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Abstract
Skin equivalents are increasingly used as human‐based test systems for basic and preclinical
research. Most of the established skin equivalents are composed of primary keratinocytes and
fibroblasts, isolated either from excised human skin or juvenile foreskin following circumcisions.
Although the potential of hair follicle‐derived cells for the generation of skin equivalents has been
shown, this approach normally requires microdissections from the scalp for which there is limited
subject compliance or ethical approval. In the present study, we report a novel method to isolate
and cultivate keratinocytes and fibroblasts from plucked hair follicles that were then used to generate skin equivalents. The procedure is non‐invasive, inflicts little‐pain, and may allow easy
access to patient‐derived cells without taking punch biopsies. Overall, minor differences in morphology, ultrastructure, expression of important structural proteins, or barrier function were
observed between skin equivalents generated from hair follicle‐derived or interfollicular
keratinocytes and fibroblasts. Interestingly, improved basal lamina formation was seen in the hair
follicle‐derived skin equivalents. The presented method here allows easy and non‐invasive access
to keratinocytes and fibroblasts from plucked hair follicles that may be useful particularly for the
generation of skin disease equivalents.
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I N T RO D U CT I O N

are either generated according to in‐house protocols or can be purchased commercially. Commercial examples include EpiDerm®

Over the last decade, great efforts have been made in tissue engi-

(MatTek, Ashland, MA) or SkinEthic® (SkinEthic laboratories, Nice,

neering to develop organotypic models of human organs that accu-

France), both of which are validated epidermal models for skin irrita-

rately replicate structural and functional aspects found in vivo, and

tion and corrosion testing (OECD, 2016). Furthermore, skin equiva-

which could be used as alternative methods to animal testing. The

lents are increasingly recognised as valuable models for preclinical

increasing recognition that animal models often provide low predic-

research and basic science (Hönzke et al., 2016; van Smeden,

tive power for the human situation has further promoted the devel-

Janssens, Gooris, & Bouwstra, 2014). They are conventionally gener-

opment of organ models (Leist & Hartung, 2013; Perrin, 2014; Seok

ated from primary human keratinocytes and fibroblasts, isolated from

et al., 2013). Significant progress has also been made in the develop-

either excised human skin or juvenile foreskin following circumcisions,

ment of human‐based skin equivalents (Amelian, Wasilewska, Megias,

or from keratinocyte cell lines (Reijnders et al., 2015). However, these

& Winnicka, 2017; Ramata‐Stunda, Boroduskis, Vorobjeva, & Ancans,

approaches have clear limitations when aiming for the cultivation of

2013). These can be broadly characterised as either epidermal or full‐

patient‐derived cells. Here, skin biopsies need to be taken by an inva-

thickness (FT) skin equivalents. Unlike epidermal equivalents, FT skin

sive protocol that can result in discomfort and scar formation. Hence,

equivalents possess a dermal compartment that enables cellular

patient compliance is poor.

crosstalk between keratinocytes and fibroblasts. Skin equivalents

Recently, the human hair follicle and its stem cell reservoir have
received growing attention due to their potential for applications in

Abbreviations: CK, cytokeratin; HFDF, hair follicle‐derived fibroblast; HFDK,
hair follicle‐derived keratinocyte; IL, interleukin; NHDF, normal human dermal
fibroblast; NHK, normal human epithelial keratinocyte; ORS, outer root sheath
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the field of regenerative medicine (Mistriotis & Andreadis, 2013;
Schembri, Scerri, & Ayers, 2013). The hair follicle contains a variety
of cellular components: epithelial cells from the hair matrix and the
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bulge region, the outer root sheath (ORS) in particular, mesenchymal

then harvested by trypsinisation with 0.05% trypsin and 0.02% ethyl-

cells from the dermal papilla and dermal sheath, plus several pools of

enediaminetetraacetic acid and either cultivated in keratinocyte

epithelial, mesenchymal, and melanocyte stem cells (McElwee & Sin-

serum‐free medium (K‐SFM, Life Technologies, Darmstadt, Germany)

clair, 2008; Paus & Cotsarelis, 1999; Rompolas & Greco, 2014). The

to obtain hair follicle‐derived keratinocytes (HFDK) or in the

majority of the epithelial structures from the hair follicle remain

outgrowth medium without postmitotic 3T3‐J2 fibroblasts to obtain

attached after plucking (Gho, Braun, Tilli, Neumann, & Ramaekers,

hair follicle‐derived fibroblasts (HFDF). After 4 days, HFDF were

2004). The feasibility of culturing undifferentiated keratinocytes iso-

further cultivated in DMEM supplemented with 10% FBS and 2 mM

lated from the remaining ORS of plucked hair follicles (Limat & Noser,

L‐glutamine. The cells were used at passage 3–4.

1986; Weterings, Vermorken, & Bloemendal, 1981), and the formation
of epidermal and FT models from these (Guiraud et al., 2014; Lenoir,
Bernard, Pautrat, Darmon, & Shroot, 1988; Limat et al., 1991; Nakano

2.2 | Isolation of interfollicular primary human
fibroblasts and keratinocytes

et al., 2016) has already been demonstrated. However, there are few
examples of the use of hair follicle‐derived fibroblasts for the genera-

Normal human keratinocytes (NHK) and fibroblasts (NHDF) were iso-

tion of FT skin equivalents (Cho, Bae, Kim, Im Na, & Park, 2004;

lated from juvenile foreskin following circumcision (age between 2

Higgins et al., 2017). In these studies, fibroblast isolation was only pos-

and 11 years, with ethical approval, EA1/081/13) according to stan-

sible with surgical microdissection of hair follicles, a step that greatly

dard procedures. Keratinocytes were cultivated in keratinocyte basal

limits the feasibility of this approach. The ability to generate autolo-

medium (Lonza, Basel, Switzerland) supplemented with insulin, hydro-

gous FT skin equivalents from co‐cultivated fibroblasts and

cortisone, human epidermal growth factor, and bovine pituitary extract

keratinocytes derived from the same donor/patient without requiring

(keratinocyte growth medium) as provided by the manufacturer. Fibro-

invasive procedures would greatly improve patient compliance and

blasts were cultivated in DMEM supplemented with 10% FBS and

facilitate these approaches. Hence, in the present study, we report a

2 mM L‐glutamine. The cells were used at passage 3–4.

method to isolate primary human fibroblasts and keratinocytes from
plucked hair follicles, offering a fully non‐invasive technique to generate FT skin equivalents. The hair follicle‐derived cells were comprehensively characterised with thorough comparisons to keratinocytes,
fibroblasts, and skin equivalents derived from interfollicular skin cells.

2.3

|

Generation of skin equivalents

Skin equivalents were generated as described previously (Hönzke
et al., 2016). First, bovine collagen I (PureCol; Advanced BioMatrix,
San Diego, CA, USA), FBS, and fibroblasts isolated from the hair follicles or foreskin were mixed, brought to a neutral pH, and poured into
6‐well cell culture inserts (BD Biosciences, Heidelberg, Germany). After

2

MATERIALS AND METHODS

|

incubation at 37 °C for 2 hr, keratinocyte growth medium was added,
and NHK or HFDK was seeded on top of the collagen matrix. After

2.1
Isolation and cultivation of hair follicle‐derived
keratinocytes and fibroblasts
|

Ten to fifteen hair follicles were plucked from the scalp of healthy volunteers (age between 20 and 30, with ethical approval, EA1/345/14).
Follicles in the anagen growth phase were identified based on the
presence of an intact epithelial ORS as examined under an inverted
microscope (Figure S1A). The distal keratinised hair shaft was cut off
and immersed 4 times in Dulbecco's modified Eagle's medium (DMEM,

24 hr, the skin equivalents were lifted to the air–liquid interface, and
the medium was changed to a differentiation medium consisting of
FBS (Biochrom, Berlin, Germany), 5 μg/ml insulin (Roche, Prenzberg,
Germany), 10 ng/ml epidermal growth factor, 0.4 μg/ml hydrocortisone, 0.18 mM adenine, 0.1 nM choleratoxin, and 4 mM L‐glutamine
(all from Sigma‐Aldrich, Munich, Germany) in DMEM with sodium
pyruvate/Ham's F12 (Life Technologies, Darmstadt, Germany). Media
changes were performed every other day. After 14 days, skin equivalents were harvested and used for further investigations.

Sigma‐Aldrich, Germany) buffered with 25 nM HEPES (Life Technologies, Darmstadt, Germany) supplemented with 400 U/ml penicillin,
400 μg/ml streptomycin, and 250 ng/ml amphotericin B (Sigma‐

2.4

|

Histology and immunofluorescence

Aldrich, Munich, Germany; Aasen & Izpisua Belmonte, 2010; Limat,

Skin equivalents and freshly excised human skin obtained from plastic

Hunziker, Boillat, Bayreuther, & Noser, 1989). The hair follicles were

surgeries (ethical approval, EA1/081/13) were embedded in tissue

then placed on cell culture inserts (Corning, Costar 3450, USA) previ-

freezing medium (Leica Biosystems, Nussloch, Germany) and shock‐

ously coated with postmitotic 3T3‐J2 fibroblasts (3 × 104 cells/cm2)

frozen with liquid nitrogen. Subsequently, vertical sections (7 μm) were

on their basal side and cultivated submerged in a defined outgrowth

cut with a Leica CM1510 S cryotome (Leica Biosystems, Nussloch,

medium consisting of 10% fetal bovine serum (FBS, Biochrom, Berlin,

Germany). For histological analysis by light microscopy, skin sections

Germany), 5 μg/ml insulin (Roche, Prenzberg, Germany), 10 ng/ml epi-

were stained with haematoxylin and eosin (Carl Roth, Karlsruhe,

dermal growth factor, 0.4 μg/ml hydrocortisone, 0.135 mM adenine,

Germany) according to standard protocols.

2 nM triiodothyronine, 0.1 nM choleratoxin, 2 mM L‐glutamine (all

For immunofluorescence, skin sections and primary cells were

from Sigma‐Aldrich, Munich, Germany), 50 U/ml penicillin, and

fixed with 4% formaldehyde or ice‐cold methanol, washed with PBS

50 μg/ml streptomycin in DMEM with sodium pyruvate/Ham's F12

containing 0.0025% BSA and 0.025% Tween 20 (Carl Roth, Karlsruhe,

(3:1; all from Life Technologies, Darmstadt, Germany). Outgrowth of

Germany), and blocked with normal goat serum (1:20 in PBS). The cells

the hair follicle‐derived cells occurs within 2–3 weeks. The cells were

or tissue sections were then incubated with primary antibodies

e2136
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overnight at 4 °C (in PBS, 0.0025% BSA, 0.025% Tween 20; Table S1).

Germany), washed in 0.1 M cacodylate buffer (cacodylic acid sodium

After washing, fixed sections or cells were incubated for 1 hr at room

salt trihydrate; Carl Roth, Karlsruhe, Germany), and then incubated

temperature with secondary antibodies IgG Alexa Fluor®488 and IgG

with 1% osmium tetroxide (Chempur, Karlsruhe, Germany). Dehydra-

Alexa Fluor®594 (Abcam, Cambridge, UK; 1:400 in PBS, 0.0025%

tion was performed in an ascending series of ethanol, followed by

BSA, 0.025% Tween 20), embedded in 4′,6‐diamidin‐2‐phenylindol

the intermedium propylene oxide (1,2‐epoxypropan; VWR, Darmstadt,

antifading mounting medium (Dianova, Hamburg, Germany) and

Germany). Samples were embedded in a mixture of agar 100 (epoxy

analysed by fluorescence microscopy (BZ‐8000; Keyence, Neu‐

resin), dodecenylsuccinic anhydride (softener), methyl‐5‐norbornene‐

Isenburg, Germany).

2,3‐dicarboxylic anhydride (hardener), and 2,2‐dimethoxypropane 30
(catalyst; all: Agar Scientific, Stansted, UK). Overnight, the samples

2.5
Real‐time quantitative polymerase chain
reaction

polymerised at 45 and 55 °C, each for 24 hr. An ultra‐microtome,

The epidermis of skin equivalents was gently peeled from the dermis.

sections with modified Richardson solution (Richardson, Jarett, &

Both parts were then milled for 30 s at 25 Hz using a TissueLyzer

Finke, 1960) on an electric hotplate (80 °C) and examined by light

|

Reichert Ultracut S (Leica, Wetzlar, Germany), was used to cut semi‐
(0.5 μm) and ultra‐thin sections (80 nm). After staining the semi‐thin

(Qiagen, Hilden, Germany). Subsequently, RNA was isolated using an

microscopy (Axioskop, Carl Zeiss, Oberkochen, Germany), ultra‐thin

InnuPREP RNA Mini Kit (Analytik Jena, Jena, Germany) according to

sections were mounted on nickel‐grids (Agar Scientific, Stansted, UK),

the manufacturer's instructions. For cDNA synthesis, the iScript

contrasted with 2% uranylacetate (Agar Scientific, Stansted, UK), and

cDNA Kit (Bio‐Rad, Munich, Germany) was used. Subsequently, real‐

stabilised lead citrate (Ultrostain II, Leica, Wetzlar, Germany). Sections

time quantitative polymerase chain reaction was performed using

were then analysed by electron microscopy (Zeiss EM109, Aalen/

the iTaq™ Universal SYBR® Green Supermix Kit (Bio‐Rad, Munich,

Oberkochen, Germany).

Germany). The primer sequences are listed in Table S2. Glyceraldehyde‐3‐phosphate dehydrogenase served as the housekeeping gene.
Additionally, genomic DNA of hair follicle‐derived fibroblasts and

2.8

mouse embryonic fibroblast line 3T3‐J2 were isolated using an

Skin permeability studies were performed according to validated test

InnuPREP DNA Mini Kit (Analytik Jena, Jena, Germany) according to

procedures (OECD, 2004). Radioactively labelled testosterone served

the manufacturer's instructions. The genomic DNA was analysed by

as lipophilic test compound with a total radioactivity of 2 μCi/ml. A

a Taqman chemistry‐based, real‐time duplex polymerase chain reac-

testosterone stock solution (40 μg/ml, 2% [v/v] Igepal® CA‐630,

|

Skin absorption testing

tion to quantify human and murine DNA in a single‐tube reaction

Sigma‐Aldrich, Munich, Germany) was spiked with an appropriate

(Nitsche et al., 2001).

amount (100 Ci/mmol) of 2,4,6,7‐3H‐testosterone (Amersham, Freiburg, Germany). Permeation experiments were performed using

2.6

|

Western blot

The epidermis of skin equivalents was gently peeled off, lysed in
radioimmunoprecipitation assay buffer, and the total protein concentrations determined using the Pierce® BCA Protein Assay Kit
(Thermo Scientific, Waltham, USA). Subsequently, samples (~30 μg
protein) were boiled in standard SDS‐PAGE sample buffer and sepa-

Franz diffusion cells (PermeGear, Hellertown, PA, USA), where
500 μl of the receptor fluid was sampled every 30 min for 6 hr.
The total amount of permeated testosterone was quantified using
radiochemical detection (HIDEX 300 SL, HIDEX, Turku, Finland).
The permeation rate of testosterone was calculated as the apparent
permeability coefficient (Papp).

rated by 10% SDS polyacrylamide gel electrophoresis (Bio‐Rad,
Munich, Germany). Samples were then blotted onto nitrocellulose

2.9

|

Statistical analysis

membranes (Bio‐Rad, Munich, Germany) that were then blocked with

The unpaired student's t‐test was used for direct comparisons of two

5% skimmed‐milk powder for 1 hr at 37 °C. Subsequently, the mem-

independent groups using SigmaPlot 11.0 (Systat Software GmbH,

branes were incubated with the primary antibodies (Table S1) at 4 °C

Erkrath, D). Asterisks (*) indicate statistical significance over skin equiv-

overnight and incubated with horseradish peroxidase‐conjugated anti‐

alents grown from skin‐derived cells, and p ≤ 0.05 was considered sta-

mouse or anti‐rabbit secondary antibody (Cell Signaling, Frankfurt/

tistical significant. Data from at least three independent experiments

Main, Germany) for 1 hr. Blots were then developed with SignalFire™

are presented as means ± standard error of the mean (SEM).

ECL reagent (Cell Signaling, Frankfurt/Main, Germany) and visualised
by PXi/PXi Touch Multi‐Application Gel Imaging System (Syngene,
Cambridge, UK). Protein expression was semiquantified by densitom-

3

|

RESULTS

etry and normalised to β‐actin or ß‐tubulin levels using ImageJ Version 1.46r (National Institutes of Health, Bethesda, MD, USA;
Schneider, Rasband, & Eliceiri, 2012).

2.7

|

Ultrastructural analysis

3.1 | Keratinocytes and fibroblasts derived from hair
follicles or skin do not show any significant differences
in cell‐specific markers
HFDF and HFDK were characterised and compared with their

Skin equivalents were fixed in Karnovsky solution (7.5% glutaralde-

interfollicular counterparts, respectively, NHDF and NHK. No differ-

hyde and 3% paraformaldehyde; all from Carl Roth, Karlsruhe,

ences in the expression of the fibroblast‐specific markers vimentin

LÖWA
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and desmin were seen. The number of cells expressing alpha‐
smooth muscle actin and versican was slightly higher in hair follicle‐derived fibroblasts (Figure 1a). Similarly, no perceivable differences were detected between primary cultures of HFDKs and

e2137

3.2 | Skin equivalents generated from hair follicle‐
derived cells show slightlyless well organised epidermal
layers but comparable epidermal differentiation and
proliferation

NHKs. Keratinocytes from both sources were positive for CK5,
CK14, and CK17, markers characteristic of mitotically active basal

Skin equivalents were generated using the following cell combinations:

cells. Differentiation‐specific CK10 was not expressed in either

NHK and NHDF, NHK and HFDF, HFDK and NHDF, and HFDK and

HFDK or NHK.

HFDF. Analysis by light‐microscopy revealed the development of all

HFDF were negative for the keratinocyte‐specific CK14, clearly

epidermal layers (Figures 2a and S4). Some histological differences

differentiating them from HFDK (data not shown). Additionally, HFDF,

between the cell combinations were observed with regard to cell

NHDF, HDFK, and NHK were analysed for the expression of type I col-

shapes and organisation of strata. In the skin equivalents generated

lagen (COL1A1) and type IV collagen (COL4A1), alpha‐smooth muscle

from HFDKs, the cells of the epidermal layers appeared more irregu-

actin (ACTA2), interleukin‐1 alpha (IL1A), ‐6 (IL6) and ‐8 (IL8), and

larly shaped compared with those of skin equivalents generated

transforming growth factor‐beta (TGFB) at the mRNA level (Figure S2).

from NHKs. Additionally, spheroid structures located within the

Again, comparable gene expression profiles were observed.

supra‐basal layers were found exclusively in skin equivalents gener-

To distinguish HFDF from the mouse embryonic fibroblast line

ated from HFDK. For all skin equivalents, the viable epidermis

3T3‐J2, which served as feeder cells during the cell outgrowth, geno-

stained positively for CK10 in suprabasal cell layers and CK14

mic DNA of both cell types was analysed using real‐time duplex poly-

throughout the epidermis (Figure 2b), the latter of which differs from

merase chain reaction. No murine DNA was detected in hair follicle‐

the distribution seen in native human skin, perhaps due to the culture

derived fibroblasts (Figure S3).

conditions (Figure S5A). No significant differences in cell proliferation

FIGURE 1

Immunostaining of fibroblast‐ and keratinocyte‐specific markers. (a) Representative immunostaining of fibroblasts derived from hair
follicle (hair follicle‐derived fibroblast [HFDF]) and skin (normal human dermal fibroblast [NHDF]) for vimentin (VIM, green), desmin (DES, red),
alpha‐smooth muscle actin (SMA, green), and versican (VCAN, red). (b) Representative immunostaining of keratinocytes isolated from hair follicles
(hair follicle‐derived keratinocyte [HFDK]) and skin (normal human keratinocyte [NHK]) for the cytokeratins (CK)5, CK10, CK14, and CK17.
Counterstaining was performed with 4′,6′‐diamin‐2‐phenylindol (blue). Scale bar = 50 μm. n = 4
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FIGURE 2

Histological analysis of skin equivalents generated from interfollicular and hair follicle‐derived cells. (a) Representative haematoxylin
and eosin staining of the skin equivalents grown from interfollicular (normal human dermal fibroblast [NHDF] and normal human keratinocyte
[NHK]) or hair follicle‐derived keratinocytes (HFDK) and/or fibroblasts (HFDF). (b) Representative immunostaining against the basal cell marker
CK14 (green, top row) and terminal differentiation marker CK10 (green, bottom row) of the skin equivalents. Counterstaining of cell nuclei was
performed with 4′,6′‐diamin‐2‐phenylindol (blue). Scale bar = 100 μm. n = 3

were observed between any of the skin equivalents and native human

mitotic cells) or cell remnants and amorphous material that were inte-

skin as assessed by Ki67 staining (Figure S6).

grated into the supra basal layers (Figure 3b).
Interestingly, in skin equivalents grown from HFDKs, neighbouring
basal cells and individual supra basal cells adhered tightly to each other

3.3 | Skin equivalents grown from hair follicle‐
derived cells show reduced intercellular space in the
stratum basale and improved sub‐basal layer histology

by interdigitating protrusions not seen in any other skin equivalent
(Figure 3aI). Furthermore, at the dermal‐epidermal interface, a sub‐
basal layer of extracellular material resembling a basal lamina was
detected. Puncta of electron‐dense membrane plaques that anchored

Analysis of semi‐ and ultra‐thin sections by electron microscopy con-

to the sub‐basal extracellular material were observed at the basal poles

firmed the expression of all strata in the skin equivalents (Figure S4),

of the basal cells. Interestingly, although both the sub‐basal layer and

distinguishable by characteristic morphological and ultrastructural fea-

the membrane plaques were distinct and regularly seen in skin equiva-

tures. The stratum basale was characterised as the layer in which cells

lents grown from hair follicle‐derived cells, they were rarely observed

come into direct contact with the dermal equivalent. The stratum

in skin equivalents generated from interfollicular cells (Figure 3aI–IV).

spinosum was defined as the supra basal layer of cells with typical spi-

Nonetheless, NHK/NHDF and NHK/HFDF skin equivalents clearly

nous processes. The stratum granulosum was determined by the pres-

displayed more regular formed basale and spinosal layers (Figures 2

ence of electron‐dense intracellular granula, and the superficial

and S4). The cells of the stratum basale were mainly columnar (70%),

stratum corneum was defined as layer populated by corneocytes that

but in contrast to the HFDK equivalents, intercellular spaces were

are absent of organelles or nuclei.

observed between the basal cells (Figure 3aI). The spinous cells were

Interestingly, skin equivalents comprising either NHK and NHDF
or NHK and HFDF showed greater similarity to one another than skin

ellipsoid in shape within the deeper layers, whereas those of the upper
layers appeared flattened (Figure 3bI).

equivalents generated from HFDK (Figure S4). The basal cells of skin

In all types of constructs, the cells of the stratum granulosum were

equivalents generated from the latter were irregularly shaped: colum-

flattened and densely packed and populated by lamellar bodies and

nar, polygonal, and elongated cells were present that made it difficult

keratohyaline granules (Figure 3c). The stratum corneum was

to distinguish the basal layer from adjacent supra basal layers. In addi-

characterised by enucleated, flattened cells surrounded by a well

tion, individual supra basal cells lacked spinous processes and spheroi-

developed cornified envelope. In the NHK/NHDF and NHK/HFDF

dal structures composed of either cells (up to nine cells, including

skin equivalents, the cornified cell layers were regularly and tightly

LÖWA
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FIGURE 3 Transmission electron microscopy images of a skin‐derived (I) and a hair follicle‐derived skin equivalent (II, III, and IV). In (aI), the cells
of the basal layer (BA) are columnar (arrowheads; wide intercellular spaces). (aII) Columnar, polygonal, and elongated cells of the BA tightly
adhered to one another (arrowheads; (P) electron‐dense particles). Scale bar = 5,000 nm. (aIII, IV) Magnifications of (aII), cell membrane plaques
(arrows) and sub‐basal layer of extracellular material (EM). Scale bar III = 500 nm, scale bar IV = 250 nm. (bI) Spinous cells are regularly organised
and of an ellipsoid shape. (bII) Cuboidal or irregularly shaped spinous cells; amorphous material forming spheroidal structures (arrowheads). (cI, II)
Keratohyaline granule (arrowhead) in upper layers of the stratum granulosum (GR); stratum corneum (CO) with enucleated, flattened
corneocytes, tightly packed with highly organised keratin filaments. Scale bar = 5,000 nm. (dI) Regularly and tightly packed corneocytes. (dII)
Cornified cell layers folded and intertwined into each other; gaps between corneocytes. Scale bar = 1,000 nm. n = 3

e2140

LÖWA

ET AL.

packed with corneocytes that adhered to each other through

non‐significant, a trend towards increased skin permeability was

corneodesmosomes (Figure 3dI). By contrast, the HFDK skin equiva-

observed for skin equivalents generated from hair follicle‐derived

lents showed cornified cell layers of varied architecture; in addition to

cells. These showed an apparent permeability (Papp) value of

longitudinal arrangements, corneocytes were also found folded and

9.6−6 ± 6.8−7 (cm/s) as compared with a Papp value of 7.8−6 ± 8.2−7

intertwined into each other or with gaps between them (Figure 3dII).

(cm/s) for skin equivalents formed of skin‐derived keratinocytes and
fibroblasts.

3.4 | Skin equivalents grown from hair follicle‐
derived cells show altered expression levels of skin
barrier and tight junction proteins

4

|

DISCUSSION

The structural proteins involucrin, filaggrin, and loricrin were expressed

Over the past 10 years, great efforts have been made to generate

in all skin equivalents (Figure 4). Interestingly, filaggrin expression was

organotypic models of the human skin for applications ranging from

significantly reduced, and involucrin expression significantly increased,

regenerative medicine to alternatives to animal testings. To date, sev-

in skin equivalents grown from HFDK and HFDF as compared with

eral protocols have been established, describing the cultivation of skin

skin equivalents generated using interfollicular cells (NHK/NHDF;

equivalents using cell lines, primary skin‐derived keratinocytes and

Figure 4a). No major differences were observed in the expression pro-

fibroblasts, and addition of further cell types such as melanocytes,

file of loricrin (Figure 4b). Compared with human skin, all skin equiva-

immune cells, or stem cells (Asbill et al., 2000; Duval et al., 2012; Laco,

lents expressed less filaggrin but comparable levels of involucrin and

Kun, Weber, Ramakrishna, & Chan, 2009; Ouwehand et al., 2011;

loricrin (Figure S5B).

Reijnders et al., 2015; Thakoersing et al., 2012). Approaches using

Similar to the skin barrier proteins, the expression of the tight

patient‐derived cells for the generation of skin equivalents have almost

junction proteins claudin 1 and occludin differed between skin equiva-

exclusively relied on skin biopsies, a method associated with impaired

lents generated from interfollicluar or hair follicle‐derived cells

wound healing, scar formation, and infections (Nischal, Nischal, &

(Figure 5a). Occludin expression was lower in the skin equivalents

Khopkar, 2008). Although keratinocytes can be obtained from plucked

grown from hair follicle‐derived cells compared with interfollicular

hair follicles, the isolation of fibroblasts was only possible using micro-

cells. Significantly, greater levels of claudin 1 expression were seen in

dissections of the human scalp, which again is an invasive procedure

skin equivalents grown from HFDK and HFDF (Figure 5b). Overall,

(Driskell, Clavel, Rendl, & Watt, 2011; Gledhill, Gardner, & Jahoda,

the expression pattern of claudin 1 was comparable with human skin

2013; Higgins et al., 2017).

(Figure S5C) for all skin equivalents. By contrast, occludin expression

Hence, we aimed to develop a non‐invasive protocol enabling the

is mostly observed in the upper strata of human skin and does not

isolation of primary keratinocytes and fibroblasts from plucked scalp

appear in the whole epidermis as it did in all the generated skin equiv-

hair follicles. For this purpose, outgrown hair follicle‐derived cells

alents (Figure S5C). Corresponding mRNA expression levels are

were cultured in serum‐enriched cell culture medium without feeder

depicted in Figure S7.

cells for 4 days, followed by culture in a fibroblast‐specific medium.
As described previously, keratinocytes were obtained by cultivating

3.5 | Skin equivalents generated from hair follicle‐
derived keratinocytes showed increased expression of
types IV and VII collagen

hair follicle‐derived cells either directly in keratinocyte‐specific culture
medium or with feeder cells in specific serum‐enriched culture
medium (Aasen & Izpisua Belmonte, 2010; Limat & Hunziker, 2002).
To ensure the comparability of these to interfollicular keratinocytes

Immunostaining against the basement membrane proteins types IV

and fibroblasts, thorough characterisations of both were performed.

and VII collagen and laminin 5 confirmed their expression in all skin

For fibroblasts, we analysed the expression of vimentin, desmin,

equivalents (Figure 6). Notably, the highest expressions of types IV

alpha‐smooth muscle actin, and versican. These markers are more or

and VII collagen were observed in skin equivalents generated from

less fibroblast‐specific; a true characteristic marker of skin fibroblasts

hair follicle‐derived keratinocytes. Laminin 5 was detected in the

has not yet been described (Kalluri & Zeisberg, 2006). Vimentin, for

epidermal–dermal junction as a linear stain with similar expression

example, is expressed in all fibroblast types but is also detectable on

levels in all skin equivalents. Notably, skin equivalents grown from

endothelial cells (Mork, van Deurs, & Petersen, 1990). Similarly, des-

hair follicle‐derived keratinocytes showed great similarities to human

min is expressed in smooth muscle cells in addition to skin fibroblasts

skin with regard to the basement membrane proteins (Figures 6

(Schmid et al., 1982). Overall, no differences in the expression

and S5D). Corresponding mRNA expression levels were also seen

between interfollicular (NHDF) and HFDF were observed except for

(Figure S8).

slightly higher alpha‐smooth muscle actin and versican levels in
HFDFs, likely because these are also markers for the dermal sheath

3.6 | Skin equivalents grown from hair follicle‐
derived cells show similar skin barrier function
The barrier functions of skin equivalents grown from interfollicular or

and dermal papilla (Jahoda, Reynolds, Chaponnier, Forester, &
Gabbiani, 1991; Yang & Cotsarelis, 2010) and should only be
expressed to a low extent in normal skin fibroblasts (Gabbiani, 2003;
Gabbiani, Ryan, & Majne, 1971).

hair follicle‐derived cells were assessed by permeation studies, where

Interestingly, the origin of our isolated HFDFs is presently indeter-

no significant differences were found (Figure S9). However, though

minable. Plucking hair follicles excludes the extraction of the dermal
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FIGURE 4

e2141

Expression profiles of the skin differentiation markers involucrin (IVL), filaggrin (FLG), and loricrin (LOR) in skin equivalents generated
from interfollicular and hair follicle‐derived keratinocytes and fibroblasts. (a) Western blots and relative protein expression semiquantified by
densitometry of skin equivalents generated from interfollicular (normal human keratinocyte [NHK] and normal human dermal fibroblast [NHDF])
and hair follicle‐derived keratinocytes [HFDK] and hair follicle‐derived fibroblasts [HFDF]). (b) Representative immunostaining in the skin
equivalents against FLG (green), IVL (red) and LOR (green). Counterstaining of cell nuclei was performed with 4′,6′‐diamin‐2‐phenylindol (blue).
Scale bar = 100 μm. Values are given as mean ± SEM. n = 3. * indicates statistically significant differences from skin equivalents generated from
interfollicular keratinocytes and fibroblasts (NHK/NHDF; *p ≤ 0.05)
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FIGURE 5

Expression profiles of the tight junction proteins occludin (OCLN) and claudin 1 (CLDN1) in skin equivalents grown from interfollicular
(normal human keratinocyte [NHK] and normal human dermal fibroblast [NHDF]) or hair follicle‐derived keratinocytes (HFDK) and fibroblasts
(HFDF). (a) Western blots and relative protein expression semiquantified by densitometry. (b) Representative immunostaining against the tight
junction proteins OCLN (green) and CLDN1 (red). Counterstaining of cell nuclei was performed with 4′,6′‐diamin‐2‐phenylindol (blue). Scale
bar = 100 μm. Values are given as mean ± SEM. n = 3. * indicates statistically significant differences from NHK/NHDF skin equivalents (*p ≤ 0.05,
**p ≤ 0.01)

papilla in most cases, a known location of mesenchymal cells (Bassukas

2.5 million cells in p0) can be obtained from plucked hair follicles com-

& Hornstein, 1989; Rompolas & Greco, 2014). Dermal sheath cells are

pared with skin biopsies.

the other known population of fibroblasts in the hair follicle, the isola-

Following successful isolation of cells from plucked hair follicles,

tion of which was previously only possible following microdissections

we cultivated skin equivalents from these and compared them to skin

(Higgins et al., 2017; McElwee & Sinclair, 2008; Yang & Cotsarelis,

equivalents grown from interfollicular keratinocytes and fibroblasts.

2010). Interestingly, the initial outgrowth of the ORS cells reported

Histological analyses showed comparable differentiation and prolifera-

here showed spindle‐shaped cells at their edge (Figure S1B) potentially

tion of all skin equivalents (Figures 2, S4, and S6), although a less well

indicating an origin from the dermal sheath. Importantly, it was verified

organised epidermis in skin equivalents generated from hair follicle‐

that the isolated fibroblasts are human and not residues from the

derived cells was observed. Concordantly, ultrastructural analysis

murine feeder cells (Figure S3).

showed few but distinct differences between interfollicular and hair

To ensure a successful outgrowth of hair follicle‐derived cells and

follicle‐derived skin equivalents. For example, spheroidal structures

a high cell yield, proper contact between the hairs and the culture dish

containing cellular or noncellular debris were exclusively found in skin

is essential (Aasen & Izpisua Belmonte, 2010). Both HFDKs and HFDFs

equivalents grown from hair follicle‐derived keratinocytes (Figure 2a).

were cultured to passage 3–4, which is comparable with interfollicular

These may be an artefact of early keratinisation of the ORS cells and

cells. Nevertheless, it has to be noted that less keratinocytes (~0.9 to

constitute apoptotic cells or due to contaminating epidermal stem
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FIGURE 6

Expression of the basement membrane proteins types IV and VII collagen and laminin 5 in skin equivalents grown from interfollicular or
hair follicle‐derived keratinocytes (HFDK) and fibroblasts (HFDF). Representative immunostaining against the basement membrane proteins type
IV collagen (Col IV, red), type VII collagen (Col VII, red), and laminin 5 (LAM5, green). Counterstaining of cell nuclei was performed with 4′,6′‐diamin‐
2‐phenylindol (blue). Scale bar = 100 μm. n = 3. NHK = normal human epithelial keratinocyte; NHDF = normal human dermal fibroblast

cells, which tend to organise in clusters and adhere to each other by a

expression patterns of filaggrin and involucrin (Figure 4), as well as

multitude of adhesion proteins. Alternatively, the speroids may be apo-

the tight junction proteins claudin 1 and occludin (Figure 5). Whether

ptotic remnants of epidermal stem cell clusters that did not receive

this is due to inter‐individual differences or to the different cell origins

adequate developmental cues to undergo further processing (Rzepka,

is unclear. Although no statistically significant differences were found

Schaarschmidt, Nagler, & Wohlrab, 2005). In line with this, differences

between the skin barrier function any of the skin equivalents (Figure

in the clonogenic potential of cells from different regions of microdis-

S9), a slight trend towards increased skin permeability was seen for

sected mouse hair follicles were previously demonstrated (Claudinot,

the skin equivalents grown from hair follicle‐derived cells. This may

Nicolas, Oshima, Rochat, & Barrandon, 2005), another potential expla-

be due to their less well organised epidermal layers as compared with

nation for these structures.

skin equivalents grown from interfollicular cells (Figure 2). Potential

Interestingly, the formation of electron‐dense extracellular sub‐

reasons for this include the different cell origins (scalp vs. foreskin)

basal material appeared improved in hair follicle‐derived skin equiva-

and the donors' age (20–30 vs. ≤8 years). However, in our experience,

lents indicating the development of a basal lamina (Figure 3).

age does not cause a major impact because cells from older donors

Increased expression of types IV and VII collagen further supports

mainly show decreased proliferation rates rather than reduced abilities

this finding (Figure 6). In addition, puncta of electron‐dense mem-

to form stratified tissues.

brane plaques were found in the hair follicle skin equivalents

In summary, we have successfully established a method to isolate

anchored to the sub‐basal electron‐dense material, potentially indicat-

fibroblasts from plucked hair follicles without invasive procedure.

ing the formation of hemidesmosomes. This might be attributed to

Moreover, though differences between skin equivalents generated

improved communication between keratinocytes and fibroblasts

from keratinocytes and fibroblasts originating from hair follicles and

derived from the hair follicle of the same donor. These findings are

interfollicular regions were observed, these were relatively minor espe-

in line with recent work showing a positive influence of dermal papilla

cially in terms of epidermal stratification.

and sheath cells on basal lamina formation (Higgins et al., 2017) when

This method could be of particular use for the generation of skin

hair follicle‐derived keratinocytes and fibroblasts from the same

disease models because it allows the isolation of patient‐derived

donor were used.

cells from plucked hair follicles without invasive procedures. This is

Although all skin equivalents expressed all expected epidermal

of specific interest for skin disorders with a genetic background such

layers, cell shape and organisation of the strata differed from native

as atopic dermatitis, psoriasis, or autosomal recessive congenital

human skin (Figure S5). Differences were also observed in the

ichthyoses.
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Figure S6. Representative immunostaining against the proliferation
marker Ki67 (green) of (A) human skin biopsies and (B) skin equivalents
generated

from

interfollicular

and

hair

follicle‐derived

cells.

Counterstaining of cell nuclei was performed with 4′,6′‐diamin‐2‐
phenylindol (DAPI, blue). Scale bar = 100 μm. n = 3.
Figure S7. RNA was isolated from the (A) epidermis and (B) dermis of
all generated skin equivalents, transcribed into cDNA, and quantified
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Figure S9. Skin permeability of skin equivalents grown from

(IVL), filaggrin (FLG), loricrin (LOR), claudin‐1 (CLDN1), occludin (OCLN),

interfollicular (●) or hair follicle‐derived keratinocytes and fibroblasts

type I collagen (COL1A1), type III collagen (COL3A1), matrix metallo-

(○). Values are given as mean ± SEM. n = 4.

proteinase‐2 (MMP2) and −9 (MMP9) in skin equivalents grown from
NHK/NHDF, NHK/HFDF, HFDK/NHDF and HFDK/HFDF. Values
are given as mean ± SEM. n = 3.
Figure S8. RNA was isolated from the (A) epidermis and (B) dermis of
all generated skin equivalents, transcribed into cDNA and quantified
by quantitative real‐time PCR: type IV collagen (COL4A1), type VII collagen (COL7A1) and laminin 5 (LAMA5). Values are given as
mean ± SEM. n = 3.
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