given that Esp is the most well-characterized antagonist of biofilm formation
for S. epidermidis and that its size is 27 kDa, further characterisation is warranted to

determine what other molecules could be mediating these effects using a larger sample size.

A study that investigated the competitive bacterial colonisation of S. aureus and S.
epidermidis in newborns by conducting an analysis on Esp and general protease activity
concluded that the protection against S. aureus was more likely to be from one or more

proteases other than Esp [162]. This is supported by our data characterising the molecules
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from S. epidermidis supernatant which displayed an effect on biofilm formation. For example,
in pair SM1, the corresponding S. epidermidis isolate showed expression of the esp gene and
increases in biofilm formation when the supernatant was treated with heat and PK, which
could explain the decrease in biofilm formation without treated supernatant. However, we
also observed an increase in biofilm formation when the supernatant was treated with
sodium metaperiodate which could indicate a different molecule also influencing biofilm
formation. A similar trend was observed with SM8, which also had a decreased cell viability
of S. aureus which led us to believe that apart from these factors only influencing biofilm

formation, they could affect cell viability too.

However, a study that investigated the effect of boiling supernatants on biofilm formation
suggested that the increase of growth could be due to a slight increase in pH [171]. Further,
they suggested that specific microbe-produced heat-sensitive metabolites could have
evaporated or degraded resulting in increased growth [171]. As a result, it would be useful
to analyse the contribution of other proteases and molecules as our data shows potential to
implicate multiple mechanisms contributing to the outcome of interactions. Given that Esp
further undergoes post-translational modifications [172] which may hinder its early activity,
future experiments should also consider a more proteomic-based approach to analyse the

effect of Esp on biofilm formation inhibition.

Given the differences observed with the effect of S. epidermidis on S. aureus, we sought to
determine if there was a genetic basis for these observations. Our results mirror reports of S.
aureus strain exhibiting monoclonality whereas S. epidermidis strains present diverse strain
compositions [81, 173]. We further report the possibility of new strains in our cohort as many
of our isolates did not completely match established MLST profiles. Furthermore, the
heterogeneity between the S. epidermidis strains provides a basis for the variation observed
in the outcome of interactions between tested pairs.

We noted that two S. epidermidis strains isolated from urban, female cases at lesional skin
sites were both ST789, however, these pairs, SM5 and SM7, presented with severe and
moderate AD, respectively. The S. aureus strains that make up SM5 and SM7 were ST8 (CC8)
and ST1 (CC1), respectively. Biofilm formation results showed that SM7 had a decrease

biomass, however, SM5 showed an increase. Taken together, these observations could
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support the idea from Byrd and colleagues [81] that variation in clonal lineages of S. aureus
colonising participants with AD could play a role in the differential outcome of severity in AD.

However, these results are speculative and require more rigorous testing.

Although most studies report an inhibitory effect of cell-free supernatant of S. epidermidis on
S. aureus biofilms [68, 73, 74], we reported increases in biofilm formation from some pairs as
well. A possible reason for this could be due to the QS systems facilitating interspecies
crosstalk. According to Williams et al., commensal CoNS species’ AlPs exhibit strong inhibitory
effects on S. aureus agr activity, leading to the reduced ability of S. aureus to induce protease
activity, thereby preventing biofilm dispersal [62, 122]. Conversely, repression of the agr
system demonstrated an increase in biofilm formation [174], which could be why we observe
these increases in biofilm formation. S. epidermidis agr type | can only inhibit S. aureus agr
type | to Il [175]. CC8 was the most abundant S. aureus clonal lineage overall, and was found
exclusively in severe cases, whereas CC1 and CC121 were more often found in moderate
cases. Certain S. aureus lineages may correlate with different agr types, such agr group 1 with
CC8, group Il with CC5, CC12 and CC15, and group IV with CC121 [176]. The pairs which
showed increased biofilm production were either CC8, CC5, CC15 or CC121, highlighting the
possibility that the corresponding S. epidermidis’ AIPs play a role in biofilm formation via the
QS system. The QS system would require high ratio of AIPs from S. epidermidis agr type | to
effectively inhibit S. aureus virulence. However, S. epidermidis agr type | was found to be less
abundant than to S. aureus in AD skin [62], which potentially explains the exacerbation of AD
disease severity. Conversely, in our study, interactions were examined with the same starting
concentrations of both species, however S. aureus was diluted whereas S. epidermidis
supernatant was not, hence the effect of AIP abundance could be taken into account to

explain these increases in biofilm production.

As previous biofilm studies highlighted the importance of either PIA-dependent or protein-
dependent biofilms in disease pathogenesis in hospital acquired infections or medical devices
[107, 117, 118], we sought to determine if the composition of biofilms have an association
with AD severity. Our results have shown that when these S. aureus biofilms are incubated
with sodium metaperiodate, which disrupts PIA-dependent biofilms, most S. aureus biofilms

did not display dispersal, indicating potentially ica-independent biofilms. PK dispersed most
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biofilms at varying degrees indicating that isolates form proteinaceous biofilm matrices.
Similar to results from Glatthard et al. and Yadav et al., we note that some S. aureus biofilms
(M11 and S13) showed dispersal (decrease in biofilm biomass compared to control) after
treatment with sodium metaperiodate or PK ( Figure 8A and Figure 8B) [74, 177], indicating
these could be biofilms matrices that are a result of both protein- and PIA- associated
molecules, or mixed biofilms. We also highlight some isolates which did not show dispersal
by either PK or sodium metaperiodate such as S1 or S2. A study suggested that absorbances
observed after treatment with PK or sodium metaperiodate may be attributed to extracellular
DNA, which is also a significantly contributing factor to biofilm formation [178]. Therefore,
future studies should include DNAse treatment to determine the contribution of eDNA to
biofilm matrices. Taken together, these results highlight proteinaceous biofilms in our
isolates. It has been shown that biofilm formation in MRSA is ica- independent and requires
protein adhesins, whereas in MSSA strains PIA/PNAG has a more important role [179, 180].
Skin colonisation by MRSA is a challenge for AD treatment, and can result in skin and soft
tissue infections [181]. Therefore, information regarding the biofilm composition of our
isolates has important implications for preventing recurring over-colonisation and spreading
of S. aureus to new environments, as well as informing AD treatment strategies and antibiotic

selection in our populations.

Our study does present some limitations. Firstly, as we are conducting a cross-sectional study,
temporal assessments of the interactions between S. aureus and S. epidermidis will not be
permitted; and potential changes in the sequence types of the co-colonising S. epidermidis
populations could not be assessed. Secondly, biofilm production demonstrated in in vitro
experiments may not accurately represent in vivo biofilm production, owing to differences in
adherence and maturation mechanisms, and the overall conditions encountered during skin
and nasal colonisation [182]. In our experiments, the polystyrene surface of the microtiter
plates and TSB broth in which biofilms were grown, represent a markedly different
environment than the skin and anterior nares, which would promote biofilm production via
adherence to host matrix molecules, as well as exhibit a stimulated host immune response.
As a result, these differences could affect the translatability of our study into clinical settings.
However, these experiments were designed to accumulate knowledge and so their

immediate translatability should only be taken into consideration once sufficient data
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generation has occurred to warrant more clinical studies. We used controls diluted in fresh
TSB, whereas experiments were incubated in supernatant from overnight cultures of S.
epidermidis. Therefore, when we conducted experiments, it was difficult to determine the full
extent of the effect of S. epidermidis supernatant on S. aureus cultures. Future experiments
could explore the use of fluorescent S. aureus strains or recombinant reporter strains for
various key growth and virulence genes could be used to observe the full effect of S.
epidermidis on S. aureus strains [183]. Microorganisms rarely exist in isolation, so despite our
focus being on co-colonising S. epidermidis’ interactions with S. aureus, the role of other
members of the skin microbiota are not considered. Hence, future studies should investigate
these complex interactions which will allow for the development of more microbiome-

balanced interventions.

Chapter 6: Conclusions

Given the important role of bacterial interactions in AD, this study sought to assess the effect
of skin and nasal S. epidermidis on the growth dynamics, particularly biofilm formation, of co-
colonising S. aureus isolated from South African AD toddlers. We report variation in the S.
aureus biofilm formation results, independent of the biofilm-producing strength, potentially
suggesting the outcome of interactions between these two species are S. epidermidis strain-
specific.

Although the expression of the esp gene was observed in a number of S. epidermidis isolates,
results from supernatants treated with either heat, PK or SM suggest the possibility of
multiple effector molecules with different constituents contributing to the outcomes of
interaction. As a result, studies should employ, however not limit themselves to, a more
proteomic-based approach to determine these effector molecules. This study also
contributes novel genotypic data on S. epidermidis strains colonising South African toddlers.
S. aureus strains exhibit monoclonality whereas S. epidermidis strains present diverse strain
compositions, which could be the basis for the differential outcomes observed. Future
research should apply a holistic approach to microbiome studies to understand the different
factors influencing the outcome of interactions leading to biofilm production, and how this
translates to AD disease severity. By enhancing the current understanding of these
interactions, new drug targets can be identified, and improved and sustainable practices can

be developed to inform more targeted approaches for AD therapeutics design
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Chapter 8: Supplementary data

Supplementary Table 1: Untransformed data for biofilm formation of S

incubated with media.

. aureus isolates incubated with corresponding S. epidermidis supernatant compared to S. aureus

Pair Control Experiment

1 2 3 1 2 3
SM1 0,0908 0,1122 0,1221 0,1018 0,0792 0,1193
SS2 0,0886 0,0863 0,0909 0,0792 0,0627 0,0764
SM3 0,091 0,1018 0,1027 0,0953 0,0871 0,0959
SS4 0,053 0,065 0,0703 0,068 0,0885 0,0794
SM5 0,0493 0,0517 0,0597 0,0886 0,0916 0,1187
SM6 0,0653 0,0624 0,0783 0,1079 0,0988 0,1356
SM7 1,0812 0,0599 0,0644 0,0577 0,0762 0,0915
SM8 0,9893 0,3299 0,9538 0,0566 0,0839 0,0699
SS9 0,1036 0,1623 0,1317 0,0939 0,0925 0,1295
MS10 0,1309 0,1781 0,1213 0,1238 0,1422 0,2143
MS11 0,0869 0,1051 0,1201 0,1276 0,1252 0,1167
SM12 0,0977 0,0992 0,1133 0,0874 0,108 0,0981
SM13 0,1412 0,1236 0,1751 0,089 0,0879 0,0901
SS14 0,1963 0,1458 0,1888 0,0801 0,0908 0,1069
SS15 0,0837 0,072 0,091 0,0867 0,1101 0,075
MS16 0,114 0,1739 0,1186 0,1101 0,0808 0,0863
SM17 0,2331 0,2748 0,2608 0,1214 0,1164 0,0935
MS18 0,1648 0,127 0,1213 0,2675 0,1285 0,1646
SS19 0,6025 0,3634 0,1929 0,3233 0,3078 0,2927
$S20 0,1482 0,0957 0,0963 0,1685 0,1507 0,1449
SS21 0,1891 0,2051 0,1561 0,0823 0,1109 0,1073
MS22 0,4735 0,4166 0,2413 0,3484 0,3898 0,3586
MS23 0,1845 0,1179 0,1511 0,2625 0,1733 0,2429
SM24 0,1898 0,1729 0,1665 0,2207 0,2008 0,1053
SM25 0,1416 0,0807 0,0864 0,0608 0,057 0,0542
SS26 0,1993 0,2475 0,243 0,0801 0,3034 0,0624
SS27 0,2065 0,1256 0,1085 0,064 0,0747 0,0891
SM28 0,2184 0,2032 0,9494 0,2941 0,1179 0,1285
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Supplementary Table 2: Untransformed data for cell viability of S. aureus isolates grown in biofilms incubated with corresponding S. epidermidis isolates compared to S.
aureus incubated with media only.

Pair Control Experiment

1 2 3 1 2 3
SM1 22011,83 23937,83 24310,83 24925,83 25610,83 25904,83
SS2 21398,8333 23284,8333 24415,8333 26159,8333 26160,8333 26669,8333
SM3 24296,83 24884,83 24322,83 26318,83 25422,83 25987,83
SS4 24345,8333 26234,8333 26746,8333 25936,8333 25645,8333 26735,8333
SM5 24544,8333 25618,8333 26974,8333 26358,8333 26191,8333 26516,8333
SM6 24235,8333 26331,8333 26553,8333 23423,8333 23356,8333 24794,8333
SM7 24102,8333 24842,8333 25156,8333 26698,8333 26357,8333 27069,8333
SM8 24865,8333 27053,8333 26469,8333 6770,83333 17482,8333 17851,8333
SS9 22616,83 23413,83 22675,83 25555,83 25872,83 26506,83
MS10 23850,8333 25880,8333 25891,8333 26137,8333 26374,8333 26922,8333
MS11 23681,83 26496,83 25687,83 25989,83 26094,83 25724,83
SM12 19769,8333 21096,8333 23109,8333 26034,8333 25231,8333 27169,8333
SM13 22671,8333 25524,8333 24984,8333 24688,8333 25921,8333 25119,8333
SS14 23637,8333 25649,8333 23797,8333 -2660,1667 -1690,1667 1565,83333
SS15 24697,83 25238,83 26900,83 24967,83 24263,83 26312,83
MS16 4953,83 15850,83 12192,83 17671,83 22615,83 18689,83
SM17 25469,8333 26961,8333 26882,8333 27214,8333 28368,8333 29496,8333
MS18 1058,83333 5518,83333 1377,83333 4212,83333 2354,83333 3124,83333
SS19 14982,8333 10065,8333 7484,83333 8775,83333 9401,83333 10482,8333
SS20 25474,8333 28683,8333 29009,8333 27302,8333 30006,8333 28352,8333
SS21 26061,8333 27458,8333 28342,8333 26720,8333 29658,8333 28754,8333
MS22 16198,8333 16267,8333 23970,8333 12990,8333 8087,83333 4576,83333
MS23 22594,83 17618,83 21498,83 16301,83 26380,83 22312,83
SM24 26555,83 26859,83 28300,83 25835,83 26880,83 26488,83
SM25 26859,8333 27936,8333 27979,8333 26598,8333 28081,8333 26542,8333
SS26 25344,8333 26454,8333 26473,8333 25090,8333 26165,8333 24264,8333
SS27 25730,8333 27233,8333 22630,8333 25011,8333 25259,8333 24949,8333
SM28 26035,8333 27988,8333 26510,8333 26331,8333 26602,8333 26231,8333
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Supplementary Table 3: Untransformed data for biofilm mass of established S. aureus biofilms incubated with proteinase K (PK) compared to controls incubated in TSB
media only.

Pair Control Experiment

1 2 3 1 2 3
SM1 0,1876 0,1976 0,2799 0,2862 0,3457 0,3388
SS2 0,0662 0,0677 0,0628 0,0605 0,0749 0,0612
SM3 0,289 0,5909 0,5032 0,1837 0,2093 0,2263
SS4 0,2881 0,2916 0,2835 0,3026 0,2712 0,3052
SM5 0,1105 0,1055 0,1106 0,8187 0,1722 0,2055
SM6 0,1053 0,1011 0,098 0,3273 0,3374 0,2991
SM7 0,109 0,1848 0,1587 0,15 0,1835 0,1677
SM8 0,0901 0,1618 0,1904 0,1628 0,1666 0,208
SS9 0,0901 0,09 0,0888 0,0666 0,0606 0,0588
MS10 0,1035 0,1667 0,1354 0,183 0,2764 0,2035
MS11 0,2602 0,3739 0,2259 0,2767 0,2136 0,1764
SM12 0,4027 0,3587 0,1821 0,2119 0,1108 0,1377
SM13 0,2624 0,1631 0,1884 0,0858 0,0552 0,0679
SS14 0,2807 0,2678 0,223 0,1599 0,1193 0,1335
SS15 0,1206 0,0752 0,0825 0,0552 0,0748 0,0572
MS16 0,0839 0,099 0,0763 0,0714 0,0571 0,0579
SM17 0,056 0,0585 0,0577 0,0908 0,096 0,0773
MS18 0,2331 0,2748 0,2608 0,1214 0,1164 0,0935
SS19 0,0826 0,067 0,0723 0,0658 0,0588 0,0562
SS20 0,6025 0,3634 0,1929 0,3233 0,3078 0,2927
SS21 0,4735 0,4166 0,2413 0,3484 0,3898 0,3586
MS22 0,0826 0,067 0,0723 0,0658 0,0588 0,0562
MS23 0,1993 0,2475 0,243 0,0801 0,3034 0,0624
SM24 0,1474 0,1459 0,1261 0,0547 0,0538 0,06
SM25 0,1898 0,1729 0,1665 0,2207 0,2008 0,1053
SS26 0,1474 0,1459 0,1261 0,0547 0,0538 0,06
SS27 0,0496 0,1978 0,1166 0,0467 0,0508 0,0526
SM28 0,1293 0,1145 0,0973 0,0605 0,055 0,0618
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Supplementary Table 4: Untransformed data for biofilm mass of established S. aureus biofilms incubated with sodium metaperiodate (SM) compared to controls incubated

in TSB media only.

Pair Control Experiment

1 2 3 1 2 3
Slc 0,1691 0,1213 0,1938 0,2863 0,2714 0,2131
S2 0,1802 0,1716 0,2337 0,3698 0,4907 0,5033
S3 0,1485 0,2319 0,2602 0,5111 0,4584 0,6683
S4 0,1004 0,0892 0,1247 0,1569 0,128 0,2495
S5 0,0991 0,1362 0,1362 0,1375 0,1901 0,1906
S6 0,1197 0,1688 0,171 0,2181 0,2687 0,1819
S7 0,133 0,1309 0,125 0,2858 0,2878 0,2562
S8 0,0937 0,1639 0,1385 0,1895 0,1402 0,1877
S9 0,1067 0,118 0,0886 0,2321 0,1175 0,1151
M10 0,1222 0,1165 0,1025 0,1146 0,1223 0,1038
M11 0,1396 0,1397 0,0985 0,1154 0,1137 0,0889
S12 0,1419 0,1248 0,1114 0,1537 0,1991 0,1473
S13 0,2194 0,1991 0,2071 0,1962 0,2213 0,1349
S14 0,2525 0,1932 0,205 0,177 0,2321 0,2345
S15c¢ 0,1381 0,1224 0,113 0,1509 0,1165 0,0996
M16 0,0772 0,0637 0,0635 0,1082 0,0804 0,0713
S17 0,1175 0,1243 0,1201 0,24 0,2617 0,1774
M18c 0,0837 0,0697 0,0595 0,0645 0,1104 0,0606
S19 0,1954 0,182 0,1249 0,2688 0,1985 0,1715
S20 0,0963 0,117 0,0833 0,1427 0,158 0,2346
S21 0,1785 0,1143 0,106 0,1639 0,207 0,1474
M22 0,1422 0,146 0,1002 0,192 0,1878 0,1709
M23 0,1154 0,1025 0,1091 0,2001 0,2377 0,2125
S24c 0,1299 0,1134 0,1023 0,1581 0,2141 0,2305
S25c 0,111 0,1051 0,0961 0,1533 0,1623 0,1374
S26¢ 0,3348 0,2425 0,3685 0,3072 0,4335 0,492
S27c 0,365 0,3838 0,1595 0,3852 0,5101 0,4343

68




Supplementary Table 5: Supplementary table 5: Untransformed data of biofilm formation when S. aureus cultures were incubated with heat-treated corresponding S.

epidermidis supernatant.

Pair Control Experiment
SM1 0,0731 0,0827 0,1102 0,0953 0,1023 0,1151
SS2 0,1474 0,1373 0,1246 0,0932 0,0914 0,0896
SM3 0,0809 0,073 0,0977 0,1347 0,0739 0,2297
sS4 0,1496 0,1252 0,1441 0,0808 0,0775 0,0719
SM5 0,0972 0,194 0,1641 0,1302 0,1249 0,1682
SM6 0,13 0,1575 0,1222 0,0906 0,151 0,1094
SM7 0,0993 0,1314 0,247 0,0903 0,1153 0,123
SM8 0,0979 0,1233 0,0905 0,0753 0,1464 0,1226
SS9 0,1898 0,1766 0,2093 0,2158 0,1783 0,1836
MS10 0,0624 0,0619 0,0898 0,1131 0,2158 0,1783
MS11 0,1364 0,1174 0,1067 0,0622 0,0574 0,0547
SM12 0,1725 0,1554 0,1389 0,0915 0,0788 0,0699
SM13 0,1228 0,1349 0,1262 0,0867 0,0735 0,0606
SS14 0,1522 0,2409 0,375 0,1364 0,0855 0,1378
SS15 0,1783 0,1275 0,1319 0,0809 0,0641 0,0946
MS16 0,4206 0,2256 0,2676 0,0283 0,0289 0,0239
SM17 0,5722 0,3642 0,5755 0,1102 0,1051 0,0955
MS18 0,0118 0,0221 0,0242 0,0342 0,0274 0,028
SS19 0,0189 0,025 0,0346 0,046 0,0842 0,0477
SS20 0,0468 0,0391 0,0557 0,1001 0,1054 0,0949
SS21 0,0256 0,0194 0,0277 0,0265 0,033 0,0536
MS22 0,0318 0,0337 0,0369 0,0417 0,0399 0,0381
MS23 0,0383 0,0567 0,0554 0,0376 0,0243 0,0462
SM24 0,0243 0,0505 0,0311 0,03 0,0348 0,028
SM25 0,0382 0,0302 0,0247 0,0271 0,0487 0,0517
SS26 0,0498 0,062 0,0439 0,0455 0,0341 0,0439
SS27 0,3377 0,1823 0,1719 0,0458 0,0321 0,0484
SM28 0,06 0,0667 0,0712 0,1302 0,1153 0,1094
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Supplementary Table 6: Supplementary table 6: Untransformed data of biofilm formation when S. aureus cultures were incubated with SM-treated corresponding S.
epidermidis supernatant.

Pair Control Experiment
Slc 0,1691 0,1213 0,1938 0,2863 0,2714 0,2131
S2 0,1802 0,1716 0,2337 0,3698 0,4907 0,5033
S3 0,1485 0,2319 0,2602 0,5111 0,4584 0,6683
S4 0,1004 0,0892 0,1247 0,1569 0,1280 0,2495
S5 0,0991 0,1362 0,1362 0,1375 0,1901 0,1906
S6 0,1197 0,1688 0,1710 0,2181 0,2687 0,1819
S7 0,1330 0,1309 0,1250 0,2858 0,2878 0,2562
S8 0,0937 0,1639 0,1385 0,1895 0,1402 0,1877
S9 0,1067 0,1180 0,0886 0,2321 0,1175 0,1151
M10 0,1222 0,1165 0,1025 0,1146 0,1223 0,1038
M11 0,1396 0,1397 0,0985 0,1154 0,1137 0,0889
S12 0,1419 0,1248 0,1114 0,1537 0,1991 0,1473
S13 0,2194 0,1991 0,2071 0,1962 0,2213 0,1349
S14 0,2525 0,1932 0,2050 0,1770 0,2321 0,2345
S15c 0,1381 0,1224 0,1130 0,1509 0,1165 0,0996
M16 0,0772 0,0637 0,0635 0,1082 0,0804 0,0713
S17 0,1175 0,1243 0,1201 0,2400 0,2617 0,1774
M18c 0,0837 0,0697 0,0595 0,0645 0,1104 0,0606
S19 0,1954 0,1820 0,1249 0,2688 0,1985 0,1715
S20 0,0963 0,1170 0,0833 0,1427 0,1580 0,2346
S21 0,1785 0,1143 0,1060 0,1639 0,2070 0,1474
M22 0,1422 0,1460 0,1002 0,1920 0,1878 0,1709
M23 0,1154 0,1025 0,1091 0,2001 0,2377 0,2125
S24c 0,1299 0,1134 0,1023 0,1581 0,2141 0,2305
S25¢ 0,1110 0,1051 0,0961 0,1533 0,1623 0,1374
S26¢ 0,3348 0,2425 0,3685 0,3072 0,4335 0,4920
S27c 0,3650 0,3838 0,1595 0,3852 0,5101 0,4343
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Supplementary Table 7: Untransformed data of biofilm formation when S. aureus cultures were incubated with PK-treated corresponding S. epidermidis supernatant.

Pair Control Experiment
Slc 0,0908 0,1122 0,1221 0,2299 0,2443 0,2270
S2 0,0886 0,0863 0,0909 0,1288 0,1360 0,1278
S3 0,0910 0,1018 0,1027 0,1171 0,0906 0,1109
S4 0,0530 0,0650 0,0703 0,0662 0,0812 0,0873
S5 0,0493 0,0517 0,0597 0,0663 0,0792 0,0892
S6 0,0633 0,0619 0,0588 0,0618 0,0715 0,0627
S7 1,0812 0,0599 0,0644 0,0666 0,0770 0,0787
S8 0,9893 0,3299 0,9538 0,0623 0,1070 0,1189
S9 0,1036 0,1623 0,1317 0,1029 0,1134 0,0951
M10 0,1309 0,1781 0,1213 0,0884 0,0725 0,0774
M11 0,0869 0,1051 0,1201 0,0665 0,0587 0,0733
S12 0,0662 0,0677 0,0628 0,0605 0,0749 0,0612
S13 0,1412 0,1236 0,1751 0,0715 0,0762 0,0836
S14 0,1963 0,1458 0,1888 0,1014 0,1050 0,0895
S15c 0,0837 0,0720 0,0910 0,0629 0,0669 0,0750
M16 0,1140 0,1739 0,1186 0,1091 0,0937 0,1315
S17 0,056 0,0585 0,0577 0,0908 0,096 0,0773
M18c 0,0421 0,0541 0,0551 0,0658 0,0770 0,0612
S19 0,0826 0,067 0,0723 0,0658 0,0588 0,0562
S20 0,0580 0,0639 0,0596 0,0599 0,0592 0,0582
S21 0,0660 0,0574 0,0561 0,0624 0,0587 0,0556
M22 0,0697 0,0744 0,0680 0,0618 0,0551 0,0591
M23 0,07 0,0665 0,063 0,0611 0,0622 0,0717
S24c 0,1474 0,1459 0,1261 0,0547 0,0538 0,06
S25c¢ 0,1293 0,1145 0,0973 0,0605 0,055 0,0618
S26¢ 0,3422 0,3174 0,2450 0,1035 0,0885 0,1043
S27c 0,0620 0,0883 0,0587 0,0660 0,0707 0,0704

71




	Rasalika Tamika Moonsamy (MNSRAS001)
	Department of Molecular & Cell Biology
	Supervisor: Dr Felix Dube
	Co-supervisors: Dr Gillian Ndhlovu and Dr Siobhan Brigg
	Thesis presented for:
	Master of Science in Molecular and Cell biology
	Faculty of Science
	University of Cape Town
	Plagiarism Declaration
	Personal Acknowledgements
	Abstract
	List of Tables
	List of Figures
	Abbreviations
	Chapter 1: Introduction
	1.1. Global Epidemiology of Atopic Dermatitis
	1.2. Atopic Dermatitis Pathogenesis and Pathophysiology
	1.2.1. Role of the Skin Barrier in AD
	1.2.1.1. The Role of Skin Lipids in AD
	1.2.1.2.  Skin Mutations and AD

	1.2.2. Role of Immune Dysregulation in AD

	1.3. Role of microbial Interactions in AD
	1.4. Healthy Skin and Nasal Microbiome
	1.4.1. Role of Staphylococcal Commensals

	1.5. Role of S. aureus in Atopic Dermatitis
	1.6. Role of Biofilms
	1.6.1. Staphylococcal Biofilm Development
	1.6.2. Immune Responses to Staphylococcal Biofilms
	1.6.3. Staphylococcal biofilms in atopic dermatitis

	1.7. Rationale
	1.8. Aims and Objectives
	1.8.1. Aim
	1.8.2. Objectives


	Chapter 2: Study design
	2.1. Study design, setting and population
	2.2. Diagnosis of atopic dermatitis and determination of disease severity
	2.3. Ethics approval

	Chapter 3: Methodology
	3.1. Skin and nasal sample collection
	3.2. Selection of co-colonising pairs
	3.3. Preparation of S. epidermidis-derived supernatant
	3.4. Determining the effect of S. epidermidis supernatant on corresponding S. aureus growth dynamics
	3.5. Evaluating the effect of S. epidermidis-derived cell-free conditioned media on the growth dynamics of co-colonising S. aureus
	3.6. Determining the effect of S. epidermidis supernatant on corresponding S. aureus biofilm formation and growth in biofilm
	3.7. Determination of biofilm composition
	3.9. Semi-quantitative expression analyses of esp
	3.10. Characterisation of the S. epidermidis-derived molecules that mediate effects on the growth and biofilm formation in S. aureus.
	3.11. Strain diversity of S. epidermidis.
	3.12. Data analysis

	Chapter 4: Results
	4.1. Participant characteristics
	4.2.Effect of S. epidermidis supernatant on corresponding S. aureus biofilm formation and growth in biofilm
	4.3. Effect of S. epidermidis supernatant on corresponding S. aureus growth in biofilm
	4.4. Composition of S. aureus biofilms and their association with AD severity
	4.5. Protease activity of extracellular S. epidermidis, the presence of Esp, correlated with the effect of S. epidermidis-derived supernatant on corresponding S. aureus biofilms.
	4.6. Characterisation of S. epidermidis-derived molecules that mediate effects on S. aureus growth and biofilm formation.
	4.7. Determination if the observed effects of S. epidermidis on S. aureus are associated with the genetic background of S. epidermidis and S. aureus.

	Chapter 5: Discussion
	Chapter  6: Conclusions
	Chapter 7: References
	Chapter 8: Supplementary data
	Supplementary Table 1: Untransformed data for biofilm  formation of S. aureus isolates incubated with corresponding S. epidermidis supernatant compared to S. aureus incubated with media.



