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A B S T R A C T

Human skin equivalents (HSEs) are three dimensional models resembling native human skin (NHS) in many
aspects. Despite the manifold similarities to NHS, a restriction in its applications is the altered in vitro lipid
barrier formation, which compromises the barrier functionality. This could be induced by suboptimal cell cul-
turing conditions, which amongst others is the diminished activation of the vitamin D receptor (VDR) signalling
pathway. The active metabolite of this signalling pathway is 1,25-dihydroxyvitamin D3 (1,25(OH)2D3). An in-
teracting role in the formation of the skin barrier has been ascribed to this pathway, although it remains un-
resolved to which extent this pathway contributes to the (mal-)formation of the epidermal barrier in HSEs. Our
aim is to study whether cell culture medium enriched with 1,25(OH)2D3 affects epidermal morphogenesis and
lipid barrier formation in HSEs. Addition of 20 nM 1,25(OH)2D3 resulted in activation of the VDR signalling
pathway by inducing transcription of VDR target genes (CYP24A and LL37) in keratinocyte monocultures and in
HSEs. Characterization of HSEs supplemented with 1,25(OH)2D3 using immunohistochemical analyses revealed
a high similarity in epidermal morphogenesis and in expression of lipid processing enzymes. The barrier for-
mation was assessed using state-of-the art techniques analysing lipid composition and organization. Addition of
1,25(OH)2D3 did not alter the composition of ceramides. Additionally, the lateral and lamellar organization of
the lipids was similar, irrespective of supplementation. In conclusion, epidermal morphogenesis and barrier
formation in HSEs generated in presence or absence of 1,25(OH)2D3 leads to a similar morphogenesis and
comparable barrier formation in vitro.

1. Introduction

The native human skin (NHS) is the largest organ of the body with
the principle function to protect the body’s interior from the external
environment. Multiple defence mechanisms are formed to exert various
functions of the skin including the physical, chemical, immunological,
and microbial barrier [1]. Where possible, these are regulated to
maintain local homeostasis, which is mediated by interactions of the
cutaneous endocrine and neuroendocrine systems [2]. These are also
integrated into central regulators by a continuous exchange of

endocrine and neuroendocrine mediators between skin and other or-
gans to preserve systemic homeostasis when adaptation to external
stimuli is required [2]. The skin is directly exposed to ultraviolet (UV)
radiation, acting as stressor for tissue homeostasis thereby inducing
elements of the stress response [3]. Importantly, UV exposure is also
driving the activation of vitamin D pathway in the skin. The active
metabolite of the vitamin D pathway is 1α,25-dihydroxyvitamin D3

(1,25(OH)2D3), which can bind to the vitamin D receptor (VDR). Upon
activation, heterodimerization of VDR and retinoid-X receptor occurs,
followed by binding to vitamin D response elements (VDREs) resulting
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in transcription of VDR target genes. These genes are involved in cel-
lular proliferation, differentiation, and barrier formation of the skin
[4–7]. The skin represents an autonomous vitamin D system due to the
local synthesis of ligand 1,25(OH)2D3 as well as expression of VDR in
the various cell types of the skin [8].

The main physical barrier of the human skin resides in the upper-
most layer of the epidermis. The stratum corneum (SC) consists of
corneocytes embedded in a lipid matrix. Corneocytes are terminally
differentiated keratinocytes, containing a thick cornified envelope
[9–13]. Due to the cross-linked proteins, corneocytes are regarded to be
impermeable for most substances. Consequently, diffusion of topical
applied molecules mainly occurs through the intercorneocyte lipid
matrix [14,15]. This matrix is connected to the corneocytes by the
cornified lipid envelope. In the intercorneocyte space, the lipids are
highly structured in the lateral and the lamellar organization [16]. The
type of lipid organization influences the rate of compound penetration
[17–19]. The main lipid classes in the SC lipid matrix are ceramides,
free fatty acids (FFAs), and cholesterol [20]. The diversity in lipid
composition is a result of numerous biosynthesis steps occurring in the
epidermis. Various lipid processing enzymes or enzyme families are
involved herein, as reviewed elsewhere [15,21–24]. Specifically, the
diversity in carbon chain length is a result of regulated enzymatic lipid
processing by the elongation of very long fatty acids (ELOVL) family.

The NHS is recapitulated in vitro by human skin equivalents (HSEs),
which are the most sophisticated three-dimensional (3D) model sys-
tems. These exhibit the stratum basale, stratum spinosum, stratum
granulosum and SC [25,26]. Consequently, HSEs form a physiological
relevant in vitro model and are therefore widely applied in in vitro
screenings of therapeutics and in toxicology assessments [27]. How-
ever, HSEs show dissimilar barrier properties as compared to NHS,
potentially leading to altered in vitro - in vivo correlations or mis-
classifications of toxicology profiles [1,26]. Differences in composition
and organization of the lipid matrix in the SC of HSEs as compared to
NHS include but are not limited to the i) altered ceramide subclass
profile, ii) reduced carbon chain length of FFAs and ceramides, iii)
higher level of unsaturated lipids, iv) reduced repeat distance of la-
mellar phases, and v) increase in hexagonal lateral packing at the ex-
pense of the orthorhombic lateral packing [26,28]. Contributing factors
to the aberrant barrier formation could be suboptimal culture medium
composition or external culture conditions which are different from in
vivo. HSEs are generated without exposure to sunlight or nutritional
supplementation of 1,25(OH)2D3, waning the activation of the vitamin
D signalling pathway, which is in contrast to in vivo conditions.

A supporting role in the formation of the skin barrier has been as-
cribed to the vitamin D signalling pathway. The several roles that vi-
tamin D plays during proliferation and differentiation of the keratino-
cytes in the epidermis is mediated by various coregulators [29,30].
Basically, 1,25(OH)2D3 reduces cell proliferation, and promotes differ-
entiation and cornified envelope formation [31]. Moreover,
1,25(OH)2D3 is suggested to modulate the formation of the lipid bar-
rier, mediated by altered expression of lipid processing enzymes
ELOVL3, 4 and ceramide glucosyltransferase (UGCG) [4]. The interplay
between the vitamin D signalling pathway and calcium signalling
pathway regarding promotion of differentiation is captivating, as both
induce differentiation, although these effects do not always seem to be
in synergy [31,32]. Until today, it is unknown whether the vitamin D
signalling pathway can contribute to normalization of cell proliferation,
differentiation, and formation of the lipid barrier in 3D HSEs. Fur-
thermore, to which extent the lack of 1,25(OH)2D3 and/or sunlight
exposure contributes to a compromised epidermal barrier in HSEs re-
mains unresolved [26].

In this study, we aim to determine whether in vitro activation of the
vitamin D signalling pathway affects epidermal morphogenesis and
lipid barrier formation in HSEs. Addition of 1,25(OH)2D3 in the cell
culture medium during the generation of HSEs and subsequent analyses
of the lipid barrier formation provides additional insights in the

development of HSEs and formation of its barrier.

2. Materials and methods

2.1. Primary cell isolation and generation of skin models

Isolation of primary cells from the dermis and epidermis and cell
culturing was performed as described before [33–35]. Full thickness
models (FTMs) were generated as described before in a Memmert
INC153med CO2 incubator (Memmert, Schwabach, Germany) (Sup-
plementary Fig. 1) [35]. The supplementation with 20 nM
1α,25(OH)2D3 (Sigma-Aldrich) or ethanol vehicle occurred twice a
week for four times in total using serum-free high calcium medium
(DMEM 3:1 (v/v) mixed with Ham’s F12 (Gibco)), supplemented as
described before [36]. Four different batches of FTMs were developed
using unique primary cells and 3D models were generated for a total of
14 days at the air-liquid interface. Keratinocyte monocultures of three
biological replicates were developed in 6-wells plates, in which 100.000
cells were plated per well. Cells reached 80% confluence in 3 days in
low calcium medium (Dermalife medium (Lifeline Cell Technology)
enriched with penicillin (10,000 U) and streptomycin (10mg/ml).
Subsequently, the medium was supplemented with 20 nM 1,25(OH)2D3

or ethanol vehicle for 24 h. For high calcium medium condition, after
reaching 80% confluence the keratinocytes were pre-incubated 24 h in
serum high calcium medium (DMEM mixed 3:1 (v/v) with Ham’s F12
supplemented with 5% fetal bovine serum (Hyclone, Logan, UT, USA))
and additives as described before [36]) to induce differentiation.
Afterwards, supplementation for 24 h with 1,25(OH)2D3 in high cal-
cium medium occurred. Culture medium of all isolated primary cells
was tested for mycoplasma contamination by qPCR and found negative.

2.2. Tissue imaging

Parts of NHS or FTM were 4% formaldehyde fixated and embedded
in paraffin or snap frozen in liquid nitrogen. Haematoxylin and eosin
(HE) staining was performed according to manufacturer’s instructions
(Klinipath, Duiven, The Netherlands). Protein analyses by im-
munohistochemistry or immunofluorescence were performed on 5 μm
sections of both formalin fixed paraffin embedded (FFPE) or snap
frozen material, as described earlier [35]. Specifications of the primary
and secondary antibodies are provided in Supplementary Table 1. Es-
timations of the thickness of the viable epidermis was performed on
four different regions per sample using Adobe Photoshop measuring the
circumference of the viable epidermis. The amount of corneocyte layers
was determined by safranin red staining and potassium hydroxide ex-
pansion of the SC following methods described earlier [37,38].

2.3. Gene expression

Total RNA was extracted from monocultures or from the viable
epidermis of FTMs using the FavorPrep Tissue Total RNA Mini Kit
(Favorgen, Ping-Tung, Taiwan) according to manufacturer’s instruc-
tion. A DNA digestion step was added on-column using RNAse-free
DNAse set (Qiagen, Hilden, Germany) for 15min. Nucleic acid con-
centration was determined using a NanoDrop™ UV–vis
Spectrophotometer (ThermoFisher). Complementary DNA was synthe-
sized using 500 ng total RNA using the iScript™ cDNA Synthesis Kit
(Bio-Rad, Hercules, USA) according to manufacturer's instructions.
Quantitative real-time polymerase chain reaction was performed using
the SYBR Green Supermix (Bio-Rad) on the CFX384™ real-time PCR
detection system (Bio-Rad). Following settings were used: polymerase
activation for 5min at 95 °C, denaturation for 20 s at 95 °C, annealing
for 20 s at 60 °C and extension for 20 s at 72 °C for 40 cycles followed by
the generation of a melt curve. Data was normalized against the 2–3
most stable reference genes using the delta delta Ct method. Primers
sequences are listed in Supplementary Table 2.
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2.4. Stratum corneum isolation and small angle X-ray diffraction analysis

SC was isolated after trypsin digestion, air-dried and stored under
Argon gas over silica until further use as described before [35]. Small-
angle X-ray diffraction (SAXD) measurements were performed at the
European synchrotron radiation facility (Grenoble, France) at station
BM26B for a period of 2×150 s as described elsewhere [18]. The
scattering intensity I was measured as a function of the scattering vector
q. The latter is defined as =

∙ ∙q π θ
λ

4 sin , in which θ is the scattering
angle and λ is the wavelength. From the positions of the peaks (qn), the
repeat distance can be calculated using the equation =

∙d n π
qn

2 , where n
is the order of diffraction peak [39].

2.5. Fourier transform infrared spectroscopy

The isolated SC was placed between two AgBr cells and put under
continuous dry air for 30min before the start of measurements. All
spectra were acquired on a Varian 670-IR spectrometer equipped with a
broad-band mercury cadmium telluride detector. The spectrometer was
cooled with liquid nitrogen and connected to a controlled heating de-
vice. The spectrometer collected the data with a frequency range of
400-4000 cm−1. The spectral resolution was 1 cm−1. The measure-
ments were performed with a 240 s time resolution. The lateral packing
behaviour was examined between 0 °C and 40 °C with a heating rate of
0.25 °C/min, resulting in a 1 °C temperature increase per measurement.
The software used to obtain and analyse spectra was Varian Resolutions

Pro 5.2.0. Spectra were deconvoluted and finally processed with XRAY
Plot program.

2.6. Liquid chromatography coupled to mass spectrometry analysis

Extraction of total lipids from isolated SC of FTMs was performed
with an adjusted Bligh and Dyer method as described by Boiten et al.
[40]. To determine the weight percentage of lipids in the SC, dry SC
weight was measured before and after extraction. The lipids were
analysed using normal phase liquid chromatography - mass spectro-
metry (LC–MS) according to the method described by Boiten et al. [40],
with exception of the quantification to molar amounts. A total of
1500 ng lipids were separated on a PVA-Sil column (5 μM particles,
100× 2.1mm i.d.) (YMC, Kyoto, Japan) using an Acquity UPLC H-class
(Waters, Milford, MA, USA) and detection occurred by a XEVO TQ-S
mass spectrometer (Waters, Milford, MA, USA). Measurements were
performed in full scan mode from 1.25 to 8.00minutes between m/z
350–1350 for ceramides and from 8.0 to 12.5minutes between m/z
500–1350 for glucosylceramides. Area under curve (AUC) were de-
termined and corrected by ceramide N(24deuterated)S(18) as internal
standard (ISTD).

2.7. Statistics

Statistical analyses are conducted using GraphPad Prism version
7.00 for Windows (GraphPad Software, La Jolla California USA).

Fig. 1. General morphology of full thickness models after addition of 20 nM 1,25(OH)2D3.
(a) Assessment of macro- and microanatomy, the latter after haematoxylin and eosin (HE) staining. (b) Epidermal gene expression of vitamin D receptor (VDR) and
its target genes (CYP24 A and LL-37) in FTM-control and FTM-1,25(OH)2D3. Data indicates mean ± SD, N=3. (c) Epidermal thickness of FTMs and of NHS. Data
indicates mean+ SD, N=4. (d) Stratum corneum thickness of FTMs and of NHS, determined after safranin red staining and alkali expansion. Data indicates
mean+ SD, N=4. (e) Expression of loricrin, filaggrin, involucrin, keratin 10 (K10), keratin 16 (K16), and Ki67 indicating epidermal differentiation programs,
activation, and proliferation respectively. No non-specific binding of the secondary antibody was detected (negative control (N.C.)). Protein biomarkers are shown in
red and nuclei in blue, scale bars indicate 100 μm.
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Statistical testing was performed with 1-way or 2-way ANOVA with
Tukey's post-test, otherwise specifically stated. Statistical differences
are noted as *, ** or ***, corresponding to P < 0.05,< 0.01,< 0.001.

3. Results

3.1. Morphogenesis of HSEs supplemented with 1,25(OH)2D3

To determine the effect of vitamin D signalling pathway activation
on epidermal morphogenesis and barrier formation, full thickness
models (FTMs) were generated with cell culture medium which was
enriched with 1α,25-dihydroxyvitamin D3 (FTM-1,25(OH)2D3) or ve-
hicle (FTM-control). Macroscopic examination revealed similarities in
pigmentation, shape, and structure of FTMs in both conditions (Fig. 1a).
Examination by haematoxylin and eosin (HE) showed the presence of
all four epidermal layers in FTMs similar to NHS (Fig. 1a), indicating
that supplementation with 1,25(OH)2D3 leads to a similar epidermal
organization. The effects of 1,25(OH)2D3 supplementation was eval-
uated for the expression of VDR and of selected VDR target genes (LL-37
and CYP24A). Similar gene expression of VDR was observed after
supplementation with 1,25(OH)2D3, whereas expression of both target
genes was upregulated (Fig. 1b). This demonstrated that the delivery of
1,25(OH)2D3 was successful to the epidermis of the FTMs, despite its
poor solubility and presence of albumin in the culture medium. In ad-
dition, the vast fold change indicated that the utilized concentration
was adequate. To further assess epidermal characteristics, the thickness
of the viable epidermis was quantified and compared (Fig. 1c). This
revealed that supplementation with 1,25(OH)2D3 did not alter epi-
dermal thickness, whereas the epidermis of NHS was significantly
thinner as compared to FTMs. The number of corneocyte layers in the
SC was equal in all conditions and comparable to NHS (Fig. 1d). The
epidermal morphogenesis was further studied using expression of spe-
cific morphogenesis biomarkers for epidermal differentiation, cell ac-
tivation and basal layer proliferation (Fig. 1e). For validation, the ex-
pression of these biomarkers was also studied in NHS. From apical to
basal side, examination of late (loricrin, filaggrin and involucrin) and
early epidermal differentiation (keratin (K)10) revealed no effect of
activated vitamin D signalling pathway on the execution of the differ-
entiation programs. Comparison with the differentiation programs in
NHS revealed a similar early, but distinct late epidermal differentiation
program, as the granular layer in FTMs was enlarged and expression of
involucrin initiated in the spinous layer. The equal expression of bio-
marker K16 indicated an activated state of FTMs, instead of no K16
expression and full homeostasis observed in NHS. The expression of
Ki67 positive cells in the basal layer (proliferation) was similar irre-
spective the conditions tested. The proliferation indexes were: FTM-
control (17.7 ± 3.9), FTM-1,25(OH)2D3 (20.6 ± 8.7), and NHS
(12.1 ± 0.4).

3.2. Lipid processing after supplementation with 1,25(OH)2D3

The expression of lipid processing enzymes which play an important
role in the barrier formation was evaluated on protein level in FTM-
control, FTM-1,25(OH)2D3, and NHS (Fig. 2a). Similar expression of
ELOVL family members 1, 3, 4, and 6 was detected, irrespective of
supplementation with 1,25(OH)2D3. Protein expression of stearoyl-CoA
desaturase-1 (SCD1) was detected comparably in both FTMs. As com-
pared to NHS, an increased expression of ELOVL1 and SCD1 was de-
tected in FTMs. Additionally, expression of these lipid processing en-
zymes was also assessed in UV light (UVA and UVB) irradiated FTMs,
which compensates for the diminished sunlight exposure in another
way than supplementation with 1,25(OH)2D3 does (Supplementary
Fig. 2). Evaluation of the expression of lipid processing enzymes in
these FTMs showed a similar expression profile as non-irradiated FTMs.
However, high dose UV (≥90mJ/cm2) exposure did lead to apoptosis,
while in low dose UV (<90mJ/cm2) irradiation this was undetected.

In case of apoptosis, the lipid processing enzyme expression reduced,
possibly linked to reduced viability.

To obtain more insights on the equal expression of lipid processing
enzymes after 1,25(OH)2D3 supplementation, the contribution of ex-
tracellular calcium was determined in primary proliferating and dif-
ferentiating keratinocyte monocultures. Examination of gene expres-
sion of VDR and its downstream targets revealed a similar expression of
VDR and upregulated expression of CYP24B and LL-37, indicative for
an effective delivery of 1,25(OH)2D3 (Fig. 2b). Expression of ELOVL
family members 1, 4 and 6 was unchanged after 1,25(OH)2D3 supple-
mentation (Fig. 2c). Solely an increased expression of ELOVL4 was
detected due to the elevated external calcium levels. Furthermore, the
protein barrier formation was promoted due to the calcium con-
centration indicated by elevated involucrin expression, but was similar
regardless of supplementation with 1,25(OH)2D3 (Fig. 2d). These
complementary findings indicate that the lipid processing is similar,
irrespective of 1,25(OH)2D3 supplementation or UV light exposure.

3.3. Ceramide composition of the intercorneocyte lipid matrix

To obtain more insights on the epidermal barrier formation, the
ceramide composition in the SC was studied. The total lipid content
within the SC was similar in all conditions tested (Supplementary
Fig. 3a). Although three main classes of lipids are present in the SC, the
ceramides are very characteristic in the SC composition and are crucial
for the lipid organization. Therefore, we focused on the twelve most
abundant ceramide subclasses in the SC lipid matrix (Fig. 3a). After
separation by polarity and detection per mass using the in-house de-
veloped liquid chromatography coupled to mass spectrometry (LC–MS)
approach [40], the ceramide subclasses were analysed (Supplementary
Fig. 3b). Comparisons were made for the profiles of the total ceramide
subclasses (CERstotal) of FTM-control and FTM-1,25(OH)2D3, which
showed a high similarity for ceramides of subclasses N and A (CERs)
and for ceramides of subclasses EO (CER EO) in both conditions
(Fig. 3b, c). The ceramide composition was examined in more detail by
analysing the carbon chain length distribution. A wide distribution in
the carbon chain length of the CERs was observed, from CERs with 32
carbon atoms to CERs with 54 carbon atoms (Fig. 3d). The broad dis-
tribution in carbon chain length was also detected for the CERs EO,
ranging between 64 and 74 total carbon atoms (Fig. 3e). The carbon
chain length distribution for all CERs and CERs EO was similar in both
conditions tested. Next, the level of unsaturation in four CER subclasses
was studied, serving as an indication for the degree of unsaturation in
CERstotal (Helder et al., in preparation). This revealed that the CERs in
both FTMs have a similar percentage of monounsaturation (Supple-
mentary Fig. 3c). In addition, the levels of glucosylceramides (Glc-
CERs) were investigated, as these are important CERstotal precursors.
These showed a variability in their presence based on the two-dimen-
sional ion plot (Supplementary Fig. 3d). Calculation of the gluco-
sylceramide index revealed that 1,25(OH)2D3 supplementation did lead
to reduction in the amount of Glc-CERs, showing a difference in the
lipid precursors of the SC lipid matrix barrier formation after
1,25(OH)2D3 supplementation (Supplementary Fig. 3e).

3.4. Intercorneocyte lipid organization

Analysis of the barrier formation in FTM-control and FTM-
1,25(OH)2D3 continued with assessment of the lipid organization in the
SC (Fig. 4a, b). The lipid lamellae in the SC can be organized in either
the short periodicity phase (SPP) or the long periodicity phase (LPP)
(Fig. 4c). In the direction perpendicular to the lamellar stacking within
the lipid matrix, the lipids are arranged in a lateral organization
(Fig. 4d). In the orthorhombic lateral packing, the hydrocarbon chains
of the lipids form the most dense packing. The hexagonal lateral
packing is characterized by a less dense packing, enabling lipid rotation
along their axis. SAXD was utilized to determine the repeat distance of
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the lamellar phases (Fig. 4e). In the diffraction pattern of FTM-control
and FTM-1,25(OH)2D3 a series of peaks were observed demonstrating
the presence of the LPP with similar repeat distances, although this
distance is shorter than that observed in NHS [39] (Fig. 4g). An addi-
tional phase was observed in the representative profiles, although in-
consistently throughout the batches for both the FTM-control and FTM-
1,25(OH)2D3, indicating no induction or aggravation of aberrant phase
formation by 1,25(OH)2D3. As compared to NHS, no diffraction peaks
attributed to the SPP were observed. The lateral organization was ex-
amined using Fourier transform infrared spectroscopy (FTIR). Methy-
lene rocking vibrations are detected which consists of two peaks at
720 cm−1 and 730 cm−1 when lipids adopt an orthorhombic packing,
whereas only a single peak at 720 cm−1 is detected when lipids adopt a
hexagonal packing (Fig. 3f). The predominant hexagonal lateral
packing was observed in all FTMs, irrespective supplementation with
1,25(OH)2D3 (Fig. 3h). In NHS, the lipids were arranged predominantly
in the orthorhombic lateral organization, which remained present even
at 40 °C.

4. Discussion

In this study, we aimed to unravel the effects of 1,25(OH)2D3 on
epidermal morphogenesis and lipid barrier formation during in vitro
development of human skin equivalents. In the present report, we
showed that addition of 1,25(OH)2D3 in the cell culture medium acti-
vated the vitamin D signalling pathway, although this did not affect
epidermal morphogenesis in FTMs. Moreover, the lipid barrier forma-
tion remained comparable for the ceramide composition and lipid or-
ganization.

The similar proliferation rate and the unaltered expression of

involucrin in FTM-1,25(OH)2D3 as compared to FTM-control are of
specific interest. A similar proliferation rate was not observed in
monocultures of keratinocytes [44]. However, anti-proliferative effects
were reported in 2D keratinocyte cultures, whereas in this study 3D
models with a supportive viable dermal equivalent were used. Fur-
thermore, additional explanations on the diverge results on prolifera-
tion could be either the high calcium concentration in the FTM culture
medium (± 1.43mM) [45] or the occurrence of 1,25(OH)2D3 catabo-
lism over time mediated by increased CYP24A gene expression [46,47].
The expression of the structural protein involucrin, with a VDRE in the
promoter region, was shown to be upregulated after 1,25(OH)2D3

supplementation before in monocultures of keratinocytes [48,49]. Our
keratinocyte monocultures showed upregulated involucrin gene ex-
pression after high calcium treatment, but no additional effect was
observed after 1,25(OH)2D3 supplementation. Furthermore, no altered
involucrin protein expression was detected in FTM-1,25(OH)2D3 as
compared to FTM-control. This partial discrepancy to literature could
be explained by lack of synergic effects of high calcium and
1,25(OH)2D3 supplementation during longer incubation periods, as
reported before [48,50,51]. Besides, involucrin is expressed in FTMs in
the stratum granulosum and stratum spinosum, which contrasts with
the restricted expression in the stratum granulosum in NHS, con-
tributing to high level of complexity interpreting the result for this
protein. Other interactions between calcium and vitamin D signalling
pathways are discussed elsewhere [32,52]. Based on these interactions
and similar effects, the calcium pathway is suggested as the major
factor minimizing the effectiveness of 1,25(OH)2D3 supplementation in
3D models. Alternatively, activation of distinct signalling transduction
pathways by 1,25(OH)2D3 involving other nuclear receptors expressed
by keratinocytes and fibroblasts could occur [53,54]. Additionally, the

Fig. 2. Lipid processing enzyme expression after addition of 20 nM 1,25(OH)2D3.
Representative images show the expression and localization of lipid processing enzyme which are involved in elongation (ELOVL1, 3, 4, 6) or desaturation (SCD1) of
SC barrier lipids in FTMs and NHS. Enzymes are shown in red and nuclei in blue, scale bar indicates 100 μm. (b–d) Expression profiles of (b) genes involved in the
VDR pathway, (c) lipid processing enzymes, and (d) skin barrier proteins in keratinocyte monocultures. Gene expression was determined after supplementation with
1,25(OH)2D3 or vehicle in low or high calcium medium. Data represents mean ± SD, N=3.
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activation of vitamin D by alternative pathways forming structurally
different but potent metabolites have been suggested [55–57]. Pheno-
typic characteristics of proliferation and differentiation are often diffi-
cult to link to a single signalling pathway or metabolite due to the
myriad overlapping and intercommunication pathways. Further pre-
clinical studies using a phenotypic relevant model need to be performed
to disentangle this.

The barrier formation was studied before by Oda et al. [4] in sub-
merged monocultures of keratinocytes, in which the ELOVL3, ELOVL4,
and UGCG expression and/or activity was altered after VDR or VDR co-
activator knockdown. However, supportive effects on ELOVL expres-
sion were not observed in this study after activation of VDR signalling
pathway or UV exposure in 3D HSEs. The comparable epidermal loca-
tion of ELOVL 3, 4 and 6 proteins was observed in HSEs, irrespective of
supplementation. Furthermore, the equal ceramide chain length dis-
tribution profiles of FTM-1,25(OH)2D3 and FTM-control supports si-
milar ELOVL functionality after VDR activation in vitro. As compared to
NHS, ELOVL1 is more expressed in HSEs. This is ascribed to its role in
elongation of unsaturated lipids, which are more present in HSEs and
are associated with the elevated expression of SCD1 [21].

The reduced presence of Glc-CERs in the SC of FTM-1,25(OH)2D3 is

linked to the modified Glc-CER content observed after VDR knockdown
[4]. This suggests an important role of VDR in the regulation of Glc-CER
formation and adds another layer of significance on the interplay be-
tween 1,25(OH)2D3 and the epidermal barrier formation. However, the
barrier lipid organization remained equal in both conditions, in line
with the similar CERstotal composition. A limitation of the ceramide
composition analysis is the lack of quantification of the LC–MS data,
due to a high technical complexity in the data analysis, concomitant
with analysis of the various CERs EO esterified entities (Helder et al., in
preparation). This leads to underestimation of the abundance of CERs
EO, although the interpretations and conclusions drawn from the data
are not affected by this.

Recent observations reported the upregulation of the antimicrobial
defence mechanism after vitamin D culture medium supplementation in
HSEs [34]. Besides, there is accumulating evidence that the activation
of the vitamin D signalling pathway influences the anti-inflammatory
pathway [58,59], making the vitamin D signalling pathway of high
interest regarding the immune barrier function of the skin. In this study,
the increased expression of LL-37 as part of the antimicrobial defence
mechanism was observed. Akiyama et al. [60] described that this
peptide upregulates tight junction-related proteins and thereby

Fig. 3. Ceramide composition in the lipid matrix of the stratum corneum in FTM-control and FTM-1,25(OH)2D3.
(a) Schematic overview of the lipids in the intercorneocyte space. Tabular overview provides structural formulas of the twelve most abundant ceramide subclasses
with nomenclature according to Motta et al. [41]. (b) Bar plot showing CER subclass profiles. (c) Bar plot showing CER EO subclass profiles. Subclass profiles are
shown in relative abundance as percentage of total AUC/ISTD of CERstotal. (d) Bar plot of CER carbon chain length distributions. (e) Bar plot of CER EO carbon chain
length distributions. Carbon chain length distributions are presented in relative abundance as percentage of total AUC/ISTD of CERstotal. A concentration of 20 nM
1,25(OH)2D3 was added. All data indicates mean+ SD, N=4.
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reinforces the epidermal barrier function on protein barrier level.
Various studies reported the beneficial effect of 1,25(OH)2D3 supple-
mentation of skin-resident immune cells, including dermal dendritic
cells and Langerhans cells [59]. However, as the current FTMs are
immune incompetent and do not contain vascular and nerve structures,
the behaviour of these cell types and the link to systemic effects could
not be studied. Notably, 1,25(OH)2D3 addition to in immune competent
HSEs should therefore not be overlooked [61,62]. This could lead to
higher preclinical relevance, as vitamin D and its analogues are used in
the treatment of skin diseases [8]. However, we determined the effects
of 1,25(OH)2D3 in co-culture of solely keratinocytes and fibroblasts,
yielding novel insights in the barrier formation based on these cell
types, thereby excluding effects based on immune cell (de-)activation.

In conclusion, the effect of vitamin D signalling pathway activation
on the epidermal morphogenesis and barrier formation was character-
ized in detail based on the expression of morphogenesis biomarkers and
lipid processing enzymes and extensive profiling of the lipid composi-
tion and organization. This revealed no major differences after addition
of 1,25(OH)2D3 to the cell culture medium of FTMs, mainly ascribed to
high calcium levels in the culture medium. These novel insights provide
valuable information about the influence of culture medium and en-
vironmental factors on the barrier formation in HSEs, which are im-
portant in the reconstruction of skin models mimicking physiological or
pathophysiological conditions.

Fig. 4. Intercorneocyte lipid matrix organization.
(a) Schematic overview of the intercorneocyte space in the stratum corneum. (b) Three-dimensional schematic overview of the lipid matrix in the intercorneocyte
space. Lipids are drawn in hairpin conformation, although lipids could also adapt the extended conformation [42,43]. (c) Schematic simplified overview of the
lamellar organization of the lipid matrix. The long periodicity phase (LPP) has an approximate repetition distance (d) of 13 nm and the short periodicity phase (SPP)
has an approximate d of 6 nm [39]. (d) Schematic presentation of hydrocarbon chains in the lateral organization. In the orthorhombic organization, lipids form the
most dense packing. The hexagonal organization is characterized by a dense packing, with equal density in plane perpendicular to the hydrocarbon chains enabling
lipids to rotate along their axis [16]. (e) Concepts of Small Angle X-ray Diffraction (SAXD) plots of isolated keratin, LPP and SPP. Diffraction profiles are generated by
plotting the scattering intensity (arbitrary unit) as a function of the scattering vector q (in nm−1). (f) Principles of Fourier Transform Infrared Spectroscopy (FTIR)
profiles in the methylene rocking vibration spectrum. In the orthorhombic lateral packing, the spectrum in the rocking vibration region consists of two peaks located
at 720 and 730 cm−1. In contrast, in the hexagonal lateral packing the spectrum in the rocking vibration regions consist of one peak at 720 cm−1. (g) SAXD profiles of
FTM-control and of FTM-1,25(OH)2D3. Representative diffraction pattern in which the first, second and third diffraction order of the long periodicity phase (LPP) are
indicated by the dotted line with Roman numbers (I, II, and III). Phase separated crystalline cholesterol is indicated by the asterisk (*), whereas phase separated lipids
of unknown origin are indicated by the number sign (#). Inset provides tabular overview of repeat distances of the LPP, indicated for FTMs and for NHS by
mean ± SD, N=4 [39]. (h) Representative FTIR spectra of the methylene rocking vibrational mode of lipids. Spectra are shown for FTM-control, FTM-1,25(OH)2D3

and of NHS. In the rocking vibration region of the spectrum in both FTMs a single peak at 720 cm−1 was detected, whereas in NHS two peaks were detected. A
concentration of 20 nM 1,25(OH)2D3 was added.
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