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ABSTRACT | Purpose: To evaluate the ability of human 
immature dental pulp stem cells, which are mesenchymal stem 
cells of neural crest origin, to differentiate into the corneal 
epithelium for purposes of corneal transplantation and tissue 
engineering when cultured on de-epithelized amniotic mem-
branes. Methods: We compared the immunophenotypes (ABCG2, 
K3/12, and vimentin) of cells grown on amniotic membranes 
or plastic surfaces under serum-free conditions or in culture 
media containing serum or serum replacement components. 
Results: Immature dental pulp stem cells grown on amniotic 
membranes under basal conditions are able to maintain their 
undifferentiated state. Our data also suggest that the culture 
medium used in the present work can modulate the expression 
of immature dental pulp stem cell markers, thus inducing epi-
thelial differentiation of these cells in vitro. Conclusions: Our 
results suggest that the amniotic membrane is a good choice 
for the growth and transplantation of mesenchymal stem cells, 
particularly immature dental pulp stem cells, in clinical ocular 
surface reconstruction.

Keywords: Corneal epithelia; Limbus cornae; Stem cell; Dental 
pulp; Amniotic membrane; Ocular surface

RESUMO | Objetivos: Avaliar a capacidade das células-tronco 
imaturas da polpa do dente de leite que são células-tronco 
mesenquimais de origem da crista neural, de se diferenciarem 
no epitélio corneano para fins de transplante de córnea e enge-
nharia de tecidos quando cultivadas em membrana amnióticas 
desepitelizadas. Métodos: Foram comparamos so imunofenótipo 
(ABCG2, CK3/12 e vimentina) de células cultivadas em membranas 
amnióticas ou em superfícies plásticas sob condições livres de 
soro ou em meios de cultura contendo soro ou componentes de 
substituição de soro. Resultados: Células-tronco imaturas da 
polpa do dente de leite cultivadas sobre membrana amniótica em 
condições basais são capazes de manter seu estado indiferencia-
do. Nossos dados também sugerem que o meio de cultura utilizado 
no presente trabalho pode modular a expressão de marcadores 
de células-tronco imaturas da polpa do dente de leite, induzindo 
a diferenciação epitelial destas células in vitro. Conclusão: 
Nossos resultados sugerem que a membrana amniótica é uma 
boa escolha para o crescimento e transplante de células-tronco 
mesenquimais, particularmente as células-tronco imaturas da 
polpa do dente de leite, na reconstrução da superfície ocular.

Descritores: Epitélio da córnea; Limbo da córnea; Células-tronco; 
Polpa dentária; Membrana amniótica

INTRODUCTION

The amniotic membrane (AM) is the innermost layer 
of the placenta and comprises a thick basement mem-
brane and avascular stromal matrix. The use of AM is a 
useful mechanism for ophthalmic surgeons in treating a 
variety of ocular surface disorders because of its transpa-
rent structure and ability to provide a substrate for growth 
of limbal, corneal, and conjunctival epithelial cells(1-3).
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Autologous tissues from the patient’s own cells, such 
as limbal stem cells (LSCs), are the gold standard for cor-
neal tissue engineering, a field that has greatly evolved in 
recent years(4). The use of autologous LSCs eliminates the 
risk of rejection, and the use of allogeneic LSCs requires 
the administration of systemic and topical immunosup-
pressants(5-11). Therefore, identifying alternative sources 
of autologous and allogeneic stem cells to substitute 
for LSCs is extremely important. Mesenchymal stem 
cells (MSCs) can aid in overcoming the aforementioned 
problems and provide additional benefits to the trans-
plantation site(12). MSCs are multipotent cells located in 
various tissues (bone marrow, adipose tissue, umbilical 
cord, etc.) of adult organisms and are easily isolated and 
expanded in vitro(12). MSCs are self-renewable and able 
to differentiate into other cell types under certain con-
ditions. Furthermore, they are capable of modulating 
angiogenesis and exhibit anti-inflammatory, anti-apop-
totic, and immunomodulatory properties. Standardized 
MSCs acquired under good manufacturing practice 
conditions and cryopreserved in large quantities are 
“off-the-shelf” allogeneic MSCs, making them good can-
didates for corneal reconstruction(13).

We isolated MSCs, which are denominated human 
immature dental pulp stem cells (hIDPSCs), from the 
dental pulp of deciduous teeth(14). Similar to LSCs, 
hIDPSCs originate in the ectoderm during embryonic 
development, more precisely, from the neural crest(7). 
The relatively easy recovery and ex vivo expansion(15), 
the paracrine properties of hIDPSCs, similar to those 
of MSCs(12), and most importantly, the LSC marker ex-
pression in these cells warrant further exploration of 
hIDPSCs in ocular surface reconstruction(16).

We tested the use of AM as a biological scaffold for 
hIDPSC adhesion and growth in an attempt to improve 
the clinical application of hIDPSCs in limbal stem cell 
deficiency (LSCD). The similarity between LSCs and  
hIDPSCs leads us to examine the effect of the culture 
media used for LSC culture on hIDPSCs in vitro culture 
by analyzing the expression of LSCs and corneal epithelial 
cell markers in hIDPSCs grown on plastic surfaces versus 
de-epithelialized AM.

METHODS

Study design

To evaluate the ability of hIDPSCs to differentiate into 
corneal epithelium, the hIDPSCs were cultivated on AM 
or plastic surfaces under the following conditions: (1) 

Group A: supplemental hormonal epithelial medium 
(SHEM); (2) Group B: keratinocyte serum-free medium 
(KSFM); Group C: EpiLife medium; and Group D: D-MEM 
KnockOut media (D-MEM/KO) as the control group. The 
cell immunophenotypes (ABCG2, K3/12, and vimentin) 
were analyzed by immunofluorescence.

De-epithelialization of the amniotic membrane

Human AM was obtained following written informed 
consent from the prospective mother upon cesarean 
section delivery and prepared under sterile conditions; 
washed with a balanced salt solution containing peni-
cillin, streptomycin, neomycin, and amphotericin B; 
placed over a nitrocellulose membrane; and preserved 
in tissue culture medium and glycerol at a ratio of 1:1 
at -80°C(1). The AM was thawed at room temperature, 
detached from the nitrocellulose membrane (Figures 
1 A-B), and washed two times in phosphate-buffered 
saline (PBS) prior to use. In order to remove the epithe-
lia, the AM was incubated with EDTA 0.02% over 2 h 
at 37°C, whereupon the epithelia were mechanically 
removed. Figure 1 C shows the completely transparent 
AM following epithelia removal, which was transferred 
onto tissue culture inserts (Figure 1D) for use as a matrix 
for hIDPSC growth.

Figure 1. The process of AM de-epithelialization. A) Removal of nitrocellu-
lose membrane. B) AM nitrocellulose membrane free. C) Partial removal 
of the epithelia (red arrows). D) Complete removal of the epithelia and 
transference of AM onto tissue culture inserts.
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hIDPSC culture

hIDPSCs with the karyotype of a woman without a 
chromosomal abnormality (2n=46, XX) were isolated 
from the dental pulp of deciduous teeth and characte
rized as previously described(14,16). Briefly, hIDPSCs were 
maintained in Dulbecco’s modified eagle medium 
(D-MEM)/Ham’s F-12 (1:1; Invitrogen, Carlsbad, CA, 
USA), supplemented with 15% fetal bovine serum (FBS; 
HyClone, Logan, UT, USA), 100 units/mL penicillin, 
100 μg/mL streptomycin, 2 mM L-glutamine, and 2 mM 
nonessential amino acids (all from Gibco, Grand Island, 
NY, USA). The culture medium was changed daily, and 
the cells were replated every 3 days. After reaching 
80% confluence, the cells were washed twice in sterile 
phosphate-buffered saline (PBS; Gibco; 0.01 M, pH 7.4) 
and enzymatically treated with 0.25% trypsin/EDTA 
(Invitrogen), and 105 hIDPSCs were seeded onto the 
previously prepared AM in a 35 mm Petri Dish (Nunc, 
Thermo Scientific, Houston, TX, USA). All cultures were 
incubated at 37°C in 5% CO2 in a high-humidity envi-
ronment, and experiments using cells at passage 6 or 7 
were performed. All experiments with hIDPSCs grown 
on AM or plastic surfaces, as well as immunofluorescence 
analyses, were performed in triplicate.

The cells were cultivated for 7 days (pre-transplantation 
period) because this time interval is optimized for reco-
very from thawing to transplantation into the injured eye(17).

Culture media

To determine the best culture media for cultivating 
hIDPSC on AM, we tested the following: A) supplemental 
hormonal epithelial medium (SHEM), a combination of 
Dulbecco’s modified eagle medium/Ham’s F-12 nutrient 
mixture (D-MEM/F-12; 1:1), supplemented with 5 μg/mL 
crystalline bovine insulin (Sigma-Aldrich, St. Louis, MO, 
USA), 30 ng/mL cholera toxin (Calbiochem, San Diego, 
CA, USA), 2 ng/mL epidermal growth factor (EGF, R&D 
Systems, Inc., Minneapolis, MN, USA), 0.5% dimethyl 
sulfoxide (DMSO, Sigma-Aldrich), 0.5 μg/mL hydrocorti-
sone, 5 ng/mL sodium selenite, 5 μg/mL Apo-transferrin, 
and 10% fetal bovine serum (FBS). B) Keratinocyte se
rum-free medium (KSFM) containing 0.09 mM calcium 
supplemented with 30 mg/mL pituitary bovine extract, 
0.2 ng/mL EGF, 10% FBS, and ampicillin/streptomycin. C) 
EpiLife medium (Cascade Biologics, Portland, OR, USA), 
containing 0.06 mM calcium, supplemented with 1% 
“human corneal growth supplement,” 0.2% pituitary bo-

vine extract, 5 g/mL bovine insulin, 0.18 mg/mL hydro-
cortisone, 5 μg/mL bovine transferrin, 0.2 ng/mL EGF, 1% 
penicillin G sodium (penicillin G sodium 10,000 g/mL, 
streptomycin sulfate 25 mg/mL, amphotericin B in 0.85% 
NaCl), and 5% FBS. D) D-MEM KnockOut media (D-MEM/
KO) serum-free, supplemented with 1% penicillin and 
streptomycin. All reagents were obtained from Invitrogen 
Corporation, except those indicated in the text.

Immunofluorescence staining

Cells were grown on glass coverslips or AM up to 70% 
confluence, washed in PBS (Gibco), and fixed overnight 
with 4% formaldehyde (Sigma). The coverslips were  
washed three times in Tris-buffered saline (TBS) containing 
20 mM Tris-HCl, pH 7.4 (Vetec, Duque de Caxias, RJ, 
Brazil), 0.15 M NaCl (Dinâmica Reagent, São Paulo, SP, 
Brazil), and 0.05% Tween-20 (Sigma). Cell permeabiliza
tion was performed using 0.1% Triton X-100 (Santa Cruz 
Biotechnology) for 15 min. Cells were washed three 
times and incubated for 30 min with 5% bovine serum 
albumin (Sigma) in PBS, pH 7.4 (Gibco). The slides were 
incubated with primary antibodies anti-ABCG2, K3/12, 
and vimentin (1:100) for 1 h at room temperature. After 
washing in TBS three times, the cells were incubated 
in the dark for 1 h with secondary anti-mouse antibo
dy-conjugated fluorescein isothiocyanate (FITC, Santa 
Cruz Biotechnology, Dallas, TX, USA) at a dilution of 
1:500 in TBS/1% BSA buffer, pH 7.6. Control reactions 
were incubated with PBS instead of primary antibody, 
followed by washing and incubation with a respective 
secondary antibody. Cells were washed another three 
times with TBS, and microscope slides were mounted 
in antifade solution with 4′,6-diamidino-2-phenylindole 
(DAPI; Vectashield mounting medium, Vector Laborato-
ries, Hercules, CA, USA). The samples were analyzed using 
a confocal laser scanning microscope (LSM) 510 (Zeiss). 
FITC was excited by argon ion laser set at 488 nm, and 
the emitted light was filtered using a 505 nm (FITC) long 
pass filter. Sections were taken at approximately the 
mid-height level of the cells.

Antibodies

We used mouse anti-human monoclonal immunoglo-
bulin G (IgG; Fc-specific) antibodies against the following 
proteins: ABCG2 (EMD Millipore, Billerica, MA, EUA), vi-
mentin (Santa Cruz Biotechnology, California, USA), and 
anti-cytokeratin 3/12 (K3/12; RDI, Flanders, NJ, USA).
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RESULTS
LSCs and corneal cell protein expression in  
hIDPSCs grown on plastic substrates in different 
culture media

hIDPSCs have a differential response to marker 
protein expression when cultured in distinct culture me-
dium for 7 days (Figure 2). hIDPSCs grown on plastic 
surfaces do not express ABCG2 when cultured in Epi-
Life, D-MEM/KO, KSFM, or SHEM (Figures 2A-A3); it is 
expressed in hIDPSCs only when hIDPSCs are cultured 
in basal culture medium (Figure 2A4). Interestingly,  
hIDPSCs cultured in D-MEM/KO and SHEM change their 
morphology after 7 days from fibroblast-like (Figure 
2A4) to epithelial-like (Figures 2B1 and B3) and begin 
to express CK3/12. CK3/12 expression is not observed 
when hIDPSCs are cultured in EpiLife or KSFM and 
D-MEM/F-12 (Figures 2B, B2, and B4).

Expression of LSCs and corneal cell markers in 
hIDPSCs grown in different culture media on AM

Next, we verified the expression of these markers, 
and vimentin was verified in hIDPSCs grown on AM for 
7 days (Figure 3). EpiLife was excluded from this expe-
riment because of very low adherence and cell survival 
(<50%) when grown in this medium on plastic surfaces.

Vimentin is a marker of MSCs, and its expression is 
observed in hIDPSCs grown in all tested culture media 
(Figures 3A-A3). It is positive in hIDPSCs maintained in 
D-MEM/F-12 and SHEM (Figures 3A and A1) but shows 
weak positivity in hIDPSCs cultured in KSFM or D-MEM/KO 
(Figures 3A2 and A3).

The ABCG2 antibody exhibits a strong positive reaction 
in hIDPSC cultured in D-MEM/F-12 or SHEM (Figures 3B 
and B1); however, it does not bind to hIDPSCs cultured in 
KSFM (Figure 3B2) and reacts weakly with hIDPSCs grown 
in D-MEM/KO (Figure 3B3). The anti-K3/12 antibody does 
not react with hIDPSCs cultured in D-MEM/F-12 or KSFM 
(Figures 3C and C2) and shows very weak immunopositi-
vity in cells maintained in SHEM or D-MEM/KO (Figures 
3C1 and C3).

DISCUSSION

The lack of human donors is a major obstacle when 
one wishes to obtain LSCs; however, cell culture techni
ques leading to expansion of these cells have been re
ported (about 23 population doublings), enabling the 
acquisition of large amounts of cells for tissue therapy(18). 
Nevertheless, this culture technique leads to extensive 

manipulation of LSCs in vitro. The process of hIDPSC 
cultivation avoids multiple in vitro hIDPSC passages, thus 
minimalizing the risks of undesirable genetic transfor-
mation of cells(15,19).

Previously, we conducted a preclinical study to treat 
LSCD in an experimental animal model by transplanting 

Figure 2. LSC and corneal cell protein expression in hIDPSCs grown for 
7 days in different culture media on a plastic substrate. A-A3) Lack of 
ABCG2 expression in hIDPSCs cultured in EpiLife, D-MEM/KO, KSFM, 
or SHEM culture media. A4) ABCG2 expression in hIDPSCs cultured 
in basal culture media. Note the fibroblast-like cell morphology. B, B2, 
B4) Lack of CK3/12 expression in hIDPSCs. B1, B3) CK3/12 expression 
in hIDPSCs cultured in D-MEM/KO or SHEM. Note the epithelial-like 
cell morphology. The inset in B1) demonstrates secondary antibody 
control. Nucleus stained with DAPI (blue) epi-fluorescence (EF). Scale 
bars: A1–A4, B1, B2, B4 = 10 μm; A5, B3, B5 = 5 μm.
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hIDPSCs into burned rabbit eyes using cell sheet harvest 
technology (“UpCell Surface”), enabling the fabrication 
of viable, transplantable cell sheets(20,21). However, the 
cell sheets were thin (once undifferentiated cells were 
used) and frequently broken, making such transplanta-
tion difficult and costly because several sheets had to be 
fabricated in order to reconstruct a single cornea. We feel 
that another cell substrate should facilitate undifferen-
tiated hIDPSC transplantation into LSCD patients. The 
biological properties of AM were indicative for testing 
this membrane as a biological substrate for hIDPSCs in 
order to substitute the UpCell Surface system. However, 
our protocol required transplantation of a sheet of  
undifferentiated hIDPSCs; thus, we evaluated the ability 
of AM to maintain undifferentiated hIDPSC growth prior 
to transplantation.

The biological properties of AM (extracellular matrix 
integrity, growth factor composition, and high rate of cell 
attachment and proliferation) may be jeopardized depen-
ding on the de-epithelialization method(3). Therefore, we 
used a very mild method of AM de-epithelialization in the 
present study to avoid complications(1).

In order to improve cell culture conditions prior to 
hIDPSC transplantation, we tested their growth in seve-
ral culture media used for ex vivo cultivation of limbal 
epithelial progenitor cells, such as SHEM, KSFM, and 
EpiLife(22). These culture media are completely different 
from the basal culture medium (D-MEM/F-12) used for 
routine in vitro hIDPSC cultivation, which usually keeps 
these cells undifferentiated. Moreover, we previously 
used D-MEM/KO culture medium for neuroepithelial - 
but not epithelial differentiation; thus, we also verified 
the hIDPSC response to this culture medium(14).

Overall, we demonstrated that hIDPSCs change their 
morphology and even differentiation rate in response to 
cell substrates and culture media. It appears that cells 
grown on conventional plastic surfaces in the presence 
of SHEM or D-MEM/KO are induced to differentiate, as  
shown by the morphological changes observed in hIDPSCs 
from the original fibroblast - to epithelial-like expression of 
CK3/12 protein and loss of ABCG2 expression - a marker 
of undifferentiated LSCs(20,22). Conversely, cells grown 
on AM and cultivated in SHEM or D-MEM/KO present 
fibroblast-like morphology, express ABCG2, and do not 
express CK3/12-a marker of differentiated corneal cells. 
Basal culture medium D-MEM/F-12 is capable of suppor-
ting undifferentiated cells over 7 days independently of 
cell substrate. Several studies have shown ABCG2 protein 
expression exclusively in a subset of limbal epithelial 
cells, which localize to the basal corneal layer and are absent 
in limbal suprabasal and corneal epithelia. ABCG2+ 
corneal epithelium cells have enriched stem cell pro-
perties and higher p63 expression when compared with  
ABCG2-negative cells(23-25). In addition, corneal and limbal 
cells express identical keratins, including large amounts 
of K3 and K12, which are markers of corneal-type differen-
tiation; in contrast, the conjunctival epithelium produces 
minimal amounts of K3/K12 keratin(26-28).

Vimentin, which is mainly expressed in undifferen-
tiated MSCs, shows no change in expression in hIDPSCs 
grown on AM. Vimentin is necessary for the functioning 
of mesenchymal subpopulations of vimentin-rich repair 
cells, which are mediators of wound healing. Transient 
co-expression of vimentin and keratins in vivo during 
wound healing and in tissue culture of corneal epithelial 
cells has been reported previously(29-30).

Figure 3. LSC and corneal cell marker expression in hIDPSCs grown on 
AM over 7 days in different culture media. A-A3) Vimentin expression 
in hIDPSCs grown in D-MEM/F-12, SHEM, KSFM, or D-MEM/KO culture 
media. B-B1) ABCG2 expression in hIDPSCs grown in basal culture media 
or SHEM. B2, B3) Lack of ABCG2 expression in hIDPSCs grown in KSFM 
or D-MEM/KO. C–C2) Lack of CK3/12 expression in hIDPSCs cultured in 
D-MEM/F-12, SHEM, or KSFM. C3) Rare hIDPSCs, which express CK3/12 
when grown in D-MEM/KO. Note the fibroblast-like morphology of the 
cells. The insets in A) and B) are secondary antibody controls showing 
that the label is specific to the primary antibody. Nucleus stained with 
DAPI (blue) epi-fluorescence (EF). Scale bars: A1–A4, B1, B2, B4 = 10 μm; 
A5, B3, B5 = 5 μm.
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EpiLife and KSFM are serum-free culture media that 
are efficient for the growth of LSCs(22) and are not able to 
support adherence and survival of hIDPSCs, and SHEM, 
which is supplemented with 10% serum, demonstrate 
a similar capacity to that of basal culture medium for 
maintaining undifferentiated hIDPSCs.

Our present data suggest that AM, in combination with 
basal culture media (or SHEM), is able to support hIDPSCs 
in an undifferentiated state during the pre-transplan-
tation period. Strong epithelial commitment of in vitro 
cultured hIDPSCs has also been demonstrated. hIDPSCs 
and LSCs are not identical, although they have similar 
neural crest origins and share similar properties. Studies 
are needed to examine the relationship between LSCs 
and hIDPSCs and other MSCs.
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