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NOD2-Induced 1kB{ Mediates a Protective
Host Response against Epicutaneous mO en
Staphylococcus aureus Infection 4
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IkBE, an atypical and largely unknown member of the IkB family, is a transcriptional coactivator of selective
immune functions. In this study, we investigated the role of keratinocyte-derived 1kB{ upon infection with a
multidrug-resistant Staphylococcus aureus strain. Infection of keratinocytes rapidly induced 1kB{ expression,
leading to an elevated expression of antimicrobial peptides, IL-17/IL-36—responsive genes, and proteins
involved in skin barrier function. Conversely, loss of IkB{ resulted in increased S aureus internalization,
epidermal tissue damage, and severe skin infections in vivo. This impaired host defense upon 1kB{ depletion
was characterized by reduced antimicrobial peptide expression and diminished recruitment of neutrophils and
CD4" T cells. Importantly, S aureus—induced IkB{ expression required the internalization of the bacteria and its
sensing by the intracellular receptor NOD2, which triggered 1kB{ and its target gene expression. Thus, we
identified NOD2—1kB{ signaling as a key pathway mediating a protective host defense against pathogenic S

aureus infections in the skin.
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INTRODUCTION

The opportunistic pathogen Staphylococcus aureus is a gram-
positive skin pathogen that is well-habituated to the human
host. An intact skin barrier, a functional antimicrobial im-
mune response, and a balanced skin commensal coloniza-
tion are prerequisites to prevent epicutaneous S aureus
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infections (Nakatsuji et al, 2016). Skin barrier defects, such as
those observed in patients with atopic dermatitis, increase the
risk for the development of acute and chronic S aureus in-
fections. Moreover, methicillin-resistant strains of S aureus
have emerged in the last decades, causing significant health
issues, such as nonhealing lesions, mild-to-strong skin and soft
tissue infections, abscess formation, bacteremia, and sepsis
(Del Giudice, 2020). A notable example is the virulent S aureus
strain USA300, which not only displays increased toxicity due
to the expression of several toxins but can also lead to persistent
infections due to its increased ability to invade, survive, and
proliferate in host cells (Centers for Disease Control and
Prevention (CDC), 2003; Miller et al, 2005; Thurlow et al,
2012). The severity of such an infection is highlighted in re-
cords from 2019, attributing more than 100,000 deaths
across 204 countries to methicillin-resistant strains of §
aureus (Antimicrobial Resistance Collaborators, 2022). In
addition to antibiotic resistance, the expression of various
virulence factors, which contribute to enhanced coloniza-
tion, immune evasion, invasion, and intracellular survival,
is believed to promote severe and chronic infections with S
aureus (Al Kindi et al, 2019; Shoaib et al, 2022). However,
the exact underlying molecular mechanisms within the
host that determine persistent epicutaneous infections with
S aureus remain incompletely understood.

Among several receptors being expressed in the skin,
keratinocyte-derived toll-like receptor 2 (TLR2) and NOD2
receptor play key roles in sensing S aureus infections
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(Askarian et al, 2018). Both receptors are important for an
effective induction of the host defense and subsequent
clearance of S aureus because natural sequence variations
and single nucleotide variations in TLR2 and NOD2 promote
reoccurring bacterial infections and chronic diseases related
to S aureus infections (Kabesch et al, 2003; Lorenz et al,
2000; Macaluso et al, 2007). Moreover, TIr2-knockout (KO)
mice are highly susceptible to topical S aureus infections
(Takeuchi et al, 2000), whereas Nod?2 is critical for the in-
duction of an effective innate immune response against S
aureus in the skin (Hruz et al, 2009; Roth et al, 2014).
Interestingly, however, their relative contribution to the pro-
motion of the cutaneous host defense remains controversial
because it seems to vary depending on the depth of infection
(colonization, intradermal, or subcutaneous infections) and
the staphylococcal strain (Miller et al, 2006; Roth et al,
2014).

The extracellular receptor TLR2 recognizes S aureus on the
skin by sensing bacteria-derived lipoteichoic acid and lipo-
proteins (Hashimoto etal, 2006). This recognition activates the
transcription factor NF-kB in a MYD88-dependent manner,
prompting keratinocytes to express several chemokines (eg,
CXCL8) and antimicrobial peptides (eg, DEFB4, DEFB103B)
that are needed for an effective host defense (Hanzelmann
et al, 2016; Lai et al, 2010). Unlike TLR2, NOD?2 receptors
are expressed intracellularly, thereby mainly sensing S aureus
when it invades the cell. NOD?2 is activated by binding of
bacterial-peptidoglycan  fragments, such as muramyl-
dipeptide (MDP), or by bacterial RNA, which leads to the
activation of NOD2 in a RIG1—MAVS—dependent manner
(Grimes et al, 2012; Ngo et al, 2022). Subsequently, NOD2
signaling also activates NF-kB in a RIPK2-dependent manner,
leading to the expression of several host defense factors such as
antimicrobial peptides, chemokines, and cytokines that sub-
sequently induce the host defense against S aureus (Roth et al,
2014; Voss et al, 2006). Thus, TLR2 versus NOD2 activation
critically depends on the extracellular or intracellular locali-
zation of S aureus, whereas the main downstream mediators
and effector molecules, such as NF-kB, seem to overlap. Apart
from MYD88 in the case of TLR2 and RIPK2 in the case of
NOD?2, the responsible transcriptional regulators that partici-
pate in NOD2 and TLR2 signaling as well as their role in the
host defense against epicutaneous S aureus infection have not
been fully identified yet.

Recent studies, including our own, have shown that IkB,
encoded by NFKBIZ, is an important transcriptional regulator
in skin diseases such as psoriasis and presumably also plays a
critical role in normal skin processes and homeostasis
(Johansen et al, 2015; Kim et al, 2017; Lorscheid et al, 2019;
Midiller et al, 2018). IkB{ is an atypical nuclear IkB protein,
which acts not only as a repressor but, more importantly, can
also coactivate a selective subset of NF-kB target genes
(Annemann et al, 2016). The mechanism of its differential
gene regulation remains largely unknown, but evidence
suggests that the transcriptional activity of [kB{ is primarily
mediated through chromatin remodeling (Hildebrand et al,
2013; Kayama et al, 2008; Tartey et al, 2014).

In keratinocytes, IKB{ can induce the transcription of a
subset of NF-kB target genes encoding several antimicrobial
peptides, chemokines, and cytokines (in particular, those
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involved in IL-17 and IL-36 signaling), which contribute to
chronic inflammation when overexpressed (Johansen et al,
2014; Miller et al, 2018). This is also endorsed by the fact
that Nfkbiz-deficient mice are largely resistant to the induc-
tion of psoriatic inflammation (Johansen et al, 2015;
Lorscheid et al, 2019). Furthermore, a deficiency of 1kBC is
associated with dysbiosis of the skin microbiome and a
marked expansion of S xylosus and other Staphylococcus
species (Kim et al, 2017; Terui et al, 2022). So far, however,
the physiological functions of IkBC in the skin, especially its
contribution to the barrier function, are largely unexplored.
In this study, we investigated the role of keratinocyte-
derived IkBY in epicutaneous S aureus infection. We found
that S aureus rapidly induced IkBZ expression, requiring the
internalization of bacteria into the host cell and activation of
the intracellular pattern recognition receptor NOD?2.
Signaling by NOD2—IkB{ resulted in the induction of anti-
microbial peptide genes; chemokines; cytokines involved in
IL-17/IL-36 signaling; and importantly, several proteins
involved in epidermal barrier function. By contrast, depletion
of 1kBY in keratinocytes failed to efficiently activate innate
and adaptive immune responses, leading to an increased
bacterial colonization, exacerbation of S aureus infection,
and skin tissue damage. Thus, our data define a previously
unknown pathway involving NOD2—IkBY signaling, which
protects the skin against epicutaneous S aureus infection.

RESULTS

S aureus—induced 1kBY expression promotes the
transcriptional immune response and barrier function of
keratinocytes

[kB{, encoded by the NFKBIZ gene, has been identified as an
important transcriptional activator of specific NF-kB target
genes, including several proinflammatory cytokines and
chemokines. Although its function in the skin has mainly
been studied as a pathogenic factor in psoriasis, its role in
skin infections remains largely unknown. Thus, we analyzed
the function of keratinocyte-derived 1kB{ during epicuta-
neous infection with a pathogenic and multidrug-resistant S
aureus strain of the USA300 lineage (Tenover and Goering,
2009).

We first assessed the effect of S aureus infection on the
expression of IkB{ in primary human keratinocytes and
compared it with the ability of the commensal strain S epi-
dermidis to induce IkB{ protein expression using the same
multiplicity of infection (multiplicity of infection of 30).
Unstimulated keratinocytes did not express [kB{. Expression
of 1kB{ protein was however rapidly induced 1 hour after
infection with S aureus and subsequently declined
(Figure Ta). Interestingly, parallel infections with the
commensal S epidermidis only weakly induced the expres-
sion of IkB{. Next, we depleted IkB{ from human primary
keratinocytes (hKCs) using lentiviral expression of an
NFKBIZ-specific short hairpin RNA (Figure 1b). We investi-
gated transcriptome changes in control and knockdown cells
24 hours after infection with S aureus. Interestingly, 919
genes were significantly induced or repressed after infection
(cut off: P < .05, fold change absolute > 2, difference ab-
solute > 3), and approximately 22% of these genes became
deregulated in the infected NFKBIZ-knockdown cells
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Figure 1. S aureus—dependent induction of 1kB{ triggers the expression of genes involved in IL-17 and IL-36 responses, barrier function, and differentiation in
keratinocytes. (@) Immunoblot analysis of IkB{ in differentiated hKCs treated for 1 h with S aureus USA300 or S epidermidis (MOl = 30) and further incubated
for the indicated times after bacteria removal (0, 5, 23 h). Actin served as a loading control. (b—f) RNA-sequencing analysis of S aureus—infected primary hKCs
with or without NFKBIZ depletion. Sample numbers 1—3 indicate 3 independent biological replicates for each group. (b) Immunoblot validation of control (sh
ctrl) and 1kB{-depleted (sh NFKBIZ) hKCs, treated and analyzed as in a. (c) Heatmap of all genes that were deregulated by S aureus infection in control and
NFKBIZ-knockdown keratinocytes (cut off: P < .05, fold change absolute > 2, difference absolute > 3). Red indicates upregulation, and blue indicates
downregulation. (d) GSEA of 1kB{-dependent target genes upon S aureus stimulation (from ¢). GSEA analysis was performed with EnrichR. Shown are
significantly enriched pathways, sorted by P-value. (€) Heatmap of selected IkB{ target genes encoding antimicrobial peptides or genes involved in barrier
formation, differentiation, or IL-17 and IL-36 signaling. (f) Relative mRNA expression levels of IkB{ target genes from control and NFKBIZ-deleted primary hKCs,
24 h after S aureus infection. For calculation of the relative mRNA levels, values were normalized to the reference gene RPL37A. Shown is the mean of 3
biological replicates + SD. Significance was calculated using a 2-tailed Student’s t-test (*P < .05, **P < .01, and ***P < .001). (g) ChIP of IkB{ or control IgG on
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(Figure 1c—e and Supplementary Table ST1). Of note, the
expression of most of these genes was suppressed by the
depletion of NFKBIZ, thus validating IkB{ as a transcriptional
coactivator in S aureus—infected hKCs. Gene set enrichment
analysis uncovered that the IkB{-dependent target genes,
which were induced by S aureus, mostly comprised antimi-
crobial peptides, such as defensins (DEFB4, DEFBT) or S100
proteins (STO0A8, ST00A9, ST00A12), 1L-17/IL-36 cytokines
(IL17C, IL36G), and chemokines (CCL20, CXCL10) (Figure 1d
and e and Supplementary Table S1), which we also validated
by quantitative PCR (Figure 1f). Moreover, knockdown of
IKBL in S aureus—infected cells also significantly inhibited
genes orchestrating keratinocyte differentiation, cornified
envelope formation, and skin barrier function, including late
cornified envelope proteins (LCE2A-D), claudin-17
(CLDN17), FLGs (FLG, FLG2), loricrin, and involucrin
(Figure 1f). Of note, similar gene expression changes could
be detected in S aureus—infected human keratinocytes at an
earlier time point upon infection (Supplementary Figure STa)
or in S aureus—infected murine control and Nfkbiz-KO ker-
atinocytes (Supplementary Figure S1b). Finally, we detected
the binding of 1kBY to the promoter regions of its putative
target genes, thus validating a direct IkB{-dependent regula-
tion of its target genes in infected keratinocytes (Figure 1g).
Hence, we identified 1kB{ as a key factor mediating the host
response against S aureus infection because it not only pro-
moted IL-17/IL-36 responses but also upregulated the barrier
function of keratinocytes, suggestive of an epidermal
response that can limit pathogen dissemination.

Deletion of keratinocyte-derived 1kB{ in mice results in
increased inflammation and tissue damage upon

epicutaneous S aureus infections

Our in vitro data highlighted that keratinocyte-derived IkBC is
a key factor regulating the host response against S aureus. We
proceeded to investigate the consequences of a keratinocyte-
specific deletion of Nfkbiz on spontaneous or experimentally
induced S aureus skin infection in vivo. For this purpose,
we generated keratinocyte-specific = Nfkbiz-KO  mice
(kabizAKM'Cre) by crossing floxed Nfkbiz mice to K14-
cre—expressing strains. Complete deletion of Nfkbiz from
the epidermal compartment was subsequently validated by
detection of IkB{ protein levels in IL-17A and IL-17A/TNF-
stimulated control and Nfkbiz-KO murine keratinocytes,
which were isolated from the tails of the control and
NfkbiZA<14<® mice (Supplementary Figure S2a). Interest-
ingly, whereas Myd88, 1117ra, and I117a/1117-KO mice have
been reported to suffer from spontaneous skin infections with
S aureus, leading to the formation of lesions, the skin of
NfkbizAK1#< mice appeared completely healthy, even in
aged mice (Supplementary Figure S2b). Moreover, we
neither detected any S aureus proteins in skin lysates of
NikbiZA<14<® mice (Supplementary Figure S2c), nor could
we reveal significant changes in the skin immune homeo-
stasis of those mice (Supplementary Figure S2d and e).
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Our following experiments aimed to investigate the conse-
quences of an experimental S aureus infection of the skin in
NikbiZ*K1#<¢ mice. Of note, application of S aureus on the
shaved back skin could only induce Nfkbiz and inflammatory
gene expression in the skin upon a mild skin barrier disruption
(Supplementary Figure S2f). Thus, we generated a mild skin
barrier defect by tape stripping, before topical infection with S
aureus. After shaving, depilation, and tape stripping, we
soaked small filter paper discs with either PBS (control) or 1 x
108 colony-forming unit S aureus USA300 bacteria and placed
these filters on the tape-stripped back skin. To prevent un-
wanted dissemination, oral uptake of the bacteria, or
contamination, the back skin of the mice was subsequently
covered with dressings and Fixomull. Seven days later, mice
were killed and analyzed (Figure 2a). For the overall assess-
ment of local and systemic inflammation, we determined the
body weight at the start and end of the treatment, assessed the
overall skin barrier defect by measuring the transepidermal
water loss (TEWL), and graded S aureus—infected skin
inflammation with a lesion score (from 0 = healthy appearing
skin to 3 = strong skin inflammation) (Figure 2b—d and
Supplementary Figure S2g). Of note, PBS-treated control mice
also showed a mild loss of body weight and erythematous skin,
unrelated to infection but in the context of depilation, tape
stripping, and skin dressing. Interestingly, although S aur-
eus—infected control (NfkbizZ"") mice also showed signs of
skin inflammation, skin infection of NfkbiZ~K'*<" mice
resulted in a significantly higher inflammation score, marked
by visible pustules, infiltration, and bright erythema in the area
of infected skin (Figure 2b and Supplementary Figure S2g).
Concomitantly, infected keratinocyte-specific Nfkbiz-KO
mice showed significantly worsened defects in the skin barrier
(Figure 2c) and greater weight loss than the controls 7 days after
infection (Figure 2d). Furthermore, immunohistochemical
analysis of the skin of all S aureus—infected mice showed
signs of skin inflammation, evidenced by epidermal thick-
ening, microabscess formation, and infiltration of immune
cells (Figure 2e, top). However, only the skin of infected
NfkbiZAK1%< mice displayed a partial loss and increased cell
death within the epidermal compartment, as shown by staining
for cleaved caspase-3, a marker for apoptosis (Figure 2e,
bottom).

Keratinocyte-derived IkB{ mediates the local immune
response against epicutaneous S aureus infections in mice

We hypothesized that the exacerbated skin lesions in the S
aureus—infected NfkbiZ~'*<" mice were due to a compro-
mised host response, resulting in reduced activation of the
innate and adaptive immune response. In line with this hy-
pothesis, flow cytometric analysis of cells isolated from the
infected skin revealed a reduced recruitment of neutrophils
and monocytes to the infection site in Nfkbiz**'*<" mice,
together with a severe decrease in ROS production
(Figure 3a). Furthermore, whereas S aureus infection of
control mice resulted in a massive recruitment of CD4"
effector T cells and yd T cells, deletion of Nfkbiz in

al

promoters of assigned NOD2—IkB{ target genes. Control and NFKBIZ knockdown hKCs were infected with S aureus for 2 h (MOI = 30). Depicted is the
percentage of input of the mean of 3 replicates + SD. The MB locus served as an internal negative control. ChIP, chromatin immunoprecipitation; GSEA, gene
set enrichment analysis; h, hour; hKC, human primary keratinocyte; MB, myoglobulin; MOI, multiplicity of infection.
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Figure 2. Effects of the deletion of keratinocyte-derived 1kB{ on epicutaneous S aureus infections in mice. (a) Treatment scheme. Mice were shaved and
depilated on day 0. On day 1, their back skin was tape stripped immediately before application of either PBS or 1 x 10® CFU S aureus culture. On day 7, mice
were killed and analyzed. (b—d) Evaluation of Nfkbiz™" control mice treated with a PBS control (denoted as Ctrl) and Nfkbiz"" or IkB¢-depleted Nfkbiz4K'4-<re
mice (KO), treated for 7 days with S aureus. (b) Pictures of the back skin of the mice on day 7. (c) Measurement of the TEWL, 7 days after infection (n = 3 mice
per group with 1—2 areas of measurement). (d) Relative weight loss of the mice. Shown is the relative weight loss at day 7 of each mouse, compared with its
weight at the infection starting point. (e) FFPE material of back skin was taken at the endpoint on day 7 after infection. Immunohistology was conducted using
H&E or cleaved caspase-3 staining. Bars = 100 pm. Significance was calculated using a 2-tailed Student’s t-test (*P < .05, **P < .01, and ***P < .001). CFU,
colony-forming unit; FFPE, formalin-fixed paraffin-embedded; KO, knockout; TEWL, transepidermal water loss.

keratinocytes significantly attenuated the recruitment of
T-cell subsets into the infected skin (Figure 3b and c and
Supplementary Figure S3a). In conclusion, although the
infiltration of immune cells was still visible in the infected skin
of Nfkbiz*¥1*<"® mice, recruitment and activation of impor-
tant immune cell subsets were significantly impaired upon
infection of keratinocyte-specific IkB{-KO mice. In agreement
with these findings and our previously identified 1kB target
genes in S aureus—infected keratinocytes, we also detected
lower mRNA and protein expression levels of antimicrobial
peptides, IL-17/IL-36 cytokines, and their downstream target
genes in the skin of S aureus—infected Nfkbiz*¥'*<"® mice
(Figure 3d and e and Supplementary Figure S3b). Thus, our
in vivo experiments showed that IkBC is not needed to inhibit S
aureus colonization and infection; however, once S aureus
infects the skin, keratinocyte-derived IkBZ expression repre-
sents a key factor in promoting immune responses in the skin,
thereby limiting tissue damage.

IkB{ inhibits the internalization and dissemination of §
aureus in vitro and in vivo

We hypothesized that the severe tissue damage in S aur-
eus—infected NfkbiZ**'*<" mice resulted from an impaired
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host defense, leading to increased internalization, survival,
and proliferation of S aureus. Therefore, we performed
confocal immunofluorescence microscopy of skin sections
after 7 days of infection to assess the epidermal bacterial
localization. By staining for Protein A of S aureus in the
infected tissue, a higher bacterial burden was observed in the
skin of S aureus—infected NfkbiZ*<'*<® mice, accompanied
by deeper reaching skin infiltrates, than in the superficial
infection with a lower bacterial burden in the control mice
(Figure 4a). Thus, our data imply that S aureus—mediated
induction of 1kB{ in the epidermal compartment is needed to
induce a protective inflammatory response, which suppresses
the deeper dissemination of the pathogen.

Of note, the knockdown of NFKBIZ from primary human
keratinocytes also resulted in increased internalization of S
aureus (Figure 4b), possibly owing to an impairment of the
outer cell membrane integrity of infected keratinocytes
(Supplementary Figure S4). Given the permissive role of skin
barrier impairment for S aureus—induced Nfkbiz expression
(Supplementary Figure S2f), we wondered whether bacterial
internalization might be a prerequisite for [kB{ induction and
a robust immune response. The mechanisms controlling the
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Figure 3. Keratinocyte-derived 1kB{ mediates the local immune response against epicutaneous S aureus infections in vivo. (a, b) Flow cytometric analysis of
skin-infiltrating innate immune cells from PBS- and S aureus—treated animals at endpoint (n = 5—11 animals per group). (a) Relative number of skin-infiltrating
neutrophils (Ly6G™), monocytes (Ly6C™"), and relative number of ROS-producing granulocytes in the skin. (b) Relative number of CD4* T cells (CD4" CD25")
and yd T cells in the skin of PBS- or S aureus—treated mice. Shown is the relative percentage of positive cells, after pregating on viable cells. Shown is the mean
+ SEM (n = 7—13 mice per group). (c) Immunohistochemical staining of infiltrating CD3* T cells into back skin tissue at the endpoint on day 7 after infection.
Bars = 100 um. (d) Gene expression analysis of the skin of Nfkbiz"" mice treated with PBS (denoted as Ctrl) or S aureus—infected Nfkbiz"" or NfkbiZAK!4-cre
mice, 7 days after infection. Relative mRNA expression was normalized to Rp/37a. Shown is the mean = SEM (n = 5—7 mice per group). (e) Cytokine and

chemokine levels in the back skin of PBS control or S aureus—infected mice at day 7. Protein levels were determined with the Proteome Profiler array using
pooled skin lysates from 3 mice per group. Shown are relative pixel values normalized to the average pixel values of all reference spots from each membrane.
Significance was calculated using a 2-tailed Student’s t-test (*P < .05, **P < .01, and ***P < .001).

internalization and intracellular survival of S aureus are
largely unknown, although the internalization of living bac-
teria is considered a hallmark of the pathogenicity of certain
S aureus strains contributing to chronic infections (Al Kindi
et al, 2019; Siegmund et al, 2021). To analyze the require-
ment of bacterial internalization, we performed an infection
experiment in primary human keratinocytes in the presence
or absence of cytochalasin D, an inhibitor of actin remodel-
ing (Jevon et al, 1999), which completely abolished the
internalization of S aureus (Figure 4c). In line with our
hypothesis that internalization triggers IkB{ expression,
application of cytochalasin D partially suppressed S aur-
eus—mediated induction of IkB{ and its target gene

expression (Figure 4d and e). Moreover, we performed a side-
by-side infection experiment using both living and
heat-inactivated S aureus (HiSa) cultures in primary human
keratinocytes because heat-inactivation of S aureus is known
to block internalization (Ngo et al, 2022). We found that HiSa
failed to induce 1kB{ protein expression (Figure 4f) and sub-
sequent 1kB{ target gene expression (Figure 4g), although the
expression of IkB¢-independent NF-kB target genes, such as
NFKBIA or ICAM1, was equally induced upon treatment with
living bacteria or HiSa. Together, these experiments show that
the internalization of S aureus seems to be a key event pro-
moting IkB{ induction and subsequent inflammatory
responses.
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Figure 4. 1kBT inhibits the internalization and dissemination of S aureus in vitro and in vivo. (@) Immunofluorescence staining of FFPE samples from the back
skin of PBS control mice and infected Nfkbiz™" (Ctrl) or Nfkbiz2K7#<" (KO) mice, 7 days after infection. Left site: internalized S aureus bacteria were detected by
staining with an anti—Protein A antibody (red). Hoechst dye was used for nuclear DNA staining (blue). Bars = 100 um. Right site: fluorescence intensity was
normalized to the amount of protein A per cell after the intensity of Hoechst staining was equated to the PBS control mouse. The bar diagram shows data from
n = 3—4 mice per group. (b) Relative internalized S aureus CFUs per ml in control or NFKBIZ-depleted primary hKCs. Cells were infected for 1 h with MOI =
30, washed, and incubated for additional 23 h in the presence of antibiotics to kill external bacteria. hKCs were trypsinized, washed, and lysed in 0.1% Triton-X-
100 for 1 h at RT before the suspension was plated at different dilutions on agar plates and incubated overnight at 37 °C. Depicted are recovered CFUs from 2
individual experiments. (c) Representative pictures of the relative amount of internalized S aureus after infection of human keratinocytes in the presence or
absence of 0.5 pM CytoD. Cells were infected for 1 h with MOI = 30, washed, and incubated for an additional 23 h in the presence of antibiotics to kill external
bacteria. (d) IkB{ protein levels in differentiated primary human keratinocytes, left untreated or infected with S aureus (MOI = 30) for 1 h in the presence or
absence of 0.5 UM CytoD. Actin served as a loading control. (e) Gene expression analysis of human keratinocytes, treated as in d but after an additional
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NOD?2 but not TLR2 signaling induces IkB{ expression and
its target gene expression in S aureus—infected keratinocytes
Subsequently, we wanted to better understand the upstream
signaling that triggers 1kB{ expression in S aureus—infected
keratinocytes. Two receptors, TLR2 and NOD2, have been
reported as the main receptors mediating immune responses
upon cutaneous S aureus infections in mice (Hruz et al, 2009;
Takeuchi et al, 2000). Interestingly, although both receptors
can activate NF-kB signaling, the main difference between
these 2 receptors derives from their extracellular (TLR2) and
intracellular (NOD?2) localization (Figure 5a). On the basis of
our results that internalization of S aureus is a prerequisite for
IkBZ induction in keratinocytes, we hypothesized that NOD2
but not TLR2 is needed to trigger 1kB{ protein expression.
To test this hypothesis, we first investigated whether both
signaling pathways can induce 1kB{ expression in primary
human keratinocytes. To this end, NOD2 signaling was
activated by stimulating cells with MDP, a specific NOD2
agonist, whereas Pam3CSK4 was applied to activate TLR1/2
signaling (Figure 5b). As expected, both ligands could induce
IKBL expression (Figure 5b). Next, we analyzed S aur-
eus—induced IkB{ expression in hKCs after blockade of either
NOD2 or TLR2. To inhibit NOD2 signaling, we applied
GSK583, an inhibitor of RIPK2, which is a specific adaptor
kinase downstream of NOD1/2 (Figure 5a). TLR2 signaling
was abrogated using the small-molecule inhibitor TL2-C29
(Figure 5c¢ and Supplementary Figure S5a). Comparable
infection rates for all treatment groups were verified by
immunoblot analysis of IkBa. phosphorylation. Intriguingly,
we revealed that only inhibition of NOD2 signaling was able
to suppress S aureus—induced IkB{ and its target gene
expression (Figure 5c¢ [left] and Supplementary Figure S5b).
Conversely, inhibition of TLR2 did not affect the expression of
IkBC and, partially, even elevated IkB{ target gene expression
in S aureus—infected cells (Figure 5c [rightl and
Supplementary Figure S5a). Thus, NOD2 rather than TLR2
signaling induces 1«kB{ in S aureus—infected keratinocytes.
Because IkB{ has not been described as a downstream
mediator of NOD?2 signaling so far, we sought to better define
its molecular function downstream of NOD2. For this pur-
pose, control and NFKBIZ-depleted primary human kerati-
nocytes were stimulated with the NOD2 agonist MDP for 24
hours, followed by transcriptome analysis to identify NOD2-
and IkB{-dependent target genes (Figure 5d). RNA
sequencing showed that MDP stimulation significantly
modulated the expression of 379 genes, with approximately
32% of the NOD2-dependent genes being either repressed
and 5.5% being induced in the MDP-treated NFKBIZ
knockdown cells. Importantly, about 34% of these NOD2-
IkBC target genes were similarly affected by NFKBIZ knock-
down in S aureus—infected keratinocytes. The finding that
genes encoding antimicrobial peptides and IL-17/IL-
36—responsive genes were particularly affected is consistent
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with our observations in S aureus—infected NFKBIZ-knock-
down keratinocytes (Figure 5e and Supplementary
Figures S5c and S6 and Supplementary Table S2). In line
with these results, 1kB{ target genes downstream of NOD2
could also be validated in MDP-stimulated control and
Nftkbiz-KO murine keratinocytes (Supplementary Figure S5d).
Moreover, in agreement with the effect of NFKBIZ depletion,
NOD?2 inhibition also increased the overall internalization
and survival of S aureus in hKCs (Figure 5f). Finally, we tested
whether exogenous overexpression of 1kB{ could partially
overcome the effects of RIPK2 inhibition in S aureus—infected
keratinocytes. For this purpose, we lentivirally overexpressed
IKkBE and re-exposed the cells to S aureus infection in the
presence or absence of active NOD2 signaling using the
previously validated RIPK2 inhibitor. Notably, overexpression
of IkBZ could efficiently counteract the effects of RIPK2 in-
hibition in S aureus—infected keratinocytes (Figure 5g and h).
Together, these findings highlight IkB{ as a key downstream
mediator of NOD?2 responses in keratinocytes.

DISCUSSION

Recent studies have identified keratinocyte-derived 1kB{ as a
critical transcriptional regulator in the pathogenesis of pso-
riasis and in maintaining skin microbiota homeostasis
(Johansen et al, 2015; Kim et al, 2017; Lorscheid et al, 2019;
Terui et al, 2022). However, the function of 1kB during skin
infections and host defense is largely unexplored. Our study
revealed that S aureus infection of keratinocytes rapidly
induced kB, leading to the induction of various host de-
fense factors, including antimicrobial peptides, cytokines,
and chemokines. Importantly, we found the induction of 1kB{
expression upon S aureus infection was far more pronounced
than upon infection with the commensal and coagulase-
negative strain S epidermidis. Consequently, we observed a
higher internalization rate of S aureus into NFKBIZ-knock-
down keratinocytes, consistent with previous findings
underscoring the importance of antimicrobial peptides in
controlling S aureus colonization (Braff et al, 2005; Ong et al,
2002; Simanski et al, 2010). IkB{ expression in S aur-
eus—infected cells also upregulated several genes involved in
the formation of the cornified envelope, suggesting a previ-
ously unrecognized role of IkB{ in maintaining the skin
barrier. In agreement, we could validate an impaired skin
barrier in IkB{-deleted keratinocytes and skin, for example,
using TEWL measurement among other methods. The
disturbance of the epidermal barrier represents a critical
factor for switching skin colonization with S aureus to
infection, as seen in patients with atopic dermatitis (Nakatsuji
et al, 2016). The loss of the epidermal barrier in the
keratinocyte-specific 1kB{-KO mice might explain the deeper
skin penetration of S aureus, whereas infections in control
mice remained superficial. Future studies should investi-
gate the extent to which different clinical isolates of

;cubation time of 23 h, after an initial infection for 1 h. (f) IkB{ protein levels in differentiated primary hKCs infected with either living or HiSa cultures for 1 h
(MOI = 30). Actin served as a loading control. (g) Gene expression analysis of S aureus (MOl = 30) or HiSa-infected cells 24 h after infection, divided into IkB{-
dependent and IkB{-independent NF-kB target genes. Relative mRNA levels were normalized to the reference gene RPL37A. Shown is the mean of 3 biological
replicates & SD. Significance was calculated using a 2-tailed Student’s t-test (*P < .05, **P < .01, and ***P < .001). CFU, colony forming unit; CytoD,
cytochalasin D; FFPE, formalin-fixed paraffin-embedded; HiSa, heat-inactivated S aureus; h, hour; hKC, human primary keratinocyte; KO, knockout; MOI,

multiplicity of infection; RT, room temperature.
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(Pam3CSK4) agonists. Differentiated hKCs were treated for 1 h with 20 pg/ml MDP together with Proteojuice transfection reagent or with 10 pg/ml Pam3CSK4.
Actin served as a loading control. (c) IkB protein levels in differentiated hKCs infected with S aureus (1 h, MOI = 30), in the presence or absence of RIPK2
inhibitor GSK583 (5 uM) or TLR2 inhibitor TL2-C29 (50 pM). Phosphorylated IkBa. (S32) was used to control for effective infection with S aureus. Actin served as
a loading control. (d) Heatmap of all MDP-responsive genes that were induced or repressed in control or NFKBIZ-depleted hKCs 24 h after stimulation with 20
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MOI = 30, washed, and incubated further for 23 h in the presence of fresh RIPK2i and antibiotics to kill external bacteria. hKCs were trypsinized, washed, and
lysed in 0.1% Triton-X-100 for 1 h at RT before the suspension was plated in different dilutions on agar plates and incubated overnight at 37 °C. (g) Validation of
IKBL overexpression in S aureus—infected and RIPK2i-treated hKCs. Phosphorylation levels of 1kBa (S32) control equal S aureus infection. Actin served as a
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staphylococcal strains, especially from patients with atopic
dermatitis, can induce or repress IKB{ expression, thereby
modulating skin barrier defects and disease severity in atopic
dermatitis.

Previously, IL-36 has been identified as a key mediator in
the recruitment and activation of neutrophils and T cells
upon epicutaneous S aureus infection (Liu et al, 2017). We
discovered that S aureus—mediated expression of IL-36 cy-
tokines critically depends on keratinocyte-derived 1kB{
expression in vivo and in vitro, similar to previous findings in
psoriasis (Muller et al, 2018). Thus, downregulation of I1L-36
signaling might explain the compromised host defense and
the impaired recruitment and activation of neutrophils and T
cells in the keratinocyte-specific Nfkbiz-KO mice.

Importantly, despite the essential role of keratinocyte-
derived 1kB{ in promoting an effective host defense against
S aureus infection, Nfkbiz~<'*< mice did not exhibit
spontaneous S aureus infections and appeared normal
(Lorscheid et al, 2019). This was unexpected because the
global or keratinocyte-specific deletion of known upstream
regulators of IkBf, such as IL-17A/IL-17F or MYD88
(Johansen et al, 2014; Miller et al, 2018; Yamamoto et al,
2004), resulted in spontaneous S aureus infections in mice
(Moos et al, 2023; Takeuchi et al, 2000). This prompted us to
investigate the mechanism of how IkB{ expression is induced
upon epicutaneous S aureus infections and whether the mere
exposure or colonization with S aureus is already sufficient to
induce 1kBZ expression. Of note, the molecular mechanism
leading to S aureus internalization into keratinocytes is
incompletely understood. Therefore, we indirectly blocked
the internalization of S aureus by applying the actin-
remodeling agent cytochalasin D or HiSa, both of which
were shown to suppress S aureus internalization into kerati-
nocytes (Ngo et al, 2022). Surprisingly, we revealed that the
internalization of bacteria and the subsequent activation of
the intracellular NOD2 receptor were mandatory for the in-
duction of IkBZ expression in keratinocytes. Consistent with
these results, Nod2-KO mice also failed to show spontaneous
S aureus infections (Stroo et al, 2012; Williams et al, 2017),
whereas deletion of Myd88, a downstream factor of TLR2
and IL-1 signaling, resulted in increased spontaneous in-
fections with Staphylococci strains and the formation of skin
lesions (Tartey et al, 2014). Moreover, IL-36Y, an kB¢ target
gene in S aureus—infected cells, was only expressed upon
skin exposure to pathogenic bacterial strains (Macleod et al,
2020). Thus, all 3 molecules—NOD2, kB¢, and IL-36y—
represent key factors that trigger the host defense only upon
invasion of pathogenic S aureus strains rather than during
mere skin colonization.

Surprisingly, TLR2 inhibition did not modify 1kB{ expres-
sion in S aureus—infected cells, although TLR2 ligands can
induce 1kBE. This might be caused by the fact that TLR2 is
primarily involved in controlling S aureus colonization and
proliferation extracellularly, whereas NOD2 plays a key role
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in restricting S aureus infections after internalization. Differ-
entiated keratinocytes are continuously exposed to bacteria
and their TLR ligands. We propose that TLR2 activation in
differentiated keratinocytes is dampened to avoid IkBZ-
dependent immune responses, which could otherwise lead to
the clearance of commensals or elicit autoinflammation, as
observed in psoriasis (Johansen et al, 2015; Miller et al,
2018). Conversely, pathogens that can internalize into kera-
tinocytes, thereby escaping clearance by antimicrobial pep-
tides or phagocytosis, induce NOD2 and IkB{ expression,
leading to a full-blown immune response.

Because NOD2 polymorphisms and loss-of-function mu-
tations have been implicated in other pathologies, dysregu-
lated IkBZ expression could also contribute to diseases such
as Crohn’s or chronic granulomatous disease (Negroni et al,
2018; Ogura et al, 2001; Sidiq et al, 2016). In addition,
aberrant expression of IkB{ might be involved in atopic
dermatitis, in which genetic variations of NOD2 have been
linked not only to the skin pathology (Kabesch et al, 2003;
Macaluso et al, 2007) but also to aberrant T helper 2 re-
sponses (Gimenez-Rivera et al, 2023; Jiao et al, 2016). It will
be of special interest to investigate whether this, to our
knowledge, previously unrecognized function of IkBZ in the
regulation of barrier functions contributes to NOD2-
dependent pathologies, such as inflammatory bowel disease
or atopic dermatitis.

In conclusion, our data reveal a critical role of the hitherto
unrecognized NOD2—IkB{ axis in the protective host de-
fense against cutaneous S aureus infections. Given that
overexpression of KB has been identified as a key driver in
autoinflammatory gene expression, balancing the epidermal
IKBE expression appears to be essential to maintain a healthy
skin homeostasis.

MATERIALS AND METHODS

Isolation, cultivation, and stimulation of differentiated

human keratinocytes from foreskin

hKCs were freshly isolated from foreskin as described (Mdiller et al,
2020). For differentiation of the keratinocytes, cells were seeded and
differentiated for 72 hours in the presence of 2 mM calcium chloride
in supplemented CnT-07 epithelial proliferation medium (catalog
CnT-07, CELLNTEC). Before stimulation, cells were starved overnight
in nonsupplemented CnT-07 medium, without calcium chloride or
antibiotics. For stimulation with TLR1/2 and NOD?2 ligands, pre-
starved cells were treated for 1 hour with 10 pg/ml TLR1/2 ligand
Pam3CSK4 (catalog tlrl-pms, InvivoGen) or transduced with MDP
(active L-D isomer, catalog tlrl-mdp, InvivoGen) using 2.5 pl Pro-
teoJuice Protein Transfection reagent (catalog 71281-3, Novagen) in
nonsupplemented medium for 20 minutes at room temperature. For
RIPK2 inhibition, 1 pM or 5 pM GSK583 (catalog S8261, Sell-
eckchem) was added at the time point of starvation and kept on the
cells during the complete treatment time. The following inhibitors
(all dissolved in DMSO) were applied 1—2 hours in advance
before infection and kept on the cells during the complete treatment

[‘oading control. Cells were infected for 1 h with S aureus (MOl = 30) in the presence or absence of 5 UM RIPK2i GSK583. (h) Relative mRNA expression levels
of kB target genes from control and NFKBIZ-overexpressing primary hKCs 24 h after S aureus infection in the presence or absence of 5 M RIPK2i GSK583.
Cells were infected as in f. Values were normalized to the reference gene RPL37A. Shown is the mean of 3 biological replicates + SD. Significance was
calculated using a 2-tailed Student’s t-test (*P < .05, **P < .01, and ***P < .001). CFU, colony forming unit; h, hour; hKC, human primary keratinocyte; MDP,
muramy!| dipeptide; MOI, multiplicity of infection; RIPK2i, RIPK2 inhibitor; RT, room temperature; TLR2, toll-like receptor 2.
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time—TLR2 inhibition: 50 pM TLR2i (catalog TL2-C29, Invivogen)
and block of internalization: 0.5 UM cytochalasin D (catalog 11330-
1, Cayman Chemical).

S aureus cultivation and propagation

Methicillin-resistant S aureus strain USA300 wild-type LAC was
kindly provided by Bernhard Krismer (Eberhard Karls-University,
Tubingen, Germany), and bacteria stocks of the commensal S epi-
dermidis stock were kindly provided by Birgit Schittek (Eberhard
Karls-University, Tiibingen, Germany). For infection experiments, S
aureus overnight cultures were inoculated from live material plated
on tryptic soy broth agar plates and cultivated in an orbital shaking
incubator at 37 °C. The next day, cultures were inoculated using a
1:100 dilution from the overnight culture. Incubation was performed
until the bacteria reached their log-growth phase for optimal infec-
tion efficiency, as determined by measuring the optical density at
600 nm. After centrifugation (4000 r.p.m., 5 minutes at 4 °C), the
bacteria pellet was washed with PBS, centrifuged again, and resus-
pended in the respective medium (PBS for mice experiments or basal
CnT-07 medium for hKCs). Again, measurement at optical density at
600 nm was conducted to determine the final concentration of
bacteria. For in vitro infection with live bacteria, a multiplicity of
infection of 30 was calculated. Likewise, the same volume of
USA300 wild-type bacteria was used to generate HiSa cultures,
which were obtained by boiling for 1 hour at 90 °C before freezing
for at least 4 hours at —20 °C.

S aureus infection of keratinocytes and internalization assays
Starved, differentiated hKCs or murine primary keratinocytes were
infected with a multiplicity of infection of 30 of S aureus USA300 for
1 hour at 37 °C, followed by 2 washing steps using PBS. Cells were
either harvested directly for immunoblot analysis or further incu-
bated for 23 hours at 37 °C in a humidified atmosphere with 5%
carbon dioxide using basal keratinocyte media without supplements
but in the presence of the respective antibiotics to kill external
bacteria. To assess bacterial internalization into hKCs, infected cells
were washed twice with PBS 23 hours after infection and trypsinized
for 15 minutes at 37 °C before the reaction was stopped with DMEM
(supplemented with 10% fecal calf serum). The cell suspension was
centrifuged, once washed with PBS (1000 r.p.m., 5 minutes), and
resuspended in T ml 0.1% Triton-X-100. Mild lysis was conducted
for 1 hour at room temperature before 20 pl were plated on tryptic
soy broth agar plates and incubated at 37 °C for approximately 15
hours. The next day, colony-forming units were recorded.

Generation of NFKBIZ knockdown or overexpression cells
Lentiviral particles were produced in human embryonic kidney 293T
cells through lipofectamine 2000 transfection of the VSV-G
envelope—expressing vector pMD2.G (catalog 12259, Addgene), a
second-generation packaging plasmid psPAX2 (catalog 12260,
Addgene), and either an empty pLKO.1-puro plasmid as control
(catalog 8453, Addgene) or pLKO.1-TRCN0000147551 encoding for
short hairpin RNA against NFKBIZ. For the generation of over-
expression cells, the same packaging plasmids together with either
an empty mammalian expression vector pRDI292 as a control (+
Ctrl) or Flag-tagged NFKBIZ overexpression plasmid (+ 1kBY) cloned
into pRDI292 were transfected (plasmids were provided by Stephan
Hailfinger, University Medical Center Minster, Germany). After-
ward, hKCs were transduced with lentivirus in the presence of 10 g/
ml polybrene (catalog TR-1003-G, Sigma-Aldrich), followed by pu-
romycin selection (1 ng/ml, catalog ant-pr, InvivoGen) over time.
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Mouse experiments

All animal experiments were approved by the local animal ethics
committee (G22-1-049, Landesuntersuchungsamt Rheinland-Pfalz)
and conducted following German law and guidelines for animal
care. For all in vivo experiments, both male and female mice at an age
between 8 to 12 weeks were used. B6.Cg.Nfkbiz<tm1.1Muta> mice
were used as control mice (called Nfkbiz""), whereas keratinocyte-
specific depletion of Nfkbiz was investigated using the previously
generated and described mouse strain B6.Cg.Nfkbiz<tm1.1Muta>
Tg(KRT14-cre)/Tarc (called NfkbiZ2<14-) (Lorscheid et al, 2019).
Starting 1 day before infection, the entire back skin of all mice was
shaved and depilated using shaving cream. The next day, the back skin
was tape stripped 8 times to create a mild barrier defect. Afterward, 2
sterile filter discs soaked with either PBS or 1 x 10® colony-forming
unit S aureus were placed on the back skin of each mouse, followed
by the coverage of the area using a plaster and Fixomull to avoid
contamination. On day 7, all mice were killed, and the covering was
removed and subsequently analyzed in parallel. After removal of the
covering and filter discs, the severity of skin inflammation was
assessed using the following score, which was adapted from a previ-
ous publication assessing the relative grade of erythema, edema,
scaling, and erosion (Patrick et al, 2021): 0 = healthy-appearing skin,
0.5 = scaling, 1 = scaling with mild local infection (erythema), 2 =
moderate epicutaneous infection affecting <50% of back skin, and 3=
strong epicutaneous infection with erosion, pus, and abscess forma-
tion, affecting the whole area.

Assessment of TEWL in mice

TEWL was measured on day 7 after infection within the area where S
aureus had been topically applied. Measurements were taken as
soon as the mice had been killed and the bandages and filter discs
removed. TEWL was assessed using the Tewameter TM300 device
(Courage & Khazaka, Cologne, Germany), which employs the open-
chamber method to continuously measure water evaporation
without disrupting the skin’s microenvironment. The probe of the
device provided an indirect measurement of the water vapor density
gradient, whereas a microprocessor analyzed the data and expressed
the evaporation rate in g/h/m?. During the measurement, the room
temperature was consistently maintained at 21.0 °C. TEWL was
recorded at 2 independent skin sites per mouse.

Isolation and treatment of murine keratinocytes from mouse
tails

Murine primary keratinocytes were isolated from mouse tails as
previously described (Fischer et al, 2023). For the analysis of Nfkbiz-
KO mouse keratinocytes, we isolated murine primary keratinocytes
from the tails of Nfkbiz2X'*<" and Nfkbiz"" (B6.Cg.Nfkbiz<tm1.
1TMuta>) mice.

RNA extraction and gene expression analysis by qPCR

All gene expression analyses were conducted as previously published
(Mller et al, 2018). For calculation of the relative mRNA levels, Ct
values were normalized to a housekeeping gene (RPL37A or U6RNA
for human samples, Rpl37a or Actb for murine samples) using the
28 method. Primer sequences are found in Supplementary
Tables S3 and S4.

RNA sequencing and analysis

For transcriptome analysis, both sequencing and library construction
from total RNA were performed by Novogene (Munich, Germany).
Barcoded mRNA sequencing libraries were prepared from 200 ng
total RNA using polyA-tailed mRNA enrichment. Final libraries were



checked with Qubit 2.0 and real-time PCR for quantification and
bioanalyzer Agilent 2100 for size-distribution detection. Quantified
libraries were sequenced on lllumina Novaseq 6000 platform, ac-
cording to effective library concentration and data amount.
Sequencing strategy was paired-end 150 cycles. CLC Genomics
workbench (version 24.0, Qiagen) was used for further processing of
the sequencing raw reads. Mapping against the human reference
genome hg38 (GRCh38.109) was performed by the Next-Generation
Sequencing Core Facility (Research Center for Immunotherapy) us-
ing CLC’s default settings (mismatch cost = 2, insertion cost = 3,
deletion cost = 3, length fraction = 0.8, similarity fraction = 0.8,
global alignment = no, strand specific = both, library type = bulk,
maximum number of hits for a read = 10, count paired reads as 2 =
no, and ignore broken pairs = yes). Differentially expressed genes
were filtered for a minimum absolute fold change > 2 with a dif-
ference cut off of absolute > 3 between untreated and treated cells
of each cell line. Significant regulation was observed in genes of an
adjusted P < .05. Raw data of the gene expression datasets presented
in this study were published under the Gene Expression Omnibus
accession number GSE267665 (details are provided in Data Avail-
ability Statement). Heatmaps were generated using Morpheus soft-
ware (Morpheus, https://software.broadinstitute.org/morpheus), and
pathway enrichment analysis and comparison between regulated
gene sets were conducted using EnrichR (Evangelista et al, 2023).

Immunoblot analysis

Immunoblot analysis was performed as described (Miiller et al,
2018). The following antibodies were used (all from Cell Signaling
Technology): anti-IkBC (catalog 9244), anti—p-IkBa (S32) (catalog
2859), and anti—B-Actin (catalog 3700). HSC70 antibody was pur-
chased from Santa Cruz Biotechnology (catalog Sc-7298), and
antiserum against S aureus was purchased from Abcam (catalog
Ab20920).

Chromatin immunoprecipitation

Chromatin immunoprecipitation was done as described (Miiller
et al, 2020). In brief, for chromatin immunoprecipitation, we
crosslinked differentiated human keratinocytes with 0.25 M Di(N-
succinimidyl) glutarate (DSG) (catalog 20593, Thermo Fisher Sci-
entific) for 45 minutes, followed by washing and 10 minutes of
additional crosslinking with 1% paraformaldehyde (catalog 28906,
Thermo Fisher Scientific). After chromatin extraction, the chromatin
was sonicated for 25 cycles using the Bioruptor (Diagenode). After
brief centrifugation for 5 minutes at 13,000 r.p.m. 4 °C, chromatin
was subjected to preclearing for removal of S aureus—derived Pro-
tein A by incubating the chromatin for 1 hour with 2 ug 1gG and
protein G Dynabeads (catalog 10004, Thermo Fisher Scientific).
After preclearing, lysates were incubated with an anti-IkB{ (home-
made antibody raised against the IKB{ peptide CRKGADPSTRNLE-
NEQ). After washing, decrosslinking, and purification of the DNA,
gPCR was performed using the same conditions described for gene
expression analysis but using the Maxima SYBR Green Master Mix
(catalog K0221, Thermo Fisher Scientific). Sequences of the chro-
matin immunoprecipitation primers are found in Supplementary
Table S5.

Cytokine array

To analyze the secretion of cytokines in S aureus—infected back skin,
Proteome Profiler Mouse Cytokine Array Kit Panel A (catalog
ARY006, R&D Systems) was applied according to the instructions. In
brief, back skin samples were homogenized in gentleMACS C-tubes
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(catalog 130-093-237, Miltenyi) using the gentleMACS dissociator
with protein lysis buffer, lysed for 10 minutes on ice, and further
processed as previously described (Fischer et al, 2023). After deter-
mination of the protein concentration, samples from 3 mice per
group were pooled and analyzed. The development of the mem-
branes was conducted in parallel using the same exposure time at
the Fusion FX imager (Peqlab). Subsequently, relative pixel values
were obtained using the dot blot analyzer (ImageJ), and values were
normalized to the reference spots provided on the membranes.

Flow cytometry

Infiltration of immune cells upon epicutaneous S aureus infection
was analyzed by flow cytometry using single-cell suspensions from
the back skin as described (Fischer et al, 2023). The following an-
tibodies from BioLegend were used for staining: anti-CD4-PE (cat-
alog 100408, clone GK1.5), anti-CD25-APC (catalog 101910, clone
3C7), anti-Ly6G-PE (catalog 127607, clone 1A8), anti-Ly6C-APC
(catalog 128016, clone HK1.4), and anti-y3-APC (catalog 118115,
clone GL3). All data were acquired using a LSR Il flow cytometer
(Becton Dickson), with gate settings based on the respective isotype
controls (catalog 400612, APC Rat 1gG2b, Kk, BiolLegend; catalog
400636, PE Rat 1gG2b, K, BiolLegend; and catalog 550085, PE
Hamster IgG2, k, Becton Dickson). For live/dead staining, the sam-
ples were costained with DAPI (catalog 422801, BioLegend). The
gating strategy is presented in Supplementary Figure S2c, with
respective cell populations gated on live single cells using the
FlowJo (Tree Star) software.

Detection of ROS in skin

Single-cell suspensions (preparation details are provided in flow
cytometry section) of each mouse with approximately 5 x 10° cells/
ml of the digested skin samples were dissolved in PBS and divided
into 3 samples: blank, rested (with DMSO), and phorbol 12-
myristate 13-acetate—restimulated cells (0.5 pg/ml, catalog P1585-
5MG, Sigma-Aldrich). All samples were incubated for 30 minutes
at 37 °C before they were filled up to T ml with PBS. An intermediate
CellRox Green reagent solution (250 pM in DMSO, catalog C10492,
Thermo Fisher Scientific) was prepared according to the manufac-
turer’s instructions and added to rested or phorbol 12-myristate
13-acetate (PMA)—treated cells (final concentration 500 nM); the
blank samples received DMSO as a vehicle instead. All samples
were incubated for 35 minutes at 37 °C in the dark, whereas live/
dead stain SytoxRed was added during the remaining 15-minute
incubation time. Flow cytometric measurement was conducted
within the next 2 hours using the APC channel for SytoxRed and
FITC channel for CellRox detection. For the analysis, ROS-producing
cells were gated in comparison with their respective blank samples.
The percentage of ROS-producing cells (per gated cells) was
calculated using the FlowJo (Tree Star) software.

Immunohistochemistry

Preparation of back skin tissue and staining were done as previously
described (Lorscheid et al, 2019). Antigen retrieval was conducted
for 40 minutes in 10 mM citrate buffer (pH 6). The following anti-
bodies and dilutions were applied: cleaved caspase-3 (catalog 9664,
Cell Signaling Technology, 1:500 diluted) and CD3 (catalog NB600-
1441, Novus Biologicals, 1:200 diluted). Antibody staining was
further conducted overnight in 5% normal goat serum (catalog
54258, Cell Signaling Technology) in the presence of 0.1% Triton-X-
100.
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Confocal immunofluorescence microscopy to assess

bacterial infiltration

Formalin-fixed, paraffin-embedded tissue sections from murine back
skin were deparaffinized using RotiHistol and a series of ethanol
washes. To reverse formaldehyde crosslinks, the sections were
boiled in citrate buffer (pH 6.0) for 25 minutes and rinsed 3 times for
5 minutes with PBS. Reduction of nonspecific background signal
was achieved by overnight incubation at 4 °C using blocking buffer
(10% normal chicken serum in PBS). For staining, the sections were
incubated with primary antibodies for 2 hours at room temperature
and secondary antibodies for 1 hour at room temperature in the dark.
All antibody dilutions were prepared in blocking buffer (anti-protein
A antibody, host: rabbit, 1:500, catalog P3775, Sigma-Aldrich; sec-
ondary AF594 anti-rabbit antibody, 1:500, catalog A-21442, Thermo
Fisher Scientific). For the removal of excessive antibodies, sections
were washed 3 times for 5 minutes with PBS after each incubation
step. Nuclear DNA staining was conducted using Hoechst 33342 (1
pg/ml, catalog H21492, Thermo Fisher Scientific) in PBS for 10
minutes at room temperature in the dark. The coverslips were
washed again, mounted using ProLong Diamond Antifade (catalog
P36961, Thermo Fisher Scientific), and dried overnight at room
temperature in the dark. Imaging of 6 x 6 tiles was performed with a
Zeiss LSM 800 Confocal microscope (Carl Zeiss) using a x20
objective and Airyscan acquisition. After image acquisition, the data
were processed using Image)-Win64 software (National Institutes of
Health).

Statistical analysis

Obtained results are represented as the mean £ SD (in vitro stimu-
lation) or mean + SEM (n = animal numbers). Significance levels
were calculated using a 2-tailed Student’s t-test and are depicted
with asterisks (*P < .05, **P < .01, and ***P < .001, with ns
denoting not significant). All data plots were generated using
GraphPad Prism software.
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Supplementary Figure S1. Further gene expression analysis of Nfkbiz target genes in S aureus—infected human and murine keratinocytes. (a) Relative
mRNA expression levels of IkBY target genes from control and NFKBIZ-depleted primary human keratinocytes 6 h (1 h infection, 5 h further incubation)
after S aureus infection. Values were normalized to the reference gene RPL37A to calculate the relative mRNA levels. Shown is the mean of 3 biological
replicates & SD. (b) Gene expression in WT and Nfkbiz-knockout (Nfkbiz-/-) murine keratinocytes analyzed 24 h after 1 h of infection with S aureus. Relative
mRNA levels were normalized to Actb. Samples from 2—3 mice per group were pooled before analysis. Significance was calculated using a 2-tailed Student’s
t-test (*P < .05, **P < .01, and ***P < .001). h, hour; ns, not significant; WT, wild-type.
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Supplementary Figure S2. Steady-state analysis of NfkbizAK14-cre mice and inflammation-promoting effects upon mild barrier disruption. (@) Immunoblot
analysis of IkB{ expression in untreated and IL-17A (100 ng/ml) or IL-17A and TNF (10 ng/ml)-treated murine keratinocytes after 1 h of treatment.
Keratinocytes were isolated from the tails of Nfkbiz"" control or Nfkbiz*¥'#< mice. Actin served as control for equal loading. (b) Visual controls of the skin of
adult Nfkbiz"" and Nfkbiz4<'#<¢ mice (aged >37 weeks). (c) Immunoblot of S aureus protein using skin lysates of PBS-treated Nfkbiz™" and NfkbizAK74-<re
mice compared with that of S aureus—infected control lysate. HSC70 served as a loading control. (d) FACS gating strategy of back skin cells from S
aureus—infected Nfkbiz"" and NfkbiZ*1*<" mice. The immune cell populations gated on living single cells and respective stainings were evaluated using
FlowJo (Tree Star) software. (e) Flow cytometry analysis of skin-infiltrating immune cells from the the back skin of 7-day PBS-treated Nfkbiz™" and Nfkbiz?*'#<re
mice. Shown is the mean & SEM (n = 4—10 mice per group) of the relative percentage of positive live cells. Neutrophils = Ly6G*, monocytes = Ly6C™, effector
CD4" T cells = CD4* CD257, and y3 T cells = Y3-TCR". () Gene expression analysis of wild-type mice, which were subjected to epicutaneous S aureus
infection either after shaving of the back skin (without barrier defect) or after shaving, depilation, and tape stripping of the skin before infection. In both
applications, equal amounts of living bacteria were applied on the back skin, covered for 7 days, and subsequently analyzed by qPCR. Relative mRNA levels
were normalized to Actb. Shown is the mean & SEM (n = 4—6 mice per group). (g) Score for the severity of inflammation in the back skin on day 7 in PBS-treated
control mice (gray dots), S aureus—infected Nfkbiz"" (black dots) mice, and NikbizAK1#"¢ (red dots) mice. Significance was calculated using a 2-tailed Student’s
ttest (*P < .05, **P < .01, and ***P < .001). FSC-H, forward scatter height; h, hour; ns, not significant; SCC-A, side scatter area.
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Supplementary Figure S3. Additional data of control and Nikbiz4K14<r¢ mice after epicutaneous infection with S aureus. (a) Flow cytometry analysis
of skin-infiltrating CD4* T cells and regulatory (CD4* CD25%) T cells from PBS-treated control and S aureus—infected Nfkbiz"" and NfkbizAK#< mice

7 days after infection. Shown is the relative percentage of positive live cells after pregating on viable CD4" T cells. Shown is the mean & SEM (n = 7—13 mice
per group). (b) Protein levels of cytokines and chemokines from control and infected Nfkbiz™" or Nfkbiz4X#< mice 7 days after infection. Shown are results
normalized to the reference controls and depicted as relative pixel values. Samples from 4 mice per group were pooled before analysis. Significance was
calculated using a 2-tailed Student’s t-test (*P < .05).
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Supplementary Figure S4. Analysis of the expression of skin barrier proteins upon deletion of 1kB{ from S aureus—infected keratinocytes or skin. (a)
Immunofluorescence staining of the actin cytoskeleton (red) and loricrin (green) in S aureus—infected control and Nfkbiz-KO (NFfkbiZ~<14-€"¢) mouse
keratinocytes. Cells were infected for 1 h, followed by an additional incubation time of 23 h. Nuclei were stained with Hoechst (blue). Bar = 50 um. (b) FLG

staining of the skin from PBS-treated control and S aureus—infected Nfkbiz"" and Nfkbiz*K#¢ mice 7 days after infection. Bars = 100 um. h, hour; KO,
knockout.
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Supplementary Figure S5. Additional data on NOD2, TLR2, and IkB signaling in response to S aureus infection or MDP stimulation. (a) Gene expression
analysis of primary human keratinocytes treated for 1 h with S aureus in the presence or absence of DMSO as vehicle control or 50 uM of the TLR2i C29.
Cells were harvested 24 h after infection. Relative mRNA levels were calculated over the U6RNA reference gene. (b) Similar experiment as in a using 5 pM
RIPK2i GSK583 instead of TLR2i. (c) Heatmap of selected IkB{ target genes encoding antimicrobial peptides and proteins involved in barrier formation,
differentiation, or downstream targets of IL-17 and IL-36 (full heatmap is provided in Supplementary Figure S6). (d) Gene expression analysis of control and
Nfkbiz-depleted murine keratinocytes, transfected and stimulated for 1 h with MDP. Relative mRNA levels were normalized over Actb. Significance was
calculated using a 2-tailed Student’s t-test (*P < .05, **P < .01, and ***P < .001). h, hour; MDP, muramy! dipeptide; ns, not significant; RIPK2i, RIPK2 inhibitor;

TLR2, toll-like receptor 2; TLR2i, toll-like receptor 2 inhibitor.
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Supplementary Figure S6. IkB{ target genes in MDP-treated keratinocytes.
Presented is a heatmap of all 69 significantly regulated 1kB{-dependent
target genes overlapping after 24 h of S aureus infection or MDP stimulation
(cut off: P < .05, fold change absolute > 2, difference absolute > 3). MDP,
muramy! dipeptide.
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