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Key Words. Adult stem cells x Skin grafts x Epidermis x Multipotential differentiation x
Tissue regeneration

ABSTRACT

Tissue-engineered skin represents a useful strategy for the treatment of deep skin injuries andmight
contribute to theunderstandingof skin regeneration.Theuseofdermalpapilla cells (DPCs) asadermal
component in a permanent composite skin with human hair follicle stem cells (HFSCs) was evaluated
by studying the tissue-engineered skin architecture, stem cell persistence, hair regeneration, and
graft-take in nude mice. A porcine acellular dermal matrix was seeded with HFSCs alone and with
HFSCs plus human DPCs or dermal fibroblasts (DFs). In vitro, the presence of DPCs induced a more
regular and multilayered stratified epidermis with more basal p63-positive cells and invaginations.
TheDPC-containing constructsmoreaccuratelymimicked the skin architecture byproperly stratifying
the differentiating HFSCs and developing a well-ordered epithelia that contributed to more closely
recapitulate an artificial human skin. This acellular dermalmatrix previously repopulated in vitrowith
HFSCsandDFsorDPCsas thedermal componentwasgrafted innudemice. ThepresenceofDPCs in the
composite substitute not only favored early neovascularization, good assimilation and remodeling
after grafting but also contributed to the neovascular network maturation, which might reduce
the inflammation process, resulting in a better healing process, with less scarring andwound contrac-
tion. Interestingly, only DPC-containing constructs showed embryonic hair bud-like structures with
cells of human origin, presence of precursor epithelial cells, and expression of a hair differentiation
marker. Although preliminary, these findings have demonstrated the importance of the presence of
DPCs for proper skin repair. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1209–1219

INTRODUCTION

Deep skin injuries, such as occur in severe burns
and chronic wounds, produce complete destruc-
tion of the skin’s regenerative elements. These
wounds heal by contraction, with epithelization
only from the edges and extensive scarring,
resulting in reduced joint movements and cos-
metic defects [1]. Moreover, if this type of lesion
is tooextensive, thehealingprocesswill beunsuc-
cessful, and the lesion becomes life-threatening
for the patient.

Currently, the clinical reference standard
treatment of full-thickness injuries is split-
thickness autologous skin grafting [2]. Neverthe-
less, when the affected body surface area is
greater than 50%orwhen smallerwounds cannot
heal becauseof underlying pathologic factors, it is
necessary to consider other therapeutic alterna-
tives. To avoid the loss of heat and fluid from
the wound, the generation of coverage becomes
necessary. Autologous cultured epidermal substi-
tutes can be another alternative [3], but when
dermal bed has been completely destroyed, this

approach drives to unsatisfactory results owing
to the fragility of the graft andwound contraction
and scar formation [4, 5].

Successful wound healing requires the pres-
ence of a dermis layer in the skin substitute [6,
7], and clinical trials have also indicated the im-
portance of dermal pregraftment in the graft-
take of the autologous epidermal substitute [8,
9] and in the reduction of graft contraction and
scarring [10, 11]. Acellular dermal substitutes
based on allogeneic, xenogeneic, or synthetic
materials [12] are commercial alternatives. Nev-
ertheless, it has been reported that contraction
and scar formation cannot be completely pre-
vented by an acellular dermal matrix unless the
dermal and epidermal cells have been added
[13]. In order to avoid thoseproblems,many com-
posite skin substitutes generated by tissue engi-
neering were developed [12].

This type of constructs tries tomimic the nor-
mal histological structure of skin and is composed
of a matrix component (tridimensional scaffold)
and two cellular components (epidermal and
dermal cells). The matrix component provides
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elasticity and strength to the epidermal layer and plays a very
important role as a template for cellular anchorage and growth
factor supply that guides survival, proliferation, migration, and
differentiation in in vitro constructs and subsequent cellular host
infiltration and remodeling after being grafted [14, 15]. A number
of different types of scaffolds have already been designed and
tested in many animal models and patients [12].

Tissue-engineered construct success depends on the selected
epidermal cells, which must ensure the persistence and function
of the grafted constructs throughout the patient’s lifetime [16].
Several studies have shown that progenitor epidermal cells are
better than differentiated ones in the generation of successful
tissue-engineered skin [17, 18].

Hair follicle stem cells (HFSCs) residing in the bulge contrib-
ute to hair follicle regeneration and wound repair [19] and can
differentiate to epidermis, sebaceous glands, and eight differ-
ent types of hair follicle epithelial cells [20–23]. The epithelial-
mesenchymal interactions with the underlying dermal papilla
play a pivotal role in embryonic hair genesis [24], the regulation
of the postnatal hair follicle cyclical activity, and the repair of
wounded skin [25–28]. Dermal papilla cells (DPCs) have shown
inductive properties in the generation of bioengineered skin
substitutes from basal epidermal stem cells [29].

The hair-differentiation potentiality of epidermal stem cells
can be activated by inductive dermal cells [30]. The follicular der-
mal papilla cells can induce hair formation in rodents once they
are located near the epithelium [31, 32] or generate hair follicle
neogenesis in vivo when combined with hair follicle stem cells
[33]. The DPCs are also able to induce the differentiation of bulge
stem cells into hair-lineage cell types in vitro [34, 35].

The use of DPCs as a dermal component in a permanent com-
posite skin with human HFSCs was evaluated in this work by
studying its effect on tissue-engineered skin architecture, stem
cell persistence, contraction of the healing skin, hair regenera-
tion, and graft-take in nude mice.

MATERIALS AND METHODS

Cell Cultures

Full-thickness skin samples were obtained, under written con-
sent, from the occipital human scalp of 18 individuals undergoing
corrective surgery for the treatment of androgenetic alopecia.
The local institutional review board (Comité de Ética del Instituto
de Ciencia y Tecnologı́a “César Milstein”) approved the studies.

DPC primary cultures were established, as previously de-
scribed [36]. In brief, anagen follicles were dissected, and the iso-
lated hair bulbs were incubated in collagenase I (Sigma-Aldrich,
Munich, Germany, http://www.sigmaaldrich.com) for 2 hours
at 37°C. The papilla explants were grown in culture medium,
Dulbecco’s Modified Eagle’s Medium (Gibco, Invitrogen, Life
Technologies, Carlsbad, CA, http://www.lifetechnologies.com)
containing penicillin (100 U/ml), streptomycin (100 mg/ml),
and 10% fetal bovine serum (FBS) (Gibco, Invitrogen, Life
Technologies).

The HF-enriched primary cultures (HFSCs) were obtained as
previously described [34]. In brief, skin samples were incubated
in 1 mg/ml collagenase/dispase (Sigma-Aldrich) overnight at 4°C,
and telogen follicles were pulled out and incubated in 0.05%
trypsin-0.23 mM EDTA (Gibco, Invitrogen, Life Technologies).
The isolated cells were resuspended in cFAD medium [35] and

enriched in stem cells by attachment to collagen IV (Sigma-
Aldrich)-coated plates for 30 minutes at 37°C and then cultured
on mitomycin C-inactivated 3T3-Swiss cells as a feeder layer,
using cFAD medium. After 3 days, the cultures were supple-
mentedwith epidermal growth factor (10 ng/ml) (Sigma-Aldrich).

The immortalized human bulge stem cell line Tel-E6E7 [37]
was kindly provided by Dr. Lyle (University of Massachusetts
Medical School) and cultured in the same conditions.

Finally, dermal fibroblasts (DFs) were also obtained from
scalp skin biopsies. For that purpose, explants of small pieces
of skin dermis were placed in 35-mm plastic Petri dishes. Culture
medium DMEM (Gibco, Invitrogen, Life Technologies) containing
penicillin (100 U/ml) and streptomycin (100 mg/ml) and supple-
mented with 10% FBS was used (Gibco, Invitrogen, Life Technol-
ogies). Once explant outgrowth reached 70% of confluence, the
cells were replated in culture flasks and maintained in the same
conditions already described for the DPCs.

Human Composite Skin Substitute Generation

Porcine acellular dermal matrices (ADMs), 1 mm thick, were
seededwith53105 cm22DFs orDPCs as thedermal cellular com-
ponent and cultivated in DMEM supplemented with 10% FBS
(Gibco, Invitrogen, Life Technologies). These matrices were cul-
tured at 37°C for 7 days. Thereafter, the matrices were inverted
and seeded on the opposite side with 53 105 cm22 HFSCs or Tel-
E6E7 as the epidermal cellular component in cFAD medium and
cultured at 37°C for another 7 days. Some scaffolds were exclu-
sively seeded with HFSCs. Half of these constructs were cultured
21 more days in submerged conditions and then formaldehyde-
fixed and paraffin-embedded for subsequent histological studies
(liquid-phase constructs). The other half were transferred to
a Transwell device (Falcon Cell Culture Inserts, 1-mm pore size
membrane; BD, Franklin Lakes, NJ, http://www.bd.com) to ex-
pose the dermal face to the culture medium and the epidermal
face to air (air-liquid interphase) and cultured for 14 more days
at 37°C. All these constructs were also formaldehyde-fixed and
paraffin-embedded for subsequent histological studies (air-
liquid interphase constructs). All constructs typeswere submitted
to histological and immunohistochemical analysis. In all cases,
three independent in vitro experimentswere performed. In each,
five constructions of each type were performed. Figure 1 shows
the procedure scheme to generate the skin constructs using ADM
as the scaffold.

Grafting of Skin Constructs in Nude Mice

A single full-thickness skin wound (1.5 cm in diameter) was cre-
ated with surgical scissors in the back of each BALB/C nude mice
aged 8 weeks (n = 6 per group) after being anesthetized with
ketamine/xylazine (110 mg/10 mg per kilogram body weight).
No shaving in the surgical area was necessary because nudemice
were used. The air-liquid interphase skin constructswere grafted,
locating the graft borders between the hypodermis and muscle-
fascia without any type of surgical suture. The grafts were only
coated by an auto-adhesive polyurethane transparent bandage
(Tegaderm, 3M, St. Paul, MN, http://www.3m.com) that allows
gas exchange and avoids fluid loss. A control group was grafted
with ADM alone. In all cases, three independent grafting assays
were performed. In each, six animals per group for each time
point were grafted with the different types of constructs. The
mice whose grafts were lost or had moved from their original
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place were discarded for statistical analysis (one in ADM control
group at the14-day point; two each in theHFSC-DF andHFSC-DPC
groups at the 70-day point).

At the indicated time points (14, 30, and 70 days), the grafts
were photographed, and the mice were sacrificed. The grafted
skin constructs, including the rodent skin border, were dissected
and fixed in formaldehyde and paraffin-embedded for histologi-
cal and immunohistochemical analysis.

The skin contraction ratio (SCR) of the injured and grafted
area was calculated as follows: SCR = 12 (RLA/OLA), with RLA in-
dicating the remaining lesion area 70 days after grafting and OLA,
the original lesion area.

Histological and Immunohistochemical Analysis

Paraffin-embedded histological slides from in vitro and in vivo
assays were stained with hematoxylin and eosin for tissue archi-
tecture analysis. Thenumberof epidermal layerswasevaluated in
10 fields of 3400 magnification, and epidermal invaginations
were evaluated in six3100 fields for each construct.

Immunohistochemical assays were performed with anti-p63
antibody (mousemonoclonal antibody IgG2a, SantaCruzBiotech-
nology Inc., Dallas, TX, http://www.scbt.com) for epidermal stem
cell detection, anti-murine CD34 antibody (mouse monoclonal
antibody IgG2a, Abcam, Cambridge, U.K., http://www.abcam.
com) for neovessel detection in the grafting experiments, anti-
human leukocyte antigen type I (HLA I) ABC (mouse monoclonal
antibody IgG2a, Abcam) for detection of human cells in the
grafted mice, and anti-k6hf (polyclonal guinea pig antibody,
Progen Biotechnik GmbH, Heidelberg, Germany, http://www.
progen.de) for detection of hair committed cells inmouse skin in-
jured areas grafted with the constructs containing DPCs and
HFSCs. Primary antibodies were developed using Universal LSAB
kit (Dako, Glostrup, Denmark, http://www.dako.com) according
to themanufacturer’s recommendations. Positive epidermal cells
for p63 in the in vitro and in vivo constructs were evaluated in ten
31,000 and five3400 fields, respectively, and were normalized
to the total number of epidermal cells in each field. Neovessels in
grafted constructs were evaluated by CD34 immunostaining in
five 3400 fields and normalized to the dermis surface (number
of blood vessels per 0.01 mm2) in each field.

All the resultsshown inbargraphs represent themeanvalues6
SD from three independent experiments.

Statistical Analysis

One-way analysis of variance to evaluate statistical significance
was performed. For that purpose, we used the software Statistica

8 (StatSoft, Tulsa, OK, http://www.statsoft.com). Differences
with p, .05 were considered statistically significant.

RESULTS

Presence of DPCs in Air-Liquid Interphase Skin
Constructs Leads to a Better Stratified Epidermis With
the Highest Number of Epidermal Layers

In vitro skin constructs were generated using a porcine ADM as
the scaffold, as described in “Materials and Methods” section
and shown in Figure 1. The constructs were generated using both
HF-enriched primary cultures and the immortalized human bulge
stem cell line Tel-E6E7. Given that no differences were found re-
garding the histological structure among the pool of stem cells in
both the in vitro and the in vivo assays and in the graft-take in the
nudemice, we have referred to the epidermal component collec-
tively as HFSCs.

One type of construct was seeded with HFSCs and DPCs
(HFSC-DPC), a second type was seeded with HFSCs and DFs
(HFSC-DF), and a third type was seeded exclusively with HFSCs
without the dermal component.

When these in vitro skin constructs were generated in liquid
phase, a lownumber of epidermal layerswas observed that never
exceeded four and did not display the proper order for stratified
epithelium; nor were significant differences found among them
(supplemental online Fig. 1).

Notable differences were observed when the same skin con-
structs were generated in air-liquid interphase. Skin constructs
with HFSCs alone (Fig. 2A) or with DFs (HFSC-DF) (Fig. 2B) showed
an epidermis with a proliferative basal layer, an incipient and ir-
regular stratum spinosum, frequent dyskeratosis, and a cornified
layer. In the HFSC-DPC skin constructs (Fig. 2C), we observed the
most regular epidermis, consisting of a proliferative basal layer
and stratum spinosumwith less dyskeratosis. A granulosum stra-
tum, parakeratosis areas, and cornified layer were also observed.
This construction showed a significantly higher number of epider-
mal layers typical of human epidermis (Fig. 2D).

In Vitro Skin Constructs With DPCs Showed a Higher
Number of p63-Positive Epidermal Basal Cells and
Epidermal Invaginations

The expression of p63 is considered a stemnessmarker of epithe-
lial cells in tissues such as the epidermis and corneal limbus [38].

Skin constructs generated with HFSCs and DPCs (Fig. 3C)
showed a significantly higher number of p63-positive cells (Fig.
3D) thandid theconstructswithHFSCsalone (Fig.3A)orwithHFSCs
and DFs (Fig. 3B). The p63-positive cells weremainly located in the

Figure 1. Procedure scheme to generate skin constructs using a porcine ADM as scaffold. (A): ADMwas seeded with DFs or DPCs. (B):Matrix-
side inversion. (C): The ADM was seeded with HFSCs. (D): Some matrices were transferred to Transwell plates and maintained in air-liquid
interphase. Abbreviations: ADM, acellular dermal matrix; DF, dermal fibroblast; DPC, dermal papilla cell; HFSC, hair follicle stem cell; PET, poly-
ethylene terephthalate.
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basal region, suggesting that the presence ofDPCs favored the sur-
vival of a greater population of precursor cells. The HFSC-DPC skin
constructs (Fig. 3C) showed, in vitro, a significantly higher number
of epidermal invaginations (Fig. 3E) than did theHFSC andHFSC-DF
constructs (Fig. 3A, 3B). The presence of DPC generated a papillary
architecture, reminiscent of normal human skin.

Presence of DPCs Favored the Graft-Take of Composite
Skin and Improved the Wound Healing Process

The in vitro skin constructs generated in air-liquid interphase
were grafted into the deep skin lesions generated in the nude
mice, and the graft-take was evaluated.

When neovascularization of the grafts was evaluated by im-
munohistochemistry for CD34at day 14, theHFSC-DPC constructs
showed the highest number of neovessels (Fig. 4D), mainly lo-
cated immediately below the epidermis and probably supporting
its survival (Fig. 4C). Even if the HFSC-DF constructs showed
a higher number of neovessels than the ADM constructs with-
out a human cellular component, in both cases, a process of
dermal-epidermal detachment (Figs. 4, 5A, 5B) was observed.

However, the HFSC-DF constructs also showed epidermis focal
necrosis (Fig. 5B). In grafting experiments using ADM alone,
a re-epithelization process at the edges was observed, but this
new epidermis generated by the rodent was detached, at least
partly, at 14 days after grafting (Figs. 4, 5A). In accordance with
the neovascularization pattern described, at 30 days after graft-
ing, the vessel number in both composite constructs had dramat-
ically decreased to the ADM level (Fig. 4D). The same features
were seen 70 days after grafting.

Surprisingly, at 14 days after grafting, the HFSC-DPC con-
structs showed the highest number of blood neovessels, concor-
dant with an early beginning of thematrix remodeling process. In
contrast, ADM alone or the HFSC-DF constructs showed a more
intense inflammatory response and formation of granulation tis-
sue (Fig. 5A–5C). At day 30, both HFSC-DPC (Fig. 5C) and HFSC-DF
(Fig. 5B) constructs showed a dermis with a loose aspect, a lower
cellular content, and fewer blood vessels (Fig. 4D).

When the secretion of vascular epidermal growth factor
(VEGF) by the DPC and DF cultures used in the constructs was
quantified by enzyme-linked immunosorbent assay, the amount
of VEGF secreted by the DPC cultures was sixfold higher than the

Figure 2. Histology of skin constructs generated in air-liquid interphase. (A): HFSC. (B): HFSC-DF. (C): HFSC-DPC. Black arrow indicates dysker-
atosis; white arrow, parakeratosis. Scale bars = 200 mm (3100 fields) and 50mm (3400 fields). (D): Bar graph shows the number of epidermal
layers from each construct. pp, p, .001. Abbreviations: B st, basal stratum; C st, cornified stratum; DF, dermal fibroblast; DPC, dermal papilla
cell; G st, granulosum stratum; HFSC, hair follicle stem cell; S st, spinosum stratum.
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amount in the DF cultures (9276 87 pg/ml vs. 1476 54 pg/ml,
p, .0001) after 3 days in culture. This result is in accordancewith
the highest number of neovessels observed at 14 days in HFSC-
DPC grafts.

Interestingly, a stable population of p63-positive cells was
maintained in DPC-containing substitutes after grafting onto nude
mice, contrary to what was observed in the DF-containing ones,
which showed a significant reduction of these cells (supplemental
online Fig. 2). These results indicate that the presence of DPCs
contributes to the maintenance of a precursor cell population.

A significant negative outcome of skin wound healing after
deep injuries is the skin contraction, which compromises the ap-
pearance of the healing skin and can cause scar contractures that
limit movement and function. In this way, the appearance of the
healing skin was evaluated at macroscopic level. In the mice
grafted with composite skin constructs (HFSC-DF or HFSC-DPC
in insets of Fig. 5B, 5C), less skin contraction was observed than
in the mice grafted with ADM without the cellular components
(Fig. 5A, insets). In fact, the SCR, calculated as indicated in the

“Materials and Methods” section, was significantly lower in the
mice grafted with composite skin constructs (HFSC-DPC or
HFSC-DF) than in mice grafted with ADM alone after 70 days
(supplemental online Fig. 3).

Presence of DPCs in Skin Constructs Induced Epidermal
Hair Buds

Only the HFSC-DPC constructs grafted in the nude mice showed
notable epithelial cyst-like inclusions in the remodeling dermis.
These histological structures, very similar to those observed dur-
inghair follicle embryonic development (supplemental online Fig.
4) were found at times as short as 14 days after grafting (Fig. 5C).
The presence of “hair buds”was detected in 60%of themice at 14
days, in 80% of the mice at 30 days, and in 100% of the mice sac-
rificed 70 days after grafting with the constructs containing DPCs.
These structures, reminiscent of embryonic development of the
hair follicle (Fig. 6A; supplemental online Fig. 4), might represent
hair follicle neogenesis in the HFSC-DPC constructs. The cells

Figure 3. p63 immunohistochemistry and epidermal invaginations of skin constructs generated in air-liquid interphase. (A): HFSC. (B): HFSC-DF.
(C):HFSC-DPC. Scale bars = 20mm (p63 immunostaining) and 200mm (epidermal invaginations). (D):Bar graph of p63-positive per total epidermal
cells in31,000 fields. (E): Bar graph of epidermal invaginations in3100 fields.White arrows show some p63-positive nucleus and black arrows,
some epidermal invaginations. pp, p, .001. Abbreviations: ADM, acellular dermalmatrix; DF, dermal fibroblast; DPC, dermal papilla cell; HFSC,
hair follicle stem cell.
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forming these structures were recognized by an antibody specific
for HLA I ABC (Fig. 6B), demonstrating their human origin. Some
cells from these buds were also positive for a p63-specific anti-
body, indicating the persistence of a precursor cell population
in these structures (Fig. 6C).

Finally, we observed expression of k6hf in these hair bud-like
structures inside the remodeling matrix (Fig. 6D). This keratin is
expressed by the companion layer of anagenhair follicles, indicat-
ing a differentiation commitment to hair lineage.

The histological slides used to evaluate HLA I ABC, p63, and
k6hf and the hematoxylin and eosin staining were performed in
sequential histological slides, representing the same tissue area
and showing that the structures observed contained cells positive
for all the markers tested (Fig. 6).

DISCUSSION

The tissue-engineering technology exploits the ability of cells to
form a tissue under appropriate culture conditions that include
the use of a scaffold. The acellular porcine dermis used in deep
skin injuries without any cellular component at the Hospital de
Quemados de la Ciudad de Buenos Aires has proved to be able
to integrate and vascularizedwell, without rejection, allowing pa-
tient self-epithelization or the posterior use of a split autologous
skin graft or other epidermal substitute [39].

In the present study, this acellular dermal matrix previously
repopulated in vitro with HFSCs and DFs or DPCs as the dermal
component, has been shown to support the generation of
a stratified epidermis in vitro, with a reservoir of precursor

Figure 4. Immunoassay for CD34neovesselmarker in skin constructs grafted innudemice. The constructswere generatedwithADMalone (A),
HFSC-DF (B), and HFSC-DPC (C). Scale bars = 50mm. (D): Bar graph of vessels per dermis surface unit in3400 fields from each construct. White
arrows indicate neovessels below graft epidermis; black arrows, dermal-epidermal detachment. pp, p, .001. Abbreviations: ADM, acellular
dermal matrix; DF, dermal fibroblast; DPC, dermal papilla cell; HFSC, hair follicle stem cell.
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basal cells and a good assimilation and remodeling process in
vivo.

Previous work suggests that the success of tissue engineering
depends on the choice of suitable seeded cells in culture [16]. The
long-term function of the graft is presumably limited by themain-
tenance of the epidermal stem cell compartment during in vitro
culture, and, to achieve this goal, the use of a starting pure pop-
ulation of stem cells is very important [40]. In our work, the pres-
ence of DPCs in the skin constructs in vitro showed amore regular
stratification pattern and a higher number of p63-positive basal
epidermal cells comparedwith those carrying fibroblasts, indicat-
ing an improved precursor cell reservoir. Accordingly, grafted
DPC-containing substitutes maintained over time a constant
number of p63-positive cells, indicating that the presence ofDPCs
contributes to the maintenance of a precursor cell population in
the new epidermis. These results indicate that this type of skin
substitute could represent a true permanent device because of
the continue presence of an epidermal stemcell population prob-
ably involved in epidermis tissue turnover.

Many growth factors have been reported as derived from
DPCs [25, 41–43]. Some of these factors might contribute to

the higher number of epidermis layers and the stem cell popula-
tion present in the DPC composite skin constructs in vitro. Thus,
the presence of DPCs more accurately mimics the skin architec-
turebyproperly stratifying thedifferentiatingHFSCsanddevelop-
ing a well-ordered epithelia in vitro that contributes to more
closely recapitulate human skin. An in vitromodel might provide,
not only answers to physiological questions that cannot be an-
swered usingmonolayer tissue cultures, butmight also represent
a time- and cost-effective alternative to the use of laboratory ani-
mals in cosmetic testing, photoaging and cancer models, and
pharmacological analyses.

When the tissue-engineered constructs are grafted, vascular-
ization of the dermal support remains a major challenge, limiting
their survival and take rates, even when autologous cellular com-
ponents areused [44]. In thepresent report,weobserved that the
grafted DPC-containing composite skin retained the living epi-
dermis generated in vitro, and the DF-containing ones showed
a dermal-epidermal detachment associated with a focal necrosis
process. This phenomenon correlated with a higher number of
neovessels observed in presence of DPCs 14 days after grafting
in nude mice. Surprisingly, this higher number of neovessels

Figure 5. Histology of skin constructs grafted in nude mice. Constructs were generated with ADM alone (A), HFSC-DF (B), and HFSC-DPC (C).
Insets: Macroscopic views of the grafts. Black arrows indicate dermal-epidermal detachment; white arrows, epithelial cyst-like structures rem-
iniscent of embryonic hair buds. Scale bars = 200 mm. Abbreviations: ADM, acellular dermal matrix; DF, dermal fibroblast; DPC, dermal papilla
cell; EN, epidermis necrosis; GT, granulation tissue; HFSC, hair follicle stem cell.
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was not associated with an intense inflammatory process, but
rather with an early process of tissue remodeling. Actually, we
cannot explain properly which are the factors and mechanisms
that DPCs could drive, but we can speculate that DPCs help to
avoid an excessive inflammatory response, favoring a regenera-
tive environment, rather than a cicatricial one, and somehow
resembling that seen in wound healing during embryonic devel-
opment [45].

Neovascularization of dermal substitutes is slow and begins
around 10–15 days in patients with acute burns [46]. It is known
that several soluble factors are involved in the neovascularization
process. Among them, VEGF [47, 48], fibroblast growth factor
[47], platelet-derived growth factor, hepatocyte growth factor,
keratinocyte growth factor, and angiopoietin, have been shown
to have potential tissue neovascularization inductivity [47, 49].
DPCs play a key role in hair cycle induction that includes the se-
cretion of angiogenic factors, such as VEGF [50] and angiogenin,
which have been proved to promote skin angiogenesis and the
anagen phase in the hair cycle when injected into mice [51].
The DPC cultures used in our study secreted both angiogenin (ob-
served by protein microarrays; data not shown) and VEGF. These
potent angiogenic factorsmight be responsible for the rapid neo-
vascularization process observed in the DPC-containing con-
structs, although further studies are necessary to elucidate
which are the growth factors and cytokines involved.

Duringwoundhealing, sprouting and branching of neovessels
results in an extensive immature and leaky neovascular network
followed by a controlled phase of blood vessel maturation that
results in a well-perfused vascular network [52, 53]. In our exper-
imental results 14 days after grafting, DPC-containing constructs
showed higher neovascularization compared with DF-containing
constructs or ADM alone. Interestingly, this pattern was com-
pletely inverted 30 days after grafting. This result suggests that

the presence of DPCs in the composite substitutes not only favors
early neovascularization but also contributes to neovascular net-
work maturation, which could reduce inflammation, resulting in
a better healing process. Further studies should be performed to
elucidate the mechanism by which DPCs contribute both to the
initial process of neovascularization and to the subsequent mat-
uration of the vascular network in the neodermis.

Both of our composite skin constructs showed notably less
skin contraction comparedwithwhatwas observed using thema-
trix alone. It has been reported that fibroblasts seeded in collagen
sponge inhibit host fibroblast infiltration [54, 55] and secrete ba-
sic fibroblast growth factor that induces the apoptosis of myofi-
broblasts [56]. Both phenomena might contribute to the
reduction of skin wound contraction. Therefore, in our study,
the presence of DFs or DPCs in the composite skin constructs
might play an important role in reducing skin wound contraction,
either expressing such cytokines or inducing their expression by
macrophages or other inflammatory cells recruited to the area of
injury.

Given that basal cell carcinoma of in the skin is themost com-
mon cancer and earlier case reports have described an increased
risk of basal cell carcinoma associated with wounds, skin malig-
nant transformation is an issue that should be considered in skin
tissue engineering.

In fact, recently [57, 58], a link between epidermal wounds
and skin cancer risk was established. It was demonstrated that
the tumor-promoting effect of the wound environment results
from the recruitment of tumor-initiating cells originating from
the neighboring hair follicles. Our histological observations did
not reveal any basal cell carcinoma-like lesions at any of themea-
surement points studied. However, given the slow growing na-
ture of these tumors, it would be interesting to analyze in
future studies the presence of transformed stem cells that could

Figure 6. Evaluation of embryonic hair bud-like structures in grafted skin constructs containing HFSC-DPC after 30 days. (A): Hematoxylin and
eosin staining. (B): Immunoassay for human leukocyte antigen I. (C): Immunoassay for p63 antigen. (D): Immunoassay for k6hf antigen. Black
arrows indicate positive cells for the corresponding antigen; white arrows, the sebaceous glands (unspecifically stained). Abbreviations: DPC,
dermal papilla cell; HFSC, hair follicle stem cell.
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promote the development of tumors associated with wound
healing.

Many dermal-epidermal substitutes composed of dermal
fibroblasts have been described for use in the clinic or to model
skin development [12]; however, the inability of these skin con-
structs to regenerate skin appendages such as hair follicles has
limited their use. The lack of skin appendages not only affects
patients’ psychological well-being but also endangers the inher-
ent functions of the skin.

Even if total keratinocytes can be obtained from a small piece
of skin and expanded sufficiently to cover patients with large
burns, this coveragewould have its aesthetic and functional prop-
erties reduced. Instead, HFSCs with their potentiality to generate
skin appendages are promising for the treatment of deep skin
injuries. Onemajor challenge for its clinical application in patients
with major skin loss would be to sufficiently expand them from
such a small skin biopsy. Nevertheless, less extensive full-
thickness skin wounds can benefit from the cellular types used
in this work.

During embryogenesis, signals from mesenchymal cells into
epithelium induce the formation of the hair follicle. In adults,
the dermal papilla retains the ability to induce regeneration of
HFs [27]. Although several hair reconstitution models have been
proposed, most of them depended on the use of noncultured fe-
tal or newborn inductive cells. This limits their use for regenera-
tion of hair follicles in tissue-engineered skin.

Sriwiriyanont et al. [59] observed neofollicles in grafted engi-
neered skin substitutes with human epidermal keratinocytes and
murine dermal papilla cells but not when the dermal cells were of
human origin. In other study [60], they grafted in nude mice, chi-
meric populations of cultured human keratinocytes from neona-
tal foreskins and cultured murine dermal papilla cells from adult
green fluorescent protein transgenicmice. In their study, theneo-
natal murine-only skin substitutes formed external hairs and se-
baceous glands, the chimeric skin substitutes formed pigmented
hairs without sebaceous glands, and the human-only skin substi-
tutes formed no follicles or glands.

Other work [61] has demonstrated that epithelial stem cells
can be kept in vitro in a permissive tissue-engineered dermal en-
vironmentwithout losing their potential to induce hair growth af-
ter grafting. However, the use of newborn mouse hair buds was
necessary, and adult fibroblasts of human origin did not sustain
the formation of normal hair follicles from these newbornmouse
hair buds.

Recently, itwas reported [62] that culturedhumandermal pa-
pilla cells from the temporal scalp can induce complete piloseba-
ceousunits in vivo, 8weeks after the skin substituteswere grafted
into nude mice. In that case, success using dermal papilla cells
appears to require human neonatal foreskin keratinocytes and
not adult cells.

In thiswork,we report, for the first time toour knowledge, the
appearance of embryonic hair bud-like structures in vivowith cul-
tured human adult cells. Notably, using a population of adult
HFSCs andadultDPCs,weobserved, as early as 14days after graft-
ing, structures reminiscent of embryonic hair buds inside the
remodeling ADM. Furthermore, the cells constituting these struc-
tures are of human origin, with the presence of precursor epithe-
lial cells and expression of a hair differentiation marker.

In fact, histological structures very similar to those present
during hair follicle embryonic development were observed. The
early stages in the development of the hair follicle can be

recapitulated in histological sections, showing both the hair germ
and peg and the concentric layer organization of the developing
hair follicle and sebaceous glands normally expected in
later stages (supplemental online Fig. 4). Even if the tissue-
engineered dermal environment was permissive to induce hair
follicle buds, the molecular and architectural environmental con-
ditions of each embryonic stage of hair development are different
from the conditions created in the experiment. The absence of
such environmental factors and the remodeling dermal collagen
could not favor maturational development. Further studies
should improve the conditions necessary to the development
of the mature hair follicle in a tissue-engineered dermal
environment.

All these observations indicate that these structures could be
hair follicle neogenesis attempts. When constructs containing
HFSCs and dermal fibroblastswere grafted in the same conditions
and environment, this phenomenon was not observed. We con-
clude that the type of dermal component in the skin constructs
influences, not only the skin architecture and stem cell persis-
tence, but also the differentiation fate of the epidermal stemcells
and their potential to regenerate hair follicles. Aswehave already
stated, the presence of hair follicles improves the functional and
aesthetic aspect of repaired skin by providing the progenitor cells
involved in skinwoundhealing and in the generation of other func-
tional appendages such as sebaceous glands. Based on our results,
the adult cells present in the hair follicle, such as HFSCs and DPCs,
should allow the development of skin substitutes using autologous
cells, avoiding tissue immune rejection, and on the other hand re-
storing the epithelial-mesenchymal interactions that recapitulate
the embryonic events involved in hair follicle neogenesis.

Although further studies are necessary to improve the condi-
tions to achieve fully developed skin appendages, the combina-
tion of human adult cells used in this study hold out promise to
produce fully functional true skin equivalents.

CONCLUSION

In the present work, we have observed that the presence of DPCs
in composite skin constructs generated in air-liquid interphase led
to the formation of an epidermal-like structurewith themost reg-
ular stratification, more invaginations that could indicate hair fol-
licle neogenesis attempts, andmaintenance of anepidermal stem
cell pool. Moreover, the results obtained in grafting experiments
suggest that the presence of DPCs in composite skin substitutes
favors its graft-take and stimulates the wound healing process.
This phenomenon is supported by a very early beginning of the
graft angiogenesis process that helps graft-epidermal survival,
ensuring rapid wound covering and a fast remodeling of the ma-
trix with consequently lower skin contraction that ameliorates
the functional and aesthetic aspect of the healing skin.

These results indicate that constructs generated from HFSCs
and DPCs are able to provide permanent skin lesion coverage,
supported by the maintenance of a p63-positive cell population.
However, only thepresenceofDPCs in thegrafted-composite skin
was able to induce hair bud-like structures reminiscent of the hair
follicle neogenesis process.
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