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Introduction: Keratinocytes form a multilayer barrier that protects the skin from
invaders or injuries. The barrier function of keratinocytes is in part mediated by
the production of inflammatory modulators that promote immune responses
and wound healing. Skin commensals and pathogens such as Staphylococcus
aureus secrete high amounts of phenol-soluble modulin (PSM) peptides,
agonists of formyl-peptide receptor 2 (FPR2). FPR2 is crucial for the
recruitment of neutrophils to the sites of infection, and it can influence
inflammation. FPR1 and FPR2 are also expressed by keratinocytes but the
consequences of FPR activation in skin cells have remained unknown.

Methods: Since an inflammatory environment influences S. aureus colonization, e.
g. in patients with atopic dermatitis (AD), we hypothesized that interference with
FPRs may alter keratinocyte-induced inflammation, proliferation, and bacterial
colonization of the skin. To assess this hypothesis, we investigated the effects of
FPR activation and inhibition in keratinocytes with respect to chemokine and
cytokine release as well as proliferation and skin wound gap closure.

Results: We observed that FPR activation induces the release of IL-8, IL-1o. and
promotes keratinocyte proliferation in a FPR-dependent manner. To elucidate
the consequence of FPR modulation on skin colonization, we used an AD-
simulating S. aureus skin colonization mouse model using wild-type (WT) or
Fpr2™/~ mice and demonstrate that inflammation enhances the eradication of
S. aureus from the skin in a FPR2-dependent way. Consistently, inhibition of FPR2
in the mouse model or in human keratinocytes as well as human skin explants
promoted S. aureus colonization.

Discussion: Our data indicate that FPR2 ligands promote inflammation and
keratinocyte proliferation in a FPR2-dependent manner, which is necessary for
eliminating S. aureus during skin colonization.
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1 Introduction

The skin acts as a physical and immunological protective barrier
with over 90% keratinocytes as the predominant cell type in the
epidermis. Keratinocytes respond to pathogenic microorganisms
and injury by producing antimicrobial peptides and cytokines (1).
During their maturation from the basal to the uppermost layer,
epidermal cells undergo a calcium-regulated differentiation.
Staphylococci are ubiquitous colonizers of human skin, especially
coagulase-negative staphylococci as S. epidermidis. A less frequent
colonizer of the skin represents the opportunistic pathogen
Staphylococcus aureus (2). S. aureus causes a wide range of
diseases from superficial skin infections to severe invasive
infections such as septicemia or endocarditis (3). Acute bacterial
skin infections are a common reason to seek healthcare facilities,
and S. aureus is the most common organism associated with
hospital-acquired infections (4). These infections are further
complicated by methicillin-resistant S. aureus (MRSA) strains,
which are prevalent in hospitals. Virulence of pathogenic
S. aureus depends on various virulence factors, e. g. the phenol-
soluble modulin (PSM) peptide toxins. S. aureus can not only
induce cutaneous infections but it also frequently contributes to
flare-up of inflammatory skin diseases such as atopic dermatitis
(AD) (5). AD is characterized by acute eczematous, pruritic lesions
over dry skin and severely impairs the quality of life of those
affected. Under normal circumstances S. aureus rarely colonizes
human skin. In AD, S. aureus frequently colonizes unaffected skin.
Interestingly, it has been shown that an inflammatory environment
promotes S. aureus skin colonization (6, 7).

Formyl-peptide receptors (FPRs) belong to the family of
chemoattractant G-protein coupled receptors (GPCRs), which are
critical for detecting bacterial infections and are known to influence
inflammation (8). All bacteria release short formylated peptides,
ligands of FPR1. However, staphylococci, especially highly
pathogenic S. aureus strains, additionally secrete large amounts of
PSMs, which represent FPR2 ligands (9). Neutrophils express FPR1
as well as FPR2 and FPR activation is known to transiently increase
intracellular calcium, chemotaxis, degranulation, expression of
receptors for phagocytosis and thereby enhance pathogen
elimination (8, 10). Although it has been shown that various
epithelial cells including keratinocytes also express FPR1 and
FPR2 (11), the consequences of FPR activation in these cells are
poorly understood. FPR2 ligands such as the synthetic ligand
WKYMVM and the human antimicrobial peptide LL-37 were
shown to increase keratinocyte proliferation and improve wound
healing (12, 13). In contrast, FPR inhibitors attenuated phorbol 12-
myristate 13-acetate (PMA)-induced ear edema by reducing local
production of cytokines such as MCP-1, CXCL1 as well as IL-6, and
thereby possess anti-inflammatory properties (14). Opposite eftects
were reported in intestinal epithelial cells, whose stimulation with
the formylated peptide fMLF, an FPR1 agonist, decreased TNFoi-
induced NFxB signaling and proinflammatory cytokine production
(15). Most AD patients are colonized by S. aureus and experience
relapses of their skin disorder because of overgrowth of this
bacterium (16). Studies revealed that topical administration of
anti-inflammatory corticosteroids or tacrolimus lowered S. aureus
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levels in atopic skin (17, 18). S. aureus releases high amounts of
FPR2 ligands, the PSMs. PSMs are short formylated o-helical,
amphipathic peptides and are released in high amounts especially
by pathogenic S. aureus strains, e. g. USA300 (19). Therefore, we
hypothesized that keratinocyte-dependent FPR2 activation induces
skin inflammation.

Since it is unclear if and how FPRs influence bacteria-induced
skin inflammation such as AD, we investigated the consequences of
FPR activation or inhibition in the presence or absence of S. aureus
colonization in human keratinocytes, and in an animal model of
skin inflammation and S. aureus colonization using wild-type (WT)
and Fpr2-/- mice. We observed that the FPR1 ligand fMLF and the
FPR2 ligands PSMo3, PSMo, PSMe and MMKI1 induced IL-8 as
well as IL-1o and in part MIP-30, and CXCL10 release by human
keratinocytes. The FPR inhibitors tBOC and WRW4 prevented the
FPR ligand-induced release of IL-lot and IL-8 as well as
proliferation of keratinocytes. In addition, we found enhanced
S. aureus colonization but not S. epidermidis colonization in FPR2
inhibitor-treated keratinocytes and in human skin explants.
Accordingly, we observed that FPR2 inhibition in an in vivo
model simulating human AD enhanced S. aureus colonization
only in WT but not in Fpr2”" mice. This enhanced S. aureus
colonization correlated with a decreased release of inflammatory
cytokines IL-1a, IL-1f as well as MIP-2 in WT but not in FPR27"
mice. Our data show that induction of skin inflammation by
S. aureus is mediated at least in part by FPR2 activation in
keratinocytes leading to enhanced IL-8 as well as IL-1o. release
and keratinocytes proliferation. Conversely, inhibition of FPR2 in
keratinocyte prevents inflammation but promotes S. aureus
skin colonization.

2 Results

2.1 Expression of FPRs by keratinocytes
and activation by bacterial ligands

It has been described that keratinocytes express FPRs (11).
To analyze consequences of FPR activation in keratinocytes, we
evaluated the suitability of the immortalized human keratinocyte cell
line N/TERT-1 for such functional studies since primary human
keratinocytes (PHK) have only a limited lifespan. We compared the
expression of FPRs on the surface of PHK (Figures 1A, B) with the
expression by differentiated N/TERT-1 cells (Figures 1C, D).
Fluorescence-activated cell sorting (FACS) analysis confirmed FPR
expression on both cell types. In order to elucidate whether FPR ligands
can also activate keratinocytes, we stimulated PHK and N/TERT-1
with synthetic FPR1 and FPR2 ligands and included the TLR2 ligand
Pam2Cys (P2C) as a positive control. It is well documented that
staphylococci release TLR2 ligands (20) and TLR2 activation in
keratinocytes leads to IL-8 release (21). We assessed whether FPR
activation by the FPRI1 ligand fMLF, the staphylococcal FPR2 ligand
phenol-soluble modulin a3 (PSMo3), or the synthetic FPR2 ligand
MMKI can trigger the release of proinflammatory cytokines by
differentiated PHK. We observed that stimulation of PHK with FPR1
or FPR2 ligands increased the release of IL-8 (Figures 1E-G). However,
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FIGURE 1

FPR expression and activation induce IL-8 release from keratinocytes in a r
by PHK (A, B) as well as by N/TERT-1 keratinocytes (C, D). IL-8 release of d
+/- various concentrations of tBOC (E), MMK1 (100 nM) or PSMa.3 (10 nM)

eceptor-dependent manner. FACS analysis of FPR1 and FPR2 expression
ifferentiated primary PHKs stimulated for 17 h with either fMLF (100 nM)
+/- various concentrations of WRW4 (F, G) or control (DMSO) and P2C

(H). Relative amount of released IL-8 by FPR inhibitor-treated keratinocytes (WRW4 1uM, tBOC 10uM) compared to indicated FPR ligands alone
(1). IL-8 release of differentiated N/TERT-1 keratinocytes stimulated for 17 h with either fMLF (100 nM) +/- tBOC (J), MMK1 (100 nM) +/- WRW4

(K), PSMa.3 (10nM) +/- WRW4 (L) or control (DMSO) and P2C (M). Relative

amount of released IL-8 by FPR inhibitor-treated N/TERT-1 keratinocytes

(WRW4 1uM, tBOC 10puM) compared to indicated FPR ligands alone (N). Data represent mean and SEM out of five experiments (A, B), mean and SEM
of six experiments (C, D), of at least 3 experiments (E-H, J—M), of 4-6 experiments (I, N). All data in (E—N) represent IL-8 release minus

IL-8 release by medium treated cells. *P < 0.05; ****P < 0.0001, significant

difference versus the indicated FPR ligands as calculated by paired two-

tailed Student'’s t-tests of the mean (A—D) or ordinary one-way ANOVA of baseline corrected data (I, N).

activation of TLR2 by the lipopeptide P2C increased the release of these
cytokines even stronger (Figure 1H). To confirm that the observed
effects are FPR-dependent, we incubated the cells with increasing
concentrations of the FPR1- or FPR2-specific inhibitors tBOC or
WRW4, respectively, to prevent PHK activation. We observed dose-
dependent, significant inhibition of the FPR ligand-induced release of
IL-8 (Figure 1I). Moreover, stimulation of differentiated N/TERT-1
cells led to comparable results with respect to IL-8 release (Figures 1]-
N). We concluded that these cells can be used as surrogate for PHK and
analyzed S. epidermidis-derived FPR2 ligands PSMa. and PSMe
regarding IL-8 induction in N/TERT-1. Again, IL-8 release was
inhibited by WRW4 (Supplementary Figure 1A).
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2.2 Activation of FPRs induces
expression of IL-1a, CXCL10, and
MIP-3a in keratinocytes

Next, we were interested whether keratinocyte FPR activation leads
to secretion of other chemokines or cytokines in addition to IL-8.
Therefore, we analyzed N/TERT-1 cells for the release of IL-lo,
CXCL11, CCL2, CCL3, MIP-30. and CXCL10 (Figure 2;
Supplementary Figure 2). Besides the TLR2 ligand P2C, the FPRI
ligand fMLF, the S. aureus FPR2 ligand PSMo3, the S. epidermidis
FPR2 ligands PSMa. and PSMe as well as the synthetic FPR2 ligand
MMKI1 induced IL-10. release from keratinocytes (Figures 2A-D;
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Supplementary Figure 1B). Significant inhibition of FPR ligand-
induced release of IL-10. was achieved with 1 uM WRWR4 or 10
pM tBOC (Figure 2E; Supplementary Figure 1B), thereby confirming
that the induction was mediated by FPR2 and FPR1, respectively. {MLF
and PSMo3 also induced MIP3-o and CXCL10 slightly, which did not
markedly increase after prolonged stimulation (Figures 2F, I). Whereas
induction of these two chemokines by fMLF could be inhibited by
tBOC, and reached statistical significance at least for CXCL10
(Figures 2H, K), induction by PSMa3 was not inhibited by WRW4
suggesting that induction of CXCL10 and MIP3-o. by PSMa3 is not
FPR2-dependent and may be a secondary consequence of the
membrane-perturbing properties of PSMo3 (Figures 2G, J).

10.3389/fimmu.2023.1188555

2.3 Influence of FPRs on keratinocyte
proliferation, migration, and gap closure

A typical feature of skin lesions in atopic dermatitis is
abnormally enhanced keratinocyte proliferation (22, 23), which
may be shaped by skin microbiome members via FPR
stimulation. To assess this possibility, we analyzed whether
proliferation of non-differentiated PHK may be influenced by
FPR activation or inhibition using a proliferation assay, based on
the tetrazolium salt WST-1, which can be metabolized by active
cells to formazan. We observed that low concentrations of FPR
ligands promote the proliferation of PHK in a dose-dependent
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significant difference versus the indicated FPR ligands as calculated by ordinary one-way ANOVA of baseline corrected data (E) or one-way ANOVA

with Dunnett's multiple comparisons test (G, H, J, K).
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trend (Figures 3A, B), whereas inhibitors of FPR1 and FPR2
prevented the proliferation-stimulating activity of FPR ligands
(Figure 3C). To assess whether enhanced proliferation may
support the skin wound healing process, we monitored wound
gap closure in a scratch assay with cells seeded on coverslips. Live-
cell imaging of cells populating the wound was performed for 12
hours. Since cultivation of PHK is limited to very few passages, we
used N/TERT-1 keratinocytes instead of PHK. We analyzed how
fast cells populate the wound either with addition of FPR2 ligand
PSMo3 alone or in combination with the FPR2 inhibitor WRW4.
To stain the nucleus of living cells, Hoechst was used, which allowed
us to segment cell nuclei and follow their tracks during wound
healing as well as to determine nuclei splitting events by performing
image processing on the microscopy image data (Figure 3G).
Significantly improved gap closure, particularly in the case of
PSMo3-treated cells compared to medium control, was observed,
whereas inhibition of FPR2 by WRW4 delayed PSMo3-mediated
enhanced gap closure (Figures 3D, E; Supplementary Movie 1).
Furthermore, the mean cell migration speed was significantly
increased in cells treated with PSMa3 compared to the medium
control, and interestingly, even after closing the gap, when the cells
mix to rearrange the cell monolayer, the migration speed of these
cells was still higher (Figure 3F, after 7h). Using an orthogonal
approach based on tracking cell division events using the imaging
data (Figure 3G), we also confirmed enhanced splitting events, i.e.,
proliferation, only for PSMo3-treated cells as compared to medium
control, but not for WRW4-treated or for PSMa3 and WRW4-
treated cells (Figure 3H). Thus, we can conclude that PSMa3-
treated cells, which exhibit the greatest wound healing efficiency,
achieve that by means of both enhanced proliferation
and migration.

2.4 FPR2 inhibition prevents inflammation
of the skin and enhances colonization
by S. aureus

S. aureus may reach live keratinocytes in deeper skin areas if the
stratum corneum is breached. To analyze if FPR stimulation may
affect the capacity of keratinocytes to bind S. aureus, we exposed
human keratinocytes to S. aureus USA300, which produces FPR-
activating formylated peptides and PSM peptides, with and without
addition of the FPR1 inhibitor tBOC or FPR2 inhibitor WRW4
(Figure 4A). Inhibition of FPR2 in PHK as well as in N/TERT-1
significantly enhanced binding by USA300, but not by
S. epidermidis, whereas inhibition of FPRI1 had no influence on
S. aureus binding (Figures 4A, B; Supplementary Figure 3). Thus,
sensing of PSMs by FPR2 may reduce the capacity of S. aureus to
bind to keratinocytes, which may help to limit the persistence of
S. aureus in atopic skin.

Since S. aureus skin colonization and subsequent skin
inflammation plays a crucial role in atopic dermatitis, we
analyzed the influence of FPR2 on S. aureus colonization in an in
vivo model that simulates human atopic dermatitis. We impaired
the skin barrier by tape stripping in wild-type and Fpr2” mice and
applied then PSMs-producing S. aureus USA300 with or without
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WRWH4 to the tape-stripped skin (Figure 4C). After 24 hours,
Fpr2”" mice contained approximately tenfold higher bacterial
numbers on their skin than wild-type mice, indicating that FPR2
plays a critical role in limiting S. aureus skin colonization. In
support of this finding, WRW4 treatment also increased the
abundance of S. aureus on the skin of wild-type mice, but it had
no influence on the S. aureus growth rate on Fpr2”/~ skin
(Figure 4D). These increases were accompanied by a reduction in
the secretion of MIP-2, IL-10., and IL-1f (Figures 4E-G) in the skin
of Fpr2”" mice or WRW4-treated wild-type mice compared to
untreated wild-type mice. In contrast to the wild-type mice, we
observed no difference between WRW4 and mock treatment in the
Fpr2’/ " mice with respect to release of MIP-2, IL-1a, and IL-1B
(Figures 4E-G). Interestingly, also inhibition of FPR2 in human
skin explants enhanced S. aureus binding and colonization,
respectively (Figures 4H, I).

3 Discussion

Secreted bacterial molecules can influence skin homeostasis.
Lipopeptides, but also formylated peptides such as PSMs, belong to
those molecules that are released by skin colonizing bacteria (19,
20). FPR2 is one of the most promiscuous receptors within the
class-A subfamily of GPCRs, not only being able to interact with a
variety of ligands but also being expressed by highly diverse cell
types (24). In contrast to neutrophils, it was rather unclear if and
how FPR2 ligands such as staphylococcal PSMs can influence the
physiology of keratinocytes.

It has been described that bacterial colonization promotes
wound healing of the skin. Germ-free mice show impaired wound
healing compared to specific pathogen-free as well as wild-type
mice and treatment of human skin with antibiotics impaired wound
healing in an IL-1 receptor-dependent manner (25). Furthermore,
FPR ligands were shown to promote cutaneous wound healing (13).
Our finding that bacterial FPR ligands promote keratinocyte
proliferation in a FPR-dependent manner is in line with these
observations (11). Therefore, we speculate that bacterial FPR
ligands are responsible for the wound healing-promoting
properties of skin bacteria. S. aureus skin colonization in patients
with AD activates keratinocytes (26) leading to enhanced
chemokine and IL-lo production, keratinocyte proliferation, as
well as antimicrobial activity. Since we show that all these responses
can be triggered by FPR activation and since S. aureus is known to
produce high amounts of PSMs, we suggest that this is most
probably driven by FPR2 (19). This is supported by the fact that
expression of a functional Agr global regulatory system in S. aureus
was not only required for PSM production, but also for epidermal
colonization and the induction of AD-like inflammation in mice
(27). The enhanced chemokine production could lead to
recruitment of leukocytes, which may then promote the
elimination of bacteria from infected wounds (28).

However, since the skin barrier of AD patients is frequently
impaired, constant FPR activation could be a reason for the observed
hyperproliferation of keratinocytes in AD (23), thereby supporting
chronic S. aureus colonization and maintaining inflammation.
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with vehicle control (top row), 10 nM PSMa.3 (middle row) or 10 nM PSMa.3 plus 1 yM WRW4 (bottom row). Scale bar: 500 um. Cyan line traces the
wound edges (D). Percentage of gap (i.e., wound) area compared to the area of the whole field of view (y-axis) as a function of time (x-axis, h) (E). Mean
migration speed (y-axis, um/h) of N/TERT-1 cells as a function of time (x-axis, h) for cells repopulating the wound as in previous panels (F). Exemplary
epifluorescence images of N/TERT-1 keratinocytes' nuclei stained with live-cell DNA dye (Hoechst) during wound closure. Top row shows nuclei
without tracks, while bottom row shows the same images with superimposed object detection (purple circles) and tracks (cumulative displacements of
the nuclei). Green arrows mark a dividing cell (on top) and cell division as detected by the nuclear segmentation and tracking (bottom row, red arrows)
(G). Using Trackmate Fiji plugin, cells were tracked for 12 h, split events were counted and divided by the total number of nuclei. Cells were treated with
PSMa3 (10 nM), WRW4 (1 uM), both or vehicle control. Proliferation rate was normalized with respect to the mean of cells treated with vehicle control
(H). Data represent mean and SEM of six independent experiments of three different donors, (A-C) or three independent experiments (D-H). *P < 0.05;
**P < 0.01, significant difference versus the indicated FPR ligands as calculated by paired two-tailed Student's t-test (C). A one-way ANOVA followed by a
Dunnett’'s multiple comparison test was performed and control (*P = 0.02) and PSMa3 plus WRW4 treated cells’ proliferation rate (*P = 0.02) was
determined to be significantly altered compared to PSMa3 treated cells only (H).
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FIGURE 4

FPR2 inhibition prevents inflammation of the skin and enhances colonization by S. aureus. CFUs of S. aureus recovered from infected N/TERT-1

(A) treated either with USA300 +/- tBOC (10 pM) (left) or USA300 +/- WRW4 (1 uM) (right), or CFU of S. aureus recovered from infected PHK +/- WRW4
(1 uM) (B). Skin of tape stripped wild-type and Fpr2™/~ were colonized for 24 h with S. aureus either with addition of WRW4 or PBS (C). Recovered S.
aureus (D) and IL-1a: (E), IL-1B (F) or MIP-2 (G) derived from supernatants of skin punches of S. aureus colonized skin. Model of colonization of human
skin explants with S. aureus (H). Bacteria derived from human skin explants after S. aureus colonization in combination with DMSO or WRW4 (1 uM),

(H, 1). Data represent mean and SEM of five independent experiments of baseline-corrected data (A), of three independent experiments of three different
donors (B) of three/four mice per group (WT) and three mice per group Fpr2”'~ (D) six mice per group (WT) and three mice per group of Fpr2”/-

(E-G), two tapes per mouse and of five independent experiments with skin explants from 5 donors (I). *P < 0.05; **P < 0.01, significant difference versus
the indicated controls as calculated by paired or two-tailed Student's t-tests (A, B, G, 1) or Mann-Whitney test (D, E).

In summary, our data indicate that S. aureus furthers skin
colonization by modulating a keratinocyte-induced, pro-
inflammatory milieu as assessed by cytokine levels via FPRs.
Neutrophils also express FPR2 and play a crucial role during skin
infection (28). Therefore, in our in vivo model it cannot be excluded
that cytokine release could be due to leukocyte-derived cytokines,
but our in vitro data with primary keratinocytes and skin explants
suggest that this is rather unlikely. S. aureus-triggered chemokine
production is accompanied by significant secretion of IL-1ot and IL-
1B in the skin of wild-type mice after S. aureus colonization as
observed by us and others (25). It has been described that inhibition
of FPRs prevents inflammation of the skin (29). Our data support
these observations since inhibition of FPR2 by WRW4 or lack of
Fpr2 prevented the release of IL-10., IL-1f3 and MIP-2. However, the
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reduced inflammation led to enhanced skin colonization of S.
aureus. Hence, it is tempting to speculate that by secreting
inhibitors of FPRs, S. aureus tries to reduce inflammation. Indeed,
S. aureus frequently releases inhibitors of FPRs, namely, the
proteins CHIPS (30), FLIPr (31) or FLIPr-like (32). Since these
inhibitors are human specific, only the S. aureus-released agonists
of FPRs, i.e., the PSMs, but not the antagonists can be analyzed in
animal models. Our data regarding application of the synthetic
FPR2 inhibitor WRWH4 to the skin of mice, human keratinocytes, or
skin explants support the hypothesis that S. aureus could use FPR
inhibitors to promote skin colonization. The production of FPR
ligands and inhibitors may contribute to the ability of S. aureus to
adjust a favorable balance between activation and inhibition. Our
data regarding S. epidermidis show that their PSMs also activate
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keratinocytes in a FPR2-dependent manner. Since colonization of
keratinocytes by S. epidermidis could not be influenced by the
addition of WRW4, the amount of PSMs released by these bacteria
might be too low for FPR2 activation. This is consistent with the fact
that coagulase-negative staphylococci generally release lower
amounts of FPR2 ligands compared to highly pathogenic S.
aureus strains (9).

It has been shown that mice spontaneously developing AD
symptoms due to the lack of cathepsin E exhibit increased
susceptibility to infection with S. aureus and Porphyromonas
gingivalis (33). In AD patients with secondary S. aureus
infections, combination therapy with anti-staphylococcal
medicines and topical immunosuppressive corticosteroids
improves clinical outcomes more than therapy using topical
corticosteroids alone, supporting the significance of a co-
occurring S. aureus infection in exacerbating the symptomatology
of AD patients. Interestingly, FPR-encoding genes belong to the
most important hub genes involved in the pathogenesis of acne
(34), thus providing further evidence for a role of FPR in the
maintenance of inflammatory skin conditions. Our data imply that
FPR2 inhibition reduces local activation and cytokine secretion of
keratinocytes via FPR2, allowing S. aureus to initially colonize
better. This increased colonization could then result in the
permanent recruitment of more leukocytes, which tend to
promote inflammation and S. aureus colonization (6).

Based on our findings, topical FPR2 inhibition could be useful
as a therapeutic option to reduce sterile inflammation of the skin as
described (14). On the contrary, in patients with atopic dermatitis,
inhibition of FPR2 in keratinocytes promotes chronic
S. aureus colonization.

4 Material and methods

4.1 Bacterial strains, culture conditions
and peptides

For this study, S. aureus USA300 LAC and S. epidermidis 1457
were used and cultured in tryptic soy broth (TSB) at 37°C for 17 h
over-night under agitation at 160 rpm. All assays were performed
with logarithmically growing bacteria. Various agonists and
antagonists were used for this study. As FPR2 agonists PSMa.3,
PSMoa, PSMe (35) and MMKI1 were used and WRW4 as FPR2
antagonist. Formylated PSMo3 was kindly provided by Stefan
Stevanovic (Dep. of Immunology, Tuebingen). MMKI1
(LESIFRSLLFRVM), PSMa, PSMe and WRW4 were purchased
(EMC microcollections). fMLF (SIGMA Life Science) was used as
FPR1 agonist and N-tert-butoxycarbonyl-methionyl-leucyl-
phenylalanine (tBOC; Bachem) as antagonist. For stimulation of
TLR2, Pam,Cys-SKKKK (P2C, Invivogen) was used.

4.2 Cell culture

Primary human keratinocytes (PHK) were isolated from
juvenile human foreskin after routine circumcision from the
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Loretto Clinic in Tibingen, as previously described (7, 36).
Primary human keratinocytes were cultured in collagen-coated
tissue flasks in CnT-BM.1 Basal Medium 1 with supplements
(CELLnTEC) at 37°C and 5% CO,. Cell passage 2-4 were used for
stimulation and adherence experiments. PHK isolation from
human foreskin were approved by the ethics committee of the
Medical Faculty of the University Tibingen (750/2018BO2). PHK
were differentiated by stimulation for 17 h with 1.7 mM CaCl, in
keratinocyte base medium without additional supplements
(CELLnTEC). Cytokine release by the medium treated cells was
subtracted from all values unless otherwise stated.

The immortalized human keratinocyte cell line N/TERT-1 was
kindly provided by J. G. Rheinwald (37). N/TERT-1 cells were
cultured in cell culture flasks (Greiner Bio-One GmbH,
CELLSTAR® TC) in CnT-BM.1 Basal Medium 1 with
supplements (CELLnTEC) at 37°C, 5% CO,. Forty-eight hours
prior to experiments, as well as during experiments, N/TERT-1
cells were differentiated with 1.7 mM CaCl, in epidermal
keratinocyte base medium (CELLnTEC).

4.3 Stimulation of keratinocytes with
agonists and antagonists for GPCRs

Before stimulation, 250 pl/well of N/TERT-1 cells with a
concentration of 0,02 x 10° cells/ml were seeded in epidermal
keratinocyte medium containing supplements (CELLnTEC) into
48-well plates coated with 25 pg/ml rat tail collagen I (Corning).
After incubation for 72 h at 37°C, 5% CO,, cells were differentiated
for 48 h with 1.7 mM CaCl, in epidermal keratinocyte base medium
(CELLnTEC). PHKs from passage three were seeded into collagen
coated 48-well plates in a concentration of 0.04 x 10° cells/ml and
incubated 72 h in epidermal keratinocyte medium containing
supplements (CELLnTEC). No further differentiation prior to
experiments was performed for PHKs. Agonist and antagonists
were applied to the PHKs and N/TERT-1 cells in fresh epidermal
keratinocyte base medium (CELLnTEC) with 1.7 mM CaCl,.
Agonist and their respective antagonists were applied individually
as well as in combination. Cells were stimulated at 37°C, 5% CO, for
17 h or 36 h. After incubation, plates were centrifuged at 200 x g for
5 min. Supernatant was transferred to polypropylene freezing plates
(Thermo Scientific) and stored at -80°C until further analysis via
ELISA or Bio-Plex® multiplex assay.

4.4 Enzyme-linked immunosorbent assay
and multiplex cytokine analysis

Typical cytokines and chemokines released by keratinocytes
during inflammation and wound healing were analyzed (38-40).
For the detection of IL-8 and IL-la in cell culture supernatant,
ELISAs (R&D Systems) were performed according to the
manufacturer’s instruction. For the detection of further
chemokines in cell culture supernatants, a customized panel for
human chemokines was used (GM-CSF, CCL1, CXCL11, CXCL10,
MCP-1, CCL22, CXCL9, MIP-1a, MIP-30, CCL17) and analyzed
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according to the manufacturer’s instruction (BioRad, Bio-Plex Pro
Human Chemokines Standard, Bio-Plex Pro Human Cytokine
Screening Panel Standards). For cell culture samples, 50 pl of a
1:4 dilution was used for analysis. For samples originated from
mice, customized panels for mice cytokines and chemokines (IL-1c,
IL-1B, IL-10, CXCL10, CXCL11, M-CSF, MCP-1, MIP-10, MIP-2)
were used (BioRad, Bio-Plex Pro Mouse Cytokine 1 and 2
standards). Skin wash samples were used undiluted. All samples
were measured with the Bio-Plex ' 200 System (BioRad) and
analyzed via the Bio-Plex ManagerTM Software (Version 6.2, Build
175 by BioRad).

4.5 Analysis of keratinocyte proliferation

For the proliferation assay, PHK were seeded at a concentration
of 4 x 10° cells/ml in 100 ul basal medium with supplements
(CELLnTEC) into 96-well microtiter flat bottom plates. After 24
h incubation at 37°C and 5% CO,, 95% H,O, cell supernatants were
removed and PHK were stimulated either with FPR1, FPR2, or
TLR2 ligands (fMLF, PSMa3, P2C) or inhibitors (WRW4, tBOC)
alone or in combination at the indicated concentrations for further
24 h. Triton X100 (1%) was used as negative control and medium as
proliferation control. Then WST-1 [2-(4-Iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] Proliferation
reagent (10 ul/well) (Merck, Germany) was added and incubated
for further three hours at 37°C and 5% CO,. WST-1 produces a
highly water-soluble formazan upon metabolically active cells,
allowing a direct colorimetric measurement of cell viability and
proliferation. Then the microtiter plate was shaken at 300 rpm for 1
hour in a microplate reader (Clariostar, BMG Labtech Germany)
and absorbance was measured according to manufacturer’s
instructions. Proliferation was calculated relative to the
medium control.

4.6 Scratch assay and video microscopy

Glass bottom 12-well plates (Cellvis P12-1.5H-N) were coated
with rat tail collagen I (Thermofisher, A1048301). Culture-inserts 2
well for self-insertion (80209, Ibidi) were glued onto the glass
coverslips of each well. 2.8 x 10° N/TERT-1 cells resuspended in
70 pl of complete cell medium were seeded into each well of a
culture-insert 2 well p-Dish (35 mm, Ibidi, 80206). After incubation
at 37°C and 5% CO, for 24 h, the cells were stained with Hoechst (1
pg/ml, INVITROGEN CORP, H3570) for 10 min at 37°C, then the
culture insert was removed, and cells were washed twice with PBS.
Each dish was filled with 2 ml Leibovitz L-15 medium with
supplements (CELLnTEC, 11540556, Fisher). Depending on the
condition, either FPR2 ligand PSMa3 (10 nM), or FPR2 inhibitor
WRW4 (1 uM), or both, was added. Multi-channel time-lapse
sequences were acquired of the phase contrast image of cells as
well as fluorescence of the Hoechst-stained cell nuclei. Images were
taken every 10 min for 12 h using an inverted Nikon Eclipse Ti2
with a Prime 95B camera (Teledyne Photometrics) using a 40X
0.60NA super plan fluor ADM ELWD air objective and the NIS-
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Elements (RRID : SCR_014329) software package. The microscope
was surrounded by a box-type incubator (OKOlab) maintained at
37°C.

4.7 Image processing and quantitation
of cell speed, scratch area, and cell
proliferation rate

For each scratch segment imaged, the area of the scratch (area
not covered by cells) was determined at each instance of time using
Image] (version 1.53t 24, 2022) and in particular a plugin for image
analysis of in vitro scratch wound assays (41). The Trackmate
plugin (42) was used to track the nuclei of the cells using a LAP
tracker, which also allowed to count nuclei split events for each
given track. Using custom-written MATLAB (MathWorks) scripts,
only cells present in the first-time frame were considered, and based
on their tracks, we calculated the mean speed of those cells
overtime. We also calculated the percentage of this cell sub-
population that divided within the 12-h time frame to determine
average cell proliferation rates. The codes with example data can be
found at https://github.com/ebastoun/N/TERT_1_kinematics. All
scripts and functions are written in MATLAB (MathWorks).
Averaging across different independent experiments as well as
subsequent statistical analysis was performed using the
commercial software Prism (GraphPad).

4.8 Keratinocyte adhesion and
invasion assay

For adhesion assays, PHK were seeded onto 24-well plates 0.4
pm, (Sarstedt) coated with 25 pg/ml collagen I (rat tail, Corning).
When cells were 100% confluent, PHKs were differentiated with
differentiation medium (1.7 mM CaCl, in CnT-BM.1 basal medium
1 (CELLnTEC) without supplements) for 24 h at 37°C and 5% CO.,.
PHKs were treated with 1 uM WRW4 or DMSO and were
incubated with S. aureus USA300 in differentiation medium
(multiplicity of infection= 30 (MOI30); optical density (OD)=
0.5) for 1.5 hours at 37°C. After two washing steps with 1x PBS,
keratinocytes were lysed with saponin (0,5% in PBS), and serial
dilutions of the lysate were plated onto blood agar plates. After
overnight incubation at 37°C, colony forming units (CFUs)
were counted.

2 ml of N/TERT-1 cells with a concentration of 0.04 x 10° cells/
ml were seeded into 6-well plates (Greiner bio-one) coated with 25
pg/ml collagen I (rat tail, Corning). When N/TERT-1 cells were
confluent, they were differentiated for 48 h with 1.7 mM CaCl,. On
the day of infection, USA300 or S. epidermidis 1457 over-night
culture (17 h) was diluted in TSB to ODg 0.1 and incubated (37°C,
160 rpm) to regrow to ODgg 1. The bacteria were further diluted in
keratinocyte basal medium with 1.7 mM CaCl, to a MOI of five.
Keratinocytes were infected with USA300 either alone or in
combination with 1 pM WRW4 or DMSO (medium) as control
for 2 h (37°C, 5% CO,). After 2 h, supernatant was removed, and
cells were washed two times with PBS and lysed with 0.5% saponin.
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Serial dilutions of the cell lysate as well as a bacterial control
incubated without N/TERT-1 cells were plated on TSA plates
using an IUL EDDY Jet 2 spiral plater. Plates were incubated
over-night at 37°C and CFUs were counted using the IUL Flash
& Go instrument.

4.9 FPR expression

For FPR surface expression analysis, 2 x 10> PHK or N/TERT-1
cells were incubated in a 96-well V-bottom plate either with the
isotype control (mouse IgG1, Becton Dickinson), anti-FPR1 mouse
anti-human FPRI1 (BD Bioscience) or anti-FPR2, each 5 ul (mouse
anti-human FPRL1, Alvedron Freiburg) for 40 min on ice in PBS,
after two washing steps, each time using 250 pl PBS. Cells were
stained with a second fluorescently labelled antibody (goat anti
mouse IgG-PE, Abcam) for 25 min on ice in the dark. After two
washing steps, cells were analyzed by flowcytometry (Fortessa X-20,
Becton Dickinson) and Flow]oTM software.

4.10 Infection of human skin explants

Human skin explants were prepared from juvenile human
foreskin after routine circumcision. Fat and vascular tissue were
removed, and the skin was cut into small 1-cm? pieces. 30 min
before infection, 1 pM WRW4 diluted in PBS or DMSO (1:45000)
in PBS, was topically applied onto human skin explants by using 8-
mm filter paper discs (Smart Practice). Human skin explants were
then infected with 10® S. aureus USA300 for 3 h at 37°C. Using a
biopsy punch, 8-mm skin punches from infected skin were
prepared and washed twice with 1x PBS. Subsequently, human
skin explants were cut into small pieces and scraped, and serial
dilutions of the skin lysate were plated onto blood agar plates. After
over-night incubation at 37°C, CFUs were counted. Experimental
procedures for PHK and skin explants were approved by the local
medical ethical committee (reference numbers 750/2018BO2,
054/2017BO2).

4 .11 In vivo skin colonization model

Animal studies were performed with 6-8 week-old female
C57BL/6] WT and Fpr2”" mice. S. aureus USA300 was inoculated
in TSB and grown for 17 h under aerobic conditions followed by
two washing steps with PBS. The mouse skin was shaved before
experiments under isoflurane anaesthesia. Tape-stripping was
conducted as described bevor (7). Therefore, skin of mice was
superficially disrupted by repeated stripping with an adhesive tape
(7 times) before S. aureus application. To analyze S. aureus skin
colonization, 15 pl of a bacterial suspension containing 10° S. aureus
and 5 ul PBS or WRW4 (10 pM) was applied epicutaneously for 24
h on the shaved dorsal skin of mice using filter papers and Finn
Chambers (Smart Practice, Barsbuttel, Germany) under isoflurane
anaesthesia. After 24 h, the mice were euthanized, and 4 mm skin
punches were used for analysis of S. aureus CFUs as previously
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described (6, 7). Washing of the skin punch (vortex for 10 s) in PBS
yielded the “wash” fraction used for CFU and cytokine/chemokine
Multiplex analysis described above. Experimental procedures
involving mice were approved by the local authorities
(Regierungsprésidium Tiibingen, IMIT 3/18G).

4.12 Statistics

All statistical analyses were performed with GraphPad Prism
9.0 (GraphPad Software, La Jolla, USA). The amount of cytokine
(Figures 11, N, Figure 2E) or number of CFUs (Figures 4A, B, [;
Supplementary Figure 3A) released by keratinocytes stimulated
with fMLF, MMKI1 or PSMo.3 was normalized to 100% (baseline
corrected) and the inhibition of cytokine release or CFUs by WRW4
related thereto. An unpaired two-tailed Student’s t-test or Mann-
Whitney Test (for the animal experiments) was performed to
compare two data groups, while more than two data groups were
analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test if not otherwise noted.

Figures 4C, 4H were created with BioRender.com.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by local medical ethical committee (reference numbers 750/
2018B0O2, 054/2017BO2). The patients/participants provided their
written informed consent to participate in this study. The animal
study was reviewed and approved by Regierungsprasidium Tiibingen.

Author contributions

ML, MM and DK designed the experiments. ML, MM, JB, DK
and JS performed the experiments. ML, AP, EB and DK edited the
manuscript and interpreted the data. All authors contributed to the
article and approved the submitted version.

Funding

This study was funded by grants from the German Research
Foundation (TRR261 to AP project ID 398967434; TRR156 project
ID 246807620 (DK, AP); individual project 234105777 to AP;
project 426823561 to DK and DFG GZ : KR4395/3-1 to ML) and
the German Center for Infection Research (DZIF) to AP and DK.
AP and EB is supported by the Cluster of Excellence EXC 2124
‘Controlling Microbes to Fight Infections’ project ID 390838134.

frontiersin.org


https://BioRender.com
https://doi.org/10.3389/fimmu.2023.1188555
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lebtig et al.

Acknowledgments

We thank Cosima Hirt for technical support, Birgit Schittek for
kindly providing primary human keratinocytes, Ji Ming Wang for
kindly providing the Fpr2”" mice, as well as Stefan Stevanovi¢ for
synthesizing PSM peptides and Libera Lo Presti for critical reading/
editing the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1188555/
full#supplementary-material

References

1. Bitschar K, Wolz C, Krismer B, Peschel A, Schittek B. Keratinocytes as sensors
and central players in the immune defense against staphylococcus aureus in the skin. J
Dermatol Sci (2017) 87(3):215-20. doi: 10.1016/j.jdermsci.2017.06.003

2. Byrd AL, Belkaid Y, Segre JA. The human skin microbiome. Nat Rev Microbiol
(2018) 16(3):143-55. doi: 10.1038/nrmicro.2017.157

3. Cheung GYC, Bae JS, Otto M. Pathogenicity and virulence of staphylococcus
aureus. Virulence (2021) 12(1):547-69. doi: 10.1080/21505594.2021.1878688

4. Golan Y. Current treatment options for acute skin and skin-structure infections.
Clin Infect Dis (2019) 68(Suppl 3):5206-S12. doi: 10.1093/cid/ciz004

5. Chung EJ, Luo CH, Thio CL, Chang YJ. Immunomodulatory role of
staphylococcus aureus in atopic dermatitis. Pathogens (2022) 11(4):1-10. doi:
10.3390/pathogens11040422

6. Bitschar K, Staudenmaier L, Klink L, Focken J, Sauer B, Fehrenbacher B, et al.
Staphylococcus aureus skin colonization is enhanced by the interaction of neutrophil
extracellular traps with keratinocytes. J Invest Dermatol (2020) 140(5):1054-65 e4. doi:
10.1016/4.jid.2019.10.017

7. Burian M, Bitschar K, Dylus B, Peschel A, Schittek B. The protective effect of
microbiota on S. aureus skin colonization depends on the integrity of the epithelial
barrier. ] Invest Dermatol (2017) 137(4):976-9. doi: 10.1016/j.jid.2016.11.024

8. Weiss E, Kretschmer D. Formyl-peptide receptors in infection, inflammation, and
cancer. Trends Immunol (2018) 39(10):815-29. doi: 10.1016/}.it.2018.08.005

9. Rautenberg M, Joo HS, Otto M, Peschel A. Neutrophil responses to
staphylococcal pathogens and commensals via the formyl peptide receptor 2 relates
to phenol-soluble modulin release and virulence. FASEB ] (2011) 25(4):1254-63. doi:
10.1096/£j.10-175208

10. Weiss E, Schlatterer K, Beck C, Peschel A, Kretschmer D. Formyl-peptide
receptor activation enhances phagocytosis of community-acquired methicillin-resistant
staphylococcus aureus. ] Infect Dis (2019) 221(4):668-678. doi: 10.1093/infdis/jiz498

11. YuN, Zhang S, LuJ, Li Y, Yi X, Tang L, et al. An acute phase protein, stimulates
proliferative and proinflammatory responses of keratinocytes. Cell Prolif (2017) 50
(3):1-10. doi: 10.1111/cpr.12320

12. Carretero M, Escamez MJ, Garcia M, Duarte B, Holguin A, Retamosa L, et al. In
vitro and in vivo wound healing-promoting activities of human cathelicidin LL-37. J
Invest Dermatol (2008) 128(1):223-36. doi: 10.1038/sj.jid.5701043

Frontiers in Immunology

11

10.3389/fimmu.2023.1188555

SUPPLEMENTARY FIGURE 1

Activation of N/TERT-1 by S. epidermidis PSMo.and PSMe induces IL-8 and IL-
lo release from keratinocytes in a FPR2-dependent manner. IL-8 (A) or IL-1a
release (B) of differentiated N/TERT-1 keratinocytes stimulated for 17 h with
either PSMa. (1000 nM) +/- WRW4 (1 uM) or PSMg (500 nM) +/- WRW4 (1 uM).
Data represent cytokine release minus cytokine release by medium-treated
cells. *P < 0.05; **, P < 0.01 ***, significant difference versus the indicated
controls as calculated by unpaired Student's t-tests.

SUPPLEMENTARY FIGURE 2
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