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Introduction: The dermal papilla (DP) represents the major regulatory entity within the hair follicle (HF),
inducing hair formation and growth through reciprocal interactions with epithelial cells. However,
human DP cells rapidly lose their hair inductive ability when cultured in an epithelium-deficient environ-
ment.
Objectives: To determine if the conditioned medium collected from interfollicular keratinocytes (KCs-
CM) is capable of improving DP cell native properties and inductive phenotype.
Methods: DP cells were cultured with KCs-CM both in 2D and 3D culture conditions (spheroids). Further,
the hair-inductive capacity of DP cells precultured with KCs-CM was tested in a hair reconstitution assay,
after co-grafting with human keratinocytes in nude mice.
Results: We demonstrate that KCs-CM contributes to restore the inductivity of cultured human DP cells
in a more effective mode than the conventional 3D-cultures. This is supported by the higher active alka-
line phosphatase (ALP) levels in DP cells, the improved self-aggregative capacity and the reduced expres-
sion of a-SMA and the V1-isoform of versican. Moreover, DP cells cultured with KCs-CM displayed a
secretome profile (VEGF, BMP2, TGF-b1, IL-6) that matches the one observed during anagen. KCs-CM also
enhanced DP cell proliferation, while preventing cells to undergo morphological changes characteristic of
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high passage cells. In opposition, the amount of collagenous and non-collagenous proteins deposited by
DP cells was lower in the presence of KCs-CM. The improvement in ALP activity was maintained in 3D
spheroidal cultures, even after KCs-CM retrieval, being superior to the effect of the gold-standard culture
conditions. Moreover, DP cells cultured with KCs-CM and grafted with human keratinocytes supported
the formation of HF- and sebaceous gland-like structures in mice.
Conclusion: The proposed strategy encourages future cell-based strategies for HF regeneration not only in
the context of hair-associated disorders, but also in the management of wounds to aid in restoring critical
skin regulatory appendages.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The dermal papilla (DP) is the key mesenchymal compartment
involved in hair growth. It is organized as a cluster of highly spe-
cialized cells located at the base of the hair follicle (HF), a privi-
leged position from where the DP activates and controls hair
growth, through reciprocal interactions with the neighbouring
epithelium [1–3]. The use of DP cells for HF regenerative
approaches relies both on their propagation and in the mainte-
nance of their inductive properties in culture, to ensure that a
proper number of functional cells is obtained. However, the quick
loss of inductivity that human DP cells experience in culture [4],
and from which they don’t spontaneously recover, has been hin-
dering the development of DP cell-based strategies for HF regener-
ation. So far, the most efficient method to restore human DP cell
inductivity is the artificial recreation of the cells’ 3D architecture
and intercellular contacts using 3D spheroid cultures [4,5]. While
it results in a partial recovery of human DP cell transcriptome [4]
and native signature [5] in vitro, the hair-induction rate of DP
spheroids in a human-to-human recombinant assay was only of
15% [4]. This illustrates the difficulty in regenerating human hairs,
as well as the need to further develop new approaches to improve
the inductive properties of human DP cells.

Strategies capable of addressing that need include the stimula-
tion of theWnt/b-catenin, BMP and FGF signalling pathways in cul-
ture DP cells using specific targeting biomolecules [6,7]. However,
the obtained cells still failed to form hairs in vivo [7]. More
recently, Won et al [8] reported that the use of concentrated condi-
tioned medium (CM) collected from human a6-integrinhigh/
CD71low keratinocytes (KCs) has a hair growth-promoting effect
in mice. The CM contained different growth factors, including vas-
cular endothelial growth factor (VEGF) and platelet-derived
growth factor-A (PDGF-A), among others. The topical injection of
these factors in telogen-synchronized mice replicated the CM
effect confirming improved hair growth due to an earlier
telogen-to-anagen transition. This study supports what has been
previously shown regarding the importance of epithelial-
mesenchymal interactions (EMIs) for hair growth promotion [9].
But whether the recreation of this complex epithelial signalling
in vitro is beneficial towards the recovery of the inductive pheno-
type of human DP cells, and ultimately hair regeneration is yet to
be demonstrated. Studies with co-culture systems using human
cells [10–12] did not investigate epithelial cell effects on DP cells.
In turn, KCs-CMwas shown to improve human DP cell proliferation
[8,13], but its impact on the hair inductive-associated phenotype
or trichogenic ability was not addressed. Considering this, we
hypothesised that by culturing human DP cells with KCs-CM some
of the epithelial-mesenchymal interactions would be recreated,
promoting the restoration of an inductive phenotype, while simul-
taneously supporting their proliferation. We uncover the effects of
KCs-CM in the recovery of DP cell inductive properties and native
phenotype under the standard 2D culture conditions used for their
expansion. The persistence of the effect over DP cell inductivity
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in vitro was further demonstrated in 3D cultures even after
KCs-CM stimulus withdrawal, which is determinant to maximise
DP cell effectiveness in long term. We propose an efficient and sim-
ple approach to attain human DP cells with an improved pheno-
type and capable of inducing the formation of HF-like structures.
Materials and methods

Ethics statement

All the experimental protocols involving animals were
approved by the local animal welfare body (ethical approval no.
ORBEA EM/ICVS-I3Bs_ 009/2019) and performed according to the
applicable national regulations and international animal welfare
rules. Human tissue samples were obtained after informed consent
from the patients and under a collaboration protocol approved by
the ethic committees of the involved institutions (approval no. 05
CEASS|SCMP, study no. 005/2019).

Cell isolation and culture

J2-3 T3 fibroblasts were cultured in DMEM supplemented with
10% adult bovine serum, up to passage 10. Feeders were prepared
with 2.4 � 104 cells/cm2 after inhibition with mitomycin C (4 mg/
ml) for 2 h 30 min at 37 �C. KCs were isolated from human skin tis-
sue obtained from patients who underwent abdominoplasty sur-
gery in Hospital da Prelada (Porto, Portugal), as previously
described [14], and cultured in Keratinocyte Serum-free Medium
(KSFM, Gibco) with Y-27632 (10 mM; STEMCELL Technologies).
KCs were resuspended in FADmedium [DMEM/Ham’s F12 medium
(3:1 ratio) supplemented with 1.8 � 10-4 M adenine, 10% non-
inactivated fetal bovine serum (FBS), 0.5 lg/ml hydrocortisone,
10-10 M cholera toxin, 10 ng/ml epidermal growth factor, 5 lg/ml
insulin and 1.8 mM CaCl2]. Scalp samples were obtained from hair
transplantation surgeries performed at Sanare - Unicapilar Clínica
(Porto, Portugal) and used to isolate DP cells by the standard
microdissection technique [15]. Explants were initially cultured
in DMEM 20% FBS. After passage, DP cells were cultured in DMEM
10% FBS and used from passage 4 to 6. All cells were cultured in a
humidified incubator at 37 �C and 5% CO2, with medium changes
every 2–3 days.

KCs-CM collection and usage in DP cell cultures

Keratinocytes (1.0–1.4 � 105) at passage 1 were seeded in
75 cm2 flask previously prepared with feeder cells. Approximately
after one week, KCs were removed from the feeder layer and
2.5x106 cells were cultured in 150 cm2 culture flasks with 20 mL
of KSFM with Y-27632. CM was collected at day 6 of culture, after
a medium change at day 4. The collected supernatant was filtered
through a 0.22 lm syringe filter and stored at �20 �C until further
use, up to one month. DP cells were cultured in DMEM with 10%
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FBS overnight. In the following day, the medium was replaced by
the collected CM mixed with an equal volume of fresh DMEM
10% FBS (KCs-CM). DP cells cultured in their standard medium -
DMEM 10% FBS - (DMEM), or in DMEM mixed with an equal vol-
ume of KSFM with Y-27632 - (Medium CTRL) were prepared as
controls. Culture medium was refreshed every two days, up to
5 days.

DNA and active-alkaline phosphatase (ALP) quantification

DP cells were lysed with ultra-pure water with 0.01% sodium
dodecyl sulphate (1 h, 37 �C), followed by freezing at �80 �C. Cells
were then scrapped, and DNA levels quantified using the
PicoGreenTM dsDNA Assay Kit (Thermo Fisher Scientific) and the
amount of active-ALP was quantified using the Alkaline Phos-
phatase Detection Kit (Sigma-Aldrich).

Detection of ALP-active cells

Adherent cells were fixed in 10%-formalin (15 mins, RT) and the
nitro-blue tetrazolium chloride and 5-bromo-4-chloro-30-indoly
phosphate (NBT/BCIP) substrate was prepared by diluting 5 lL of
NBT and 3.75 lL of BCIP (Roche) per mL of staining buffer
(100 mM NaCl, 100 mM Tris-HCl pH 9.5 and 50 mM MgCl2 in
water). The substrate was applied for 20 min (RT, dark) and
washed with water before observation.

Immunocytochemistry

Fixed DP cells were permeabilized with 0.2% Triton X-100 for
15 min at RT (in case of intracellular staining) or with 1% Triton
X-100 for 30 min on ice (in case of nuclear staining), and incubated
with 3% bovine serum albumin (BSA, Sigma-Aldrich) in PBS for
45 min (RT) to block nonspecific staining. Primary antibodies (Sup-
plementary Table 2) were diluted in 1% BSA solution containing
0.2% Triton X-100 and incubated for 1 h (RT). Samples were then
washed with PBS and incubated with Alexa Fluor (AF) (488/594)-
conjugated secondary antibodies (1:500; Molecular Probes) pre-
pared in the same conditions as primary antibodies. Cell’s F-actin
fibers were stained with phalloidin-TRITC (1:100, Sigma-Aldrich)
and nuclei with 40,60-diamino-2-phenylindole (DAPI) (0.02 mg/
mL; Biotium). Samples were analysed and images acquired with
an Axioplan Imager Z1m microscope (Zeiss).

Flow cytometry

For cell surface marker analysis, DP cells were resuspended in
DMEM 10% FBS and incubated with the CD184-APC (1:20; BioLe-
gend) or the LRP4-PE (1:10; Miltenyi Biotec) antibodies respec-
tively for 30 min (RT) or 10 min (ice). For intracellular staining,
the FIX & PERMTM Cell Permeabilization Kit (Thermo Fisher Scien-
tific) was used. Cells were first fixed with reagent A (15 min, RT),
washed in PBS, then permeabilized with reagent B and incubated
(20 min, RT) with the a-SMA-FITC (1:33; Abcam) or LEF1-AF488
(1:50; Cell Signaling Technology) antibodies. Cell suspensions were
analysed with a FACSCalibur flow cytometer (BD Biosciences) using
the Cell Quest Software for data analysis.

Collagen and non-collagenous proteins staining and quantification

The production of collagenous (COL) and non-collagenous
(NCOL) proteins by DP cells was measured using the Sirius Red/
Fast Green Collagen Staining Kit (Chondrex Inc.). Formalin-fixed
cells were immersed in the dye solution (30 min, RT) and washed
in water until it runs clear. Representative images were acquired
with a Leica DM750 microscope (Leica). Further quantification
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was performed by extracting the die with the kit destaining solu-
tion and measuring the samples optical density at 540 nm (Sirius
red, COL proteins) and 605 nm (fast green, NCOL proteins). The col-
our equivalences [16] were used to calculate the quantity of COL
and NCOL proteins produced.

Glycosaminoglycans staining and quantification

Fixed cells were rinsed in 3% acetic acid and further stained
with 1% Alcian Blue (pH 2.5, Sigma-Aldrich) for 30 min at RT. After
washing in water, the presence of GAGs was examined, and repre-
sentative images were acquired. Sulphated GAGs production was
quantified using the 1,9-dimethylmethylene blue (DMMB) assay
[17]. Briefly, DP cells were digested at 60 �C (overnight) in a
0.05% of papain and 0.096% of N-acetyl cysteine solution prepared
in 200 mM of phosphate buffer with 1 mM EDTA (pH 6.8). Samples
were then centrifuged (13000 rpm, 10 min) and the supernatants
incubated with 250 mL of DMMB solution (16 mg DMMB in 1 L
water containing 3.04 g glycine and 1.6 g NaCl, pH 3.0). Optical
density at 530 nm was read using a microplate reader (Synergy
HT, BioTek), and DMMB-GAGs complexes amount was extrapo-
lated using a chondroitin sulphate standard curve.

ELISA

After 5 days in culture, DP cell medium was replaced by the
equivalent FBS-free media and cultured for 24 h. The supernatant
was then collected, centrifuged (3000 rpm, 10 min) and stored at
�80 �C in single-use aliquots. VEGF ELISA Development Kit,
BMP2 Standard ELISA Development Kit (Peprotech), PDGF-AA Duo-
Set ELISA, IL-6 DuoSet ELISA (R&D Systems) and TGF-b1 Elisa kit
(Invitrogen) were used according to the manufacturer’s instruc-
tions. Control wells with FBS-free media incubated in the same
conditions but without cells were used to determine the amount
of each biomolecule in the different media used.

Self-aggregation assay

Fixed cells were washed in PBS and incubated with DAPI for
15 min at RT. The nuclei were visualized under a Zeiss Axio Obser-
ver microscope and 10 pictures/triplicate were taken at different
fields. Nuclei staining was used to assess DP cell aggregation using
the CellProfilerTM 3.0.0 [18]. Images were first converted to grey-
scale, and the nuclei signal identified by applying Otsu threshold-
ing algorithm [19] to differentiate signal from background. Cells
were regarded as adjacent if the distance between their nuclei
was below 8 pixels. Groups of 50 or more adjacent cells were con-
sidered an aggregate.

Spheroid formation assay

After culture with KCs-CM, 1x104 DP cells were seeded in round
bottom ultra-low attachment 96-well plates (Corning), whereas DP
cells cultured in DMEM or Medium CTRL were used as controls.
Cells were cultured in the respective culture medium, under stan-
dard culture conditions (37 �C, 5% CO2), and time-lapse microscopy
(Axio Observer, Zeiss) was used to record spheroid formation in the
centre of the well. The 2D-area occupied by the cells was quanti-
fied at different time points using the ZEN 2 software (Zeiss).

3D spheroid culture and analysis

DP cells precultured in KCs-CM were seeded in round bottom
ultra-low attachment 96-well plates at a density of 5x103 cells/
mL, and cultured in 50 lL DMEM 10% FBS. DP cells precultured
in control media (DMEM or Medium CTRL) were also used as con-
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trols. Upon 4 days of culture, the spheroids were washed in PBS
and collected. The quantification of DNA and the amount of
active-ALP were performed as described. A 5 s sonication step in
ice was performed to guarantee the complete disintegration of
the spheroid prior quantification. The same cell lysates were used
for total protein quantification, using a Bradford-based Protein Dye
(BioRad). Briefly, samples were diluted in water with 0.01% Triton
X-100, and 4-parts of the diluted sample were added with 1-part of
dye reagent. The absorbance was read at 595 nm and protein con-
tent was interpolated against a BSA-standard curve.

Hair reconstitution assay

6-mm full-thickness wounds were made on the back of immun-
odeficient nude mice (athymic Nude-Foxn1nu, Charles River) and
silicon chambers were inserted under the skin (one chamber per
animal) [20]. A mixture of 5.0 � 106 CM-precultured DP cells and
2.5 � 106 KCs were injected into the chamber. Cell suspensions
of 5 � 106 CM-precultured DP cells or vehicle (FAD medium) were
injected as controls. The top of the silicon chambers was cut off
after 1 week and the chamber was completely removed 2 weeks
after the injection of the cells. The animals were euthanized
6 weeks after surgery and the wound area and surrounding tissue
were collected for histological analysis.

Histological and immunological stainings

Paraffin-embedded sections of 4-mm (in vivo samples) or 10-mm
(spheroids) were dewaxed in xylene, rehydrated and heat-
mediated antigen retrieval (sodium citrate buffer, pH 6.0) was per-
formed before starting the immunolabelling procedure, as previ-
ously described in the ‘‘Immunocytochemistry” section. For
primary antibodies (Supplementary Table 2) raised on mice, a
mouse-on-mouse kit (Vector Laboratories) was used to block back-
ground caused by endogenous mouse Ig. Sections stained with
Haematoxylin & Eosin (H&E) were analysed with a Leica DM750
microscope while the remaining specimens were analysed with
an Axio Imager Z1m microscope (Zeiss).

In situ hybridization

The presence of human cells within the wound area was
assessed using the human-specific DNA oligo probe of the BIO-
HRP REMBRANDT� Universal DISH detection kit (PanPath). Briefly,
unspecific staining in dewaxed sections was blocked with a 3%
solution of hydrogen peroxide (15 min, RT). Proteolytic digestion
was then performed using a pepsin-HCL solution for 30 min at
37 �C, followed by dehydration in graded ethanol solutions. Sam-
ples were then air-dried and 1 drop of the probe was applied and
covered with a coverslip. DNA denaturation was performed at
95 �C for 5 min, and hybridization was let to occur for 16 h at
37 �C in a moisturized environment. Samples were then washed
in tris-buffered saline (TBS) and incubated for 10 min with the
stringency wash buffer. After rinsing with TBS, the detection was
performed using the kit AEC substrate detection system. Colour
was let to develop for 10 min at 37 �C (dark). Samples were washed
with water and observed under a DM750 light microscope (Leica).

Statistical analysis

Experiments were performed using DP cells isolated from three
donors and CM variability was ensured by collection from KCs iso-
lated from six donors. When the number of independent experi-
ments was higher than 3, the KCs-CM from cells isolated from 6
different donors was tested with DP cells from the 3 different
donors in different combinations. The statistical analysis was per-
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formed using the GraphPad Prism 7.03 software. To test if data fol-
lowed a Gaussian distribution, the D’Agostino & Pearson normality
test was used. Nonparametric data were analysed with a Kruskal-
Wallis (unpaired) or a Friedman test (paired), both coupled with
Dunn’s post-test. For results that did follow a Gaussian distribu-
tion, RM one-way ANOVA (paired) or ordinary one-way ANOVA
(unpaired) were used in combination with Tukey’s post-test. For
data where two independent variables were considered, a two-
way ANOVA was used (paired) followed by Tukey’s post-test.
Results are expressed as mean ± s.e.m and differences with p-
values < 0.05 were set as significant.

Results

Improvement of DP cell inductive phenotype by KCs-CM

When deprived of their native milieu and cultured in plain 2D
culture conditions, DP cells suffer a rapid loss of their inductive
potency [4]. To understand if KCs-CM could restore determinant
functional features of DP cells in culture, we assessed the amount
of active ALP, and the expression of a-SMA and versican, all known
markers for DP cells [1]. In situ, DP cells do not express a-SMA and
the V2-isoform of versican is predominantly expressed, whereas
in vitro a-SMA and the V1-isoform become widely expressed
[21,22]. After culture in KCs-CM a significant increase of active
ALP (Fig. 1a,b), together with a significant reduction in the expres-
sion of a-SMA (Fig. 1c,d) and the V1-isoform of versican (Fig. 1d)
were observed compared to standard DP cell expansion conditions
(DMEM). Although KCs-CM did not restore the expression of the
V2-isoform of versican (Fig. 1d), it is evident that it supports a par-
tial recovery of important markers of DP cell phenotype.

To test if KCs-CM also impacts DP cell self-aggregative beha-
viour, which is negatively affected in 2D cultures [4], we studied
cellular aggregation. The number of cell aggregates was signifi-
cantly higher when DP cells were culture with KCs-CM in compar-
ison to the control groups (Fig. 1e,f). Further, we analysed the
kinetics of DP cell aggregation when cultured in round-bottom
plates (Supplementary Video). DP cell aggregates were formed ear-
lier and were more compact in the presence of KCs-CM than in
controls (Fig. 1g,h), suggesting a positive effect of KCs-CM in the
recovery of DP cell self-aggregation capacity.

During anagen, the hair cycle phase where DP inductivity is
higher [23], the production of the angiogenic factor VEGF is neces-
sary for the development of a capillary network within the HF der-
mal compartment [24,25] and for the promotion of hair growth
[26]. Similarly, IL-6 is a multifactorial cytokine strongly expressed
in the HF during anagen [27] and known to regulate KCs prolifera-
tion and differentiation [28]. In turn, BMP molecules [29] and TGF-
b1 [30] are downregulated for anagen onset, to avoid KCs differen-
tiation and even apoptosis. PDGF-A is also known to induce and
maintains anagen [31] and to have hair growth-inducing capacity
[32]. Considering this signalling network, we investigated if KCs-
CM could affect the secretion of these paracrine mediators of hair
growth by DP cells. DP cells cultured in KCs-CM secreted signifi-
cantly more VEGF (Fig. 1i), albeit about one-third of this amount
could be attributed to KCs-CM (Supplementary Fig. 1a). In what
concerns BMP2 (Fig. 1j) and TGF-b1 (Fig. 1k) secretion, a significant
decrease was observed in cultures with KCs-CM. However, the
level of TGF-b1 in the KCs-CM condition and control medium
was similar, which seems to indicate that DP cells were responding
to the culture medium and not to KCs-CM. In contrast, BMP2 secre-
tion did not vary among controls, suggesting that the effect
observed in the experimental group was mostly related to KCs-
CM. Both factors were absent in KCs-CM (Supplementary Fig. 1a).
The most striking effect of CM treatment was an almost 223-fold
increase in the amount of IL-6 (Fig. 1l), which was undetectable



Fig. 1. KCs-CM improves DP cell inductive phenotype. (a) Amount of active ALP and (b) respective images of ALP-active DP cells showing an improvement of the DP cell
inductive-related phenotype after culture with KCs-CM (n = 6). (c) Percentage of DP cells expressing CD184, LRP-4, a-SMA (n = 7) and LEF1 determined by flow cytometry
(n = 5, **p < 0.01 vs DMEM). (d) Expression of a-SMA and the V1-isoform of versican in DP cells confirming a decrease after culture with KCs-CM. (e) Representative DAPI-
stained nuclei images used to perform image analysis and (f) quantify the number of DP cell aggregates formed after 5 days in culture showing that DP cells treated with KCs-
CM have improved capacity to self-aggregate (n = 3) (g) Variation of the area occupied by the DP cells up to 22 h of culture as obtained by the (h) analysis of time-lapse images
showing that DP cells cultured in KCs-CM form more compact spheroids and faster than controls (n = 6). (i-k) Amount of growth factors and (l) cytokine secreted by DP cells
showing the difference of their secretome with the culture conditions. Data shown are mean ± s.e.m. Differences are indicated by * KCs-CM vs DMEM, # KCs-CM vs Medium
CTRL and d Medium CTRL vs DMEM. *p < 0.05; **p < 0.01; ***p < 0.00; ****p < 0.0001. Scale bars are 50 mm for (b,d), 100 mm for (h) and 200 mm for (e).
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in KCs-CM and was present in low amounts in control conditions.
PDGF-A was not detected in cultures with KCs-CM (Supplementary
Fig. 1b), even though it was present in the KCs-CM itself (Supple-
mentary Fig. 1a). Our findings demonstrate that KCs-CM can mod-
ulate DP cell secretome to match in some extent the signalling
environment during anagen.

KCs-CM improves DP cell proliferation but decreases matrix deposition
ability

Another factor preventing the attainment of high numbers of
functional DP cells is their low proliferative capacity, probably
reminiscent of their quiescent state in situ, where<2% of the cells
are proliferative [5,33]. Moreover, DP cells relatively short lifespan
in culture [34] further restricts the number of healthy cells
obtained. Considering this, we demonstrated that KCs-CM can pro-
mote DP cell expansion, as shown by the significantly higher cell
number (Fig. 2a). Further, DP cells cultured in KCs-CM showed a
107
spindle-like shape in opposition to the flat enlarged morphology
characteristic of higher passaged cells [35] and observed in stan-
dard DP expansion conditions (Fig. 2b).

The DP is a densely packed cellular structure surrounded by an
extracellular matrix (ECM) comprising mostly fibronectin, laminin,
collagen IV and sulphated glycosaminoglycans (GAGs), and lower
collagen I content [36,37]. Culturing DP cells in the presence of
KCs-CM led to a significantly lower capacity to deposit both COL
and NCOL proteins (Fig. 2c,d,e). The COL/NCOL ratio was also sig-
nificantly lower for CM-cultured DP cells in comparison to stan-
dard DMEM culture (Fig. 2f). The expression of proteins analysed
by immunocytochemistry, seemed to confirm a dimmed signal
for DP cells cultured in KCs-CM in comparison to controls
(Fig. 2g). Moreover, collagen I appeared to be less expressed than
fibronectin (Fig. 2g), while the deposition of collagen IV was not
detected (data not shown). KCs-CM also negatively affected the
deposition of GAGs, which is reflected in the amount of sulfated
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GAGs produced (Fig. 2h), as well as in their distribution pattern
within the whole ECM (Fig. 2i).

Preculture with KCs-CM further aids in the recovery of DP cell
phenotype

The artificial promotion of DP cell aggregation in spheroids is so
far the gold standard strategy to partially recover human DP phe-
notype, characterized by low cellular proliferation and increased
ALP activity [5,38]. Thus, we prepared 3D spheroids from DP cells
precultured in KCs-CM to understand if the features acquired by
DP cells cultured in 2D with KCs-CM were retained upon its
removal and were comparable to the current gold-standard. In this
3D environment, spheroids formed from DP cells precultured in
KCs-CM displayed significantly lower DNA content than controls
(Fig. 3a), which is indicative of a low proliferative state, further
confirmed by the reduced number of Ki67-positive cells (Fig. 3d).
Additionally, preconditioned DP cells maintained the high levels
of active ALP (Fig. 3b,e), while the controls showed a small recov-
ery in comparison to the respective 2D cultures (Fig. 3b vs Fig. 1a).
A marked decrease in a-SMA expression (Fig. 3f) was also
observed, as previously demonstrated in DP-spheroidal cultures
[5]. Interestingly, the protein content of spheroids derived from
DP cells precultured with KCs-CM was significantly higher than
108
in the respective 3D cultured controls (Fig. 3c). Independently of
the pre-culture condition, an ECM composed mostly of fibronectin,
collagen I and versican V1 (Fig. 3g-i), and a modest amount of the
V2-isoform of versican (Fig. 3j) involved the tightly connected con-
nexin 43 positive DP cells in the spheroids (Fig. 3k).

Our results show that in 3D spheroids, DP cells precultured in
KCs-CM retain the phenotypic features that are associated to an
inductive phenotype, which seems to contribute to the improved
recovery of DP signature in comparison to the conventionalmethod.

Induction of HF- and SG-like structures in mice

Six weeks after co-grafting DP cells precultured with KCs-CM
together with KCs, we observed the formation of HF- and SG-like
structures within the wound area of five out of seven animals
(Fig. 4a). The reformation of a hair bulb (Fig. 4b, dashed circle, Sup-
plementary Fig. 2a,b) and shaft elongation (Fig. 4b, black arrows)
were observed in one animal. From the seven animals where the
same DP cells were grafted alone, four showed rudimentary struc-
tures (Fig. 4c, Supplementary Fig. 2c), clearly in inferior number
and complexity than the ones observed in the co-grafting group.
Three animals did not show any structures (Supplementary
Fig. 2d), like in control animals (Fig. 4d). The structures found in
the experimental group presented a follicular arrangement with
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multiple epithelial layers, including the presence of a differentiated
core layer and some morphologically akin to the hair shaft (Fig. 4e,
arrowheads). The follicular nature of these layered structures
(Fig. 4f) was confirmed by the expression of K25, an IRS-specific
marker [39] (Fig. 4g), and K15 and K14, linked to the hair bulge
and ORS. Proliferative areas co-expressing K14 and K15 (Fig. 4h),
as observed in the hair bulge and the immature portions of the
ORS, were also identified. Due to the immature nature of the
observed structures, K10 staining was only observed in the outer-
most layers of the skin (Fig. 4i). Furthermore, analysis of the wound
area evidenced the presence of blood vessels surrounding the
structures (Supplementary Fig. 2e, arrowheads). The presence of
sebocytes into the SG-like structures was confirmed by FABP4
expression (Fig. 4j). While human cells were not identified as part
of the recreated follicular and SG-like structures, they were occa-
sionally identified within the dermis of some animals where DP
cells were grafted alone and no structures were formed (Supple-
mentary Fig. 3).

Discussion

Unlike their rodent counterparts, human DP cells suffer a dra-
matic loss of their inductive abilities when cultured in vitro and
do not naturally recover from it when implanted in vivo [40]. The
loss of contextual microenvironmental cues, especially from the
surrounding epithelial cells and the paracrine signalling molecules
they provide, is commonly appointed as a causing event for this
phenomenon [4,41]. Considering this, we took advantage of the
KCs secretome to rescue DP cell intrinsic properties in culture,
therefore enabling their propagation and use for human cell-
based HF regenerative approaches.

Cultivation with KCs-CM markedly increased ALP activity in DP
cells, a critical hair inductive marker [42]. It also improved DP cell
self-aggregative capacity, a distinctive behaviour that correlates
with their hair induction ability [38,40,43]. Interestingly, when
CM-precultured DP cells were used to form 3D spheroids, the cur-
rent gold-standard method to restore human DP signature [4,5],
ALP activity was maintained. This is in line with the modest
increase observed also in the conventional 3D spheroid cultures,
suggesting that KCs-CM may be a stronger stimulus to restore this
phenotypic marker. Furthermore, culture with KCs-CM signifi-
cantly decreased a-SMA and versican V1 expression, better resem-
bling the native phenotype of DP cells, where these markers are
absent or expressed in low levels [21,22], respectively. The low
expression of a-SMA expression was kept in spheroids, similarly
to what was previously described for DP cells [5,44]. Moreover,
CM pretreated DP cells secreted lower amounts of ECM proteins
when cultured in 2D conditions. Some authors defend that without
contextual and positional signals, DP cells suffer de-differentiation
[41] in 2D cultures and behave like dermal fibroblasts, whose main
function in skin is to synthesize and maintain the ECM. Indeed, 2D
cultured DP cells are highly effective in replacing dermal fibrob-
lasts in the establishment of the dermal component of engineered
skin [45], which further supports those observations. Therefore,
the decreased ECM production observed for 2D cultured DP cells
in the presence of KCs-CM may indicate prevention of that de-
differentiation event, especially when associated with increased
ALP activity.

Since DP control over HF development and hair growth is based
in a well-controlled network of bioactive molecules, the use of
human DP cells in HF-regenerative strategies will strongly rely
on their capacity to respond in a physiologically relevant manner.
Under KCs-CM influence, DP cells produced significantly more
VEGF, whereas BMP and TGF-b1 signalling were downregulated,
which coincide with what has been reported to be necessary for
hair induction [26,30,46]. The most impressive effect of KCs-CM
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was, however, the remarkable increase in IL-6 secretion. Literature
concerning the effects of IL-6 in HF regulation is scant, however,
IL-6 expression has been shown to be higher in the anagen HF in
comparison to non-follicular skin [27]. Moreover, Tanabe et al
[47] showed that daily injections of 200 ng (1 lg/mL) of IL-6 or
higher promoted hair growth in rats. On the other hand, Huang
and co-workers [48] reported an inhibitory effect of lower doses
of IL-6 (250–500 pg/mL) on KCs growth, which seems to indicate
a specific dose-dependent effect. Therefore, the dramatic increase
of IL-6 secretion that we observed when DP cells were cultured
with KCs-CM might be an additional beneficial feature to recover
hair inductive phenotype. Taken together, our results demonstrate
that after culture with KCs-CM the secretome profile of DP cells
matches the one characteristic of the anagen phase.

Despite the encouraging evidence observed in vitro, the demon-
stration of KCs-CM capacity to support DP cell hair-inductive abil-
ity ultimately relies on in vivo cellular engraftment. We showed
that DP cells precultured with KCs-CM, and combined with adult
KCs, were able to induce the formation of follicular structures that
recreated the main features of HFs and SG. Although hair bulb
reformation occurred in one of the animals, the presence and elon-
gation of hair fibres were not observed in the majority, demon-
strating the immature state of the regenerated structures. Our
approach takes advantage of human-epithelial signalling to
improve DP cell inductivity, but there are other cellular players
involved in hair growth whose lack and/or substantial interspecies
differences may have prevented complete HF formation. Neverthe-
less, as far as we know, this represents the best result obtained so
far using entirely adult human cells, both DP cells and KCs, for HF
regeneration. Previously, Ehama et al. [49] demonstrated the for-
mation of chimeric HFs using murine DP cells and human neonatal
KCs, but the combination of both human-origin cells did not show
any sign of follicular generation. Later, the combination of cultured
human KCs and DP cells led to the formation of what seem to be
epithelial structures adjacent to the skin epidermis, but their mul-
ticellular epithelial composition was not confirmed and the forma-
tion of SG was not observed [50]. We also observed the presence of
small vessels around the structures, a functional indicator since a
follicular and perifollicular vasculature network is intimately cou-
pled with hair growth [26,51,52]. In vitro results demonstrate that
KCs produce VEGF and that their CM boosted VEGF production by
DP cells, therefore both cells may have contributed to the estab-
lishment and localization of the observed microvasculature
in vivo. Remarkably, HF- and SG-like structures were also spotted
in most animals where preconditioned DP cells were grafted alone,
although their complexity and occurrence were clearly inferior to
the ones observed in co-grafted animals. Having in consideration
previous works showing that DP cells alone do not induce hair for-
mation [49,50], those results further suggest that KCs-CM improve
the inductive ability of DP cells, which could induce the host
epithelium into a follicular or SG fate.

The absence of human cells within the recreated structures
after 6 weeks, might be related to the model used, in which cells
are not grafted subcutaneously but in the inflicted wound. The
chamber assay is characterized by continuous tissue remodelling
lead by the wound healing environment, therefore, we can specu-
late that grafted cells were replaced along the time. In fact, cellular
interchangeability and interspecies cooperation leading to grafted
epithelial cells replacement by host KCs was previously reported
in the same model [49]. This is also in line with another work
showing that human cells detected both in the epidermis and in
folliculoid structures formed after rabbit DP cells induction, were
completely replaced within one month [53].

As hypothesised, and based on previous results demonstrating
KCs-CM mitogenic effect over DP cells [8,13], with our strategy
we were able to restore DP cell phenotype and inductive proper-
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ties, while supporting their growth in culture. The increase in the
proliferative capacity of 2D cultured DP cells was most likely due
to the presence of PDGF-A and VEGF in KCs-CM, both known
mitogenic factors for DP cells [25,54]. Still, spheroids inclosing
DP cells precultured with KCs-CM displayed lower proliferative
capacity in comparison to conventionally produced spheroids,
demonstrating an improved capacity to recreate the DP quiescent
state in situ and the importance of different culture conditions
(2D vs 3D).

To conclude, our observations demonstrate that CM collected
from adult interfollicular KCs represents an effective strategy to
improve key human DP cell native features in vitro, including their
critical inductivity and self-aggregation capacity. Further, KCs-CM
improved DP cell proliferation and the secretion profile of known
paracrine mediators of hair growth, better ensuring that a suffi-
cient number of functional cells are obtained. Finally, in vivo test-
ing of CM-precultured DP cells demonstrated their capacity to
support the recreation of HF- and SG-like structures, especially in
combination with KCs. We believe that the high translational value
of our strategy and its easy application hold great promise for sup-
porting upcoming advances in the hair regenerative field.
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