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Abstract
Up to 40% of donor corneas are deemed unsuitable for transplantation, aggravating the shortage of graft tissue. In most
cases, the corneal extracellular matrix is intact. Therefore, their decellularization followed by repopulation with autologous
cells may constitute an efficient alternative to reduce the amount of discarded tissue and the risk of immune rejection after
transplantation. Although induced pluripotent (hiPSCs) and orbital fat-derived stem cells (OFSCs) hold great promise for
corneal epithelial (CE) reconstruction, no study to date has evaluated the capacity of decellularized corneas (DCs) to support the attachment and differentiation of these cells into CE-like cells. Here, we recellularize DCs with hiPSCs and OFSCs
and evaluate their differentiation potential into CE-like cells using animal serum-free culture conditions. Cell viability and
adhesion on DCs were assessed by calcein-AM staining and scanning electron microscopy. Cell differentiation was evaluated by RT-qPCR and immunofluorescence analyses. DCs successfully supported the adhesion and survival of hiPSCs and
OFSCs. The OFSCs cultured under differentiation conditions could not express the CE markers, TP63, KRT3, PAX6, and
KRT12, while the hiPSCs gave rise to cells expressing high levels of these markers. RT-qPCR data suggested that the DCs
provided an inductive environment for CE differentiation of hiPSCs, supporting the expression of PAX6 and KRT12 without
the need for any soluble induction factors. Our results open the avenue for future studies regarding the in vivo effects of DCs
as carriers for autologous cell transplantation for ocular surface reconstruction.
Keywords Cornea · Decellularization · Human induced pluripotent stem cells · Orbital fat-derived stem cells ·
Differentiation · Corneal epithelial cells
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Introduction
The outermost layer of the cornea is the anterior epithelium, which is essential for ocular surface integrity, and
corneal transparency. The anterior epithelium is continuously renewed by limbal stem cells (LSCs) located at
the limbus, the transition zone between the cornea and
the sclera [1]. LSCs deficiency (LSCD), one of the most
severe corneal disorders, is caused by the dysfunction or
loss of LSCs, leading to persistent epithelial defects, neovascularization, corneal opacification, and subsequent loss
of vision and blindness [2].
To date, transplantation of cultured LSCs or oral mucosal
epithelial cells (OMECs), often using amniotic membrane
or fibrin as carrier, are the most commonly used techniques
to treat LSCD [2, 3]. However, these techniques have several drawbacks, such as the limited self-renewal capacity
of cultured cells, the risk of potential contamination with
murine 3 T3 feeder layers and other xenogeneic components
used for cell cultures and/or fibrin preparation. The amniotic membrane is difficulty to manipulate and has limited
transparency and low strength [4, 5]. Moreover, peripheral
corneal neovascularization has been reported after OMECs
transplantation, while autologous LSCs transplantation is
associated with the risk of iatrogenic LSCD in the donor eye
and cannot be applied to patients with bilateral LSCD [6].
On the other hand, allogeneic transplantation is associated
with the risks of immune-mediated rejection and adverse
effects of immunosuppression. Clinical trials investigating
LSCs or OMECs transplantation have demonstrated a low
long-term success rate [3, 7, 8].
The limitations of currently available treatments for
LSCD have led to increasing interest in developing novel
strategies for corneal epithelial (CE) reconstruction, using
alternative autologous cell sources and an appropriate substrate for them [9]. With this aim, different materials have
been proposed, including collagen [10], silk fibroin [11],
chitosan [12], and poly(ethylene glycol) diacrylate [13].
Although these approaches have shown some success, all
these materials fail to recapitulate the complex microarchitecture, biochemical composition, biomechanical and/or
optical properties of the native corneal extracellular matrix
(ECM) [14]. The ECM provides biological, structural, and
mechanical signals that direct CE cell fate and tissue regeneration [15]. The development of human corneal decellularization techniques allow the fabrication of scaffolds with
native ECM, low immunogenicity, and proper biomechanical properties [15–18]. The decellularized matrices provide
a tissue-specific microenvironment for cell adhesion, proliferation, migration, and differentiation [15, 19].
Up to 40% of human donor corneas are deemed unsuitable for transplantation, mainly due to low endothelial cell
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density [20, 21]. The ECM from these discarded tissues
could be used to produce new corneas by the decellularization/recellularization process. Thereby, the donated corneas could be used more efficiently, increasing the donor
pool [22]. Nevertheless, few studies have investigated the
decellularization of human corneas at this point [23].
Most corneal decellularization/recellularization studies have used animal-derived matrices, cells and/or serum,
therefore limiting the clinical translation potential of such
approaches, due to the risk of prion/zoonotic transmissions
and xenogeneic immune response [23–28]. In the present
study we repopulated decellularized human corneas (DCs)
with human stem cells which were induced to differentiate
into CE cells (CECs) using a xenogeneic antigen-free differentiation medium containing human serum (HS) instead
of commonly used fetal bovine serum.
Recently, we reported that sodium chloride (NaCl) plus
nucleases treatment of human corneas resulted in efficient
decellularization and preservation of the ECM and epithelial
basement membrane (EBM) ultrastructure and composition.
The decellularization efficiency and the characterization of
the DCs were reported in our previously published work
[29]. We also showed that the EBM of DCs is a proper
substrate to facilitate the differentiation process of human
embryonic stem cells (hESCs) into CECs [29]. Although
hESCs hold great promise for CE reconstruction in LSCD
cases, challenges remain for their clinical application. Due
to the unresolved ethical and immunological issues surrounding the derivation and use of hESCs, great interest has
turned to the use of human induced pluripotent stem cells
(hiPSCs) and mesenchymal stem cells/medicinal signaling
cells (MSCs), which provide opportunities for engineering
tissues with patient-specific cells, thus avoiding the risk of
rejection and the complications associated with immunosuppression [30, 31]. hiPSCs represent attractive cell sources for
CE engineering due to their unlimited proliferative potential
and ability to differentiate into CECs [32]. Nevertheless, no
study to date has evaluated the capacity of DCs to support
the attachment, survival, and differentiation of hiPSCs into
CECs.
Although MSCs are also of particular interest in CE tissue engineering, the results in the literature are inconclusive
regarding the transdifferentiation potential of MSCs into
CECs [33–36]. Human orbital fat tissues that are regularly
discarded during blepharoplasty surgeries are a good source
of MSCs [37]. In vivo studies have shown the CE regeneration promoted by topical administration of human orbital
fat-derived stem cells (OFSCs) and the safety and immunomodulatory effects of these cells [38, 39]. In this sense,
Ho et al. have shown that direct contact between OFSCs and
immortalized CECs induces CE differentiation of OFSCs.
However, challenges in purifying differentiated cells may
limit the clinical use of this mixed-culture system [37].
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Many CECs functions and processes, including adhesion, survival, migration, and differentiation are regulated by
interactions between the epithelium and the underlying EBM
and stroma [40]. So, we hypothesized that the human DCs
might provide a suitable and instructive microenvironment
for inducing OFSCs and hiPSCs differentiation into CECs.
Here, for the first time, we recellularized DCs with both stem
cell types and evaluated their differentiation potential into
CE-like cells using animal serum-free culture conditions.

Materials and Methods
All reagents were purchased from Thermo Fisher Scientific
(Waltham, MA) unless otherwise stated.

Decellularization of Human Corneas
Human donor corneoscleral buttons (n = 69) that were
rejected for transplantation due to expiration date or low
cell count were obtained from the MG Transplantes Eye Tissue Bank/FHEMIG, BR. The donor age ranged from 29 to
67 years old. The Research Ethics Committee of the Universidade Federal de Minas Gerais approved the study (ETICUFMG-n° 49967715.0.0000.5149), and it was conducted
in accordance with the Declaration of Helsinki. Informed
consent was obtained from the donors’ relatives for the use
of tissue for research purposes.
The corneas were decellularized as previously described
[29]. Briefly, whole corneas were incubated in 1.5 M NaCl
for 48 h (h). They were treated with Dnase/RNase 5 U/mL
for 48 h, and then washed with phosphate-buffered saline
(PBS) containing 1% antibiotic/antimycotic solution for
72 h. The decellularization procedure was carried out with
sterile solutions, materials, and technique.

Preparation of Allogeneic Human Serum (HS)
HS was obtained from the whole blood of distinct bloodgroup-typed donors [41]. All donors provided informed consent according to protocols approved by the ETIC-UFMG
(n° 49967715.0.0000.5149). The blood was collected with
vacutainer tubes (BD Biosciences, San Jose, CA) and
allowed to clot spontaneously at 4 °C. The serum was separated by centrifugation at 252 xg for 10 min. Different blood
types from 16 healthy donors were pooled to produce the
batches of HS. The HS was incubated at 56 °C for 30 min
to deactivate complement and stored at −20 °C until use.

Cell Culture
The hiPSCs line DF19–9-11 T [42] (WiCell Research Institute) was cultured on Matrigel (Corning, Corning, NY) in

mTeSR™1 medium (Stem Cell Technologies, Vancouver,
BC). Cells were passaged using Versene solution every
4–5 days at 1:6–1:8 ratio.
Orbital fat tissues were harvested from six healthy
patients ranging in age from 50 to 62 years during upper
eyelid blepharoplasty at Sociedade Oftamológica de Minas
Gerais, BR. The samples were collected after obtaining informed consent from the patients (ETIC-UFMG-n°
49967715.0.0000.5149). The isolation and culture of OFSCs
were performed as previously described [43]. The ECM was
digested with 0.1% collagenase type I in PBS at 37 °C for
1 h. After centrifugation at 252 xg for 10 min, the cell pellets were resuspended in basal medium and plated into cell
culture flasks. The basal medium consisted of Dulbecco’s
modified Eagle’s medium-high glucose (DMEM, SigmaAldrich, St Louis, MI) supplemented with 1% antibiotic/
antimycotic solution, and 10% HS.
Limbal fibroblasts (LFs) were isolated from twelve human
donor corneoscleral tissues (six donors aged 33–53 years
old) deemed unsuitable for transplantation obtained from the
MG Transplantes Eye Tissue Bank, BR (ETIC-UFMG-n°
49967715.0.0000.5149). After removing the sclera, central
and peripheral cornea, the remaining limbal tissue was cut
into 1-mm2 pieces and digested with 3 mg/mL collagenase
type I in PBS at 37 °C for 3 h. After centrifugation, the pellets were resuspended in the basal medium and plated into
cell culture flasks [44].
OFSCs and LFs from the third passage were used for all
experiments.

Characterization of OFSCs and LFs
Flow Cytometry OFSCs suspensions (5 × 105 cells) were
incubated with 0.4 μg of the following mouse monoclonal
(MM) antibodies: CD105-fluorescein isothiocyanate (FITC),
CD73-phycoerythrin, CD90, CD45, CD14, CD19, CD34,
and HLA-DR-FITC (all from BD Biosciences, San Jose,
CA). After washing with PBS, the cells were incubated
with Alexa Fluor 488 goat anti-mouse IgG (for unconjugated primary antibodies). Flow cytometry was performed
using a Guava® EasyCyte™ 6–2 L Flow Cytometer (Merck
Millipore, Darmstadt, Germany). Fifteen thousand events
were acquired and analyzed using FlowJo X (Tree Star, Inc.,
Ashland, OR).
OFSCs Differentiation Assays OFSCs were incubated under
adipogenic, osteogenic, and chondrogenic differentiation
conditions for 21 days. The multilineage potential was
assessed by Oil-Red O, alizarin red S, and alcian blue staining (all from Sigma-Aldrich, St Louis, MI) [45]. For adipogenic differentiation, OFSCs were cultured in basal medium
supplemented with 0.5 mM isobutylmethylxanthine, 200 μM
indomethacin, 1 μM dexamethasone, and 10 μM insulin
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(all from Sigma-Aldrich, St Louis, MI). For osteogenic
differentiation, cells were cultured in basal medium supplemented with 50 μg/mL ascorbate-2-phosphate, 10 mM
β-glycerophosphate, and 0.1 μM dexamethasone (all from
Sigma-Aldrich, St Louis, MI). Chondrogenic differentiation
was performed in a 3D pellet culture system using the StemPro Chondrogenesis Differentiation Kit.
Immunofluorescence LFs were characterized by immunofluorescence using previously described markers [44]. After
fixation with 4% paraformaldehyde, LFs were permeabilized
with 0.2% Triton X-100, blocked with 1% bovine serum
albumin, and incubated with the following antibodies: rabbit monoclonal anti-CD44 (1:250), MM anti-CD106 (1:10)
(both from Abcam, Cambridge, MA), MM anti-p63, MM
anti-cytokeratin 3/2p, goat polyclonal anti-cytokeratin 12
(1:100, all from Santa Cruz Biotechnology, Dallas, TX), rabbit monoclonal anti-collagen type I, and rabbit polyclonal
anti-fibronectin (both 1:200, Rockland, Limerick, PA). The
secondary antibodies used were Alexa Fluor 488 goat antimouse IgG, Alexa Fluor 555 donkey anti-goat IgG, and
Alexa Fluor 555 goat anti-rabbit IgG (all 1:500). The nuclei
were stained with 1 μg/mL Hoechst 33258 pentahydrate,
and then the cells were analyzed by fluorescence microscopy
(Olympus IX70, Japan).

Conditioning of CE Medium by the LFs
Confluent LFs were mitotically inactivated by incubation
with 10 μg/mL mitomycin C (Sigma-Aldrich, St Louis, MI)
in basal medium for 2 h at 37 °C. Afterward, the cells were
incubated in basal medium for 12 h. Then, 200 μL/cm2 CE
medium was added. This medium consisted of DMEM:F12
supplemented with 10 ng/mL human epidermal growth factor, 5 μg/mL insulin, 5 μg/mL transferrin, 0.5 μg/mL hydrocortisone, 2 nmol/L tri-iodothyronine, 0.1 μg/mL cholera
toxin, 0.2 nM adenine (all from Sigma-Aldrich, St Louis,
MI), 1% antibiotic/antimycotic solution, and 10% HS. The
limbal fibroblast-conditioned medium (LF-CM) was collected daily and replaced with fresh CE medium for 7 days.
The LF-CM was pooled, centrifuged for 3 min at 180 xg,
filtered using a 0.22 μm filter, and stored at −80 °C until
use. For all experiments, LF-CM was mixed with fresh CE
medium at a ratio of 3:1 [44].

In Vitro Recellularization of DCs
The DCs were incubated in DMEM:F12 medium for 24 h
at 37 °C in a CO2 incubator before cell seeding. The hiPSCs (5–6 colonies/DC) and OFSCs (1 × 104 cells/DC) were
seeded on the EBM side of the DCs and cultured for 7 days
in mTeSR™1 and basal medium, respectively. The number of cells used was chosen based on our previous studies
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regarding recellularization of DCs with hESCs and proliferation kinetics of OFSCs [29, 43]. Cell adhesion on DCs was
assessed by scanning electron microscopy (SEM). Briefly,
recellularized corneas were fixed with 2.5% glutaraldehyde
and 2% paraformaldehyde in PBS at 4 °C overnight. The
samples were postfixed in 1% osmium tetroxide in PBS for
2 h, dehydrated in a graded series of ethanol, critical pointdried (Balzers CPD-020), and coated with gold. The samples
were examined by SEM at 15 kV (DSM 950 Zeiss, Jena,
Germany).
Calcein-AM staining was performed to assess cell viability. The recellularized matrices were incubated with 5 μM
Calcein-AM in PBS for 30 min at 37 °C. After being rinsed
with PBS, the recellularized matrices were placed on glassbottom dishes, and visualized through confocal microscopy
(Zeiss LSM 880, Jena, Germany).

CE Differentiation
The hiPSCs (5–6 colonies/DC) and OFSCs (1 × 104 cells/
DC) were seeded on the EBM side of the DCs. Two days
after the plating, the mTeSR™1 and basal medium were
replaced by LF-CM, which was changed every other day
for 21 days. Cell differentiation was assessed by reverse
transcription-qPCR (RT-qPCR) and immunofluorescence
analyses.
RT‑qPCR Total RNA was extracted from differentiating
hiPSCs and OFSCs at days 3, 6, 9, 14, and 21, from undifferentiated control cells (cells at day zero of differentiation), and from hiPSCs maintained on DCs or Matrigel in
mTeSR™1 medium for 7 days. RNA was extracted using
Trizol and treated with DNase. First-strand cDNA was
synthesized using the High-Capacity cDNA Reverse Transcription Kit. The sequences of the forward (F) and reverse
(R) primers used to amplify GAPDH [NM_002046.5],
PAX6 [NM_000280.4], TP63 [NM_001114982.1], KRT12
[NM_000223.3], KRT3 [NM_057088.2], POU5F1
[NM_002701.5], and SOX2 [NM_003106.3] were: 5′-ACA
TCGCTCAGACACCATG-3′ (GAPDH-F′), 5′-TGTAGT
TGAGGTCAATGAAGGG-3′ (GAPDH-R′); 5′-TCACAA
ACACCTACAGCGCT-3′ (PAX6-F′), 5′-ATAACTCCG
CCCATTCACCG-3′ (PAX6-R′); 5′-ACGAAGATCCCC
AGATGATG-3′ (TP63-F′), 5′-TGCTGTTGCCTGTACG
 TT
TC-3′ (TP63-R′); 5′-GTTATGGGGGAAGTGCCTTTGG3′ (KRT12-F′), 5′-GCCGGAACTAGAACCAAACATG3′ (KRT12-R′); 5′-GAG AGT GTC C GA GTG C TGT C-3′
(KRT3-F′), 5′-GCCGTAACCTCCTCCATAGC-3′ (KRT3R′); 5′-ATGTGGTCCGAGTGTGGTTC-3′ (POU5F1-F′),
5′- GACCCAGCAGCCTCAAAATCC-3′ (POU5F1-R′);
5′- TGGG
 TTC
 GGT
 GGT
 CAA
 GTC
 C-3′ (SOX2-F′), 5′- CTG
GAGTGGGAGGAAGAGGTAAC-3′ (SOX2-R′); respectively. RT-qPCR was carried out in Applied Biosystems
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7500 Real-Time PCR System using Sybr Green PCR Master Mix. Relative gene expression was determined using the
REST software (http://r est.g ene-q uanti ficat ion.i nfo), and the
mathematical model proposed by Pfaffl [46]. Undifferentiated control cells were used as calibrator, and GAPDH was
used as a reference gene.
Immunofluorescence The hiPSCs and OFSCs maintained
on DCs in LF-CM for 9 days were processed for immunofluorescence as described above. The primary antibodies
used were the MM anti-p63, the MM anti-cytokeratin 3/2p,
and the goat polyclonal anti-cytokeratin 12. The secondary
antibodies used were the Alexa Fluor 488 goat anti-mouse
IgG and the Alexa Fluor 555 donkey anti-goat IgG. The
recellularized matrices were placed on glass-bottom dishes
and visualized through confocal microscopy (Zeiss LSM
880, Jena, Germany).

Statistical Analysis
All experiments were repeated three times with triplicate
samples. Statistical analyses were performed using the pairwise fixed reallocation randomization test. The values are
presented as the mean ± standard error of the mean. Differences were considered significant at p < 0.05.

Results
Characterization of Orbital Fat‑Derived Stem
Cells (OFSCs) and Limbal Fibroblasts (LFs) Isolated
and Cultured in Medium Supplemented with Human
Serum (HS)
The OFSCs were successfully isolated and cultured in basal
medium supplemented with HS. The adherent cells were able
to self-renew, displayed fusiform morphology (Fig. 1a), multilineage differentiation potential (Fig. 1b-d), and an immunophenotype consistent with MSCs (Fig. 1e). The OFSCs
differentiated into adipogenic, osteogenic, and chondrogenic
lineages, as demonstrated by staining of intracellular lipid
droplets, mineralized matrix, and proteoglycans by Oil-Red
O (Fig. 1b), alizarin red S (Fig. 1c), and alcian blue (Fig. 1d)
stainings, respectively. Flow cytometry indicated that the
isolated cell population expressed CD105 (99.5% ± 0.5),
CD73 (99.3% ± 0.7), and CD90 (98.5% ± 0.2), and lacked
the expression of hematopoietic stem cell markers: CD34
(0.7% ± 0.2), CD45 (1% ± 0.2%), CD14 (2.6% ± 0.7), CD19
(0.9% ± 0.2), and HLA-DR (2% ± 0.2) (Fig. 1e).
The isolation and culture of LFs in basal medium supplemented with HS were successful. The adherent cells displayed a characteristic fibroblast-like morphology and were
able to self-renew (Fig. 1f). Immunofluorescence confirmed

the fibroblastic nature of the isolated cells (Fig. 1g-n). LFs
expressed CD44 (hyaluronan receptor) (Fig. 1g), collagen
type I (Fig. 1h), and fibronectin (Fig. 1i), while lacking the
expression of CD106 (vascular cell adhesion molecule-1)
(Fig. 1j), putative limbal stem cells (LSCs) marker TP63
(Fig. 1l), and CE cell-specific keratins KRT3 (Fig. 1m) and
KRT12 (Fig. 1n). LFs were successfully used to condition
CE differentiation medium.

In Vitro Recellularization of DCs
The hiPSCs and OFSCs were seeded on the denuded epithelial basement membrane (EBM) of DCs and maintained
for 7 days in mTeSR™1 medium and basal medium, respectively. SEM micrographs demonstrated the ability of DCs to
support hiPSCs and OFSCs adhesion and culture (Fig. 2a).
Both cell types were well distributed and attached throughout the anterior surface of the DCs. Cell viability was confirmed by Calcein-AM staining (Fig. 2b).

CE Differentiation and Differentiation‑Inducing
Effect of DCs
The ability of OFSCs and hiPSCs to differentiate into CElike cells when seeded on DCs and cultured in limbal fibroblast-conditioned medium (LF-CM) supplemented with HS
was initially evaluated by RT-qPCR (Fig. 3 a-d). No significant change was observed in the mRNA expression levels of
CE markers, TP63, KRT3, PAX6, and KRT12, in OFSCs cultured under differentiation conditions in all the time points
studied compared to undifferentiated control cells.
In contrast, the gene expression levels of CE markers
were significantly increased in hiPSCs cultured under CE
differentiation conditions compared to undifferentiated
control cells (Fig. 3 a-d). TP63 and KRT3 mRNA levels
were upregulated at days 6, 9, 14, and 21, showing almost
62- and 20-fold increase at days 21 (TP63) and 9 (KRT3),
respectively. The expression levels of PAX6 and KRT12 were
significantly increased in hiPSCs induced to differentiate in
all the time points studied, showing almost 84- and 20-fold
increase at day 9 for PAX6 and KRT12, respectively.
The ability of the cells to differentiate into CE-like cells
was also assessed by immunofluorescence, which confirmed
the expression of TP63, KRT3 and KRT12 in hiPSCs seeded
on DCs and cultured in LF-CM for 9 days (Fig. 3 e-g). In
contrast, TP63, KRT3 and KRT12 protein expression was
not observed in OFSCs cultured under the same CE differentiation conditions (Fig. 3 h-j).
For the hiPSCs induced to differentiate on DCs, the increase
in the expression of CE markers was associated with downregulation of pluripotency marker genes POU5F1 and SOX2
at day 21 of differentiation (Fig. 4a). Immunofluorescence
demonstrated the absence of POU5F1 protein expression in
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Fig. 1  Characterization of OFSCs and LFs cultured in medium supplemented with HS. (a) Fusiform morphology of OFSCs. (b) Adipogenic differentiation potential of OFSCs. Intracellular accumulation
of lipid-rich vacuoles was visualized using Oil Red O staining. (c)
Osteogenic differentiation capacity of OFSCs. Mineralization was
visualized using alizarin red S stain. (d) Chondrogenic differentiation
capacity. Alcian blue staining indicated the presence of proteoglycans
in the pellet structure formed by OFSCs. (e) Cell surface antigen pro-
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files of OFSCs by flow cytometry analysis. Expression of the mesenchymal stem cell and hematopoietic markers are depicted with representative histograms. (f) Fibroblast-like morphology of LFs. (g-n)
Immunofluorescence images showing the expression of CD44 (green,
g), collagen type I (green, h), fibronectin (green, i), CD106 (green,
j), TP63 (green, l), KRT3 (green, m) and KRT12 (green, n) in LFs.
Nuclei were stained with Hoechst (blue). Panels show representative
images of three independent experiments. Scale bars: 150 μm

Stem Cell Reviews and Reports
Fig. 2  In vitro recellularization
of decellularized corneas. (a)
Scanning electron micrographs
showing the morphology of
hiPSCs (a.1) and OFSCs (a.2)
cultured for 7 days on decellularized corneas. (b) Confocal
images showing the viability of
hiPSCs (b.1) and OFSCs (b.2).
Panels show representative
images of three independent
experiments. Scale bars: 50 μm

the hiPSCs maintained under CE differentiation conditions
(Fig. 4b).
To gain additional insight on the effects of DCs alone on
hiPSCs differentiation, we evaluated the gene expression of
pluripotency and CE markers in the absence of any soluble
differentiation factors. RT-qPCR was performed to compare the expression of these markers in hiPSCs cultured on
DCs in mTeSR™1 medium for 7 days and cells maintained
on Matrigel in the same undifferentiated culture conditions (Fig. 4c). There was no difference in the expression of
POU5F1, SOX2, TP63, and KRT3 between hiPSCs cultured
on DCs and cells maintained on Matrigel. On the contrary, an
increase in the expression of PAX6 and KRT12 was observed
in cells cultured on DCs when compared to cells maintained
on Matrigel.

Discussion
On average, 41–47% of donor corneas are deemed unsuitable for transplantation and discarded, representing significant financial waste and resulting in a longer waiting time
for patients [20, 21]. The largest percentage of corneas
are rejected due to poor endothelial cell density, and in
most cases their ECM is structurally intact and could be
used to engineer new corneas by decellularization techniques [22, 47]. Through human corneal decellularization techniques followed by repopulation with autologous
cells, it is theoretically possible to transform allogenic
grafts into autologous grafts, reducing the risk of immune
rejection after corneal transplantation [16, 48, 49]. The
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corneoscleral tissue remaining after Descemet membrane
endothelial keratoplasty is another promising source of
tissue for decellularization that could increase the supply
of anterior lamellar grafts [16].
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Albeit the availability of human corneal tissues for decellularization, most decellularization studies have been carried
out using non-human animals as sources of corneas [23–28,
50, 51]. Additionally, FBS and animal-derived cells have

Stem Cell Reviews and Reports
◂Fig. 3  Gene and protein expression of CE markers in hiPSCs and

OFSCs during the induction of differentiation. (a-d) Graphical representation of RT-qPCR analysis of TP63 (a), PAX6 (b), KRT3 (c), and
KRT12 (d) expression in hiPSCs (black bars) and OFSCs (gray bars).
The relative gene expression ratios between differentiated and undifferentiated cells normalized to the reference gene (GAPDH) were
calculated using REST. Statistical significance was determined using
the pair-wise fixed reallocation randomization test. Data are presented
as the mean ± standard error of the mean. Experiments were performed three times independently with triplicate samples. *Compared
to undifferentiated cells (p < 0.05). (e-j) Confocal images showing
the expression of TP63 (green, e and h), KRT3 (green, f and i), and
KRT12 (red, g and j) in hiPSCs (e-g) and OFSCs (h-j) after 9 days of
differentiation. Nuclei were stained with Hoechst (blue). Panels show
representative images of three independent experiments. Scale bars:
50 μm

been commonly used in recellularization processes [52–54].
However, xenogeneic materials face more regulatory and
immunological hurdles than human counterparts, due to
the risks of prion/zoonotic infections and adverse immune
response [55, 56]. Xenogeneic cells express highly immunogenic epitopes to humans, and as it is unlikely that any decellularization process will remove 100% of antigenic components, residual xenoantigens may elicit an immune response
[57–59]. Although porcine corneas have been the most studied tissue for decellularization so far, anatomical and biomechanical studies have indicated that they cannot be used
as an appropriate model for human corneas due to important differences between them [60–63]. These are important
issues to consider since recent studies have established the
correlation between tissue biomechanics and corneal epithelial cell phenotype [15, 61]. Despite the advances in genome
editing technologies that allow the generation of chimeric
animals with humanized organs, these researches raise several ethical, religious, and safety concerns [64]. Considering all the aforementioned problems, it is clear that human
materials are better choices than xenogeneic counterparts for
the successful clinical application of bioengineered corneas.
In this way, our group and others have attempted to substitute FBS with pooled allogeneic HS, which can be produced in large amounts and controlled for quality according to blood bank standards [41, 43, 65–67]. We showed
recently that pooled allogeneic HS enhanced MSCs proliferation without compromising their immunophenotype and
differentiation capacity, thereby reducing cost and time for
cell expansion under Good Manufacturing Practice conditions [41, 43]. Here, we used HS for the isolation and expansion of OFSCs and LFs, as well as for the induction of CE
differentiation. OFSCs displayed morphology, differentiation
potential, and immunophenotype that were in accordance
with the International Society for Cellular Therapy [68]. LFs
exhibited fibroblast-like morphology, expressed characteristic markers, and were successfully used to condition CE
differentiation medium.

The origin of the cells used for recellularization is an
important issue to consider. Non-human animal cells,
immortalized cell lines, and primary human corneal cells
have been used in most studies involving repopulation of
DCs [17, 19, 23, 53, 69, 70]. Although primary human
cells can bypass the safety concerns related to immortalized cell lines and animal-derived cells, their limited proliferation potential has hampered their clinical use. Moreover, autologous cells cannot be obtained from patients with
bilateral corneal disease [2, 10]. The major advantages of
using hiPSCs and OFSCs are that they are easily expandable
in vitro and can be autologously sourced, rendering them
non-immunogenic [34]. To our knowledge, this is the first
study promoting the recellularization of DCs with OFSCs
and hiPSCs. Calcein-AM staining and SEM micrographs
demonstrated that DCs successfully supported the adhesion
and survival of both cell types.
Deriving CECs from stem cells demands a simple,
cost-effective, and preferably fast differentiation protocol.
Recently, hiPSCs differentiation methods attempting to
mimic whole eye development have been developed, such as
self-formed ectodermal autonomous multi-zone [71, 72] and
corneal organoids [73, 74], which allowed the generation of
CECs and other ocular cell types. However, these methods
are complex, expensive, and time-consuming since a long
differentiation period (12 weeks or more) is required for the
expression of CE-specific markers, and an additional cell
purification step is needed. Most differentiation protocols
have attempted to recreate the corneal limbal niche using
murine PA6 feeder layer cells, corneal or limbal fibroblasts
conditioned medium, and collagen IV-, laminin-, gelatin- or
matrigel-coated surfaces [75–78]. While promising, these
studies fail to consider the compositional and structural
complexity of native corneal ECM and EBM, and their
importance in regulating CECs function during epithelial
homeostasis and regeneration [19, 40]. Previous reports on
adipose tissue, heart, lung, and liver decellularization have
highlighted the advantage of using natural and complex
ECM niche provided by decellularized matrices as a potent
factor directing tissue-specific differentiation and maturation
of stem cells [79–85]. In support of these data, we recently
demonstrated the efficacy of human DCs as a matrix for the
induction of hESCs differentiation into CE lineage [29]. In
the present study we extend this finding to hiPSCs.
TP63 is a transcription factor essential for the regenerative proliferation of LSCs, its expression is clinically relevant and serves as a hallmark of high-quality LSCs transplants [86, 87]. TP63 expression continuously increased
during the differentiation process of hiPSCs peaking at
day 21, suggesting a progressive increase in proliferating
LSC-like cells and indicating the ability of DCs to maintain
corneal epithelial stemness, which is important to renew
the differentiated cells. Moreover, hiPSCs gave rise to cells
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Fig. 4  Gene and protein expression of pluripotency-associated and
CE markers in hiPSCs. (a) Graphical representation of RT-qPCR
analysis of POU5F1 and SOX2 expression in undifferentiated cells
and after differentiation for 21 days. The relative gene expression
ratios between differentiated and undifferentiated cells were calculated using REST. *Compared to undifferentiated cells (p < 0.05).
(b) Confocal images showing POU5F1 (green) expression in undifferentiated and differentiated cells. Nuclei were stained with Hoechst (blue). Scale bars: 50 μm. (c) Graphical representation of RT-

qPCR analysis of POU5F1, SOX2, PAX6, TP63, KRT3, and KRT12
expression in hiPSCs cultured on Matrigel and DCs in mTeSR™1
medium for 7 days. Relative gene expression ratios between cells
cultured on DCs and Matrigel were calculated using REST. *Compared to cells cultured on Matrigel (p < 0.05). GAPDH was used as
a reference gene. Statistical significance was determined using the
pair-wise fixed reallocation randomization test. Data are presented as
the mean ± standard error of the mean. Experiments were performed
three times independently with triplicate samples

expressing high levels of mature CE markers KRT12 and
KRT3 within a short time frame of 9 days, demonstrating
that DCs also support CE terminal differentiation. We and
others have observed that TP63 expression increased at later
stages of pluripotent stem cell differentiation, while that of
PAX6, KRT3, KRT12 decreased (although still upregulated
compared to undifferentiated cells) [29, 75, 88], and future
works to elucidate this observation will have important
implications for CE tissue engineering strategies.
PAX6, the master regulator of the eye and corneal development, plays a critical role in LSCs and CE fate determination, and is a transcription factor for KRT12 gene [89]. Interestingly, our RT-qPCR data suggested that the DCs provided
an inductive environment for CE differentiation of hiPSCs,
supporting the expression of PAX6 and KRT12 without the
need for any soluble induction factors.
Conversely, the OFSCs cultured under differentiation
conditions could not express the CE markers. The only
study reporting CE commitment of OFSCs demonstrated

that direct contact with CECs is indispensable for epithelial phenotype induction of OFSCs. It showed that
paracrine effects are not enough to induce the differentiation since CEC-markers were not induced by transwell
non-contact co-culture system of OFSCs and CECs [37].
To date, only a few studies have shown differentiation of
MSCs into CECs, and results in the literature are contradictory and inconclusive regarding this transdifferentiation
potential of MSCs [31, 33, 34, 36]. Despite this, MSCs,
including OFSCs, are still of particular interest in corneal tissue engineering, given their anti-inflammatory and
immunomodulatory properties. They have been shown to
promote regeneration, reduce inflammation and neovascularization in animal models of LSCD and corneal injury
[33, 90, 91].
Thus, the demonstrations that DCs supported the adhesion and survival of OFSCs and hiPSCs as well as CE differentiation of hiPSCs in animal serum-free culture conditions open the avenue for future studies regarding the in vivo
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effects of DCs as carriers for autologous cell transplantation
for ocular surface reconstruction.
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