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Bacterial infections (e.g., with Staphylococcus aureus) are serious problems in skin with a compromised barrier, such
as in patients with atopic dermatitis. Previously, it was shown that tight junction (TJ) proteins are influenced by
staphylococcal infection, and TJ function is impaired after infection of the keratinocyte cell line HaCaT. However,
functional studies in cells or models more similar to human skin are missing. Therefore, we investigated bacterial
colonialization and infection with live S. aureusin primary human keratinocytes and reconstructed human epidermis
(RHE). We show that short-term inoculation results in increased TJ barrier function—which could not be seen in
HaCaT cells—hinting at an early protective effect. This is accompanied by occludin phosphorylation and sustained
localization of occludin and claudin-4 at cell membranes. Long-term incubation resulted in decreased presence of
claudin-1 and claudin-4 at cell membranes and decreased TJ barrier function. The agr regulon of S. aureus plays a
role in the increasing but not in the decreasing effect. Proinflammatory cytokines, which are produced as a result of
S. aureusinoculation, influence both phases. In summary, we show here that S. aureus can have short-term promoting
effects on the TJ barrier, while in the long term it results in disturbance of TJs.
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Introduction in Ref. 4). In diseased conditions, pathogenic
microbes (e.g., Staphylococcus aureus) can cause
serious skin infections, such as impetigo conta-
giosa, abscess formation, and ecthymata.>® These
infections are promoted either by shifts in the
microbiome or by alterations of other skin barrier
components.

TJs form a barrier in the granular cell layer
of the epidermis. They play an important role
in controlling the paracellular pathway of small
and larger molecules,” as well as the ion tracer
lanthanum.!®!! For pathogenic microorganisms,
they are the second physical barrier during inva-
sion of the skin. This second barrier is of special
importance when the first barrier (i.e., the SC) is

The skin is colonized by a broad diversity of
microorganisms, which is strongly dependent on
body site, age, and individual life circumstances.!
Under healthy conditions, this skin microbiome
has a protective effect that inhibits pathogen
growth, educates and primes adaptive immunity,
and enhances host innate immunity.> Therefore, it
is also called the microbiome barrier.’> In addition
to the microbiome barrier, the overall skin bar-
rier also comprises two physical barriers (stratum
corneum (SC) and tight junctions (TJs)), a chem-
ical barrier (antimicrobial peptides (AMPs) and
acidic surface pH), and an immunological barrier
(immune cells and humoral constituents; reviewed
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impaired (e.g., in atopic dermatitis or in wounded
skin). In addition, it is known that TJs influence the
SCand vice versa.*'*"'* While typical and functional
TJ structures in the epidermis are found in the stra-
tum granulosum, the TJ protein localization pattern
is more complex. Occludin (Ocln) and claudin-4
(Cldn-4) are restricted to the stratum granulosum,
whereas Cldn-1 is found in all viable layers.!> TJs
and TJ proteins are altered in atopic dermatitis'®!”
as well as other skin diseases (reviewed in Refs. 18
and 19).

Previously, we showed, via immunohistochem-
ical staining of human in vivo skin diagnosed
with impetigo contagiosa, a downregulation of
Cldn-1 and zonula occludens 1 (ZO-1) and a
partial downregulation of Ocln at areas covered
with bacteria (infected areas) and an upregulation
of ZO-1 and especially Ocln at neighboring areas
(colonized areas).?’ Inoculation of porcine ex vivo
skin with S. aureusresulted in along-term decreased
immunointensity of Cldn-1 and ZO-1. For Ocln,
enhanced staining was observed at early time points;
at later time points, enhanced staining was evident
in some areas and downregulation in others. How-
ever, the impact of S. aureus on T] functionality was
not investigated, except for transepithelial resistance
(TER) measurements in the spontaneously immor-
talized epidermal cell line HaCaT, which revealed
an immediate decrease in TER after inoculation.?
In contrast, treatment of normal human epidermal
keratinocytes (NHEKSs) with peptidoglycan derived
from S. aureus resulted in an increase in TER*!"*
and a decrease in paracellular flux.?> Additionally,
treatment of reconstructed human skin resulted in
reduced paracellular flux.”! Thus, there might be
a difference on one hand between primary human
keratinocytes and HaCaT cells and on the other
hand between single TLR agonists and live bacteria.
In general, HaCaT cells may not be the ideal test
system to investigate bacterial infection, as they
express pattern recognition receptors (PRRs) in
a different manner than NHEKs.?® Furthermore,
they develop a lower TER than NHEKs,**® and
it is still unclear whether they fully differentiate.?’
Therefore, we hypothesized that the influence of live
S. aureus on primary human keratinocytes might
be more complex than their effects on HaCaT cells
or TLR ligand effects. Therefore, we investigated
their impact on submerged cells and—to bridge
the gap to ex vivo and in vivo three-dimensional
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(3D) skin—in air-lifted 3D reconstructed human
epidermis (RHE).

Interestingly, we observed different results in
NHEKSs compared with HaCaT cells. Measurement
of the TER and tracer permeability assays revealed
a time- and dose-dependent increase in T] barrier
function, followed by a decrease after incubation
with S. aureus, thus revealing a biphasic influence.
Increased TJ barrier function is the result of
sustained localization of Cldn-4 and Ocln at the
cell-cell membranes, which is accompanied by Ocln
phosphorylation. Decreased T] barrier function is
characterized by an internalization of the sealing T
proteins Cldn-1 and Cldn-4 and can be evoked by
an inflammatory stimulus, but is neither caused by
cell death nor by bacterial virulence factors. We also
confirm the TJ protein alterations found at early
and late time points after S. aureus inoculation in
RHE. Importantly, our submerged and 3D findings
reproduce what was described in vivo and ex vivo.

Materials and methods

Antibodies, primers, and bacterial strains

Detailed information about antibodies and primers
used in this manuscript is listed in Tables S1 and
S2 (online only). The different bacterial strains
used in this study and their origin are listed in
Table S3 (online only). Data shown in this
manuscript are derived from S. aureus strain
SH1000 and its mutants. However, similar results
were also obtained with S. aureus strain 6820.

Cells

Primary human keratinocytes were isolated from
juvenile foreskin. The use of these samples was
approved by the ethics committee of the Aerztekam-
mer Hamburg (WF-61/12). Samples were used
anonymously. All investigations were conducted
according to the principles expressed in the Dec-
laration of Helsinki. NHEKs were cultured in
serum-free keratinocyte growth medium (KGM2,
Promocell, Heidelberg, Germany) as described
previously.?® For TER and FD4 permeability exper-
iments, keratinocytes were trypsinized and seeded
onto Transwell membranes of 0.4 pm pore size
(Corning Incorporated, Durham, NC) with a cell
density of 40,000 cells/well (diameter 6.5 mm)
in EpilLife medium (Life Technologies, Carlsbad,
CA). When NHEKSs reached confluency, they were
transferred to high-calcium medium containing
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1.8 mmol/L Ca’*. Medium was renewed every
24 hours.

For western blot analyses, mRNA isolation, and
cover slides, cells were seeded in the same density as
for TER experiments in either 12- or 24-well plates
(Corning Incorporated, Durham, NC).

Reconstructed human epidermis

Five hundred microliters of EpiLife medium with
1.5 mM CaCl, containing 3 x 10° keratinocytes
in passage 3 were seeded onto Millicell cell cul-
ture inserts (0.4 wm, 12 mm diameter, Merck Milli-
pore, Tullagreen, Ireland) placed in 6-well plates,
and the basal part of the wells was filled with
2.5 mL EpiLife medium with 1.5 mM CaCl,. Cells
were maintained at 37 °C in humidified atmosphere
for 30 h and then lifted to the air-liquid interface.
In parallel, medium in the basal part of the well was
exchanged with 1.5 mL of EpiLife medium contain-
ing 1.5 mM CaCl,, 92 ng/mL ascorbic acid (Sigma,
Darmstadt, Germany) and 10 ng/mL recombinant
human keratinocyte growth factor (R&D Systems,
Wiesbaden-Nordenstadt, Germany). Medium was
changed every second day.

Bacterial culture and inoculation

Bacteria were grown overnight at 37 °C on
Columbia-Agar plates (Oxoid, Hampshire, United
Kingdom). The next day, they were diluted in 5 mL
of either 0.9 % NaCl solution (for RHE) or EpiLife
high Ca** (for NHEKSs) to an ODgg of 1.0 ( = 10°
bacteria/mL) measured with a photometer (BioRad,
Hercules, CA). For further use, 1:10 dilutions were
prepared in the respective medium up to the final
bacterial concentration.

Bacterial inoculation of NHEKs was performed
3 days after Ca*" switch when TER was substan-
tially present (>350 Q-cm?). Bacteria were diluted
in EpiLife high-Ca*" medium to the indicated con-
centrations, and 200 pL of apical medium of the
NHEKSs was replaced with either sterile medium
or medium containing bacteria. This was also per-
formed in well plates (12- or 24-well plates) for the
incubation of cover slides for immunofluorescence
or theisolation of mRNA and protein. Bacterial con-
centrations were adjusted to the well sizes. Cells were
then incubated for the indicated times.

For bacterial inoculation of RHE, bacteria were
diluted in 0.9% NaCl solution to a final concentra-
tion of 107 bacteria/mL. On day 4, after lifting the
models to the air-liquid interface, the models were
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treated either with nothing (control), with 5 pL
of sterile NaCl solution, or with 5 wL of bacterial
suspension (representing 5 x 10* S. aureus/cm?).
After transferring the 5 wL onto the models, these
were spread with a small spatula (made from Pas-
teur pipettes). Models were then incubated for the
indicated times.

The usage of about 5 x 10 bacteria/cm? on top
of the RHE and 6 x 10°-6 x 10° bacteria/cm” on
NHEKSs reflects the number of bacteria found per
c¢m? on human skin, which fluctuates depending on
the body site between 10? and 107.%

Measurement of TER in NHEKs and RHE

TER was measured at the indicated time points using
a Millicell-ERS epithelial voltohmmeter (Merck,
Darmstadt, Germany). TER values were corrected
by subtracting the blank value (no cells). For TER
measurement in RHE, models were placed in 24-
well plates, and 400 pL of 37 °C PBS was added to
the apical and 600 L to the basal side of the model.

Tracer permeability assay in NHEKs
Permeability for a 4-kDa tracer (FD4, Sigma-—
Aldrich, Darmstadt, Germany) was measured in
the same experiments in which TER measure-
ments were performed. Two hundred microliters of
FD-4 solution (1.25 mg/mL in medium) was applied
to the apical side of the cells and incubated for
2 hours. Subsequently, the basal medium was col-
lected and analyzed with a fluorescence reader
(Tecan, Ménnedorf, Switzerland). Permeability was
calculated as described before.?®

Tissue MTT

For investigation of cellular viability, a tissue MTT
assay was performed as described previously.*® As a
positive control for cell death, NHEKs and RHE
were treated with 1IN HCI solution (NHEKs for
1 h; RHE for 2 h).

Western blot analyses
For detailed description of western blot analyses, see
the Appendix (online only).

Real-time PCR analyses
For detailed description of quantitative PCR analy-
ses, see the Appendix (online only).

Analyses of protein levels of cytokines
For description of protein level analyses, see the
Appendix (online only).
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Biotinylation assay

RHE was incubated with 200 L biotin—SH (0.5%
Sulfo-NHS-LC-Biotin (Thermo Scientific, Rock-
ford, IL) in PBS with 1 mM CaCl,) from the mem-
brane side for 30 minutes. RHE were subsequently
fixed in Formafix solution (Grimm, Torgelow, Ger-
many) up to 3 days at 4 °C and paraffinated.

Immunofluorescence staining and evaluation
of intensity

For detailed description of immunofluorescence
staining and evaluation of intensity of paraffin sec-
tions and cells grown on coverslips, see the Appendix
(online only).

Evaluation of biotin—SH permeation stops

The amount of complete biotin—-SH permeation
stops per visual field (Axiophot Il microscope (Zeiss,
Gottingen, Germany), 40 x ) were counted. In addi-
tion, sites with a thin line of biotin—SH right after
the actual stop were counted. These sites were called
“half stops” (Fig. S1, online only). For calculation of
the permeability in control RHE models, complete
stops and half stops per visual field were counted in
three models per donor with at least five visual fields
per model.

Then mean number of complete stops in con-
trol models was calculated, and permeability of each
individual control model determined as follows: the
mean of complete stops in control models minus
the complete stops in an individual control model
plus the half stops in an individual control model
equaled the number of permeated TJs per visual
field in a distinct control model.

For treated RHE (NaCl control and S. aureus
treatment), three models per donor and treatment
with at least five visual fields per model were
counted, and permeability was calculated as follows:
the mean of complete stops in control models minus
the complete stops in a treated model plus the half
stops in a treated model equaled the amount of per-
meated TJs per visual field in a treated model.

Generation of S. aureus Aagr and GFP strains
SH1000Aagr and GFP strains were constructed
using phage transduction.’® For detailed descrip-
tion, see the Appendix (online only).

Determination of bacterial growth on RHE
models

To investigate bacterial growth on top of the mod-
els, the amount of living bacteria was evaluated

Basler et al.

by examining the colony-forming units (CFU). For
detailed description, see the Appendix (online only).

Visualization of the bacteria

For visualization of bacteria, GFP-producing bacte-
ria were incubated on the RHE as described above.
After 24 h, the models were placed on an object slide
and covered with a cover slide. Fluorescent bacte-
ria were visualized with an Axiophot II fluorescent
microscope.

Statistics

Statistical analyses were performed with paired
Student’s #-test or analysis of variance (ANOVA)
with Bonferroni posttest of SPSS software (IBM,
Armonk, NY). The specific tests are denoted in the
figure legends. Values are shown as mean £+ SEM.

Results

Influence of S. aureus on TJs in NHEKs

S. aureus first increases and later decreases TJ
barrier function in NHEKs. In order to inves-
tigate the influence of S. aureus on TJs of NHEKs,
cells were grown under high-calcium conditions on
Transwell membranes. This system has been well
established for the investigation of TJ barrier func-
tion in keratinocytes (e.g., Refs. 21, 22, 25, 26,
and 32-35). We observed a temporary, significant
dose-dependent increase in TER within the first 12 h
ofinoculation with S. aureus, which was followed by
a dose-independent significant decrease (Fig. 1A).
The higher concentration (6 x 10° bacteria/cm?) of
S. aureus also resulted in an accelerated increase of
TER compared with the lower concentration (6 x
10° bacteria/cm?) (Fig. 1A). Because S. epidermidis
was shown in HaCaT cells to have a positive effect
on TER, we analyzed S. epidermidishere as a positive
control. Indeed, treatment with S. epidermidis also
resulted in a significant dose-dependent temporary
increase in TER (Fig. S2A, online only) at early time
points. Of note, the increase observed after S. aureus
inoculation was more pronounced than after S. epi-
dermidis treatment. At later time points, there was
also a significant decrease of TER in S. epidermis—
treated cells (Fig. S2A, online only).

TER comprises the resistance of the paracellular
and the transcellular pathway,*® but it was previ-
ously shown that, in NHEKSs, TER is mainly formed
by the paracellular resistance, which means by TJs.2
In order to investigate whether the increase and
decrease in TER after bacterial inoculation are also
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Figure 1. Influence of Staphylococcus aureus on TJ] permeability of normal human epidermal keratinocytes (NHEKs). (A)
Transepithelial resistance (TER) of NHEKs inoculated with two different concentrations of S. aureus normalized to the untreated
control at the indicated time points. Permeability of a 4-kDa tracer at (B) 12 h and (C) 24 h of inoculation with 6 x 10° S. aureus/cm?
normalized to control. Mean £ SEM. *P < 0.05,**P < 0.01, ***P < 0.001 when compared to uninfected control, ** P < 0.001 when
compared to the other bacterial concentration using ANOVA (A) and Student’s #-test (B, C). n =5 different donors in triplicate.

TJ-specific effects, permeability for 4-kDa FITC-
dextran was investigated. This is a tracer com-
monly used to investigate the paracellular pathway
(e.g., Refs. 37 and 38). Indeed, at early time points
after S. aureus inoculation (12 h), when TER was
increased, significantly decreased tracer permeabil-
ity was found (Fig. 1B), and at late time points
(24 h), when TER was decreased, a significant
increase in tracer permeability was found (Fig. 1C).
This suggests that T] barrier function is altered. Sim-
ilar effects on permeability were observed after S.
epidermidis inoculation (Fig. S2B and S2C, online
only).

To exclude the possibility that decreased T] bar-
rier function at later time points is just a result of cell
death, we investigated cell viability using an MTT
assay.’® No decrease in cell viability was detected for
S. aureus or for S. epidermidisinoculation (Fig. S3A,
online only).

S. aureusinoculation results in protein relocaliza-
tion but not altered TJ protein levels. To inves-
tigate putative causes for increased and decreased

TJ barrier function, we performed immunoflu-
orescence stainings of cover slides as well as of
cross-sections of paraffin-embedded cells on Trans-
well membranes, which had been used for the TER
measurements. We observed a more pronounced
localization of Ocln and Cldn-4 at the cell—cell
membranes of NHEKs with both methods after
short-term S. aureus inoculation (12 h; Fig. 2A and
2B). There was no clear change for Cldn-1 (Fig. 2A
and 2B). Immunofluorescence stainings of NHEKs
12 h after S. epidermidis inoculation revealed a
more pronounced localization of Cldn-4 but not of
Ocln at the cell membranes (Fig. S2D, online only).

To clarify whether the increase of Ocln and
Cldn-4 in S. aureus—treated cells within the first
12 h was due to increased mRNA or protein
expression, we performed qPCR and western blot
analyses. We did not observe an increase, or even a
decrease, in mRNA expression of Cldn-1, Cldn-4,
Ocln, or ZO-1 (Fig. S3B, online only, significant for
Cldn-4 at 8 and 12 h).

On the protein level, we did not observe an
alteration of Cldn-1 or Cldn-4, but the more
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Figure 2. Influence of S. aureus on TJ protein localization and protein levels in NHEKSs at early time points after inoculation.
Immunofluorescence localization of the denoted TJ proteins in (A) cover slides (horizontal staining) and (B) vertical sections of
Transwell membranes 12 h after S. aureus (6 x 10° bacteria/cm?) inoculation. Note a cross-reaction between Cldn-1 antibody and
S. aureus resulting in bright fluorescent dots. (C) Semiquantitative evaluation of protein levels of Cldn-1 and Cldn-4 12 h after
S. aureus (6 x 10° bacteria/cm?) inoculation and representative western blots for Cldn-1 and Cldn-4. (D) Western blot of Ocln 12
h after bacterial inoculation with 6 x 10> (low) or 6 x 10° (high) bacteria/cm?. LC, loading control (actin); CO, control; SA, S.

aureus; SE, S. epidermidis; p-Ocln, phospho-Ocln. Mean + SEM. n =

phosphorylated form of Ocln was more pronounced
after S. aureus inoculation (Fig. 2C and 2D). This
can explain the increased membrane localization
of Ocln, because phosphorylation of Ocln results
in membrane accumulation of this protein.2"*40
Interestingly, S. epidermidis inoculation did not
result in increased levels of p-Ocln, but rather in
decreased Ocln protein levels (Fig. 2D).

NHEKs inoculated for 24 h with S. aureusshowed
adecrease in Cldn-1 and Cldn-4 immunointensity at
the cell—cell borders (Fig. 3A). For Ocln, a more pro-
nounced localization at the cell-cell borders was still
evident (Fig. 3A). Additionally, decreased intensity
of Cldn-1 and Cldn-4 was observed for cells inocu-
lated with S. epidermidis (Fig. S2E, online only).

To investigate whether decreased Cldn-1 and
Cldn-4 immunolocalization after S. aureus inoc-
ulation was due to protein degradation, we per-
formed western blot analyses. However, we observed
only minor, nonsignificant changes at the protein
level (Fig. 3B). Thus, there is an internalization of
Cldn-1 and Cldn-4.

3 (A, B) or 5 (C, D) different donors. Bars: 50 pm.

Live S. aureusinduces expression of proinflamma-
tory cytokines. Because it is known that NHEK
treatment with AMPs (cathelicidin and hBD3)>>*!
or short-term treatment with proinflammatory
cytokines (IL-18 and TNF-a)*? leads to relocaliza-
tion of Ocln and Cldn-4 to the cellular membranes
and thus increased TJ functionality, we investigated
the induction of these molecules together with other
markers of inflammation by S. aureus inoculation
in our NHEKs. We did not see an increase of cathe-
licidin or hBD3 after S. aureus treatment. However,
we observed a substantial increase in IL-13, TNF-a,
IL-6, and IL-8 mRNAs 8 and 12 h after inoculation,
while after 4 h the levels were equivalent to those
of the controls (Fig. 4A). A significant increase was
also observed for the cytokines on the protein level
(Fig. 4B).

On the other hand, it was shown that long-
term treatment of NHEKs with proinflamma-
tory cytokines (IL-1B and TNF-a) leads to
decreased TER/T] functionality.*? Therefore, we
tested whether there is a prolonged upregulation of

6 Ann. N.Y. Acad. Sci. xxxx (2017) 1-18 © 2017 New York Academy of Sciences.
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Figure 3. Influence of S. aureus on TJ protein localization and protein levels in NHEKSs at late time points after inoculation.
(A) Immunofluorescence localization of the denoted T] proteins in vertical sections of Transwell membranes 24 h after S. aureus (6
x 10° bacteria/cm?) inoculation. Note a cross-reaction between Cldn-1 antibody and S. aureus resulting in bright fluorescent dots.
(B) Semiquantitative evaluation of protein levels of Cldn-1 and Cldn-4 24 h after S. aureus inoculation and representative western
blots. LC, loading control (actin); CO, control; SA, S. aureus. Mean & SEM. n =3 (A) and 6 (B) different donors. Bar: 50 pm.

these cytokines after S. aureus inoculation. A strong
increase of these cytokines was still observed 24 h
after inoculation (Fig. 4B).

To further test whether cytokines can contribute
to the increase and decrease of T] barrier function in
infected keratinocytes, we combined S. aureusinfec-
tion with IL-1B and TNF-« treatment. Indeed, the
presence of the two cytokines significantly intensi-
fied the increase in TER, and IL-1B accelerated the
effects of S. aureus on TER decrease (Fig. 5A).

Deletion of the accessory gene regulator in
S. aureus diminishes the increase but not the
decrease of TJ barrier function. The question
arose whether the decrease in TJ barrier function
might be triggered by bacterial virulence factors.
These virulence factors are regulated via the acces-
sory gene regulator (AGR) system. This regulon is
activated by quorum sensing and induces the pro-
duction of bacterial proteases, lipases, nucleases,

and toxins.*® Therefore, we cloned a Aagr S. aureus
strain. However, we did not see differences in the
decrease of TER compared with the wild-type con-
trol (Fig. 5B).

However, the increase of TER at early time points
following bacterial inoculation was dependent on
AGR. The Aagr S. aureus strain revealed a signifi-
cantly reduced increase in TER compared with the
wild-type control strain (Fig. 5B).

Influence of live S. aureus on TJs in RHE

To investigate the effect of bacterial infection in a
model that is more similar to human skin than sub-
merged cultured keratinocytes and that also consid-
ers the influence of the SC and its interaction with
TJs, we infected RHE.

Normal differentiation and functional TJs in
RHE. The RHE used in this study showed struc-
tured morphology and a similar distribution of

Ann. N.Y. Acad. Sci. xxxx (2017) 1-18 © 2017 New York Academy of Sciences 7
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Figure 4. Influence of S. aureus on proinflammatory cytokines and antimicrobial peptides in NHEKs. (A) Quantitative PCR
analyses of NHEKs inoculated with S. aureus (6 x 10° bacteria/cm?) for 4, 8, and 12 hours. (B) Analyses of secreted cytokine protein
levels in apical medium of NHEKSs inoculated with S. aureus (6 x 10° bacteria/cm?) for 12 and 24 hours. Mean & SEM. *P < 0.05;
P < 0.01; P < 0.001 using ANOVA. n = 3 different donors in triplicate.

early (keratin 10), intermediate (involucrin), and
late (loricrin, filaggrin) differentiation markers to
human skin (Fig. S4A and B, online only). Substan-
tial epidermal barrier function was reflected by an
electrical resistance of 1785 + 673 Q-cm? (n = 6 dif-
ferent donors). In addition, a clear stop of biotin—
SH, which was applied from the basal side of the
model (biotinylation assay) at Ocln™ sites, revealed
functional TJs (Fig. S4C, online only).

S. aureus grows on the surface of RHE. RHE
was incubated for 24, 48, and 72 h with 5 x
10* bacteria/cm® S. aureus in physiological NaCl
solution, and the CFUs of S. aureus were counted at

the denoted time points, displaying the amount of
living bacteria. There was a significant increase of
bacterial load after S. aureus inoculation (Fig. 6A),
with an especially strong increase after 24 hours.
This could also be confirmed using a fluorescent S.
aureus strain and fluorescence microscopy (Fig. 6B).

Commensal bacteria, such as S. epidermidis, pro-
vide protection against the growth of pathogens
(either directly or owing to the enhancement of
innate immunity; reviewed in Ref. 2). In order to
test whether this is also true in our RHE, the mod-
els were pretreated with S. epidermidis for 24 h and
subsequently incubated with S. aureus for another
48 hours. Indeed, we observed that pretreatment

8 Ann. N.Y. Acad. Sci. xxxx (2017) 1-18 © 2017 New York Academy of Sciences.
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with S. epidermidis significantly reduced growth of
S. aureus (Fig. 6C).

Live S. aureus influences TJ barrier function
in RHE. Evaluating the stop of biotin-SH in
the stratum granulosum of RHE inoculated with
S. aureus, we observed no changes at early time
points (24 h, Fig. S5A, online only). Nevertheless, at

late time points of S. aureusinoculation (72 h), a sig-
nificant increase in tracer permeability was found,
demonstrating a decrease in TJ barrier function
(Figs. 7 and 8A). The same effect was observed after
72 h of S. epidermidis inoculation (Fig. S6A, online
only)

At early time points (24 h)—similar to NHEKs—
anincrease in Ocln staining at the cell-cell borders in

Ann. N.Y. Acad. Sci. xxxx (2017) 1-18 © 2017 New York Academy of Sciences. 9
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certain areas and no change in Cldn- 1 were observed
after S. aureus inoculation (Fig. S5A, online only).
For Cldn-4, no alterations were evident (Fig. S5A,
online only). Western blot analyses showed—again
similar to NHEKs—no changes for Cldn-1 and
Cldn-4 and an increased level of p-Ocln (Fig. S5B,
online only).

At late time points (72 h), immunohisto-
chemical stainings revealed a significant decrease
in immunointensity of the sealing TJ proteins
Cldn-1 and Cldn-4 at the cell-cell membranes
(Figs. 7 and 8B and 8C). This was similar to late time
points in NHEKs. Of note, when intensity of the
whole cells was measured, no decrease was observed
(Fig. 8B and 8C). This shows that internalization of
Cldn-1 and Cldn-4 was the cause of the loss of stain-
ingat the cell membranes, rather than protein degra-
dation. This was also confirmed by western blot
analyses, where no changes in Cldn-1 and Cldn-4
protein levels were observed (Fig. 8E). For S. epider-

midis, a decrease of Cldn-1 and Cldn-4 immunoin-
tensity at the cell membranes was observed (data not
shown). For Ocln, increased immunointensity at the
cell-cell borders was observed after S. aureus inoc-
ulation (Figs. 7 and 8D), again similar to NHEKSs.
To exclude cell death as the cause of decreased TJ
functionality, we performed tissue MTT staining,*
which clearly showed no impaired viability of the
cells (Fig. 8F). This was also supported by the extra-
cellular localization of biotin—-SH in the models,
because the tracer would permeate through the
membrane in the case of cell death (Fig. 7).

S. aureus inoculation does not influence overall
barrier function in RHE. We measured TER in
the models inoculated with S. aureus. Of note, TER
in RHE not only reflects T] barrier function but also
SC barrier function and is therefore a measure of the
overall skin barrier. We did not observe differences
in TER among bacterial treatment, NaCl control,
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and untreated models, or between early and late
time points (Fig. 8G), which was also the case in S.
epidermidis—inoculated RHE (Fig. S6B, online only).

Discussion

We show here the biphasic influence of S. aureus
inoculation on TJs in NHEKS: at early time points, S.
aureus increases T] barrier function, while there is a
decreasing effect at later time points. The latter could
also be observed in RHE. Increase and decrease are
accompanied by TJ protein relocalization but not by
changes in TJ protein levels.

Live S. aureus strengthens the TJ barrier

at early time points

In NHEKSs, we observed a TJ barrier—strengthening
effect of live S. aureus at early time points, which
can be seen in TER as well as in FITC—dextran per-
meability. This was also the case for S. epidermidis,
but it was less pronounced. A T] barrier function—
enforcing effect was previously shown for lysates
of Lactobacillus spp. and Bifidobacterium longum
in NHEKs* and for live S. epidermidis in HaCaT
cells.?’ In simple epithelia, a positive effect of bacte-
ria or bacterial proteins on TJ barrier function was
also observed.*>*® In principle, this might be a first

reaction of the epithelium to bacterial challenges
with the aim of protecting the body by tightening the
barrier, at least temporarily, until further protective
mechanisms of innate and adaptive immunity are
recruited. This is also supported by the findings that
activation of several Toll-like receptors, including
TLR2, results in increased TJ barrier function.?>>247

The increase in TER in NHEKSs after S. aureus
inoculation was accompanied by increased localiza-
tion of Ocln and Cldn-4 at the cell-cell membranes.
It was shown before that overexpression of Ocln
(which was accompanied by increased intensity of
the protein at the cell-cell membranes) increased
TER in MDCK cells.** In submandibular gland
epithelial cells, it was shown that overexpression of
Cldn-4resultsinincreased Cldn-4 localization at the
cell membranes and in increased TER and decreased
permeability for FITC-dextrans.”

Concerning the upstream signals resulting in a
relocalization of Ocln to the membranes, it was
shown that phosphorylation of Ocln results in
this relocalization.*® This fits nicely with our data,
which show increased phosphorylation of Ocln in
S. aureus—-inoculated cells but not in S. epidermidis—
inoculated cells, where this early relocalization is
not seen. It also fits with data from Yuki et al.,2! who
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showed that activation of TLR2 by S. aureus—derived
peptidoglycan results in an increase of TJ function-
ality, which is dependent on the kinase activity of
aPKC.

An involvement of TLR2 is also supported by our
experiments with a Aagr S. aureus strain, which
showed a significantly diminished increase of TER
compared with wild-type S. aureus at early time
points. It is known that the bacterial AGR system
not only positively influences secreted virulence fac-
tors when activated owing to quorum sensing but

also negatively regulates the production of staphy-
lococcal superantigen-like proteins (SSls).** SSI-3
is able to specifically bind to TLR2 and inhibit its
activation.”! This clearly argues for the involvement
of TLR2 activation in live S. aureus—induced TJ
barrier increase.

In addition to the above-mentioned activation of
TLR2, upregulation of proinflammatory cytokines
may also contribute to enhanced TJ barrier func-
tion. It has been shown that IL-1B and TNF-«
increase TER after short-term treatment in
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NHEKSs.*? This is accompanied by increased local-
ization of Cldn-4 at the cell-cell membranes. In
ex vivo skin, IL-1B treatment led to a broader
localization of OcIn.*? We found an upregulation
of proinflammatory cytokines IL-1B, IL-6, IL-8,
and TNF-a upon live S. aureus treatment. An
upregulation of gene expression of these cytokines
in NHEKs was reported using S. aureus biofilm—
secreted products,” S. aureus biofilm—conditioned
medium, or planktonic-conditioned medium.>® An
involvement of these cytokines in the S. aureus—
induced increase in TER is also supported by the fact
that the addition of IL-1B and TNF-« to infected
keratinocytes here produced a short-term TER-
increasing effect. However, because the TER increase
starts almost immediately after S. aureus inocula-
tion, while significant upregulation of inflamma-
tory cytokines can only be detected after 8 h on the
mRNA level, these cytokines cannot be the initial
cause for TER increase.

In RHE, we could not detect increased TJ func-
tionality after short-term incubation with S. aureus,
either by measuring TER or by using the biotiny-
lation assay. However, TER values are much higher
in RHE compared with NHEKSs (1785 + 673 Q-cm?
compared with 447 447 Ohm x cm? (n = 6 dif-
ferent donors for both)), which indicates the con-
tribution of the SC in RHE. An alteration of 30%
in TJ-derived TER, which is seen in NHEKs and
which is approximately 150 €2-cm?, might not be
seen in the normal standard deviation of TER in
RHE and might therefore be camouflaged by the
SC. This supports the value of investigating TJs in
NHEKSs to elucidate specific effects on TJs not cov-
ered by SC effects. For the biotinylation assay, a
method commonly used to investigate T] barrier
function in skin,”** biotin-SH is already largely
stopped at TJs at day 5 (i.e., 24 h after inocula-
tion with S. aureus (8.7 £1.5 permeated TJs/visual
field)). A decrease in tracer permeability of 15%, as
can be seen for the 4-kDa FITC—dextran in NHEKS,
would hardly be visible, and it is not possible to dis-
tinguish between different grades of stops except for
“complete stops” and “half stops” (Fig. S1, online
only). An alternative method might be the use of the
dot blot system, with which Yuki et al?! showed a
decrease of biotin—SH permeability in reconstructed
human skin after TLR2 activation with peptidogly-
can. Unfortunately, this method did not work in our
hands.

S. aureus and tight junctions

But most importantly, in our RHE, an upreg-
ulation of Ocln immunointensity at the cell—cell
membranes and increased levels of p-Ocln were
found after short-term inoculation with S. aureus.
This is consistent with what was found in our
NHEKSs and was also observed in peptidoglycan-
treated NHEKSs,?! in ex vivo skin inoculated with S.
aureusat early time points, and at sites with bacterial
colonialization in impetigo contagiosa.*

S. aureus impairs TJ barrier function after
long-term inoculation independent

of virulence factors

Investigation of the effect of long-term treatment
of RHE and NHEKSs with S. aureus revealed the
same effect in both model systems (i.e., decreased
TJ barrier functionality). For RHE, this decrease
was detected by increased permeability of biotin—
SH. In NHEKSs, it was shown by decreased TER and
increased permeability for 4-kDa FITC—dextran. In
RHE, TER measurement did not show an influence
of S. aureus at late time points. Again, the SC TER
might camouflage the decreased T] barrier function.
This shows that a combination of both NHEKSs and
3D models is ideal to reveal specific alterations of
TJs but also to take into account additional possible
interactions between TJs and SC.

The additional effect of the SC in RHE can also be
seen by the different time points reflecting the long-
term inoculation between NHEKs and RHE cells.
While, in NHEKSs, a decrease of TJ barrier func-
tion starts after 12-15 h and can be clearly seen at
24 h, it is only found after 72 h in RHE. This shows
the better accessibility of T]s by bacteria in NHEKSs
compared with RHE, where bacteria meet first
the SC.

The decrease of T] barrier function is associated
with decreased Cldn-1 and Cldn-4 localization at
the cell membranes in both RHE and NHEKSs. It
was shown that knockdown of Cldn-1 and Cldn-4
in NHEKSs reduces TER and increases 4-kDa FITC-
dextran permeability.”> Knockdown of Cldn-1 in
mice increases biotin—SH permeability in the stra-
tum granulosum.” Of note, Ocln immunointensity
remains increased. This clearly shows that, even
though Ocln is able to strengthen the TJ barrier,***
it cannot compensate for the loss of other
components.

In order to elucidate the putative causes for the
decreased TJ barrier function, we first investigated
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cell death. However, we could show in NHEKs and
in RHE that in the course of our experiments cell
death was not evident.

Another cause for decreased TJ barrier function
could be destruction of TJs by bacterial virulence
factors. S. aureus is known to secrete multiple vir-
ulence factors, such as proteases, lipases, nucleases,
and toxins.>® Loss of TJ proteins from the cellular
membrane might be due to protein degradation by
bacterial proteases or to changes in lipid structure
due to lipases. For example, it has been shown that
secreted V8 protease of S. aureusresults in decreased
Cldn-1 levels in HaCaT cells.’® Additionally,
o-hemolysin has been shown to directly decrease
TER in A431 (human squamous cell carcinoma)
cells.”” Therefore, we cloned a bacterial mutant
without the regulon that activates the production of
secreted virulence factors by deleting the bacterial
AGR system.* However, the decreased TJ func-
tionality at later time points is independent of these
bacterial virulence factors, as we did not observe a
difference in decreased TER values between wild-
type cells and Aagr mutants. Of note, S. epidermidis
also shows a TJ barrier function—decreasing
effect at later time points in both of our models,
supporting the independence of this effect from
S. aureus—specific virulence factors. The discrepancy
with the protease/hemolysin effects mentioned
above might be the use of human primary ker-
atinocytes compared with immortalized cells. In a
recent paper, it was shown that S. aureus induces
keratinocyte-intrinsic serine protease activity (e.g.,
kallikreins and trypsin).”® However, the authors
concluded that TLR activation was not involved
in the induction, but rather secreted virulence
factors.”® Thus, an enhanced intrinsic proteolytic
activity is also unlikely to be involved in decreased
TJ barrier function. This is also supported by the
fact that protein levels of Cldn-1 and Cldn-4 did
not decrease significantly.

Another contributing factor for decreased TJ bar-
rier function could be inflammation. In cultured
keratinocytes, IL-1B and TNF-a show, as men-
tioned above, a positive effect after short-term incu-
bation. However, long-term treatment resulted in a
decrease of TER.*? In addition, it was shown that
dermal injection of IL-1B into healthy volunteers,>
as well as in porcine ex vivo models,*? resulted in
downregulation of Cldn-1, which is also found in
our long-term S. aureus experiments. Additionally,

Basler et al.

in mouse models with skin inflammation induced
by allergens, decreased TJ barrier function and TJ
protein membrane localization were reported.'”>*
We show here that S. aureus results in an induc-
tion of IL-1B, IL-6, IL-8, and TNF-«, which was
still evident after 24 hours. In addition, we observed
that the decrease in TER after S. aureus inoculation
was accelerated when keratinocytes were simulta-
neously incubated with IL-1@3. This strongly hints
at an influence of proinflammatory cytokines on
decreased TJ barrier function. In HaCaT cells, it
was shown recently that IL-13, used in the same
concentration as in our experiment, protected the
cells from S. aureus—secreted protease V8—mediated
cell damage but not from the decrease of Cldn-1
levels.*®

Interestingly, it has been shown that Ocln, which
is still present at the cell-cell membranes after long-
term S. aureus inoculation in NHEKSs and in RHE,
is required for cytokine-induced regulation of TJ
barriers in MDCK II cells. Overexpression of Ocln
resulted in a more sensitive reaction of these cells to
IFN-vy and TNF-q, while Ocln knockdown led to a
less sensitive response.*’

Differences between NHEKs and HaCaT cells
NHEKs and HaCaT cells reveal different results
after inoculation with S. aureus. While there was
an immediate decrease of TER after S. aureus inoc-
ulation in HaCaT cells,”® there was a temporary
increase in NHEKs. The decrease in HaCaT cells
was accompanied by a decrease of Cldn-1 and
Ocln localization at the cell membranes 5 h after
inoculation,?’ while in NHEKs these proteins are
unchanged (Cldn-1) or upregulated (Ocln) within
the first 12 hours. This can be explained by the dif-
ferent expression patterns of TLRs in these cells.
Kollisch et al.?® showed that both cell types express
TLR2, but only NHEKs also express TLR6. Fur-
thermore, it was shown that TLR6 interacts with
TLR2 in the recognition of S. aureus.®® This and
the fact that it is unclear whether HaCaT cells fully
differentiate’” suggest that HaCaT cells may not be
the ideal test system for the investigation of bacterial
infection.

Bacterial infection in RHE: suitability

of the model, advantages, and limitations
Investigation of the effect of S. aureus or its
lysates/supernatants on NHEKs shows the direct
effect of the organisms on this cell type and provides
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important information on general mechanisms of
bacterial pathogenicity.’®>%%! However, these stud-
ies lack details about the interplay of TJs with the SC.
Therefore, we performed additional experiments
with RHE that form an SC. The RHE models in
our approach were used for bacterial inoculation
at day 4 of air-liquid interface. This is a quite early
time point for investigations of RHE models, but our
models already express early (keratin 10), interme-
diate (involucrin), and late (loricrin and filaggrin)
differentiation markers at this time point and show
their correct localization. In addition, a good epi-
dermal structuring can be observed, with palisade
structure in the basal layer, functional TJs in the
granular layer, and several layers of SC. The latter is
also reflected by a substantial TER. However, the SC
barrier is still not fully functional at this time point,
as can be seen by an increasing number of SC lay-
ers and increasing TER after day 4 (data not shown).
Thus, this model mimics skin with compromised SC
barrier function, such as atopic dermatitis, bullous
diseases, or wounded and freshly regenerated skin,
but not healthy skin. We also tested bacterial inocu-
lation at later time points (days 6, 8, or 11), and we
still observed growth of bacteria, but no decrease in
TJ protein localization and barrier function could
be detected (data not shown). This is similar to
human skin, where under healthy conditions with a
completely functional SC, exfoliative toxin—negative
S. aureus does not lead to skin infections, which
confirms that the SC is of great importance for
protection of the body against bacterial infections.
Manifested skin infections are usually the conse-
quence of a compromised SC barrier.%? Thus, when
interpreting the data gained from our infected RHE,
one has to keep in mind that it is a model for skin
conditions with compromised SC barrier function.

The fact that the bacteria grow on top of the
models shows that they are able to live and mul-
tiply on RHE. Pretreatment of RHE with S. epider-
midis resulted in significantly decreased growth of
S. aureus. This shows the analogy of inoculated
RHE to normal skin flora. Resident microbes (like
S. epidermidis) also help to inhibit the growth of
pathogens in vivo.>%

Comparison of S. aureus and S. epidermidis
inoculation

We observed for both Staphylococcus strains an
increase in TER in NHEKs at early time points.

S. aureus and tight junctions

However, there seems to be a difference in mech-
anism as, with S. aureus, Ocln was phosphory-
lated and Ocln and Cldn-4 relocalized to the cell
membranes, while, for S. epidermidis, Cldn-4 was
also relocalized, but no phosphorylation or relo-
calization of Ocln was evident. Future experiments
investigating the mechanism of the influence of S.
epidermidis on T] barrier function should address
this interesting point, but this matter is beyond
the scope of this manuscript, as we concentrate
on S. aureus—related effects. At later time points,
we observed a decrease in TJ barrier function in
NHEKs and in RHE for both strains. It was previ-
ously shown that S. epidermidis is an opportunis-
tic pathogen, which means that it can result in
severe infections when it is able to penetrate into
the body.®* NHEKs, where the cells are not pro-
tected by a SC, and RHEs, where a SC is present but
still weaker than in healthy skin (see above), are sit-
uations in which this pathogen can access its target
cells. However, we can also show the protective side
of S. epidermidis as a component of the skin micro-
biome, as it reduces the growth of S. aureus on the
RHE surface.

Conclusions

In summary, by using NHEKs and RHE, we have
shown that S. aureus has a biphasic influence on TJs
in keratinocytes, with an enhancing effect at early
time points and a decreasing effect at later time
points. This suggests that strengthening of TJs is a
common early answer to bacterial challenge in ker-
atinocytes to both commensal and pathogenic bac-
teria. Investigation of NHEKs and RHE in parallel
is beneficial, because the stepwise increase of com-
plexity of the systems allows us to dissect distinct
influences of skin barrier components.
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Appendix

Supplementary Methods

Western Blot Analyses

RHE or NHEKs were lysed in RIPA buffer (1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 5
mmol/L EDTA, 150 mmol/L NaCl, and 50 mmol/L Tris, pH 8.0) and a cocktail of protease
inhibitors (Sigma, Munich, Germany). The total amount of protein was determined by using
Bradfords reagent (AppliChem, Darmstadt, Germany) and 5 or 10 ug (depending on the
antibody) was separated by SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose. After blocking for 1 h with 5 % dry milk powder in Tris-buffered saline and
Tween 20 (TBST), membranes were probed with the appropriate antibodies over night at 4 °C
(see Supplementary table 1). Subsequently, membranes were washed for 3 x 5 min with TBST
and incubated for 30 min with the appropriate secondary antibodies coupled with horseradish
peroxidase (Jackson ImmunoResearch, West Grove, USA). After another washing for 2 x 5
minutes with TBST, immunoreactions were visualized by the ECL system (Amersham,
Buckinghamshire, UK). Semi-quantification was performed by using ImageJ software version
1.41n (NHI, Bathesda, MD). B-actin was used as the loading control for correction of loading

differences.
Real-Time-PCR Analyses

Total mRNA was isolated from NHEKs by using the RNeasy mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Three micrograms of total RNA were used for
first-strand cDNA synthesis with the iScript cDNA synthesis kit (Bio-Rad, Munich, Germany)
according to the manufacturer’s specifications. 0.5 pl of the cDNA was used as a template in
real-time-PCR analysis with the FAM dye-labeled TagMan MGB probes for Cldn-1, Cldn-4, ZO-
1, Ocln, IL-1B, IL-6, IL-8, TNFa and 18S RNA (Supplementary Table 2) in an iCycler iQ thermal
cycler (Bio-Rad) under the conditions recommended by Applied Biosystems. All real-time-PCR
analyses were performed in triplicates. Relative transcriptional levels within distinct

experiments were determined by using the 2722 method.!

Analyses of protein levels of cytokines



Analyses on the protein level of cytokines was performed on sterile filtered apical
supernatants of TER measurement assays with MILLIPLEX MAP Human Cytokine/Chemokine
Magnetic Bead Panel - Immunology Multiplex Assay (Merck, Darmstadt, Germany) according

to manufacturer’s specifications.
Immunofluorescence stainings

Paraffin sections were deparaffinated and rehydrated. Antigen retrieval was performed by
microwave oven heating (2 x 10 minutes, 600 W) in Tris-EDTA-citrate buffer (pH 7.8), followed
by 0.001% trypsin for 10 minutes at 37°C. Unspecific-binding sites were blocked with a Protein
Block (DAKO, Carpinteria, USA). Primary antibodies were diluted in PBS (see Supplementary
table 1) and applied to the sections over night at 4 °C, followed by washing of the samples for

3 x 3 minutes in Tris-buffered saline and Tween 20 (TBST).

Cultured cells grown on coverslips were fixed in cold methanol (-20°C, 10 minutes) and
acetone (15 seconds). A blocking step with 2 % normal goat serum and 0.1 % Triton X-100 for
30 min was performed at room temperature before primary antibodies were applied for 30

minutes. The samples were subsequently washed for 2 x 10 minutes in PBS.

Subsequently to both, paraffin sections and cover slips, Alexa 488- and Alexa 594- or Cy3-
labeled secondary antibodies (Jackson ImmunoResearch, West Grove, USA) were applied for
30 minutes at room temperature, followed by washing in PBS 1 x 5 min and a subsequent
incubation with 4,6-diamidino-2-phenylindole (DAPI; 1:5000 in PBS) for 1 min. In case of
biotinylated samples, streptavidin labeled with Texas red (Rockland, Limerick, USA) (1:700 in
PBS) was applied together with the secondary antibody onto the sections in order to visualize
Biotin-SH. The slides or coverslips were washed again with PBS once for 5 min followed by
aqua dest. twice for 3 min and mounted with Fluoromount (Southern Biotechnology

Associates, Inc. Birmingham, AL). Isotype-matched antibodies were used as negative controls.
Evaluation of intensity

An Axiophot Il microscope (Zeiss, Gottingen, Germany) and the software Openlab 2.0.9
(Improvision, Coventry, UK) were used for the evaluation of stainings. All images of stainings
from a series of experiments were acquired and processed with the same settings, and
representative areas were photographed. For quantification, Imagel software version 1.41n

(NHI, Bathesda, MD) was used. For measurement of “whole tissue” intensity, 3 regions of



interest (ROIs) were defined per raw image (Cldn-1: from suprabasal to granular cell layer;
width 79.7 um; for Cldn-4 and Ocln: ROIs of 1060 um? located in the granular cell layer) and
at least 3 images were evaluated per RHE. For evaluating intensities of membrane staining 3
ROIs (90 um?) within cells (excluding the plasma membranes) were defined and the mean
intensity of these ROIs were subtracted from the intensity of the larger ROIs measuring the
whole tissue. For general background subtraction two ROIs (1060 um?) were defined at areas
without tissue. Intensity measurements were then normalized to the mean of untreated

models.
Generation of a S. aureus Aagr and GFP strains

SH1000Aagr and SH1000 GFP strains were constructed using phage transduction. Overnight
cultures of S. aureus RN6390Aagr or RN4220xpCM?29 (GFP producing strain) at an OD600 of
1.0 were infected with phage 11 in STA-softagar (Nutrient broth 20 g/I, NaCl 5 g/I, CaCl, 0.4
g/l, Bactoagar 7 g/l) and incubated over night at 30 °C. In order to resuspend the plaque
containing softagar, 5 ml of NBZ*-medium (Nutrient broth 20 g/I, CaCl, 0,4 g/l) were added
and the resulted suspension sonificated on ice (10 sec at 35 % amplitude; Branson sonifier, G
Heinemann, Schwabisch Gmund, Germany). Subsequently the softagar was pelleted by
centrifugation (30 min; 5000 g). The supernatants which contained the plasmid-bearing phage
particle lysate were filtrated with a 0.2 um filter (Thermo Fischer, Rockford, USA). S. aureus
SH1000 at OD600 8.0 in NB?*-medium was mixed 1:1 with the phage lysate and incubated for
30 min at 37°C allowing phage particle adsorption to bacterial host cells. After adding sodium
citrate to a final concentration of 20 mM, bacteria were washed 3 times in brain heart infusion
broth (BHI) and incubated for 1 h at 37 °C in BHI-broth containing 10 pug/ml tetracycline (for
Aagr) or 10 pg/ml chloramphenicol (for xPCM29 (GFP)). Afterwards, the bacteria-phage
suspension was plated onto selective BHI-medium (Oxoid, Hampshire, United Kingdom)
containing tetracycline or chloramphenicol (10 pg/ml) and incubated for 24 h at 37°C. Plates
were screened for resistant colonies, which were transferred to BHI selective medium for

further investigation. Bacterial Aagr mutants were confirmed by using PCR.
Determination of bacterial growth on RHE models

To investigate bacterial growth on top of the models, the amount of living bacteria was
evaluated by examining the colony forming units (cfu). Therefore models were cut out of the

insert and placed together with the membrane in 2 ml reaction tubes filled with 500 pl 0.9 %



NaCl solution and a metallic ball on ice. Using the TissuelLyser (Quiagen, Hilden, Germany) for
2 min at 20 times per second models were shredded at 4 °C. Afterwards the suspension was
placed for 1 min in an ultrasonic bath (Bandelin, Hagen, Germany) in order to separate the
bacteria. Subsequently serial 1:10 dilutions of the bacterial suspension in NaCl-solution were
performed on ice and plated on BHI-Agar plates. After incubation at 37 °C for 24,48 and 72 h

the cfu/model were counted.



Supplementary Tables:

Table S1: Sources and dilutions of primary antibodies used in this study.

Antibody Species/Clone Company Dilution WB Dilution IHC

Cldn-1 Rabbit/lay.8 Invitrogen 1:1500 1:900
(Darmstadt, Germany)

Cldn-4 Mouse/3E2C1 Invitrogen 1:200 1:500
(Darmstadt, Germany)

Ocln Goat/N-19 Santa Cruz 1:500
(Dallas, USA)

Ocln Mouse Invitrogen 1:100
(Darmstadt, Germany)

CK10 Mouse Progen 1:200
(Aachen, Germany)

Involucrin Mouse/Sy5 Leica 1:200
(Nussloch, Germany)

Loricrin Rabbit/AF 62 BioLegend 1:500
(Dedham, USA)

Filaggrin Rabbit/NBP1- Novus 1:2000

21310 (Wiesbaden, Germany)

B-Actin Mouse/AC-15 Sigma-Aldrich 1:30 000

(Darmstadt, Germany)

Table S2: Catalog numbers of target genes purchased from Applied Biosystems (Carlsbad,

CA).
Target Gene Catalog number
CLDN-1 Hs00221623_m1l
CLDN-4 Hs00533616_s1
OCLN Hs00170162_m1
Z0-1 Hs01551861 TJP1
TNFa Hs001113624_g1
IL-18 Hs01555410_m1
IL-6 Hs00985639_m1
IL-8 Hs00174103_m1
18S rRNA Hs99999901 _s1

Table S3: The different bacterial strains used in this study and their origin.

Species

Strain

Description

Origin

Staphylococcus epidermidis

PIA97

Rohde et al., 20072



Staphylococcus aureus
Staphylococcus aureus
Staphylococcus aureus
Staphylococcus aureus
Staphylococcus aureus
Staphylococcus aureus

SH1000
SH1000
SH1000
6820

RN6390
RN4220

xpCM29
Aagr::tetM
MRSA
Aagr::tetM
xpCM29

Horsburgh et al., 20023
This study

This study

Clinical isolate

Novick et al., 19934
Malone et al., 2009
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Supplementary figures

Figure S1: Examples for “complete stops” and “half stops” of Biotin-SH in RHE. Bar: 50 um.
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Figure S2: Influence of S. epidermidis on T)J permeability of normal human epidermal
keratinocytes (NHEKs). (A) Transepithelial electrical resistance (TER) of NHEKs inoculated with
2 different concentrations of S. epidermidis normalized to the untreated control at indicated
time points. (B, C) permeability of a 4 kDa tracer at (B) 12 h and (C) 24 h of inoculation with 6
x 10° S. epidermidis cm™ normalized to control. (D, E) Immunohistochemical stainings and

Western Blots of denoted TJ proteins in vertical sections of transwell membranes (D) 12 and



(E) 24 h after S. epidermidis (6 x 10° bacteria cm™) inoculation. Mean +/- SEM. * p<0.05, **
p<0.01, *** p<0.001 using ANOVA (A) and Student’s t-test (B, C). n = 5 different donors in

triplicates. Bar: 50 um.
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Figure S3: Influence of S. aureus and S. epidermidis inoculation on cell death and of S. aureus
on mRNA levels of TJ proteins in NHEKs. (A) MTT-assay of NHEKs grown on transwell filters 24
h after S. aureus or S. epidermidis inoculation (6 x 10° bacteria cm™). HCl was used as a control
resulting in cell death. (B) gPCR analyses of the mRNA levels of Cldn-1, Cldn-4, Ocln and ZO-1
after inoculation with S. aureus at the denoted time points normalized to the control. *

p<0.05 using ANOVA. n = 3 different donors. Bar: 50 um.
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Figure S4: Characterization of RHE at day 4 of air-liquid interface. (A) Immunohistological
localization of the denoted proteins (green) in the RHE (upper row) and in human skin (lower
row). Blue: DAPI staining of nuclei; Overlay of epifluorescence pictures and phase contrast
pictures. (B) H+E staining of the RHE and human skin. (C) Biotinylation assay of RHE. Note the

stop of the tracer (red) in the granular cell layer at Ocln-positive sites (green). Bar: 50 um.
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Figure S5: Influence of S. aureus on TJ proteins and function in RHE 24 h after inoculation. (A)
Immunofluorescence localization of the denoted TJ proteins as well as Biotin-SH in vertical
sections of RHE 24 h after inoculation with 5 x 10* S. aureus cm™2. Arrows denote the stop of
Biotin-SH in the granular cell layer. Note a cross-reaction between Cldn-1 antibody and S.
aureus resulting in bright fluorescent dots. (B) Representative Western blots of Cldn-1, Cldn-
4 and Ocln. LC: loading control (actin), CO: untreated RHE, NaCl: NaCl treated RHE, SA: S.

aureus treated RHE. n = 3 different donors. Bar: 50 um.
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Figure S6: Investigation of barrier function of RHE after inoculation with 5 x 10* S. epidermidis
cm. (A) Quantification of permeated Tls per visual field after 72 h of inoculation with S.
epidermidis. (B) TER measurement of RHE inoculated with S. epidermidis for 24, 48 and 72 h.
Mean +/- SEM. *** p<0.001 using ANOVA. n = 4 different donors in triplicates.
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