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INTRODUCTION AND AIM 
OF THE WORK

• S. aureus MRSA ATCC 33591 and S. epidermidis ATCC 12228, grown 
  over-night in BHI broth at 37°C, were prepared in saline solution  
 at a OD (600 nm) = 0.8 and directly applied on RHE. M. furfur  
 ATCC 14521 and M. globosa MYA 4612 were cultivated on Modified  
 Leeming & Notman Agar at 32°C and were directly applied on RHE  
 in a dispersion of saline solution- olive oil. 

• The release of the adenylate kinase (AK) in the medium from  
 damaged cells has been performed with a commercially available  
 kit (ToxiLight™ Non-destructive Cytotoxicity BioAssay Kit, Lonza).  
 The enzyme actively phosphorylates ADP to form ATP and the  
 resultant ATP is then measured using the bioluminescent firefly  
 luciferase reaction.

• The lactate dehydrogenase (LDH) released in the extracellular  
 medium has been quantified with a commercially available kit  
 (Cytotoxicity Detection KIT-LDH, Roche). This enzyme is normally  
 present in the cytosol, and cannot be measured extracellularly  
 unless cell damage has occurred.

• The trans-epithelial-electrical-resistance (TEER) is the measure  
 of the movement of ions across the paracellular pathway regulated  
 by polarized plasma membrane surfaces and by cell-to-cell tight  
 junctions that together prevent movement of solutes and ions  
 across the epithelia. TEER is a direct measure of the functionality of  
 barrier function in epithelial tissue.

• Scanning electron microscopy (SEM). Samples for SEM were fixed  
 by 2.5% glutaraldehyde solution in PBS 0.1M for 24h. The analysis  
 have been perfomed at DiSTAR, Dipartimento di scienze della terra,  
 Monte sant’Angelo, Università degli Studi di Napoli Federico II. 

• Gene expression. total RNA has been extracted from duplicate RHE  
 samples (RNAqueous kit, Life-technologies) and retro transcribed in  
 cDNA (RNAqueous kit, Life-technologies). RTqPCR analysis by ΔΔCt  
 methods to quantify expression level of target genes and GAPDH (as   
 reference gene) TaqMan Assay and TaqMan Master mix in ABI7500  
 system Life-technologies. 
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TABLE I

Staphylococcus aureus  MRSA ATCC 33591 

Staphyloccocus epidermidis  ATCC 12228 

Malassezia furfur  ATCC 14521

Malassezia globosa  ATCC MYA4612

655

MATERIAL AND METHODS 

The skin is colonized by bacteria and yeasts most of which are harmless 
or even beneficial. A network of synergistic and antagonistic interactions 
between the host and the microflora and between microbial species 
maintains a stable ecosystem. In this dynamic equilibrium with the 
host tissue, the microflora may be considered an integral component of 
the normal human skin. The commensal microorganisms in the human 
skin microbiome help to fight pathogens and to maintain homeostasis 
of the microbiome.

In vitro Reconstructed Human Epidermis (RHE) infected with different 
strains (TAB I) has been developed in order to recapitulate:

a) Bacteria and yeast adhesion and growth on epidermal surface 
  influencing barrier function and melanocytes viability 

b) the observed dynamic equilibrium for skin commensal  
 (S. epidermidis) and pathogens (S. aureus) and their relative capacity  
 to form a polysaccharidic matrix associated to the biofilm

c) the feature of atopic dermatitis in presence of S. aureus biofilm. RHE  
 colonized with S. aureus and in co-culture with monocytes (THP-1)  
 was setted up to elicit a Th2 response and to amplify S. aureus  
 invasion modifications observed in an atopic phenotype at  
 transcriptional level. 

M. furfur colonization for 48h in our experimental conditions appears as strongly attached to the stratum corneum 
which structure has been modified, whereas the viable layers appear well preserved. After 120h a severe damage 
with disruption of  the stratum corneum and toxicity (several picnotic nuclei) in the viable layers is visible. 

CFU/mL on the homogenate (adherent bacteria) and apical (non- adherent bacteria) compartment of the colonized RHE.  

After 120h colonization of RHE, M. furfur is widely spread on the surface, adheres to the stratum corneum and 
penetrates the tissue in the adopted experimental conditions.  

M. furfur 
after 48h H&E 40X

6H COLONIZED RHE  10000X 

M. furfur 
after 120h H&E 40X

24H COLONIZED RHE 10000X

6H COLONIZED RHE 24H COLONIZED RHE

M. furfur after 120h 1000X M. furfur after 120h 5000X

M. globosa 
after 96 h SEM 5000X

M. globosa 
after 96h H&E 40X

RHE-Pigmented IV 
negative control (96h) 
Fontana-Masson 40X

M. globosa on RHE 
pigmented IV (96h) 
Fontana-Masson 40X
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Epidermal response to Malassezia furfur: SEM analysis
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Epidermal response to Malassezia globosa 

After 12h of colonization with M. 
globosa, a significant increase of LDH 
and ADK release in the culture medium 
was observed compared to the negative 
control (NC). The long-term colonization 
of 48h and 72h has determined a severe 
damage to the RHE-Pigmented IV tissue. 

M. globosa colonization during 96h induces severe damages to RHE-Pigmented IV: disruption of  the stratum corneum  
lamellar structure and severe toxicity in the viable layers (disorganization and necrosis) are visible. The Fontana-Masson 
staining shows the cytotoxic activity on the melanocytes with induction of depigmentation in the lesional areas. 

The viable count indicates that the bacterium proliferates on 
the RHE tissue. A higher concentration of viable adherent  
S. aureus is detected after 24h of colonization. 

Observations at 10000X magnification show that after 6h colonization S. aureus has started to develop an extracellular 
matrix that allows the bacterial aggregation. After 24h the bacterial biofilm covers the whole tissue surface: S. 
aureus produces high quantities of polysaccharide intercellular adhesin (PIA) that mediates the aggregation of 
the microbial community and their attachment to the tissue (this is one of the main virulence factors that make S. 
aureus infection so difficult to eradicate).

At 6h the biofilm is not fully formed and bacteria are 
suffering (lower O2). Fe appears as fundamental for 
bacterial growt: iron detection indicates a higher 
presence of bacterial secreted iron-binding proteins 
(siderophores) for the uptake of this element, synthesized 
by S. aureus. Mg can potentially influence and promote 
bacterial adhesion and biofilm formation directly (through 
effects on electrostatic interactions) and indirectly (via 
physiology-dependent attachment processes by acting 
as important cellular cations and enzyme cofactors 

At 24 h the presence of abundant matrix guarantees 
bacterial survival: higher O2 is detected.
Fe and Mg disappear indicating that the active growth 
is finished but the bacterial community is organized in 
the biofilm 

S. epidermidis is one of the most frequently isolated species from 
human epithelia with an ubiquitous presence on the skin. Its presence 
is correlated with benefits on skin barrier integrity (increased 
expression level of tight junction proteins and antimicrobial peptides 
genes). 
S. aureus is one of the most common contaminating bacteria able to 
easily form a biofilm on epidermal surface and it has been shown that 
its presence causes delays in the healing process. The development 
of the extracellular polysaccharidic matrix and biofilm confers to 
the bacterium an innate resistance to antibiotics, disinfectants, and 
clearance by host defenses.
For these reasons, the equilibrium that is established between these 
two species on skin is fundamental in determining skin homeostasis 
and response in terms of regulation of genes related to innate 
immunity, anti-bacterial activity and barrier function.

COMPETITION BETWEEN Staphylococcus epidermidis AND  
Staphylococcus aureus  

H&E staining on RHE colonized with S. epidermidis (24h) 
followed by S. aureus  for 4h/24h/48h  

RHE colonized with S. epidermidis (24h) and 
S. aureus (24h co-colture): SEM analyses 

S. epidermidis  24H 
The tissue morphology is preserved and just a light 
alteration of the stratum corneum is visible. The basal 
layers do not show toxicicity; polarization is present.

S. epidermidis  24H + S. aureus 4h
There are no significant differences in the tissue morphology 
with respect to the tissue colonized only with S. epidermidis

S.epidermidis  24H + S. aureus 24h
High hyperproliferation is visible with loss of keratohyalin 
granules. Cell polarization is present in the basal layers. 

S.epidermidis 24H + S. aureus 48h
Even if the RHE has mantained globally tissue viability, the 
co-colonization for 48h caused loss of cell connection, tissue 
increased thickness and presence of picnotic nuclei.

S. aureus 24H  
S. aureus colonization and its secretome causes tissue 
toxicity and loss of specific staining. 

Observations at 1000X magnification of S. epidermidis colonized RHE show that after 24h colonization the commensal 
bacterium is adhesive and forms large bacterial aggregates developing biofilm. The co-colonization with  S. aureus 
shows that the pathogen bacterium is able to develop extracellular matrix on the RHE  but colonizes only the 
borders of keratynocytes.  

S. epidermidis colonized RHE 24h  S. epidermidis/S. aureus colonized RHE (24h co-colture) 

Magnification 5000XMagnification 1000X Magnification 20000X

qRT-PCR on RHE colonized with S. epidermidis and 
S. aureus  for 4h/24h/48h

The claudin-1 gene has been down regulated during S. epidermidis adhesion (24h) and further colonization with S. 
aureus; its expression level was restored when the co-colture model was established.  
The involucrin gene was not significantly modified.
S. epidermidis adhesion has not involved the filaggrin gene that on the contrary was significantly upregulated by 
the presence of S. aureus as a defence mechanism. 
The keratinocyte mediated inflammatory pathway by TNF- α was completely inhibited by the adhesion of both 
strains.

A co-culture model of RHE and monocytes (THP-1) was setted up to 
elicit a Th2 response  and to amplify  S. aureus contribution to the 
development of an atopic phenotype at transcriptional level. 
The model  takes  into account the keratinocyte innate and 
inflammatory response, the adaptive immunomediated response (co-
colture with monocytes)  in presence of a S. aureus adhesion and 
stable colonization mimicking the feature of AD lesion.
A vicious cycle between colonization by S. aureus and AD is often 
observed and reported in the literature. S. aureus–derived TLR2 
ligands and extracellular proteases promote AD and at the same time 
Th2 cytokines in patients with AD further promotes the S. aureus 
colonization and enhances the role of TSLP (Fig. 11) 

ATOPIC DERMATITIS MODELING

TSLP (Thymic Stromal Lymphopoietin) links innate and adaptive immune responses through toll-like receptors and 
Th2 cytokines.
It is highly expressed in the skin of atopic dermatitis patients and associated with dendritic cell activation in situ.
TSLP promotes THP-1 macrophage-like cells differentiation that produce cytokines and chemokines that induce 
allergic responses. 

In Vitro Reconstructed Human Epidermis (RHE-Episkin) are 
colonized with S. aureus and placed above the THP-1 immuno-
competent cell line (Acute Monocytic Leukemia, supplied by 
Interlab Cell Line Collection) in the basolateral compartment 
for 16h. 
Then the RHE are cultivated for further 24h in presence of THP-
1. 
The aim was to  take into account either the Kc and the S. aureus immuno-mediated responses. 
In fact, as reported in Fig. 13 Kc response to S. aureus was not sufficient to elicit a stable inflammatory response 
(gene expression results have shown for TSLP gene a RQ=1,1 and TLR-2 gene a RQ=0,96) and to activate Th2 
response cells and thus a co-culture model of RHE and monocytes (THP-1) has been developed: in this experimental 
condition S. aureus was able to establish a more realistic model of  immuno-mediated observed in an atopic 
phenotype at transcriptional level. 

RHE RHE +STAPH RHE +STAPH_THP-1 BASAL 
TSLP 1 1,11 2,04 
TLR2 1 0,96 0,26 
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TSLP/TLR2 GENE EXPRESSION 

CP:  the CO-colture RHE+ THP-1 after 24h in presence of S. aureus. 

• Claudin 1 downregulation is responsible of loss of integrity and stability of TjS : impaired epidermal barrier 
  is more prone to bacterial colonization. 
• Kallkrein -5  expression level was not modified: thus it  directly activates PAR 2 and induces NF-kB- 
 mediated overexpression of TSLP.
• KRT19  was found downregulated  suggesting a negative feed back on the retention of stem cell  
 characteristics and influencing Kc differentiation.
• Integrins were down regulated: this result is probably related to the S. aureus adhesion mechanism  
 inducing a damage to RHE structure.
• DEFB4 was down regulated as expected in the co-colture model; it is important to underline that in  
 presence of S. aureus and RHE the gene is usually upregulated as defence mechanism. 
• Filaggrin and NOD2 up-regulation is observed as a defence mechanism 
• Decrease of TLR2 and increase of TSLP are consistent with the  establishment of the atopic phenotype

TLSP ROLE 

HOMO APIC

6h COLONIZED RHE 5,50E+04 3,01E+0,7

24h COLONIZED RHE 2,40E+06 7,21E+07

Barrier impairment of RHE
colonized with S. aureus (TEER)

qRT-PCR 
S.epidermidis / S. aureus co-colonization

q-RT-PCR

6H COLONIZED RHE  10000X 24H COLONIZED RHE 10000X


