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Abstract

The skin barrier comprises interdependent physical, chemical, immunological, and 

microbial components, of which the latter is constituted by a community of 

microbes residing on the skin surface that restricts the expansion of opportunistic 

pathogens, modulates keratinocyte signaling pathways, and fosters immune 

tolerance. However, molecular and cellular dynamics of host–microbe interactions 

remain incompletely characterized, partly due to the limited availability of 

physiologically relevant and robust preclinical models. We aimed to establish 3D 

human skin equivalents (HSEs) in co-culture with representative skin commensals 

to investigate host responses across an in vitro cohort of six biological replicates. 

Well-characterized HSEs were inoculated with Staphylococcus aureus, 

Staphylococcus epidermidis, and Cutibacterium acnes. A 48-hour co-culture period 

enabled microbial expansion, during which S. aureus exhibited the most 

substantial outgrowth, and strain-dependent variability was observed for S. 

epidermidis. Assessment of epidermal morphogenesis revealed that S. aureus 

exerted largest structural impact, whereas C. acnes promoted keratinocyte 

proliferation. Furthermore, S. aureus elicited a pro-inflammatory response, 

characterized by elevated secretion of IL-8 and CXCL1. In conclusion, we developed 

a reproducible experimental framework dissecting host–microbe interactions in 

HSEs to demonstrate that S. aureus induced substantial alterations in epidermal 

architecture and inflammatory signaling, underscoring its pathogenic potential in 

cutaneous environments.

Keywords

Skin barrier; Microbes; Host–microbe interactions; Human skin equivalents (HSEs); 

Staphylococcus aureus; Inflammatory response
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1. Introduction 

A highly versatile and dynamic microbiome is present on the surface of the human 

skin1,2. The skin consists of the subcutaneous adipose layer, the dermis, and the 

epidermis, of which the latter is formed by keratinocytes that are differentiated in 

four distinct epidermal layers. The skin microbiome is an essential part of the 

human skin barrier, which comprises the physical, immunological, chemical, and 

microbiological compartments3. By the combination of these barrier 

compartments, the human body is secured from dehydration, damage through 

excessive UV light exposure, and infection or overgrowth of pathogens. Yet, the 

interactions between the skin microbiome and the human skin are not fully 

understood. One factor that limits a thorough understanding of host-microbe 

interactions on the skin is the minimal availability of reproducible in vitro models 

in co-culture with the skin microbiome. One of the challenges for establishing such 

skin models is the sterile work environment required for long-term tissue 

engineering projects when omitting antibiotics. Nevertheless, there is an urgent 

need by the pharmaceutical, food and cosmetic industry for robust systems that 

recapitulate 3D-in vivo microbiome characteristics of native human skin (NHS), 

based on the lack of adequate recapitulation of human skin physiology and 

interaction with the skin microbes in animal experiments or in 2D monolayer 

testing. This is fueled by ethical considerations, increased societal and academic 

awareness of non-animal model systems, and poor translational properties of 

animal models4. These factors direct the field towards human translational model 

systems5.

Three-dimensional human skin equivalents (HSEs) are tissue engineered 

skin models, consisting of a human cultured epidermis and/or dermis. Various 

types of HSEs have been developed, of which the Leiden Epidermal Models (LEM) 

consists of primary keratinocytes that are fully differentiated forming a functional 
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skin barrier. Several studies have been conducted to enrich skin models with a 

microbial compartment to induce a co-culture system6-8. The strength and added 

value of these models have already been shown in studies in which organotypic 

models were inoculated with various microbes to study skin infections and to 

screen for antimicrobial peptide efficacy in antibiofilm assays8-13. Yet, multiple 

factors require experimental optimization, as described earlier by Rikken et al. 

which highlighted the current lack of standardization, short co-culture periods, and 

low assay throughput. These aspects are not unique for host-microbe interaction 

studies, but are in line with the quality standards and validations required for 

organotypic skin models, as described elsewhere14.

The microbiome on the human skin consists of prokaryotic bacteria, 

eukaryotic fungi, and viruses1,15. These form a unique community of 

microorganisms that differ in composition depending on the body site and the 

concomitant moist, dry, or sebaceous skin surface. The anatomical skin site is most 

affecting the composition of bacteria and fungi, whereas the presence of viruses 

has been more related to an individual1. Bacterial species that are part of a healthy 

skin microbiome are Staphylococcus epidermidis and Cutibacterium acnes, 

whereas in skin conditions the presence of S. aureus is elevated16-18. External 

factors that are known to affect the skin microbiome include environmental factors 

(indoor and outdoor), social dynamics and lifestyle, and the use of personal care 

products19. Moreover, the skin microbiome itself is orchestrated by microbe-

microbe interactions, where strain-specific differences shape microbiome-

modulating effects and their capacity to induce a host response20. Yet, our 

understanding of the dynamics within the skin microbiome and host-microbe 

interactions remains limited. 

In healthy human skin, the host-microbe interactions are highly diverse and 

dynamic in a bidirectional manner. For instance, the composition of the skin 
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microbiome is modified by the expression of antimicrobial peptides in the 

epidermis21,22, whereas an inflammatory reaction by the skin cells can be induced 

by the presence of microorganisms that express virulence factors23. Understanding 

the depth of these interactions is challenging but can be performed by measuring 

biomarkers. The epidermal cells can produce pro-inflammatory cytokines such as 

interleukin 8 (IL-8) and chemokine (C-X-C motif) ligand 1 (CXCL1), which trigger 

the recruitment of neutrophils contributing to an inflammatory response1,20. These 

can be measured as biomarkers to indicate a pro-inflammatory response. 

Discovery of skin health related local and systemic biomarkers will shape 

experimental designs and serve as indicators in assessment of translational power 

of model systems. 

Our aim was to establish an integrated microbe - human skin system by 

culturing skin microbes on the surface of LEMs. We focused on three 

complementary aspects of this model: measuring microbial outgrowth, assessment 

of epidermal morphogenesis, and evaluation of the inflammatory status based on 

cytokine secretion. Here, we reveal that a functional interaction between microbes 

and keratinocytes of the LEMs was established, which revealed a species-specific 

in vitro host response that was assessed by integration of diverse methods 

required to evaluate complex in vitro model systems. 
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2. Materials and Methods

2.1 Isolation of primary skin cells

Normal human epidermal keratinocytes (NHEKs) were isolated from surplus skin 

obtained from anonymous female donors who had undergone cosmetic surgery. 

The donors had skin types I–II (according to Fitzpatrick score24). All donors were of 

female sex, were aged between 18-50, and the skin was obtained from mamma 

tissue (Supplementary table 1). Epidermal and dermal layers were 

enzymatically and mechanically separated, followed by digestion to generate 

single-cell suspensions. The keratinocytes were cultured in keratinocyte medium 

37 °C and 7.3 % CO2, comprising three parts Dulbecco's Modified Eagle Medium 

(DMEM) and one part Ham's F12 medium, supplemented with 5% (v/v) fetal bovine 

serum (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 μM hydrocortisone, 1 μM 

isoproterenol, 0.1 μM insulin (all from Sigma–Aldrich, Zwijndrecht, The 

Netherlands), and the antibiotics 100 U/ml penicillin and 100 μg/ml streptomycin 

(both from Thermo Fisher Scientific)25.

2.2 Construction of Leiden Epidermal Models

Leiden Epidermal Models (LEMs) were generated using primary human 

keratinocytes, as previously described25. The LEMs were generated with primary 

keratinocytes that were transitioned to Dermalife medium (Lifeline Cell 

Technology, San Diego, CA, USA) supplemented with the antibiotics penicillin 

(10,000 U/ml) and streptomycin (10 mg/ml) one day prior to model preparation. 

On the following day, 5.6 × 104 keratinocytes were seeded onto 0.4 μM filter inserts 

(Greiner Bio-One B.V., Alphen aan den Rijn, The Netherlands) in 24-well plates 

containing Dermalife medium. The LEMs were refreshed once more with LEM1 

medium prior exposing them to air. After three days in total, the apical medium 

was removed to expose the keratinocytes to air, and the cultures were maintained 
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at 37°C and 7.3% CO2. After air-exposure, the basal medium was replaced with 

LEM2 medium, consisting of CnT-02-3D medium (CellnTech, Bern, Switserland) 

combined with keratinocyte medium in equivalent quantities supplemented with 

2.4 × 10−2 μM bovine serum albumin and the antibiotics. One day prior to bacterial 

inoculation, the medium was replaced with antibiotic-free LEM2 medium. All 

experiments were conducted using 10-day air-exposed cultures.

2.3 Generation of host-microbe co-culture skin models

Bacteria were cultured according to the culturing conditions as described in 

supplementary table 2. The bacteria were suspended in Dulbecco's Phosphate 

Buffered Saline (PBS) and washed twice, centrifuged (10 min, 3000 rpm) and 

supernatant was removed. The OD600 was measured with a Personal Cell Density 

Meter (CO8000 cell density meter, Biochrom, Cambridge, UK) and the microbes 

were diluted accordingly. A volume of 15 µl containing resuspended bacteria was 

placed in the middle of the insert to initiate co-culturing. The same volume of 

resuspended bacteria was transferred in a 96 deep-well round bottom (P-DW-20C, 

Axygen, Corning Life Sciences, Amsterdam, The Netherlands) for DNA isolation at 

t=0h. A colony-forming unit (CFU) determination was performed simultaneously. 

The co-culture inserts were incubated at 37°C, 7.3% CO2 and 90% humidity. After 

48h of incubation, the inserts were harvested for DNA isolation by superficial 

washing of the inserts with 200 µl CD1 solution (DNeasy 96 Powersoil Pro QIAcube 

HT kit, Qiagen, Hilden, Germany) and collection of the solution in a 96 deep-well 

plate. The inserts were cut using a scalpel from the insert and placed in the same 

deepwell plate. The plate was stored at -20°C. Harvesting for histology was 

performed by cutting out the membrane from the insert and placed in a cassette 

that was incubated in 4% formaldehyde (Added Pharma, Oss, The Netherlands) 

and after 24h transferred to 70% ethanol. The medium below the inserts was 
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collected in a 96 deep-well round bottom (P-DW-11-C-S, Axygen) and stored at -

20°C for cytokine determination.

2.4 Determination of microbial growth

DNA was extracted from the host-microbe co-culture skin models as samples by 

the mag™ particle suspension BL (LGC Biosearch, Petaluma, CA, USA) in 

combination with Pureprep system (Molgen, The Netherlands). Essentially, the skin 

model samples were supplemented to 800 µl using CD1 solution and 500 µL 

zirconium beads (0.1mm; BioSpec products, Bartlesville, OK, USA). After bead-

beating for 2 min twice, with cooling on ice in between the two beating runs, the 

plate was centrifuged for 6 min at 3000 rpm. Thereafter, the 350 µL of supernatant 

was transferred to a 2 mL 96-well plate containing 350 µL binding buffer BL and 10 

µL mag particle suspension BL. Subsequently, the pureprep was running the DNA 

purification program according to the protocol of the supplier (Molgen). Extracted 

DNA was eluted in a final volume of 65 µL buffer. Cell densities of the microbial 

growth on the host-microbe co-culture skin model were determined by specific 

quantitative polymerase chain reactions (qPCRs). Specific primers and probes for 

the qPCRs are described in supplementary table 3. The Maxima probe/ROX qPCR 

mastermix (2x) (#K0231, Thermo Fisher Scientific) was used for all strain, except 

for C. tuberculostearicum where the qPCR (JUN-QSY) with the Taqman multiplex 

mastermix (#4461881, Applied biosystems, Thermo Fisher Scientific) was used. 

Reaction mixes are provided in supplementary table 4. The qPCR was performed 

in the QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific) with the 

following settings: 5 min preheating 50°C, 10 min denaturation and PCR initiation 

at 95°C followed by two-step amplification with 45 cycles of alternating 15 sec 

denaturation at 95°C and 60 sec primer/probe annealing and complementary 

strand synthesis at 60°C. The qPCR data including the trendline for the cycle time 
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value (Ct) as function of specific microbial strain DNA concentration were used to 

calculate the number of bacterial genome equivalents per insert of the host-

microbe co-culture skin model samples. In the calculation, the chromosome size of 

the different strains is as described in supplementary table 2.

2.5 Histological evaluation

LEMs were fixed in 4% paraformaldehyde for 18 h, followed by dehydration and 

paraffin embedding. Morphological analysis was conducted on 3–4 µm sections of 

formalin-fixed, paraffin-embedded (FFPE) samples, which were stained with 

hematoxylin and eosin (HE). For immunohistochemistry (IHC), 4 µm FFPE sections 

were deparaffinized, rehydrated, and subjected to antigen retrieval in either 

sodium citrate buffer (pH 6.0) or Tris-EDTA buffer (pH 9.0) using an autoclave at 

110°C for 5 minutes. A wax pen (DAKO, Glostrup, Denmark) was used to delineate 

the sections, which were then blocked with 1% bovine serum albumin (BSA) in PBS 

containing 2% normal human serum. Primary antibodies (detailed in 

Supplementary table 5) were applied and incubated overnight at 4°C in a 

humidified chamber. Subsequently, sections were treated with secondary 

antibodies (Supplementary table 5) for 60 min at room temperature in a dark, 

humidified chamber, followed by 45 min of incubation with the streptavidin-biotin 

peroxidase system (GE Healthcare, Chicago, IL, USA). Staining was visualized using 

3-amino-9-ethylcarbazole (AEC, Sigma-Aldrich), and sections were mounted with 

Kaiser's glycerol gelatin (Merck, Rahway, NJ, USA) and counterstained with 

hematoxylin (Sigma-Aldrich). PBS washes were performed between steps, and 

imaging was conducted with a Zeiss Axioscope 5 microscope (20x dry objective). 

For immunofluorescence (IF), a similar protocol was followed, except sections were 

counterstained with DAPI (1:5000) and mounted with Vectashield (both Sigma-

Aldrich). Imaging was performed using the DM6b2 fluorescence microscope (20x 
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dry objective) and the Zeiss Airyscan confocal microscope (20x dry objective). To 

determine the Ki-67 based proliferation index, the number of positive cells in the 

basal layer were counted in 4 to 6 different microscopic fields.

2.6 Measurement of secreted cytokines

Collection of the conditioned medium was performed on the day of harvest. The 

medium was transferred into deep-well plates and stored frozen at -20°C. Targeted 

detection of IL-8 and CXCL1 were performed with an enzyme-linked 

immunosorbent assay (ELISA) according to the instructions provided by the 

manufacturer. The following kits were used: Human IL-8/CXCL8 DuoSet ELISA 

#DY208, and Human CXCL1/GRO alpha DuoSet ELISA #DY275 (R&D Systems, 

Minneapolis, MN, USA). Negative controls were included in each measurement 

which was unconditioned medium. Samples per donor represent pooled sample of 

technical replicates.

2.7 Ethics

All primary human skin cells from healthy donors used by the Department of 

Dermatology are isolated from surplus tissue collected according to article 467 of 

the Dutch Law on Medical Treatment Agreement and the Code for proper Use of 

Human Tissue of the Dutch Federation of Biomedical Scientific Societies26. Under 

this national legislation, coded surplus tissue may be used for scientific research 

unless the informed donor issues a written objection, constituting an informed 

opt‑out framework. Accordingly, and as stated earlier8,44, no additional approval 

from an ethics committee was required nor requested for the research use of this 

material. All participants received an informed consent form where they were 

informed of the use of their tissue for scientific research and all patients were 

offered the opportunity to give approval or refusal to this. Only tissue from patients 
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who agreed was used. None of the authors were involved in the tissue sampling 

and only birth date, gender and skin type of the subjects were documented. These 

data were only accessible to AEG. The Declaration of Helsinki principles were 

followed when working with human tissue.

2.8 Statistics

Statistical analyses were performed using GraphPad Prism (version 9.1.2). All data 

are presented as mean ± SEM, unless indicated otherwise. Data was first tested for 

normal distribution using the Shapiro-Wilk test. When data showed normal 

distribution, equality of variance was tested using Brown-Forsythe test. In case of 

normally distributed data with equality in variance, ordinary one-way ANOVA was 

used with Holm-Sidak multiple comparisons post-test. For normally distributed 

data without equality in variance, the Brown-Forsythe and Welch ANOVA test was 

used with Dunnett multiple comparison post-test. When data was not normal 

distributed, Kruskal-Wallis with Dunn’s post-test was performed. Significant 

outcomes are indicated with *, **, ***, and **** which indicate adjusted p-values 

p<0.05, p<0.01, p<0.001, and p<0.0001 respectively. 
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3. Results

3.1 Outgrowth of skin bacteria on human skin equivalents

To mimic the NHS in an in vitro model with the skin microbiome, we deployed LEMs 

which were co-cultured with bacteria that are present on the skin (Figure 1). LEMs 

are 3D models that present the characteristic layers of the epidermis, including 

stratum basale (SB), stratum spinosum (SS), stratum granulosum (SG), and 

stratum corneum (SC). For the generation of a stable host-microbe co-culture on 

LEMs, S. aureus was selected as an opportunistic skin microbe, whereas S. 

epidermidis and C. acnes were selected as commensal skin microbes1. Moreover, 

two different strains of S. epidermidis were selected for this study to explore strain 

diversity, these were the (I) ATCC strain 12228 and the (II) ATCC 11536 strain. The 

latter showed a strain-specific capacity to produce different metabolites and 

bacteriocins27, potentially affecting host response. Pre-optimization of the co-

culture methodology protocol resulted in an optimization of 48h as time of co-

culturing with a low inoculation (103-104 genome equivalents) or a medium 

inoculation (104-105 genome equivalents) per model as start concentration. 

The host-microbe skin co-cultures were developed with monocultures of S. aureus, 

S. epidermidis, and C. acnes that were applied and examined for outgrowth after 

48h (Figure 2A-D). All these skin microbes showed substantial growth on the 

surface of the LEM regarding the absolute growth started from the low or medium 

inoculation levels. After 48h S. aureus had most absolute and relative growth after 

low and medium inoculation. The two strains of S. epidermidis showed substantial 

outgrowth, although the S. epidermidis (I) strain outgrowth was more as compared 

to S. epidermidis (II). C. acnes did grow out during the 48h period in aerobic 

conditions on the surface of the LEM, which are typically unfavorable growth 

conditions for the lipophilic, gram-positive, aerotolerant anaerobe microbe. To 

assess the robustness of the co-culturing, a total of six different primary cell donors 
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have been used in this assay. In general, the variation in biological donors did not 

affect the bacterial outgrowth on the LEMs.
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Figure 1. Schematic overview of the histology of native human skin (NHS) and of the 

Leiden Epidermal Model (LEM) as type of human skin equivalent (HSE). The NHS (left) 

consists of the dermis, the epidermis as characterized by the stratum corneum (SC), 

stratum granulosum (SG) stratum spinosum (SS) and the stratum basale (SB), and the skin 

microbiome. In the LEM (right), the epidermis is formed by keratinocytes. Monocultures of 

skin microbes (S. aureus, S. epidermidis and C. acnes, respectively) were administered on 

the surface of the epidermis. Read-out parameters were bacterial outgrowth, epidermal 

morphogenesis, and extracellular cytokine levels.
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Figure 2. Robust outgrowth of skin microbes as monocultures on LEMs. A) 

Absolute number of genome equivalents per LEM during inoculation (t=0h) and after 

outgrowth (t=48h). B) Relative number of genome equivalents of skin microbes after 

outgrowth on LEMs at t=48h. C) Absolute number of genome equivalents per LEM during 

inoculation (t=0h) and after outgrowth (t=48h). D) Relative number of genome equivalents 

of skin microbes after outgrowth on LEMs at t=48h. Biological donors (D1-D6) at t=48h are 

indicated by color codes described in the legend. Technical replicates are indicated by 

single data points. Means of each biological replicate is indicated by bordered symbols. 

Line indicates mean of biological donors with error bars representing SEM.
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3.2 Epidermal morphogenesis of human skin equivalents in co-culture 

with microbes

We next investigated whether the inoculation of LEMs with different bacterial 

strains influenced epidermal morphogenesis, including morphology, early and late 

differentiation, and proliferation. All donors produced well-formed epidermal 

structures encompassing all viable layers (i.e. SB, SS, SG, and SC) (Figure 3). As 

for both inoculation level a substantial growth was detected, histological analyses 

were performed focused on the low inoculation level. Notably, in all representative 

donors, S. aureus and to a lesser extent S. epidermidis (I) exhibited an adverse 

impact on epidermal structure. This was presented as less cuboidal structure of 

basal layer keratinocytes and earlier flattening of spinous layer keratinocytes. The 

impact of C. acnes on the epidermal structure was insignificant, as this was only 

present in a minority of included donors. Occasionally, in cross-sections of LEMs 

co-cultured with S. aureus, and S. epidermidis (II), visible attachment to the SC was 

observed indicated by the asterisk (Figure 3), although due to tissue processing 

methods this was not consistently observed.

Figure 3. Histology of LEMs co-cultured with skin microbes. Shown are cross-

sections of LEMs of 3 donors without treatment, PBS as vehicle control, and inoculated with 

S. aureus, S. epidermidis (I), S. epidermidis (II), and C. acnes with a low inoculation (103-
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104 genome equivalents) for 48h with HE staining. The asterisk (*) indicates visible 

attachment of the respective microbes to the LEM. Scale bar 50 mm.
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In-depth evaluation of epidermal morphogenesis was performed via analysis of 

differentiation-specific protein biomarkers in three donors. Late differentiation was 

assessed by filaggrin (FLG) and loricrin (LOR) expression profiles, both key proteins 

in the cornified envelope28. The cornified envelope forms during the final stages of 

keratinocyte differentiation, a process crucial for establishing the skin's barrier 

function. Moreover, breakdown products of FLG are an important part of the natural 

moisturizing factor (NMF) within the SC29. Both the NMF and LOR, amongst others, 

affect the adhesion of microbes to the skin surface30,31, thereby serving as 

structural component of the physical skin barrier and as mediator of the microbial 

skin barrier. The expression and localization of FLG and LOR was predominantly 

found in the SG and SC in control condition (Figure 4A, B). In co-culture with 

microbes, the expression and localization of FLG was similar, whereas that of LOR 

revealed a marked reduction after inoculation with S. aureus, S. epidermidis (I), 

and C. acnes. This indicates a protein-specific effect on late and terminal 

differentiation in the presence of certain microbial species. 

Rigidity of early differentiation was evaluated by the expression and localization of 

protein biomarker keratin 10 (K10). This is a structural protein expressed in the 

suprabasal layers (SS and SG) of the epidermis during keratinocyte differentiation, 

where it acts to maintain structural integrity and stability of the skin. Pathogenic 

variants in its gene KRT10 are associated with skin fragility disorders, such as 

epidermolytic ichthyosis32. K10 expression was robust, and the localization was 

restricted to the SS and SG in control condition (Figure 4C). In the presence of S. 

aureus and S. epidermidis (I), in most donors a delayed early differentiation was 

observed, indicated by reduced K10 expression in the first suprabasal layer. Both 

S. epidermidis (II) and C. acnes did not affect the initiation of the early 

differentiation program. 
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Next, we investigated whether microbial inoculation influenced cell proliferation 

after 48h. To assess this, we stained for the cell proliferation marker Ki67 (Figure 

4C) and quantified the number of positive and total cells in the basal cell layer, 

yielding the proliferation index, which is presented as fold change (Figure 4D). In 

all conditions, Ki67 expression was restricted to the SB, indicating no significant 

differences were observed in localization of proliferation keratinocytes between 

the vehicle control and LEMs inoculated with microbes. All Staphylococci strains 

did not alter cell proliferation, whereas C. acnes promoted cell proliferation. 

To assess whether inoculation with the bacterial strains induced cell activation in 

LEMs after 48h, we analyzed the expression of keratin 17 (K17) as protein 

biomarker. The structural protein K17 is upregulated upon hyperprofileration and 

wound healing33, and also functions as regulator of nuclear morphology and 

chromatin organization34. In control conditions, very low K17 expression was 

detected in the LEM, indicative for epidermal homeostasis (Supplementary 

Figure 1A). Upregulation of K17 was not induced by any microbial strains as 

compared to their respective controls.

Evaluation of an altered host response towards the microbes on the LEMs was 

performed by expression and localization of host defense proteins. Assessment of 

the response of the skin to monocultured microbes using in vitro systems is 

specific, especially as this information is highly limited to obtain in vivo due to the 

continuous presence of multiple microbes as community on the epithelial surface. 

We assessed two biomarkers to evaluate the antimicrobial host response, which 

are the proteins small proline rich protein 2A (SPRR2a) and beta-defensin 3 (hBD3). 

The SPRR proteins contribute to the biomechanical properties of cornified 

envelopes35 and possess bactericidal activity, which was observed in a dose-

dependent way for SPRR2a towards S. epidermidis36. Beta-defensins are 

antimicrobial peptides (AMPs) expressed on epithelial surfaces including the skin, 
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in which these are upregulated upon infection, inflammation, or wounding and also 

act as immunomodulatory regulators37,38. Within the hBD family, the strongest 

microbicidal activity against Gram-negative and -positive bacteria and yeast was 

found to be hBD339. At baseline, very low SPPR2a and hBD3 expression in LEMs 

was observed (Supplementary Figure 1B, C), which was not increased 

substantially in response to any microbial strain as compared to their respective 

controls.

Figure 4. Epidermal morphogenesis of HSE co-cultured with skin microbes. Shown 

are cross-sections of LEMs stained for A) the late differentiation markers Filaggrin (FLG) 

and B) Loricrin (LOR), C) early differentiation marker keratin 10 (K10), proliferation 
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biomarker Ki67, and nuclei with DAPI. LEMs were inoculated with PBS as control, S. aureus, 

S. epidermidis (I), S. epidermidis (II), and C. acnes with a low inoculation (103-104 genome 

equivalents) for 48h. Scale bar indicates 50 µm. D) Scattered dot plot of the proliferation 

index quantified by the number of Ki67 positive cells in the basal layer presented as fold 

change. All quantified data is presented in small dots, with averages per color-coded donor 

as larger dot, and line with error bars indicate mean + SEM.
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3.3 Skin microbes induce changes in secretion of pro-inflammatory 

cytokines in LEMs

Evaluation of immunological responses of the skin cells upon co-culturing with the 

skin microbiome was performed by analysis of protein secretion of cytokines IL-8 

and CXCL1, both related to pro-inflammatory pathways. Analysis of negative 

control samples (i.e., unconditioned cell culture medium) showed no detection of 

background signal. The vehicle control PBS condition for all donors showed a 

minimal level of variability, although six different primary cell donors were used in 

total. This indicated the high level of reproducibility of the model system on 

functional level. The highest induction in production of pro-inflammatory cytokine 

IL-8 versus vehicle control was obtained by co-culturing with S. aureus (Figure 5A, 

B). Inoculation with high numbers of S. aureus also induced the secretion of the 

pro-inflammatory cytokine CXCL1 (Figure 5C, D). Interestingly, there was 

variability between the different primary cell donors detected, indicating that some 

donors were more responsive to S. aureus and others were more protected. No 

induction was detected by both strains of S. epidermidis and for C. acnes. In the 

co-culturing with the latter, also a high level of reproducibility was obtained, as all 

the individual datapoints derived from different biological donors clustered 

together. When comparing the cytokine production after inoculation with different 

start concentrations, a high degree of overlap was visible. This indicates that 

during the rapid outgrowth of the bacteria over the 48-hour co-culture period, the 

relative contribution of the initial bacterial concentration was overcome. On a 

systems biology level, the production and secretion of IL-8 and CXCL1 by 

keratinocytes as response to bacteria induces the recruitment of neutrophils40, a 

cell type that is currently not present in our in vitro platform, which is of interest 

to incorporate in future HSE experiments.
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Figure 5. Secretion of IL-8 and CXCL1 by LEMs co-cultured with monocultures of 

skin microbes. A, B) Detection of IL-8 and C, D) CXCL1 in the conditioned medium 

harvested after 48h co-culture with PBS or indicated skin microbes. Both a low (103-104 

genome equivalents) and a medium (104-105 genome equivalents) inoculation level per 

model were examined. Each data point is color-coded and indicates a biological replicate 

(donor (D) 1-6), derived from pooling of technical replicates per donor. *, ** indicates 

p<0.05, p<0.01, respectively.
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4. Discussion

Host–microbe interactions are central to maintaining skin health. The host 

epithelium shapes microbiome composition through secreted modulatory factors, 

while skin‑resident microbes influence host responses and restrict opportunistic 

species via microbe–microbe interactions41-43. To investigate these processes, 

advanced in vitro co‑culture systems integrating host tissue and microbes are 

essential. Here, we assessed the effects of selected microbial species on 3D LEMs 

using complementary readouts of microbial growth, epidermal morphogenesis, 

and inflammatory mediator production.

Variations in outgrowth were observed comparing microbes that proliferated 

on the surface of the LEMs. Assessment of morphogenesis showed that S. aureus 

induced an altered epidermal organization, delay in the early cell differentiation, 

and a marked reduction in late differentiation as compared to control. These effects 

were less prominent or absent for other skin microbes, revealing species-specific 

functional effects. On a strain-specific level, we obtained indications for more 

subtle variations in growth of S. epidermidis derived from different origins, which 

did not affect functional host responses substantially. Our results are in line with 

previous research, where the impact on epidermal morphogenesis by S. aureus co-

culturing was also observed by Rikken et al.8. The functional effects of co-culturing 

on the production and secretion of inflammatory cytokines were detected, which 

were used as markers for the epidermal response to the skin microbes. This is in 

line with previous findings of Van Drongelen et al.9, who showed that IL-8 secretion 

was upregulated after 24h of co-culturing with S. aureus. Divergent effects of skin 

microbes on the activation of inflammatory pathways have been described 

before44,45, most often linked to an overgrowth of S. aureus on the skin.

The host-microbe co-culture model as developed in this project is arriving at 

a state-of-the-art as compared to other in vitro models. An overview of established 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



co-culture models has been recently published8, which summarized that co-culture 

models are established, but there is a high variation in the cell types that have 

been used, the number of technical and biological replicates, and the types of 

experimental read-outs used in each study. Therefore, a direct comparison of each 

study is complex and urges the field to place more attention on standardization on 

various critical read-outs, enabling meta-analysis and cross-validations. 

Methodological factors that can be optimized are total time of co-culturing, 

inoculation concentration, and method of application8. Our results provide an 

indication that the start level of inoculation potentially affects the host-microbes 

interaction. By including two inoculation levels throughout the project, we 

demonstrated that this is a factor to consider in method optimization. Furthermore, 

optimization on the quantification of bacterial abundance beyond molecular 

techniques will reveal insights on the viability of the microbes over time, which 

potentially provides additional information on the host-microbe interactions. 

Moreover, there is a variation in the type of HSE used per study, which can 

potentially diverge in functional response on microbial growth, epidermal 

morphogenesis, and secretion of immunomodulatory mediators, thereby directing 

the field towards gathering information on translational relevance46,47.

As compared to the level of microbes present on the in vivo skin, which is 

estimated to harbor 106 microbes per 1 cm2 on moist and 102-103 on dry NHS48, 

the outgrowth measured in the in vitro system reached supraphysiological levels. 

Interestingly, the outgrowth of microbes other than Staphylococcus spp. did not 

reach supraphysiological levels. Cell culturing optimization strategies could 

overcome in vitro – in vivo differences by stimulation the production of AMPs, 

mimicking microenvironmental niches (i.e. dry, sweat, or sebaceous surfaces), 

tailored nutrient provision, and cell culture conditions. For oxygen sensitive species 

this can include culturing the HSEs at reduced oxygen levels, which did not impact 
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physical barrier formation49. Moreover, reduction in relative humidity can be 

implemented as this affects the breakdown of filaggrin50, which is a potential host-

microbe interaction pathway that is shown to modify outgrowth of S. aureus9.

A limitation of this study is the lack of immune cells resident in the 

epidermis. Host-microbe interactions in the skin are in part orchestrated by the 

activation of Langerhans cells to regulate immune tolerance or induce a pro-

inflammatory reaction by presenting microbial antigens51. Other immune cell type 

that affect host-microbe interactions are for example the skin-resident effector T-

cells, dermal dendritic cells, and regulatory T-cells52. Another limitation is the 

presence of bacteria in monocultures, in contrast to the multispecies mixture 

observed in the skin microbiome53. The microbe-microbe interactions shape the 

composition and functionality of the microbiome on the skin, which needs to be 

recapitulated in vitro as well. However, to understand the host-microbiome cross-

talk of the skin, the development of HSEs with these immune cell types and a 

complex microbiome will provide a more realistic and highly complex model yet 

can affect the testing throughput.

In conclusion, we developed a robust and reproducible model that contains 

both the human skin epithelium and key bacteria present in the skin microbiome. 

The model system allows for testing host-microbe interactions in a controlled 

microenvironment. By inoculation of epidermal models with monocultures of S. 

aureus, S. epidermidis, or C. acnes a stable bacterial outgrowth was detected 

across biological donors. Epidermal morphogenesis was examined by histology to 

reveal adaptation of the keratinocytes to the microbes. Higher secretion of pro-

inflammatory cytokines was measured after inoculation with S. aureus, which was 

not increased substantially by other commensal skin microbes.
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