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ABSTRACT

Atopic dermatitis (AD) is a chronic inflammatory disease that affects approximately 2-5% of adults
worldwide. The pathogenesis of AD continues to be a well-debated point of conjecture, with
numerous hypotheses having been proposed. AD conditions are associated with increased
populations of Staphylococcus aureus and reduced skin lipids. In this study, we evaluate the ability
of S. aureus to permeate across human stratum corneum (SC) exhibiting both normal and
depleted lipid conditions consistent with AD. This permeation would enable bacteria to interact
with underlying viable epidermal cells, which could serve as a trigger for inflammation and
disease onset. Our results indicate that permeation of S. aureus through SC exhibiting normal
lipid conditions is not statistically significant. However, bacteria can readily permeate through
lipid depleted tissue over a 9-d period. These findings suggest that S. aureus may potentially act as
the mechanistic cause, rather than merely the result of AD.
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Introduction changes as the pathogenic cause of AD has not been

Atopic dermatitis (AD) is a chronic inflammatory  clinically identified.® More recently, the outside-in

skin disease, characterized by erythema, pruritis, and
the formation of exudative lesions.! AD affects
approximately 2-5% of adults and 15-20% of chil-
dren worldwide.>® This skin disease is associated
with a depletion of stratum corneum (SC) lipids,*
an increase in trans-epidermal water loss,” and a shift
of the skin microbiome to predominantly
Staphylococcus aureus.® Currently, it remains unclear
if these observed changes are merely the result
of AD, or contribute to the pathogenesis of the
disease.”® To date, numerous hypotheses for AD
pathogenesis have been proposed. The inside-out
hypothesis posits that a dysfunctional immune sys-
tem drives inflammation, which precedes and trig-
gers barrier dysfunction.”’® Of the many immune-
associated genes (adaptive or innate) that produce
response proteins related to AD,"" the most reported
include IL4, IL13, RANTES, CD14, and NOD1.”"!
To date, however, the role of these immunological

model proposes that an impaired skin barrier
enables external allergens or microbials to penetrate
into the skin and cause inflammation.'” A major
gene mutation that contributes to AD-associated
impaired barrier function is FLG, which encodes
filaggrin; a structural protein that aggregates keratin
intermediate filaments into a tight matrix of bundles
within ~ keratinocytes during cornification.'>"*
Barrier dysfunction from impaired FLG formation
however only accounts for up to 66% of AD
cases.'"'>'> Moreover, FLG mutation by itself has
been demonstrated not to change SC hydration or
trans-epidermal water loss in mice models,'® affect
lipid organization and composition in SC of human
skin equivalents,'” and alter the penetrative ability of
allergens in ex vivo skin.'® As such, other factors are
likely to be contributing to the loss of barrier func-
tion that would enable the outside-in model to be
viable.
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We propose that decreases in lipid populations
on the SC may cause sufficient barrier dysfunction
to enable S. aureus to permeate across the SC, and
act as a potential inflammatory trigger of the dis-
ease. Previous studies have demonstrated that bac-
teria reside in healthy human subepidermal
components.'” Moreover, it has previously been
demonstrated that S. aureus (isolated from corneal
ulcers) can penetrate into organotypic skin and the
skin of mice, while at the same time, in the latter
model, triggering an immune response similar to
human AD patients.”® This bacterial penetration
was found to be dependent on bacterial viability,
antimicrobial peptide (AMP) activity, S. aureus
proteolytic activity, and ceramide levels.*
Furthermore, prior studies have also indicated
that SC ceramides can influence S. aureus bacterial
growth patterns on ex vivo human SG*'
a depletion enabling the bacteria to employ topo-
graphical microchannels as conduits for pervasive
biofilm growth. Depleted skin lipid conditions can
be caused by abnormalities in lipid-processing
proteins,”* occupational hazards such as repeated
hand washing required for sterile
environments,”»** or contact with metalworking
fluids, solvents and caustic chemicals.”> Yet to
date, the ability of physiologically relevant
S. aureus to penetrate across the SC barrier of
human skin has yet to be demonstrated. As such,
in this study, we characterize the ability of
S. aureus (isolated from human skin lesions) to
penetrate SC under control and lipid reduced
conditions.

Materials and methods
SC isolation

Full thickness (32 and 41 y) female breast skin
samples were obtained from Yale Pathology
Tissue Services (New Haven, CT) within 24 hr of
elective surgery. In accordance with the
Department of Health and Human Services regu-
lations, 45 CFR 46.101:b:4, an exempt approval
(3002-13) was attained to perform research using
de-identified tissue samples. SC was isolated using
standard heat bath and trypsin techniques.*® After
isolation, SC sheets were placed on plastic mesh,
rinsed in deionized water (DIW), and dried at

room temperature and humidity (23 + 2°C, 29 +
3% RH).

SC lipid depletion

SC sheets were divided equally, with one half
immersed in DIW for 60 min; a treatment that
does not deplete lipids or irreversibly alter the
intercellular lipid structure.”” This tissue was
used for control experiments. The remaining tissue
was immersed in a mixture of chloroform and
methanol (2:1 by volume, Sigma-Aldrich,
St. Louis, MO) for 60 min, followed by DIW for
60 min (lipid depleted). This treatment partially
depletes intercellular ceramides, cholesterol, and
free fatty acids found in SC.*® From estimates of
human  SC  lipid  concentrations  and
composition,” " treatments using similar solvent
extraction protocols on human and porcine SC*!
** reduce lipids by 54 + 30%. SC samples were
then cut from both control and lipid depleted SC
tissue sheets using a 6 mm diameter circular hole
punch (Harris Uni-Core, Redding, CA).

Substrate preparation

Polydimethylsiloxane (PDMS) silicone elastomer
(Sylgard 184, Dow Corning, Midland, MI) was
prepared by mixing a 10:1 ratio of base to curing
agent by weight. After mixing and degassing, the
mixture was spin coated (WS-400B-6NNP/LITE,
Laurell Technologies Corporation, North Wales,
PA) on to a glass coverslip sequentially at 500,
1000, 1500, 3000, 5000, and 6000 rpm, each for
15 s. This produced a uniform silicone elastomer
film 14 pum in thickness. Control and lipid
depleted SC samples were alternately embedded
in the uncured elastomer along the centerline of
the coverslip, leaving only their outermost face
exposed. This embedding process occludes the
sides and underside of the SC sample, preventing
bacterial growth in these regions. Substrates were
then placed under vacuum in a vacuum desiccator
(5310-0250, Nalgene®, ThermoFisher Scientific,
Waltham, MA) with an attached vacuum pump
(ME4 NT Vacuubrand, BrandTech, Essex, CT)
for 4 hr to eliminate microbubbles between the
SC and PDMS. The elastomer was then cured at
room temperature and humidity for 48 hr. For



each substrate tested, the order of the conditioned
SC samples deposited was randomized.

Bacterial strains

All bacterial studies used Staphylococcus aureus
ATCC 6538 (Rosenbach, American Type Culture
Collection (ATCC), Manassas, VA) isolated from
human lesions. This strain was modified with
pALC2084 and edited to constitutively express
green fluorescence protein (GFP). Overnight cul-
tures were grown in brain heart infusion media
(BHI, Becton, Dickinson, Sparks, MD) supplemen-
ted with 10 mg/L chloramphenicol (Mediatech,
Corning Life Sciences, Corning, NY) for plasmid

maintenance, and 250 ng/mL tetracycline
(Amresco, Solon, OH) for induction of GFP, in
Erlenmeyer flasks at 37°C with agitation
(220 rpm).

Flow cell setup and inoculation

Embedded SC substrates were sterilized under
ultraviolet light for 15 min, then mounted in an
anodized aluminum flow cell reactor (FC81,
BioSurface Technologies Corp., Bozeman, MN).
The flow cell was connected to an inlet carboy
containing 20% BHI medium (Franklin Lakes,
NJ), as well as an outlet waste carboy using silicone
tubing. The medium was supplemented with
250 ng/mL tetracycline hydrochloride (Amresco,
Solon, OH) for induction of GFP. The system
was maintained at atmospheric pressure using
a gas permeable filter (200 nm pore size) fitted to
each vessel. The flow cell was first filled with
media at 8 mkL/hr, stopped, and subsequently
injected with a fatty acid dye (D3835,
ThermoFisher, Waltham, MA) at a 10 uM concen-
tration in 10% BHI medium. The lipid stain was
allowed to bind to all SC samples for 30 min under
static conditions before laminar flow was rein-
stated for 30 min to remove excess dye. For initial
experiments (n = 4 SC samples per flow cell, n =
2 SC samples for each lipid condition, n = 2 flow
cells) flow cells were again stopped to inoculate
with 5 mL of a stationary phase culture of
S. aureus (10° CFU/mL), grown in tetracycline
(250 mg/L) and chloramphenicol (10 mg/L)
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supplemented BHI. Flow cells were inverted to
prevent gravitational sedimentation of bacteria
onto the SC samples. For delayed experiments
(n = 4 SC samples per flow cell, n = 2 SC samples
for each lipid condition, n = 2 flow cells) media
was perfused through the flow cell for 48 hr prior
to inoculation. In both experiment types, S. aureus
was allowed to attach to the substrate for 2 hr
under static conditions before laminar flow was
reinstated and flow cells were turned right side
up.”>*® The fluorescent fatty acid stain was found
not to alter the growth behavior of the bacteria.

Microscopic imaging of bacterial colonization of SC

S. aureus development was monitored every 24 hr
using confocal fluorescence microscopy (Leica
SP5, Wetzlar, Germany) over a 10-d period.
Images with a spatial resolution of 0.38 pm/pixel
(1024 x 1024 pixels) were acquired using a 40x
objective lens (400x magnification) with numerical
aperture of 1.25. SC samples were illuminated
sequentially with transmitted light, then at 455
and 543 nm. Images for the latter two excitation
wavelengths were captured, respectively, across
a bandwidth of 500-540 and 560-590 nm.
Transmitted light images were used to distinguish
topographical regions of the SC in order to image
the same position every day (to within ~5 pm
spatial accuracy). The SC position imaged was
carefully chosen as to not include apocrine pores.
Supplemental Figure S1 distinguishes that an
apocrine pore is approximately 100 + 40 um
wide in diameter, in agreement with previous
studies.”” The 455 nm illumination was used to
excite GFP-tagged S. aureus. The 543 nm illumi-
nation was used to excite the fluorescent BODIPY
stained SC. At each recorded time point, z-stack
images were taken across the full depth of the SC
sample and substrate at height increments of
0.15 um.

Identification of SC thickness using BOPIDY lipid
stained images

Composite fluorescent z-stack images for each
time point were used to establish vertical cross-
sectional profiles of the SC, as shown in
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supplemental Figure S2(a,b). Employing only the
channel revealing the BODIPY stain, the peak
intensity, I,,,.x, was established at each lateral posi-
tion across the cross section. Half peak intensities,
Iinax/2 were then employed as a minimum thresh-
old to define the upper and lower extents of the
SC, as shown in supplemental Figure S2(c,d). If
intensity values did not extend above I,,,5,/2 along
the lateral position, the upper and lower positions
were left undefined. A smooth curve fitting func-
tion based on a moving average filter was then
applied to the top and bottom regions profiles, as
shown in supplemental Figure S2(e). The profile
defining the midpoints of the cross section was
then established from the upper and lower profiles.

Quantifying bacteria at different SC depths

With the upper and lower interface of the SC identi-
fied, the positions of bacteria above and within the SC
are established from the channel revealing GFP emis-
sion. For each cross-sectional profile and timepoint,
a background subtraction was first applied to reduce
noise. The average fluorescent intensity of the image
was then quantified. Cross-sectional profiles were then
separated into four regions based on the upper, lower
and midpoint profiles of the SC: above the SC (Above),
upper-half of the SC (Middle I), lower-half of the SC
(Middle 2) and below the SC (Below). A centroid
tracking algorithm was used to count the number of
bacteria in each region, as shown in supplemental
Figure S2(f). S. aureus bacterium has a maximum
diameter of approximately 1 um,”® therefore two bac-
terial point spread functions were considered distinct
only if separated by greater than 4 pixels (1.52 pm).
Moreover, to prevent counting bacteria more than
once, all cross-sectional profiles analyzed were sepa-
rated by a minimum distance of 1.14 pm.

Statistical analysis

All statistical analyses were performed using
R (version 3.4.2). A 1-way ANOVA was used to test
for statistical significance in Figure 2(b), where average
NBP, values in each region (Middle 1, Middle 2,
Below) were compared to their respective d 0 values.
Levene’s and Shapiro-Wilk’s tests were, respectively,

used to determine equality of variances and normality.
Results in Figure 2(a) (Middle 1 d 5; Middle 2 d 2;
Below d 3), and Figure 2(b) (Middle 1 d 1 and 6; Middle
2d 1,3 and 6; Below d 3, 6 and 9) were found to exhibit
non-normal distributions and unequal variances.
Here a Kruskal-Wallace analysis was performed. The
remainder of the results was found to exhibit normal
distributions, but un-equal variances. Here a 1-way
ANOVA with Welch correction was performed. Post-
hoc analyses were performed if statistical significance
levels below 5% were established. A one-tail unpaired
t-test was used to test for statistical significance in
Figure 3, where selective NBP, regions (Middle 1,
Middle 2, Below) within control and lipid depleted
SC samples were compared for each day. The null
hypothesis (H,) was lipid depleted NBP, > control
NBP,. F-test and Shapiro-Wilk’s tests were, respec-
tively, used to determine equality of variances and
normality. Results in Figure 3(a) (Middle 1 d 6), 3(b)
(Middle 2d 1, 2, 3, and 6), and 3(c) (Below d 6 and 8)
were found to exhibit non-normal distributions and
unequal variances. Here a Wilcoxon rank-sum test
with Welch correction was performed. Results in
Figure 3(a) (Middle 1 d 0, 7, 8, and 10), 3(b) (Middle
2d4,5,7,8,and 10), and 3(c) (Below d 4 and 10) were
found to exhibit normal distributions, but un-equal
variances. Here a student t-test with Welch correction
was performed. Results in Figure 3(a) (Middle 1 d 1
and 5) and 3(c) (Below d 3, 5, and 7) were found to
exhibit non-normal distribution, but equal variances.
Here a Wilcoxon rank-sum test was performed.
Results in Figure 3(a) (Middle 1 d 2, 3, 4, and 9), 3(b)
(Middle 2d 0 and 9), and 3(c) (Below d 0, 1, 2,and 9)
were found to exhibit normal distribution and equal
variances. Here a standard student t-test was per-
formed. A 1-way ANOVA was used to test for statis-
tical significance in Figure 5, where average NBP;
values in each region (Middle 1, Middle 2, Below)
were compared to their respective d 3 values.
Levene’s and Shapiro-Wilk’s tests were respectively
used to determine equality of variances and normality.
Results in Figure 5(a) (Middle 1 d 7; Middle 2 d 5 and
7; Below d 4-7), and Figure 5(b) (Middle 2d 4, 5, 7, 8
and 10; Below d 4, 5, 6, 7, and 11) were found to exhibit
non-normal distributions and unequal variances.
Here a Kruskal-Wallace analysis was performed. The
remainder of the results was found to exhibit normal



distributions, but un-equal variances. Here a 1-way
ANOVA with Welch correction was performed. Post-
hoc analyses were performed if statistical significance
levels below 5% were established. In the figures,
* denotes p < 0.05, ** denotes p < 0.01, and ***
denotes p < 0.001.

Results and discussion
S. aureus permeates into human SC

Composite fluorescent side profile (XZ) confocal
images in Figure 1 provide representative slices
through the SC of S. aureus (green) as well as fatty
acids (red) in and within the SC. Figure 1(a-d) shows
bacteria progression over a 9-d period for a lipid
depleted SC sample, whose lipid content is consistent
with AD conditions.**"**** Individual bacterium

begins to enter the tissue by d 3, as shown in
Figure 1(b) (white arrow). By d 6 (Figure 1(c)), bac-
terium is located within the lipid depleted SC, with the

Figure 1. Fluorescent confocal cross-sectional profiles of
S. aureus permeation into a lipid depleted (a—d) and control
(e—h) SC over a 9-d period. Images show representative fluor-
escent cross-sectional profiles of BODIPY lipid stained SC (red)
inoculated with GFP labeled S. aureus bacteria (green) after (a)
0, (b) 3, (c) 6, and (d) 9 d. Arrows indicate S. aureus initial entry
into the SC at d 3. An identical contrast change has been
imposed on all images in each lipid condition to enhance visual
clarity. Original unaltered images are used to establish quanti-
tative results in Figures 2 and 3. (Scale bar) 15 pm.
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number of bacteria increasing dramatically up until
d 9 (Figure 1(d)). Figure 1(e-h) shows the bacterial
progression through a control SC sample over
a 9-d period. Similar to the lipid depleted SC sample,
some bacterium begin to enter the tissue by d 3
(Figure 1(f)) (white arrows). However, bacterium is
not seen at all depths within the SC, as observed for
the lipid depleted conditions on d 6-9 (Figure 1(g,h)).
While bacterial progression in Figure 1 is representa-
tive of all lipid depleted conditions, only half of the
n = 4 control SC samples displayed bacterium fully
within the tissue. Supplemental Figure S3 provides an
example of a control SC sample showing full bacterial
entry.

We further quantify bacterial permeation by divid-
ing the SC into four distinct regions: above the super-
ficial SC surface (Above), the upper half of the SC
(Middle 1), the lower half of the SC (Middle 2) and
beneath the SC underside (Below). Figure 2 shows
averaged (n = 4 samples for each lipid condition; n =
340 cross-sections per sample) normalized bacterial
percentages (NBP,) in the four regions over a 10-d
period for both control and lipid depleted samples.
For each SC sample, NBP,, denotes the total bacterial
count quantified in each SC region and timepoint,
normalized by the total bacterial count 2 hr after
inoculation (d 0). The total bacterial count on d 0
therefore sums to 100%. Across all SC samples, the
magnitude of bacteria at d 0 fluctuated by + 28%, with
lipid depleted samples exhibiting increased bacterial
populations similar to what has been observed
previously.”’ This variation therefore necessitated
normalization. While a statistically significant rise in
NBP, is observed for lipid depleted samples in
Figure 2(b) on d 8 for Middle 1 and Middle 2 regions
of the SC, and d 9 for Middle 1, Middle 2, and Below
regions of the SC, relative to d 0, no statistically
significant bacterial populations are observed in
these regions throughout the 10-d period (Figure 2
(a)), except for a significant increase in NBP, in the
Middle 1 region for control samples on d 3.

Figure 3 directly compares the NBP, across lipid
conditions within and beneath the SC (Middle 1,
Middle 2, Below). Relative to controls, Figure 3(a)
shows that lipid depleted samples exhibit signifi-
cantly higher values of NBP, within the Middle I
regionond 4, 5, 8,and 9. Figure 3(b) shows that lipid
depleted samples exhibit significantly higher values
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Figure 2. Average normalized bacterial count in each of the 4 SC regions, scaled by the total bacterial count on d 0 (NBP,) for (a)
control (n = 4 individual samples; n = 340 cross-sections per sample) and (b) lipid depleted (n = 4 individual samples; n = 340
cross-sections per sample) SC samples over a 10-d period. (Blue bars, Above) Above the SC, (Red bars, Middle 1) upper half of SC,
(Yellow bars, Middle 2) lower half of the SC, and (Black bars, Below) below the SC. Error bars denote standard deviations.
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Figure 3. Average normalized bacterial count within or beneath the SC, scaled by the total amount of bacteria on d 0 (NBP;) for
(Green bars) control (n = 4 individual SC samples; n = 340 cross-sections per sample) and (Brown bars) lipid depleted (n = 4
individual SC samples; n = 340 cross-sections per sample) samples over a 10-d period. (a) Upper half of the SC (Middle 1). (b) Lower
half of the SC (Middle 2). (c) Below the SC (Below). Error bars denote standard deviations.

of NBP, within the Middle 2 region on d 8 and 9,
relative to controls. Finally, Figure 3(c) shows that
lipid depleted samples exhibit a significantly higher
value of NBP, beneath the SC on d 9, relative to
controls. These combined results indicate that loss of
SC lipids not only enables increased bacterial popu-
lations to grow within the SC tissue, it also enables
bacteria to fully permeate through the tissue.

Cisternae formation does not alter bacterial
permeation rate

Due to prolonged liquid media immersion over
the course of a 10 d period, delamination of the
tissue started to occur, resulting in the formation
of cisternae, water filled voids within the tissue.”’”
This structural change agrees with previous stu-
dies that highlight their presence after 4 hr of

27, . .
water exposure,””>” and monotonic growth with

subsequent immersion. Figure 4(a,b) shows that
in comparison to d 0 cross-sectional SC profiles,
cisternae are visibly present after 3 d immersion
in media. The influence of these cisternae on
bacterial permeation is subsequently quantified
by performing delayed bacterial permeation stu-
dies on SC containing cisternae prior to bacterial
inoculation; achieved by immersing the SC sam-
ples in liquid media for 3 d prior to the introduc-
tion of bacteria. Figure 5 shows averaged (n = 4
samples for each lipid condition; n = 340 cross-
sections per sample) normalized bacterial percen-
tages (NBP3;) within the four regions of SC over
a 10-d period. This percentage denotes the total
bacterial count quantified in each SC region and
timepoint normalized by the total bacterial count
3 d after liquid media immersion and 2 hr after
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Figure 4. Cross-sectional confocal fluorescent images of BODIPY lipid stained (red) SC samples at (a) 0 and (b) 3 d after media
incubation. An identical contrast change has been imposed on all images to enhance visual clarity. (Scale bar) 30 pm.

a. 100 b. 100
BAbove BAbove ||
BMiddle 1 Eviddie 1 |
0 | [Middle 2 80 % " |Middle 2
< 60 * WBelow S lBelow
[42] * (42]
& & .
D 40 D 40 | | | ‘
20 - 20 |k |
* ! il
N Ii.v_ il llh- ‘I I“'i ok h L ‘lw T\.
3 8.9 1011 12 13 3 8 910111213
Time [Days] Time [Days]

Figure 5. Average normalized bacterial count in each of the 4 SC regions, scaled by the total amount of bacteria on d 3 (NBP3) for (a)
control (n = 4 individual samples; n = 340 cross-sections per sample) and (b) lipid depleted (n = 4 individual samples; n = 340
cross-sections per sample) SC samples over a 10-d period. (Blue bars) Above the SC, (Red bars) upper half of SC, (Yellow bars) lower
half of the SC, and (Black bars) below the SC. Error bars denote standard deviations.

bacterial inoculation (d 3). Figure 5(a,b) both
highlight that while cisternae have already devel-
oped in both control and lipid depleted
tissue samples, NBP; within the SC is greatest
after 9+ 1 d post-inoculation (d 1241 post-
submergence). This aligns with the results of
Figure 2, where bacterial levels within lipid
depleted SC are also greatest 9+ 1 d post-
inoculation. This indicates that the presence of
cisternae does not alter the rate of bacterial per-
meation through the SC. The results further ver-
ify that only complete bacterial permeation
through SC samples occurs with the lipid
depleted samples. However, statistically signifi-
cant increases in bacterial populations are present
within the control SC tissue (Middle 1, Middle 2)
9 d after inoculation, suggesting the ability of
bacteria to penetrate into SC tissue is increased
by the prolonged water exposure. We anticipate
that this may be due to the disruption of inter-
cellular lipid lamellae that can occur within 24 hr
of water immersion.>”

Mechanism of bacterial permeation

To date, the mechanistic process of non-motile
bacterial permeation into and through biological
tissue has not been revealed. We take a first step
toward understanding this phenomenon by exam-
ining the ability of non-motile S. aureus bacteria®
to actively diffuse through the tissue via intercellu-
lar, or intercellular and intracellular pathways. For
a bacterium located on the SC surface, after binary
fission occurs, the centroid of a second adjacent
bacterium will be arbitrarily located, relative to the
first, by a distance equivalent to the bacterium
diameter, dp, after the doubling timescale At;. The
new bacterium position can therefore be modeled

using a 3D random walk,*! < (ry)>> = 6Dt, where
<(rN)2> denotes the mean square displacement after
time, ¢, and D is the diffusion constant, equal to
D = d?/2At,. For S. aureus, dy~1 pm>>** and
Atg~2.51 hr for the media type used,” resulting

in D~5.56x10"'7 m® s™". Currently, it is unclear if
in order to fully traverse the SC tissue, bacteria
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must remain exclusively within intercellular
regions, or can progress through both inter- and
intracellular regions. If bacteria can pass into, and
out of corneocytes, the diffusion length scale
required to traverse the SC would be ry~mnh,,
where # is the number of corneocyte layers in the
tissue and h. is the corneocyte thickness. In con-
trast, if bacteria remain exclusively in intercellular
regions, the brick and mortar organization of the
tissue™* would require bacteria to diffuse an approx-
imate length scale of ry~nh, + (n — 1)I;, where I
is the shortest overlapping offset between vertically
adjacent corneocytes.**® With I,~3.33 — 4.44
um,®*  h~0.6—-1 pm*® and n=10-20
cells,*** the timescale required for bacterial per-
meation through SC for exclusively intercellular
diffusion ranges between 45 < t < 378 d, whereas
both inter- and intracellular diffusion timescales
range between 1.25 <t < 14 d. This suggests that
permeation of S. aureus into and through SC tissue
is unlikely to occur through the growth of bacteria
entirely within intercellular regions, requiring the
S. aureus bacteria to grow into corneocytes. There is
however evidence of cellular internalization of
S. aureus, with these bacteria observed both
in vivo and in vitro within keratinocytes at various
levels of differentiation up until the stratum
granulosum,”>> and within nasal corneocytes.”
While both apocrine and eccrine pores within the
SC are larger (approximately 100 + 40 um®’ and
40 + 20 pum> respectively) than S. aureus bacteria,
and could act as a transport pathway through the
tissue, apocrine pores were easily detectable during
imaging and ignored (Supplemental Figure S1).
Based on eccrine pore distributions, we further
establish that the likelihood of imaging a region
containing a pore within our studies was 6.5 +
4.5%.>* Moreover, the distribution of bacteria
within the tissue did not show any observable
regions of heightened bacteria localization that
would indicate pore transport.

Conclusions

In this article, we show that permeation of
Staphylococcus aureus through isolated human
stratum corneum exhibiting normal lipid

conditions is not statistically  significant.
However, bacteria can readily permeate through
stratum corneum over a 9-d period when depleted
to lipids levels consistent with atopic dermatitis.
Permeation of these non-motile bacteria can be
adequately characterized by bacterial diffusion
mediated by random walk binary fission.
Permeation timescales equivalent to those
observed in experiments suggest bacterium perme-
ate via inter- and intra-cellular pathways. The
results of this study align with findings by
Nakatsuji et al. (2016) that shows the application
of a moisturizer containing ceramides can cause
a decrease in bacterial penetration in atopic der-
matitis mice models,”® further reinforcing the
importance of skin lipids in governing bacterial
growth.

While previous articles have demonstrated that
bacteria can permeate murine and organotypic
skin, neither tissue model adequately characterizes
human skin. Murine epidermal tissue contains
fewer cell layers compared to the human epider-
mis, resulting in decreased barrier function and
enhanced permeability.”> Moreover, organotypic
skin only recreates part of human skin organiza-
tion and function®® and can be altered both by the
composition of culture media used’” and diversity
of cell types in the culture.”® Organotypic stratum
corneum has been shown to exhibit notable varia-
tions in lipid structure and composition compared
to in vivo stratum corneum.’”® Further, we note
that while the bacteria strain used in the current
study originates from skin lesions, prior studies
such as Nakatsuji et al (2016)*° employ
a bacterial strain from corneal ulcers. We antici-
pate therefore that our study provides the closest
physiological model to S. aureus interactions on
human skin, and its relation to atopic dermatitis
pathogenesis.

In order to further understand S. aureus’s role
in the pathogenesis of atopic dermatitis, future
work should expand upon these studies by exam-
ining the growth and permeation of mixed popu-
lations of bacteria on skin, such as S. aureus and
S. epidermidis, and their competition on a surface
that ordinarily exhibits heterogeneous distribu-
tions of lipids.>' Furthermore, while our work
focused specifically on the removal of lipids to
reduce stratum corneum barrier function, in the



context of an outside-in atopic dermatitis model,
alteration of other factors, such as tight junction
proteins (claudin-1), have additionally been noted
to diminish barrier function in the epidermis of
atopic dermatitis patients.°"®> While tight junc-
tion-like structures have also been observed in
the stratum corneum,”®” the isolated effect these
structures might have on bacteria, or vice-versa,
has not to our knowledge been investigated ex
vivo. However, Ohnemus et al. did show that
S. aureus induced a time and concentration depen-
dent structural and delocalization/downregulation
to key T] components (Cldn-1, ZO-1, and occlu-
din) in ex vivo porcine skin, resulting in
a reduction in transepithelial resistance.*®
Moreover, tight junctions have been demonstrated
to create resistance for intercellular travel of small
molecules (~550-600 Da) between the stratum
granulosum and stratum corneum when using
subcutaneous injection.*”*® S. aureus is orders of
magnitude larger than the tested molecules, sug-
gesting that movement between these tight junc-
tions could be difficult, which would further align
with our argument for intracellular travel. To that
end, internalization of S. aureus into ex vivo
human stratum corneum should additionally be
studied.

Limitations

The general consensus agrees that there is
a reduction in SC lipids for AD patients,*® with
Imokawa et al. citing an approximate 53 *+ 43%
decrease for lesional SC and 44 + 41% for non-
lesional SC compared to healthy control SC.* Lipid
depletion processes similar to our work show
a comparable range of decrease, 54 + 30%’>>**
compared to healthy control SC. While the lipid
depletion process employed in this work generally
reduces lipids to similar levels found in human AD
skin, the class and subclass of lipids that are altered,
and to what degree, is ambiguous for AD patients
from the literature.*’*”® For example, while some
studies show a decrease in SC ceramides for both
lesional and non-lesional AD patients compared to
healthy control patients,* others only show a change
for lesional patients,”’ and some observe no differ-
ence altogether.”' Of the studies that observe
a decrease in ceramides, a specific decrease in EO

TISSUE BARRIERS (&) 17547069
ceramides®™>”” is detected, which our delipidation
method also shows a bias toward.”” In addition to
limitations in creating a comparable lipid profile
to AD patients, the method of standard biofilm
growth used®®”® does not simulate physiologically
relevant conditions, as the skin is not continually
immersed in liquid media throughout the day. In
vivo, bacteria would naturally survive off of nutri-
ents available such as keratin and lipids.”’
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