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Introduction: Staphylococcus aureus (S. aureus) infection of the skin leads to a
rapid initial innate immune response with keratinocytes in the epidermis as the
initial sensors. Polymorphonuclear neutrophils (PMNs) are the first innate
immune cells to infiltrate infection sites where they provide an effective first-
line of defense. Previous work of our group showed that in inflamed skin a
crosstalk between PMNs and keratinocytes results in enhanced S. aureus
skin colonization.

Methods: In this work, we used an in vitro co-culture model to studied the
crosstalk between primary human keratinocytes (PHKs) and PMNs in a sterile
environment and upon S. aureus infection. We investigated the influence of PHKs
on PMN activation by analyzing PMN lifespan, expression of degranulation
markers and induction of proinflammatory cytokines. Furthermore, we
analyzed the influence of PMNs on the inflammatory response of PHKs. Finally,
we investigated the influence of the skin microbiome on PMN-mediated
skin inflammation.

Results: We show that co-culture of PMNs with PHKs induces activation and
degranulation of PMNs and significantly enhances their lifespan compared to
PMN cultivation alone by an IL-8 mediated mechanism and, furthermore, primes
PMNs for enhanced activity after S. aureus infection. The prolonged incubation
with PMNs also induces inflammatory responses in PHKs which are further
exacerbated in the presence of S. aureus and induces further PMN recruitment
thus fueling skin inflammation. Interestingly, infection of PHKs with the skin
commensal S. epidermidis reduces the inflammatory effects of PMNs in the skin
and exhibits an anti-inflammatory effect.

Discussion: Our data indicate that skin infiltrating PMNs and PHKs influence each
other in such a way to enhance skin inflammation and that commensal bacteria
are able to reduce the inflammatory effect.
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GRAPHICAL ABSTRACT

Proposed model of the interplay between PMNs and PHKs during skin inflammation. In a sterile environment, PMNs undergo activation, with their
lifespan extended through an IL-8 dependent way. Concurrently, proinflammatory responses are initiated in PHKs. Skin infection with S. aureus in-
tensifies inflammation, leading to enhanced recruitment of PMNs. Conversely, S. epidermidis exerts an anti-inflammatory influence by mitigating
PMN-mediated skin inflammation and facilitating apoptosis in PMNs. This illustration was created with BioRender.

Introduction

The skin immune barrier depends on the interplay of different
cell types to ensure homeostasis under physiological conditions and
protection against invading pathogens (1). Keratinocytes are the
main constituents of the epidermis and thus the first cells to sense
an invading pathogen such as Staphylococcus aureus (S. aureus) and
therefore play a crucial role in initiating and maintaining skin
inflammation (2). They contain pattern-recognition receptors that
help to sense pathogen-associated-molecular-patterns (PAMPs) on
the microbes which initiates secretion of cytokines, chemokines,
and antimicrobial peptides (AMPs) and the recruitment of immune
cells to the site of infection (2).

Polymorphonuclear neutrophils (PMNs) are the most abundant
leucocytes in the human blood (3). Upon skin infection, they are the first
cells to infiltrate the infected site where they provide an effective first-line
of defense (4, 5). To ensure a fast response at infection sites, PMNs
contain preformed molecules stored in cytoplasmic granules that can be
rapidly mobilized via degranulation (6, 7). However, excessive
degranulation can cause enormous collateral damage to surrounding
tissue and lead to systemic inflammation. Therefore, PMN activation and
degranulation needs to be tightly controlled and requires receptor-
coupled mechanisms (6). After completing their tasks, PMNs undergo
apoptosis and are cleared by macrophages. This prevents excessive
inflammation and helps restoring homeostasis (8-10).

S. aureus is a gram-positive facultative pathogen responsible for
the majority of skin infections in humans. It asymptomatically
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colonizes about 30% of the anterior nares of the human population
(11, 12). S. aureus can be frequently found on the skin of atopic
dermatitis patients where it actively contributes to skin
inflammation (13, 14). It has been shown that upon S. aureus
infection of the skin, the recruitment of PMNss is critical in clearing
the infection (15, 16). However, we and others show that the
presence of PMNs in the skin of mice or in a human in vitro
coculture system of PHKs and PMNs enhances S. aureus skin
colonization and persistence by the interaction of PHKs with
neutrophil extracellular traps (NETs) (17, 18). These data indicate
that an interaction of PHKs with PMNs via NETSs are important to
keep infections local in the initial stages of colonization. Further
studies of us revealed that PMNs and NETS present in the inflamed
skin induce oxidative stress in PHKs which results in the secretion
of HMGBI1. NETs and HMGBI1 can downregulate the expression of
epidermal barrier genes thus promoting skin barrier defects which
favors S. aureus skin colonization (19).

Here, we studied the crosstalk between keratinocytes and PMNs
independent of NETs in a sterile and an infectious environment.
We investigated the influence of PHKs on activation of PMNs by
analyzing PMN lifespan, expression of degranulation markers and
induction of proinflammatory cytokines. Vice versa, we analyzed
the influence of PMNs on the inflammatory response of PHKs.
Finally, we investigated the influence of the skin microbiome on
PMN-mediated skin inflammation. Our data highlight a
sophisticated crosstalk of PMNs with PHKs in the skin which
shapes immune responses to invading bacteria.
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Materials and methods
Isolation of primary human PMNs

Peripheral blood was drawn from healthy donors, mixed with
dextran solution (2% Dextran, 0.9% NaCl) and incubated for 30
min at RT. The upper phase was layered onto BioColl (1.077 g/ml,
Bio&Sell) in a 3:2 ratio and density gradient centrifugation was
performed for 30 min at 1600 rpm in a swinging bucket rotor
without brake. The cell pellet was resuspended in hypotonic
erythrocyte lysis buffer (C-C-Pro). After 10 min incubation time,
a second centrifugation step at 1600 rpm for 10 min without brake
was performed. After one washing step with PBS, the remaining cell
pellet containing the PMNs was resuspended in keratinocyte base
medium (CELLnTECH) containing 1.7 mM CaCl,. PMN isolation
from human blood was approved by the ethics committee of the
medical faculty of the University of Tiibingen (054/2017BO2).

Cell culture and in vitro co-culture system

Primary human keratinocytes (PHKs) isolated from human
foreskin after routine circumcision from the Loretto Clinic in
Tibingen as previously described (18, 20, 21). PHK isolation was
approved by the ethics committee of the medical faculty of the
University of Tiibingen (654/2014BO2) and performed according
to the principles of the Declaration of Helsinki. PHKSs were cultured
in collagen-coated tissue flasks (Corning, BioCoat ) in epidermal
keratinocyte medium (CELLnTEC) at 37°C, 5% CO,. 24h before the
experiments, PHKs were differentiated with keratinocyte base
medium (CELLnTECH) containing 1.7 mM CaCl,. The in vitro
co-culture model was performed as previously described (18).
Briefly, PHKs were seeded into collagen-coated transwell inserts
(pore size: 0.4 pm) and differentiated after reaching confluency.
PMNs were isolated as described above and seeded into 24 well
plates in a concentration of 2x107A6/ml. The inserts containing
differentiated PHKSs were placed on top of the PMNs, and the cells
were co-incubated for the indicated times.

Flow cytometry

1x10A6 PMNs were incubated with the following surface
antibodies for 20 min on ice in the dark. Surface antibodies
included PerCP-Cy5.5-anti-CD11b, APC-anti-CD63, APC-anti-
CD66b (all Biolegend). To exclude dead cells, a fixable viability
dye was included. Flow cytometry was performed using an LSR II
(BD Bioscience) and analyzed with FlowJo (TreeStar).

Annexin-V staining

Annexin-V staining was performed as previously described.
Briefly, 1x1076 PMNs were resuspended in Annexin binding buffer
containing Annexin and incubated for 15 min at RT in the dark.
After one washing step with annexin binding buffer, PMNs were
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measured at the LSR II (BD Bioscience) and analyzed with
Flow]Jo (TreeStar).

Live cell imaging

The Incucyte SX1(Sartorius) was used to investigate PMN
viability over time. PMNs were seeded in a 24 well plate in a
concentration of 1x1026/ml and were either co-incubated with
PHKs or stimulated with the PMN supernatant of the 18h co-
culture. Non-co-cultured PMNs or PMNs incubated with medium
served as control. DRAQ5 (1 uM; Thermofisher) was used for
staining the intracellular DNA and Sytox Green (0.2 uM;
Thermofisher) was used for staining the extracellular DNA, thus
indicating cell death. Pictures were taken every hour when PMNs
were stimulated with the supernatant or after 6h, 18h and 30h when
co-cultured with PHKSs. Percentage of Sytox Green positive cells
were quantified using Fiji/Image].

Western blot

Analysis of capase-3 cleavage in PMNs was performed by
western blot using whole cell lysates. Briefly, PMNs were lysed in
a lysis buffer containing protease and phosphatase inhibitors.
Lysates were separated via SDS-polyacrylamide gel electrophoresis
and plotted onto PVDF membranes. After 60 min blocking in
PBS + 01% Tween + 5% dry milk, membranes were incubated in
anti-caspase-3 antibody (1:1000, Cell Signaling) at 4°C overnight.
The next day, the membrane was washed three times with PBS +
0.1% Tween before incubation in a secondary antibody, a
horseradish peroxidase-conjugated anti-rabbit IgG (1:2000, Cell
Signaling). ECL (Thermo Fisher Scientific) was used as
chemiluminescence reagents, and an Amersham Imager 600
(General Electric) was used for detection.

LEGENDplex™ multiplex cytokine analysis

Cytokine analysis was performed with 25 pl of cell culture
supernatants of either the PHK well or the PMN well of the co-
culture using the LEGENDplexTM human cytokine panel 2 and
essential immune response panel (BioLegend) according to the
manufacturer’s instructions. Samples were acquired using a LSRII
flow cytometry (BD Biosciences) and analyzed using the
LEGENDplexTM Software (BioLegend). We assured that the
cytokines we detect in the respective wells are derived from
PMNs or PHKSs, respectively.

Enzyme-linked immunosorbent assay

Secreted MPO and LCN2 in cell culture supernatants were
analyzed using DuoSet ELISA Kits from R&D according to the
manufacturer’s instructions. Briefly, ELISA plates (Nunc) were
coated with 50 pl capture antibody overnight at 4°C. The next
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day, the plate was washed three times with PBS + 0.05% Tween
before being incubated in PBS + 1% BSA for 1h at RT. After three
washing steps with PBS + 0.05% Tween, 50 ul cell culture
supernatant or standards were added, and the plate was incubated
for 2h at RT. The plate was washed three times and incubated with a
biotinylated detection antibody for 2h at RT. After three washing
steps, the plate was incubated in HRP-conjugated streptavidin for
20 min at RT in the dark. The plate was subsequently washed and a
TMB substrate solution (Cell Signaling) was added to each well. The
reaction was stopped with 2N H,SO, and absorbance at 450 nm was
measured using a Fluoroskan II (Labsystems).

RNA isolation & cDNA generation

Total RNA isolation of PHKs was performed using the RNA kit
(Macherey-Nagel) according to the manufacturer’s protocol.
Following RNA isolation, complementary DNA was synthesized
using the Reverse-Transcriptase Kit (Thermo Scientific) with 1 pg
of RNA, 4 ul of 5x RT buffer, 0.5 ul Maxima reverse transcriptase
(200 U/ml), 1 pl of random hexamer primer (100 pM), dNTP
(ImM) and RNAse-free water to a total volume of 20 pl. RNA was
first pre-incubated with RN Ase-free water at 70°C for 10 min before
the master mix was added and cDNA was synthesized for 10 min at
25°C and 45 min at 50°C followed by a heat-inactivation step for 5
min at 85°C.

RT? Profiler™ PCR Array

RT? Profiler © PCR Array Antibacterial Response (PAHS-
148Z) was used for the analysis of genes involved in
inflammation and immune responses in PHKs after 18h co-
incubation with PMNs. As control, non-co-cultured PHKs were
used. The assay and subsequent data analysis was performed
according to the manufacturer’s instructions. Samples were
acquired in triplicates.

Bacterial strains

Staphylococcus aureus USA300 LAC and Staphylococcus
epidermidis 1457 was used in this study. Bacteria were aerobically
grown in tryptic soy broth (TSB) at 37°C and orbital shaking. All
experiments were performed with logarithmically grown bacteria
(OD = 0.5).

Neutrophil recruitment assay

For the PMN recruitment assay, freshly isolated PMNs were
labeled with 1 uM Calcein (eBioscience) for 30 min, washed and
seeded into a 3 wm transwell insert (Sarstedt). The transwell insert
was then placed above a well containing different stimuli. After 1h,
the inserts were removed and PMNs migrated into the lower well
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were lysed using 1% Triton X-100. The fluorescence of the lysates was
quantified in triplicates using a Fluoroskan II (Labsystems). As
stimuli, the supernatants of the PHK well (upper well) or the PMN
well (lower well) of the 18h co-culture with or without S. aureus
infection was used. As controls, the supernatants of non-co-cultured
PHKs with and without S. aureus infection and non-co-cultured
PMNs was included. As positive control, N-formyl-met-leu-phe was
used (fMLF). Prior to the migration assay, the supernatants were
centrifuged, and filter sterilized. To calculate the absolute numbers of
migrated PMNs, a standard curve was included.

Statistical analysis

Significant differences between the means of the different
treatments were evaluated using GraphPad Prism 9.0 (GraphPad
Software, Inc.). Either unpaired, two-tailed Student’s t test, one-way
analysis of variance followed by Dunnett’s multiple comparisons
test or two-way analysis of variance followed by Sidak’s multiple
comparisons test was used for statistical analysis and indicated in
the respective figure legends. Differences were considered
statistically significant with a p value of <0.05. Data were
visualized using GraphPad 9.0 (GraphPad Software Inc.), MS
Excel (Microsoft Corporation), FlowJo (TreeStar) or Fiji/Image].

Results

Co-incubation with PHKs prolongs the
lifespan of PMNs

First, we were interested whether the viability of PMNs changes
when we co-cultured with PHKSs. Therefore, we analyzed the viability
of PMNs by SYTOX Green staining, a non-permeable dye indicating
dead cells, at different time points after co-culture with PHKs. We
used an established in vitro co-culture transwell chamber model (18)
and compared it to the results of the non-co-cultured PMNs
(Figure 1A). We found that the percentage of SYTOX Green
positive cells steadily increases overtime in the non-co-cultured
PMNSs. In contrast to this, co-cultured PMNs exhibit a significantly
extended lifespan, with only little increase in Sytox Green positive
cells in the first 18h. However, the induction of cell death was not
completely prevented in co-cultured PMNs as we see a clear increase
in SYTOX Green positive cells at 30h co-incubation time. Therefore,
we conclude that the co-culture with PHKSs significantly delays the
induction of cell death in PMNs. We calculated the delay of cell death
induction between the co-cultured and non-co-cultured PMNs using
interpolation and found a delay of 9.3h until 50% of the cells are dead
(Supplementary Figure 1A). To unravel the type of cell death, we
analyzed the induction of apoptosis in co-cultured and non-co-
cultured PMNs by caspase-3 cleavage and Annexin-V staining
(Figures 1B, C). After 18h, apoptosis induction of non-co-cultured
PMNs was indicated by cleaved caspase-3 which was not observed in
co-cultured PMNs (Figure 1B). Furthermore, we used Annexin-V
staining, which detects cells in the early or late apoptosis phase before
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FIGURE 1
Co-incubation with PHKs prolongs the lifespan of PMNs. (A) PMNs (2x10A6/ml) were either incubated alone or in co-culture with differentiated PHKs
seeded in a transwell insert (pore size 0.4 um) and placed above the PMNs. Cell viability was analyzed at different times by quantifying the
percentage of Sytox Green positive cells (n = 4). Representative pictures of one experiment after 6h, 18h and 30 are shown. Scale bars = 200 um
Significant differences between non-co-cultured and co-cultured PMNs at the different time point were analyzed by two-way ANOVA *P < 0.05, **P
< 0.01, ***P < 0.001, ****P < 0.0001. Shown are the mean of four different experiments + SEM. (B) Induction of apoptosis in non-co-cultured and
co-cultured PMNs was analyzed at 3h, 6h and 18h incubation time by investigating caspase-3 cleavage via western blot. Protein expression of 3-
actin was used as loading control. (C) Apoptosis induction in non-co-cultured and co-cultured PMNs was analyzed at 18h and 30h by Annexin-V
staining. Annexin positive cells were quantified and represent apoptotic cells. Shown are the mean of four different experiments + SEM. Significant
differences were analyzed by unpaired two-tailed t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. On representative experiment of three
independent experiments is shown. PHKs, primary human keratinocytes; PMNs, polymorphonuclear neutrophils; SEM, standard error of the mean

the cells lose their membrane integrity and get Sytox positive. ~ The prolonged lifespan of PMNs

Interestingly, Annexin-V staining after different incubation times jn the co-culture with PHKs is

revealed that apoptosis induction was significantly delayed in co- mediated by secreted IL-8

cultured PMNs compared to non-co-cultured PMNs (Figure 1C)

confirming our Sytox experiments. Together, these data indicate that We hypothesized that the delayed apoptosis induction in PMNs
in the co-culture a beneficial interaction between PHKs and  is mediated by soluble factors released by the PMNs itself during the
PMNs significantly extend the viability of PMNs by delaying  co-incubation with PHKs. To test this hypothesis, we co-cultured
apoptosis induction. PMNs with PHKs for 18h and subsequently collected the supernatant
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FIGURE 2

The prolonged lifespan of PMNs in the co-culture with PHKs is partly mediated by secreted IL-8. (A) Freshly isolated PMNs (2x10A6/ml) were
incubated either in medium or in the PMN supernatant of the 18h co-culture. Cell viability was analyzed over time by Sytox Green staining and live
cell imaging. The percentage of Sytox Green positive cells, indicating dead cells, was quantified every hour for 18h using Fiji/lmaged (n = 3)
Representative images of the same cell area after 5h, 11h and 18h incubation are shown. Scale bars = 200 um. (B) Freshly isolated PMNs were co-
cultured with differentiated PHKs or alone. After 3h, 6h and 18h, secreted factors in the PMN well were analyzed using Legendplex analysis
Significant differences between the non-co-cultured and co-cultured PMNs were analyzed for each time point by multiple unpaired t-tests *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Shown is one representative experiment of four independent experiments + SD. (C—E) PMNs were
either incubated alone or in co-culture with differentiated PHKs in the presence or absence of an anti-IL-8 antibody (C) or anti-IL-1o antibody (D) or
both (E). Induction of cell death was analyzed after 18h by quantifying Sytox Green positive cells using Fiji/Image J (n = 4). Shown is one
representative experiment of four independent experiments + SD. Significant differences were analyzed between the percentage of SYTOX Green
positive cells by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. PMNs, polymorphonuclear neutrophils; PHKs, primary human
keratinocytes; IL-1a, interleukin 1o IL-8, interleukin 8; SD, standard deviation. ns, non significant

of the PMN well, filter-sterilized it and used it for stimulation of  percentage of Sytox-Green-positive cells increased significantly after 5
freshly isolated PMNs. Non-co-cultured PMNs incubated in medium ~ hours in control PMNs cultured in medium, the induction of cell
were used as control. We investigated cell death of PMNs over time  death was delayed in PMNs incubated with PMN supernatant. Here,
by Sytox Green staining and live cell imaging (Figure 2A). While the  a significant increase in Sytox-Green-positive cells was observed after
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FIGURE 3

Co-Culture with PHKs activates PMNs. (A) Forward Scatter (FSC) and Side Scatter (SSC) of freshly isolated PMNs and PMNs co-cultured with
differentiated PHKs or alone for 18h were analyzed by flow cytometry. (B) Secreted levels of MPO and LCN-2 by co-cultured and non-co-cultured
PMNs after 18h incubation was analyzed by ELISA and compared to freshly isolated PMNs (Oh). Shown is one representative experiment of three
independent experiments + SD. Significant differences were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One
representative experiment of three independent experiments is shown. (C) Freshly isolated (Oh), 18h co-cultured and 18h non-co-cultured PMNs
were infected directly with S. aureus (MOl = 10) or left uninfected. After 2h, secreted MPO and LCN2 levels were analyzed by ELISA. Significant
differences between uninfected and infected PMNs were analyzed by unpaired two-tailed t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Shown is one representative experiment of three independent experiments + SD. PMNs, polymorphonuclear neutrophils; PHKs, primary human
keratinocytes; MOI, multiplicity of infection; MPO, myeloperoxidase; LNC2, lipocalin-2. ns, non significant.

11 hours, which then steadily increased over time. We calculated the
delay in cell death induction between PMNs incubated in medium or
PMN supernatant by interpolation and found a delay of 8.3 hours
until 50% of the cells were dead (Supplementary Figure 1B). This
delay (8.3 hours) is comparable to the delay found in co-cultured vs
non-co-cultured PMNs (9.3 hours), observed in Figure 1A which
indicates that the soluble factors released by PMNs during the co-
culture are mainly responsible for the extended lifespan. To identify
these factors, we performed LEGENDplex analysis of the PMN well
after 3h, 6h and 18h co-culture with PHKs and compared these to
secreted factors from non-co-cultured PMNs. We detected
significantly increased amounts of secreted Interleukin (IL)-8 and
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IL-1o in PMNs co-cultured with PHKs compared to non-co-cultured
PMNs after 18h (Figure 2B). Other examined cytokines were not
significantly induced (Supplementary Figure 2A). To test whether the
IL-1o and IL-8 are responsible for the enhanced viability of PMNs
co-cultured with PHKSs, we co-cultured PMNs with PHKSs for 18h in
the presence of absence of either an anti-IL-8, anti-Il-10. or both
antibodies together and analyzed cell viability by Sytox Green
staining. We compared the results to the non-cocultured PMNs.
Interestingly, addition of the anti-IL-8 antibody led to a significant
reversal of the life-prolonging effect of the co-culture, whereas IL-o.
had no significant life-prolonging effect (Figures 2C, D;
Supplementary Figures 2B, C). Interestingly, the combined
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Extended co-incubation activates a proinflammatory state in PHKs. (A) Differentiated PHKs were co-incubated with freshly isolated PMNs. After 18h,
the expression of 84 different genes was analyzed in PHKs by a RT-Profiler Array (n = 3). Significantly upregulated genes in co-cultured PHKs
compared to non-co-cultured PHKs are marked green. (B) Secreted factors by PHKs were analyzed after 3h, 6h and 18h of co-incubation with
PMNs. Ctrl., non-co-cultured PHKs. Shown is one representative experiment of four independent experiments + SD. Significant differences to the
control were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One representative experiment of three independent
experiments is shown. PHKs, primary human keratinocytes; PMNs, polymorphonuclear neutrophils; RT, real-time. ns, non significant

treatment with an anti-IL8 and anti-IL-10. antibody still reverted the
life-prolonging eftect of the co-culture indicating that the effect of IL-
8 dominates compared to IL-1ct in the life prolongation of PMNs in
the co-culture (Figure 2E; Supplementary Figure 2D). Interestingly,
recombinant IL-8 delayed apoptosis in freshly isolated PMNs in a
concentration-dependent manner, further highlighting the anti-
apoptotic properties of IL-8 (Supplementary Figure 2E).

Co-culture with PHKs activates PMNs

We next analyzed whether along with extending their lifespan,
the co-culture with PHKs activates PMNs. Activated PMNs are
characterized by degranulation (22). Indeed, we observed a
decrease in the side scatter (SSC) of co-cultured PMNs after 18h
compared to non-co-cultured PMNss or freshly isolated PMNs (Oh),
indicative for reduced granularity and thus degranulation
(Figure 3A). We further analyzed degranulation by analyzing
surface expression of CD11b, CD66b and CD63 as well as
extracellular levels of MPO and LCN2, all markers for
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degranulation. We observed that PMNs co-cultured with PHKs
for 18h released significantly more MPO and LCN2 compared to
non-co-cultured PMNs or freshly isolated PMNs (Figure 3B).
Furthermore, while we did not detect a significant difference in
the surface expression of CD11b or CD66b, surface expression of
CD63 was significantly increased in co-cultured PMNs compared to
non-co-cultured or freshly isolated PMNs (Supplementary
Figure 3). Together, these data indicate that PMNs are in an
activated state after co-culture with PHKs.

We next hypothesized that already activated state leads to an
enhanced activation of PMNs in response to an infectious stimulus.
To investigate this, we infected freshly isolated PMNs or PMNs non-
co-cultured or co-cultured with PHKSs for 18h with S. aureus (MOI =
10) and analyzed PMN activation by the analysis of extracellular
levels of MPO and LCN2 as markers for degranulation. Interestingly,
while S. aureus infection resulted in increased levels of secreted MPO
and LCN2 in all conditions, the increase in MPO and LCN2 levels
was especially prominent in co-cultured PMNs (Figure 3C).
Together, these data indicate that the co-culture with PHKs primes
PMN:s for enhanced activation in response to an infectious stimulus.
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Crosstalk between PHKs and PMNs exacerbates immune responses to S. aureus infection. (A, B) Differentiated PHKs were co-incubated with freshly
isolated PMNs or alone. After 18h, PHKs were infected with S. aureus (MOI = 30) for 1.5h or left uninfected. Secreted factors in the PHK well (A) and
PMN well (B) were analyzed by Legendplex analysis. Shown is one representative experiment of four independent experiments + SD. Significant
differences between the samples were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One representative
experiment of three independent experiments is shown. (C) Freshly isolated PMNs were seeded into transwell inserts with 3 um pores and placed
above a well containing supernatants of either non-co-cultured or co-cultured PHKs after S. aureus infection. After 1h, the number of migrated
PMNs were quantified. Shown is one representative experiment of four independent experiments + SD. Significant differences between the samples
were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One representative experiment of three independent
experiments is shown. PHKs = primary human keratinocytes; PMNs, polymorphonuclear neutrophils; MOI, multiplicity of infection; ns, non

significant; SD, standard deviation

Co-incubation with PMNs activates an
inflammatory response in PHKs

Our results show that a crosstalk between PHKs and PMNs boosts
the activity of PMNs. Next, we analyzed whether the interaction with
PMNs affects, on the other hand, also the PHKs and induces a
proinflammatory response in PHKs. For this, we co-cultured PHKs
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with PMNs for 18h and subsequently analyzed in PHKS the expression
of 84 different genes involved in inflammation using an RT-Profiler
PCR Array and compared gene expression to 18h non-co-cultured
PHKSs. Interestingly, we detected significant upregulation of genes
associated with immune cell recruitment (CXCL1, CXCL2, IL-8,
CCL5), TLR signaling (CD14, LY96), regulation of apoptosis
(FADD, CARDS6, BIRC3), NFkB signaling (CHUK, NFKBI1a, IL-1f)
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as well as stress response (MAP2K3) in co-cultured PHKs compared to
the non-co-cultured PHKs (Figure 4A). We further analyzed the
induction of a proinflammatory response in PHKs by comparing the
secretion of cytokines and chemokines by PHKSs co-cultured with
PMNs to the non-co-cultured PHKs at different time points using
Legendplex analysis. With increasing incubation time, we detected in
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co-cultured PHKSs elevated levels of secreted IL-1at, IL-1PB, IL-8, IL-6,
GM-CSF, and CXCL-10 compared to the non-co-cultured PHKs
(Figure 4B). Other analyzed cytokines and chemokines were not
significantly induced (Supplementary Figure 4). Our results indicate
that co-culture with PMNs induce induces a proinflammatory state
in PHKSs.
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The skin microbiome reduces PMN-mediated inflammation and induces apoptosis in PMNs. (A, B) Differentiated PHKs were co-incubated with
freshly isolated PMNs or alone. After 18h, PHKs were infected with S. epidermidis (MOl = 30) for 1.5h or left uninfected. Secreted factors in the PHK
well (A) and the PMN well (B) were analyzed by Legendplex analysis. Shown is one representative experiment of four independent experiments + SD
Significant differences between the samples were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One
representative experiment of three independent experiments is shown. (C) Freshly isolated PMNs were incubated alone or in co-culture with PHKs.
After 18h, PHKs were infected with S. epidermidis or left uninfected (MOI = 30) for 1.5h. Apoptosis induction in PMNs was analyzed by Annexin-V
staining. Shown is one representative experiment of four independent experiments + SD. Significant differences between the samples were analyzed
by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, non significant.
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Crosstalk between PHKs and PMNs
exacerbates immune responses to S.
aureus infection

Next, we analyzed whether the proinflammatory state in PHKs
after co-culture with PMNs under sterile conditions results in an
exacerbated response of PHKs after S. aureus infection. To explore
this, we co-cultured PHKs with PMNs for 18h followed by infection
of the PHKSs with S. aureus. Subsequently, we examined the secretion
of proinflammatory cytokines by PHKs using Legendplex analysis.
Interestingly, our results revealed that S. aureus infection of the PHKSs
further enhanced the secretion of CXCL10, IL-1f and IL-8 by PHKSs
in the co-culture. Additionally, S. aureus infection induced the
secretion of MCP-1, and IL-33 by PHKs, and notably, this
induction was significantly higher in co-cultured PHKs compared
to non-co-cultured PHKs (Figure 5A). The induction of other
analyzed cytokine and chemokines were not significantly different
between co-cultured and non-co-cultured PHKs (Supplementary
Figure 5A). Furthermore, S. aureus infection of the PHKs in the
co-culture significantly enhances the secreted levels of IL-1f, IL-8 and
IL-1o in the co-cultured PMNs (Figure 5B). Interestingly, the
supernatant of co-cultured PHKs and to a lesser extent of non-co-
cultured PHKSs after S. aureus infection significantly enhanced
migration of PMNs (Figure 5C). These findings demonstrate that
the co-culture with PMNs significantly enhances the S. aureus-
induced inflammatory response in PHKs and PMNEs.

The skin microbiome reduces PMN-
mediated inflammation and induces
apoptosis in PMNs

Previous results of our group showed that the skin microbiome
has a beneficial role in preventing S. aureus skin colonization in a non-
inflammatory environment (20). Interestingly, the decreased S. aureus
colonization was accompanied by reduced skin inflammation and
PMN recruitment (18). Our results also showed that in an
inflammatory environment induced by tape-stripping, skin
infiltrating PMNs enhance S. aureus skin colonization (18). Based
on these results, we hypothesized that the skin microbiome affects
PMN-mediated skin inflammation. To test this, we analyzed
inflammatory responses in PHKs in the co-culture with PMNs
without or upon infection with the skin commensal S. epidermidis.
Interestingly, we observed a significant decrease in the secreted levels
of IL-1B and CXCL-10 by co-cultured PHKs upon S. epidermidis
infection compared to the cocultured non-infected PHKSs (Figure 6A).
No significant difference between infected and not infected co-
cultured PHKs were observed on other analyzed cytokines and
chemokines (Supplementary Figure 6A). This indicates that the skin
microbiome reduces the inflammatory responses in PHKs induced by
PMNs. Furthermore, we found that S. epidermidis infection of PHKs
significantly reduces the secreted levels of IL-8 and IL-1o by PMNSs in
the co-culture (Figure 6B) and significantly enhanced apoptosis
induction in PMNs compared to the non-infected and co-cultured
PMNs (Figure 6C). These results indicate that the skin microbiome
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reduces PMN-mediated skin inflammation by downregulation of
PMN-induced proinflammatory cytokines in PHKs and induction
of apoptosis in PMNs.

Discussion

PMNs are the most abundant type of leucocytes in the human
blood and play an important role in the innate immune system (23).
Upon inflammation, PMNs are rapidly recruited from the
circulation to infection sites where thy provide an effective first-
line defense. Several groups have shown that PMNs play a crucial
role in clearing S. aureus skin infections (15, 16). Here we
demonstrate that a crosstalk between skin-infiltrating PMNs and
skin-resident PHKs enhances the proinflammatory responses of
both cells upon S. aureus infection.

PMNs have a relatively short lifespan. They are continually
replenished from the bone marrow and released into the
bloodstream. In circulation, they actively patrol for infection of
tissue and in the absence of an inflammatory stimulus, PMNs
undergo spontaneous apoptosis and are cleared by macrophages,
maintaining immune balance (10). The lifespan of circulating
murine PMNs is estimated to be about 12h (24), however, this
can be significantly extended upon inflammation (4). During
inflammation, PMNs are rapidly recruited to the affected site.
Inflammatory signals promote their survival and activation,
enabling them to combat invading pathogens by releasing
antimicrobial agents and engaging in phagocytosis (25). However,
excessive PMN activation can cause tissue damage, so mechanisms
exist to regulate inflammation resolution including the induction of
PMN apoptosis and their subsequent clearance by macrophages for
immune homeostasis (25).

In their investigation of murine PMN lifespan in various tissues
(bone marrow, blood, liver, lung, spleen, intestine, and skin)
Ballesteros et al. discovered that the half-life of neutrophils varies
depending on the specific tissue they infiltrate into (26). Notably,
this study reveals that PMNs quickly adopt a tissue-specific
phenotype and transcriptional profile, likely contributing to
efficient immune responses against invading pathogens.
Interestingly, they showed that the half-life of PMNs was highest
in the skin with about 18h.

While several studies have examined the lifespan of PMNs in
various tissues of mice, there is limited knowledge regarding the
lifespan of PMN's in the human system, especially in the skin. Here,
we demonstrate for the first time that the presence of PHKs during
co-incubation significantly prolongs the lifespan of PMNs in a
human in vitro co-culture model. Compared to PMNs cultured
alone, co-cultured PMNs exhibit a noticeable delay in apoptosis
induction. This extended lifespan is facilitated by the secretion of IL-
8, which increases progressively as the incubation time is prolonged.
We observed a reversal of this effect when an anti-IL-8 antibody was
added to the co-culture. The ability of IL-8 to delay spontaneous
apoptosis induction of PMNs is also described by previous studies
(27). Interestingly, we did find that depletion of IL-1ct, which is also
induced in the co-culture, further prevents cell death induction thus
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indicating that IL-10. is capable of inducing cell death in PMNs. The
proapoptotic functions of IL-1a: have been described for other cells
(28), however, to the best of our knowledge not in PMNs.
Nevertheless, the co-culture with PHKs and IL-8 stimulation did
not entirely inhibit PMN apoptosis; instead, it caused a delay in the
process, eventually leading to its induction within the co-culture
system. Our findings revealed that co-cultured PMNs are activated
and released their granules after 18h incubation time. Excessive
activation of PMNs can cause tissue damage, so mechanisms exist
to regulate inflammation resolution including PMN apoptosis and
their subsequent clearance by macrophages for homeostasis (25).
Therefore, we hypothesize that the eventual induction of apoptosis in
PMN:ss is required to minimize tissue damage and restore homeostasis.
Interestingly, we found that co-cultured PMNs displayed an
elevated activation and responsiveness towards an infectious
stimulus in comparison to non-co-cultured or freshly isolated
PMNs. This was demonstrated by increased degranulation upon S.
aureus infection by co-cultured PMNs compared to non-co-cultured
PMNs or freshly isolated PMNs. PMNs play a pivotal role in the
immune response against S. aureus skin infections (16, 29). The
reactivity of circulating PMNs towards inflammatory stimuli is
intentionally constrained to avoid tissue damage and uphold
homeostasis (22). However, this reactivity can be significantly
enhanced by the exposure to inflammatory stimuli such as
cytokines, chemokines, pathogen- or damage-associated molecular
patterns (PAMPs or DAMPs, respectively). The exposure to such
stimuli primes the PMNs for enhanced responsiveness towards
invading pathogens (22, 30-32). Some studies showed that PMNs
primed by proinflammatory cytokines derived from PBMCs exert
enhanced killing capacities against S. aureus (33, 34). Therefore, we
hypothesize that the crosstalk with PHKs contributes to shaping the
immune response against S. aureus skin infections by priming PMNs
for enhanced activation. The co-culture environment seems to provide
a beneficial influence on the PMNS, enhancing their ability to combat
S. aureus skin infections. This finding highlights the significance of
cellular interactions and their impact on the immune system’s
effectiveness in mounting a robust response against infectious agents.
Moreover, we found that the extended co-incubation not only has
a priming effect on PMNs but also induces a proinflammatory state in
PHKSs. This was characterized by increased secretion of IL-10, IL-1f3,
IL-6, IL-8, GM-CSF and CXCL10 by PHKs. CXCL10 and GM-CSF
are chemoattractants for other immune cells besides PMNs, such as
monocytes, macrophages, T cells, NK cells or dendritic cells (35, 36).
This suggests that the extended crosstalk between PHKs and PMNs
initiates the recruitment of other immune cells to the skin to facilitate
the advance of the immune response. The induction of these
proinflammatory mediators is independent on direct cell-to-cell
contact but is rather mediated by secreted factors. This finding is
supported by previous studies describing the induction of
inflammation in PHKs by PMNs (37, 38). For example, Lieu et al.
showed that indirect co-culture with PMNs leads to the induction of
several pro-inflammatory genes and secretion of IL-8 in HaCaT cells
(38). Moreover, Shao et al. showed that exosomes derived from
PMNs are able to induce pro-inflammatory gene expression in PHKs
(37). Interestingly, although the expression of neutrophilic
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chemoattractants such as CXCL-1/2 and IL-8 was highly elevated
in PHKSs after 18h co-culture with PMNSs, the supernatant containing
these chemoattractants was not able to induce PMN migration. This
might be that the concentrations of the respective cytokines were too
low for PMN migration. Another reason might be that some factor
stops PMN migration as excessive PMN migration and activation can
lead to tissue damage.

As PHKs are the main constituents of the epidermis, the
outermost layer of our skin, they are constantly exposed to
exogenous bacteria such as beneficial skin commensals like S.
epidermidis or pathogenic bacteria like S. aureus and are therefore
crucial in the initiation of skin inflammation (2). Here, we found
that a previous co-culture with PMNss significantly elevated the level
of proinflammatory cytokines and chemokines by PHKs induced by
S. aureus infection. S. aureus is a facultative pathogen which
frequently colonizes the skin of atopic dermatitis patients where it
actively contributes to inflammation. There is evidence that PMNs
are elevated in AD skin and contribute to its pathogenesis (39-41).
Furthermore, previous results of our group showed that the PMNs
can enhance S. aureus skin colonization (18, 19). As a mechanism
for this we show that PMNs infiltrating inflamed skin are primed by
PHKs for NET formation in response to S. aureus infection. The
increased presence of PMNs and NETs in the inflamed skin induces
oxidative stress in PHKs which results in the secretion of HMGBI,
which induces further oxidative stress in PHKs and NET formation
in PMNs. Moreover, both NETs and HMGB1 induce the
downregulation of epidermal barrier genes in PHKs, thus
inducing a skin barrier defect which favors S. aureus skin
colonization (19). Here, we observed that in addition to
promoting skin barrier defects which could enhance S. aureus
skin colonization, the co-culture with PMNs exacerbates S. aureus
induced skin inflammation. We believe that the PMNs secrete IL-8
during the co-culture, thereby prolonging their lifespan and
becoming activated. The activated PMNs then induce an
inflammatory state in PHKs and boost their inflammatory
response against S. aureus.

The eventual induction of PMN apoptosis in the co-culture
might be necessary to not further prolong inflammation.
Interestingly, we found that S. epidermidis infection of PHKs in
the co-culture reduced the proinflammatory responses in PHKs
mediated by the co-culture with PMNs. Furthermore, we found that
S. epidermidis infection of PHKSs induced apoptosis in PMNs in the
co-culture. Previous work of our group showed that the skin
microbiome has a protective role against S. aureus skin infections
for example by reducing S. aureus-mediated skin inflammation and
PMN recruitment (18, 20). Our results here further show that the
skin commensal bacteria could play a role in preventing PMN-
mediated excessive skin inflammation.

In conclusion, here we show for the first time that a crosstalk
between PHKSs and PMNs in the skin shaped the immune responses
against S. aureus infections (see graphical abstract). On the one
hand, the crosstalk delays the induction of apoptosis in PMNs,
prolonging their lifespan and enhancing their activation and
responsiveness against S. aureus. This effect is achieved through
the release of IL-8 rather than direct cell-to-cell contact. However, it
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is important to note that prolonged incubation with PMNss also lead
to inflammatory responses in keratinocytes. This inflammatory
response is further exacerbated in the presence of S. aureus.
Interestingly, the skin commensal S. epidermidis reduces the
PMN-mediated skin inflammation in PHKs and induces
apoptosis in activated PMNs which indicates a beneficial role of

the skin microbiome in preventing excessive inflammation.

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 humans were approved by University of
Tiibingen Ethics committee. The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

BS: Conceptualization, Funding acquisition, Project
administration, Supervision, Writing - original draft. JF: Data
curation, Formal analysis, Investigation, Methodology, Writing -
original draft.

References

1. Nguyen AV, Soulika AM. The dynamics of the skin’s immune system. Int ] Mol
Sci (2019) 20(8):1811. doi: 10.3390/ijms20081811.

2. 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) 87:215-20. doi: 10.1016/j.jdermsci.2017.06.003.

3. Rosales C. Neutrophil: A cell with many roles in inflammation or several cell
types? Front Physiol (2018) 9. doi: 10.3389/fphys.2018.00113.

4. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and
inflammation. Nat Rev Immunol (2013) 13:159-75. doi: 10.1038/nri3399.

5. Burn GL, Foti A, Marsman G, Patel DF, Zychlinsky A. The neutrophil. Immunity
(2021) 54:1377-91. doi: 10.1016/j.immuni.2021.06.006.

6. Lacy P. Mechanisms of degranulation in neutrophils. Allergy Asthma Clin
Immunol (2006) 2:98-108. doi: 10.1186/1710-1492-2-3-98.

7. Ley K, Hoffman HM, Kubes P, Cassatella MA, Zychlinsky A, Hedrick CC, et al.
Neutrophils: New insights and open questions. Sci Immunol (2018) 3(30):eaat4579.
doi: 10.1126/sciimmunol.aat4579.

8. Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER.
Neutrophil kinetics in health and disease. Trends Immunol (2010) 31:318-24.
doi: 10.1016/4.it.2010.05.006.

9. Gordy C, Pua H, Sempowski GD, He YW. Regulation of steady-state neutrophil
homeostasis by macrophages. Blood (2011) 117:618-29. doi: 10.1182/blood-2010-01-
265959.

10. Hidalgo A, Chilvers ER, Summers C, Koenderman L. The neutrophil life cycle.
Trends Immunol (2019) 40:584-97. doi: 10.1016/j.it.2019.04.013.

Frontiers in Immunology

13

10.3389/fimmu.2024.1275153

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Deutsche Forschungsgemeinschaft with the
funding grant number TR156 and the Cluster of Excellence
EXC2124 ‘Controlling Microbes to Fight Infections’.

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.2024.
1275153/full#supplementary-material

11. Wertheim HFL, Melles DC, Vos MC, Van Leeuwen W, Van Belkum A,
Verbrugh HA, et al. The role of nasal carriage in Staphylococcus aureus infections.
Lancet Infect Dis (2005) 5:751-62. doi: 10.1016/S1473-3099(05)70295-4.

12. Hanselman BA, Kruth SA, Rousseau ], Weese JS. Coagulase positive
staphylococcal colonization of humans and their household pets. Can Vet J (2009)
50:954-8. doi: 10.1016/j.ijid.2016.11.145

13. Eyerich K, Eyerich S, Biederman T. The multi-vocal immune pathogenesis of
atooic eczema. Trends Immunol (2015) 36:788-801. doi: 10.1016/}.it.2015.10.006.

14. David MZ, Daum RS. Treatment of staphylococcus aureus infections.
Staphylococcus Aureus: Microbiology Pathology Immunology Ther Prophylaxis (2017)
409:325-83. doi: 10.1007/82_2017_42

15. Molne L, Verdrengh M, Tarkowski A. Role of neutrophil leukocytes in cutaneous
infection caused by Staphylococcus aureus. Infection Immun (2000) 68:6162-7.
doi: 10.1128/.68.11.6162-6167.2000.

16. Miller LS, O’connell RM, Gutierrez MA, Pietras EM, Shahangian A, Gross CE,
et al. MyD88 mediates neutrophil recruitment initiated by IL-1R but not TLR2
activation in immunity against Staphylococcus aureus. Immunity (2006) 24:79-91.
doi: 10.1016/j.immuni.2005.11.011.

17. Yipp BG, Petri B, Salina D, Jenne CN, Scott BNV, Zbytnuik LD, et al. Infection-
induced NETosis is a dynamic process involving neutrophil multitasking in vivo. Nat
Med (2012) 18:1386—+. doi: 10.1038/nm.2847.

18. Bitschar K, Staudenmaier L, Klink L, Focken ], 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) 140:1054. doi: 10.1016/
jjid.2019.10.017.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1275153/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1275153/full#supplementary-material
https://doi.org/10.3390/ijms20081811
https://doi.org/10.1016/j.jdermsci.2017.06.003
https://doi.org/10.3389/fphys.2018.00113
https://doi.org/10.1038/nri3399
https://doi.org/10.1016/j.immuni.2021.06.006
https://doi.org/10.1186/1710-1492-2-3-98
https://doi.org/10.1126/sciimmunol.aat4579
https://doi.org/10.1016/j.it.2010.05.006
https://doi.org/10.1182/blood-2010-01-265959
https://doi.org/10.1182/blood-2010-01-265959
https://doi.org/10.1016/j.it.2019.04.013
https://doi.org/10.1016/S1473-3099(05)70295-4
https://doi.org/10.1016/j.ijid.2016.11.145
https://doi.org/10.1016/j.it.2015.10.006
https://doi.org/10.1007/82_2017_42
https://doi.org/10.1128/.68.11.6162-6167.2000
https://doi.org/10.1016/j.immuni.2005.11.011
https://doi.org/10.1038/nm.2847
https://doi.org/10.1016/j.jid.2019.10.017
https://doi.org/10.1016/j.jid.2019.10.017
https://doi.org/10.3389/fimmu.2024.1275153
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Focken and Schittek

19. Focken J, Scheurer J, Jaeger A, Schuerch CM, Kaemereit S, Riel S, et al.
Neutrophil extracellular traps enhance S. aureus skin colonization by oxidative stress
induction and downregulation of epidermal barrier genes. Cell Rep (2023) 42:113148.
doi: 10.1016/j.celrep.2023.113148.

20. 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) 137:976-9. doi: 10.1016/j.jid.2016.11.024.

21. Bitschar K, Sauer B, Focken ], Dehmer H, Moos S, Konnerth M, et al.
Lugdunin amplifies innate immune responses in the skin in synergy with host- and
microbiota-derived factors. Nat Commun (2019) 10(1):2730. doi: 10.1038/s41467-019-10646-7.

22. Miralda I, Uriarte SM, Mcleish KR. Multiple phenotypic changes define neutrophil
priming. Front Cell Infection Microbiol (2017) 7. doi: 10.3389/fcimb.2017.00217.

23. Kobayashi SD, Deleo FR. Role of neutrophils in innate immunity: a systems
biology-level approach. Wiley Interdiscip Reviews-Systems Biol Med (2009) 1:309-33.
doi: 10.1002/wsbm.32.

24. Pillay J, Den Braber I, Vrisekoop N, Kwast LM, De Boer R], Borghans JAM, et al.
In vivo labeling with (H20)-H-2 reveals a human neutrophil lifespan of 5.4 days. Blood
(2010) 116:625-7. doi: 10.1182/blood-2010-01-259028.

25. Fox S, Leitch AE, Duffin R, Haslett C, Rossi AG. Neutrophil apoptosis: relevance
to the innate immune response and inflammatory disease. J Innate Immun (2010)
2:216-27. doi: 10.1159/000284367.

26. Ballesteros I, Rubio-Ponce A, Genua M, Lusito E, Kwok I, Fernandez-Calvo G,
et al. Co-option of neutrophil fates by tissue environments. Cell (2020) 183:1282.
doi: 10.1016/j.cell.2020.10.003.

27. Kettritz R, Gaido ML, Haller H, Luft FC, Jennette CJ, Falk R]. Interleukin-8
delays spontaneous and tumor necrosis factor-alpha-mediated apoptosis of human
neutrophils. Kidney Int (1998) 53:84-91. doi: 10.1046/j.1523-1755.1998.00741.x.

28. Guo C, Yang X, Wang F, Ma X. IL-1ot induces apoptosis and inhibits the
osteoblast differentiation of MC3T3-El cells through the JNK and p38 MAPK
pathways. Int ] Mol Med (2016) 38:319-27.

29. Cho JS, Guo Y, Ramos RI, Hebroni F, Plaisier SB, Xuan CY, et al. Neutrophil-
derived IL-1 beta Is Sufficient for Abscess Formation in Immunity against
Staphylococcus aureus in Mice. PloS Pathog (2012) 8(11):e1003047. doi: 10.1371/
journal.ppat.1003047.

30. Elbim C, Bailly S, Cholletmartin S, Hakim ], Gougerotpocidalo MA. Difterential
priming effects of proinflammatory cytokines on human neutrophil oxidative burst in
response to bacterial N-formyl peptides. Infection Immun (1994) 62:2195-201.
doi: 10.1128/iai.62.6.2195-2201.1994.

Frontiers in Immunology

14

10.3389/fimmu.2024.1275153

31. El-Benna J, Dang PMC, Gougerot-Pocidalo MA. Priming of the neutrophil
NADPH oxidase activation: role of p47phox phosphorylation and NOX2 mobilization
to the plasma membrane. Semin Immunopathology (2008) 30:279-89. doi: 10.1007/
s00281-008-0118-3.

32. Malachowa N, Kobayashi SD, Freedman B, Dorward DW, Deleo FR.
Staphylococcus aureus leukotoxin GH promotes formation of neutrophil
extracellular traps. J Immunol (2013) 191:6022-9. doi: 10.4049/jimmunol.1301821.

33. Bates EJ, Ferrante A, Beard LJ. Characterization of the major neutrophil-
stimulating activity present in culture-medium conditioned by staphylococcus-
aureus-stimulated mononuclear leukocytes. Immunology (1991) 72:448-50.

34. Ferrante A, Martin AJ, Bates EJ, Goh DHB, Harvey DP, Parsons D, et al. Killing
of staphylococcus-aureus by tumor necrosis factor-alpha-activated neutrophils - the
role of serum opsonins, integrin receptors, respiratory burst, and degranulation. |
Immunol (1993) 151:4821-8. doi: 10.4049/jimmunol.151.9.4821.

35. Booth V, Keizer DW, Kamphuis MB, Clark-Lewis I, Sykes BD. The CXCR3
binding chemokine IP-10/CXCL10: Structure and receptor interactions. Biochemistry
(2002) 41:10418-25. doi: 10.1021/bi026020q.

36. Khajah M, Millen B, Cara DC, Waterhouse C, Mccafferty DM. Granulocyte-
macrophage colony-stimulating factor (GM-CSF): a chemoattractive agent for murine
leukocytes in vivo. ] Leukocyte Biol (2011) 89:945-53. doi: 10.1189/j1b.0809546.

37. Shao S, Fang H, Zhang ], Jiang M, Xue K, Ma J, et al. Neutrophil exosomes
enhance the skin autoinflammation in generalized pustular psoriasis via activating
keratinocytes. FASEB ] (2019) 33:6813-28. doi: 10.1096/f].201802090RR.

38. Liu XT, Shi ZR, Lu SY, Hong D, Qiu XN, Tan GZ, et al. Enhanced migratory
ability of neutrophils toward epidermis contributes to the development of psoriasis via
crosstalk with keratinocytes by releasing IL-17A. Front Immunol (2022) 13:817040.
doi: 10.3389/fimmu.2022.817040.

39. Choy DF, Hsu DK, Seshasayee D, Fung MA, Modrusan Z, Martin F, et al.
Comparative transcriptomic analyses of atopic dermatitis and psoriasis reveal shared
neutrophilic inflammation. J Allergy Clin Immunol (2012) 130:1335-. doi: 10.1016/
jjaci.2012.06.044.

40. Amarbayasgalan T, Takahashi H, Dekio I, Morita E. Interleukin-8 content in the

stratum corneum as an indicator of the severity of inflammation in the lesions of atopic
dermatitis. Int Arch Allergy Immunol (2013) 160:63-74. doi: 10.1159/000339666.

41. Dhingra N, Suarez-Farinas M, Fuentes-Duculan J, Gittler JK, Shemer A, Raz A,
et al. Attenuated neutrophil axis in atopic dermatitis compared to psoriasis reflects T
(H)17 pathway differences between these diseases. J Allergy Clin Immunol (2013)
132:498-+. doi: 10.1016/.jaci.2013.04.043.

frontiersin.org


https://doi.org/10.1016/j.celrep.2023.113148
https://doi.org/10.1016/j.jid.2016.11.024
https://doi.org/10.1038/s41467-019-10646-7
https://doi.org/10.3389/fcimb.2017.00217
https://doi.org/10.1002/wsbm.32
https://doi.org/10.1182/blood-2010-01-259028
https://doi.org/10.1159/000284367
https://doi.org/10.1016/j.cell.2020.10.003
https://doi.org/10.1046/j.1523-1755.1998.00741.x
https://doi.org/10.1371/journal.ppat.1003047
https://doi.org/10.1371/journal.ppat.1003047
https://doi.org/10.1128/iai.62.6.2195-2201.1994
https://doi.org/10.1007/s00281-008-0118-3
https://doi.org/10.1007/s00281-008-0118-3
https://doi.org/10.4049/jimmunol.1301821
https://doi.org/10.4049/jimmunol.151.9.4821
https://doi.org/10.1021/bi026020q
https://doi.org/10.1189/jlb.0809546
https://doi.org/10.1096/fj.201802090RR
https://doi.org/10.3389/fimmu.2022.817040
https://doi.org/10.1016/j.jaci.2012.06.044
https://doi.org/10.1016/j.jaci.2012.06.044
https://doi.org/10.1159/000339666
https://doi.org/10.1016/j.jaci.2013.04.043
https://doi.org/10.3389/fimmu.2024.1275153
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Crosstalk between keratinocytes and neutrophils shapes skin immunity against S. aureus infection
	Introduction
	Materials and methods
	Isolation of primary human PMNs
	Cell culture and in vitro co-culture system
	Flow cytometry
	Annexin-V staining
	Live cell imaging
	Western blot
	LEGENDplex&trade; multiplex cytokine analysis
	Enzyme-linked immunosorbent assay
	RNA isolation &amp; cDNA generation
	RT2 Profiler&trade; PCR Array
	Bacterial strains
	Neutrophil recruitment assay
	Statistical analysis

	Results
	Co-incubation with PHKs prolongs the lifespan of PMNs
	The prolonged lifespan of PMNs in the co-culture with PHKs is mediated by secreted IL-8
	Co-culture with PHKs activates PMNs
	Co-incubation with PMNs activates an inflammatory response in PHKs
	Crosstalk between PHKs and PMNs exacerbates immune responses to S. aureus infection
	The skin microbiome reduces PMN-mediated inflammation and induces apoptosis in PMNs

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


