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ABSTRACT

Perinatal stem cells such as human umbilical cord Wharton’s jelly stem cells (HWJSCs) are excellent
candidates for tissue engineering because of their proliferation and differentiation capabilities.
However, their differentiation potential into epithelial cells at in vitro and in vivo levels has not yet
been reported. In this work we have studied the capability of HWJSCs to differentiate in vitro and in
vivo to oral mucosa and skin epithelial cells using a bioactive three-dimensional model that mimics
the native epithelial-mesenchymal interaction. To achieve this, primary cell cultures of HWJSCs, oral
mucosa, and skin fibroblasts were obtained in order to generate a three-dimensional heterotypical
model of artificial oral mucosa and skin based on fibrin-agarose biomaterials. Our results showed
that the cells were unable to fully differentiate to epithelial cells in vitro. Nevertheless, in vivo
grafting of the bioactive three-dimensional models demonstrated that HWJSCs were able to stratify
and to express typical markers of epithelial differentiation, such as cytokeratins 1, 4, 8, and 13,
plakoglobin, filaggrin, and involucrin, showing specific surface patterns. Electron microscopy analy-
sis confirmed the presence of epithelial cell-like layers and well-formed cell-cell junctions. These
results suggest that HWJSCs have the potential to differentiate to oral mucosa and skin epithelial
cells in vivo and could be an appropriate novel cell source for the development of human oral
mucosa and skin in tissue engineering protocols. STEM CELLS TRANSLATIONAL MEDICINE 2013;
2:625–632

INTRODUCTION

Human oral mucosa and skin play crucial roles as
defensive barriers and are responsible for the
maintenance of physiological homeostasis [1].
Both structures consist of two tissue layers: the
epithelium and the underlying connective tissue.
The most important cell populations of the
epithelial layer are the keratinocytes, which are
tightly attached to each other by cell-cell junc-
tions and arranged in a number of distinct layers.
Although these cells can be cultured in vitro,
their doubling time is very long, and cell cultures
tend to grow slowly. The roles of the connective
tissue are related to the sustenance of the differ-
entiation status of the overlying epithelium. In
this context, the normal architecture of the oral
mucosa and skin can be affected by numerous
diseases associated with trauma, cancer, burns,
infections, etc. In these cases, early coverage of
the lesions is highly necessary, and several mod-
els of bioengineered oral mucosa and skin have
been described for clinical use [2–4]. However, a
new cell source allowing the generation of these
artificial tissues without the need to obtain au-
tologous biopsies is required, especially in pa-
tients with large areas affected by the disease.

Perinatal stem cells possess properties of
both embryonic and adult stem cells [5], without
the drawbacks that are often associatedwith the
clinical use of embryonic stem cells (ethical is-
sues, immune rejection, teratoma formation,
etc.) and adult stem cells (limited proliferation
potential and differentiation capability) [6]. Fur-
thermore, procurement of adult stem cells from
patients is an invasive technique and represents
significant risk and discomfort. These limitations
could be overcomewith the use of additional cell
sources such as perinatal cells.

Perinatal stem cells can be obtained from tis-
sues that are normally discarded after delivery.
These can be collected with low risk to themother
and the newborn and with few ethical concerns.
Human Wharton’s jelly stem cells (HWJSCs) are
considered immunoprivileged perinatal cells that
have high differentiation capability [7] and are
easily available for therapeutic applications. As
mesenchymal stem cells, HWJSCs retain the abil-
ity to differentiate to mesodermic tissues (carti-
lage, tendon, bone, and ligament). However,
there is not clear evidence that HWJSCs are able
to differentiate in epithelial cells.

In this work, we have developed a three-di-
mensional model of human oral mucosa and skin
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using stromal cells in combinationwith biomaterials andHWJSCs
to determine the capabilities of HWJSCs to differentiate into oral
mucosa and skin keratinocytes at in vitro and in vivo levels by
using tissue engineering strategies.

MATERIALS AND METHODS

Tissue Samples and Cellular Isolation
HWJSCs were isolated from umbilical cord samples. Human umbili-
cal cordswereobtained immediately after full-termbirths, rinsed in
1� phosphate-buffered saline (PBS), and then cut into small pieces
(approximately 1.5 cm in length), which were sectioned longitudi-
nally to expose the Wharton jelly below the amniotic membrane.
Isolation of HWJSCs cellswas performedby using type I collagenase
(Gibco-BRL/Life Technologies, Karlsruhe, Germany, http://www.
invitrogen.com) and a solution of 0.5 g/l trypsin and 0.2 g/l EDTA
(Gibco-BRL) following previously describedmethods [8].

In order to obtain primary cell cultures of human oral mucosa
and skin fibroblasts, biopsies of normal oral mucosa and skin were
obtained at the Department of Plastic and Maxillofacial surgery of
the University Hospital “Virgen de las Nieves” of Granada, Spain.
Human oral mucosa and skin biopsies were washed in 1� PBS and
enzymatically digested using 2 mg/ml Clostridium histolyticum col-
lagenase I (Gibco-BRL) at 37°C for 6 hours [4]. Isolated fibroblasts
werecollectedbycentrifugationandexpanded inculture flaskscon-
taining basal culturemedium (Dulbecco’smodified Eagle’smedium
supplementedwith10%fetal bovine serum,100U/mlpenicillin, 0.1
mg/ml streptomycin, and 0.25 �g /ml amphotericin B, all from
Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) and
using standard cell culture conditions. This work was approved by
the local ethical and research review committees. All patients gave
their consent to participate in the study.

Analysis of the Mesenchymal Nature of HWJSCs
To confirm themesenchymal stem cell profile of HWJSCs by flow
cytometry, 1 � 106 HWJSCs were incubated with allophycocya-
nin-conjugated CD90 (clone Thy-1A1; mouse IgG2A) and phyco-
erythrin-conjugated CD45 (clone 2D1; mouse IgG1) antibodies
(R&D Systems Inc., Minneapolis, MN, http://www.rndsystems.
com) after being washed in staining buffer for 5 minutes. Then,
Fc receptors were blocked and samples were transferred into a
5-ml flow cytometry tube and incubated with each antibody or
each corresponding isotype control antibody at a concentration
of 1:100. Following the incubation, any excess of antibody was
removed by washing the cells with 2 ml of staining buffer, and
they were analyzed on a FACSCalibur flow cytometer (Becton,
Dickinson and Company, Franklin Lakes, NJ, http://www.bd.
com) with the required compensation to remove the spillover
fluorescence. For immunofluorescence, 0.5 � 104 HWJSCs were
placed on cell culture chamber slides, fixed in 70% alcohol, and
hybridized to specific monoclonal anti-CD90 (Thy1; Novus Bio-
logicals, Littleton, CO, http://www.novusbio.com) and anti-
CD105 (Vector Laboratories, Burlingame, CA, http://www.
vectorlabs.com) primary antibodies. After being washed, cells
were incubated in fluorescein isothiocyanate and Cy3-labeled sec-
ondary antibodies and examined in a fluorescencemicroscope.

To confirm the differentiation capability of the cells, 0.5 �
104 HWJSCs were placed on cell culture chamber slides for 4
weeks using osteogenic, adipogenic, and chondrogenic induc-

tion media, as we previously described [9]. The composition of
these media is shown in supplemental online Table 1.

To demonstrate the acquisition of the osteogenic phenotype,
alizarin red S staining was used. Briefly, cells were fixed in 4% para-
formaldehydeandstainedwitha2%solutionof alizarin red. Stained
cellswere rinsedwithwater three times to removeexcess stain and
then evaluated under a light microscope. To evaluate the adipo-
genic differentiation of HWJSCs, cells were stained with Oil Red O
(0.7 mg in 100 ml of propylene glycol). Finally, the chondrogenic
potentialwas analyzedbyusingAlcian blue solution (1%Alcian blue
8GX and 3% glacial acetic acid, pH adjusted to 2.5).

Development of Three-Dimensional Bioactive Systems
to Induce Epithelial Differentiation of HWJSCs
To induce the epithelial differentiation of HWJSCs using three-
dimensional bioactive systems, tissue models of heterotypical
human oral mucosa (H-hOM) and heterotypical human skin
(H-hS) were developed on the basis of previously described bio-
engineered tissues [3, 10]. Briefly, a stroma substitute was first
generated by using a mixture of human fibrin obtained from
frozen human plasma and 0.1% agarose. An average of 250,000
cultured oral mucosa and skin fibroblasts were added to 5 ml of
the mixture immediately before inducing the polymerization of
the artificial stroma on Transwell (Corning Enterprises, Corning,
NY, http://www.corning.com) porous inserts. Once the stromas
jellified, HWJSCs were seeded on top of the oral mucosa and skin
artificial stromas and cultured for 7 days (1-week samples) sub-
merged in preconditioning epithelial culture medium (supplemen-
tal online Table 1) for 4weeks at 37°C in 5% carbon dioxide. Finally,
samples were subjected to air-liquid culture technique for 1 addi-
tional week (2-week samples) to induce the final differentiation of
the HWJSCs into amultilayered oral mucosa and skin epithelium.

In Vivo Evaluation of the Epithelial Differentiation
Potential of HWJSCs
To analyze the differentiative potential of HWJSCs, both H-hOM
and H-hS were grafted on immunodeficient athymic mice.
Briefly, 6-week-old Fox 1nu/nu nude mice (Harlan, Indianapolis,
IN, http://www.harlan.com) were anesthetized with aceproma-
zine (Calmo-Neosan; Pfizer Inc., New York, NY, http://www.pfizer.
com; 0.001 mg per gram of weight of the animal) and ketamine
(Imalgene 1000;Merial, Duluth, GA, http://us.merial.com; 0.15mg
per gram of weight of the animal), and a segment of skin 2.5 �
2.5 cmwasexcised fromthebacksof theanimals. Then,H-hOMand
H-hSwere engrafted on the surgical wounds just above themuscu-
lar fascia using absorbable suture material. Analgesia was used in
the drinking water. Mice were euthanatized by lethal administra-
tion of anesthetics at 10, 20, 30, and 40 days after implantation of
the three-dimensional heterotypical models of oral mucosa and
skin (H-hOM and H-hS), and all grafted tissues were harvested for
histological analysis.

Histological Analysis of In Vitro and In Vivo Samples
For light microscopy, in vitro and in vivo engrafted H-hOM and
H-hS samples were fixed with 4% formaldehyde, dehydrated,
and embedded in paraffin. Four-micrometer-thick sections were
stained with hematoxylin and eosin. For immunofluorescence
labeling of typical epithelial markers, sections were incubated
with cytokeratin 1 (CK1) (1:500; Sigma-Aldrich), CK4 (1:1,000;
Sigma-Aldrich), CK8 (prediluted; Master Diagnostica, Granada,
Spain, http://www.masterdiagnostica.com), CK13 (1:400;
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Sigma-Aldrich), involucrin (1:500; Sigma-Aldrich), filaggrin (1:50;
Abcam, Cambridge,MA, http://www.abcam.com), andplakoglo-
bin (1:20, Abcam) primary antibodies. Subsequently, sections
were stained with goat anti-rabbit or anti-mouse IgG secondary
antibodies. CK1 and involucrin were specific anti-human anti-
bodies, and they did not react with host mouse tissues. The con-
trol samples used in this work corresponded to native human
oral mucosa (N-hOM) and native human skin (N-hS). For scan-
ning electron microscopy, in vitro and in vivo H-hOM and H-hS
samples were fixed in cacodylate-buffered 2.5% glutaraldehyde,
dehydrated in increasing concentrations of acetone, and critical
point dried,mounted on aluminum stubs, sputter-coatedwith gold
according topre-establishedprotocols [14], andexamined inascan-
ning electronmicroscope (Quanta 200; FEI, Eindhoven, TheNether-
lands, http://www.fei.com). For transmission electron microscopy,
samples were fixed, postfixed in 1% osmium tetroxide for 90 min-
utes, and then embedded in Spurr’s resin and cut into ultrathin
sections. For analysis, the sections were stained with aqueous ura-
nyl acetate and lead citrate and observed with a transmission elec-
tronmicroscope (EM902;Carl ZeissMeditec, Inc.,Oberkochen,Ger-
many, http://www.zeiss.com).

RESULTS

Analysis of the Mesenchymal Nature of the HWJSCs
The analysis of HWJSCs used in thiswork revealed that these cells
were adherent, with an elongated and spindle-shape morphol-

ogy. HWJSCs were able to properly differentiate to osteogenic,
chondrogenic, and adipogenic cell lineages, as determined by
alizarin red S, Alcian blue, and Oil Red O staining (supplemental
online Fig. 1). In addition, the flow cytometry or immunofluores-
cence analysis of specific mesenchymal stem cell markers
showed high expression of CD90 (99.4% positive cells) and
CD105 (81.5% positive cells for the immunofluorescence analy-
sis) and negative expression of CD45 (1.3% positive cells), with
controls being negative (Fig. 1). All this demonstrates that the
cells used in this work were undifferentiatedmesenchymal stem
cells that were not committed toward specific differentiation
pathways.

Epithelial Differentiative Capability of HWJSCs as
Determined by Histological Analysis
Our results showed that the use of three-dimensional systems
based on bioengineered human tissues was able to efficiently
induce the epithelial differentiation of the HWJSCs. Initially bio-
engineered tissues cultured ex vivo showed a stratified epithe-
liumwith a number of cell layers oscillating between two for the
H-hS kept in vitro for 1 week and seven or eight layers for the
H-hOM cultured ex vivo for 2 weeks (Fig. 1). These layers were
not differentiated in specific basal, spinosum, granulosum, and
corneum strata, and the typical rete ridges and stromal papillae
were not detected. This was considerably different from the
structure of the N-hOM and the N-hS, which showed a greater
number of layers and higher levels of differentiation. On the

Figure 1. Determination of the mesenchymal profile of HWJSCs by flow cytometry analysis for CD90 and CD45 and immunofluorescence for
CD90 and CD105 (left) and light microscopy histological analysis of controls and three-dimensional bioactive models of H-hOM and H-hS
stained with hematoxylin and eosin (right). In vitro differentiation samples corresponding to tissues kept in culture for 1 and 2 weeks showed
a stratified epitheliumwith two to eight cell layers. In vivo samples implanted on nudemice for 10, 20, 30, and 40 days showed a large number
of epithelial layers that were organized in basal, spinosum, granulosum and, corneum strata. N-hOM and N-hS were used as controls. Scale
bars � 50 �m (left) and 100 �m (right). Abbreviations: H-hOM, heterotypical human oral mucosa; H-hS, heterotypical human skin; HWJSC,
human umbilical cord Wharton’s jelly stem cell; N-hOM, native human oral mucosa; N-hS, native human skin.
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other hand, the histological analysis showed that in vivo grafted
N-hOM and N-hS had more differentiation levels than ex vivo
samples, showing a large number of epithelial layers that were
organized in basal, spinosum, granulosum, and corneum strata,
especially after 20 days in vivo (Fig. 1).

This was in agreement with the scanning electron micros-
copy (SEM) analysis of the ex vivo samples, which revealed that
the patterns of surface differentiation of the cells on both tissues
were very immature as compared with the control native tissues
(Fig. 2). In fact both control N-hOM and N-hS showed a tight
superficial layer of flat polygonal cells with desquamation signs
in which cells were covering the entire surface. In the case of the
N-hOM, typical patterns of terminal differentiation were identi-
fied as parallel and curved microplicae and pits. In contrast, H-
hOM and H-hS cultured in vitro had a superficial layer of elon-
gated, spindle-shaped cells, with spaces among them, and no
surface patterns were identifiable. Finally, when these bioengi-
neered tissues were grafted in vivo, cells tended to resemble the
structure of the native control tissues, with flattened cells and
evident signs of desquamation. Cells on the surface of the H-
hOM displayed some parallel and curved microplicae, but pits
were completely absent. The transmission electron microscopy
ultrastructural analysis of the in vivo grafted samples (Fig. 2)
confirmed the presence of an epithelial-like cell layer on top of
the in vivo implanted tissues, with cells organized in different
layers with some intercellular junctions. In addition, the pres-
ence of abundant rough endoplasmic reticulum and mitochon-
dria suggests that the cells were metabolically active. On the
other hand, the bioengineered stromawas rich in collagen fibers
that were very similar to those of the control native samples.

Epithelial Differentiative Capability of the HWJSCs as
Determined by Cytokeratin Expression Analysis
As shown in supplemental online Table 2, the analysis of cytoker-
atin expression showed that the typical markers of simple epi-
thelia CK7 and CK8, which were negative in control N-hOM and
N-hS, were slightly positive in ex vivo cultured tissues, especially

in H-hOM cultured for 2 weeks and in H-hS samples correspond-
ing to 1 week of culture. In addition, CK8 expression was positive
in H-hOM after 10 and 20 days of in vivo implantation. However,
the CK7 and CK8 expression was negative in all H-hS implanted
samples, as it was the case of the control samples (illustrative
examples of the analysis of CK8 are shown in Fig. 3).

The analysis of the markers of stratified epithelia CK13 and
CK4 demonstrated them to be positive in N-hOM and N-hS. The
specific analysis of CK13 showed that this protein was expressed
in all layers of H-hOM samples after 1 and 2 weeks of ex vivo
development and at 20, 30, and 40 days of in vivo implantation,
whereas H-hS samples showed positive CK13 expression only at
the first week of ex vivo development. The expression of CK4
(supplemental online Fig. 2) was very similar, although it was
negative in ex vivo H-hOMand positive in samples grafted in vivo
for 10 days. Images of the analysis of CK13 are shown in Figure 4.

Finally, the analysis of CK1 marker of keratinization in the
suprabasal cells which were positive in both control tissues re-
vealed that H-hOM and H-hS cultured ex vivo were negative for
this cytokeratin. The in vivo analysis showed strong positive ex-
pression for most of the H-hOM and H-hS samples, especially
after 40 days of in vivo grafting (Fig. 5). The anti-human nature of
the CK1 antibody allowed us to determine that grafted tissues
had human origin.

Epithelial Differentiative Capability of the HWJSCs as
Determined by Filaggrin and Involucrin Expression
Analysis
Our results revealed that the expression of filaggrin (Fig. 6) and
involucrin (supplemental online Fig. 3), markers of well-differen-
tiated epithelia that were positive in H-hOM and H-hS, was ini-
tially negative in both H-hOM and H-hS cultured ex vivo for 1
week. However, the expression of these proteins increased after
2 weeks ex vivo only for H-hOM tissues. Once grafted in vivo the
expression of both markers tended to become positive, espe-
cially after 20 days for the skin and 40 days for the oral mucosa.
In the case of the oral mucosa, the expression of filaggrin was

Figure 2. Electron microscopy analysis of
controls and three-dimensional bioactive
models of H-hOM and H-hS. SEM images
(top) corresponding to N-hOM and N-hS
controls showed a tight superficial layer of
flat polygonal cells with desquamation
signs in which cells were covering the en-
tire surface, whereas samples kept in vitro
for 2 weeks showed immature differentia-
tion patterns, and samples implanted in
vivo for 40 days tended to resemble the
structure of the native control tissues,
with flattened cells and evident signs of
desquamation. Scale bars � 50 �m. TEM
samples (bottom) were analyzed after 40
days of in vivo implantation and demon-
strated that in vivo-implanted tissues were
mature and well-differentiated, with nu-
merous intercellular junctions, abundant
cell organelles, and a collagen-rich stroma.
Scale bars � 1 �m. Abbreviations: H-hOM,
heterotypical human oral mucosa; H-hS,
heterotypical human skin; N-hOM, native
human oral mucosa; N-hS, native human
skin; SEM, scanning electron microscopy;
TEM, transmission electronmicroscopy.
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slightly positive from day 10 of in vivo grafting and from day 20
for the H-Hs (Fig. 6; supplemental online Table 2). The anti-hu-
man origin of involucrin antibody allowed us to confirm that
grafted tissues were of human origin.

Determination of the Epithelial Differentiative
Capability of the HWJSCs as Determined by
Plakoglobin Expression Analysis
Our data showed that the expression of plakoglobin (PKG), a
valuable marker of epithelial cell function by the determination
of cell-cell adhesion, was positive in N-hOM and N-hS, especially
at the suprabasal layers. It was negative for all ex vivo developed
samples (H-hOM and H-hS). The in vivo results demonstrated
that H-hOM and H-hS implanted onto athymic mice were grad-
ually positive for PKG. In this regard, after 10 days of implanta-
tion the PKG signal was weak, increasing at 20 days with a su-
prabasal localization restricted to the granulosum strata. After
20 days H-hOM and H-hS samples showed a wide expression of
PKG at the basal, spinosum, and granular strata, being stronger
on H-hS samples (Fig. 7).

DISCUSSION

Over the past 5 years, scientific evidence has indicated that the
intrinsic properties of both the stem cells and the cell niche have
to be considered as key parameters for allogenic and autologous
transplantation. HWJSCs can be easily harvested at low cost and

efficiently expanded and cryopreserved. Many studies have pre-
viously demonstrated that HWJSCs are a promising cell source in
regenerative medicine [6, 11]. In addition to this, numerous re-
ports have indicated that HWJSCs are more efficient in terms of
stem cell potency as compared with other mesenchymal cell
types such as bone marrow stem cells. Also, these cells show
shorter doubling time and more rapid propagation and expan-
sion in culture [12]. The increasing interest in HWJSCs as alterna-
tive cell sources derives from their perinatal origin, representing
a bridge between embryonic and adult stem cells. Although the
differentiation potential of HWJSCs to mesodermic cell lineages,
including the myogenic cell lineage, has been elucidated previ-
ously [13], further studies should verify whether the cells can
also differentiate into endodermic and ectodermic cell types
[14]. In this work we have studied the potential of HWJSCs to
differentiate into ectodermic cell lineages by using tridimen-
sional heterotypical models of H-hOM and H-hS at in vitro and in
vivo levels.

First, our in vitro results suggest that HWJSCs have certain
capabilities to differentiate to the epithelial lineage as revealed
by the fact that cells subcultured on top of the fibrin-agarose
stromal substitute tended to stay on the surface and to form a
well-defined epithelial-like structure, especially in the case of the
(H-hOM) substitutes. In addition, this structure expressed some
simple epithelial markers such as CK8 and a marker of stratifica-
tion such as CK13 in (H-hOM) samples. However, the differenti-
ation level of HWJSCs under in vitro conditions was very limited,
as demonstrated by the lack of typical features of differentiated

Figure 3. CK8 expression analysis as determined by immunofluores-
cence in three-dimensional bioactive models of H-hOM and H-hS. In
vitro differentiation samples corresponding to tissues kept in culture
for 1 and 2 weeks showed slightly positive expression of this cyto-
keratin. In vivo samples implanted on nude mice for 10, 20, 30, and
40 days were positive in H-hOM only after 10 and 20 days. N-hOM
and N-hS were used as controls and showed negative expression of
CK8. CK8 protein was labeled in green, and the cell nuclei were coun-
terstained inblue. Scale bars�100�m.Abbreviations: CK, cytokeratin;
H-hOM, heterotypical human oral mucosa; H-hS, heterotypical human
skin; N-hOM, native human oral mucosa; N-hS, native human skin.

Figure 4. CK13 expression analysis as determined by immunofluo-
rescence in three-dimensional bioactivemodels of H-hOMandH-hS.
H-hOM samples were positive after 1 and 2 weeks of ex vivo devel-
opment and at 20, 30, and 40 days of in vivo implantation on nude
mice, whereas H-hS samples showed positive CK13 expression only
at the firstweek of ex vivo development. N-hOMandN-hSwere used
as controls. CK13 protein was labeled in green, and the cell nuclei
were counterstained in blue. Scale bars � 100 �m. Abbreviations:
CK, cytokeratin; H-hOM, heterotypical human oral mucosa; H-hS,
heterotypical human skin; N-hOM, native human oral mucosa; N-hS,
native human skin.
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skin and oral mucosa (well-defined strata, rete ridges, chorial
papillae, and surface patterns), the absence of proper cell-cell
contacts and intercellular junctions, and the negative expression
of well-differentiated epithelial markers. In fact, both the hema-
toxylin and eosin staining and the SEM results confirmed the
presence of spaces among the cells, whereas the immunofluo-
rescence studies revealed the negative expression of PKG in all in
vitro samples. This could be explained by the fact that HWJSCs in
the umbilical cord are normally committed to synthesize high
amounts of extracellular matrix (ECM), components, mainly col-
lagen and several sulfated proteoglycans [15]. Probably, HWJSCs
cultured in vitro for 2 weeks still retain some of their features of
mesenchymal cells and synthesize small amounts of ECM com-
ponents that could be responsible for the absence of direct cell-
cell contacts in the newly formed and immature epithelial layer.
In addition, the lack of rete ridges and stromal papillae and the
absence of epithelial strata have beenpreviously reported by our
group at in vitro levels in models of orthotypical human oral
mucosa and skin [3, 10].

Strikingly, once the H-hOM and H-hS tissues were grafted in
vivo in animal models, HWJSCs was demonstrated to be able to
efficiently differentiate to both oral mucosa and skin epithelia
with highermaturation levels. In fact, the analysis of the samples
revealed the formation of well-defined basal, spinosum, granu-
losum, and corneum cell layers, especially after 20 days in vivo.
These findings, along with the presence of some specific differ-
entiation patterns on the cell surface [16, 17], evidence the high

differentiation capability of HWJSCs under in vivo conditions.
However, the absence of typical rete ridges, the absence of
chorial papillae, and the lack of type V cell surface patterns (pits)
suggest that the differentiation process could require longer in
vivo grafting times. In addition, both the H-hOM and the H-hS
showed numerous cell-cell contacts, which became similar to
those of the control tissues after 30 days in vivo. This implies that
cells tend to join and form a tight epithelial barrier, which is
important for the integrity and function of the epithelium [18].
The differentiated status of the heterotypical tissues grafted in
vivowas confirmedby the expression of keymarkers of epithelial
differentiation, such as CK1, filaggrin, and involucrin for both
H-hOM and H-hS samples and CK4/13 in the case of the H-hOM,
with the absence of CK8 expression. This suggests that the pro-
tein expression profile of these tissues was analogous to that of
the native epithelia and may point out the functionality of these
heterotypical epithelia generated from HWJSCs.

The analysis of the expression of CK8 demonstrated that its
expression was evident at in vitro levels in both H-hOM and H-hS
samples along with H-hOM in vivo samples. CK8 is considered a
primary cytokeratin because it is the first to be produced in
simple epithelia of embryos [19, 20]. Previous studies devel-
oped in our group revealed that the expression of CK8 in arti-
ficial human oral mucosa was associated with early stages of
differentiation of epithelial cells and turned negative after in
vivo implantation. Our results suggest that heterotypical tis-
sues may have a low differentiation status at in vitro levels,

Figure 5. CK1 expression analysis as determined by immunofluores-
cence in three-dimensional bioactive models of H-hOM and H-hS. In
vitro differentiation samples corresponding to tissues kept in culture
for 1 and 2weekswere negative for CK1 expression,whereasmost in
vivo samples implanted on nude mice for 10, 20, 30, and 40 days
expressed this protein. N-hOM and N-hS used as controls were pos-
itive for CK1. CK1 protein was labeled in red, and the cell nuclei were
counterstained in blue. Scale bars � 500 �m (N-hS panel) and 100
�m (other panels). Abbreviations: CK, cytokeratin; H-hOM, hetero-
typical human oralmucosa; H-hS, heterotypical human skin; N-hOM,
native human oral mucosa; N-hS, native human skin.

Figure 6. Filaggrin expression analysis as determined by immuno-
fluorescence in three-dimensional bioactive models of H-hOM and
H-hS. In vitro differentiation samples corresponding to tissues kept
in culture for 1 and 2 weeks showed negative or slight expression of
filaggrin, whereas in vivo samples implanted on nude mice for 10, 20,
30, and 40 days tended to express this protein with time. N-hOM and
N-hS were used as controls and showed suprabasal expression of this
marker. Filaggrin protein was labeled in green, and the cell nuclei were
counterstained in blue. Scale bars� 100�m. Abbreviations: FILL, filag-
grin;H-hOM,heterotypical humanoralmucosa;H-hS, heterotypical hu-
man skin; N-hOM, native humanoralmucosa; N-hS, native human skin.
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which would change once implanted in vivo, especially in the
case of H-hOM. CK4 and its partner CK13 are produced in the
differentiating suprabasal cells of stratified epithelia, especially in
oralmucosa. In this experiment, CK13was expressed at in vitro and
in vivo levels with high affinity for H-hOM samples. This notable
affinity demonstrates that different bioengineered stromas could
exert different and specific inductive roles that could determine the
fateof theoverlyingdifferentiatingepithelium.Besides,CK1expres-
sion has been a gold standard marker of skin epithelial cells that is
produced in the suprabasal cells and it is important for postmitotic
differentiation in stratified cornified epithelia. In connection with
cytokeratins, keratin filament-associated proteins (KFAPs), such as
filaggrin, involucrin, and PKG cell-adhesive complex, provide a net-
work that maintains cell integrity and cell function [21].

KFAPs are nonfilamentous structural proteins of the stratum
granulosum of stratified cornified epithelia that also showed su-
prabasal expression after in vivo grafting. The conjugated ex-
pression of cytokeratins and KFAPs from the filament-matrix com-
plex could stabilize the cytoskeleton of cornifying keratinocytes,
thus ratifying the functional status of HWJSCs as epithelial cells.
Apart from this, cytokeratins bind to PKG, maintaining the integrity
of the cytoskeleton and acting as a signaling molecule during strat-
ification. The presence of PKG could therefore favor the stratifica-
tion of the epithelia, and this may explain the high number of cell
layers observed at in vivo H-hOM and H-hS samples [22]. These
results support the hypothesis that heterotypical tissues reached
highmaturation levels in response to the in vivo environment, with
negativization of simple epithelium markers and positivization of
typical markers of well-differentiated epithelia.

All these results suggest that HWJSCsmight be able to differ-
entiate into cells of ectodermal layers, thus allowing replace-
ment of ectodermal tissues. To do so, in this studywe have taken
advantage of the intrinsic potential of HWJSCs in combination
with inductive strategies. In fact, the high potentiality of these
cells allowed different researchers to differentiate them to non-
mesodermic cell lineages, such as the vascular endothelium [23]
and neural tissues [24]. Interestingly, HWJSCs were shown to
constitutively express some cytokeratins, and they are able to
form cell layers on tridimensional collagen gels [25]. In addition,
microarray studies reveal that HWJSCs express markers of all
three primordial cell layers. For these reasons, several research-
ers suggested that HWJSCs could be in an intermediate differen-
tiation state between embryonic stem cells and adult mesenchy-
mal stem cells [6]. This would support the pluripotential
capability of these cells under certain conditions [5].

To induce the nonmesenchymal differentiation of these
cells, we used a double strategy using three-dimensional cocul-

ture systems based on human bioengineered tissues able to
mimic the native epithelial-mesenchymal interaction in vitro and
in vivo. The in vitro developed three-dimensional systems were
grafted in vivo to determine the role of paracrine signaling from
the host animal. As expected, HWJSCs were not able to effi-
ciently differentiate to skin and oral mucosa epithelia in vitro, as
previously demonstrated by Schneider et al. [25]. However, the
use of in vivo strategies was able to demonstrate that these cells
were fully capableof differentiating toepithelial keratinocytes, thus
confirming the crucial role of paracrine signaling. The direct cell-cell
contact between cells derived from different germ layers and the
secretion of different tissue-specific factors by host mature adult
keratinocytes may represent important differentiation stimuli for
the in vivo epithelial differentiation of themesenchymal cells.

CONCLUSION
In this workwe have demonstrated that HWJSCs have the poten-
tial to differentiate to skin andoralmucosa epithelial cells in vivo.
The host diffusible factors must be considered major regulatory
factors, as the most elevated levels of differentiation of HWJSCs
into keratinocytes were found at in vivo levels. All these findings
support the idea that HWJSCs could be useful for the develop-
ment of human skin and oral mucosa tissues for clinical use in
patients with large skin and oral mucosa injuries.
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Figure 7. Plakoglobin expression analysis
as determined by immunofluorescence in
three-dimensional bioactive models of
H-hOMandH-hS. In vivo samples implanted
onnudemice showedpositive expressionof
this protein, especially after long times of
development in vivo, and became similar to
theN-hOMandN-hS thatwere used as con-
trols. Plakoglobin protein was labeled in
green, and the cell nuclei were counter-
stained in blue. Scale bars� 50�m. Abbre-
viations: H-hOM, heterotypical human oral
mucosa; H-hS, heterotypical human skin; N-
hOM, native human oral mucosa; N-hS, na-
tive human skin; PKG, plakoglobin.
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