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ABSTRACT

Corneal blindness afflicts millions of individuals worldwide and is currently treated by grafting with
cadaveric tissues; however, there are worldwide donor tissue shortages, and many allogeneic grafts
are eventually rejected. Autologous stem cells present a prospect for personalized regenerative med-
icine and an alternative to cadaveric tissue grafts. Dental pulp contains a population of adult stem cells
and, similar to corneal stroma, develops embryonically from the cranial neural crest. We report that
adult dental pulp cells (DPCs) isolated from third molars have the capability to differentiate into ker-
atocytes, cells of the corneal stoma. After inducing differentiation in vitro, DPCs expressed molecules
characteristic of keratocytes, keratocan, and keratan sulfate proteoglycans at both the gene and the
protein levels. DPCs cultured on aligned nanofiber substrates generated tissue-engineered, corneal
stromal-like constructs, recapitulating the tightly packed, aligned, parallel fibrillar collagen of native
stromal tissue. After injection in vivo into mouse corneal stroma, human DPCs produced corneal stro-
mal extracellular matrix containing human type | collagen and keratocan and did not affect corneal
transparency or induce immunological rejection. These findings demonstrate a potential for the clin-
ical application of DPCsin cellular or tissue engineering therapies for corneal stromal blindness. STEM
CELLS TRANSLATIONAL MEDICINE 2015;4:276-285

INTRODUCTION

The cornea constitutes the transparent outer-
most tissues of the eye. It serves as a physical
and biological barrier against the external envi-
ronment and provides refractive power to focus
light onto the retina. The corneal stroma is a
dense, avascular connective tissue constituting
90% of the cornea thickness and providing the
mechanical integrity and transparency of the cor-
nea. The transparency of the corneal stroma is
attributed to its highly organized extracellular
matrix [1].The stroma is composed predomi-
nately of continuous bundles of type | collagen
with a uniform fibril diameter, evenly distributed
and highly organized into a lamellar structure.
The stromal collagen fibrils are arranged parallel
within each lamella, and the lamellae are layered
with an orthogonal collagen orientation with re-
spect to each other [2]. The corneal stroma is
maintained by neural crest-derived cells, kerato-
cytes. Trauma to the stromal tissue will result in
activation of the keratocytes to fibroblasts and
the deposition of unorganized scar tissue [3]. This
disruption of the organized stromal matrix dimin-
ishes corneal transparency and can result in
blindness.

Millions of individuals worldwide develop bi-
lateral corneal blindness from trauma, infections,

or genetic disease [4]. Because corneal scarring is
largely irreversible, the most common method of
treatment is penetrating keratoplasty with allo-
geneic cadaverictissue. However, there is a global
shortage of donor tissue. Also, although the cor-
nea has been regarded as an immune privileged
tissue, corneal grafts have had a failure rate of
around 38% after 10 years, mainly because of tis-
sue rejection [5]. The likelihood of rejection is in-
creased by the infiltration of corneal vasculature,
which is often associated with scar tissue, or by
a history of graft rejection [6]. The development
of an autologous cellular therapy in which cells
remodel the corneal tissue into the proper struc-
ture or the generation of an engineered corneal
stroma-like tissue construct from autologous cells
to replace scarred tissue could bypass the limita-
tions of current treatments.

Adult stem cells have been identified in sev-
eral tissues in the body, including limbal corneal
stromal tissues [7]. These corneal stromal stem
cells (CSSCs) can differentiate into functional ker-
atocytes and produce extracellular matrix in vitro
similar to that of native stromal tissue [8]. Stem
cell therapy also restores transparency in mouse
corneal disease models, replacing disorganized
stromal matrix with tissue indistinguishable from
that of native stroma [9, 10]. These animal studies
support the idea of stem cell-based therapy as
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a viable clinical approach to treat human corneal scarring. Be-
cause the cornea develops embryonically from the cranial neural
crest, it has been postulated that autologous stem cells derived
from other cranial neural crest tissues would have a strong affinity
for differentiating toward corneal cell types.

Dental pulp is a vascularized connective tissue in the center of
the tooth containing fibroblasts, nerves, blood vessels, and a pop-
ulation of neural crest-derived, mesenchymal stem cells [11]. This
self-renewing tissue maintains the surrounding hard tissue, den-
tin. The stem cells in the dental pulp are thought to respond to
injury, such as cavity formation, by migrating to regions of dam-
age, differentiating and depositing reparative dentin [12]. These
stem cells are clonogenic and multipotent [13], maintaining the
ability to differentiate into dental and nondental cells such as
odontoblasts, hair follicle cells, hepatocytes, neural cells, islets,
myocytes, cardiomyocytes, and corneal epithelium [14-21].

The objective of the present study was to assess the feasibility
of using adult DPCs for therapies to repair the corneal stroma. The
ability of DPCs to differentiate into keratocytes in vitro was
assessed, the use of DPCs to engineer a structurally organized cor-
neal stroma-like construct was evaluated, and the effects of the in
vivo microenvironment on human DPC function after injection in-
to mouse corneal stroma was analyzed. The present study pro-
vides promising data on the potential of adult dental pulp as an
autologous stem cell source for corneal stroma regeneration.

MATERIALS AND METHODS

Dental Pulp Cell Isolation

Dental pulp cells were isolated using a procedure similar to that
previously described [13, 22]. Human adult third molars were col-
lected after routine extraction at the University of Pittsburgh
School of Dental Medicine. The surrounding soft tissues were
scraped from the teeth, the molars were cracked open, and the
pulp was removed. The pulp tissue was minced and then digested
for 1.5 hours at 37°C in a solution containing 1.6 X 10° U/ml
type | collagenase (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) and 3.12 U/ml Dispase Il (ZenBio, Inc., Research
Triangle Park, NC, http://zenbio.com). The digest was then passed
through a cell strainer, and the dental pulp cells were plated at
a density of 3,000 to 10,000 cells per cm? and cultured in a growth
medium containing high-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM; Gibco, Grand Island, NY, http://www.invitrogen.
com) with 20% fetal bovine serum (Life Technologies, Carlsbad,
CA, http://lifetechnologies.com), 10,000 U/ml penicillin, and 10 mg/ml
streptomycin (Gibco). The DPCs were passaged at 80% confluence
using TrypLE Express enzyme solution (Life Technologies, Carlsbad,
CA, http://www.lifetechnologies.com). Experiments were performed
using cells at passages 2-5.

In Vitro DPC Pellet Culture for Induction of
Keratocyte Differentiation

Keratocyte differentiation of DPCs used methods similar to those
previously described [23]. DPC pellets were formed by centrifuging
200,000 DPCs suspended in growth medium in 15-ml conical tubes
at 1,500 rpm for 5 minutes. After 2 days, the culture medium was
switched from growth medium to keratocyte differentiation me-
dium containing advanced Dulbecco’s modified Eagle’s medium
(Gibco) with 1 mM ascorbate-2-phosphate (Sigma-Aldrich), 10 ng/ml
fibroblast growth factor 2 (Gibco), and 0.1 ng/ml transforming
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growth factor-B3 (Sigma-Aldrich) [24]. The culture medium was
changed every 2-3 days, and conditioned medium was collected
for Western blot analysis for a total of 21 days. The pellets were ho-
mogenized, and the RNA was isolated for quantitative real-time
polymerase chain reaction (qPCR) analysis after 2 weeks of culture.
The pellets were embedded in Tissue-Tek O.C.T. compound (Sakura
Finetek, USA, Inc., Torrance, CA, http://www.sakura-americas.com)
for frozen sectioning after 2 or 14 days of culture.

Engineered Corneal Stroma-Like Tissue Construct
Formation From DPCs

Corneal stroma constructs were engineered using similar methods
to those previously described [8, 24]. DPCs were plated at a density
of 2.5 X 10° cells per cm? on polycaprolactone, 24-well inserts with
parallel, aligned 700-nm-diameter nanofibers (Nanofiber Solutions,
Columbus, OH, http://www.nanofibersolutions.com) in growth me-
dium. After 48 hours, the medium was switched to keratocyte dif-
ferentiation medium, which was replenished every 2—3 days for
4 weeks. The samples were then fixed for immunostaining, two-
photon microscopy, or transmission electron microscopy.

DPC Injection Into Mouse Corneal Stroma

The University of Pittsburgh institutional animal care and use
committee approved the animal studies, which were performed
according to the guidelines provided by the Association for Re-
search in Vision and Ophthalmology Resolution on the Use of Ani-
mals in Ophthalmic and Vision Research. DPCs were injected into
mouse corneal stroma similar to the procedure described previ-
ously [9]. DPCs were cultured on collagen-coated plastic in kera-
tocyte differentiation medium for 7 days. The DPCs were then
labeled with membrane dye Vybrant DiO (benzoxazolium, 3-
octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-,
perchlorate; Life Technologies). The cells were suspended in a -
solution of DMEM containing 5 uM DiO at a concentration of
2 X 10° cells per milliliter for 30 minutes at 37°C. The cells were
washed twice in DMEM before injection.

After general anesthesia via ketamine/xylazine (IVX Animal
Health, Inc., St. Joseph, MO, http://www.bayer.com) intraperitoneal
injection, the eyes of C57BL/6 mice were anesthetized using topical
0.5% proparacaine (Falcon Pharmaceuticals, Fort Worth, TX, http://
www.alcon.com). An intrastromal tunnel was made in the center of
each cornea using a 33-gauge needle. The right eye of each mouse
was injected with 2 ul of DPC solution containing 2.5 X 10" cells per
microliter in DMEM, and the left eye was injected with medium only
as a control. The mice were euthanized after up to 5 weeks.

In Vivo Imaging and Corneal Opacity Assessment

At 1 and 5 weeks after injection, the mouse corneas were visual-
ized using a Leica MZFLIIl high-resolution stereo fluorescence
biomicroscope with a vertical fluorescence illuminator (Leica
Microsystems, Buffalo Grove, IL, http://www.leica-microsystems.
com) to assess corneal clarity and localize the DiO-labeled DPCs.
The mice were anesthetized and stabilized using a three-point ste-
reotactic mouse restrainer. A drop of either GenTeal Gel (Alcon,
Hiinenberg, Switzerland, http://www.alcon.com) or Gonak (Akorn,
Inc., Somerset, NJ, http://www.akorn.com) was placed on the eye
for lubrication before imaging.

Five weeks after injection, the mice (n = 6) were anesthetized,
and the eyes were scanned using optical coherence tomography
(OCT), as previously described [25]. The images were captured

©AlphaMed Press 2015

STOZ ‘%2 YoJe |l U0 1JenoX N oxuer Ag /Bio'sssidpsieyd e wis|eowmis//:dny wouy papeojumod


http://www.sigmaaldrich.com
http://www.sigmaaldrich.com
http://zenbio.com
http://www.invitrogen.com
http://www.invitrogen.com
http://lifetechnologies.com
http://www.lifetechnologies.com
http://www.sakura-americas.com
http://www.nanofibersolutions.com
http://www.bayer.com
http://www.alcon.com
http://www.alcon.com
http://www.leica-microsystems.com
http://www.leica-microsystems.com
http://www.alcon.com
http://www.akorn.com
http://stemcellstm.alphamedpress.org/

A

278

Dental Pulp Stem Cells for Corneal Regeneration

N\

using a spectral domain-optical coherence tomography scanner
(Bioptigen, Inc., Morrisville, NC, http://www.bioptigen.com) with
an axial resolution of 4 um and an A-scan acquisition rate of
20 kHz, scan area of 3.5 X 3.5 mm, with 250 A-scans X 250
frames X 1,024 samplings. The images were processed using Fiji
Is Just Image) (FUI, http://www.fiji.sc) software. A custom-built
macro was used to register and preprocess the volumes. Next,
a central button was punched from the cornea, and the epithe-
lium was digitally removed. Corneal opacity was quantified in
MetaMorph, version 7.7.8.0 (Molecular Devices, Inc., Sunnyvale,
CA, http://www.moleculardevices.com) by setting a uniform
threshold for segmentation and determining the average inten-
sity of voxels in the stroma.

Reverse Transcription-Polymerase Chain Reaction and
Quantitative Real Time Polymerase Chain Reaction

For RNA isolation, undifferentiated DPCs were first homogenized
using a QiaShredder (Qiagen, Hilden, Germany, http://www.
giagen.com) per the manufacturer’s instructions. Cultured cell pel-
lets were either homogenized using a bead homogenizer (MagNA
Lyser, Roche Diagnostics Corp., Indianapolis, IN, http://www.
lifescience.roche.com) for 2 cycles at 6,000 rpm for 20 seconds or
flash frozen and homogenized using a handheld glass homogenizer.

Human keratocytes were isolated, as previously described
[26]. Human central cornea was digested in 2.4 U/ml Dispase Il
overnight at 4°C to facilitate epithelial and endothelial tissue re-
moval. The stroma was then minced into 2-mm cubes and
digested in DMEM with 1 mg/ml collagenase type L (Sigma-
Aldrich) for 3 hours at 37°C. The cells were collected by centrifu-
gation, and RNA was isolated immediately.

RNA was isolated using RNeasy Minikit (Qiagen) per the man-
ufacturer’s instructions, treated with DNAse | (Ambion; Life Tech-
nologies) and concentrated by alcohol precipitation. RNA was
transcribed to cDNA using SuperScript Il reverse transcriptase
(Invitrogen, Carlsbad, CA, http://www.invitrogen.com) per the
manufacturer’s instructions. Qualitative reverse transcription
polymerase chain reaction (RT-PCR) was performed as previously
described [7]. The PCR products were separated on 5% Criterion
TBE gel (BioRad Laboratories, Inc., Hercules, CA, http://www.bio-
rad.com) and detected using SYBR Safe DNA gel stain (Life Tech-
nologies). qPCR was performed using direct dye binding (SYBR
Green; Applied Biosystems, Life Technologies) using the primers
listed in Table 1. RNA expression was normalized against the am-
plification of 18S rRNA for each sample. Relative gene expression
was calculated using the 2744 method [27].

Western Blot for Keratan Sulfate-Containing
Proteoglycans

Culture medium was collected throughout DPC pellet culture to
assess the content of the secreted proteoglycans. Proteoglycans
were isolated using SPEC 3 NH2-ion exchange columns (Agilent
Technologies, Santa Clara, CA, http://www.aligent.com), dia-
lyzed, and then dried, as previously described [28]. As a control,
portions of the samples were treated with 0.5 U/ml keratanase
from Pseudomonas (Sigma-Aldrich) in 0.1 M ammonium acetate
overnight at 37°C to remove keratan sulfate glycosaminoglycan.
The proteoglycans were then separated on 4%—20% denaturing
acrylamide gels (BioRad Laboratories, Inc.) and transferred to pol-
yvinylidene fluoride membranes (EMD Millipore, Billerica, MA,
http://www.emdmillipore.com). Keratan sulfate was detected
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Table 1. Polymerase chain reaction primer sequences

Gene name Primer sequence
OCT4 Forward: TATACACAGGCCGATGTGGG
Reverse: GCTAAGCTGCAGAGCCTCAA
SOX2 Forward: AACCCCAAGATGCACAACTC
Reverse: GCTTAGCCTCGTCGATGAAC
NANOG Forward: GATTTGTGGGCCTGAAGAAA
Reverse: ATGGAGGAGGGAAGAGGAGA
cKIT Forward: CGAGTTGGCCCTAGACTTAGAA
Reverse: CTTTGTGATCCGACCATGAGTA
NGFR Forward: CTGCTGCTGTTGCTGCTTCT
Reverse: CAGGCTTTGCAGCACTCAC
SOX9 Forward: GCCAGGTGCTCAAAGGCTA
Reverse: TCTCGTTCAGAAGTCTCCAGAG
ABCG2 Forward: GCAGGGACGAACAATCATCT
Reverse: CCTGAGGCCAATAAGGTGAG
ALDH Forward: CATTGGCACCTGGAACTACC
Reverse: GGCTTGAGGACCACTGAGTT
AQPR1 Forward: ACAGGCTTGCTGTATGACCC
Reverse: TGTCCTTGGGCTGCAACTAT
CHST6 Forward: GAAATCCGTGCGCTCTACG
Reverse: GTCCAGATCCGTGGGTGAT
KERA Forward: ATCTGCAGCACCTTCACCTT
Reverse: CATTGGAATTGGTGGTTTGA
PTGDS Forward: GACCGACTACGACCAGTACG
Reverse: CTGGGTTCGGCTGTAGAGGG
B3GNT7 Forward: CCTCAAGTGGCTGGACATCT

Reverse: ACGAACAGG CCTGTGG
Forward: CCCTGTAATTGGAATGAGTCCAC
Reverse: GCTGGAATTACCGCGGCT

18S Ribosomal

by monoclonal antibody J19 (provided by Dr. Nirmala Sundaraj,
University of Pittsburgh, Pittsburgh, PA) [7], using IRDye-labeled
secondary antibody and imaged using a LI-COR Odyssey Imager
(LI-COR Biotechnology, Lincoln, NE, http://www.licor.com).

Histology

DPC pellets after 4 weeks of culture, or mouse eyes 2 weeks after
DPC injection, were immersed in frozen tissue-embedding me-
dium (Tissue-Tek O.C.T. Compound; Sakura Finetek, USA, Inc.),
flash frozen inisopentane chilled in liquid nitrogen, and sectioned
at a thickness of 8 um. Before staining, the sections were fixed in
either 2% paraformaldehyde for 10 minutes or chilled acetone for
5 minutes. Cells cultured on aligned nanofibers were fixed in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA,
http://emsdiasum.com) for 20 minutes and permeabilized in
0.25% Triton X (Thermo Fisher Scientific, Waltham, MA, http://
www.thermofisher.com) for 10 minutes before staining. Immu-
nostaining was performed using antibodies against type | collagen
(catalog no. MAB3391; EMD Millipore), keratocan (Ker-1, pro-
vided by Dr. Bruce Caterson, Cardiff University, Cardiff, United
Kingdom [29] or Sigma-Aldrich; catalog no. HPA039321), human
keratocan (provided by Dr. Chia-Yang Liu, University of Cincinnati,
Cincinnati, OH) [9], or human type | collagen (catalog no. C2456;
Sigma-Aldrich). Fluorescently tagged secondary antibodies Alexa
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Fluor 488 anti-mouse IgG, Alexa Fluor 546 anti-mouse IgG, and
Alexa Fluor 546 anti-rabbit 1gG (Life Technologies) were used.
Staining was performed in parallel without the primary antibody
as a negative control; 4’,6-diamidino-2-phenylindole (Sigma-
Aldrich) was used to stain nuclei. Immunostaining was visualized
using an Olympus FluoView FV1000 confocal microscope (Olym-
pus Corp., Tokyo, Japan, http://www.olympus-global.com).

Two-Photon Microscopy

Collagenous constructs generated by DPCs cultured on aligned
nanofibers were fixed in 4% paraformaldehyde for 20 minutes
and permeabilized using 0.25% Triton X (Fisher Scientific) solution
for 10 minutes. Nuclei were stained with 1 uM SYTOX Orange (Invi-
trogen) for 10 minutes. Two-photon microscopy was performed us-
ing an Olympus FV1000 multiphoton microscope in backscatter
mode at a wavelength of 830 nm to facilitate the generation of
second harmonic signal from aligned collagen. The samples were
imaged through the depth of the sample at a step size of 1 um.

Transmission Electron Microscopy

Cells cultured on aligned nanofibers were fixed in 2.5% glutaral-
dehyde (Electron Microscopy Sciences, Hatfield, PA, http://www.
emsdiasum.com) for 1 hour, postfixed in 1% osmium tetroxide
(Electron Microscopy Sciences), and dehydrated in graded alco-
hol washes. The samples were then embedded in Epon (Energy
Beam Sciences, East Granby, CT, http://www.ebsciences.com)
and sectioned at 70 nm thickness. The sections were stained with
1% phosphotungstic acid (Sigma-Aldrich), pH 3.2, for 10 minutes
and visualized with a Jeol 1011 transmission electron microscope
(JEOL Ltd, Tokyo, Japan, http://www.jeol.co) at 80 kV.

Statistical Analysis

gPCR analysis was performed using StepOne software, version
2.3 (Applied Biosystems, Foster City, CA, http://www.appliedbiosystems.
com), and the results are presented as mean values, with error bars
representing the 95% confidence intervals. Corneal stromal light
scatter and volume quantifications from the OCT analyses are pre-
sented as averages, with error bars representing the standard de-
viation. Independent sample, 2-tailed t tests were used to compare
the mean values using GraphPad Prism, version 4, software (Graph-
Pad Software, Inc., La Jolla, CA, http://www.graphpad.com), and
significance was considered at p < .05.

RESULTS

Differentiation of Human Dental Pulp Cells Into
Keratocytes In Vitro

The goal of these studies was to assess the capacity of cells from
the dental pulp to differentiate into a keratocyte phenotype for
potential use in regenerative corneal therapy. Dental pulp tissue
was isolated from extracted human third molars. After tissue diges-
tion, the quality of the cells was assessed by detecting the expres-
sion of genes characteristic of neural crest-derived dental pulp
stem cells [30-32]. The isolated dental pulp cells expressed pluripo-
tency genes (SOX2, OCT4, NANOG, cKIT), neural crest genes (NGFR,
S0X9), and a stem cell gene associated with corneal stromal pro-
genitors (ABCG2) [7], indicating their potential as multipotent
stem/progenitor cells for keratocyte differentiation (Fig. 1).

As previously described, adult stem cells can be induced to dif-
ferentiate toward a keratocyte phenotype in pellet culture with
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Figure 1. Dental pulp cells express a broad spectrum of stem cell
genes. RNA was isolated from adult human dental pulp cells. Pluripo-
tency genes (OCT4, SOX2, NANOG, cKIT), neural crest genes
(NGFR, SOX9), and a corneal stromal progenitor gene (ABCG2) were
amplified using reverse-transcription polymerase chain reaction, as
described in Materials and Methods, and the amplified products were
separated and visualized on 5% TBE acrylamide gel.

a keratocyte differentiation medium [23, 24]. In the present
study, similar methods were used to assess the keratocyte differ-
entiation potential of DPCs. After inducing differentiation, DPCs
had upregulated expression of the genes characteristic of kerato-
cytes (ALDH3A1, AQPR1, CHST6, KERA, PTGDS, B3NGT7) [23,
33-36] (Fig. 2A). Particularly significant was the 10,000-fold in-
crease in keratocan expression (KERA), because keratocan is a
unique component of the stromal matrix and is widely considered
a highly specific marker for keratocytes. The expression levels of the
keratocyte genes were drastically increased relative to undifferen-
tiated DPCs, indicating that DPCs are differentiating toward a kera-
tocyte phenotype; however, potentially longer culture periods or
the in vivo environment might be required to facilitate the matu-
ration of differentiated DPCs to the gene expression levels of native
keratocytes. The expression levels of native keratocytes for these
genes have been provided for comparison (Fig. 2A).

DPC differentiation was also characterized by the expression
of keratocyte markers at the protein level. Secreted high-
molecular-weight corneal keratan sulfate proteoglycans were
detected in pellet-conditioned culture media by immunoblotting
(Fig. 2B). Immunostaining was performed on sections prepared
from pellets before differentiation, while the pellets were still
in growth medium after the first 2 days of culture, and on sections
of pellets cultured for 2 weeks in keratocyte differentiation me-
dium. Weak expression of type | collagen was found after 2 days
of culture, and the expression had become much stronger after
2 weeks of pellet culture relative to negative controls (Fig. 2C, 2D).
Keratocan was not seen in the pellet matrix after 2 days of culture
(Fig. 2E) but was found after 2 weeks of culture (Fig. 2F). Type |
collagen is abundantly found in both corneal stromal tissue and
dental pulp tissue; therefore, it is expected that DPCs would ex-
press this molecule at both predifferentiated states and late
stages of in vitro differentiation. Keratocan, however, is unique
to the corneal stroma; therefore, the lack of keratocan expression
in the undifferentiated pellets followed by the expression of this
molecule after 2 weeks of differentiation culture indicates that
the DPCs were differentiating toward a keratocyte phenotype.

In Vitro Formation of Corneal Stromal Constructs by
Human Dental Pulp Cells

The matrix of the corneal stroma is highly organized in a lamellar
structure in which each lamella comprises long, parallel oriented,
and uniformly spaced collagen fibrils; this structure contributes to
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Figure 2. Dental pulp cells (DPCs) differentiate into keratocytes in vitro. DPCs were cultured in keratocyte differentiation medium as pellets for
2 weeks, as described in Materials and Methods. (A): Results of quantitative real-time polymerase chain reaction comparing expression of ker-
atocyte genes in the DPCs after pellet culture or in primary human keratocytes. The expression level in undifferentiated DPCs was set to 1. (B):
Immunoblot for keratan sulfate in proteoglycans isolated from conditioned pellet culture media, before and after keratanase treatment. (C):
Immunostaining of sections of DPC pellets after 2 days of culture in growth medium for type | collagen (green), with a no-primary antibody
control (C"). (D): Immunostaining of sections of DPC pellets after 2 weeks of culture in keratocyte differentiation medium for type | collagen
(green), with a corresponding negative control (D’). (E): Immunostaining for keratocan (green) after 2 days of culture in growth medium, with
a corresponding negative control (E’). (F): Immunostaining for keratocan (green) after 2 weeks of culture in keratocyte differentiation medium,
with a corresponding negative control (F’). Blue represents nuclei stained with 4',6-diamidino-2-phenylindole. Scale bars = 20 um. Error bars

represent the 95% confidence interval of data.

the transparency of the tissue. Tissues engineered to replace
damaged corneal stromal tissue must recapitulate this highly or-
ganized structure. In the present study, the ability of DPCs to gen-
erate engineered tissues with an organized matrix similar to that
of native corneal tissue was assessed. DPCs were cultured on
substrates with aligned nanofibers to direct cell orientation and
matrix deposition. After culture on aligned nanofibers for 4
weeks, DPCs generated an approximately 30-um-thick corneal
stromal-like construct. Two-photon microscopy showed the colla-
gen within the engineered tissue to be aligned in parallel, and the
direction of the collagen changed at different depths, indicative of
the formation of multiple lamellae (Fig. 3A). Immunostaining ver-
ified that the matrix contained type | collagen (Fig. 3B), relative to
negative control (Fig. 3C), and keratocan (Fig. 3D), relative to neg-
ative control (Fig. 3E). Transmission electron microscopy also
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showed the presence of long fibrils of parallel aligned, banded col-
lagen (Fig. 3F,3G), with adiameter of 40 = 5.6 nm (n=50)and a pre-
dominately uniform distribution. These results have demonstrated
that DPCs have the capacity to generate engineered corneal
stromal-like constructs for potential use in regenerative therapies.

In Vivo Injection of Human Dental Pulp Cells Into Mouse
Corneal Stroma

The ability of DPCs to maintain their keratocyte phenotype after
in vivo implantation was assessed. After differentiation in vitro,
the DPCs were fluorescently labeled and injected into the corneal
stomas of C57BI/6 mice to evaluate DPCs in the in vivo microen-
vironment. At 1 and 5 weeks after injection, the corneas appeared
clear, and the DiO-labeled DPCs could still be visualized (Fig. 4A).
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Figure 3. Dental pulp cells (DPCs) generate an engineered corneal
stromal construct. DPCs were cultured for 4 weeks on aligned nano-
fiber substrata in keratocyte differentiation medium, as described in
Materials and Methods. (A): Optical sections obtained by two-photon
microscopy showed second harmonic signal emitted by fibrillar colla-
gen (green) and DPC nuclei (blue) at three different depths of the
tissue-like construct formed on the substratum. The orientation of the
collagenous matrix is shown by arrows and the depth of the section
indicated on the images. Collagen type | (B), with no primary antibody
control (C), and keratocan (D), with no primary antibody control (E),
were detected by immunostaining, as described in Materials and
Methods. 4',6-Diamidino-2-phenylindole was used to localize cell nu-
clei (blue). (F): Transmission electron microscopy of the constructs
revealed long fibrils of banded collagen and, in cross section (G),
showed uniformly packed fibrils of regular diameter. Scale bars =
100 um (A-E) and 500 nm (F, G).

OCT was used to assess light scattering in the murine corneas. OCT
images of the mouse eyes with and without injected DPCs
appeared similar (Fig. 4B, 4C). Quantitatively, no difference in
theintensity of light scatter between the DPC-injected mouse cor-
neas and the control corneas was detected (p = .32), indicating
that transparency was not significantly altered by the long-
term presence of human DPCs in the mouse corneal stroma
(Fig. 4D). In addition, the OCT image reconstructions did not indi-
cate a significant difference in stromal volume between the DPC-
injected corneas and the control corneas (p = .14), demonstrating
that DPCs did not elicit stromal edema (Fig. 4E).

Human DPCs maintained the keratocyte phenotype after being
injected into the mouse corneas. Immunostaining of the mouse
cornea sections using antibodies nonreactive to mouse antigens
showed the expression of human type | collagen (Fig. 5A-5D) and
human keratocan (Fig. 5E-5H) localized around the injected human
DPCs. These data indicate that the DPCs secreted the appropriate
matrix in the in vivo corneal stromal microenvironment.
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DiscussION

Dental pulp contains a population of neural crest-derived, mesen-
chymal stem cells with the potential to differentiate into several phe-
notypes. This tissue can be easily isolated from adult teeth via
minimally invasive endodontic methods for therapeutic use. Addi-
tionally, DPCs can be banked from exfoliated deciduous teeth or
adult third molars after routine extraction for potential future use
[37]. Because of this, DPCs are being investigated as a powerful au-
tologous stem cell source for multiple types of therapies. Pathologic
features of the cornea, also a neural crest-derived tissue, could pos-
sibly be corrected with stem cell therapies. Owing to their similar em-
bryonic origins, the potential of DPCs as an autologous stem cell
source for treating corneal blindness was investigated. Through gene
and protein expression, DPCs were shown to differentiate effectively
into keratocytes in vitro, to generate a tissue-engineered corneal
stroma-like tissue construct, and to function as keratocytes in vivo
without eliciting overt rejection. These studies have provided prom-
ising data on the potential translation of DPCs as an autologous cell
source for regenerative corneal therapies.

The differentiation of DPCs into keratocytes was detected by
the expression of keratocyte-specific molecules at both mRNA
and protein levels. This expression of keratocan and keratan sul-
fate is of particular significance. The uniform spacing of collagen
fibrils in the corneal stromal extracellular matrix is regulated by
proteoglycans [38—43]. Keratan sulfate (KS), a sulfated glycosami-
noglycan constituting 60% of the corneal stromal proteoglycans,
is more abundant by at least an order of magnitude in the cornea
than in other tissues of the body [23]. The DPC-secreted keratan
sulfate proteoglycan (KSPG) is >200 kDa (Fig. 1B), indicating that
the 50-kDa KSPG core proteins are modified with high-molecular-
weight keratan sulfate chains. This DPC-generated KSPG is, in fact,
larger than that produced by human corneal stromal stem cells in
vitro [44] and in the same size range reported for KSPG synthe-
sized in intact human corneal tissue [45]. The immunoblot in
Figure 1 was developed with a monoclonal antibody specific for
sulfated epitopes on the KS chains [46], and the keratanase en-
zyme that removed immunoreactivity from KSPG requires sulfa-
tion of the KS chain for glycolytic cleavage of the polysaccharide
chain [47]. Together, these data provide inescapable evidence
that the DPCs are producing sulfated KS chains of a molecular size
consistent with that in normal human cornea. This conclusion has
been further supported by our observation of the upregulation of
mRNA for CHST6 and B3GNT7, sulfotransferase enzymes that add
sulfate to corneal KS. From the expression of these molecules and
the additional matrix molecules characteristic of keratocytes
(type | collagen, ALDH3A1, AQPR1, PTGDS), it is clear that DPCs
differentiated into keratocytes and produced an extracellular ma-
trix containing components typical of corneal stromal tissue.

DPCs were able to respond to topographical cues to generate
an engineered corneal stromal-like construct recapitulating the
highly organized nature of native tissue. These constructs con-
tained lamellae with long, parallel, aligned collagen fibrils that
were approximately uniform in spacing. The collagen diameter
in these constructs was approximately 40 nm. Although the col-
lagen diameter in the natural human corneal stroma is approxi-
mately 31 nm [48], the collagen produced by the DPCs was
comparable to that produced by corneal stromal stem cells in sim-
ilar engineered tissues [8] and was typical of stromal collagen of
other mammalian corneas [48]. In the human corneal stroma,
the collagen fibril diameter is thought to be regulated by the
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Figure4. Dental pulp cells (DPCs) did not alter corneal transparency or volume after injection into mouse corneal stroma. (A): Light micrograph
images showing that mouse corneas remained clear after injection and the fluorescently labeled (green) DPCs remained in the corneaat 1 and 5
weeks after injection. Representative in vivo images of mouse corneas obtained with optical coherence tomography (OCT) of control mouse
cornea without DPCs (B) or mouse cornea with injected DPCs (C). Quantification of the three-dimensional OCT data of central corneal stromal
region show statistically similar values of light scatter (D) and stromal volume (E) between control corneas and corneas with injected DPCs.

Abbreviation: DPSC, dental pulp stem cell.

copolymerization of type V collagen and type | collagen with a type
I/type V ratio of 4:1 [49, 50]. The difference in collagen fibril di-
ameter between the engineered tissues and the native stroma
could be due to a greater ratio between types | and V collagen
[8]. Because the collagen fibril diameter and spacing are approx-
imately uniform, it is anticipated that these constructs would be-
come transparent after in vivo implantation. In addition, the in
vivo environment might facilitate the maturation and remodeling
of engineered tissue to acquire the proper collagen diameter.
These engineered corneal stroma-like tissues generated from
DPCs are thus a potential alternative to allogeneic graft tissue
for surgical replacement of corneal scar tissue.

DPCs demonstrated keratocyte functionality in vivo in the
mouse corneal stroma microenvironment by remaining in the stro-
mal tissue and producing human type | collagen and human kera-
tocan. Furthermore, the DPCs did not elicit any signs of frank
rejection (Figs. 4, 5). We have previously shown that injection of
human fibroblasts into the mouse stroma elicited T-cell infiltration
within 14 days, leading to degradation in stromal transparency [9].
The ocular response to the injection of DPCs in vivo, however, had
no such effect but produced results similar to those we observed

©AlphaMed Press 2015

afterinjection of stem cells from human corneal stroma [9]. Neither
DPCs nor CSSCs elicited the vascularization or haze indicative of re-
jection [9]. Immunostaining found no evidence of CD45" inflamma-
tory cells in the cornea 2 weeks after injection (data not shown).
The lack of an immune response to xenogeneic transplantation
of human corneal stromal stem cells or DPCs likely resulted from
the well-known immunosuppressive characteristics of mesenchy-
mal stem cells [51, 52]. Our data, therefore, have provided in vivo
evidence in a murine model that DPCs can be noninflammatory
in an allogeneic or xenogeneic transplant in the corneal stromal
microenvironment, producing the proper extracellular matrix
and maintaining corneal transparency.

Multiple cell types have been investigated for potential use in
regenerative corneal therapies. Primary human keratocyte isola-
tion and expansion has proved challenging, because these cells
have limited proliferative capacity when cultured in serum-free
conditions, and the expansion of these cells in the presence of se-
rum results in cell differentiation toward a fibroblastic phenotype
[28, 53]. Corneal fibroblasts produced by culturing keratocytes in
serum-containing medium have been assessed for potential use
for regenerative corneal therapy; however, the use of these cells
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Figure 5. Dental pulp cells (DPCs) produce human corneal stromal matrix in vivo. Cryosections of mouse corneas, 2 weeks after injection of
DPCs, were immunostained with human-specific antibodies and imaged using confocal microscopy, as described in Materials and Methods. (A,
B): Collagen type I (red) localized to regions containing DPCs (green) in the injected cornea. (C, D): In contrast, no human collagen was seen in the
corneas without injected DPCs. (E, F): Human keratocan (red) was localized near DiO-labeled DPCs (green) but was not detected in uninjected
control corneas (G, H). In each case, higher magnification of the boxed region is shown in the right-hand image. Nuclei were stained with 4’,6-
diamidino-2-phenylindole (blue). Scale bars = 250 um (A, C, E, G) and 100 um (B, D, F, H).

would not bypass the limitation of insufficient availability of do-
nor tissue associated with current treatment [24, 54, 55]. Fibro-
blasts could also be limited in utility because they do not
produce keratan sulfate proteoglycans, a unique molecular com-
ponent of the stroma, that have been linked to corneal transpar-
ency [55]. Keratocyte differentiation from embryonic stem cells
has been established [26]; however, ethical issues related to
theisolation of these cells might hinder their translation to clinical
application. Bone marrow- and adipose-derived mesenchymal
stem cells have also been shown to differentiate toward a kerato-
cyte phenotype and, similar to DPCs, can be easily isolated for au-
tologous therapies [56—-58]. DPCs were selected for investigation
for corneal regeneration, because, unlike other adult stem cell
populations studied for potential corneal stromal regeneration,
the dental pulp shares developmental origins with the corneal
stroma, which potentially could be advantageous for regenerat-
ing corneal therapy.

Several stem cell populations have been discovered in the cra-
niofacial tissues, and many are being investigated for potential
use in regenerative ocular therapy. Two studies have shown
promising results using stem cells from exfoliated deciduous
teeth (SHED) for corneal epithelium regeneration [14, 19]. These
studies reported that SHED express markers similar to those of
corneal limbal stem cells, and the delivery of cell sheets composed
of SHED with and without the addition of amniotic membrane
resulted in the regeneration of the corneal epitheliumin total lim-
bal stem cell deficiency rabbit models. Recently, a report showed
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that the inhibition of Wnt and bone morphogenetic protein sig-
naling induced retinal cell differentiation from stem cells isolated
from the periodontal ligament in vitro [59]. These studies, in ad-
dition to the present work, present promising data on the use of
craniofacial stem cells for ocular therapies.

CONCLUSION

In the present study, neural crest-derived adult dental pulp cells
were shown to be able to differentiate into keratocytes in vitro
and in vivo and generated a tissue-engineered corneal stromal-
like tissue. Adult dental pulp cells can be easily isolated from au-
tologous tissues and therefore have great translational potential
for clinical personalized therapies to treat corneal blindness.
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