'.) Check for updates

Received: 7 April 2022 | Revised: 16 November 2022 | Accepted: 8 December 2022

DOI: 10.1111/exd.14727

Experimental Dermatology WILEY

CONCISE COMMUNICATION

The influence of the commensal skin bacterium Staphylococcus
epidermidis on the epidermal barrier and inflammation:
Implications for atopic dermatitis

Désirée Ochlich | Franziska Rademacher | Katharina Antonia Drerup | Regine Glaser |
Jiirgen Harder

Department of Dermatology, Kiel
University, Kiel, Germany

Abstract

The skin microbiota is a crucial component in maintaining cutaneous barrier function.
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Staphylococcus epidermidis is considered as a beneficial commensal member of the cu-
taneous microbiota promoting skin health. However, S. epidermidis is also frequently
detectable in the skin of patients with the inflammatory skin disease atopic dermatitis
(AD) and some studies reported a significantly higher presence of S. epidermidis in
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severe AD as compared to mild AD. Therefore, this study aimed to analyse the impact
of S. epidermidis on the expression of cutaneous inflammatory mediators and skin
barrier molecules. Various S. epidermidis skin-derived isolates activated the proinflam-
matory transcription factor NF-kappaB and induced expression of AD-associated pro-
inflammatory cytokines in human primary keratinocytes and 3D skin equivalents. Skin
barrier molecules such as filaggrin were downregulated by S. epidermidis. In general,
AD-derived S. epidermidis strains elicited a higher response than strains derived from
the skin of healthy individuals. Taken together, our results provide further evidence
that the abundance of S. epidermidis in AD may trigger the inflammatory scenario as-

sociated with this disease.
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1 | BACKGROUND

Coagulase-negative Staphylococci (CoNS) like Staphylococcus (S.)
epidermidis are abundant commensal members of the skin micro-
biota. Although CoNS can cause skin and soft tissue infections®
they are generally believed to be beneficial for the cutaneous bar-
rier. For example, distinct skin-derived CoNS such as S. epidermidis
and Staphylococcus hominis release specific antimicrobial peptides

(bacteriocins) that selectively kill Staphylococcus aureus, a major

skin-related pathogen commonly isolated from the skin of patients
with inflammatory skin disease atopic dermatitis (AD). These S.
aureus-killing CoNS strains are rare in AD and application of such
antimicrobial CoNS onto the AD skin reduced S. aureus load.? In ad-
dition, specific CoNS communicate with each other by the release of
autoinducing peptides that inhibit the virulence and skin-damaging
properties of S. aureus.>*

As an abundant commensal member of human skin, one would

speculate that S. epidermidis in contrast to the skin pathogen S. aureus
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does not exhibit distinct proinflammatory activities by induction of
proinflammatory mediators. Concurrent with that speculation it has
been reported that in contrast to the S. aureus, the S. epidermidis strain
did not elicit a significant induction of proinflammatory cytokines in
a 3D skin equivalent.® However, other studies have shown that S.
epidermidis induced the expression of proinflammatory cytokines
such as IL-1 in keratinocytes.®® This strengthens the hypothesis that
strains of S. epidermidis may also have proinflammatory properties by
induction of proinflammatory mediators in keratinocytes. Such proin-
flammatory activities may help to explain an observed correlation be-
tween S. epidermidis abundance and severity of AD.?1°

2 | QUESTION ADDRESSED

This study was initiated to investigate the ability of S. epidermidis
to induce AD-relevant proinflammatory factors in keratinocytes and
3D skin equivalents to get more insight into the pathophysiological

aspects of microbiota in AD.

3 | EXPERIMENTAL DESIGN

The study was performed with monolayers and 3D skin equiva-
lents of primary normal human epidermal keratinocytes (NHEKS).
Monolayer cells of NHEKs were transfected with an NF-kappaB
firefly luciferase gene reporter and a renilla luciferase control plas-
mid and treated with different culture supernatants of AD-patient-
isolated S. epidermidis for 6 h. After cell lysis luciferase activity of
firefly and renilla was measured.

Other monolayer cells of NHEKs were exposed to culture super-
natants of S. epidermidis from healthy or AD donors for 6 h. Gene ex-
pression of proinflammatory markers was measured by quantitative
real-time polymerase chain reaction (PCR).

3D skin equivalents were treated with different living S. epider-
midis strains isolated from healthy or AD donors, respectively. After
22-24h incubation either immunostaining, ELISA or quantitative
real-time PCR was performed.

The isolation of S. epidermidis strains by rinsing lesions of AD pa-
tients or the skin of healthy volunteers was approved by the Ethical
Committee of the Medical Faculty at Kiel University (A 104/06). All
study participants gave their written consent.

Detailed information on methods and material are embedded in
Appendix S1.

4 | RESULTS
4.1 | S.epidermidis activates NF-kappaB in NHEKSs
To analyse whether S. epidermidis has the capacity to activate the

inflammation-associated transcription factor NF-kappaB, NHEKSs
were transfected with an NF-kappaB luciferase gene reporter

plasmid and subsequently stimulated with culture supernatants of
seven different S. epidermidis strains isolated from the lesions of at-
opic dermatitis patients' skin. This revealed a significant induction of
luciferase activity by four strains indicating activation of NF-kappaB
(Figure 1). A non-significant increase by the other three strains was
also observed. These data show that various S. epidermidis strains
have the capacity to activate NF-kappaB.

4.2 | S.epidermidis induces proinflammatory
cytokines in NHEKSs

Based on the observation that S. epidermidis activates NF-kappaB
we hypothesized that S. epidermidis may induce proinflamma-
tory cytokines in keratinocytes. To address this hypothesis we
performed a 2D monolayer NHEK stimulation assay with cul-
ture supernatants of 11 different S. epidermidis strains derived
from lesions of atopic dermatitis patients' skin. This revealed a
significant upregulation of gene expression of TSLP, IL-17C and
TNF-alpha. S. epidermidis strains from healthy individuals' skin
revealed also a significant induction of these inflammatory me-
diators with no significant difference from atopic dermatitis-
derived strains (Figure 2). Gene expression of the NF-kappaB
inhibitor IkappaBalpha (NFKBIA) was also induced by S. epider-
midis (Figure 2) confirming NF-kappaB activation because activa-
tion of NF-kappaB correlates with gene induction of NFKBIA.'!

A Spearman's rank correlation analysis revealed a significant
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FIGURE 1 S. epidermidis activates NF-kappaB in NHEKs. NHEKs
transfected with an NF-kappaB firefly luciferase gene reporter
plasmid and a renilla luciferase control plasmid were treated

with culture supernatants of seven atopic dermatitis-derived S.
epidermidis isolates (SE-1-7) for 6 h. After stimulation cells were
lysed and NF-kappaB activity was determined as a quotient of
firefly and renilla luciferase activity. Bars are means+SEM (n = 6,

*p <0.05; Kruskal-Wallis test with Dunn's multiple comparisons
test).
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expression correlation of NFKBIA with TSLP (correlation coef-
ficient 0.818, p = 0.003) and TNF-alpha (correlation coefficient
0.727, p = 0.014). This suggests that NF-kappaB activation by
distinct S. epidermidis strains is associated with an increased ca-
pacity to induce proinflammatory mediators such as TSLP and
TNF-alpha.

4.3 | S.epidermidis induces proinflammatory
cytokines and inhibits the expression of barrier
molecules in human 3D skin equivalents

To evaluate the capability of S. epidermidis to induce proinflamma-
tory cytokines in a differentiated epidermis, 3D skin equivalents
were generated and treated with living S. epidermidis. Stimulation of
the skin equivalents with S. epidermidis derived from atopic derma-
titis skin significantly induced gene expression of TSLP, TNF-alpha,
IL-17C, IL-1alpha, IL-1beta and IL-36gamma (Figure 3A). In concord-
ance with the observed NF-kappaB activation in cultured primary
keratinocytes, NFKBIA was also induced by S. epidermidis derived
from atopic dermatitis. Of note, except for [L-36gamma S. epidermidis
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strains derived from healthy skin revealed less induction and TSLP,
IL-1beta and NFKBIA gene expression were not significantly in-
duced by healthy skin-derived S. epidermidis (Figure 3A). In line with
the gene expression data, protein release of TSLP and TNF-alpha
was significantly induced by S. epidermidis from atopic dermatitis
skin but not by healthy skin-derived S. epidermidis as measured by
ELISA (Figure 3B). Moreover, TSLP immunohistochemistry of a 3D
skin equivalent stimulated with S. epidermidis showed an increased
TSLP immune reactivity with higher intensity elicited by an atopic
dermatitis-derived S. epidermidis strain as compared to a strain from
healthy skin (Figure 3C). Gene expression of the Th2-related factors
IL-4, IL-5, IL-10, IL-13 and CCL17 was not detectable. Treatment of
3D skin with alive S. epidermidis revealed a significant downregula-
tion of filaggrin gene expression by atopic dermatitis-derived strains
and strains derived from healthy skin (Figure 3D). S. epidermidis led
also to a decreased expression of keratin 1 and keratin 10 but only
atopic dermatitis-derived S. epidermidis revealed significant down-
regulation of both keratin molecules (Figure 3D). In concordance
with the gene expression data, filaggrin immunostaining of 3D skin
models treated with S. epidermidis revealed a reduced filaggrin im-

munoreactivity (Figure 3E).
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FIGURE 2 S. epidermidis activates expression of proinflammatory mediators in NHEKs. NHEKs were exposed for 6 h to culture
supernatants of S. epidermidis derived from either lesional atopic dermatitis skin (SE-AD, n = 11) or skin of healthy individuals (SE-H, n = 7).
Relative expression of different proinflammatory genes was determined by quantitative real-time PCR. Bars are means+SEM (*p <0.05,
**p <0.01, ***p <0.001, n.s., not significant; Kruskal-Wallis test with Dunn's multiple comparisons test).
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FIGURE 3 S. epidermidis induces expression of proinflammatory mediators and down-regulates expression of differentiation marker in 3D
skin equivalents. (A, B, D) 3D skin equivalents were treated for 22-24 h with alive S. epidermidis isolated from either lesional atopic dermatitis
skin (SE-AD, n = 9) or skin of healthy individuals (SE-H, n = 9). (A, D) Gene expression of various proinflammatory and differentiation markers
was measured by quantitative real-time PCR. (B) TSLP and TNF-alpha protein secretion was measured by ELISA. Bars are means +SEM

(*p <0.05, **p <0.01, ***p <0.001, n.s., not significant; Friedman test with Dunn's multiple comparisons test). (C, E) Immunostaining of TSLP
(C) and filaggrin (E) in 3D skin equivalents stimulated with S. epidermidis derived from lesional atopic dermatitis skin or healthy skin.

5 | CONCLUSIONS AND PERSPECTIVES

Staphylococcus epidermidis is an important member of the skin mi-
crobiota and in general believed to be beneficial for the host. It
produces antimicrobial factors such as bacteriocins that exhibit
selective antimicrobial action against skin pathogens like S. au-
reus.?'?13 S. epidermidis induces also the expression of antimicro-
bial peptidesin keratinocytes.7’14'16 As a member of the commensal
cutaneous microbiota one may expect no proinflammatory traits
of S. epidermidis. In line with that and in contrast to our data a re-
cent study reported no induction of proinflammatory cytokines in
a skin equivalent treated with S. epidermidis.> However, that study
used only one S. epidermidis strain derived from healthy forearm
skin. Our data reveal that various isolates of S. epidermidis have the
capacity to induce proinflammatory cytokines in a 3D skin equiva-
lent. This induction was shown to be associated with an activation
of the inflammation-related transcription factor NF-kappaB. One
may hypothesize that the activation of proinflammatory media-
tors by S. epidermidis is a prerequisite for activating cutaneous in-
nate immunity on a subclinical level. In line with that, it has been
shown that skin colonization of germ-free mice with S. epidermidis
increased cutaneous protection against infection and stimulation
of keratinocytes and dendritic cells by S. epidermidis-activated IL-1-
mediated immune reactions.®’

Given that S. epidermidis is abundant on healthy skin it is likely
that the induction of pro-inflammatory mediators in keratinocytes
by S. epidermidis should be tightly regulated to prevent the induction
of excessive inflammatory events. In line with that hypothesis, it has
been reported that S. epidermidis exerts anti-inflammatory activity in
the skin through lipoteichoic acids and lipopeptides.’®'? Moreover,
S. epidermidis induced the expression of the host protein A20 in ke-
ratinocytes. A20 functions as an inhibitor of the NF-kappaB signal-
ling pathway thereby controlling the expression of proinflammatory
cytokines.® Thus, it is likely that the parallel induction of A20 by S.
epidermidis controls S. epidermidis-mediated induction of proinflam-
matory cytokines.

S. aureus as a skin pathogen is often associated with inflammation
as seen in atopic dermatitis where S. aureus is believed to be a driver
of inflammation.?° In contrast to S. aureus, S. epidermidis as an abun-
dant skin commensal is not typically considered an atopic dermatitis-
associated bacterium. However, skin microbiome studies using
sequencing and PCR techniques revealed an elevated abundance
of S. epidermidis in the skin of atopic dermatitis patients.®1%?1-23
Moreover, a correlation between a load of S. epidermidis and severity
of atopic dermatitis has been reported.9’10 This may suggest that spe-
cific S. epidermidis strains may trigger atopic dermatitis-associated

barrier disruption and inflammation under certain conditions. In
support of this hypothesis, it has been recently shown that the pres-
ence of S. epidermidis and the production of its protease EcpA, which
caused skin barrier disruption, correlated with the disease severity
of atopic dermatitis.?* Our study revealed that protein expression
of the atopic dermatitis-associated cytokines TSLP and TNF-alpha
were only significantly induced in a 3D skin equivalent by S. epider-
midis strains derived from lesional atopic dermatitis skin whereas the
induction by S. epidermidis derived from healthy skin reached no sta-
tistical significance. This leads to the hypothesis that S. epidermidis
may trigger inflammation in lesional atopic skin through two mech-
anisms: on the one hand due to the high abundance of S. epidermidis
in atopic dermatitis as mentioned above and on the other hand due
to the atopic dermatitis-related presence of strains with a higher
capacity to induce proinflammatory mediators, a hypothesis which
remains to be verified in future studies. In addition, it remains to
be shown how the atopic dermatitis-related cytokine milieu may in-
fluence the S. epidermidis-keratinocytes interaction. Besides atopic
dermatitis, S. epidermidis is frequently isolated from sites of various
lesional infectious and inflammatory skin diseases suggesting that S.
epidermidis may contribute to the inflammatory process in different
skin diseases.?®

It remains to be determined which factor(s) of S. epidermidis
elicit the observed induction of proinflammatory cytokines in ke-
ratinocytes. In addition to classical microbial-associated molecular
patterns such as lipoproteins, lipoteichoic acid and peptidoglycan
fragments that serve as ligands for pattern recognition receptors, an
additional candidate may be phenol-soluble modulins (PSMs). PSMs
are S. epidermidis-derived toxins that are associated with more ag-
gressive and virulent behaviour of S. epidermidis.?® PSMs activated
and functioned as a chemoattractant factor for monocytes and neu-
trophils27 and expression and proinflammatory traits of PSMs are
controlled by bacterial quorum-sensing.28 Thus, quorum-sensing
may be associated with an increased capability of S. epidermidis to
induce proinflammatory mediators in keratinocytes, a hypothesis
that remains to be investigated.

In contrast to the induction of proinflammatory mediators, our
data revealed also an S. epidermidis-mediated downregulation of the
differentiation marker filaggrin, keratin 1 and keratin 10 in 3D skin
equivalents. In contrast to the atopic dermatitis-derived S. epider-
midis strains, the downregulation of keratin 1 and keratin 10 was not
significantly downregulated by S. epidermidis strains derived from
healthy skin. Thus, an increased occurrence of S. epidermidis may
contribute to the known decreased expression of barrier molecules

29,30

in atopic dermatitis and therefore may trigger barrier disruption

in this disease.
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Taken together, we provide further evidence that S. epidermidis
isolated from atopic dermatitis skin, but also many S. epidermidis
strains in general, are able to induce proinflammatory mediators in
skin. Thus, the proinflammatory properties of S. epidermidis together
with its overabundance in many atopic dermatitis patients as well
as the associated disease severity supports the hypothesis that S.
epidermidis may trigger inflammation in atopic dermatitis and other

inflammatory skin diseases.
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