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1. General introduction and scope of the thesis

1.1. Introduction

The skin is the largest organ in the human body, accounting for an area of around 30

m2 when considering also the hair follicles, the sweat glands ducts and other skin

appendages [1]. The primary function of the skin is to act as a barrier against the

hostile environment and to protect the internal organs against mechanical trauma,

UV light, and chemical and biological aggressors. However, throughout its complex

structure, the skin also helps to regulate the body’s temperature and contributes

to the synthesis of vitamin D and the processing of the sense of touch, pressure,

pain and temperature. The skin’s envelope is associated to tissues of various origins

(epithelial, connective, vascular, muscular and nervous) and is organised in three

layers (Figure 1.1), including from top to bottom: a) the epidermis (and its associ-

ated appendages, pilosebaceous follicles and sweat glands); b) the dermis, separated

from the epidermis by the dermal-epidermal junction, and c) the hypodermis [2].

The characteristics of the skin vary greatly depending on its topology, thick-

ness, moisture and temperature. Consequently, the microorganisms that populate

these areas also differ. This complex collection of microorganisms is known as the

skin microbiome. The human skin microbiome includes bacteria, archaea, fungi,

parasites, viruses and phages. It is currently accepted that the skin microbiome

can be modulated. These microbial variabilities are multifactorial and include ma-

ternal delivery, genetics, age, gender, daily habits, hygiene, diet, exposure to dif-

ferent xenobiotics, hormones, stress, climate, and other environmental factors [3].

Currently, 19 bacterial phyla and over 1000 bacterial species have been identified

within themost superficial layer of the skin. Themost commonbacteria phyla in the

epidermis are Actinobacteria, Firmicutes, Proteobacteria and Bacteriodetes, while

the most abundant genera are Corynebacterium, Propionibacterium and Staphylococ-

cus. On the other hand, the most abundant fungal community is represented by

the genus Malassezia and that from the virome is represented by the Human Papil-

loma Virus, in addition to the Human Polyomavirus, Circoviruses and many bacte-

riophages [4].

Under healthy circumstances, microbes bring beneficial roles to the skin. This

is known as symbiosis or eubiosis. Conversely, dysbiosis appears when the balance of

the skin’s ecosystem is disturbed and there is a shift of opportunistic microbes to
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1. General introduction and scope of the thesis

becomepathogenic. The remodelling of the original composition of themicrobiome

may involve loss of beneficial microbial organisms, expansion of pathobionts or po-

tentially harmful microorganisms, and loss of overall microbial diversity [5]. Koch’s

postulates referring to diseases caused by specific bacteria or microbes may not ap-

ply for conditions that respond to the microbial community as a whole in regards

to the immune responses in the host. For instance, dysbiosis has been associated to

illnesses ranging from autism, atopic dermatitis and asthma to inflammatory and

degenerative diseases, to cancer [6–10].

When the skin’s integrity or physiology is altered, dysbiosis appears. Such is the

case of chronic wounds. Wounds are contaminated and colonized initially by mi-

crobes originating from the local skin microbiota and the environment. Coloniza-

tion alone does not delay the wound healing process; however, infected wounds

contain a high load of replicating organisms that irritate and injure the host tissue

and lead to persistent bacterial populations that are typically arranged into biofilms

[12, 13]. Biofilm development initiates with the attachment of bacteria mediated

through weak reversible van der Waals interactions. Cell surface structures such as

flagella, fimbriae, lipopolysaccharides and exopolysaccharides participate in irre-

versible interactions. Next, microcolonies appear to form the first layer of cells on

the wound surface. When multiple layers pile up, microcolonies are surrounded by

water channels that distribute nutrients and signal molecules to sustain a mature

biofilm. Spreading follows detachment of individual bacteria or clumps occurring

in response to limited nutrition or other environmental changes (Figure 1.2) [14].

In biofilms, it has been observed that bacterial species exhibit different phe-

notypes even if they belong to the same kin and are almost genetically identical.

These phenotypic changes occur spontaneously and are regarded as adaptive mu-

tations that result in cellular diversification. This population heterogeneity allows

for fitness advantages that prepare for stressful changes in the environment and

metabolic cooperation [15]. Intercellular communication or quorum sensing in mi-

crobial communities influences their growth pattern (from a low-density state to

a high-density state) within a biofilm and alters their production of virulence fac-

tors. The circumstances encompassed in a biofilm, together with the diffusion bar-

rier given by the extracellular polymeric substance, protect against host defences

and contribute to an increased antibiotic resistance among wound-resident bac-
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1. General introduction and scope of the thesis

Figure 1.1:Thin human skin section. Lightmicrograph of a longitudinal section of

female cheek showing layers of thin skin. Red arrowhead, epidermal ridge; orange

arrowhead, dermal papilla; Ed, epidermis; De, dermis; Hd, hypodermis; HF, hair fol-

licle; SG, sebaceous gland; ESG, eccrine sweat glands; A, arrector pili muscle; F, fat

tissue; Heidenhain azan stain. Original source Arda O et al, 2014 [11].
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Figure 2
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Figure 1.2: Schematic representation of the distinct steps in microbial biofilm

development. The different stages in biofilm formation include initial attachment

to the surface, formation of amonolayer along the surface with formation ofmicro-

colonies, biofilm maturation with formation of a three-dimensional structure, and

cell dispersion. Modified from Dufour D et al, 2012 [14].

teria (Figure 1.3) [12]. With no surprise, chronic wounds have become an increas-

ing healthcare problem due to the costs associated to wound management, pa-

tient lifestyle, financial security andwell-being. Moreover, the incidence of chronic

wounds rises as the rates of chronic diseases grow, having devastating effects due

to associated complications such as amputations [16].

1.2. Scope and outline of this thesis

Given the need of new therapeutic approaches in the management of chronic

wounds, the here presented PhD research was directed to study a chronic wound

model that exists in the inherited condition known as epidermolysis bullosa (EB).

Individuals affected by this disease, develop blisters and later openwounds as a con-

sequence of trivial mechanical trauma. It has been documented that these wounds

are generally colonised by the Gram-positive bacterium Staphylococcus aureus [18].

S. aureus may belong to the skin’s normal microbiota, with colonisation rates of

30%. However, in certain conditions, this bacterium can transform from a relatively

harmless colonizer into a dangerous pathogen causing disease in almost all tissues
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BIOFILM

Virulence
• Cell-cell signaling (quorum-sensing) 

between bacteria within a biofilm
• Wound healing inhibition, potentially 

through direct inhibition of keratinocyte
migration

• Species-specific virulence factors integral to 
biofilm development and maintenance

Defense
• Extracellular polysaccharide matrix that acts 

as physical barrier to host inflammatory cells
• Inhibition of complement activation and 

other host defense mechanisms leading to 
ineffective inflammatory response

• Blockade and inactivation of antibiotics and 
other therapeutics

Persistence
• Alterations in bacterial gene expression and transfer of genetic 

material between bacterial cells
• Decreased growth rate, leading to reduced efficacy of antibiotics
• Shedding of planktonic bacteria to spread and develop biofilm in 

new locations
• Phenotypically different ’persister’ cells that repopulate the cells of 

a biofilm matrix

Figure 3

Figure 1.3: Schematic diagram of different characteristics of bacterial biofilm,

including mechanisms of virulence, defence, and persistence. Modified from

Seth AK et al, 2012 [17].

and organs of the human body. This bacterium has also the characteristic to readily

acquire resistance to antibiotics like the well-known methicillin resistant strains.

Molecular typing of S. aureus has demonstrated that EB chronic wounds are

colonised by up to six different S. aureus types at one particular time point of sam-

pling and that the S. aureus population carried by these patients was subject to

changes [19, 20]. Intriguingly, the understanding of S. aureus and its interactions

with wound-resident bacteria had not been elucidated at the start of the present

PhD research. Therefore, the aim of this research was to bridge the gap related to

this basic knowledge and, more specifically, to gain insights into the behaviour of

S. aureus in wound-mimicking conditions and the wound per se. To set the stage, a

basic introduction to the skin and its microbiota is presented in Chapter 1 of this

thesis.

Because of the complex ultrastructure of the skin and the various histopatho-

logical lesions exhibited among the phenotypes of EB, the research described in

Chapter 2 was aimed at gaining insight into the heterogeneous microbial compo-

sition of wounds in patients with EB. The research was based on non-invasive sam-

pling of wounds and microbiome analysis with next-generation sequencing of bac-
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terial 16S rRNA genes. The results of this study outline distinct microbiota patterns

throughout the different types of wounds of patients with EB and lay the ground-

work for the research presented in Chapters 3 to 5 of this thesis.

Based on replica plating of used bandages from patients with EB, two different

strains of S. aureus, one from Bacillus thuringiensis andone fromKlebsiella oxytocawere

isolated. Hence, the research presented in Chapter 3 was focused on the interac-

tions of S. aureus with the other two species. Although these bacteria are consid-

ered opportunistic and therefore, potentially pathogenic in the human body, none

of them showed growth inhibition toward each other. Genomic analysis revealed

a mutL mutation in one of the staphylococcal strains. This mutation is indicative

of impaired mismatch repair and other hypermutable traits and is associated to

species persistence. Given this characteristic, staphylococcal isolates showed very

different protein expression that was not modified upon co-culture, suggesting co-

operative behaviour. Furthermore, there were clear differences in the staphylococ-

cal exoproteomes identified upon mono- or co-culturing. Importantly, during co-

culture with B. thuringiensis and K. oxytoca, there was a decrease in staphylococcal

proteins with predicted cytoplasmic localization (includingmoonlighting proteins)

and virulence factors.

To further investigate the observations presented in Chapter 3, an in-depth in-

vestigation of the cellular proteome and genome-wide gene expression of S. aureus

upon co-cultivation with K. oxytoca and B. thuringiensis was carried out as described

in Chapter 4. The experiments were set under infection-mimicking conditions in-

cluding a polymicrobial biofilm-mimicking environment, which revealed a great

number of downregulated staphylococcal genes for both of the wound isolates. The

reduction of virulence factors was demonstrated in both omics approaches and,

subsequently, validated in a Galleria mellonella infection model. This study also re-

vealed importantmetabolic distinctions among staphylococcal isolates and pointed

out some interesting molecules involved in cell signalling, host-pathogen interac-

tions and quorum sensing.

Finally, the preceding in vitro investigations led to the study presented in Chap-

ter 5, which visualized the interactions of S. aureus within an actual wound. This

investigation tackled the difficult endeavour of bacterial mRNA isolation from
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chronic wounds and its analysis. The chapter highlights the staphylococcal gene

expression changes in situ and reveals a massive induction of genes related to ge-

netic competence and bacteriocin production. Further, the results in this chap-

ter focus attention on the contrasting in vitro and in situ gene expression profiles

presented by S. aureus in the presence of another common wound-colonizing bac-

terium: Corynebacterium striatum. Lastly, the results of the present in vitro and in

situ studies are discussed in Chapter 6, where also future directions for research

on wound-colonizing micro-organisms and potential therapeutic avenues for im-

proved wound care are given.
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