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Abstract
Towards the establishment and characterization
of a human skin explant co-culture model with SZ95 sebocytes
Zur Etablierung und Charakterisierung
eines humanen Ko-Kultur-Hautmodells mit SZ95 Sebozyten

Georgios Nikolakis

Abstract
The maintenance of normal human sebocytes in organ culture and in vitro is extremely
difficult and barely reproducible, mainly because the cells are programmed to differentiate
and undergo holocrine secretion, i.e. cell membrane rupture and release of their content.
Therefore, we developed a skin explant model, where skin specimens are co-cultured for 6
days with a monolayer cell culture of the immortalized human SZ95 sebaceous gland cells
(sebocytes). Through model variation the molecular cross-talk between SZ95 sebocytes and
the skin specimens is possible both through direct cell-tissue as well as humoral contact. The
structural integrity of the skin explant epidermis was facilitated through the co-culture in
direct contact. Parallel co-cultures with human fibroblasts provided evidence for the cell type
specificity of the aforementioned results. Interestingly, the presence of SZ95 sebocytes in the
culture system in direct contact with the skin specimens reduced the secretion of IL-6 by the
latter. Immunohistochemical labelling with antibodies raised against IL-6 and IL-8, showed
that IL-6 was expressed in both the epidermal as well as the dermal component of the skin
explants, while IL-8 was not expressed from the epidermal keratinocytes. Stratum corneum
excessive thickness and size of the vital non-cornified epidermis were modified towards
normalization after direct contact co-culture of the explants with SZ95 sebocytes. In addition,
DNA fragmentation (TUNEL technique) showed decreased apoptosis and Ki67
immunostaining a partial conservation of Ki67 expression in basal epidermal keratinocytes of
the skin specimens co-cultured with SZ95 sebocytes, indicating a normalising effect of SZ95
sebocytes towards the ex vivo skin homeostasis. On the other hand, SZ95 sebocytes cocultured with skin specimens in direct contact exhibited increased lipid accumulation and
stronger expression of the differentiation markers keratin 7 and epithelial membrane antigen,
suggesting that this co-culture setting promoted their differentiation. Surprisingly, the
aforementioned beneficial effects of SZ95 sebocytes on skin homeostasis and of skin explants
on sebaceous differentiation were not observed in humoral-contact co-cultures. Spontaneous
LDH release did not exhibit significant differences between direct or humoral co-cultures and
controls and western blots of skin explant lysates deriving from humoral co-culture
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experiments and controls did not exhibit visible differences in caspase-3 activation as initiator
of apoptosis. These data underline a cross-talk of human sebocytes and skin specimens under
specific co-culture conditions but also a major role of sebocytes in skin homeostasis,
proposing their addition to three-dimensional skin models.

Zusammenfassung
Die Kultivierung normaler humaner Sebozyten in der Organkultur und in vitro ist besonders
anspruchsvoll und schwer reproduzierbar, hauptsächlich weil die Zellen differenzieren und
einer holokrinen Sekretion sich unterziehen, i.e. Zellmembranruptur und Freisetzung ihres
Inhalts. Aus diesem Grund haben wir ein Hautexplantatmodel entwickelt, in welchem
Hautproben über 6 Tage mit Einschichtzellkulturen von immortalisierten humanen SZ95Talgdrüsenzellen kokultiviert wurden. Durch Variationen des Modells konnte man die
molekulare Wechselwirkung zwischen Zellen und Haut beim direkten und humoralen
Kontakt untersuchen. Die strukturelle Integrität der Hautexplantat-Epidermis wurde durch die
Kokultur im direkten Kontakt begünstigt. Die parallele Kokultur mit humanen Fibroblasten
als Kontrolle bewies die Zelltypspezifität der Ergebnisse. Interessanterweise reduzierte die
Präsenz von SZ95-Sebozyten in der Kokultur in direktem Kontakt mit der Haut die Sekretion
von IL-6 aus den Hautproben. Immunohistochemische Färbung mit Antikörpern gegen IL-6
und IL-8 wiesen IL-6 im epidermalen und dermalen Komponent der Hautexplantaten nach,
jedoch wurde IL-8 nicht von den epidermalen Keratinozyten exprimiert. Die exzessive
Verdickung des Stratum Corneum und die Größe der vitalen nicht kornifizierten Epidermis
wurden durch die Kokultur der Hautexplantaten mit SZ95-Sebozyten in direktem Kontakt
normalisierend beeinflusst. Darüber hinaus wurde mit Hilfe der DNS-Fragmentation
(TUNEL-Methode) eine reduzierte Apoptose und mit Hilfe der Immunfärbung gegen das
Ki67-Antigen eine partiale Konservierung der Ki67-Expression in basalen epidermalen Zellen
gezeigt, die auf ein normalisierendes Effekt auf die ex-vivo-Homeostase der Haut hinwies.
Auf der anderen Seite, zeigten die in direktem Kontakt mit der Haut kokultivierten SZ95Sebozyten eine erhöhte Lipidakkumulation und stärkere Expression von Keratin 7 und
epithelialem Membran-Antigen. Das wies auf die Förderung der sebozytären Differenzierung
durch die Kokultivierung auf. Die o.g. positiven Effekte wurden im Fall der humoralen
Kokultur weder Effekte der SZ95-Sebozyten auf die ex-vivo-Haut Homeostase noch der Haut
auf die sebozytäre Differenzierung beobachtet. Die spontane LDH Freisetzung zeigte keine
signifikanten Unterschiede zwischen direkten bzw. humoralen Kokulturen und Kontrollen.
Darüber hinaus konnte mittels der Westernblotmethode bei humoralen Kokulturen und
Kontrollen keine Aktivierung von Caspase-3 als Initiator der Apoptose nachgewiesen werden.
Zusammenfassend stellen die o.g. Daten eine Wechselwirkung zwischen humanen Sebozyten
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und ex vivo-Hautproben unter spezifischen Kulturbedingungen heraus. Außerdem wurde eine
wichtige Rolle der Sebozyten für die Hauthomeostase nachgewiesen, welche für ihre
Hinzufügung in zukünftigen dreidimensionalen Hautmodellen spricht.

Introduction
1.1

Three dimensional (3D) skin models and their functions

The understanding of human skin biology has always been a field of great interest for various
reasons: Skin is the largest organ of the body and it is easily accessible for research purposes.
The development of several models helped to perceive the physiology of skin properties, the
underlying pathophysiology of skin diseases and also to determine the action of various
substances. Nowadays, the conception of the skin as only a barrier between the body and
environmental stress (micro-organisms, radiation, temperature changes, chemical or
mechanical trauma) gave its place to the idea of the skin as a constitution of multiple miniorgans, which interact with each other and the rest of the body, forming an immunecutaneous-endocrine network [1, 2]. The well-established monolayer culture of isolated cell
types cannot represent the in-vivo microenvironment, since they cannot depict the cell-cell
and cell-matrix interactions, which lead to different phenotypes, receptor expression,
metabolic function and response to various chemical compounds when cultivated in proximity
in vivo [3-5].
In the beginning of functional dermatological research, the use of animal models was the
main way of studying the communication of the skin with various pharmaceutical products.
Substances were topically applied on healthy animal skin and their effects were studied and
measured. The use of animals for the study of pharmaceutical or cosmetic products with a
potent irritant potential was first introduced by Drazie et al. [6] 65 years ago. Despite
providing the in vivo cellular molecular crosstalk, the inevitable sacrifice of animals in order
to further elucidate the effects of investigative compounds was a major reason for the recent
restrictions of animal use in drug and cosmetics industry [7]. Apart from the ethical reasons,
skin models often provided controversial information [8, 9] and there are differences between
animal and human skin physiology and pathology which could not be overlooked [10, 11].
For the aforementioned reasons, the 7th Amendment of the EU ‘cosmetics directive’ stated
that animal studies should always be seen under the prism of the 3R-principle. (Reduce –
number of animals tested, Refine – narcosis and other procedures for minimizing animal
stress, Replace- replacement of animal testing with in vitro methods) [7, 9, 12].
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These facts depicted the importance of human models and especially 3D human skin models
or organotypic skin models, which are classified into two main categories: skin explant
models and in vitro reconstructed skin.
1. Organ skin cultures or skin explant models, which are full-thickness or splitthickness pieces of human skin obtained from surgical procedures or biopsies and
cultured in the appropriate medium after proper decontamination and sometimes
removal of the subcutaneous fat.

2. In vitro reconstructed skin or artificial skin or human skin equivalents (HSE),
where the layers of the skin or the epidermis were reconstructed step by step in a
gradual process of combining isolated human cells formerly in 2D culture in a living
interacting structure [13].
The organotypic models, besides their application for in vitro studies, have numerous in vivo
applications such as the use as epidermal or dermal substitutes after serious wounding to
prevent excessive loss of fluids and contamination till there is an autograft available, to
improve the result of skin transplantation in areas of mechanical stress, to prevent wound
contraction and to form specifically engineered allografts, which do not express the proteins
that can trigger the immune response of the recipient [9].

1.2

Skin explant models

Skin explant models have the crucial advantage of including all skin cell types, representing
from this point of view better the in vivo environment than skin equivalents. In the case of
hospital and laboratory collaboration the source of material is quite accessible and less
arduous than an in vitro skin reconstruction. Apart from assessing the corrosion or irritation
potential of different substances, they can be utilized for various purposes, such as wound
healing, inflammation, tumor growth or UV-induced damage. Moreover, organ culture
models can provide an opportunity of personalized testing of various compounds, since skin
of a patient can be directly taken and utilized for the in vitro studies [13].
Skin explants have the main advantage of comprising most of the cellular types and their
interactions, as they derive directly from human skin. Easily accessible, they can be cultured
short-term fully submerged in medium [14, 15] or on the air-liquid interface, when a longer
incubation period is needed. The explant in this case is placed on a metallic grid or a
microporous insert, with the epidermis facing upward and remaining outside the culture
medium, a factor which is critical for terminal epidermal differentiation [16-19]. Cases have
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been described where no support is used, with skin explants floating in medium, with the
same compartment orientation [20, 21].
DMEM/Ham’s F12 and William’s E medium are used commonly for culturing skin explants
in the air liquid interface. The medium usually contains physiological concentrations of Ca++
(1.5 mM). Physiological concentrations of calcium are believed to play a role in skin explant
layer cohesion, stimulation of ECM production and contribution to epidermal differentiation
[22-26]. Animal serum is omitted, since it is not chemically defined and it might interfere
with the interpretation of substance testing results.
Skin explants can be usually cultured for a maximum of 7-14 days. Histochemical analysis of
skin explants shows visible differences of skin structure quality over culture time, such as
thinner epidermis and parallelly thicker stratum corneum, cleft formation, nuclear
condensation [27, 28], after which vacuolization of the basal keratinocytes and subsequent
acantholysis are prominent. However, there were studies which reported skin organ culture
maintenance for more than two weeks [21] and up to 28 days [29]. To prevent excessive
dermal contraction and to facilitate better fusion of medium nutrients across the entire skin
specimen, the skin is sliced into small pieces in most skin organ culture models. In other
studies, larger skin specimens were used (0.5 x 1.0 cm), while cross-sectioning ensured stable
and standardized tissue conditions, preventing potential misinterpretations because of
ubiquitous fusion between different sections of the samples. To face the problem of skin
explants lacking contraction and tension of tissue in vivo, skin explants (2.5 x 2.5 cm) were
fixed with the epidermis facing upwards in a special stainless steel chamber, so that tension
could be applied to the cultured skin explant to prevent dermal contraction mediated by
elastic fibers [29].
Morphological evaluation after hematoxylin-eosin staining is the first step in the assessment
of skin viability after incubation with various compounds. The 5-dimethylthiazol-2-yl-2,5diphenyltetrazolium bromide (MTT) assay [30] and the detection of the intracellular enzyme
lactate dehydrogenase (LDH) released after cell death to the culture supernatant can also be
applied as markers of organ culture skin viability [31-33]. The corrosion of various
substances is assessed in artificial skin and skin explant models [30] by the MTT assay. In
this assay, the viability of the tissue is assessed by the mitochondrial reduction of MTT to the
dissoluble purple salt formazan, which can be extracted with ethanol or isopropanol solution
and measured by a spectral photometer. Assessment of pro-inflammatory cytokines, such as
interleukin (IL)-6 and IL-8, is helpful in determining the irritation potential of corrosive and
irritant compounds as well as contact sensitizers, while procollagen I and amphiregulin
detection is useful to reflect fibroblast and keratinocyte growth inhibition, respectively [34].
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Amphiregulin is an autocrine growth factor of the epidermal growth factor (EGF) family
produced by keratinocytes, which induces keratinocyte proliferation through paracrine
stimulation [35-37]. As far as immunocytochemistry and immunofluorescence are concerned,
proliferation markers (Ki67, PCNA, BrdU), [38, 39], combined with apoptosis markers
(terminal transferase dUTP nick-end labeling technique-TUNEL for labeling DNA
fragmentation and cleaved caspase-3 as an effector caspase of apoptosis) are commonly used
to detect the balance between proliferation and apoptosis of human skin explant epidermis,
thus being a method of assessing its homeostasis [21, 40-42]. Changes of the relationship
between Ki67- and apoptosis-positive cells of skin explants, in correlation with allocation of
the first in the epidermis, can be a sign of skin explant degeneration [21, 29].

1.3

In vitro engineered skin models

Artificial skin models were developed in order to reproduce and explain key mechanisms of
skin cellular cross-talk and to better assess the hazard potential of various compounds. They
have advantages over animal models and skin explants in representing human anatomical
structure and reproducibility, respectively. They can be further classified into a) models of
epidermis, which consist of keratinocytes on a scaffold differentiating into a fully stratified
epithelium at the air-liquid interface (ALI), b) dermal equivalents of fibroblasts seeded on a
matrix and c) full-thickness skin substitutes constructed in a two-step process, in which
keratinocytes are seeded on a dermal compartment, formerly inoculated with fibroblasts, and
are allowed to differentiate after exposure to ALI (see fig. 1) [9, 13, 43].

Fig. 1: Simplified step-by-step process of in vitro skin reconstruction. Alternatively,
fibroblasts can be seeded directly as a mixture with the components of the scaffold (mainly
bovine or rat tail collagen I), instead of gradually populating the scaffold, as shown in the
picture. ALI: Air Liquid Interface
Dermal skin equivalents were among the first developed after seeding fibroblasts on a bovine
collagen type I lattice [44, 45]. The substitute, after the addition of keratinocytes, was
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introduced commercially for the treatment of chronic wounds and for testing the risk of
potential irritants and corrosive substances [46, 47].
Induction of terminal keratinocyte differentiation through air exposure seems to be the
cardinal factor for multilayered stratified epidermal development [19, 48]. The cornified
envelope of terminally differentiated keratinocytes (corneocytes) is a protein-lipid layer,
which forms a hydrophobic barrier between the environment and the body [49]. The proteins,
which mainly take part in its creation, are involucrin and loricrin, which are cross-linked by
enzymes called transglutaminases (TGs) for the formation of the cornified envelope [50-53].
The lipids, which are contained in the lamellar granules of the keratinocytes of stratum
granulosum, are the mortar between corneocyte proteins that repels water and various
substances. The production of growth factors by fibroblasts is the key to appropriate
epidermal differentiation, stimulating the basement membrane protein synthesis and
keratinocyte differentiation through the secretion of cytokines, such as transforming growth
factor (TGF)-β and keratinocyte growth factor (KGF) [54-56]. The reconstructed epidermis
models can remain viable for up to two months, but absence of desquamation results in a
gradual thickening of stratum corneum, which might influence the results of substance testing
[57]. The expression of proteins of the cornified envelope [mainly involucrin and loricrin [49]
and secondary small proline rich proteins (SPRP) and S100)], as well as the enzymes which
catalyze their cross-linking (TGs), ensure terminal keratinocyte differentiation and
stratification of the artificial epidermis and can be detected with immunohistochemistry
and/or immunofluorescence techniques [58]. The epidermal layer of expression gives
valuable information about how effectively the epidermal differentiation represents the invivo conditions. Keratin (K)10 is an early differentiation marker, detected in all suprabasal
keratinocyte layers, indicating normal differentiation process [59, 60]. K6 and K16 are
referred to as markers of hyperproliferation and wound healing [60]. For the basal membrane
antibodies against collagen IV, VI, laminin and α6 integrin are representative proteins for
structural integrity, which imply an effective functional consistency [58, 61-64]. Adherent
structures such as desmoglein 1 and 3, desmocollin and plakophilin 1 were also identified as
crucial factors of epidermal integrity [64].
Extracellular matrix (ECM) protein expression also plays a major role in reflecting the
molecular cross-talk of different cell types [56, 65]. Newly composed ECM components from
fibroblasts such as collagen type I and III, fibronectin, fibrillin 1 and elastin were detected
with immunohistochemical methods in an engineered human skin equivalent. [58, 66]
The cell origin plays an important role in the reconstruction of skin equivalents. Cell lines
were considered to be a good solution to donor-to-donor variability problems. However, the
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use of the immortalized cell line of HaCaT keratinocytes led to impaired epidermal
differentiation, since the early differentiation markers K1 and K10 were expressed irregularly
across all cell layers, including the stratum basale. Ceramide composition was also impaired,
thus highlighting an impaired barrier function [60].
The scaffold used is important for artificial skin generation. Porous filters were the first
scaffolds used, allowing the integrin-mediated attachment of keratinocytes to their surface,
followed by air exposure-induced differentiation [67, 68]. For generation of full thicknessskin models, synthetic de-epidermized dermis (DED) [69] or biological human or animal
derived scaffolds [70] and sponges from various materials were used, such as a hydrated gel
of collagen I [71], fibrin gel [72], collagen/chitosan chondroitin-4-6 sulfates [73], synthetic
human elastin [74], polycaprolactone [75, 76], polylactic-co-glycolic gel, [77] their mixture
with collagen, [76, 78, 79] and a collagen vitrigel membrane [80]. These synthetic scaffolds
are valuable for preventing excessive fibroblast contraction of the pseudodermis during longterm culture, with the disadvantage of not representing the in vivo ECM variable and the lack
of adhesion molecules [9]. These problems can be solved by generating fibroblast-derived
matrices with the self-assembly method: fibroblasts are seeded in high densities on polyester
permeable supports and cultured for three weeks, thus creating a fibroblast-derived human
ECM, with ascorbic acid being the main stimulating supplement of processing pro-collagen to
collagen α-chains [81, 82].

1.4

In vitro engineered skin models: the rationale for integration of
cutaneous appendages

Many skin models have been developed commercially over the last years in order to assess
the properties of agents with a corrosive, irritant or beneficial potential. The reconstructed
epidermis models can remain viable for up to two months, but the gradual thickening of
stratum corneum, because of the absence of desquamation, might influence the results of
substance testing [57].
On the other hand, for the assessment of results of various substances the involvement of
cutaneous appendages, as well as other cell types in an in vivo skin microenvironment should
also be taken into consideration. For this reason, there has been a systematic effort to
introduce of other cell types and cutaneous annexes to in vitro reconstructed skin according to
the future application purpose.
Phototoxicity tests using artificial skin necessitate the integration of melanocytes to skin
equivalents [83-85]. Lee et al. [86] constructed an epidermis equivalent with keratinocytes
and melanocytes and measured the release of the inflammatory cytokines IL-1α, IL-1β and IL-
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6 after topical application of three known phototoxic agents. Cells from individuals with light
and dark phototypes were used for the study of impaired photoprotection [87], while chimeric
substitutes from Caucasian and Negroid donors were applied to clarify the roles of
melanocytes and keratinocytes in photoprotection via skin pigmentation and anti-oxidant
protection, respectively [88].
The study of human hair growth and the epithelial-mesenchymal interactions occurring in hair
follicles led to the development of various organotypic skin structures in investigating hair
growth occurring ex vivo or in integrating hair follicles in reconstructed skin in vitro. Michel
et al. [89] managed to insert complete pilosebaceous units in a fibroblast – keratinocyte
organotypic model. The pilosebaceous units have been obtained with thermolysin digestion of
hairy human skin in order to highlight the importance of hair follicles for percutaneous
substance absorption, without focusing on the role of the sebaceous gland. Havlickova et al.
[90] co-cultured outer root sheath keratinocytes with follicular dermal papilla fibroblasts
under different culture medium and culture design conditions. Krugluger et al. [91]
established a method of a skin organ culture, where hair-follicle formation is induced by
follicle-derived cells.
The introduction of Langerhans cells (LCs) into HSEs was proposed for testing cutaneous
immunological reactions of the skin to potential allergens [92]. The task has proved arduous,
since the first attempts resulted in the integration of round pyknotic cells in the epidermis [9,
93]. To adress this problem, researchers integrated CD34+ hematopoietic progenitor cells,
which were differentiated in a second step to mature LCs with the help of various cytokine
cocktails, including granulocyte macrophage growth factor (GM-CSF), tumor necrosis factorα (TNF-α) and TGF-β1. Mature LCs were identified by the expression of specific markers and
the intracellular presence of the characteristic Birbeck granules [93, 94].
Vascularization of 3D skin models is lacking. Angiogenesis models have been developed with
the formation of capillary-like structures from the co-culture of human fibroblasts with human
umbilical vein endothelial cells, in a scaffold composed of chitosan, cross-linked collagen and
glycosaminoglycans [95]. Endothelial cells were integrated directly or in microspheres into
reconstructed skin dermis, forming capillary-like structures but not true capillaries, since the
critical factor of shear stress, caused by blood flow, was missing [95-98].
In another approach, sweat gland cells were used to form a functional epidermis. The fact that
all three TGs were identified in sweat gland-derived epidermis, when only TG5 is detectable
in sweat gland cells in vivo, suggests the possibility of a re-programming of the sweat gland
cells, or the existence of stem cells of the sweat gland capable of forming an epidermis close
to the in vivo anatomy [49].
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Lately, the co-culture of human adipose-derived stromal cells with skin explants highlighted
the paracrine effects on the expression of Wnt1 mRNA in the latter [99]. Wnt signaling is a
pathway involved in driving stem cells to the hair follicle lineage [100].
Since both skin explants and in vitro reconstructed skin lack innervation, Lebonvallet et al
[101] developed an organotypic co-culture model of skin explants with primary sensory
neurons from the dorsal root ganglia of rats. The co-culture lasted for 10 days and a dense
network of nerve fibers was formed, which was reported to affect the apoptosis rate of
epidermal keratinocytes, without modifying their proliferation rate [13].

1.5

Advantages and disadvantages of 3D skin model types

There are major advantages of the skin explant culture, in comparison to skin equivalents
(summarized in fig. 2):
a) the process is much easier and less expensive than the multi-step process of isolating cells
and creating 3D structures,
b) this model is immediately available for application in contrast to the time-consuming
preparation of sufficient number of cells to support a full-thickness reconstructed skin model
(two to three weeks),
c) involvement of ethical issues,
d) the expensive maintenance of cell banks essential for the models, the price of scaffolds
and sponges which are used as temporary matrices,
e) the fact that only a few of the cultures will be useable for further experiments is limiting
the widespread use of reconstructed skin models,
f) skin explants usually include all types of cells, whereas in reconstructed skin mostly
fibroblasts, keratinocytes and occasionally melanocytes have been integrated,
g) the integration of cutaneous annexes is lacking in reconstructed skin, or it proves to be
difficult and problematic,
h) in reconstructed skin the cells are only affected by the age of the donor and do not seem to
depict extracellular matrix changes caused by ageing [102].

However, there are also disadvantages, such as:
a) explants can be used for investigations for a maximum of 14 days of culture depending on
culture conditions, whilst reconstructed skin can be used for up to several weeks,
b) the process followed to create reconstructed skin varies according to its future use for
further investigations, flexibility which the skin explants cannot offer,
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c) skin explants are characterized by their variability according to the donor age, diseases,
medication, sun exposure, etc.
On the other hand, innervation and lymph/blood vessels are missing from skin explants, and
the results of adding both to artificial skin are being questioned (no interaction of nerve cells
with epidermis) [103, 104]. Desquamation, the last step of epidermal differentiation, needs a
scratch or rub to take place and this is why it cannot be reproduced in vitro in both cases.
Furthermore, in either case the skin cannot be preserved and needs to be used immediately
[105-107].

Fig. 2: Advantages and disadvantages of skin-explant models versus in vitro-reconstructed
skin
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1.6

Methods of culturing primary sebocytes

The culture of sebaceous gland (SG) cells has been a field of experimental interest, since it is
extremely vital for the understanding of the pathophysiology of diseases such as acne
vulgaris, seborrhea or sebostasis. The animal models developed, such as sebocyte-like
differentiating preputial cells [108, 109] would not suffice, since these diseases are
exclusively human. For this, the need for human sebocytes in vitro models was prominent.
Karasek [110] was the first to describe the culture of human sebocytes in a 3T3 feeder layer
after enzymatic dissociation of SG deriving from SG-rich dermal regions, without managing
to retain their characteristics in vivo. Doran et al. [111] altered his method, by immersing 0.4
mm dermal sections in 10 mg/ml dispase, diluted in DMEM containing 10% fetal calf serum
(FCS) and antibiotics for 30 min at 37oC and subsequently in 0.3% trypsin/1% EDTA for 15
min at 37oC. After washing with phosphate buffered saline (PBS), the specimens were
scrapped in serum-containing medium, so that a sufficient number of sebocytes could be
obtained. The suspension was cultured in supplemented Iscove’s medium on a feeder layer of
mitomycin-C-inactivated 3T3 fibroblasts. Xia et al. [112] conceived the idea of SG
microdissection in his approach, based on the fact that trypsinization affects the proliferating
sebocytes and should be avoided, as well as the idea that germinative cells of the SG are
found in the peripheral walls, which need to remain intact in order to provide sufficient
outgrowths of sebocytes later. Small pieces of full-thickness skin were washed with PBS,
treated in 2.4 U/ml dispase for 20 h at 4oC, to separate the epidermis from the dermis, and the
latter was treated with 0.02% desoxyribonuclease at 37oC for 15 min. SG were then
microdissected, their ducts were removed and the globules were seeded on a mitomycin-Cinactivated 3T3 fibroblast layer in DMEM/Ham’s F12 medium, containing 10ng/ml human
EGF (hEGF), 10% FCS, 0.4μg/ml hydrocortisone, 10-9 M cholera toxin, 3.4 mM L-glutamine,
antibiotics at 37oC with 5% CO2. The sebocytes isolated with this method were subcultured
for a total of three passages. Lee used collagenase to treat the isolated sebaceous glands
before culturing them in William’s E medium supplemented with ITS complex (10 μg/ml
insulin, 10 μg/ml transferrin, 10 ng/ml sodium selenite), 2 mmol/L L-glutamine and
antibiotics [113]. Zouboulis avoided the addition of hydrocortisone in the medium and used a
composition of both human serum and FCS [114]. In order to achieve a better yield of
primary sebocytes, Abdel-Naser proposed the covering of SG lobules with a sterile coverglass during the first 72 h of culture, thus providing an excellent contact with the culture plate
and subsequently making it possible to obtain significantly higher numbers of them [115].
Fujie et al. [116] omitted the 3T3 feeder layer but dispersed sebaceous lobules to single cell
solution by trypsinization. Finally, Seltmann et al [117] modified the technique introduced by
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Xia et al. [112], omitted the feeder layer and added to the medium of the microdissected SG
outgrowths 4-10 ng/ml KGF and 1 mg/ml bovine serum albumin (BSA).

1.7

Difficulties of maintaining sebaceous glands and sebocytes in culture

One of the first models developed for studying SG was the maintenance of SG lobules ex
vivo [118]. In this approach, SG were isolated by shearing [119] from normal midline chest
skin of male patients. The specimens were washed in Earle’s balanced salt solution, sliced in
5 mm pieces and repeatedly cut until reaching a porridge-like consistency. The glands were
recognized with a dissecting microscope, surrounding collagen was removed and SG were
maintained floating on polycarbonate filters in 5 ml William’s E medium at 37oC,
supplemented with antibiotics, 2 mM L-glutamine, 10 μg/ml insulin, 10 ng/ml EGF, 10 μg/ml
transferrin, 10 ng/ml hydrocortisone, 10 ng/ml sodium selenite, 3 nM triiodothyronine, 1%
(vol/vol) trace elements mix, 10 μg/ml bovine pituitary extract and buffered in a humidified
chamber with 5% CO2. Phenol-red was not added to the maintenance medium, since its weak
estrogen action affected the lipogenesis rates of the dissected SG. The addition of 10% FCS to
the medium also inhibited lipogenesis. Removing EGF increased the production of sebaceous
lipids over 7 days. In the absence of the former three substances, SG were reported to retain
the in vivo rates of cell proliferation and lipid accumulation, maintaining their in situ
morphology, with peripherally undifferentiated, partially differentiating and mature
sebocytes. The model successfully showed a reduction of lipogenesis through 17β-estradiol
and 13-cis retinoic acid, although the addition of testosterone and 5α-dihydrotestosterone
(DHT) had no stimulatory effect on lipogenesis rates, probably because of absence of the
peroxisome proliferator-activated receptor (PPAR) ligand linoleic acid in the medium [120].
The addition of bovine pituitary extract in the culture medium is also not chemically defined.
Lu et al. [21] developed an organ culture skin model for the long-term study of hair
elongation for over two weeks. It is supported that SG morphology is not altered until day 5.
A careful examination of the photos provided in the publication shows that the sebocytes in
proximity to the germinative layer of the periphery exhibit considerable vacuolization, which
is a sign of potential differentiation. Moreover, no photos showing staining of the SG with
antibodies raised against Ki67 are provided as immunohistochemical evidence that basal
sebocytes still have a proliferative potential. In addition, the epidermis appears completely
degenerated with just a few viable layers from day 12 of organ culture.
The major problem of retaining sebocytes in culture is the fact that they spontaneously
undergo holocrine secretion, where they gradually accumulate lipid droplets, until they burst
and die, releasing their content to the supernatant. For this reason, primary sebocytes can only
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be subcultured for a maximum of three to six passages. On the other hand, the immortalized
SG cell line SZ95 [121] was shown to present the characteristics of normal sebocytes in vitro.
DNA fragmentation of SZ95 sebocytes was detected already after 6 h, while cell lysis,
assessed by LDH release, could only be detected after 24 h [122]. These data confirm that
sebocytes undergo apoptosis spontaneously (see fig. 4), which could explain their natural
elimination in vitro.

Fig. 3: Sebocytes undergoing holocrine secretion in vivo: Overlay image of TUNEL
(green) staining of a SG to detect cell apoptosis, with DAPI (blue) counterstaining for nuclear
visualization. As it has been shown, DNA fragmentation, as one of the concluding events of
apoptosis, is prominent for differentiating sebocytes, while sebocytes of the basal layer are
not stained.

1.8

The solution of sebocyte cell lines

In order to address the problems of maintaining a model mimicking the SG functions in vitro,
Zouboulis et al. [121] were the first to conceive the idea of an immortalized SG cell line,
which would provide cells able to be subcultured for a sufficient number of passages, while
retaining their fundamental characteristics, namely lipid synthesis and accumulation parallel
to their differentiation. For this, facial SG cells deriving from a 87-year old female patient
were transfected with aPBR-322-based plasmid, which contained the coding region for the
Simian virus-40 large T antigen. The resulting clones, (mainly the clones K7 and K6) were
characterized and were shown to retain their cell type characteristics even after 50
subcultures, without exhibiting any signs of senescence:
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1. Polymorphous appearance with cells of different sizes and abundant lipid
droplets observed in the cytoplasm.
2. Expression of K7, epithelial membrane antigen (EMA), sebaceous gland
antigen

(SGA)

and

other

sebocyte

markers

as

determined

by

immunocytochemistry and western blotting.
3. Lipid synthesis and composition matching sebum.
4. Inhibition of proliferation induced by treatment with retinoids.

100 μm

100 μm

25 μm

Fig. 4: SZ95 sebocytes in 50% confluency cultured in FCS-containing medium, stained with
antibodies raised against phosphohistone H3 (green) and cleaved PARP (red), indicating
SZ95 sebocytes in the M phase of their cycle (labeled green) and undergoing caspasemediated apoptosis (labeled red), respectively. SZ95 undergo apoptosis spontaneously, which
ends with cell rupture and release of the cellular lipid content in the supernatant.

Thiboutot et al. [123], copied the method of Zouboulis et al. [124] to develop a second
immortalized SG cell line from sebocytes isolated from the preauricular area of a 55-year old
male, termed SEB-1. This SG cell line also expresses characteristic sebocyte proteins and
accumulates lipid droplets, which could be detected with Oil red staining.
A third SG cell line was created by Lo Celso et al. [125] from sebocytes isolated from the
face of an adult male after a facelift procedure. This cell line is not fully characterized, since it
was only developed for tumorigenesis studies. The cells were immortalized by transduction
with a retroviral vector containing HPV16/E6E7 genes, packaged in PA317 cells. The
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sebocytes, prior to transduction, were plated on mitomycin C-treated 3T3-J2 cells in
keratinocyte medium. Sebocytes were transduced by co-culture with mitomycin C-treated
packaging cells in the presence of 3T3-J2 cells. Six days later the PA317 and 3T3-J2 cells
were substituted with mitomycin-treated 3T3-J2 NHP cells. The cell line, named Seb-E6E7,
was subcultured for 30 passages, expressing K7, a marker of early sebaceous differentiation.
Surprisingly, both SZ95 and Seb-E6E7 sebocytes were expressing involucrin, which is a
marker of keratinocyte differentiation of interfollicular epidermis. Moreover, after exposure
of SZ95 cells in the air-liquid interface, the basal layers expressed K7, while patches of SZ95
at the suprabasal layers were Nile-Red positive, indicating lipid accumulation. These patches
were involucrin- and cornifin-negative, thus introducing an, at least, bipotent character of
SZ95 differentiation, to either mature sebocytes or interfollicular keratinocytes.
Lastly, a fourth sebocyte cell line, named SEBO662, was generated by copying the method of
Lo Celso et al. [125]. Sebocytes were immortalized with a retroviral vector, containing
HPV16/E6E7 genes, by using a 293T cell-based system [126]. The SEBO662 cells were
cultured for 10 days in the air liquid-interface and expressed the differentiation marker EMA
in suprabasal layers, while it was not abundantly expressed in monolayer culture. On the other
hand, the proliferation marker Ki67 and the early differentiation marker K7 were expressed
abundantly across the reconstituted sebaceous-like epithelium. The SEBO662 cell line is the
less characterized one among four cell lines up to now. The relevant report indicates low
loricrin and filaggrin mRNA levels of SEBO662 cells detected by RT-PCR [127], but no
involucrin studies were performed, which would confirm the data of Lo Celso et al. [125] and
would exclude the possibility of SEBO662 differentiating to an interfollicular keratinocyte
direction [127].
Of the existing cell lines, only the SZ95 SG cell line has been fully characterized, has been
and is being currently used in various laboratory studies worldwide and is internationally
patented, allowing its commercial use after a licensing procedure.

1.9

Common functions of the sebaceous gland

The human SG is a small branched type of multiacinar gland, which can be found in all body
areas except of palms, sole and dorsum of the feet. The SG is an integral part of the
pilosebaceous unit (including also the hair follicle and the arrector pili muscle) and consists of
secretory lobules formed from its epithelial cells, called sebocytes and a short tubular
infundibulum, composed of sebaceous duct cells. Although their number appears to remain
relatively constant with age, their size tends to increase. Numerous dermatological conditions
are correlated to SG disorders, including seborrhea, acne, sebaceous hyperplasia, sebaceous
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adenoma and carcinoma [128, 129]. The multipotent stem cells, which give rise to the
sebaceous cell lineage, reside in the bulge region of the hair follicle. These cells have the
ability to transform to epidermal or follicular keratinocytes or sebocytes [130]. The signal
molecules involved in this process are β-catenin and lymphoid enhancer factor-1 [131, 132].
High levels of β-catenin stimulate the formation of the hair follicle, whilst low levels that of
the SG and epidermis. Overexpression of Lef-1 gene can lead to development of sebaceous
tumors by blocking the β-catenin signaling pathway. Sonic hedgehog is a signaling pathway,
which modulates the terminal differentiation of the hair follicle and inhibition of Wnt genes
through negative dominant Lef-1 results in sebocyte development [133-135].
According to morphological criteria defined by Tosti [136], sebocytes can be classified into 5
differentiation stages: 1. undifferentiated, including the germinative, flattened or cuboidal,
cells with highly basophilic nuclei, 2. early differentiated type, 3. advanced differentiated
type, 4. fully differentiated type, 5. mature sebocytes.
The cardinal role of the SG is the production and secretion of sebum, which is a speciesspecific mixture of lipids (see fig. 5) [137]. Its uniqueness among species is probably due to
the functions that sebum has to absolve for every species, which in the case of humans are its
antimicrobial activity, photoprotection, anti-oxidant delivery to the skin surface and
participation in inflammatory processes, through specific lipids. However, all the functions of
human sebum are far from elucidated [135, 138, 139].

Sebum components
Free fatty acids
Triglycerides
Wax Esters
Squalene
Cholesterol Esters
Cholesterol

% Sebum
15-30
30-50
26-30
12-20
3-6
1.2-2.5

Fig. 5: Lipid fractions of human sebum. [137]

Triglycerides, fatty acids and wax esters comprise the predominant fractions of sebaceous
lipids, while cholesterol accounts for the smallest proportion. Squalene, a marker of
sebaceous differentiation [124] and unique human sebum ingredient, is a precursor of
cholesterol. The reason for low sebum levels of cholesterol and high levels of squalene is the
potentially increased expression or activity of squalene-synthetase and/or the decreased levels
of enzymes converting squalene to lanosterol [140]. The lipogenic factors CCAAT/enhancer
binding protein transcription factors galectin 12, resistin and sterol response element binding
protein 1 (SREBP1) were detected in SZ95 sebocytes [141]. Δ6 fatty acid desaturase type 2
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(FADS2), which catalyzes among others the conversion of palmitic acid to the humanspecific sapienic acid, is detected predominantly in differentiated sebocytes [142]. Elongation
of sapienic acid by two carbon atoms leads to another unique derivative of human sebum,
sebaleic acid [143]. Linoleic acid is an essential fatty acid, which undergoes peroxisomal βoxidation to arachidonic acid and other fatty acids, which are sebocyte-specific and correlate
to their differentiation level [144].

1.10

Sebaceous gland as a target of circulating hormones and as a site of
steroid hormone synthesis

The experimental field of dermatoendocrinology managed to establish the concept of skin as
an endocrine organ per se, which is more than a passive target of sex hormones. Skin is a
“factory” with all the necessary enzymatic equipment to utilize sex steroid precursors in order
to synthesize more potent sex hormones in an intracrine manner, as well as to facilitate their
de novo synthesis [139, 145, 146]. In this process, the pilosebaceous unit has a fundamental
role [146, 147].
Testosterone and DHT were shown to promote sebocyte proliferation in vitro at
concentrations higher than physiological levels [121, 148], while its synergistic effect with
the PPAR ligand linoleic acid resulted in increased lipogenesis [120]. Interestingly, sebocytes
are capable of synthesis of cholesterol from acetate [149, 150], which is used for the
formation of the cell membrane, the epidermal barrier, sebum and cutaneous steroids [148].
The synthesis of dehydroepiandrosterone (DHEA), the main substrate for the more potent
androgens testosterone and DHT is formed by cholesterol in the skin through the four
upstream enzymes: StAR, P450scc, p450c17 and 3β-hydroxysteroid dehydrogenase (3βHSD).
The androgen receptor is expressed in SZ95 sebocytes [151]. 3β-HSD converts DHEA to
androstenedione [69], which is converted in a further step to testosterone by the enzyme 17βHSD. 3β-HSD2 mRNA is expressed primarily in the SG [152]. Interestingly, 5 isozymes of
17β-HSD were identified, functioning like an “on-off switch” mechanism for the production
of more potent sex steroids: Isozymes 3 and 5 catalyze the formation of T from
androstenedione, in contrast to isozymes 2 and 4, which oxidize the inactivation of T to its
weaker precursor [153-156]. 17β-HSD3 synthesizes T from androstenedione in Leydig cells
of the testis, while in skin and other peripheral tissues the reaction is catalyzed by 17β-HSD
type 5 [157]. Greater activity of the 17β-HSD types 3 and 5 was detected from sebaceous
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glands of facial skin than other, non-acne prone skin areas, suggesting the in situ more potent
androgen formation in these areas [156, 158], while 17β-HSD2, which can inactivate potent
androgens, was found mostly in sebaceous glands of non-acne prone areas in comparison to
facial skin [154]. This indicates that sebaceous gland utilizes special steroidogenic enzymes to
fine tune the expression of potent androgens of skin in situ.
5α-reductase (5αR) catalyzes the conversion of testosterone to DHT. Of the three isoforms of
5αR that have been described [159], type 1 is the predominant one in the skin [160, 161] and
more abundantly expressed in SG and sweat glands [162], keratinocytes and dermal
fibroblasts [163]. The newly found 5αR3 is detected in prostate cancer and SZ95 sebocytes
[164].
On the other hand, aromatase, the rate-limiting enzyme of estrogen synthesis [169], was
reported to be expressed in anagen and terminal HFs, cultured keratinocytes, melanocytes, SG
and adipose fibroblasts [170]. Both estrogen intracellular receptors (ERα and ERβ) were
immunohistochemically detected in human sebocytes in situ, but ERα was restricted in basal
sebocytes [171].
SG are also involved in glucocorticoidogenesis, since they express the enzyme 11β-HSD,
which catalyzes the formation of active cortisol from deoxycorticosterone and 11deoxycortisol and modulates sebum production and Toll-like receptor (TLR)-2 expression
[172].

1.11

Sebocytes as target of various other hormones

Sebocytes express a variety of receptors for other peptide hormones, growth factors,
neurotransmitters such as:

Peptide hormone receptors
Insulin-like growth factor (IGF)-1 receptor which can be activated by IGF-1 secreted from
fibroblasts or high concentrations of insulin [173]. IGF-1 induces lipogenesis and sebaceous
differentiation in sebocyte cell lines [174] and rat preputial gland cells, combined with growth
hormone (GH). GH receptor activation in human sebocytes augments lipid accumulation
induced by the potent androgen DHT [175].
Corticotropin-releasing hormone (CRH) receptors 1 and 2, with CRH receptor 1 being the
predominant receptor in the sebaceous gland. CRH inhibits proliferation of sebocytes in vitro
and promotes lipogenesis and IL-6 and IL-8 secretion [176, 177].
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Melanocortin-1 and melanocortin-5 receptors were detected on the membrane of human
sebocytes. Through binding of α-melanocyte stimulating hormone (MSH), they regulate
inflammation cascades in human sebocytes. More specifically, α-MSH was found to suppress
both basal and IL-1β-induced secretion of IL-8 in SZ95 sebocytes [178]. Melanocortin -5R is
weakly expressed but is considered a marker of terminal sebocyte differentiation [179].
Cannabinoid receptors 1 and 2 are found in differentiated and basal sebocytes, respectively,
and bind endocannabinoids, which affect sebaceous differentiation [180]. Histamine receptor
activation affects endogenous squalene levels [181]. M-opioid receptors are also present and
bind β-endorphin, which stimulates lipogenesis and increases certain fractions of sebaceous
fatty acids [182]. VPAC receptors bind neuropeptide Y, vasoactive intestinal polypeptide
(VIP) and calcitonin gene-related peptide (CGRP) [183].
Nuclear receptors
Apart from the androgen receptor and ERα and ERβ, other nuclear receptors, which are
expressed in human sebocytes, are:
Progesterone receptors: expressed in the nucleus of undifferentiated sebocytes [184].
Retinoic acid receptors and retinoid X receptors, with all-trans retinoic acid (atRA) and 9-cis
retinoic acid as natural ligands respectively [185, 186]. Isotretinoin inhibits the SZ95 sebocyte
proliferation rate through its intracellular transformation to atRA.
PPAR: PPAR subtypes (α, γ, δ) are present in human sebaceous glands and sebocyte cell
lines in mRNA and protein level [187-189]. The predominant PPAR in human sebaceous
glands are the subtypes α and γ1. PPARα has as natural ligands arachidonic acid and
leukotriene B4 (LTB4), regulates sebaceous differentiation, lipid accumulation and
inflammation [190]. PPARγ promotes lipogenesis and differentiation of sebocytes [189],
while regulating inflammation pathways through upregulation of cyclooxygenase (COX) 2
expression and therefore prostaglandin (PG) E2 production [191]. Contradictory data were
provided by Downie et al. [188], which have shown that treatment of whole human sebaceous
gland cultures with PPARα and PPARγ agonists results in an inhibition of sebaceous
lipogenesis. Contradictory results were also obtained from in vivo data, underlining the need
of different experimental models to elucidate their action in sebocyte function [192].
Activation of PPARγ by its agonists, such as troglitazone, results in upregulation of COX2
and PGE2 in mRNA and protein level [191]. PPARδ is involved in terminal sebocyte
differentiation [193]. Treatment of SZ95 sebocytes with a PPARδ agonist resulted in
suppression of basal and staurosporine-induced apoptosis, providing a potential explanation
for the sebostasis induced by these substances [194]. PPAR negatively regulate the
transcription of inflammatory response genes by antagonizing the AP-1, and by promoting the
catabolism of proinflammatory eicosanoids [195].
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Vitamin D receptor: SZ95 sebocytes express all the enzymatic machinery for the synthesis of
vitamin

D

(D-25-hydroxylase,

25

hydroxyvitamin

D-1α-hydroxylase

and

1,25-

dihydroxyvitamin D-24-hydroxylase). Vitamin D inhibits SZ95 proliferation of rapidly
growing sebocytes, promotes their proliferation in slow growing culture and modulates lipid
accumulation and secretion of IL-6 and IL-8 [196]. Moreover, the culture of primary
sebocytes with vitamin D promotes the expression of cathelicidin, one of the antimicrobial
peptides related to cutaneous non-specific immunity [197].
Liver X receptors (LXR, α and β isotypes): SZ95 sebocytes express both receptors at the
mRNA and protein levels [182].
Receptors which do not belong to the aforementioned categories:
The vanilloid receptor (VR) belongs to the transient ion channels and is expressed in early
differentiated sebocytes. Its ligand, capsaicin, was shown to inhibit SZ95 sebocyte
proliferation [198]. Fibroblast growth factor receptors, EGF receptor, the proto-oncogene cmet product (c-MET) are also expressed in sebocytes, placing the sebaceous glands in a
prominent position of systemic and cutaneous molecular cross-talk due to the variety of
molecular signals, which can modulate its function.

1.12

Sebaceous gland and its role in endogenous and adaptive immunity

Sebum fatty acids play an important role to the initiation of the inflammatory process induced
in and by sebocytes. Linoleic acid undergoes β-oxidation and forms arachidonic acid, as the
first step for the production of proinflammatory COX products (PG, prostacyclins,
leukotrienes). Arachidonic acid, a long-chain proinflammatory ω-6 fatty acid and precursor of
leukotriene B4, upregulates the proinflammatory cytokines IL-6 and IL-8 in SZ95 sebocytes in
vitro [122]. Moreover, human sebocytes express functional platelet-activating factor
receptors, which are associated with the modulation of the expression of inflammatory
mediators, such as COX-2, PGE2 and IL-8 [199].
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Fig. 6: Fatty acid metabolism, modified from: Angres S. Thesis, Freie Universität Berlin,
2009
Expression of tumor necrosis factor (TNF)-α in sebocytes is stimulated by Propionibacterium
acnes (P.acnes) [200]. TNF-α treatment resulted in promotion of lipid accumulation of SZ95
sebocytes, activation of the lipogenesis transcription factor sterol-regulatory element binding
protein (SREBP)-1 and the death receptor FAS, which is involved in apoptosis. Moreover,
both phosphatidyl-inositol-3-kinase (PI3K), Akt and c-Jun N-terminal kinase (JNK) pathways
are involved in this process [201].
TLR are transmembrane proteins belonging to the family of pattern-recognition receptors,
which can initiate responses to specific pathogen molecules relatively conserved among
various microbe species [202]. These invariant molecular structures are characterized as
pathogen-associated

molecular

patterns

[203].

TLRs

can

be

activated

through

lipopolysaccharide (LPS – gram negative bacteria), lipoteichoic acid (LTA – gram positive
bacteria) or peptidoglycan and induce the cytokine release from SZ95 sebocytes [200]. TLR4
is a receptor highly specific for LPS, while TLR2 is a co-receptor for LPS and is involved in
the recognition of a variety of other molecules deriving from gram-positive bacteria [204].
LPS was shown to stimulate IL-8 expression of human sebocytes, without alteration of IL-1α
expression at protein and mRNA level [204]. The signal cascade after activation of TLR2 or
TLR4 results in the activation of the NF-κB complex through the myeloid differentiation
protein (MyD88) and the IL-1 receptor-associated kinase in a number of cell types [204, 205].
The pilosebaceous unit is also implicated in cutaneous immunological activity, involving
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functions such as MHC class I expression, and expression of CD14, TLR2 and TLR4 [206].
Human sebocytes express TLR2, TLR4, TLR6 and CD14 [206, 207]. TLR2, which is activated
by P. acnes, triggers adaptive immunity mechanisms [206]. In acne lesions, follicular
occlusion promotes proliferation of P. acnes, through the development of anaerobic
conditions. P .acnes virulence factors and pattern recognition ligands stimulate skin immune
response resulting in inflammation [208]. Soluble factors released from hyperproliferating P.
acnes populations diffuse through sebum and reach the SG, allowing the enhancement of
sebaceous lipogenesis and the promotion of inflammatory reactions mediated by infiltrated
immune cells [199].

The major components, which induce immune responses in

keratinocytes and sebocytes, are peptidoglycan and lipoteichoic acid (LTA). The latter has
been shown to suppress the expression of both TLR2 and TLR4 in sebocytes [204]. Moreover,
P. acnes stimulates the production of proinflammatory cytokines, including IL-1β, IL-8, IL12 and TNF-α [202]. Bacteria-derived macrophage-activating lipopeptide-2, which is a TLR2
ligand, upregulates both stearoyl coenzyme A desaturase (SCD) and fatty acid Δ6 desaturase
2 (FADS2) in SZ95 sebocytes on the mRNA level [207]. Antibodies raised against inactive
vaccines of P. acnes attenuated IL-8 production from SZ95 sebocytes [209]. Although
lipogenesis and inflammation are indisputably augmented by P. acnes, sebocytes can produce
free fatty acids and cytokines in a basal level, even in the absence of bacteria [199].
Sebocytes are known to produce antimicrobial peptides, a heterogenous group of proteins
with antimicrobial properties against a variety of microbial pathogens [210]. Human beta
defensins (hBD-1 and hBD-2) were detected in pilosebaceous units by immunohistochemistry
and in situ hybridization [211]. Another antimicrobial peptide, psoriasin (S100A7), was also
expressed in the SG [212]. Moreover, P. acnes and lipopolysaccharides (LPS) stimulate the
production of antimicrobial peptides, such as cathelicidin and hBD-2 in SZ95 sebocytes [200,
213]. hBD-1 has no direct bactericidal effects on P. acnes, but it can act synergistically with
cathelicidin [213].
Moreover, apart from the antimicrobial peptides produced by sebocytes, it was recently
shown that histone H4 was exhibiting substantial antimicrobial activity after being isolated
from acid-soluble protein extracts of a sebaceous cell-line [214]. Histone H4 was identified as
one of the predominant peptides exerting antimicrobial effects against Staphylococcus aureus
(S. aureus) and P.acnes. Histones are known as major components of the nucleosome
structure in eukaryotic cells, but their fragments can also have antimicrobial activity. Histone
H4 as well as H2A, H2B and H3, are able to bind to LPS [215]. Interestingly, histone H4
exhibited synergistic effect with antimicrobial fatty acids against S. aureus. The utilization of
histone H4 as an immune defense system against opportunist pathogens provides an attractive
theory in the sebaceous gland function setting, where mature sebocytes undergo holocrine
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secretion and release their intracellular content (including histones) onto the surface of the
skin and exert their antimicrobial properties.
Apart from the antimicrobial peptides in the human SG, sebum lipids were shown to exert
innate antimicrobial properties [207, 216]. The SCD, which is responsible for the synthesis of
monounsaturated fatty acids, is expressed by human sebocytes in vitro and in vivo [141, 199].
Sebum consists of monounsaturated fatty acids, predominantly the ω-9 fatty acid palmitic
acid and oleic acid, which have bactericidal properties against Gram-positive bacteria [207].
Furthermore, the sebocyte-specific fatty acid sapienic acid surprisingly exhibits antibacterial
activity against gram positive-bacteria, such as P. acnes [217]. Oleic acid predominates in
human sebum and lauric acid, although a minor fatty acid, is one of the most potent
antimicrobial peptides against Gram-positive bacteria [217]. Sebocyte vesicles containing
squalene have a protective effect on the skin surface [130].
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Aim of Study

Aim of this study was primarily:

1. to develop a simple, robust, reproducible, three-dimensional human skin model
including human sebocytes for studying the pathophysiology of skin diseases,
especially sebostasis, seborrhea and acne,
2. to explore various experimental settings in order to elucidate the potential effects of
the co-culture of ex vivo skin with SZ95 sebocytes in skin viability and structural
integrity,
3. to explore various experimental settings in order to detect the effects of the SZ95
sebocyte-skin explant molecular cross talk on SZ95 sebocyte morphology and
function.
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Materials and Methods
2.1

Materials, media, solutions and equipment

Reagents, solutions and salts
Dulbecco’s PBS w/o Ca++, Mg++ (Pan Biotech, Aidenbach, DE)
Calcium chloride dehydrate (Roth, Karlsruhe, DE)
h-EGF (Sigma, Munich, DE)
ROL (Biochrom, Berlin, DE)
LA (Sigma, Munich, DE)
Gm 50 mg/ml (Roth, Karlsruhe, DE)
Panexin – NTA (Pan Biotech, Aidenbach, DE)
Fetal bovine serum (FBS) Superior (Biochrom AG, Berlin, DE)
BSA 7,5% (Sigma, Munich, DE)
Amphotericin B 250 μg/ml (Biochrom AG, Berlin, DE)
Trypsin/ EDTA 0.05/0.02% in PBS (Biochrom AG, Berlin, DE)
DMSO (Sigma, Munich, DE)
Isopropanol 100% (Roth, Karlsruhe, DE)
Triton X-100 (Roth, Karlsruhe, DE)
Ethanol 70% and 100% (Roth, Karlsruhe, DE)
Tween® 20 (Roth, Karlsruhe, DE)
Dispase (Invitrogen, Darmstadt, DE)
Oil red (Sigma, Munich, DE)
Formaldehyde solution 37% (Roth, Karlsruhe, DE)
Xylol (Roth, Karlsruhe, DE)
Isopropanol 100% (Roth, Karlsruhe, DE)
Parafilm (Roth, Karlsruhe, DE)
Entellan® mounting medium (Merck, Darmstadt, DE)
Mayer’s Hemalaun (Merck, Darmstadt, DE)
Eosin (Thermofischer Scientific, Bremen, DE)
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Roti®-Mount Aqua mounting medium (Roth, Karlsruhe, DE)

Detection Systems for IHC & ICC
DAB detection system

EnVisionTM FLEX Detection System
(Dako Deutschland GmbH, Hamburg, DE)

Alkaline Phosphatase Detection system

REALTM Detection system, Alkaline
Phosphatase/RED, Rabbit/Mouse (Dako
Deutschland GmbH, Hamburg, DE)

Heat-induced epitope Retrieval Solution pH=6,1

Target Retrieval Solution 10x Concentrate
(Dako Deutschland GmbH, Hamburg, DE)

Proteinase K (ready to use)

(Dako Deutschland GmbH, Hamburg, DE)

Primary Antibody Diluent

Antibody Diluent with Background
Reducing Components (Dako Deutschland
GmbH, Hamburg, DE)

Media and solutions:
SH-Med: Sebomed® basal Medium (Biochrom AG, Berlin, DE)
+ 10% FBS
+ 50 μg/ml Gm
+ 10 ng/ml h-EGF
+ 1 mM CaCl2
SF-Med: Sebomed® basal Medium (Biochrom AG, Berlin, DE)
+ 0.1 % BSA
+ 5 ng/ml h-EGF
+ 50 μg/ml Gm
+ 1.5 mM CaCl2
+ 1.5 x 10-7 M LA
+ 10-6 M ROL
SS-Med: SF - Med
+ 10% Panexin-NTA
F-Med: DMEM/F12 (Invitrogen, Darmstadt, DE)
+ 10% FBS
+ 50 μg/ml Gm
Freezing Medium: SH-Med
+ 10% FBS
+ 10% DMSO
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Disinfection solution: PBS
+ 50 μg/ml Gm
+ 2.5 μg/ml Amphotericin B

Plasticware:

25 cm2, 75 cm2 cell culture flasks

(TPP, Trasadingen, CH)

50 ml centrifuge tubes

(TPP, Trasadingen, CH)

24 and 96 Well-plates

(TPP, Trasadingen, CH)

Millicell®-PCF Culture 24 Well-plate Inserts

(Merck Millipore, MA, US)

Serological Pipettes 1, 2, 5, 10, 20, 50 ml

(Corning B.V. Life Sciences, Amsterdam,
NL)

Pipette tips

(Roth, Karlsruhe, DE)

0.2 μm filters

(TPP, Trasadingen, CH)

Cryotubes

(Nalgene® cryogenic vials, Rochester, USA)

100 mm BD Falcon Petri dishes

(BD Biosciences, Heidelberg, DE)

Eppendorf Lo-Bind tubes 1,5 ml, 2 ml

(Eppendorf, Hamburg, DE)

Rotilabo® Staining Chamber

(Roth, Karlsruhe, DE)

Equipment:
Centrifuges

Beckman GS-15R (Beckman Coulter, Krefeld, DE)
Eppendorf 5415C (Eppendorf, Hamburg, DE)

Microcentrifuge

DW-41 Qualitron (Qualitron Systems, CN)

Spectrophotometer/ELISA reader

VERSAMax (Molecular Devices, Biberach, DE)

Fluorescence reader

SpectraMax Gemini (Molecular Devices, Biberach, DE)

Vortexer

MSI Minishaker (IKA®, Works Inc, Wilmington NC,
USA)

Magnetic Stirrer

IKA RH Basic 2 (IKA®, Works Inc, Wilmington NC,
USA)

Vibrating Platform Shaker

Heidolph Titramax 100 (Heidolph Instruments GmbH &
Co, Schwabach, DE)

Incubators

APT lineTM C150 CO2-Incubator (Binder GmbH,
Tuttlingen, DE)
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Heraeus HeraCell (Heraeus Instruments, Kendro
Laboratory Products GmbH, Hanau, DE)
Microscope

Olympus CK40 (Olympus, Tokyo, JP)

Microscope Camera

JVC TK-C1381 Color video camera (JVC Deutschland,
Friedberg, DE)

Fluorescence microscope

DM2000 (Leica GmbH, Wetzlar, DE)

Laminar flow bench

HeraSafe HS (Heraeus Instruments, Kendro Laboratory
Products GmbH, Hanau, DE)

Western Blot Power Supply

PowerPac Basic Power Supply (BioRad Laboratories
GmbH, Munich, DE)

Minigel electrophoresis System

(BioRad Laboratories GmbH, Munich, DE)

Paraffin Embedding Center

Leica EG 1160 (Leica Microsystems GmbH, Nussloch,
DE)

Tissue Processor

Shandon CitadelTM 1000 (Thermofischer Scientific,
Bremen, DE)

IHC Autostainer

DAKO IHC Autostainer (Dako, Hamburg, DE)

Processing / Embedding cassettes

Shandon (Thermofischer Scientific, Bremen, DE)

Histology slides and cover glasses

(Roth, Karlsruhe, DE)

IHC slides

FLEX IHC Microscope Slides (Dako, Hamburg, DE)

2.2

Cell culture methods

2.2.1 Cell culture basics
All work concerning cell culture and maintenance took place under sterile conditions
provided by a laminar flow. The cells were maintained in 25 cm2 and 75 cm2 flasks, according
to the amount of cells needed for every experiment. The flasks were kept in the incubator at
37oC and 5% CO2 in a humidified atmosphere. The reason for this is the strict pH
maintenance, which is assured by the use of sodium bicarbonate/carbonic acid as a buffer for
the medium. Medium was changed every other day.

2.2.2 Cell lines
Human immortalized SZ95 sebocytes
SZ95 sebocytes [121] derive from human sebocytes obtained from the facial region of a 87year old woman, which were immortalized after transfection with a PBR-322-based plasmid,
carrying the coding region for the Simian Virus 40 large T-antigen. The resulting proliferating
cell cultures were passaged up to over 50 times, while retaining their basic morphological and
functional characteristics, without showing any type of senescence [114, 122, 218]. For this
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study, SZ95 sebocytes (passages 40-50) were cultured in SH-Med at 37oC, 5% CO2, until
reaching 70% confluency.
Normal human fibroblasts
Healthy human fibroblasts were isolated and expanded from the skin of a healthy volunteer.
The skin was washed several times with PBS and the disinfection solution. Meanwhile the
subcutaneous fat was excised and the specimens were cut to 2 x 2 cm pieces and placed in
dispase 2.4 U/ml in PBS either for one hour at 37oC, or at 4oC overnight. After the enzymatic
digestion the epidermis was carefully separated from the dermis and the dermis was placed
with the “epidermal” side downsides on a FBS-coated petri-dish and allowed to dry for 30-45
min at 37oC. The dish was then filled with F-Med, leaving the “dermal” side partially exposed
to avoid potential detachment of the skin piece from the bottom of the FBS-coated dish.
Fibroblasts were left to migrate and expand from the explant for 2-3 weeks; they were then
harvested and seeded in 25 cm2 or 75 cm2 flasks according to the needs of the experiment.
Skin preparation for the co-culture
Healthy skin was obtained from marginal areas of disposable material after dermatological
operations. The population of skin donors consisted of 20 individuals (12 men and 8 women)
aged between 34 and 87 years. In order to elucidate a potential effect of SZ95 sebocytes on
skin explants, no exclusion criteria according to localization, gender and age were applied.
The skin was kept in PBS till preparation for culture at 4oC. Afterwards, the cutaneous fat was
excised and the specimens were cut into similar pieces with a width of 3-5 mm. During the
preparation, the specimens were washed several times with the disinfecting solution.

Fig. 7: Skin specimens before the initiation of the co-culture.

Materials and Methods

35

After disinfection the specimens were washed with PBS several times and were left floating
in SF-Med with the epidermis facing upwards overnight at 37oC, 5% CO2.
The next day, skin pieces were placed in direct or humoral contact of the dermis with
confluent SZ95 sebocytes or NHFs seeded the previous day.
Skin/SZ95 sebocytes in direct contact OR direct contact co-cultures: For the case of direct
contact, 400 μl was estimated to be the ideal volume of medium, so that the epidermis would
remain exposed to the air: (i.e. culture at the air-liquid interface). The co-culture was
performed for a period of 6 days. In certain experiments, normal human fibroblasts were used
as controls (Skin/fibroblasts in direct contact).
Skin/SZ95 sebocytes in humoral contact OR humoral contact co-cultures: For the case of
humoral contact, 600 μl was estimated to be a sufficient medium volume so that the uplifted
skin explant could be nourished during the co-culture. Standing inserts with a pore size of 0.4
µm were used to facilitate the contact exclusively through the culture medium. Once again, in
certain experiments, normal human fibroblasts were used as controls (Skin/fibroblasts in
direct contact).
A schematic presentation of the co-culture is shown in Fig. 8.

2.2.3 Freezing, thawing, subculturing and counting of cells
Freezing of cells:
Quick freezing of a cell population may result in cell death, because of the ice crystals, which
form from H2O and electrolyte and pH disturbances. In order to avoid cell death, usually
special solutions containing special cryoprotective agents, such as dimethyl sulphoxide
(DMSO), are used, which lower the freezing point of the solution. DMSO is toxic in
concentrations higher than 0.5%, which is the reason that after the cells are suspended in the
cryo-solution, they need to be placed in -70oC as quickly as possible. Moreover, isopropanol
is used to lead to a steady and gradual temperature drop of the cell suspension (about 1oC per
min) from room temperature to -70oC. In this manner, enough time is given for the water
inside the cells to move osmotically outside the cell and the fatal effects of intracellular
freezing are avoided [219]. In addition, it is generally advised to change the medium 24 h
before freezing the cells and to use cells before they reach the stationary phase.
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Process:
Subconfluent cells were washed with PBS twice, trypsinised and counted as described below.
The suspension was centrifuged at 200 g for 6 min and the supernatant was carefully
aspirated. The pellet was re-suspended in freezing medium to a concentration of 3 x 106
cells/ml and 1 ml of cryo-suspension was added to every cryo-tube. The cryo-tubes were
placed in a box containing 200 ml isopropanol and stored for 24 to 72h at -70oC. Then the
cryo-tubes were transferred to the liquid nitrogen storage tank (-130oC) to further suppress the
water crystal formation.
Thawing of cells:
The principle of thawing the cells is exactly opposite to that of freezing them and consists in
bringing them rapidly up to room temperature, since slow thawing can exacerbate the toxic
effects of DMSO on living cells.
Process:
The vials were removed from the liquid nitrogen storage tank and the cap was twisted to a
quarter to relieve the internal pressure and is then retightened. The vial was then thawed by
being kept in the palm for some minutes or by being immersed in a 37oC water bath. The
content of the vial was then immediately diluted 1:30, so that the new concentration of
DMSO would not surpass 0.5%. The cells were seeded to culture flasks after thawing and
were not immediately used for experiments.
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Fig. 8: Schematic representation of the direct and humoral contact co-culture setting
Sub-culturing of cells:
Cells should ideally be harvested for subculturing while they are still in the logarithmic phase
of growth, as the red arrows in Fig. 9 indicate. This is achieved while the cells are still semiconfluent (70-80% confluency) and have not reached the stationary phase, which suppresses
growth. The detachment of the cells from the bottom of the cell culture flask occurs after
incubation with Trypsin/EDTA at 37oC. Trypsin in an enzyme which promotes cell
detachment by cleavage of the peptide bonds of cells and EDTA binds metal ions, thus
promoting cell separation. The time of incubation should be kept to the minimum (3-5 min for
fibroblasts, 15 min for SZ95 sebocytes) since trypsin can cause damage to the cell membrane
after prolonged incubation, leading to selection, which can affect the reproducibility of the
obtained results. Before the incubation with trypsin, cells are washed with PBS without Ca++
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or Mg++ for two reasons: The main reason is that remnants of animal serum should be washed,
since it contains proteins which bind trypsin and neutralize its action. A secondary reason is
that PBS without those ions promotes cell detachment, since those two ions are the ones
responsible for attachment of adherent cells.

50 %

70 %

100 %

Fig. 9: (up) SZ95 sebocytes at different confluency levels. (Bottom) red arrows show the ideal
time-period for harvesting of cells for subculturing while still in the logarithmic phase of
growth

Process:
70 % confluent cells contained in 75 cm2 flasks were rinsed twice with 10 ml PBS and treated
with 2 ml trypsin/EDTA. The flasks were then placed in the incubator (5% CO2, 47oC) for a
total time of a maximum of 5 min for normal human fibroblasts and 15 min for SZ95 cells.
During this time the flasks were periodically taken out of the incubator and tapped gently on a
smooth surface in order to promote the cell detachment and avoid the prolonged and
potentially harmful trypsin/EDTA effect. Subsequently, the activity of trypsin was stopped by
adding a minimum amount of medium containing 10% FBS equal to the amount of
trypsin/EDTA solution. The flask content was then transferred with a pipette into a 50 ml tube
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and centrifuged for 6 min at 200 g. In order to obtain the maximum amount of cells, the
bottom of the flask was sometimes washed twice with 10% FBS-containing medium. The
supernatant was carefully aspirated without touching the cell pellet and the cells were resuspended in an appropriate medium according to future experimental needs. The cells, which
were used for further culture, were seeded to 75 cm2 or 25 cm2 flasks and the appropriate
amount of medium was added, which was estimated to be 0.2 – 0.3 ml / cm2. The medium
was changed every other day.
Counting of cells
The counting of cells was not performed with the traditional method of the Neubauer
hemocytometer, but with a special device (CASY® 1 Cell Counter + Analyzer System, Model
TTC, Schärfe Systeme GmbH, Reutlingen, Germany). The technology of the device combines
the so called “resistance measuring principle”, with a contemporary signal processing method
called “pulse area analysis”. The technique is based on the suspension of cells in an isotonic
electrolyte (CasyTon) and ideally every cell separately is passing through a precision
measuring pore of pre-defined geometry at a constant stream velocity. During measurement,
electricity is supplied to the capillary, so that the measuring pore, filled with electrolyte, has a
defined electrical resistance level. The passage of each cell through the pore displaces an
amount of electrolyte solution, equal to the cell volume. Living cells have an intact membrane
and the resistance along the capillary rises. This principle allows the counting of cells and
their size and can roughly distinguish living cells from dead cells and cell debris.
Process:
The dilution of the software was set to 1:200 and the number of measurements to 6. 50 µl of
the cell suspension was diluted in 10 ml of CasyTon electrolyte solution. The cells of the
suspension were then counted and an average value of the six measurements represents the
number of the cells in the suspension. The cells in the suspension are normally depicted as a
Gauss curve, as the following image suggests.
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Fig. 10: Counting of cells with the CASY® 1 Cell Counter system. The curve between the two
vertical lines represents all living cells and the graph on the left of the first line depicts dead
cells and cell debris.
Cell seeding to 24 – well plates before the beginning of the co-culture:
Cells were trypsinized with trypsin/EDTA according to the process described previously in
the section “sub-culturing of the cells” and re-suspended in SS-Med. The amount of the cells
in the suspension was measured and 250,000 SZ95 sebocytes per well - and 200,000 normal
human fibroblasts per well in the case of experiments conducted with fibroblasts as control were introduced to the wells of a 24-well plate and left overnight to attach to the bottom of
the plate at 37oC, 5% CO2. The next day, the cells in both cases reached confluency. The cells
were then rinsed with 500 μl of PBS twice and “treated” with 400 μl and 600 μl SF-Med, for
direct and humoral contact co-cultures, respectively. The medium of the wells containing
skin, cells, or the co-cultures was changed every other day.
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Fig. 11: Co-culture of ex vivo skin with SZ95 sebocytes versus normal human fibroblasts for
both direct (left half of the plate) and humoral contact (right half of the plate).
Collection and storage of the supernatants:
The supernatants for days 0-2, 2-4 and 4-6 were collected in 2 ml Eppendorf tubes,
centrifuged for 2 min at 12.000 rpm and then transferred to new Eppendorf tubes. The reason
was to obtain cell debris-free supernatants, because dead cells and cell-debris can affect the
outcome of other functional assays. The supernatants were either kept in 4oC for a few days
for a pending lactate dehydrogenase (LDH) assay, or stored in -20oC for IL-6 and IL-8
ELISAs.

2.3

Oil red staining

Oil red is a common dye ideal for staining of neutral triglycerides and lipids from adherent
cells and frozen sections. Since differentiating sebocytes accumulate mostly neutral lipids, the
staining proved ideal for their visualization and measurement, with a maximum absorption at
518 nm. For the experiments conducted, oil red solution was used only for the sebocyte lipid
visualization and their qualitative evaluation.
Solutions:
Oil red stock solution (0.35 % w/v)
Oil red working solution: 6 parts oil red stock solution + 4 parts dH2O, filtered (0.22 μm) after
being thoroughly mixed and left to sit at room temperature for 20 min.
100% isopropanol
60% isopropanol
4% formaldehyde (FA) in PBS
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Process:
After the end of the co-culture, the cells were fixed for 15 min with 4% FA in PBS and then
washed twice with PBS. The staining was performed either immediately or the 24-well-plates
were wrapped with parafilm and kept at 4oC to prevent the wells from drying. Wells were
washed with 60% isopropanol and were allowed to dry completely. 200 μl/well of oil red
working solution was subsequently added for 10 min. Afterwards, the solution is removed and
the wells were washed 4 times with dH2O. After the fourth washing step, the cells were
observed under the microscope and photos were taken.

2.4

Measurement of free LDH release

The LDH assay is a colorimetric assay commonly used for measuring the cytotoxicity of a
certain substance in cells, based on the quantification of LDH enzyme activity, which is
released into the supernatant by damaged cells, which undergo necrosis. In contrast to the
“programmed cell death” called apoptosis, the cell death in necrosis is induced by disruption
of the cellular structure induced by chemicals, radiation, virulent factors and insufficient
nutrition. The procedure eventually leads to cell membrane rupture and release of the stable
enzyme LDH, which is present almost in every cell, since it catalyzes the formation of
pyruvate from lactate. In the first step of the reaction of this colorimetric assay, NAD+ is
reduced to NADH/H+ by the free LDH-mediated formation of pyruvate from lactate. In the
second phase, a diaphorase transfers H/H+ from NADH/H+ to the pale yellow tetrazolium salt
2-[4-iodophenyl]-3-[4-nitrophenyl]-5-phenyltetrazolium chloride (INT), so that the red
colored formazan salt is produced. The absorbance is then measured with the help of a
spectral photometer at 490 nm, with the reference wavelength set at 690 nm.
For these experiments, LDH release expresses all events (necrosis, necroptosis, apoptosis)
included in skin explant degeneration ex vivo as well as in SZ95 and fibroblast cell death. The
role of the LDH release in detecting cell death for skin explants and cells in monolayer
culture is discussed below.
Materials:
Cytotoxicity Detection Kit (Roche, Mannheim, DE)
Solutions used: (per 96-well plate)
Reaction solution:
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Catalyst solution (ready-to-use): 0.25 μl
Dye solution (ready-to-use): 11.25 μl
Process:

The supernatants were diluted in SF-Med in a dilution 1:5 and 100 μl of every diluted sample
were pipetted to each well of a total of three wells per sample. In the second step, 100 μl of
reaction solution was pipetted to each well. The samples were incubated for 15 min at room
temperature while protected from light and the absorption was measured at 490 nm with a
spectral photometer.
The adjusted results were expressed as optical density (OD) units. The results of LDH release
from supernatants of cells and skin specimens cultured separately were added and compared
with the results obtained from the co-cultures.

2.5

Apoptosis detection – TUNEL reaction

The TUNEL reaction is a method for detecting the cleavage of genomic DNA as one of the
terminal processes of apoptosis. DNA fragmentation is a hallmark of apoptosis, induced
through various pathways of different apoptotic stimuli.
The result of DNA fragmentation is the production of double-stranded DNA fragments of low
molecular weight and single strand breaks of high molecular weight. The method detects the
latter by labeling the so called DNA “nicks” with the enzyme TdT. TdT catalyses the
polymerization of the fluorescein labeled nucleotide dUTP to free -OH DNA ends. The
incorporation of the fluorochrome-conjugated nucleotide allows the detection of the strand
breaks by fluorescence microscopy.
Materials:
In Situ Cell Death detection Kit, Fluorescein (Roche, Mannheim, DE)
Proteinase-K, ready to use (Dako, Hamburg, DE)
DAPI-containing mounting medium: Roti®-Mount FluorCare DAPI (Roth, Karlsruhe, DE)
DNase I recombinant, RNase-free 10.000 U (Roche, Mannheim, DE)
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Process:
1. The slides were pre-heated for 30 min at 59oC and
2. were deparaffinized by immersion in xylol twice for 10 min each and then rehydrated
by immersion in 100% ethanol twice for 10 min each, 95% ethanol twice for 10 min
each and lastly distilled water twice for 5 min each.
3. The specimens were then treated with proteinase-K for 30 minutes at 37oC.
4.

The slides were then rinsed three times with PBS,

5. were placed in a humid chamber and then 50 μl of TUNEL reaction mixture (50 μl of
enzyme solution + 450 μl of labeling solution) was applied pro slide for 60 min at
37oC.
6. The slides were then rinsed twice with PBS and then covered with coverslips, using
DAPI-containing medium for mounting.
For the negative control, the labeling solution without the enzyme was used and for the
positive control a sample was treated with 1500 U/ml recombinant DNase I for 10 min at
room temperature, in order to induce DNA strand breaks prior to the labeling procedure.
Samples were directly analyzed under a fluorescence microscope using an excitation
wavelength in the range of 450 – 500 nm, which results in an emission in the wavelength
range of 515 – 565 nm (green). DAPI has an absorption maximum of 358 nm (ultraviolet) and
emits at a maximum of 451 nm (blue).

2.6

IL-6 and IL-8 enzyme-linked immunosorbent assay (ELISA)

Sandwich ELISA for IL-6 and IL-8 is a common biochemistry assay used to determine and
quantify the cytokines in supernatants. Firstly, the primary (monoclonal) antibody, specific
for each one of the two cytokines, is coated to a microplate. Samples and standards are
pipetted to each well and bind specifically to the immobilized antibody, while any unbound
substances are washed away by washing cycles after every step of the procedure. The next
step involves incubation with a polyclonal enzyme-linked antibody, followed by the pipetting
of the substrate solution. The enzyme catalyzes the reaction, leading to color development
which depends on the amount of the substance bound at the first step of the procedure. The
reaction is stopped by adding the stop solution after a given time and the color intensity is
measured with a spectrometer.
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Materials and solutions:
Elisa IL-6 and IL -8 Duo Set (R&D Systems, Minneapolis, USA) for 15 plates each
Clear 96-well microplates (Corning Life Sciences, Amsterdam, N)
ELISA plate sealers (Roth, Karlsruhe, DE)
Reagent Diluent Concentrate (10X) (R&D Systems, Minneapolis, USA)
Substrate Reagent Pack (R&D Systems, Minneapolis, USA)
Streptavidin-HRP (R&D Systems, Minneapolis, USA)
IL-6 and IL-8 standards (diluted appropriately in SF-Med)
IL-6 and IL-8 capture antibody solutions (diluted in PBS)
(Dilution 1:180 → 65 μl of the Capture antibody in 11.7 ml PBS)
IL-6 and IL-8 detection antibody solutions (diluted in Reagent Diluent)
(Dilution 1:180 → 65 μl of the detection antibody in 11.7 ml PBS)
Wash buffer: PBS + 0.05% Tween 20
Reagent Diluent = blocking buffer: 1% BSA in PBS with 0.05% NaN3
[add 9 ml H2O to 1 ml reagent diluent concentrate(10X)]
Substrate solution: 50% substrate reagent A and 50% substrate reagent B
Streptavidin-HRP solution: streptavidin-HRP diluted in reagent diluent (dilution 1:200)
Stop solution – Sulfuric acid 2N (Roth, Karlsruhe, Germany)
Process:
1. The plates were pre-coated with 100 µl/well of the capture antibody solution and
incubated overnight in room temperature.

2. The plates were then washed twice with 200 µl/well and once with 300 µl/well wash
buffer, using a multi-canal pipette.

3. In the next step, 300 µl/well of blocking buffer were added for a minimum of 1.5
hour in room temperature and then the wash step was repeated.
4. The supernatants of SZ95 cells, fibroblasts, skin explants, co-culture with SZ95 cells,
co-culture with fibroblasts as well as the standards were all thawed and pre-diluted in
SF-Med. The dilution was determined from preliminary experiments, so that the
amount of IL-6 and IL-8 would be in the method’s detection range.
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5. 100 µl of diluted samples and standards were added to each well and incubated for 2
hours at room temperature.

6. The wash step was repeated

7. 100 µl of the detection antibody solution was inserted to each well for an incubation
time of 2 h at room temperature.

8. The wash step was repeated

9. The streptavidin-HRP-solution (100 µl/well) was added for an incubation time of 20
min at room temperature while the plate was protected from light.

10. The wash step was repeated

11. 100 µl/well of the Substrate solution were added for an incubation time of 20 min,
while the plate was protected from light.

12. The last step included the pipetting of 50 µl/well stop solution.

13. The plate was tapped gently to ensure thorough mixing and the optical density of
each well was immediately measured at 450 nm, with a wavelength correction of 540
nm.

2.7

Skin preparation for histology

Skin specimens in the beginning of the co-cultures (controls) and after the end of the
experiments (day 6) were fixed in FA 4% in PBS for a minimum of 24 h. The specimens were
then gradually dehydrated and embedded in paraffin with the help of a tissue processor
according to the following protocol:
1. 2 – propanol 75 % - 1 h
2. 2 – propanol 96 % - 1 h
3. 2 – propanol 96 % - 1,5 h
4. 2 – propanol 100 % - 1 h
5. 2 – propanol 100 % - 1 h
6. Xylol 100% - 1 h
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7. Xylol 100% - 1,5 h
8. Xylol 100% - 2 h
9. Liquid paraffin – 1,5 h
10. Liquid paraffin with vacuum – 1 ¾ h

The specimens were then transported to the paraffin embedding center, where they were
inserted to embedding cassettes filled with the appropriate amount of liquid paraffin. The
formed blocks were ready for sectioning after cooling. 3 μm sections were mounted on
special positively charged slides for immunohistochemistry and 5 μm sections were mounted
on normal slides for haematoxylin eosin staining. The sections for immunohistochemistry
were allowed to dry overnight at room temperature, while the ones for hematoxylin eosin
staining were dried at 80oC for 20 – 30 min.

2.8

Hematoxylin eosin staining

Hematoxylin and eosin (H&E) is a very popular staining method, which has been used for the
last century for medical diagnosis, since it has a crucial role in recognizing various tissue
types and their morphologic alterations by cancer and various other diseases. The staining has
the advantage of working exceptionally well with a variety of fixatives and it depicts a broad
spectrum of features of the nucleus, cytoplasm and extracellular matrix. Hematoxylin, a
natural dye obtained from the logwood haematoxylon campechianum, has a deep-purple color
and stains the nucleus by a complex, not fully elucidated reaction. The staining method
involves the application of hemalum, a complex, which consists of oxidized hematoxylin and
aluminum ions. Although it was considered that hematoxylin binds mainly to the DNA of the
cell nuclei, the recent opinion is that the dye-metal complex binds to arginine-rich basic
nucleoproteins, such as histones, thus making the DNA presence not essential for the staining.
On the other hand, eosin is pink and stains intracellular and extracellular proteins nonspecifically. Most of the cytoplasm is eosinophilic. Nuclei show different patterns of
heterochromatin condensation (through hematoxylin staining) and very important for cancer
diagnostics, nucleoli are stained with eosin. The Golgi apparatus is identified by the absence
of staining in a region next to the nucleus. Other colors can also appear in the samples, mainly
caused by the presence of intrinsic pigments, such as melanin in the case of melanocytes.
Hematoxylin alone is also used very often as counterstain for many immunohistochemical
procedures, which use colorimetric substrates, such as peroxidase or alkaline phosphatase
[220].
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Process:
The slides, after drying in 80oC for 20 – 30 min, were placed in
1.

xylol twice for 5 min and then immersed 5-6 times in

2.

2-propanol 100%

3. 2-propanol 96%
4. 2-propanol 75%
5. dH2O
6. Then they were left in Mayer’s Hemalaun for 5 min.
7. The slides were washed in warm tap water until the water is not colored purple and
then left in warm tap water for 5 min.
8. The slides were washed with dH2O
9. Slides were put in Eosin solution for 5 min and then
10. Immersed for 5-6 times in dH20,
11. 2-propanol 75%
12. 2-propanol 96%
13. 2-propanol 100% twice
14. Xylol twice
15. The slides were then mounted with Entellan® mounting solution and covered with
coverslips

2.9

Immunocytochemistry and immunohistochemistry

Basics
Immunostaining is a procedure which allows the specific localization of antigen epitopes in
cells (immunocytochemistry) and tissues (immunohistochemistry), by the use of labeled
antibodies as specific reagents, through antigen – antibody interactions, which are
subsequently visualized with the help of a marker, such as a fluorescent dye, a radioactive
element or colloidal gold. The underlying principle is based on the primary antibody – antigen
reaction, which is followed by the application of a secondary antibody raised from a different
species than the primary conjugated with a protein (link antibody or labeled polymer), an
enzyme complex and a chromogenic substrate. The enzymatic activation of the chromogen
results in a visible reaction product at the antigen site. Specimens are then counterstained and
coverslipped. In order to avoid unspecific staining, titration of the antibody, as well as a
blocking step are necessary to avoid non-specific reaction of the secondary antibody with
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tissue epitopes. Ideally, the serum used for the blocking buffer comes from the same species
as that from which the secondary antibody is raised.
Proteolytic digestion and antigen retrieval
The fixation of specimens in FA for a prolonged period of time may result in the masking and
sometimes impairment and non-reversible destruction of antigens, which results in reduced
immunostaining. The procedure of formaldehyde fixation and paraffin embedding is known
to induce conformational changes in antigen molecules through the formation of
intermolecular cross-linkages. Although this is usually not a problem for cells or frozen
sections, it may lead to very weak or false negative staining for paraffin-embedded tissue
sections. The masked sites can be revealed prior to staining mainly with two methods:
1. Proteolytic digestion, which involves the pretreatment of deparaffinized and
rehydrated tissue sections with various enzymes such as proteinase K and pepsin.
2. Heat-induced epitope retrieval method (HIER), which involves the immersion of
the slides in buffers (such as 10 mM Sodium Citrate Buffer) with a defined pH. The
buffer is maintained at 95 – 99oC in a water bath for a maximum of 30 min. These
buffers are designed to break the protein cross-links, thereby unmasking the antigen
epitopes and enhancing the staining intensity of the antibodies.

For the antibodies tested the optimal epitope retrieval method was determined from
preliminary experiments.
Detection systems
Solutions and reagents provided in the two detection systems used:
DAKO REALTM Detection system, Alkaline Phosphatase/RED, Rabbit/Mouse
DAKO REALTM Link, Biotinylated Secondary Antibodies
DAKO REALTM Streptavidin Alkaline Phosphatase
DAKO REALTM Chromogen Red 1
DAKO REALTM Chromogen Red 2
DAKO REALTM Chromogen Red 3
DAKO REALTM Substrate Buffer
DAKO REALTM Levamisole (since not serious endogenous alkaline phosphatase activity was
suspected, levamisole was not added to the substrate working solution)
DAKO REALTM substrate working solution (750 μl Substrate Buffer plus 30 μl of
Chromogen Red 1, 30 μl Chromogen Red 2 and 30 μl Chromogen Red 3)
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DAKO EnVisionTM FLEX detection System
EnVisionTM FLEX peroxidase-blocking reagent
EnVisionTM FLEX/HRP (goat secondary antibodies raised against rabbit/mouse
immunoglobulins coupled with dextran and HRP molecules)
EnVisionTM FLEX DAB+ chromogen
EnVisionTM FLEX substrate buffer
EnVisionTM FLEX wash buffer (20x) (used after being diluted in dH2O)
EnVisionTM FLEX substrate working solution (30 μl of DAB+ chromogen per 1 ml substrate
buffer)
The detection systems used for IHC were the DAKO EnVisionTM FLEX detection system and
the DAKO REALTM Detection system, Alkaline Phosphatase/RED, Rabbit/Mouse. Both
systems are based on the principle of the LSAB method (labeled streptavidin – biotin). The
differences are the enzymes used for catalyzing the substrate – chromogen reaction (horse
radish peroxidase (HRP) for the first case, alkaline phosphatase (AP) for the second case) and
the development of the color following the enzymatic reaction, which are a crispy brown
product for the FLEX system and a red product for the REAL system. Both detection systems
are suitable of the detection of both rabbit and mouse primary antibodies, since they utilize a
mixture of biotinylated anti-rabbit and anti-mouse antibodies. Due to the presence of
stabilizing proteins of DAKO reagents, extra blocking steps to reduce non-specific
background are unnecessary. In order to reduce non-specific background from endogenous
enzyme reactions, cells or tissue can be pretreated with hydrogen peroxide (H2O2) when HRP
is used, or levamisole can be added to the reaction mixture, when endogenous alkaline
phosphatase reaction is suspected.
Table of primary antibodies used for immunocyto- and –histochemistry
Primary
antibody

Incubation
Manufacturer

Species

Dilution

time &

Retrieval Method

Temperature

Anti-Epithelial
Membrane
Antigen (EMA)

ܱܭܣܦ

݁ݏݑܯ

1:500

1 ℎܴܶ@ ݎ

0,2 % ܶ ݊݁݁ݓ20 in PBS

Monoclonal AntiHuman
Cytokeratin 7,
Clone OV-TL
12/30

DAKO

Mouse

1:200

1 hr @RT

0,2 % ܶ ݊݁݁ݓ20 ݅݊ ܲܵܤ
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݈ܽݒ݁݅ݎݐ݁ݎ ܴܧܫܪ
Method / DAKO Target
Retrieval Solution pH 6,1

Monoclonal AntiHuman Ki67,
Clone MIB-1

DAKO

݁ݏݑܯ

1:160

30 ݉݅݊ @ܴܶ

Monoclonal AntiHuman IL-6, IgG1

ݏ݅ݎܿܣ
ݏܾ݁݅݀݅ݐ݊ܣ

݁ݏݑܯ

1:500

1ℎܴܶ@ ݎ

ܽ݊݅݁ݐݎܲ ܱܭܣܦse K
(ready to use)

Polyclonal AntiHuman IL-8, IgG

Santa Cruz
Biotechnology,
Inc. Antibodies

Mouse

1:500

1ℎܴܶ@ ݎ

ܽ݊݅݁ݐݎܲ ܱܭܣܦse K
(ready to use)

Monoclonal AntiSV40 (Ab-2),
Clone PAb 416

Oncogene
Science

݁ݏݑܯ

1:200

1ℎܴܶ@ ݎ

ݕ݀ܽ݁ݎ(ܭ ݁ݏܽ݊݅݁ݐݎܲ ܱܭܣܦ
)݁ݏݑ ݐ

Non-Immune IgG

`
DAKO

Mouse

1:200

1hr @RT

According to the application

Process for EMA staining:
Reagent used: substrate working solution= 750 μl plus 30 μl Chromogen Red 1, 30 μl
Chromogen Red 2 and 30 μl Chromogen Red 3, added in this order.
1. Cells after the end of the co-culture were fixed with FA 4% in PBS for 15 min at
room temperature
2. Wells were washed three times with PBS
3. Cells were permeabilized for 10 min with 0.2% Tween 20 diluted in PBS in room
temperature on a platform shaker.
4. Cells were washed with PBS
5. The primary antibody, properly diluted, was applied for a minimum of 1 h.
6. Step 2 was repeated
7. The mixture of biotinylated secondary antibodies (200 μl) was applied to each well
for an incubation time of 15 min at room temperature on a platform shaker
8. Step 2 was repeated
9. The streptavidin-alkaline phosphatase solution (200 μl) was applied to each well for
an incubation time of 15 min at room temperature on a platform shaker.
10. Step 2 was repeated
11. Finally, the substrate working solution was added to each well for 20 min at room
temperature on a platform shaker, while direct exposure to light was avoided.
12. The wells were washed 4 times with PBS and then photos were taken.
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Fig. 12: Schematic representation of the steps of immunohistochemistry

Process for IL-6, IL-8 and SV-40 Large T antigen staining:
1. Slides were pre-heated at 59oC for 30 min
2. Slides were deparaffinized in the same way as described in the section of TUNEL
reaction process.
3. Samples were treated with a drop (~30 μl) of proteinase K ready-to-use solution for
12 min at room temperature.
4. Slides were rinsed three times in PBS
5. The primary antibody was applied for a minimum of 1.5 h.
6. The mixture of biotinylated secondary antibodies (50 μl) was applied to each slide for
an incubation time of 15 min at room temperature.
7. Step 4 was repeated
8. The alkaline phosphatase solution (50 μl) was applied to each slide for an incubation
time of 15 min at room temperature.
9. Step 4 was repeated
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10. Finally, the substrate working solution was applied to each slide for 20 min at room
temperature, while the slides were placed in a dark chamber, to avoid direct light
exposure.
11. Step 4 was repeated
12. The slides were immersed for 5 min in DAKO hematoxylin and then rinsed with
running tap water until it was no longer colored purple. Afterwards the slides were
left in tap water for 5 min.
13. Finally, the slides were mounted with aqueous mounting medium, covered with cover
glasses and observed under the microscope.
Process for Ki67 staining (with DAKO Autostainer):

Reagents used: DAB working solution: 20 μl of DAB Chromogen Concentrate in 1 ml of
substrate buffer
1. Slides were pre-heated at 59oC for 30 min
2. Slides were deparaffinized in the same way as described in the section of TUNEL
reaction process.
3. Slides were pre-washed with wash buffer.
4. The slides were placed in heat-induced epitope retrieval solution, preheated to 9599oC, for 25 min and then are left to cool off for 15 min.
5. Step 3 was repeated
6. Slides were treated with 3% H2O2 (200 μl pro Slide) for 5 min.
7. The primary antibody was then applied (200 μl pro Slide) for 30 min at room
temperature.
8. Step 3 was repeated
9. The slides were then treated with 200 μl of “Dako EnVisionTM FlexHRP” enzyme
solution for 20 min.
10. Step 3 was repeated
11. Then, the DAB Chromogen concentrate, properly diluted in Substrate Buffer, was
applied twice to each section (200 μl pro Slide) for 5 min at room temperature.
12. Steps 10 and 11 were repeated
13. After a final wash step, the sections were immersed in DAKO FLEXTM Hematoxylin
for 5 min at room temperature.
14. Step 3 was repeated
15. The specimens were mounted in aqueous mounting medium, covered with coverslips
and observed under the microscope.
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Evaluation of Data of Ki-67 staining
Ki67 was used as a proliferation marker, which expresses the vitality of the skin-explant
epidermis. In an attempt to make a semi-quantitative analysis of Ki67-positive basal
keratinocytes, 5 independent photos (400x magnification) of the epidermis of each section
were taken. For every patient included in this evaluation, a minimum of three stained sections
were used: day 0, representing the beginning of the co-culture and the “quality” of the skin
explant, day 6+SZ95, representing the skin quality of co-culture with SZ95 sebocytes for 6
days, and day 6-SZ95 for skin specimens serving as controls.
The number of total basal keratinocytes (hematoxylin), as well as the number of Ki67positive basal keratinocytes were counted. The results of the staining were expressed as
percent of Ki-67-positive cells for every photo (Proliferation Index).
With skin explant degeneration, proliferating keratinocytes can be immunohistochemically
detected not only in the basal but also suprabasal layers of the epidermis. These cells were
not included in the evaluation, as the following picture indicates:

Fig. 13: Basal Ki67-positive keratinocytes (black arrows) are evaluated as positive, while
scattered positive keratinocytes in suprabasal layers (white arrows) are not.
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Mean values of Ki67-positive basal epidermal cells of 5 photos were calculated per skin
explant section. Care was taken not to overlap fields of view to ensure that cells would not be
counted twice.

2.10

DNA fragmentation evaluation

Similarly to Ki67 evaluation, fluorescence photos in 200x magnification were analyzed with
the help of the ImageJ software (NIH, Bethesda, USA). TUNEL-positive and DAPI-positive
cells of the epidermis were counted, and the former were expressed as a ratio of the total
nucleated cells of the epidermis (DNA fragmentation Index).

2.11

Skin explant stratum corneum and vital epidermis thickness

In this study, thickness of vital epidermis is considered the thickness of all epidermal layers
starting from the basal membrane, without including stratum corneum. The measurements of
the interfollicular epidermis and the stratum corneum were conducted with the help of the
scale of an Olympus CK40 microscope, using 400x magnification.

2.12

Statistical analysis

For the comparison of the populations “percentage of Ki67-positive basal epidermal
keratinocytes”, “percentage of TUNEL-positive epidermal cells”, “stratum corneum
thickness”, “vital non-cornified epidermal thickness”, “LDH release” referring to skin
specimens cultured with and without the presence of SZ95 sebocytes, the two-tailed Student’s
t-test in Microsoft Office Excel 2010 was used. On the other hand, for assessing statistically
the morphological features of skin explant degeneration, namely parakeratosis, basal and
suprabasal keratinocyte vacuolization, flattening of basal keratinocytes, reduction of vital
epidermis layers, cleft formation, intraepidermal and subepidermal bulla formation,
acantholysis and complete separation of the epidermis from the dermis, the non-parametric
chi squared test with one degree of freedom was used. In both cases, the differences were
considered significant, if the P value was estimated to be below 0.05.

2.13

Protein analysis methods
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2.13.1 Skin protein isolation
Protein isolation is performed usually on ice or 4oC, to avoid protein degradation occurring at
high temperatures. To avoid degradation, serine protease inhibitors against trypsin,
chymotrypsin, papain, thrombin etc. are added in the lysis buffer. Since the inhibitors are
usually unstable substances when added to water, their addition to the medium should happen
exactly prior to use. The same goes for phosphatase inhibitors.
Materials and Solutions:
10x RIPA buffer: (Cell Signaling, Frankfurt am Main, Germany)
Mini EDTA-free protease inhibitor: (Roche, Mannheim, Germany)
PhosphoSTOP phosphatase inhibitor cocktail: (Roche, Mannheim, Germany)
Protease inhibitor stock solution: one tablet in 2 ml 1x RIPA buffer
Phosphatase inhibitor stock solution: one tablet in 1 ml 1x RIPA buffer
Lysis working solution: 1x RIPA buffer diluted in ddH2O, with protease inhibitor (dilution
1:25) and phosphatase inhibitor (dilution 1:10).
Process:
The whole procedure took place on ice. Skin specimens were removed from liquid nitrogen,
cut into small pieces with a lancet and manually homogenized in 250 μl lysis working
solution with the help of a tissue homogenizer. The homogenates were centrifuged at 13,000
rpm for 20 min. The supernatants were used immediately for protein quantitation and aliquots
were stored at -70oC.

2.13.2 Protein quantitation
For the detection and quantitation of total protein of skin samples, the BCA™ Protein Assay
(Pierce, Weiskirchen, DE) was used. The method is based on the biuret reaction, namely the
reduction of Cu+2 to Cu+1 by proteins in a medium of alkaline pH, utilizing a reagent
containing bicinchoninic acid [221]. The reaction product of the chelation of two BCA
molecules with one Cu+1 ion has a purple color, which exhibits an absorbance at 562 nm.
Protein concentrations are determined in reference to series of standards of BSA, diluted in
the same diluent used for the samples (0-2000 μg/ml).
Solutions used:
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Working solution (200 μl/well): 50 parts of reagent A + 1 part of reagent B
Process:

25 μl of each sample lysate and standard was transferred to each well of a microplate 96-well
plate in triplicates. 200 μl of the working solution was added to each well. The plate was
placed in a plate reader and was incubated for 30 min at 37oC. The absorbance was then
measured at 562 nm. The total protein concentration of each lysate was calculated with the
help of the standard curve.

2.13.3 Western blot
Reagents and Chemicals:
Acrylamide/bisacrylamide

(BioRad Laboratories GmbH, Munich, DE)

Agarose

(BioRad Laboratories GmbH, Munich, DE)

Ammonium persulfate

(BioRad Laboratories GmbH, Munich, DE)

Bromophenol blue

(BioRad Laboratories GmbH, Munich, DE)

EDTA

(Sigma, Munich, DE)

Acetic acid

(Roth, Karlsruhe, DE)

Glycine

(Roth, Karlsruhe, DE)

Methanol

(Roth, Karlsruhe, DE)

Sodium acetate

(Roth, Karlsruhe, DE)

Sodium chloride

(Roth, Karlsruhe, DE)

Sodium citrate

(Roth, Karlsruhe, DE)

Sodium dodecyl sulfate (SDS)

(Roth, Karlsruhe, DE)

Non-fat dry milk

(BioRad Laboratories GmbH, Munich, DE)

Ponceau solution

(Sigma, Munich, DE)

Tween-20

(Roth, Karlsruhe, DE)

Tetramethylethylenediamine (TEMED)

(Roth, Karlsruhe, DE)

Tris-HCL

(Roth, Karlsruhe, DE)

Tris-Base

(Roth, Karlsruhe, DE)

β-mercaptoethanol

(Roth, Karlsruhe, DE)
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In the first phase of Western blotting, polyacrylamide gel electrophoresis (PAGE) was used to
separate proteins. Polyacrylamide is a polymer that forms a gel with pores that are small
enough to separate proteins. From the available PAGE types, sodium dodecyl sulfate (SDS)
PAGE was used in these series of experiments. SDS is a negatively charged anionic
surfactant, able to coat individual proteins and disrupt their non-covalent bonds, thus leading
to their denaturation and subsequently protein separation based exclusively on their molecular
weight. Proteins travel only in one dimension from the negatively to the positively charged
electrode, through the acrylamide mesh of the gel. Two gels were used: the stacking gel is
acidic (pH 6.8) and has a low (5%) acrylamide concentration to form a porous gel, which
forces proteins to form thin, sharply defined bands. The resolving gel, is more basic (pH 8.8),
and has a higher polyacrylamide content (12%), which causes the gel to have narrower
channels or pores. As a protein, concentrated into sharp bands by the stacking gel, travels
through the resolving gel, the narrower pores allow smaller proteins to travel easily and more
rapidly than larger proteins. The concentration of acrylamide determines the resolution of the
gel, with higher concentrations being suitable for separation of proteins of low molecular
weight and lower concentrations for separation of proteins of high molecular weight. Special
markers of known molecular weight were used as references for the detection of the protein
size. In the second phase, proteins from the gel were transferred onto a membrane using
electrophoresis and finally, specific antibodies were used in order to detect the desired
proteins. The bands were detected with a chemiluminescent reagent, which provides visible
bands after excitation with UV-radiation.

Gel preparation

Reagents and solutions used:
Laemmli running buffer

Sample buffer (4x)

192 mM glycine

40% glycerin

25 mM Tris

12% β-mercaptoethanol

0.1% SDS

4% bromophenol blue
0.8% SDS

Resolving-gel buffer (500 ml)

Stacking-gel buffer (500 ml)

640 mM Tris-Base

330 mM Tris-Base

120 mM Tris-HCL

0,2% SDS
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0,2% SDS

pH= 6.8

pH= 8.8

5% stacking gel (5 ml)

12% resolving gel (10 ml)

30% Acryl-/bisacrylamide 37.5:1 800 μl

4 ml

Stacking-gel buffer

2.5 ml

-

Resolving-gel buffer

-

5 ml

dH20

1.7 ml

890 μl

10% APS (added last)

100 μl

100 μl

TEMED (added last)

10 μl

10 μl

Standards
8 μl Bio-Rad marker (Precision Plus ProteinTM Dual Color Standards, BioRad Laboratories
GmbH, Munich, DE) + 2 μl sample buffer

Process:
The skin lysates and the standards were placed in sample buffer for 5 min at 95oC. In the
meantime the gels were ready for electrophoresis; they were placed in the electrophoresis
device, covered with Laemmli buffer. Samples were loaded into the slots and were allowed to
run at 80-200V, until the tracking dye reached the gel bottom.

Western blotting (second phase)
Blotting buffer (1 L)
500 ml volume Laemmli running buffer
200 ml volume methanol
300 ml dH2O
The blot is constructed as indicated below:

White side – positive pole
Sponge
2x gel-blotting-paper
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Nitrocellulose membrane
Gel
2x gel-blotting-paper
Black side – negative pole
The transfer of proteins to the membrane was facilitated in a voltage of 100V on ice.

After transferring the proteins to the membrane, the latter was stained with Ponceau solution
in order to visualize distinctive bands. After washing with dH2O, the membrane was washed
with wash buffer and blocked 30 min at RT in wash buffer containing 3% non-fat dry milk.

antibody

Manufacturer

Species

Dilution

Incubation time &

Molecular

Temperature

weight (kDA)
݉ݎ݂݁ݎ: 35

Monoclonal AntiHuman Caspase-3 (3G2)

݈݈݃݊݅ܽ݊݃݅ܵ ݈݈݁ܥ

ܴܾܾܽ݅ݐ

1:1000

݃݅݊ݎ݁ݒℎ@ݐ4oC

Monoclonal AntiHuman β-actin (clone
AC-74)

ܵ݅݃݉ܽ

݁ݏݑܯ

1:10000

݃݅݊ݎ݁ݒℎ@ݐ4oC

44

Monoclonal AntiHuman
Histone H3 (D1H2)

݈݈݃݊݅ܽ݊݃݅ܵ ݈݈݁ܥ

ܴܾܾܽ݅ݐ

1:2000

݃݅݊ݎ݁ݒℎ@ݐ4oC

17

DAKO

Mouse

1:4000

1ℎܴܶ@ ݎ

DAKO

݁ݏݑܯ

1:4000

1ℎܴܶ@ ݎ

Secondary goat antimouse
immunoglobulin-HRP
Secondary goat antirabbit
immunoglobulin-HRP

Wash buffer:
PBS + 0.05 % Tween -20

large fragment:
17/19

Dilution buffer:
Wash buffer containing 3%
non-fat dry milk

1. Membrane was washed with wash buffer three times for 5 min.
2. Membrane was blocked with dilution buffer for 30 min at room temperature.
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3. Membrane was incubated with the primary antibody, appropriately diluted in wash
buffer, overnight at 40C.
4. Step 1 was repeated
5. The marker was removed with a scalpel and the membrane was incubated with the
secondary HRP-conjugated antibody, appropriately diluted in wash buffer for 1 h at
room temperature.
6. Step 1 was repeated
7. The chemiluminescent reagents (Peqlab, Erlangen, DE) were mixed in equal
proportions and the solution was applied (500 μl) on the membrane, which was
incubated for 1 min.
8. The membrane was placed on a clean foil, and after UV-excitation for a short amount
of time, photos of the chemiluminescent bands were taken with a development
machine using the Fusion FX7 software (Vilber Lourmat Deutschland, Eberhardzell,
DE).

Results
3.1

Morphological evaluation after hematoxylin eosin staining (SG
degeneration)

Skin explants exhibited rapid SG degradation after 6 days of ex-vivo culture (n=9 of 11).
Signs of the gland degeneration were already visible from Day 0. On the other hand, culture
of the skin explants in inserts did not improve overall SG maintenance. Moreover,
morphology of the SG after 6 days of culture, regardless if co-cultured with SZ95 sebocytes
or not, was characterized by a decrease of basal sebocytes and a disruption of the normal SG
architecture.
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Fig. 14: SG do not remain viable after 6 days of culture in SF-Med. SG show a reduced
number of basal, proliferating sebocytes and a separation of the germinative layer from the
early differentiating layer, located close to the periphery of the gland lobules. Bar: 100 μm
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Fig. 15: SG degeneration of skin explants in SF-Med (representative photos). Signs of
degeneration of SG were already prominent after maintenance in medium overnight, before
the beginning of the co-culture with SZ95 sebocytes. A disruption in the continuity between
basal, proliferating sebocytes and early differentiating ones is a sign of sebaceous
degeneration. Moreover, there was an increase in the number of differentiated sebocytes,
located closer to the periphery of the gland lobule, in comparison to day -1. At day 6 an
almost complete absence of basal sebocytes was observed, with the remaining sebocyte-like
cells of the germinative layer having a flattened shape, thus explaining the degeneration of
the SG ex vivo. Bar: 100 μm
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3.2

Biochemical evidence of sebaceous gland degeneration

Fig. 16: The hematoxylin/eosin data were confirmed by TUNEL staining. SG before the
beginning of ex vivo culture exhibited TUNEL-positive cells (green) exclusively towards the
center of the gland, since differentiating sebocytes undergo spontaneous apoptosis and
release their content into the sebaceous duct. On the other hand, after 6 days of culture,
strong staining was detected also in the basal layer of the gland, thus providing biochemical
evidence of SG degeneration ex vivo (n=3). Since basal sebocytes undergo apoptosis, they
cannot further promote the gland’s regeneration. Counterstaining with DAPI (blue). Bar 100
μm
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Fig. 17: Biochemical evidence of SG degeneration in ex vivo organ culture. Basal sebocytes
are not stained positive for Ki67 after 6 days of culture (n=3), explaining the inability of the
sebaceous gland to regenerate itself. Bar 100 µm.

3.3

Morphological evaluation of the epidermis after hematoxylin eosin
staining

Skin from 18 patients has been cultured both with and without SZ95 sebocytes in direct
contact. The explants, which were maintained in ex vivo culture without the presence of SZ95
sebocytes, presented clear signs of degeneration after 6 days of culture (n=20 of 20). The
signs varied from parakeratosis (n=12), paranuclear vacuolization of basal (n=18) and
suprabasal (n=15) keratinocytes, disruption of the morphology of stratum basale with
flattening of basal keratinocytes (n=13), to reduction of the vital epidermis in only a few
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layers (n=16), intraepidermal and subepidermal bulla formation (n=13) and acantholysis with
separation of the epidermis from the dermis (n=11).
Overall, skin derived from 15 out of 18 patients displayed a better maintenance ex vivo, with
an improved structural integrity of the epidermis under co-culture with SZ95 sebocytes in
direct contact. Although the epidermis of specimens co-cultured with SZ95 sebocytes was
also showing degeneration signs (n=18 of 18) and despite sample variation, keratinocyte
suprabasal (n=5 versus n=15, p<0.01) and basal (n=9 versus n=18, p<0.01) paranuclear
vacuolization, flattening of basal keratinocytes (n=3 versus n=13, p<0.01), reduction of vital
epidermal layers (n=6 versus n=16, p<0.01), cleft formation (n=4 versus n=15, p<0.01),
intraepidermal and subepidermal bulla formation (n=3 versus n=13, p<0.01) and finally
insipient acantholysis (n=0 versus n=8, p<0.01) were less frequent in the presence of SZ95
sebocytes in direct contact with the skin.
On the other hand, the morphology of ex vivo cultures was not improved in the presence of
SZ95 sebocytes in humoral contact with the skin specimens in comparison to the controls
(n=3).
Time course experiments revealed a decrease of the epidermal viable layers already from the
second day of culture for controls, while for direct contact co-cultures, signs of suprabasal
keratinocyte vacuolization were observed from Day 4.
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Fig. 18: Each set of pictures depicts sections of skin specimens from three different
individuals. The first column depicts the quality of skin at the beginning of the co-culture, the
second the quality after six days of culture, and the third the quality after six-days of coculture with SZ95 sebocytes in direct contact. The epidermis of specimens co-cultured with
SZ95 sebocytes showed an overall better ex vivo-maintenance. More specifically, the
epidermis of the latter showed a decreased level of cleft formation, paranuclear vacuolization
of basal and suprabasal keratinocytes, as well as decreased intraepidermal bulla formation
and acantholysis in comparison to the control. Bar 100 μm
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Fig. 19: Each set of pictures depicts sections from skin specimens of five different individuals
in higher magnification. The first column depicts the quality of skin at the beginning of the coculture, the second the quality after six days of culture, and the third the quality after six-days
of co-culture with SZ95 sebocytes in direct contact. Despite the variation of the degree of skin
explant degeneration with time, skin specimens cultured with SZ95 sebocytes show a more
coherent epidermal consistency, with less vacuolated basal keratinocytes, reduced cleft
formation, rare bulla formation and separation of the epidermis from the dermis. Cleft
formation between epidermis and dermis is highlighted with white arrows; paranuclear
vacuolization of keratinocytes is highlighted with black arrows; intraepidermal and
subepidermal bulla formation with red arrows. Bar 100 μm

3.4

Stratum corneum and vital epidermis thickness

Vital/non-cornified epidermis and stratum corneum thickness were assessed as signs of skin
degeneration ex vivo (n=11). On day 0 vital epidermis thickness was estimated to be 48.7 ±
18 µm, while stratum corneum thickness was 17 ± 6 µm. On day 6, the stratum corneum
thickness of both controls and direct contact co-cultures exhibited a significant increase in
comparison to day 0 (P<0.001) and was estimated at 45 ± 14 μm and 32 ± 10 μm,
respectively. Interestingly, the stratum corneum thickness was significantly lower in the direct
contact co-culture setting (P<0.05) in comparison to the control. On the other hand, the size of
the epidermis did not exhibit statistically significant results in comparison to day 0 for either
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co-cultures (51 ± 12 μm) or controls (39 ± 14 μm). Despite this, the gradual thinning of the
epidermis of controls and its mild increase in the direct contact co-culture setting resulted in a
significantly higher vital epidermis thickness (P<0.05) in the latter case.

Fig. 20: The graph on the left represents the stratum corneum thickness and the one on the
right the non-cornified epidermis thickness (stratum basale to stratum granulosum) of skin
explants on day 0 and day 6 of the culture with and without direct contact with SZ95
sebocytes. n.s: non-significant,*:P<0.05, **:P<0.01, ***:P<0.001. Skin explants cultured
with SZ95 sebocytes in direct contact exhibited a significant (P<0.05%) maintenance of the
thickness of both aforementioned parameters in comparison to the controls
.

Results

71

Fig. 21: Time course experiment with sections of skin cultured without (upper row) and with
SZ95 sebocytes (lower row) on days 2, 4 and 6. Visible changes are observed from day 2 for
controls, with pronounced vacuolization of the subrabasal keratinocytes, which increases on
day 4, while the epidermis is reduced to a single visible basal layer of viable keratinocytes on
day 6. On the other hand, only a slight increase of vacuolated keratinocytes was observed in
the co-culture setting from day 4, with the structural integrity of the epidermis remaining
intact after a culture period of 6 days. Bar 100 μm
Co-culture of skin explants with fibroblasts was used in a second step to evaluate the sebocyte
specificity of the aforementioned results. Indeed, co-cultures of ex vivo skin with fibroblasts
did not result in any significant improvement of skin maintenance after 6 days. Moreover,
humoral contact co-cultures also failed to provide reproducible results for a potential effect of
sebocytes on ex vivo skin explant maintenance. Interestingly, culture of controls in inserts did
not provide a benefit for the epidermis of skin explants, despite the fact that the air liquid
interface culture setting is considered more optimized in comparison to submerged skin
cultures.
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Fig. 22: Representative results of skin explants co-cultured with SZ95 sebocytes in humoral
contact. In contrast to direct contact, this co-culture setting did not display any benefits to
skin explant integrity of the epidermis. On the other hand, co-culture with normal human
fibroblasts did not improve skin explant integrity, exhibiting rapid disintegration, including
full separation of the epidermis from the dermis. This suggests the cell-type specificity of the
results obtained from co-culturing skin explants with SZ95 sebocytes in direct contact. NHF:
Normal human fibroblasts, SZ95: SZ95 sebocytes, bar: 100 μm

3.5

DNA fragmentation evaluation

Skin deriving from 10 different individuals has been assessed for DNA fragmentation with
TUNEL staining. At Day 0 the epidermis of all sections did not show any positive cells, apart
from stratum corneum. Furthermore, TUNEL-positive cells were also detected in the upper
dermis. On the other side, skin explants from all 10 samples after 6 days of co-culture
presented a profound increase of TUNEL-positive epidermal cells. The cells stained positive
were mostly located in the suprabasal epidermal layers (90% of the positively stained
epidermal cells) and only occasionally in the stratum basale (10%). More specifically, the
percentage of TUNEL-positive cells increased from 4±2% to 42±15% for control skin
explants. The number of TUNEL-positive cells located in the upper dermis also increased.
On the other hand, a significant decrease of TUNEL-positive epidermal cells was observed in
80% of the explants in direct contact co-cultures as well as in the positive cells located in the
dermis. The percentage of TUNEL-positive cells of the epidermis was 18±14% and differed
significantly from that of the controls (p<0.01). In concordance with the data obtained from
the hematoxylin eosin evaluation, for skin explants co-cultured with SZ95 sebocytes in
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humoral contact, the number of cells stained positive in the epidermis and dermis of skinexplants did not show any significant differences in comparison to the controls.
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Fig. 23a: The four groups of six photos derived from four different individuals after staining
with TUNEL/DAPI. The first and fourth rows derived from skin at the beginning of the coculture, the second and fifth from skin after 6 days ex vivo maintenance in medium and the
third and sixth after 6 days in direct contact co-culture with SZ95 sebocytes. More TUNELpositive cells (green) were observed in the epidermis and upper dermis of controls, in
comparison to skin co-cultured with SZ95 sebocytes. In both cases, the suprabasal layers of
the epidermis were mainly stained TUNEL-positive. Counterstaining was performed with
DAPI (blue). Positive control: Section treated with DNAse 1500 U/ml for 10 minutes at room
temperature. Bar 100 µm.
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Fig. 23b: SZ95 sebocytes affect DNA-fragmentation rates of skin explant epidermis: The
graph depicts the results of the statistical analysis after TUNEL-DAPI staining of sections
representative for 10 individuals before (day 0) and after 6 days of co-culture without (day 6)
and with (day 6 + SZ95) the presence of SZ95 sebocytes. Skin explants cultured for 6 days in
serum-free medium present higher rates of TUNEL-positive cells both without (p<0.001) and
with (p<0.01) the presence of SZ95 sebocytes (1). Nonetheless, Skin explants co-cultured with
sebocytes displayed significantly lower DNA-fragmentation rates in comparison to the
controls (p<0.01). n.s: non-significant,*:P<0.05, **:P<0.01, ***:P<0.001.

3.6

LDH release

LDH release is a marker of measuring the level of cell necrosis within 24 h and, therefore, it
can be used to assess the cytotoxic effect of substances in comparison to controls. For longer
time periods, the spontaneous LDH release of skin explants has been used as a measure of all
cellular events leading to cell death. For sebocytes, on the other hand, the interpretation of an
increase of LDH release in the supernatant is controversial, since it could be also interpreted
as an increase in the differentiation and apoptosis of the cells. SZ95 sebocytes are known to
undergo spontaneous holocrine secretion in serum-containing medium, with DNAfragmentation observed after 6 h and LDH release after 24 h of culture [122].
Supernatants collected from direct contact co-cultures of 8 different individuals were assessed
for spontaneous LDH release. Because of sample variation (skin deriving from different
localization, age and gender groups), it was difficult to obtain reproducible results which
could allow a quantitative analysis. Despite this fact, patterns could be recognized as
mentioned below:
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Fig. 24: Representative results of spontaneous LDH release detected in supernatants of SZ95
sebocytes, skin explants and skin explants co-cultured with skin in direct contact.
Supernatants were collected on days 2, 4, 6 and stored at 4oC till the end of the co-culture.
SZ95 sebocytes presented a peak on day 2, with a subsequent decrease of LDH release, while
skin explant controls exhibited a gradual steady increase with time in 50% of the cases. For
the other 50% a peak was observed on day 2, which could be interpreted as the result of
manipulation during skin specimen preparation (see discussion). Co-cultures of skin and
SZ95 sebocytes in direct contact exhibited a peak on day 2 with subsequent stabilization of
LDH release on days 4 and 6.

For SZ95 sebocytes, a peak of LDH release was observed on Day 2, followed by a decrease
of LDH release on day 4, which was maintained at the same levels on day 6. It is important to
note that the cells remained confluent until the end of the co-culture experiments. Skin
explants showed a gradual increase of LDH on days 4 and 6, whereas 50% of the skin
explants cultured without sebocytes showed a peak on day 2, regardless of the fact that skin
explants were left overnight in SF-Med after preparation. Collective data of adjusted results
coming from SZ95 sebocytes and skin explants cultured separately, in comparison to direct
contact co-cultures, failed to show significant differences in LDH release.
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Fig. 25: Graph depicting collective data for LDH release in the supernatant of 8 independent
co-culture experiments (8 different individuals) of skin explants co-cultured with sebocytes in
direct contact. The left column represents for each timepoint the sum of the adjusted results of
SZ95 sebocytes and skin cultured separately, while the right one the results of them cultured
together in direct contact. Because of sample variation, no significant differences were
observed between the two culture conditions.

3.7

IL-6 and IL-8 secretion

Levels of IL-6 and IL-8 were measured in supernatants collected on days 2, 4 and 6 of the
culture. SZ95 sebocytes expressed higher levels of IL-6 than IL-8, which gradually decreased
over the 6-day culture period. On the other hand, secreted IL-8 exhibited fluctuations during
the culture period. The levels of IL-6 and IL-8 secreted by SZ95 sebocytes was significantly
lower than the levels secreted by the skin explants.

Results

78

Fig. 26: Representative results of SZ95 sebocyte IL-6 and IL-8 secretion during the co-culture
period. SZ95 sebocytes exhibit a pattern of higher IL-6 secretion on day 2, which decreases
over 6 days of culture in SF-Med and results in approximately a 3-fold decrease at the end of
the co-culture. On the other hand, IL-8 secretion levels are low on day 2 of the culture period
and reach their peak on day 4.

As far as the skin explants are concerned, sample variation did not allow a recognizable
pattern of IL-6 and IL-8 secretion. On the other hand, direct contact co-cultures resulted in a
significantly lower IL-6 secretion in comparison to controls in all experiments performed
(n=5). Interestingly, no similar results were observed for skin explants co-cultured with SZ95
sebocytes in humoral contact. Co-culture experiments with normal human fibroblasts resulted
in higher expression of IL-6 and IL-8 in comparison to the controls, at all three
aforementioned time points.
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Fig. 27: The graphs above provide representative results of the IL-6 and IL-8 secretion of
skin explants from two individuals co-cultured with SZ95 sebocytes in a direct contact setting
in comparison to controls. Despite fluctuations of IL-6 secretion during the culture period as
a result of sample variation, the expression of IL-6 on culture day 6 was significantly reduced
in comparison to controls in all experiments. Measurement of IL-8 levels in the supernatant
failed to show reproducible results.
IL-6 immunostaining revealed intense staining of both epidermis and dermis of the skin
specimens already from day 0, probably as a result of the manipulations during skin
preparation. The suprabasal layers of the epidermis were most intensively stained on day 0,
while on day 6 all epidermal layers were stained with equal intensity. Fibroblasts of the upper
dermis, sweat glands, SG, follicular keratinocytes and endothelial cells were all stained
positively for IL-6. On the other hand, IL-8 labeling was surprisingly confined to the basal
membrane from day 0 and the dermal component, with fibroblasts, sebocytes, sweat duct cells
and endothelial cells intensively stained. The epidermis did not display any IL-8
immunoreactivity for any skin specimens evaluated.
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Fig. 28: IL-6 and IL-8 ELISA results from co-culture experiments with SZ95 sebocytes and
fibroblasts in direct and humoral contacts. The decrease of IL-6 secretion observed by direct
contact co-cultures with SZ95 sebocytes was not detected under humoral contact. Moreover,
co-cultures with normal human fibroblasts resulted in higher IL-6 and IL-8 secretion of skin
explants at all time-points.
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Fig. 29: Immunohistochemical results from two different patients (first and second row) after
labeling for IL-6. The control sections are likely to exhibit a more intense staining of the
suprabasal vacuolated keratinocytes, in comparison to skin co-cultured with SZ95 sebocytes
in direct contact. Bar 100 μm
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Fig. 30: Immunohistochemical results from two different patients (first and second row) after
labeling for IL-8. Intense staining of the papillary dermis and the endothelial cells is observed
(bottom left). Strong staining is also prominent around the basal membrane, while no
immunoreactivity is seen in keratinocytes (down right). Bar 100 μm unless otherwise stated.
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3.8

SZ95 Sebocytes – Morphology, Oil red and immunocytochemistry
findings

SZ95 sebocytes cultured over 6 days in SF-Med presented an overall monomorphic
morphology with no notable lipid synthesis throughout the culture period. Moreover,
formation of three-dimensional structures growing vertically to the initial monolayer culture
was observed from day 4. Co-culture of the cells with skin in direct contact resulted in a more
polymorphic population of SZ95 sebocytes, with many cells increasing in size, exhibiting the
characteristic abundant, refractile cytoplasm already from the second day of the co-culture. In
addition, many fragmented nuclei were observed, which is a sign of apoptosis. The
accumulation of cytoplasmic lipid droplets was prominent on day 4 and increased further on
Day 6. Moreover, an increased number of fully differentiated sebocytes according to the Tosti
classification [136] was observed already from day 4, with most of the accumulated lipid
droplets located in the perinuclear area.
Surprisingly, part of the cells which were in direct contact with the skin were absent and the
ones in proximity to them were full of lipid droplets. On the other hand, SZ95 sebocytes
located near the periphery of the culture well did not exhibit significant differences regarding
lipid accumulation in comparison to the control. Subsequent staining of the skin sections with
an antibody raised against the SV40 Large Antigen revealed many SZ95 sebocytes attached
on the lower side of the dermis (see Fig. 31).
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Fig. 31: Immunohistochemistry with antibodies raised against SV40 Large Antigen revealed
SZ95 sebocytes attached to the lower side of the dermis. Bar 100 μm.
Apart from lipid synthesis, SZ95 sebocytes were assessed for their differentiation stages after
co-culture with ex vivo skin. For this purpose, K7 was utilized as a marker of early
differentiated sebocytes, while EMA was used to mark the late differentiating ones.
EMA stained mostly sebocytes characterized by a large cytoplasm containing abundant lipid
droplets. For SZ95 sebocytes in direct contact with the skin, a larger number of cells were
stained positive for EMA in comparison to the control. The positive cells were located on the
area where skin was either in direct contact or in close proximity to them. Sebocytes located
on the periphery of the well exhibited sporadic positive EMA-staining, analogous to EMAexpression of the control. K7 was also abundantly expressed in SZ95 sebocytes in direct
contact with the skin after 6 days of co-culture. In time course experiments, a significant
increase of EMA-positive cells was observed already from day 2 of the co-culture. The effect
was sustained throughout the co-culture period, since the significant differences in EMA
expression were also noticed on days 4 and 6. Interestingly, the differentiation was induced in
a paracrine manner, since EMA-positive cells had the tendency to form groups of
“neighbouring” cells.
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No differences concerning EMA expression were reported for sebocytes co-cultured with ex
vivo skin in humoral contact. In addition, humoral co-cultures only exhibited a mild increase
of small lipid droplets. No obvious differences in cell morphology or immunoreactivity for
EMA were observed.

Fig. 32: Phase-contrast pictures of SZ95 sebocytes in 2D culture (top) and in co-culture with
skin specimens in direct contact (bottom). The cells were fixed in FA 4% in PBS on days 2, 4
and 6 of the culture period. Polymorphous sebocyte morphology was already observed from
the 2nd day, with sebocytes increasing in size and exhibiting decreased nuclear/cytoplasmic
ratio, and significant perinuclear accumulation of lipid droplets on days 4 and 6. Mature
cells after disintegration of the cell membrane are observed from day 2 of the co-culture
(black arrows). Bar 100 μm
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Fig. 33: Co-culture of SZ95 sebocytes with skin specimens in direct contact results in
accumulation of numerous lipid droplets in sebocytes located in close proximity to the ones in
direct contact to the skin.

Fig. 33: SZ95 sebocytes in humoral contact with skin specimens present a mild increase of
small lipid droplets (only recognizable by phase contrast microscopy), while retaining the
monomorphous morphology that is also observed in control SZ95 sebocyte cultures. Bar 100
μm
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Fig. 34: Immunocytochemistry of SZ95 sebocytes with an antibody raised against EMA after
co-culture with skin specimens for 6 days. Marked cytoplasmatic expression was already
observed from day 2 and maintained throughout the culture period. EMA expression was
increased in comparison to the control on days 2, 4 and 6 of the culture. Co-culture of skin
specimens with SZ95 sebocytes in humoral contact did not induce EMA expression,
suggesting that direct contact with the skin is crucial for sebocyte differentiation. Bar 100 μm.
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Fig. 35: Immunocytochemistry of SZ95 sebocytes with an antibody raised against K7, which
suggests the entry of sebocytes in the early differentiation stage. Like in EMA experiments,
cells in direct proximity to skin were intensively stained, while in the periphery of the 24-well
plate, as well as in the control sebocyte cultures, single scattered cells expressing K7 were
observed. Bar 100 μm

3.9

Expression of Ki67 antigen as an epidermal vitality marker

Co-culture of skin specimens in direct contact (n=8) was assessed with Ki67-staining to
determine the number of Ki67-positive epidermal cells located on the basal layer after 6 days
of co-culture with SZ95 sebocytes as a marker of epidermal vitality/regeneration capacity.

Fig. 36: Immunohistochemical examination of Ki-67 expression was performed after counting
basal epidermal cells from 5 pictures at a 400x magnification. Ki67-positive epidermal cells
were expressed as a percentage of positive nuclear labeling of the basal membrane cells and
the significance was estimated using paired two-tailed Student’s t-test. Although in both cases
the percentage of Ki67-positive cells was significantly decreased in comparison to Day 0, coculture of skin specimens with SZ95 sebocytes in direct contact resulted in a higher rate of
proliferating cells after a total of 6 days of co-culture. n.s: non-significant,*:P<0.05,
**:P<0.01, ***:P<0.001.
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The epidermis of skin specimens presented on day 0 a mean value of 50 ± 19 % of Ki67positive basal epidermal cells, probably because of different proliferation rates according to
skin origin (age of the donor and localization). The percentage of Ki67-positive cells was
decreased significantly after 6 days of co-culture to 10 ± 4% (P<0.001) without and to 27 ±
14% (P<0.05) with the presence of SZ95 sebocytes, respectively. Interestingly, co-culture
with SZ95 sebocytes resulted in a significantly higher rate of Ki67-positive epidermal cells at
the end of the co-culture (P<0.01).

Fig. 37: Immunohistochemistry with an antibody raised against the Ki67 antigen revealed
that Ki67-positive basal keratinocytes of skin co-cultured with SZ95 sebocytes in direct
contact showed a higher percentage of Ki67-positive basal keratinocytes in comparison to
controls. Bar 100 μm
Some co-culture experiments did not exhibit significant differences between ex-vivo skin cocultured with SZ95 sebocytes and controls and in some cases more Ki67-positive epidermal
cells were observed despite the prominent tissue degeneration. For this purpose, we
conducted time course experiments in order to elucidate the time point of the effect onset.
The time course experiments revealed that the Ki-67 positive epidermal cells of the basal
layer began to increase already from day 2 for skin specimens without SZ95 sebocyte
presence and reach a peak on day 4 of the co-culture. From day 4 to day 6, the proliferation
rate of basal epidermal cells started to decrease. Since this was always combined with a
deterioration of tissue morphology and higher occurrence of Ki67-positive cells also in
suprabasal layers of the epidermis, it can be speculated that Ki67 expression mirrors a
mechanism of skin homeostasis during the first days of the co-culture. After the 4th day of the
co-culture the deposits of proliferating basal keratinocytes were depleted. On the other hand,
Ki67 expression of basal epidermal cells, when skin is co-cultured with SZ95 sebocytes in
direct contact, remains at basal levels close to the percentage observed on day 0, since better
maintenance of the epidermis does not induce the aforementioned homeostasis mechanism.
Ki67 expression is upregulated later during the co-culture course (day 6), which explains why
the percentage of Ki67-positive epidermal cells is higher at the end of the co-culture.
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Fig. 38: Time course experiments have shown that Ki67-expression of basal epidermal cells
presents a significant increase from day 2 to day 4 in comparison to skin co-cultured with
SZ95 sebocytes. This upregulation was correlated with a higher degree of epidermal
degeneration at all timepoints, suggesting that SZ95 sebocytes contribute to evading its
triggering through their effect on epidermal structural integrity. Bar 100 μm
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Fig. 39: Representative results of time course experiments from skin deriving from two
separate individuals. In both cases, Ki67 expression is significantly upregulated for
epidermal cells on day 4 of the co-culture, which is combined with a worsening of the
morphology of the epidermis (see fig. 38).
The results after 6 days of co-culture might vary because of the depletion of proliferating
epidermal cells of the controls in combination with the late onset of Ki67 overexpression of
direct contact co-culture skin specimens. n.s: non-significant,*: P <0.05, **: P <0.01, ***: P
<0.001.

3.10

Specificity of SZ95 lipid accumulation through direct contact
with the dermis of skin explants

In order to exclude possible artifacts, because of potential cellular stress caused after placing
skin explants in direct contact with sebocytes (such as medium deprivation), complimentary
experiments were conducted. In those, skin explants were frozen and thawed several times in
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liquid nitrogen in order to obtain metabolically inactive skin/acellular scaffolds. The results
are depicted in fig. 40.
Non-metabolically active skin explants did not induce lipid accumulation of SZ95 sebocytes,
while the setting of co-culture in direct contact with the dermis of the skin explants resulted in
abundant cytoplasmatic lipid droplets consistent with late differentiation, as well as prominent
polymorphous morphology.

Fig. 40: Elucidating SZ95 sebocyte lipid accumulation after co-culture with skin explant skin:
Co-culture of metabolically inactive skin explants (top right) did not result in
macroscopically evident accumulation of lipid droplets in comparison to SZ95 sebocytes
cultured on the plate (top left). On the other hand, co-culture with skin explants in direct
contact led to prominent accumulation of numerous lipid droplets and polymorphous sebocyte
morphology. Bar 100 μm
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3.11

Evaluation of apoptosis with western blots

Western blotting of full skin explant homogenates was only performed after co-culture of the
skin specimens with SZ95 sebocytes in humoral contact. The reason is that direct contact of
sebocytes with skin often resulted in attachment of the SZ95 sebocytes to the dermis,
something which could potentially affect the results obtained for proteins involved in
apoptosis/cell death, since sebocytes are known to undergo apoptosis spontaneously in vitro.
No detection of the cleavage product of caspase 3 was observed either on day 0 or day 6,
regardless of whether the skin explants were co-cultured with SZ95 sebocytes or not. This
suggests that skin explants cultured in inserts do not undergo caspase-mediated cell death
after 6 days of culture.

Fig. 41: Western blot of proteins isolated from skin explant homogenates deriving from two
individuals. In the first case, skin was co-cultured with SZ95 sebocytes and normal human
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fibroblasts in humoral contact, in the second, the option of fibroblasts as a control cell line
was omitted. Neither at the beginning nor at the end of the 6-day co-culture period was
expression of the caspase-3 cleavage product (17-19kDa) observed, indicating an
independent caspase-cell death mechanism.

Fig. 42: β-actin, as well as other housekeeping genes (histone H3, GADPH, β-tubulin)
appeared to be regulated by tissue maturation and therefore could not provide evidence for
appropriate loading of equal amount of protein prior to gel electrophoresis. The ubiquitous
expression of housekeeping genes such as β-actin is also documented in the literature [222].
This information was provided qualitatively by staining the membrane with Ponceau solution
(data not shown).
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4.1

Integration of the variable “sebaceous gland” in a new skin explant
model

The aim of this study was to provide a short-term, reproducible, skin explant co-culture
model, where the variable “sebaceous gland (SG)” and its effects on skin explant homeostasis
and maintenance are elucidated. As mentioned before, the immortalized SG cell line SZ95
provides a convenient solution for the problem of retaining SG cells, both in vitro and ex
vivo, without them undergoing rapidly holocrine secretion, leading to programmed cell death.
For this purpose, SZ95 sebocytes were cultured with skin in direct contact as well as humoral
contact (contact only through the culture medium with the help of culture well inserts). In
both cases, the epidermis was air-exposed, since this is considered helpful to maintain the
structural integrity of the skin and to allow complete differentiation and stratification of the
epidermis [13, 19]. This was also confirmed in our study, since the submerged edges of the
skin specimens cultured in the direct contact setting showed morphological signs of
degeneration of the epidermis, as well as increased rates of TUNEL-positive epidermal cells.

4.2

Choice of medium

The choice of the medium in any co-culture setting is a compromise of essential ingredients
for both cells and the skin. High calcium concentrations are known to be crucial for the
epidermis, since skin tissue quickly degenerates under conditions of low extracellular Ca++
[223]. Hashimoto was among the first to observe acantholysis-like suprabasal cleft-formation
induced already within 12 h of skin organ culture in medium containing less than 0.1 mM
Ca++ [224]. William’s E medium, which is often used for skin organ culture, contains
physiologic concentrations of calcium [21, 27]. Varani et al [3] cultured skin explants in
keratinocyte basal medium supplemented with calcium to a total of 1.4 mM. A potential
explanation for the beneficial role of Ca++ in the culture medium was given by the skin
explant model of Tavakkol et al [23]. Lower levels of mRNA of the IGF-1 receptor were
detected in skin explant homogenates cultured in low Ca++ concentrations. IGF-1 is known to
promote keratinocyte proliferation in vitro [23]. On the other hand, physiologic
concentrations of Ca++ favor sebocyte proliferation in contrast to differentiation. Retinol was
also included in the medium, because it comprises the precursor of sebaceous lipids. Culture
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of sebocytes in medium after omission of vitamin A supplementation resulted in lower levels
of proliferation and intracellular lipid droplet accumulation, mainly triglycerides, wax esters
and squalene [225]. Supplementation with growth factors and hormones is also common for
ex vivo skin maintenance. Supplementations such as insulin, transferrin, sodium selenite,
triiodothyronine, hydrocortisone, which have proved beneficial in previous studies of ex vivo
culture, were omitted in this setting, despite their contribution to a more in vivo-like medium
composition: The reason is that the SG is a central endocrine target of various growth factors
and hormones: Hydrocortisone promotes sebocyte proliferation from concentrations as low as
10-10 M and inhibits lipid accumulation [124], insulin and IGF-1 induce lipid synthesis [173],
and thyroid receptors are also present in human sebaceous cells [182]. The purpose of this
study was mainly to highlight the natural molecular cross-talk between SZ95 sebocytes and
the skin and not to invoke the artificial induction of sebaceous differentiation in vitro.
Moreover, the establishment of this model aims for its application as a screening model for
investigating the potential role of topical and systemic xenobiotics and hormones on
sebocytes and on the skin. Thus, the addition of hormonal substances, although beneficial for
the skin homeostasis, might complicate the interpretation of endocrinologically active
substances, limiting the application potential of the model. EGF has also been added to the
medium despite its effect on SG differentiation, since extensive evidence underline its
important role in skin development and maintenance [118, 226].
The use of animal serum (usually fetal calf serum –FCS/ fetal bovine serum - FBS) was
omitted in the medium in order for the co-culture to remain chemically-defined. Serum is
believed to have a negative impact on skin explant maintenance ex vivo, while its non-defined
chemical composition provides limited analytical usefulness, since it might confuse the
interpretation of skin cellular responses after testing of various pharmaceutical substances
[21]. On the other hand, in some cases the addition of FCS was considered crucial for the
long-term survival of skin and its appendages [227]. Steinstraesser et al [29] managed to
culture 2.5 cm x 2.5 cm skin specimens for up to 28 days with the help of a special stainless
steel chamber using serum-containing medium. Moreover, serum can affect multiple
parameters of skin biology, such as cell function, tissue organization and synthesis of
extracellular matrix [22, 116]. Models which utilize serum also have the disadvantage of
mixing signaling components of two different species [21]. Various supplements, such as
insulin, hydrocortisone, transferrin, triiodothyronine, adenine, sodium selenite and various
growth factors are used to substitute serum in media [21, 66, 82]. Recently the use of serumfree medium in all stages of the organotypic artificial skin culture was achieved [64]. In our
study, rapidly growing sebocytes in serum-containing medium are re-suspended in an
intermediate medium, containing a chemically defined serum substitute. This serves the
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purpose of minimizing the cellular stress of the medium switch to serum-free, which could
have a negative potential effect on ex vivo skin during the co-culture. The SZ95 sebocytes
remain in this medium overnight and then the medium is switched to serum-free with the
beginning of the co-culture.

Fig. 41: Summary of cellular events occurring during culture of skin ex vivo. The signs of
degeneration of the epidermis are presented according to their chronological appearance,
based on previous literature and the present study [21, 27, 29, 101].

4.3

Sebaceous gland maintenance ex vivo

In our study, SG ex vivo have exhibited signs of degeneration already on Day 0, with
morphological signs of sebocyte progressive differentiation of cells proximal to the stratum
germinativum of the SG, while prominent disruption of the continuity between basal
sebocytes and early differentiated ones affected the SG architecture. The detachment of the
cells from the basal lamina indicates that one of the first stages of sebaceous degeneration ex
vivo is the defect or loss of hemidesmosomes, connecting stratum germinativum with the
basal membrane [228]. Results from Ki67 and TUNEL staining have revealed the complete
absence of Ki67-positive cells after 6 days of culture, while the basal layer was stained
positive for TUNEL, suggesting that the proliferating sebocytes ex vivo, which should be
responsible for the regeneration of the gland, undergo apoptosis and are not in a position to
retain the morphology and function of the appendage ex vivo. Interestingly, co-culture of the
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skin with SZ95 sebocytes did not influence ex vivo SG survival. A potential explanation for
the quick SG degeneration in comparison to epidermis could be the difference between
sebaceous gland and epidermis regeneration. Sebocyte renewal rate is estimated to be
approximately 21-25 days, while the keratinocyte rate is shorter (28 days) [228, 229].
Therefore, the higher fraction of proliferating sebocytes, in comparison to the epidermis,
makes the SG more susceptible to losing its regeneration capacity after a major stress
stimulus, such as the extraction of the appendage from the in vivo microenvironment and its
subsequent culture ex vivo.
Lu et al. [21] reported unaltered SG morphology for 5 days in his hair shaft elongation model
in vitro. From the illustrations provided, early differentiated sebocytes appear to undergo
rapid differentiation. Since SG were not the focus of that study, there is no biochemical
evidence (Ki67/TUNEL) to support that the SG also remained functional. The model of ex
vivo isolation of SG of Guy et al. [118] describes the maintenance of glands as full organs ex
vivo with the ability to retain in situ rates of cell proliferation and lipogenesis, as well as in
vivo-like responses after treatment with DHT, EGF, 13-cis RA and other substances. Despite
the obvious advantage of imitating ideally the in vivo-conditions, the model includes the
arduous process of SG micro-dissection of the perilobular collagen. Moreover, the activity of
the SG and the sebum composition differ greatly between individuals, which appear to have a
considerable age-related variation [230-232]: decreased androgen levels of elderly individuals
affect the rate of sebaceous differentiation and secretory output of the gland, resulting in
glandular hyperplasia [233, 234]. Estrogens suppress lipid synthesis of the SG directly, while
low estrogen levels after menopause are correlated with reduced SG activity [129, 235]. The
effects of hormones on SG regulation were also confirmed in vitro at the molecular level,
since incubation of SZ95 sebocytes with age-specific growth factor and hormonal mixtures
regulates the expression of many genes at the mRNA level involved in DNA repair and
stability, mitochondrial function, oxidative stress, apoptosis and tumourigenesis [236].
Because of the aforementioned data, it is obvious that by obtaining SG of different individuals
in order to test hormones, sample variation might lead to considerable misinterpretations. The
main advantage of the model proposed in this study is that the effect of sebocytes on skin
remains constant and reproducible, since the SG of the skin degenerate quickly ex vivo and
are substituted by the immortalized SG cell line SZ95.

4.4

Direct contact of SZ95 sebocytes with skin explant dermis promotes
skin explant epidermal integrity
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Since the epidermis turnover rate is 4 weeks, a maximum of 14 days is usually selected by
most research teams as the last time-point of skin culture in order to keep the skin explant
epidermal stratification intact. The morphological features, which were observed in the
epidermis of our model, namely keratinocyte vacuolization, parakeratosis, cleft formation,
suprabasal, and intrabasal bulla formation with acantholysis and lastly separation of the
epidermis from the dermis, have already been reported in previous experimental settings [23,
27, 29, 101, 224]. In this study the endpoint of 7 days was chosen (skin explants remain
overnight in serum-free medium before the beginning of the co-culture), since separation of
the epidermis from the dermis was often observed after the 8th day of culture. Signs of
epidermal degradation in this setting were observed already from day 2, with significant
reduction of the viable keratinocyte layers, keratinocyte vacuolization and parakeratosis. Skin
cultured with SZ95 sebocytes in direct contact exhibited an overall improvement in
maintenance in more than 80% of the skin samples used. Skin specimens cultured with SZ95
sebocytes in direct contact exhibited only early events of epidermal degeneration (mainly
partial nuclear vacuolization and parakeratosis), indicating that the latter provide the essential
factors to sustain the epidermal skin explant vitality. Since these effects were not detected
when the cells were co-cultured in humoral contact with skin specimens, it seems that the
molecular cross-talk takes place in a paracrine manner. Moreover, since sebocytes are in
direct contact with the dermis after excision of subcutaneous fat, it can be postulated that the
effect of sebocytes on epidermis is indirectly mediated through the dermal component of the
skin. Interestingly, presence of SZ95 sebocytes resulted in a better maintenance of the vital
epidermis thickness and prevented excessive thickening of stratum corneum, which is a
common problem in both in vitro reconstructed skin as well as ex vivo organ culture because
of lack of desquamation [105]. These data suggest a normalizing effect of sebocytes in
epidermal stratification in vitro, which could be controlled in the future through the
expression of special markers of different stages of keratinocyte differentiation (early
differentiation markers K1 and K10 [35, 67, 237], late differentiation markers loricrin,
involucrin, transglutaminases [50-53]).
The effect of SZ95 sebocytes on skin explant vitality, regeneration and structural integrity of
the epidermis can be mediated through a wide variety of growth factors and hormones. The
SG has a cardinal role in dermatoendocrinology, since it is a target and source of numerous
hormones, growth factors and chemokines. Sebocytes can synthesize de novo cholesterol
from acetate [149, 150] and possess all the essential enzymatic machinery to produce sex
steroids as well as glucocorticoids [123] by promoting the expression of cyclin D2, which
facilitates G1 to S phase transition [238]. They increase acid mucopolysaccharides,
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hyaluronic acid, collagen I and III in the dermis [239, 240], promote wound healing through
acceleration of keratinocyte GM-CSF secretion [241], protect from photoageing [242] and
prevent wrinkle formation and skin dryness of post-menopausal women [243]. Procollagen 1
and 3 mRNA levels, androgen receptor (AR) and heat shock protein 47 (HSP47) expression
of postmenopausal woman skin were upregulated after DHEA treatment, suggesting a role of
androgens in skin tissue homeostasis and ageing [244]. A recent work of Haag et al. [245]
showed that only confluent SZ95 sebocytes and not fibroblasts or keratinocytes express the
enzyme 3β-HSD 1 in vitro, which is responsible for the catalyzation of the formation of
androstenedione from DHEA, as the first step for in situ testosterone formation. Moreover,
sebocytes are a site of antioxidant production [228], such as the antioxidant repair enzymes
methionine-S-sulfoxide reductase A (MSRA) and three isotypes of methionine-R-sulfoxide
reductase B (MSRB) [246].

4.5

Explanation for IL-6 downregulation after co-culture with SZ95
sebocytes

The proinflammatory cytokines IL-6 and IL-8 were used for the detection of inflammation as
a sign of disturbed homeostasis of cells and skin explants. IL-6, together with TNF-α and IL1, is responsible for the control of the acute inflammatory response, fever, the acute response
in the liver and the transition from acute inflammation to either acquired immunity or chronic
inflammatory disease [247-249]. Skin cell types, which are known to express IL-6, are CD8+
T cells, adipocytes, fibroblasts, endothelial cells, mast cells, keratinocytes, sebocytes,
Langerhans cells, neutrophils, monocytes and eosinophils [248, 250, 251]. IL-6 induces
signaling by forming a heterodimeric receptor complex of the molecule with its receptor (IL-6
R), which is solely produced by hepatocytes, monocytes and resting lymphocytes. On the
other hand, IL-8 is a member of the CXC subfamily of chemokines and a potent neutrophil
chemotactic and activating factor. It is one of the primary inflammatory cytokines produced
by keratinocytes, sebocytes, fibroblasts, endothelial cells, neutrophils, T-cells etc. [252-255]
IL-6 and IL-8 are both released in the supernatant of unstressed sebocyte culture [190, 256],
together with other cytokines such as IL-1α, IL-1β, and TNF-α [200], while their expression
increases significantly in a stressed environment, for example in the presence of LPS and P.
acnes. A mild IL-6 expression was detected in SG of uninvolved skin of acne patients and a
stronger one in SG of acne skin lesions. Moreover, IL-6 was barely detectable in the skin of
healthy volunteers. In our study, we observed a strong immunoreactivity of the epidermal and
dermal component, including cells of cutaneous appendages, such as follicular keratinocytes,
endothelial cells and sebaceous duct cells as early as on Day 0, indicating upregulation of the
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cytokine after skin explant manipulation. IL-8 exhibited a stronger expression in SG of acne
patients than in healthy volunteers [256]. In this study, the expression was limited mostly
around the basal membrane and the dermis, including fibroblasts and cutaneous appendages,
but surprisingly, epidermal keratinocytes were negative. The pattern of IL-8 expression
differs from the induction of IL-8 expression in keratinocytes of acne lesions, after P. acnes
interaction with TLR-2 on their surface [257, 258].
Downregulation of IL-6 expression in skin explants after co-culture with SZ95 sebocytes in
direct contact could be explained by the strong involvement of sebocytes in immunological
processes. Sebocytes comprise an integral part of the innate immune system. As mentioned
before, sebum contains lipids which exhibit antimicrobial properties and which are
particularly effective mainly against Gram-positive but also Gram-negative bacteria, such as
methicillin resistant S. aureus, Streptococcus salivarius, P. acnes, Fusobacterium nucleatum,
Pseudomonas aeruginosa and E. Coli [217, 259, 260]. Lipids with an antimicrobial role can
be both saturated, such as lauric acid and palmitic acid, as well as unsaturated such as
sapienic acid. Saturated lipids can easily form monomers in aqueous solutions, to which their
antimicrobial activity is attributed. Short chained lipids exhibit in general greater
antimicrobial activities than the long chained ones. Furthermore, the production of
antimicrobial peptides in the form of triglyceride esters leads to their release and action after
bacterial hydrolysis or their chemical process by epidermal acid lipase [259, 260]. Histone H4
and the antimicrobial peptides cathelicidin and β-defensin are produced by human sebocytes
in vitro [200, 213, 214]. Human β-defensin 2 was upregulated after incubation of human
sebocytes with lauric, palmitic or oleic acid, thus introducing the idea of a positive feedback
mechanism of the sebaceous gland antimicrobial activity through sebum free fatty acid
release [209]. Interestingly, the decrease of IL-6 expression seemed to be cell-type specific,
since co-culture with normal human fibroblasts deriving from a young female resulted in
higher IL-6 expression in comparison to the control. Furthermore, antimicrobial peptides are
believed to possess a broader palette of functions, apart from the obvious central role in the
host immune defense: hCAP18, the C-terminal fragment of the antimicrobial peptide
cathelicidin (LL-37), is detected at high levels in the skin in vivo after wounding. Moreover,
treatment with antibodies against cathelicidin resulted in considerable impairment of wound
healing, as shown by a significant decrease of keratinocyte proliferation. These findings
suggest a role of cathelicidin in re-epithelialization and the potential contribution of sebocytes
in retaining the ex vivo skin keratinocyte proliferation rate [261].
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4.6

The insufficiency of LDH release as a marker of cell death for cocultures

Since late apoptosis can convert into necrosis

[262] and in order to avoid possible

misinterpretations of LDH release already mentioned in the section on materials and methods,
we propose the term of skin “spontaneous LDH release” as a marker for cell death,
programmed or not. The skin explant culture model of Lu et al. [21] and Kleszczynski and
Fischer [27] observed a spike of LDH release after the establishment of the co-culture and
more specifically after 48 h and 24 h, respectively, which was explained as cell death
following manipulations during skin preparation. We also confirmed this peak by many coculture experiments, although skin specimens were left overnight in SF-Med before the
beginning of the co-culture to avoid this bias. After this time point, spontaneous LDH release
by SZ95 sebocytes also exhibited a peak after 24 hours, probably because of an increase of
sebaceous differentiation induced by the switch from SS-Med to SF-Med.
LDH release of SZ95 sebocytes and skin cultured separately failed to show significant
differences compared with LDH-release from the co-culture setting. Despite this, any
obtained result could be controversial, since SZ95 sebocytes of the co-culture setting were
more differentiated and underwent holocrine secretion more often, which also lead to a
release of LDH in the supernatant. Apart from sample variation, higher rates of sebaceous
differentiation increased the LDH levels of the supernatant, while reduced cell death of skin
explants would have decreased it. For this purpose, complimentary methods are essential to
elucidate how SZ95 sebocytes can affect skin explant vitality.

4.7
Sebaceous differentiation and lipid accumulation through skin
explant molecular interaction offers a more in-vivo like phenotype
One of the major handicaps of monolayer sebocyte culture is the fact that they only undergo
terminal differentiation in vitro after specific stimulation, thus failing to accurately represent
their in vivo behavior under normal culture conditions. The rates of initial stage and late
differentiated sebocytes are 40% and 60% respectively, which are close to the rates observed
in vivo and many differentiation markers expressed in vivo are also expressed in vitro [263].
On the other hand, sebocytes exhibited a much lower rate of mature sebocytes, approximately
4% to 8% in comparison to the percentage observed in the “necrosis” zone of the SG, which
is estimated to be 20% [264]. Moreover, cultured sebocytes synthetize decreased amounts of
squalene and wax esters in comparison to freshly isolated SG [124]. In our experiments,
direct contact with the skin induced the progressive differentiation of SZ95 sebocytes with a
higher percentage of cells with a big refractile cytoplasm, fragmented nuclei and abundant
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lipid droplets after oil red staining. Visible differences were already observed from the second
day of co-culture and became more conspicuous over the 6-day culture period.
Furthermore, SZ95 sebocytes in direct contact with the skin showed strong immunoreactivity
for the differentiation markers K7 and EMA. EMA is a glycoprotein of high molecular
weight, belonging to the group of human fat globulins. EMA has been shown to have a
specific immunoreactivity for differentiated sebocytes, staining sebaceous cells also positive
for the SGA [265]. EMA is considered a late differentiation marker, while K7 is considered
an early one [127, 266]. Moreover, K7 is expressed exclusively in sebocytes and not
keratinocytes, thus comprising a marker of sebaceous lineage [121, 130]. The problem of the
incomplete terminal sebaceous differentiation was addressed in the study of Barrault et al.
[127], who reported significant differences in EMA expression and lipid synthesis between an
immortalized SG line cultured in vitro and in the air-liquid interface, proposing the latter as a
model, which can better represent the in vivo conditions. However, the air liquid-interfaceinduced differentiation raises the question about the reason for this phenomenon. A
postulation would be that Ca++ deprivation after the culture is lifted from a medium containing
physiologic concentration of Ca++ in the air-liquid interface leads to their differentiation.
Furthermore, a small percentage of the SG cell population express involucrin [125], a typical
marker for keratinocyte terminal differentiation. For this reason, upregulation of cornified
envelope proteins needs to be examined and excluded to ensure a possible differentiation of
sebocytes into a more keratinocyte-like phenotype. In our study, sebocytes remained
submerged in a Ca++ concentration of 1.5 mM and underwent sebaceous differentiation with
concomitant lipid accumulation only after direct contact with the dermis, suggesting a
molecular cross-talk with the dermal component of the skin. This setting is closer to in vivo
conditions, since the differentiating sebocytes are in direct contact with the dermis.

4.8

The crucial role of molecular interaction of the epithelial and
mesenchymal component of the skin

Since induction of sebaceous differentiation was mediated through direct but not through
humoral contact with the skin, paracrine molecular cross-talk of SZ95 sebocytes with the
dermal component could be the decisive factor for sebaceous lipogenesis and differentiation.
IGF-1, which is produced by human fibroblasts, was shown to induce lipogenesis in primary
sebocytes [164], SZ95 sebocytes [173] and the SEB-1 sebaceous cell line. Interestingly, the
promotion of lipid accumulation was mediated through increased expression of sterol
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response binding protein 1 (SREBP-1), a cardinal transcription factor for the regulation of
many genes involved in lipogenesis. In this process, Akt activation/phosphorylation is
involved, since the addition of a phosphoinositide 3-Kinase inhibitor (PI3-K) blocked the
expression of SREBP-1 [174]. Maintenance of the co-culture system with an IGF-1-specific
neutralizing antibody might provide evidence of whether IGF-1 could be a major factor
involved in the sebaceous differentiation detected. Interestingly, IGF-1 receptor is abundantly
expressed in all epithelial cells with proliferative potential, including the follicular outer root
sheath keratinocytes, basal sebocytes and the hair matrix and is downregulated in highly
differentiated cells of epithelial origin [267].
Based on the data presented in this work, it can be hypothesized that the mediation of a better
epidermal integrity after co-culture of skin explants with SZ95 sebocytes is due to paracrine
interaction of fibroblasts and sebocytes. The former then affect epidermal keratinocyte
vitality, differentiation and proliferation rate indirectly. This postulation derived from the fact
that no overall improvement of the epidermal status was observed in the humoral co-culture
setting, thus suggesting that holocrine secretion and release of sebaceous content in the
supernatant is not the major factor affecting the epidermis during ex vivo skin maintenance.
Interaction between cells residing in the dermis and epidermis is shown to be crucial for
epidermal regeneration and function: Experimental murine grafts and clinical grafts showed a
significant decrease of epidermal keratinocyte clonogenic capacity, despite the initial
reconstitution of a stratified epithelium after grafting on the lumbo-dermal fascia of mice or a
granulation tissue bed. Surprisingly, the presence of dermis on the grafts increased the selfrenewal capacity of keratinocyte stem cells [268] (see below). A prime example of
keratinocyte-fibroblast interaction is the upregulation of keratinocyte growth factor (KGF) by
the release of the cytokine IL-1β. KGF is a part of the fibroblast growth family and ligand of
the KFGR, which is a tyrosine kinase receptor commonly expressed in epithelial cells [269,
270]. It is known for its paracrine mechanism of action, promoting keratinocyte proliferation
and migration, as well as exhibiting cytoprotective effects after cellular stress induced by
reactive oxygen species or γ-irradiation [271]. Sebocytes are also known to express KGF
receptor [272] and IL-1β [176, 206], thus proposing another molecular interaction loop
favoring epidermal homeostasis.
Moreover, fibroblasts are able to degrade growth inhibitors of keratinocytes, such as TGF-β,
and retain the clonogenic capacity of the latter in vitro [273]. On the other hand, TGF-β
appears to be crucial for the regulation of normal keratinocyte differentiation and apoptosis,
through the activation of TGF-β-activated kinase 1 (TAK1), which is an upstream signaling
molecule of NF-κB. TAK1-deficient mice exhibited an increase in keratinocyte proliferation
and apoptosis, expression of the basal keratinocyte markers K5 and K14 throughout the whole
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epidermis [274]. Expression of IL-1α and GM-CSF from UVB-induced keratinocytes
promotes the expression of fibroblast-derived elastase [275] and neutral endopeptidase [276],
which is implicated in the mechanism of UVB-induced wrinkling. The work of Aoki et al.
[277] stressed the importance of mesenchymal cells for the support of epidermal regeneration
through the utilization of a reconstruction model, although not essentially skin-derived (heart,
spleen, lung, liver, kidney). These mesenchymal cell types affected epidermis homeostasis, as
reflected by the more in-vivo like pattern of involucrin, CK10, CK14 and the epidermal
progenitor marker p63.

4.9

Role of the culture setting in the SZ95 sebocyte-mediated skin
explant vitality

In order to elucidate the molecular mechanisms of wound repair, Wand et al. [278] cultured
keratinocytes and fibroblasts in direct contact and humoral contact and studied the molecular
interactions which affected proliferation and migration of keratinocytes. Interestingly, TGFβ1, heparin-binding EGF-like growth factor (HB-EGF) and IL-1α mediated their effects to
keratinocyte homeostasis only in the direct co-culture setting [278]. These data suggested the
crucial effect of direct contact between different cell types for providing the essential
microenvironment with the essential chemokine and cytokine levels needed. Surprisingly,
when those three factors were added exogenously, they induced similar effects with direct
contact co-culture but in a 10-fold higher concentration. Taking this data into consideration,
we also observed in our study that only direct contact of the dermis with SZ95 sebocytes
improved ex vivo skin viability. Sebocyte – fibroblast cross talk could lead to release of
signaling molecules which are beneficiary for skin homeostasis. Furthermore, experiments
with humoral contact co-cultures were conducted with a bigger quantity of medium,
suggesting that the further dilution of the growth factors released from SZ95 sebocytes or
fibroblasts did not reach the concentrations needed to affect epidermal regeneration.
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4.10

Skin explant culture to the next level: hypotheses and future
perspectives

In normal skin, both keratinocyte proliferation and differentiation are tightly coupled in order
to retain a normal architecture of a constantly regenerating tissue. The regeneration capacity
of the skin is maintained due to the existence of stem cells, both in the basal layer of the
interfollicular epidermis, the bulge region of the hair follicle and potentially the sebaceous
gland [279]. Self-renewal of skin is maintained through asymmetric division of these cells,
which account for the 10% of the keratinocyte population [280] and have a low tendency to
divide [281], giving rise to the stem cells remaining in the niche and the transient amplifying
cells (TA cells) [282]. The latter are lineage-restricted and may undergo only a certain
number of divisions (2-6) before they differentiate and give rise to the other layers of the
epidermis. The normally slow cycling keratinocyte stem cells can be stimulated to proliferate
in response to growth factors or wounding [283, 284]. Bulge stem cells give rise to the hair
follicle and to all components of the epidermis, in the case of injury. Despite this, the role of
this stem population in the homeostasis of the epidermis under normal conditions is
controversial: Ito et al. [285] selectively ablated the bulge cells after selectively targeting
them with a herpes simplex virus thymidine kinase gene and proved that those cells do not
contribute to epidermal regeneration. Similarly, although bulge cells can contribute to the
regeneration of the sebaceous gland after wounding, they do not take part in sebaceous gland
formation under homeostatic conditions [286]. This underlines the necessity of a progenitor
population of sebaceous cells, which can proliferate, differentiate and undergo holocrine
secretion. Such a population has been identified in murine skin [287]. SZ95 sebocytes were
suggested to have a bipotent stem cell manner, since they can express involucrin and cornifin,
which typically characterize epithelial cells of the hair follicle and interfollicular epidermis.
These proteins of the cornified envelope did not co-localize with markers of sebaceous
differentiation, such as EMA and lipid accumulation, detected with Nile Red staining [125].
The aforementioned literature data suggest that SZ95 sebocytes might provide a substitution
to the sebocyte progenitor population, which is shown to be depleted, as shown from the
results of Ki67 and TUNEL staining.
Ki67 is a widely known cell cycle-associated antigen, which is known to be expressed in all
cell cycle stages, with the exception of G0 and early G1. For this reason, Ki67 is normally
confined to the basal layers of human epidermis [288, 289]. Therefore, Ki67 labels all
proliferating cells and cannot distinguish between stem cells of the epidermis and transient
amplifying keratinocytes [290]. Proliferating cell nuclear antigen (PCNA), another
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proliferation marker, is expressed in the nucleus of skin stem cells from the mid-G1 phase. On
the other hand, cyclin D is a cell-type specific protein expressed as the cell leaves the G0
phase and re-enters the cell-cycle and precedes the expression of PCNA [280, 291, 292].
Since Ki67 is expressed from the early G1 phase, it is preferred to PCNA for detecting all
cells undergoing cell division. Ki67 is also used to assess the proliferation potential of the
epidermis of ex vivo skin culture, since its gradual downregulation of expression is one of the
first documented biochemical events during epidermal degeneration [13, 21, 27, 293]. It was
correctly reported that, during skin explant maturation, Ki67 positive cells are not restricted to
the basal layers of the epidermis but are gradually distributed in a randomized fashion within
all epidermal layers [29]. This is the reason why we included only the Ki67-positive
epidermal cells confined to the basal layers for the evaluation of sections on day 6.
The long-term hair shaft elongation model of Lu depicted a gradual decrease of Ki-67
positive cells starting with first time point 5 days of culture, without presenting data for the
first five days of skin explant culture [21]. On the other hand, Ki67 positive cells in the crosssection model of Kleszczynski and Fischer depicted a gradual decrease of KI67-positive cells
on 24 h and 48 h, while culture from 96 h led to complete absence of KI67-positive cells [27].
Here one should underline that skin explant size was bigger than in our study, enhancing the
potential effects of skin explant contraction to the optimal delivery of nutrients to the tissue
[29]. By contrast, in the present study, time course experiments have shown an increase of the
Ki67-positive basal epidermal cells already from the second day of culture throughout day 4,
with a subsequent decrease observed on day 6. Surprisingly, this increase was not observed
for days 2 and 4 in comparison to the control, when skin explants were co-cultured with SZ95
sebocytes in direct contact. Ki67 expression is significantly upregulated for epidermal cells
from the second to the fourth day of culture, suggesting that Ki67 upregulation could be
considered as a part of a homeostatic mechanism, trying to regenerate the impaired skin
explant epidermis. The subsequent depletion of Ki67 epidermal cells might be explained by
the abnormal differentiation of keratinocytes without the presence of sebocytes, as depicted
from the deteriorating skin explant morphology. Impaired differentiation and stratification
without the presence of SZ95 sebocytes could be further investigated by utilization of early
(keratin 1, keratin 10) and late (involucrin) differentiation markers. The absence of sebocytes
impairs skin homeostasis, potentially leads to mass recruitment of epidermal stem cells from
the reserve stem cell pool to transient amplifying cells and subsequently their quick depletion,
probably due to lack of inhibition signals [268, 294].
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4.11

Potential effects of SZ95 sebocytes on skin explant keratinocyte
apoptosis

There are many ways to detect the manner of keratinocyte differentiation and/or apoptosis in
skin explant culture. [295]. DNA fragmentation is one of the late events of apoptosis, often
mediated by caspases, a family of cysteinyl-aspartate specific proteases [296]. Caspases are
classified into two major groups: the initiator caspases (including caspases -2, -8,-9, 10) and
the executioner caspases, which consist of the caspases -3, 6 and 7 [297, 298]. Of these the
caspase-3 is considered the dominant executioner caspase, the activation of which ultimately
leads to programmed cell death [299]. The cleaved product of the caspase 3 proform has been
used in many studies to determine the apoptosis ratio of the skin explant epidermis [27, 29].
Activation of caspases is triggered by two distinct pathways: the receptor pathway and the
mitochondrial pathway. The first is triggered by “death” stimuli at certain receptors, such as
Fas and tumor necrosis factor receptor, transmitting signals to the cell interior and activating
the initiator caspases [300, 301]. The reason why DNA fragmentation is considered the
hallmark of apoptosis is the fact that there are caspase-independent pathways of apoptosis
[(namely caspase-independent cell death- (CICD)], which lead to DNA fragmentation [302].
These processes are related to the mitochondrial proteins EndoG and AIF. The release of the
mitochondrial DNAse EndoG is dependent on Bcl-2 family proteins. Although these proteins
normally require active caspases for their activation [303], both EndoG and AIF are caspaseindependent [304]. Moreover, the accumulation of the high temperature requirement protein
A2 (HtrA2)/Omi in the nucleus activates the p73 protein, which upregulates pro-apoptotic
genes and contributes to the caspase-independent mitochondrial apoptosis [305, 306].
According to the previous data and since the mechanisms of skin explant cell death are not
fully elucidated, we chose DNA fragmentation as the endpoint of both programmed cell death
processes, including apoptosis or CICD occurring ex vivo. Skin explants exhibited staining
only in stratum corneum on day 0. DNA fragmentation was observed abundantly in the
suprabasal layers of the epidermis and the upper dermis of skin explants after 6 days of
culture. Surprisingly, the increase of TUNEL-positive cells was not observed when they were
co-cultured with SZ95 sebocytes in direct contact. On the other hand, no significant,
reproducible differences were observed when the co-culture was conducted with SZ95
sebocytes and skin explants in humoral contact. This is another indication that SZ95
sebocytes prevent keratinocytes of the skin explant epidermis from undergoing apoptosis, as a
sign of skin explant degeneration.
In accordance with these results, western blots of skin explants deriving from humoral contact
co-cultures did not exhibit any cleavage of the preform of caspase-3, thus indicating that the
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dominant executioner caspase was not involved in the cellular events comprising the pattern
of skin explant degeneration of the epidermis in vitro.

Conclusion
This study provides the rationale for the development of a simple, robust, short-term, skin
explant model for the testing of topical and systemic pharmaceutical and/or cosmetical
products, which necessitate the integration of the variable “sebaceous gland”. This part of the
pilosebaceous unit is difficult to be maintained ex vivo and the isolation of sebocytes in
monolayer culture is a particularly arduous task, limited by the predetermined fate of those
cells to undergo holocrine secretion and die. For this reason we substituted the quickly
degenerating skin explant sebaceous glands with a monolayer culture of the immortalized
sebaceous gland cell line SZ95, in direct contact with the dermis, and managed to elucidate
parts of a biochemical – probably paracrine – interaction. Moreover, through the utilization of
the well-known, standardized sebaceous gland cell line SZ95, this variable remains
reproducibly constant, despite skin explant donor variation.
The molecular cross-talk of SZ95 sebocytes with the skin explants resulted in an improved
maintenance of the skin specimen epidermis, exhibiting less events of paranuclear suprabasal
and basal keratinocyte vacuolization, cleft formation, intraepidermal and subepidermal bulla
formation, thickening of stratum corneum and complete separation of the epidermis from the
dermis in comparison to the control. On the other hand, skin explants co-cultured in inserts,
maintaining humoral contact with SZ95 sebocytes, namely only through the culture medium,
did not show any improvement in skin explant quality of the epidermis. On the other hand,
co-culture with another cell type (normal human fibroblasts) did not provide similar skin
explant maintenance, indicating the cell type specificity of the results. Moreover, a higher
DNA-fragmentation ratio of control skin explants was detected through TUNEL staining,
suggesting a role of SZ95 sebocytes in keratinocyte differentiation ex vivo. Moreover, coculture of skin specimens with SZ95 sebocytes in direct contact led to a higher percentage of
Ki67-positive basal epidermal cells, indicating a potential role of sebocytes in maintaining the
keratinocyte stem cell population. In addition, skin explant IL-6 secretion was found to be
downregulated after co-culture with SZ95 sebocytes. This anti-inflammatory action might be
explained by the production of antimicrobial peptides of the latter.
On the other hand, direct contact of the skin with sebocytes mediated their lipid induction and
differentiation, as shown from upregulation of the differentiation markers K7 and EMA, as
well as by oil red staining.

Conclusion

111

The aforementioned data prove a molecular interaction which combines sebaceous
differentiation with an improved structural integrity of the epidermis. Future experimental
work might provide further insight into the responsible paracrine molecules involved. Apart
from their role in adaptive immunity and the production of lipids, which might have a
nutritious role for the skin explant, sebocytes possess the enzymatic machinery for the
synthesis and metabolism of a vast variety of hormones, which could favor keratinocyte
proliferation. Other growth factors commonly produced from cells of epithelial origin might
also be involved.
The established molecular interaction supports the inclusion of sebocytes in human skin
models and offers the possibility of substance testing both locally (by applying the substance
on the top of the air-exposed epidermis) and systematically (by dissolving the substance
directly in the co-culture medium). Lastly, molecular interactions of sebocytes with the skin
might also be investigated after pretreatment of SZ95 sebocytes with the substance and its
indirect effect on skin explant morphology and viability throughout the culture period.
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Abbreviation list
ΑR: androgen receptor
BSA: bovine serum albumin
COX2: cyclooxygenase 2
CRH: corticotrophin-releasing hormone
DAB: diaminobenzidine
DAPI: 4',6-diamidino-2-phenylindole
DHEA: dehydroepiandrosterone
DHT: dihydrotestosterone
DMEM: Dulbecco’s modified Eagle’s medium
DMSO: dimethyl sulfoxide
dUTP: deoxyuridine triphosphate
EDTA: ethylenediaminetetraacetic acid
EMA: epithelial membrane antigen
ER: estrogen receptor
FA: formaldehyde
FBS: fetal bovine serum
GH: growth hormone
Gm: gentamycin
h-EGF: human epidermal growth factor
HBD: human β-defensin
HRP: horse radish peroxidase
HSE: human skin equivalent
H&E: hematoxylin and eosin
IGF-1: insulin-growth factor-1
IL: interleukin
KGF: keratinocyte growth factor
LA: linoleic acid
NHFs: normal human fibroblasts
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P450scc: P450 side-chain cleavage enzyme
P450c17: P450 17α-hydroxylase/17, 20-lyase
PARP: poly ADP ribose polymerase
PBS: phosphate Buffer saline
PGE2: prostaglandin E2
PI3K: phosphatidyl-inositol-3-kinase
PR: progesterone
LTB4 : leukotriene B4
ROL: retinol
RT: room temperature
SREBP-1: sterol-regulatory element binding protein-1
StAR: steroidogenic acute regulatory protein
T: testosterone
TdT: terminal deoxynucleotidyl transferase
TLR: Toll-like receptor
TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling
VIP: vasoactive intestinal peptide
3β-HSD: 3β-hydroxysteroid dehydrogenase
5αR: 5α-reductase
17β-HSD: 17β-hydroxysteroid dehydrogenase
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