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CHAPTER 6

An ex vivo human skin model
for studying skin barrier
repair
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In the studies described in this paper, we introduce a novel ex-vivo human skin barrier repair model. To de-
velop this, we removed the upper layer of the skin, the stratum corneum (SC) by a reproducible cyanoacr-
ylate stripping technique. After stripping the explants, they were cultured in vitro to allow the regeneration

of the SC. We selected two culture temperatures 32°C and 37°C and a period of either 4 or 8 days.

After 8 days of culture, the explant generated SC at a similar thickness compared to native human SC.
At 37°C, the early and late epidermal differentiation program was executed comparably to native human
skin with the exception of the barrier protein involucrin. At 32°C, early differentiation was delayed, but the
terminal differentiation proteins were expressed as in stripped explants cultured at 37°C. Regarding the
barrier properties, the SC lateral lipid organization was mainly hexagonal in the regenerated SC, whereas
the lipids in native human SC adopt a more dense orthorhombic organization. In addition, the ceramide
levels were higher in the cultured explants at 32°C and 37°C than in native human SC. In conclusion, we
selected the stripped ex vivo skin model cultured at 37°C as a candidate model to study skin barrier repair
since epidermal and SC characteristics mimic more closely the native human skin than the ex vivo skin

model cultured at 32°C. Potentially, this model can be used for testing formulations for skin barrier repair.
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The skin being the largest organ of the body (1.5m?2 in adults) provides protection for the body’s interior
against the external environment. This barrier function is mainly located in the outermost layer, the stra-
tum corneum (SC) (1). The SC provides an excellent barrier against excessive water loss and penetration
of pathogens and allergens through the skin (2, 3). The SC is 10-15pm thick with 15-20 corneocyte layers
(4, 5) and its organization has been described as “brick-and-mortar” structure (6). The bricks represent
the terminally differentiated corneocytes and the mortar the intercellular lipid matrix surrounding the cor-
neocytes (7, 8). The SC lipid composition and organization plays an important role in the barrier function
of the skin because the major pathway for penetration of molecules through the SC is via the SC lipid
matrix (9-11). The main lipid classes in native human SC are free fatty acids (FFAs), ceramides (CERs) and
cholesterol which form two lamellar phases. These include the short periodicity phase (SPP) and the long
periodicity phase (LPP) with repeat distances of approximately 6nm and 13nm respectively (12). Within the
lipid lamellae, the lipids are mainly organized in a dense orthorhombic packing, although a fraction of lipids
adopt a hexagonal packing (13, 14). Within the epidermal strata, tight junction (TJ) proteins are known to
contribute to the inside-outside barrier. They form an intercellular barrier between the epidermal cells and
function to control the selective movement of water and ions through the epidermis (15) and regulate cell

proliferation and differentiation (16, 17).

Atopic dermatitis (AD), dry skin conditions, 1* degree burns and sunburned skin are examples of skin con-
ditions associated with impaired skin barrier function (18-20). In order to develop novel formulations or
active components to enhance skin barrier repair, in vitro models are required. Currently, skin barrier re-
pair is mainly studied in animals. This does not provide an optimal situation for translation into humans as
the morphology in combination with SC properties of animal skin varies greatly from human skin (21-23).
Furthermore, removal of SC from animals causes stress and animal testing of cosmetic products and ingre-
dients have been banned in the European union since 2009. Consequently, the use of in vitro human skin
barrier repair models can play an important role in screening formulations (24-27).

Currently, no appropriate in vitro human skin models are available to study skin barrier repair. The available
human skin equivalents may offer a possibility however, applying formulations can only be performed dur-
ing generation of the human skin equivalents. This is very labor intensive and needs dedicated expertise.
In addition, an impaired barrier induced by tape stripping cannot be performed with human skin equiva-
lents, due to the poor epidermal/dermal adhesion (28).In the present study, we introduce an ex vivo human
skin model to study skin barrier repair. Using a reproducible cyanoacrylate stripping technique to remove
SC from ex vivo human skin, we investigated the regrowth of SC in vitro by characterizing the epidermal
morphogenesis, differentiation, SC lipid composition and organization. Potentially, this skin barrier repair
model can be used for optimizing formulations and active ingredients to study their effect on skin barrier
repair. The results show that the stripped skin cultured for 8 days at body temperature (37°C) or skin tem-
perature (32°C) has an actively proliferating and differentiating epidermis resulting in the regeneration of
SCin vitro. In addition, the regenerated SC lipids are organized in a crystalline lamellae with the presence

of the same SClipid classes and subclasses as seen in native human SC, with some interesting differences.



Stripping of SC with cyanoacrylate

Human breast skin was obtained from Caucasian skin donors (aged 25-42 years) after written informed
consent and handled according to Declaration of Helsinki principles. The skin was dermatomed at 400pum
using a Padgett Electro Dermatome (Model B, Kansas city, KS, USA). 18mm punch biopsies of the der-
matomed skin were used as a control. 26mm biopsies from the dermatomed skin were fixed into a custom
made stripping device (see Supplementary figure S1). A single droplet of preheated cyanoacrylate (Pattex
Gold original, Henkel, Dusseldorf, Germany) at 40°C was spread on a 20mm diameter stainless steel cylin-
der preheated to 40°C. The cylinder with cyanoacrylate was immediately placed on the skin. Standardized
pressure was applied on the cylinder using a 2kg weight. After 2 minutes the cylinder was removed in one
stroke and in alternating directions to ensure even removal of the SC from the skin surface. This stripping
procedure was repeated until the skin gave a glossy appearance indicating that most of the SC has been
removed (4-5 strips were required to remove the stratum corneum). The unstripped skin at the border of
the biopsy was removed using a scalpel, yielding stripped biopsies of 18mm in diameter. From each donor,
at least one stripped skin biopsy was used as control to analyze the number of corneocyte layers remaining
on the stripped skin surface by safranin-O-red staining (described below). Stripped and non-stripped biop-

sies were cultured as described below.

Culture procedure

Non-stripped biopsies (served as controls) and stripped biopsies were washed thrice in sterile phosphate
buffered saline (PBS, Braun, Melsungen, Germany) and placed in transwell filter inserts (Corning Life
sciences, Amsterdam, Netherlands). The skin biopsies (referred to as explants) were cultured at air-liquid
interface for 4 days or 8 days at 37°C or 32°C, 90% relative humidity and 7.3% CO2. The culture medi-
um contained DMEM and Ham'’s F12 (Invitrogen, The Netherlands) (3:1 v/v) supplemented with 0.5uM
hydrocortisone (Sigma), 1uM isoproterenol (Sigma), 10uM L-carnitine (Sigma), 10mM L-serine (Sigma),
0.053pM selenious acid (Johnson Matthey, Maastricht, The Netherlands), 0.5pg/mL insulin (Sigma), 1uM
a-tocopherol acetate (Sigma), 1% penicillin/streptomycin, 25mM vitamin C (Sigma) and a lipid mixture of
7uM arachidonic acid (Sigma), 30 uM linoleic acid (Sigma) and 0.25pM palmitic acid (Sigma). The medium

was refreshed twice a week.

Safranin-O-red staining

The cultured skin explants and the non-cultured (stripped and non-stripped) control biopsies were cryo-
fixed in Tissue-Tek O.C.T.™ (Sakura Finetek Europe B.V., The Netherlands). The sections were stained with
Safranin-O as described previously (29). Cryofixed skin of 5um thickness were stained with 1% (w/v) Safra-
nin-O solution (Sigma) for one minute and thereafter incubated in 2% (w/v) KOH solution for 30 minutes
to swell the corneocytes. Five microscopic images (from three donors) per explant or biopsy were taken at

64x magnification.

Development of human skin equivalents to unravel the impaired skin barrier in atopic dermatitis skin



9 43LdVHD

Morphology and Immunohistochemistry

The skin explants and controls were embedded in paraffin, cut at 5um thickness and stained with haema-
toxylin (2mg/ml) and eosin (4mg/ml) for morphological analysis. Immunohistochemical analysis of keratin
10, filaggrin, loricrin, involucrin, Ki67, caspase 3, keratin 6, (3-glucosylcerebrosidase, steroyl-CoA desatu-
rase and acid-sphingomyelinase expression was also performed on 5um paraffin sections. The primary and
secondary antibodies are listed in Supplementary table S1. For further details see supplementary materials

and methods.

Lipid extraction and analysis

SC was isolated from the skin explants using trypsin digestion as described by de Jager et al (30). Briefly,
the explants were incubated overnight in 0.1% trypsin solution at 4°C followed by incubation at 37°C for
1 hour after which the SC could be peeled off. Lipid extracts from 2 explants per condition, were pooled
for lipid analysis. The SC lipids were extracted by a modified Bligh and Dyer procedure (31, 32). Briefly,
liquid-liquid extraction from native human SC and cultured stripped and non-stripped explants was per-
formed using 3 different ratios of a chloroform/methanol/water mixture (1:2:0.5/1:1:0/2:1:0). The extracts
from the three mixtures were pooled together after which 0.25M KCl solution was added to the pooled
extract. The extract solution was washed with water and then the organic layer was collected after full
separation of the water and organic layer. The collected organic layer was dried under a stream of nitrogen

gas at 40°C and reconstituted in chloroform/methanol (2:1).

High performance thin layer chromatography (HPTLC): SC lipid composition was quantitatively analyzed by
HPTLC (33) described in detail in the supplementary materials and methods.

Fourier transformed infra-red spectroscopy (FTIR) and Small angle x-ray diffraction
(SAXD)

FTIR and SAXD measurements were performed as described earlier (34). The SC sheets were hydrated for
24 hours over a 27% NaBr solution prior to measurements. FTIR spectra were collected with aVarian 670-IR
FTIR spectrometer (Agilent technologies, CA, USA), containing a broad-band mercury cadmium telluride
detector, cooled with liquid nitrogen. SAXD patterns were detected with a Frelon 2000 CCD detector at
room temperature for a period of 10 min using a microfocus as described by Bras et al., (35). 3 samples per

condition were measured.

Statistical analysis
All statistical outcomes were determined using Graph-pad prism software and a two-tailed student’s t-test

to analyze the data.



Stripped ex vivo skin generates SC in vitro

The skin was placed in a customized stripping device and using a customized metal cylinder coated with
cyanoacrylate, the SC was removed sequentially (see Supplementary figure S1). The stripping procedure
reduced the SC layers in the ex vivo skin explant from 13 + 2 layers to 4 + 2 layers (figure 1a,b) as deter-
mined by counting the number of corneocyte layers from five different spots of safranin-O stained sec-
tions. No difference was observed between the amount of SC removed in the central or boundary areas of
the stripped skin. However, less SC at the furrows in the skin was removed compared to the flatter parts of
the skin as described previously (36). After the removal of the SC, these biopsies were cultured to generate
SC. After 4 days of culturing at 37°C, there was no significant increase in SC layers. However, after 8 days
of culturing at 37°C, the SC layers of the stripped skin increased to 10 + 3 layers (figure 1b). Decreasing the
culture temperature to 32°C resulted in similar observations. After 4 days of culture no significant increase
in the number of corneocyte layers was observed, but after extending to 8 days, the number of corneocyte
layersincreased to 10 + 2 layers. Non-stripped controls were also cultured in the incubator for 4 and 8 days
at 37°C and 32°C. After 8 days these non-stripped controls generated some additional corneocyte layers,
but this increase was not as pronounced as with the stripped skin (figure 1b). Since our goal was to develop
a skin barrier repair model, further analysis was performed using skin explants cultured for 8 days as the

number of SC layers generated was closer to that in native human skin.

Development of human skin equivalents to unravel the impaired skin barrier in atopic dermatitis skin



9 431dVHD

157

Figure 1: Stratum corneum (SC) layers and proliferation index in cultured ex vivo skin.(a) Swollen
SC cell layers visualized by safranin-O staining. (b) The number of corneocyte layers was counted
from safranin-O stained sections. The cyanoacrylate stripping procedure was efficient to remove
the SC which was generated after 8 days of culturing at 37°C and 32°C. (c) Proliferation index
of keratinocytes determined by Ki67 staining. The non-stripped skin explants cultured at 37°C

and 32°C show decreased epidermal proliferation. At 37°C, the stripped explants show similar



proliferation as in native human skin and at 32°C, a 2x higher proliferation than native human
skin. Data represent mean + SEM of four donors. Five microscopic pictures were taken per explant
analysis. Proliferation index was calculated from the number of Ki67 positive basal cells out of 100
counted basal cells from five microscopic images. Scale bar: 30pum, 64x magnification. NHS: native
human skin, S:stripped, NS: non-stripped, Epi: viable epidermis, SC: stratum corneum, D:dermis
*p<0.05, **p<0.01, ***p<0.001

Skin explants express epidermal differentiation proteins in vitro

Since SC is generated by cultured stripped skin explants, we examined their epidermal proliferation, mor-
phology and epidermal differentiation. The proliferation index was calculated as the percentage of prolif-
erating cells in the stratum basale by Ki67 staining. The proliferation index was drastically reduced in the
non-stripped skin explants after 8 days of culture at 37°C and 32°C. In stripped explants cultured at 37°C,
the proliferation was similar to native human skin while at 32°C proliferation was 2 fold higher compared
to the native human skin (figure 1c). We also observe Ki67 positive cells in the first and second supra-basal
layers of stripped explants cultured at 32°C. However, other conditions only showed basal cells positive for

Ki67 (data not shown).

When focusing on the number of viable epidermal cell layers, the cultured explants showed similar number
of viable cell layers as in native human skin with the exception of the stripped explants cultured at 32°C.
These showed a significant increase in the number of viable epidermal cell layers from 6+1 layers in the

native skin to 10«1 layers in the stripped skin (p<0.01, data not shown).

The stripped and non-stripped skin explants cultured at 37°C and 32°C show a normally differentiated
epidermis. However in stripped explants cultured at 32°C, the terminal differentiation is not completely

executed demonstrated by nuclei remnants in the SC (indicated by arrows, figure 2).

The early and terminal epidermal differentiation program was correctly executed in explants cultured at
37°C with the exception of involucrin and to a lesser extent filaggrin. Similar to control skin, keratin 10
(K10) was expressed in all suprabasal layers of the epidermis while loricrin and filaggrin were expressed in
the stratum granulosum. However, the number of cell layers positive for filaggrin increased to 2-3 layers
in both the stripped and non-stripped explants compared to 1 layer in control skin. Conversely, involucrin
expression in the skin explants was observed in all epidermal layers in contrast to the stratum granulosum
in native human skin.

When the culture temperature was reduced to 32°C, K10 expression was delayed in the stripped explants
as 2-4 epidermal layers were negative for K10 expression (indicated by an arrow, figure 2). Loricrin and
filaggrin were expressed as in native human skin in both stripped and non-stripped skin explants. However,
the number of cell layers positive for filaggrin was also increased in both the stripped and non-stripped
explants compared to control skin. In addition, involucrin was expressed in all epidermal layers in stripped

and non-stripped explants cultured at 32°C (figure 2).

Development of human skin equivalents to unravel the impaired skin barrier in atopic dermatitis skin
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Analysis of keratin 6 (K6) expression in the explants showed that native human skin and non-stripped ex-
plants show little or no expression of K6 in the suprabasal layers of the epidermis. Conversely, stripped
explants cultured at both temperatures showed a marked increase of K6 expression in the epidermis (sup-
plementary figure S5). In addition, the expression of caspase 3 in the stripped and non-stripped explants
cultured at 32°C and 37°C was very similar to native human skin: the expression of caspase 3 is present in

the entire epidermis in all conditions (supplementary figure S5).



Mative human skin -~ Non-stipped 37°C Stripped 37°C Non-stripped 32°C  Stripped 32°C
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Figure 2: Morphology and epidermal differentiation in native human skin compared to non-stripped
and stripped explants cultured for 8 days. Haematoxylin and eosin staining for morphological
overview and immunohistochemical staining for keratin 10 (K10), Loricrin (LOR), involucrin (INV)
and filaggrin (FLG). The stripped and non-stripped explants still display a differentiated epidermis
at 37°C but at 32°C parakeratosis is observed mainly in the SC of the stripped explants (indicated
by arrows). At 37°C, the non-stripped and the stripped explants express keratin 10, loricrin and
filaggrin with similar localization as in the native human skin. The expression of involucrin in
stripped and non-stripped explants was shifted to all epidermal layers rather than in the stratum
granulosum. Non-stripped and the stripped explants cultured at 32°C also express filaggrin and
loricrin as in native human skin however, the expression of keratin 10 is delayed and involucrin is
expressed in all epidermal layers as with explants cultured at 37°C. Scale bar: 25um. Images are
representative of results consistently observed in three different skin donors. NHS: native human

skin, S:stripped, NS: non-stripped

In vitro generated SC from stripped skin shows a similar lamellar lipid organization as
native human SC but differences in the lateral packing

The SClipid properties of the cultured explants were examined in relation to native human SC (the control).
The lateral packing was examined using the CH, rocking vibrations of the lipid chains in the FTIR spectra

from 0°C-90°C. A hexagonal lipid organization is portrayed by a single peak at 719cm™ and an orthor-
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hombic lipid packing by two vibrations at 719cm™ and 730cm™ in the spectrum. At 0°C, the lipids from
native human SC adopt an orthorhombic lateral packing demonstrated by two strong contours at 719cm™*
and 730cm™ (figure 3a). Around 42.5°C + 2.5°C, the orthorhombic packing is converted into an hexagonal
packing. This is characterized by a transition from a doublet to a singlet at 719cm™. The non-stripped skin
explants cultured at 37°C show an orthorhombic lateral packing until 40.5°C + 5.3°C (figure 3b). However,
the stripped explants cultured at both temperatures show a strong peak at 719cm™ and a small peak at
730cm™ at 0°C (figure 3c,e). The orthorhombic packing is only present until 20.7°C + 1.2°Cand 29.3 + 4.2°C
at 37°Cand 32°C, respectively i.e. the lipids are mainly organized in a hexagonal packing with a small pop-

ulation of lipids still forming an orthorhombic packing.

The conformational order of the lipids was also investigated using the thermotropic behaviour of the CH,
symmetric stretching frequencies in the spectrum. In a crystalline organization (orthorhombic or hexago-
nal packing) the conformational order is high with CH, symmetric stretching frequencies <2850cm™. In a
disordered organization (liquid phase), the CH, symmetric stretching frequencies are > 2852cm™. Since the
order-disorder transition occurs within a temperature range, the mid-point temperature at which the lipid
domains change from an ordered state to a disordered liquid state was determined (37) i.e. "Mid-point
Transition Temperature” (MTT). The results show that the MTT of the lipids in the regenerated SC of the
stripped skin explants (37°C and 32°C) is significantly lower than in non-stripped cultured controls and
native human SC (p<0.05, figure 3f). The CH, stretching frequency at skin temperature (32°C) was also
increased in the stripped skin explants cultured at 37°C compared to the non-stripped explants (p<0.05,
supplementary figure S2). This indicates an increased conformational disorder in the regrown SC of the

stripped explants.

The lamellar lipid organization was also examined in the stripped and non-stripped explants in relation to
native human skin using SAXD. In native human SC, the diffraction profiles show three diffraction peaks
indicating the 1%, 2" and 3" order diffraction peak of the LPP (depicted by 1, 2 and 3,) and crystalline cho-
lesterol domains, indicated by an asterisk (*). Peak “2” in native human skin represents both LPP (2" order)
and SPP (1%t order). The stripped and non-stripped explants cultured at 37°C show a very similar profile, and
exhibit a 1 - 3" order diffraction peak of the LPP and crystalline cholesterol (supplementary figure S3). As
the 1% order peak of the SPP is partly obscured by the 2" order of the LPP, the presence of the SPP should
induce a broadening of this peak. However, we could not obtain evidence for this broadening and thus
the presence of this phase. In addition, the explants cultured at 32°C show similar diffraction profiles as in

explants cultured at 37°C (data not shown).
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Figure 3: FTIR spectra showing the CH, rocking vibrations in the spectra of the stratum corneum
(SC) of generated stripped explants as a function of temperature (0°C-90°C). (a) Native human
SC and (b) non-stripped explants cultured at 37°C and (d) 32°C, show an orthorhombic lateral
organization. The peak intensity of the 730cm™ band is reduced in stripped explants cultured at (c)
37°C and (e) 32°C suggesting a higher population of lipids adopting a hexagonal organization. (f)
Mid-point transition temperature (MTT). Data represents mean + SEM from three donors, n.s.: not

significant, *p<0.05, NHS: native human skin, S:stripped, NS: non-stripped
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Generated SC from stripped explants contain the main SC lipid classes

The SC generated by the explants after stripping contains the main SC lipid classes CERs, FFAs and cho-
lesterol with some changes in the distribution of these lipid classes as analyzed by HPTLC. The generated
SC at 37°C and 32°C showed significantly higher CER levels respectively compared to native human skin
(figure 4b, p=0.03 and p=0.06 respectively, for relative values see supplementary figure S4). In addition, the
non-stripped controls cultured at both temperatures show a similar trend (figure 4b, p=0.04 and p=0.07, for

relative values see supplementary figure S4).

All the CER subclasses detectable by HPTLC in native human skin were present in the generated SC cul-
tured at both temperatures (figure 4c, for relative values see supplementary figure S2). However, some
differences exist in the CER distribution of the cultured explants in relation to native human SC. At 37°C
the levels of CER NS, EOH and AS/NH in regenerated SC were significantly increased compared to native
human SC (p<0.01, p<0.05). Similarly, at 32°C the regrown SC showed significant increase in CER NS and
AS/NH (p<0.01, p<0.05). The non-stripped explants cultured at 37°C and 32°C also have significantly more
CER EOH and CER NS respectively than native human skin.

We further examined the expression of [3-glucosylcerebrosidase (GBA) and acid-sphingomyelinase (aS-
mase) involved in the synthesis of CERs from CER precursors. The expression of aSmase in the human epi-
dermis shows a gradient from the basal layer to the granular layer with the highest expression seen in the
granular layer. In all cultured explants, the expression of aSmase is similar in most epidermal layers (figure
4d). In native human epidermis, the expression of GBA is localized in the interface between the granular
layer and SC. In explants cultured at 32°C or at 37°C, the localization of GBA expression is the same as

native human epidermis.

Changes in unsaturated FFA levels have been shown to be involved in SC lipid organization. Therefore,
we also examined the expression of steroyl CoA desaturase (SCD) which mono-unsaturates FFAs. SCD ex-
pression is seen in the basal layer of the epidermis in native human skin but in non-stripped and stripped

explants cultured at 32°C and 37°C the expression of SCD is extended to all epidermal layers (figure 4d).
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Figure 4: Stratum corneum (SC) lipid composition and epidermal expression of lipid synthesis

enzymes in cultured ex vivo skin. (a) The lipids were separated according to the solvent system
provided in supplementary table S2. 1-Native human skin, 2-Non-stripped 37°C, 3-Stripped 37°C,
4-Non-stripped 32°C, 5-Stripped 32°C (b) Absolute levels of cholesterol (CHOL), free fatty acids
(FFA) and ceramides (CERs) (c) Absolute CER subclasses in cultured ex vivo skin. The SC from the
non-stripped and stripped explants contains all CER subclasses in native human SC which are visible
by high performance thin layer chromatography (HPTLC). (d) Immunohistochemical analysis of
acid-sphingomyelinase (aSmase), 3-glucosylcerebrosidase (GBA) and steroyl CoA desaturase
(SCD). Data represents mean + SEM from three donors. Scale bar 25um. NHS: native human skin,

S:stripped, NS: non-stripped
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The aim of this study was to establish a human skin model to study skin barrier repair by i) removal of SC
from ex vivo skin and ii) generation of the SC during in vitro culturing of stripped skin. We established a
reproducible method of SC removal using a cyanoacrylate stripping technique which served as a starting
point. After 8 days of culturing the stripped explants at 32°C and 37°C, the number of SC layers regrown
was similar to the SC layers before stripping. The recovery of SC to control thickness after stripping in vivo
ranges from 3-6 days in the arm and leg (38). In addition, barrier recovery (calculated by recovery of trans
epidermal water loss values to baseline) after SC removal by tape-stripping in human facial skin reaches
~90% after 1 week and 100% recovery at 4 weeks (39). Duplan et al., presents an ex vivo human skin model
forirritation/repair using SDS and vasointestinal peptide (40). In order to restore native epidermal features,
the skin is treated with hydroxydecine in culture. Our present study examines skin barrier repair by removal

of stratum corneum and culturing without the addition of a formulation and is thus a different approach.

Epidermal morphology and SC layers at the end of the 8 days culture period at both temperatures are
similar to that of native human skin. However, the stripped explants cultured at skin temperature (32°C)
exhibit parakeratotic epidermis, a feature also observed after repeated tape-stripping in vivo (41). This may
occur from increased proliferation induced by stripping as nuclei are observed only in the lower layers of
the SC. Parakeratosis is associated with a hyper proliferative epidermis, delayed K10 expression, increased
involucrin expression and increased number of epidermal cell layers positive for filaggrin (41, 42). All of
these characteristics are observed in stripped skin explants cultured at 32°C. Stripped explants cultured at
37°C also display increased filaggrin and involucrin expression, but very importantly no parakeratosis and

no delayed expression of K10 is observed.

Proliferation (Ki67 expression) of stripped explants cultured at 37°C is similar to native human skin but at
32°C, proliferation is double that of native human skin. However, the number of SC layers generated after
8 days are similar at both temperatures. This may occur from the changes in proliferation index at 4 and
8 days of culture in the explants, as observed in a pilot study. At 4 days of culture, proliferation index in
stripped explants cultured at 32°C is around 1% and 30% at 37°C (data not shown). However, after 8 days,
the proliferation index is ~40% at 32°C and 12% at 37°C. This data suggests the increase in proliferation
in stripped explants as a response to the SC removal is delayed at 32°C compared to 37°C. The number
of corneocytes layers in the SC is an accumulative value and depends on the proliferation rate during the
whole culturing period as no desquamation takes place.

The SC lipid properties in the stripped explants show several similarities to native human SC. The SC from
the stripped and non-stripped explants cultured at 37°C contains the main SC lipid classes. However, we
observe a significant increase in the absolute level of CERs in the explants cultured at 37°C and 32°C. In-
crease of CER levels also occurs in other full-thickness and epidermal human skin equivalents (43). Further-
more, when focusing on the CER subclasses, 10 different CER subclasses can be detected, of which CER
NdS/NS and CER AS/NH cannot be separated. The composition of these CER subclasses is very similar to

that in native human skin, although some important differences are also noticed. The increase in the level



of CERs was accompanied by a stronger staining for aSmase suggesting its role in the increased CER levels.
ASmase catalyzes the conversion of sphingomyelin to ceramides. Sphingomyelin is a precursor of CER NS
and AS (44, 45) and both are increased by approximately 2-3 fold in the cultured explants compared to
native human SC. The change in environmental conditions and barrier disruption induces stress in keratino-
cytes. This may result in increased CERs via sphingomyelinases and up-regulation of the activity of serine

palmitoyl-transferase and/or ceramide synthases in de novo CER synthesis (46, 47).

Disruption of the SC also results in the loss of the epidermal calcium gradient which is crucial for differen-
tiation (48, 49). The loss of calcium gradient affects the expression of epidermal differentiation proteins
including filaggrin and involucrin and may also contribute to the changes in involucrin and filaggrin expres-
sion in the cultured skin explants (50, 51). In non-stripped skin, we still observe increased CER levels and
altered involucrin expression although there is no barrier disruption. The exact mechanism responsible for

these changes in non-stripped explants remains unknown.

SC lipids generated by the stripped explants adopt mainly a hexagonal organization as opposed to an
abundant orthorhombic organization in native human SC. The hexagonal lateral organization is also ob-
served in epidermal or full thickness human skin equivalents (52). In these models an increased relative
level of MUFAs was detected, which may be responsible for the abundant hexagonal packing (43, 52).
Using lipid model systems we observed indeed that increased levels of MUFA enhances the formation of
the hexagonal lateral packing (53). Therefore the hexagonal lipid organization in the generated SC in the
explants may be attributed to an increased level of MUFAs resulting from increased SCD expression. The
effect of increased SCD expression on lateral lipid organization is not observed in the non-stripped skin due
to the very low amount of SC layers generated in vitro (1-2 layers) compared to the SC layers on the skin

before culturing (13 + 2 layers).

Some features of the cultured stripped skin can be observed in barrier related skin diseases such as increase
in involucrin expression, CER NS, AS and hexagonal lipid organization (54-57). However, there are also
aspects that do not resemble diseased skin e.g. increased CER EOS, similar levels of CER NP and filag-
grin, loricrin expression as in native skin etc. This suggests that the cultured stripped skin generates some
aspects of diseased skin, but is not a perfect model for diseased skin. The cultured stripped model also
generates some important features especially seen in human skin equivalents and this might be induced

by the culture conditions (48).

We suggest that culture of cyanoacrylate stripped skin explants provides a potential model to study i) skin
barrier repair ex vivo and ii) investigating the effect of culture medium composition and environmental
conditions during culture on the restoration of the skin barrier. Firstly, the SClipid properties in regrown SC
bear some aspects observed with altered skin barrier function (57-59) including reduced orthorhombic lipid
organization and increased lipid conformational disorder of SClipids. The presence of these characteristics
in the cultured stripped explants can provide a system where formulations can be tested to enhance skin

barrier repair.
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Secondly, in the development of 3D in vitro skin models, no human skin equivalent fully mimics the SC lipid
properties of native human skin (52, 60, 61). Our model shows some advantages over the available human
skin equivalents when applied to optimization of culture conditions to mimic native human SC properties
in vitro. This is because the culture period is shorter (14-21 days for human skin equivalents) and does not
require cell isolation and seeding which saves time and is less labor intensive. It is also possible to examine

inter-donor changes in these cultures with human skin.

In conclusion, the removal of SC from ex vivo skin and culture for 8 days at 37°C generates an ex vivo human
skin model which possesses various similarities in epidermal properties to native human skin than at 32°C.

Therefore this model has the potential to be used in studying skin barrier repair.
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Supplementary figures

1 19

Supplementary figure S1: Stripping of stratum corneum (SC) from ex vivo skin. 26 mm skin
biopsies of 400 um thickness is fixed into a custom made cyanoacrylate stripping device. A single
droplet of preheated cyanoacrylate (40°C) was spread on a 20 mm diameter stainless steel cylinder
which was also preheated to 40°C. The cylinder with cyanoacrylate was immediately placed on the
skin together with a 2 kg weight to achieve a standardized pressure for 2 minutes. The cylinder was
removed in one move, with alternating directions of 180° to ensure even removal of the SC on both
sides. This stripping procedure was repeated until the skin gave a glossy appearance indicating

that most of the SC has been removed.
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Supplementary figure S2: FTIR spectra showing the CH, symmetric stretching frequency at 32°C
in the spectra of the stratum corneum (SC) of cultured explants. Data represents mean + SEM from

three donors, *p<0.05. NHS: native human skin, S:stripped, NS: non-stripped
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Supplementary figure S3: Representative x-ray diffraction pattern of SC from stripped, non-
stripped explants and native human skin. 1, 2 and 3 indicate the 1%, 2" and 3" order of the long
periodicity phase (LPP) respectively. The “2” peak from native human SC and non-stripped SC
represent both the 2" order of the LPP and the 1* order of the short periodicity phase (SPP)
Therefore, the repeat distances cannot be calculated directly from this diffraction profile.

Crystalline cholesterol is indicated by (*).
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Supplementary figure S4: Relative levels of SC lipids in cultured explants. (a) Cholesterol (CHOL),
free fatty acids (FFA) and ceramides (CERs) (b) various classes of CERs. Data represents mean =

SEM from three donors.
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Supplementary figure S5: Immunohistochemical staining for keratin 6 and caspase 3. Images

were taken at 20x magnification. Scale bar: 25um
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Supplementary tables

Table S1: Primary and secondary antibodies forimmunohistochemical staining

Antibodies Clone Dilution Company
Primary antibodies
Mouse cytokeratin 10 Ab-2 DE-K10 1:800 Neomarkers, USA
Mouse filaggrin Ab-1 FLGO1 1:800 Neomarkers, USA
Rabbit Loricrin AF62 1:1200 Covance, USA
Mouse involucrin SY5 1:1200 Sanbio, The Netherlands
Rabbit SCD Polyclonal 1:100 Sigma-Aldrich
Rabbit Ki67 SP6 1:800 Neomarkers, USA
Rabbit acid-sphingomyelinase Polyclonal 1:1000 Abcam, UK
Mouse B-glucosylcerebrosidase lgG2a 1:400 Abcam, UK
Mouse o human keratin 6 LHK6B 1:5 Neomarkers
Rabbit Caspase 3 Polyclonal 1:50 BD Biosciences
Secondary antibody
Biotinylated universal antibody, anti- Vector laboratories
rabbit/mouse IgG Burlingame, CA, USA
Rhodamine Red-X (Goat anti-rabbit) 1:300 Jackson immunoresearch
(IF) ' Laboratory, USA

) Jackson immunoresearch
Cy3 (Goat Anti-Mouse) (IF) 1:1000

Laboratory, USA




Table S2: Solvent system used for barrier lipids analysis by thin layer chromatography

Eluent Composition (v/v) Distance
(mm)

1 Dichloromethane/Ethylacetate/Acetone/Methanol (88:8:4:1) 40

2 Chloroform/Acetone/Methanol (76:8:16) 10

3 Hexane/Chloroform/Acetone/Methanol (6:80:12:2) 70

4 Hexane/Chloroform/Hexyl acetate/Acetone/ Methanol (6:80:0.1:10:4) 95

Table S3: Ceramide nomenclature

Non hydroxy o- hydroxy Esterified w-hydroxy
fatty acid (N) fatty acid (A) fatty acid (EO)
Dihydrosphingosine (dS) NdS AdS EOdS
Sphingosine (S) NS AS EOS
Phytosphingosine (P) NP AP EOP
6-hydroxy sphingosine (H) NH AH EOH

The human stratum cornuem(SC) contains 4 sphingoid bases (dihydrosphingosine (dS), Sphingosine (S),

phytosphingosine (P) and 6-hydroxy sphingosine (H)) and three acyl chains (non-hydroxy fatty acid (N),

a-hydroxy fatty acid (A) and esterified hydroxy fatty acid (EO)). Together, these result in the 12 ceramide

subclasses present in human SC.
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Morphology and Immunohistochemistry

The skin sections (except the sections stained for aSmase) were incubated in sodium citrate buffer (pH 6)
for 30 minutes at 95°C for antigen retrieval. The sections stained for aSmase were incubated in sodium
citrate buffer (pH 6) for 5 minutes at 110°C in an autoclave (Laboratory autoclave, model A275, Zirbus
technology, Germany) for antigen retrieval. Thereafter, all sections were blocked with 2.5% normal horse
serum (Vector laboratories Burlingame, CA) for 20 minutes and incubated overnight at 4°C with the prima-

ry antibody diluted in 1% bovine serum albumin (BSA) in PBS.

Staining procedure with amino-ethylcarbazole: Subsequently, the sections were incubated for 30 minutes
at room temperature with the secondary antibody (Vector laboratories Burlingame, CA) and the ABC
reagent (Vector laboratories Burlingame, CA) for 30 minutes and 10 minutes for caspase 3. The sections
were washed with 0.1M sodium acetate buffer and incubated in amino-ethylcarbazole (Sigma) dissolved in
N,N-dimethylformamide (1g/250mL) (Sigma) with 0.1% hydrogen peroxide for 30 minutes at room tem-

perature. All sections were counterstained with haematoxylin.

Staining procedure for immunofluorescence: Sections were incubated with the appropriate secondary an-
tibody for 1 hour at room temperature and mounted using DAPI Vectashield (Vector laboratories Burl-

ingame, CA).

Proliferation index: Five microscopic images per explant or biopsy (from three donors) were taken at 20x
magnification. For each image, the number of basal cells were counted and the proliferation index was

calculated as the percentage of Ki67 positive cells within the basal layer of the epidermis.

High performance thin layer chromatography (HPTLC)

To identify the different classes of lipids, co-chromatography of a standard lipid mixture was performed.
This included six subclasses of synthetic CERs (EOS, NS, EOP, NP, AS and AP (Evonik, Germany)), FFAs
(stearic acid, tricosanoic acid, palmitic acid, behenic acid, arachidonic acid, cerotic acid and lignoceric acid
(Sigma)) and cholesterol (Sigma). The ceramide nomenclature is according to the terminology of Motta et

al., (1) and Masukawa et al., (2) which is used throughout this article (Supplementary table S3).

Lipid quantification by HPTLC: The standard lipid mixture and extracted lipids were sprayed on a silica gel
plate (Merck, Germany) using a Camag Linomat IV device, (Muttenz, Switzerland) within a concentration
range of 4pg-30pg. Variation in the amounts of sprayed standard lipids allowed the calculation of calibra-
tion curves for lipid quantification. The lipids were separated using organic solvent mixtures at specific
running distances (supplementary table S2). The plate was stained with a copper acetate-copper sulfate
solution (3:1) and charred at 170°C for 15 minutes. The images were obtained with a GS800 calibrated
densitometer (Bio-Rad,CA, USA) and analyzed with quantity-one software 4.6.5 (Bio-Rad, CA, USA). The

amount of each lipid class was determined from a non-linear fit of the calibration curve from its synthetic



lipid counterpart. This provided the relative levels of the various lipid classes. The absolute values were

provided by weighing the SC before and after extraction.

Fourier transformed infra-red spectroscopy (FTIR) and Small angle x-ray diffraction
(SAXD)

The SC sheets were hydrated for 24 hours over a 27% NaBr solution and sandwiched between AgBr win-
dows (Pier-optics, Japan). The spectra were collected using a Varian 670-IR FTIR spectrometer (Agilent
technologies, CA, USA), equipped with a broad-band mercury cadmium telluride detector, cooled with
liquid nitrogen. The spectra were collected in transmission mode, as a co-addition of 256 scans at 1cm™
resolution during 4 minutes from 0°C-90°C at a frequency range of 600-4000cm™. The spectra was decon-
voluted using enhancement factor of 1.7 and half-width of 5 cm™ and analysed using Bio-Rad Win-IR Pro

3.0 software from Biorad (Biorad laboratories, MA, USA).

The samples were hydrated as described above and SAXD patterns were detected with a Frelon 2000 CCD
detector at room temperature for a period of 10 min using a microfocus as described by Bras et al., (3).
From the scattering angle, vector q was calculated from the following equation g= (41sinB)/A. 8 is the scat-

tering angle and A is the wavelength of the x-ray.
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