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Decellularized Human Cornea for Reconstructing
the Corneal Epithelium and Anterior Stroma
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In this project, we strived to develop a decellularized human cornea to use as a scaffold for reconstructing the
corneal epithelium and anterior stroma. Human cadaver corneas were decellularized by five different methods,
including detergent- and nondetergent-based approaches. The success of each method on the removal of cells
from the cornea was investigated. The structural integrity of decellularized corneas was compared with the
native cornea by electron microscopy. The integrity of the basement membrane of the epithelium was analyzed
by histology and by the expression of collagen type IV, laminin, and fibronectin. Finally, the ability of the
decellularized corneas to support the growth of human corneal epithelial cells and fibroblasts was assessed
in vitro. Corneas processed using Triton X-100, liquid nitrogen, and poly(ethylene glycol) resulted in incomplete
removal of cellular material. Corneas processed with the use of sodium dodecyl sulfate (SDS) or with sodium
chloride (NaCl) plus nucleases successfully removed all cellular material; however, only the NaCl plus nuclease
treatment kept the epithelial basement membrane completely intact. Corneas processed with NaCl plus nuclease
supported both fibroblast and epithelial cell growth in vitro, while corneas treated with SDS supported the
growth of only fibroblasts and not epithelial cells. Decellularized human corneas provide a scaffold that can
support the growth of corneal epithelial cells and stromal fibroblasts. This approach may be useful for re-

constructing the anterior cornea and limbus using autologous cells.

Introduction

THE OPTICAL CLARITY of the cornea is highly dependent
on the integrity of its primary layers, including the
outermost epithelial, the middle stromal, and the innermost
endothelial layer. A number of tissue engineering ap-
proaches have been investigated for the reconstruction of the
whole cornea or its individual layers as an alternative to
using cadaver corneal tissue for transplants.'™
Reconstruction of the corneal epithelium has been exten-
sively studied with tissue-engineered corneal epithelium now
in clinical use in selected academic centers worldwide.*® In
most clinical applications, a small population of corneal epi-
thelial stem /progenitor cells from the limbus are expanded in
culture on a substrate, typically a basement membrane such as
human amniotic membrane.”” The corneal epithelial sheet,
with or without a carrier, is then transplanted to the diseased
corneal surface. The main clinical indication for the use of
tissue-engineered corneal epithelium is the treatment of
limbal stem cell deficiency, a condition where the epithelial
stem cells responsible for renewing the corneal epithelium
have been lost. The early clinical results appear promising,
especially when autologous-engineered epithelium is used
and immune-mediated rejection is avoided.! However,

success with tissue-engineered corneal epithelium is not al-
ways attained and in some cases, despite a successful initial
transplant, a normal corneal epithelium is only temporarily
restored.'” Although there are many factors that contribute
to the clinical failure of the tissue engineered epithelium, it
seems that one of the major issues is the lack of an appro-
priate in vivo environment that can support the long-term
survival and function of the corneal epithelium and its stem
cells.

Besides factors essential for the health of the corneal epi-
thelium such as a healthy tear film, proper eyelid closure,
and the absence of destructive inflammation, the function
and survival of the epithelium is also highly dependent on
the structural and biochemical support from the underlying
stroma. Previous studies in the cornea as well as other epi-
thelial tissues have clearly demonstrated the importance of
the interactions between the epithelium and its underlying
layers."”® In the cornea, epithelial-stromal interactions have
been found to play a critical role in regulating epithelial
proliferation and differentiation during both normal and
wound healing states.'*"”

Based on this information, we hypothesized that tissue-
engineering application of the corneal epithelium would
be optimized and success would be achieved with the
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establishment of the proper stromal microenvironment to
provide the necessary support to the transplanted epithelial
cells. Therefore, we aimed at developing a construct that can
be used for both epithelial and anterior stromal reconstruction.

Both synthetic and biological matrices have previously
been tested for corneal tissue engineering.'®*° In recent
years, decellularized organ matrices have also drawn atten-
tion, as they provide a more natural environment for the
growth and differentiation of cells when compared with
synthetic scaffolds.”" In the cornea, decellularized xenograft
matrices have been studied primarily for stromal replace-
ment.>>2 In this study, we undertook a tissue-engineering
approach to evaluate methods for removing cells from hu-
man cadaver corneas while maintaining the integrity of the
basement membrane and the stromal matrix. The optimized
protocol resulted in a decellularized cornea fully capable of
supporting the growth and differentiation of human corneal
epithelial and stromal cells in vitro.

Materials and Methods
Decellularization of human cadaver corneas

Human donor corneoscleral buttons that had been stored
in Optisol media and deemed unsuitable for transplantation
were obtained from the Illinois Eye Bank, Chicago, IL. Most
corneas had either passed their expiration date or had low
cell counts, which made them undesirable for clinical use.
The mean age of the donors was 50+ 25 years. The following
five different methods were employed to remove cells from
the human cadaver corneas. The sample size for all experi-
ments was three, except as noted.

Method 1 (detergents). Corneas were placed in 50mL
centrifuge tubes with sodium dodecyl sulfate (SDS) (Bio-
Rad) or Triton X-100 (Sigma-Aldrich) in concentrations
ranging from 0.1% to 1% at room temperature for 24 h under
shaking. To remove the detergents, the corneas were washed
thrice with phosphate-buffered saline (PBS), each for 24 h at
4°C on a rotating shaker.

A slight variation of the detergent-based method was also
adapted from Daniel et al., where corneas were treated with
1% SDS for 12 h, after which they were rinsed with PBS 3-5
times for 2h, in 75% ethanol for 12h, and in PBS for 3-5
times for 1h all at room temperature under shaking.””*°

Method 2 (liquid nitrogen). Corneas were placed in 50 mL
centrifuge tubes, were snap frozen with liquid nitrogen, and
were left in the tube with the cap closed tight to create a
hypoxic environment. The corneas were then incubated in
the same tubes for 7 days at room temperature.’!

Method 3 [poly(ethylene glycol)]. Corneas were treated
with poly(ethylene glycol) (PEG) MW 1000 and MW 8000
(Sigma-Aldrich). PEG is an amphiphilic polymer that damages
the cell membranes. The rationale for using PEG is to avoid
using detergents. For our purpose, the decellularization proto-
col adapted from Uchimura et al. was modified to 45 min PEG
exposure at room temperature under shaking.** To remove
PEG, corneas were washed thrice with PBS as just described.

Method 4 (osmotic gradient plus detergents). Tissues
were subjected to a stepwise treatment in which a combi-

SHAFIQ ET AL.

nation of hypotonic and hypertonic buffers along with Triton
X-100 and SDS was used. This procedure, adapted from a
study on carotid arteries by Roy et al., was modified to
preserve the extracellular matrix and remove cells from the
cornea.” In the first step, the cornea was treated with hy-
potonic buffer containing 10.0mM Tris (pH 8.0) for 24h at
4°C under continuous shaking. After 24h, the cornea was
placed in hypertonic buffer containing 1% Triton X-100,
1.5M KCl, and 10.0mM Tris (pH 8.0) under the same con-
ditions. In the third step, hypertonic buffer was replaced by
an extraction buffer containing 1% SDS and 10.0mM Tris
(pH 9.0) for 24 h. To remove SDS, the cornea was incubated
in 1% Triton X-100 at 37°C for 30 min under shaking. Finally,
the cornea was extensively washed with PBS with PBS
changed every 24 h for up to 72h under the same tempera-
ture and shaking conditions.

Method 5 (NaCl plus nucleases). Corneas were sub-
jected to nonsurfactant treatment involving incubation in
1.5M sodium chloride (NaCl) solution for 48h with NaCl
change after 24 h.** This method was modified in the second
step by treating the corneas with DNAse 5U/mL and
RNAse 5U/mL (Sigma-Aldrich) for 48 h. Corneas were then
washed with PBS for 72h with PBS changed every 24 h. The
decellularization procedure was carried out at room tem-
perature under continuous agitation.

Histologic evaluation of decellularized corneas

The removal of cellular components was investigated by
routine histology and using the nuclear stains 4’,6-diamidino-
2-phenylindole (DAPI) and/or propidium iodide (PI). De-
cellularized corneas were embedded in optimal cutting
temperature (OCT) medium, sectioned with a cryostat, and
fixed in 4% paraformaldehyde (PFA) solution in PBS for
20min at room temperature. After fixation, the tissue sec-
tions were permeabilized with 0.5% Triton-X-100 in PBS for
30min at room temperature and stained with PI or DAPI.
Fluorescent images were captured with a Zeiss Axioscope2
upright phase-contrast and epifluorescence microscope. The
integrity of the extracellular matrix was investigated with
hematoxylin and eosin (H and E) staining and scanning
electron microscopy. H and E stain was used to observe the
corneal structure as well as the degree of decellularization.
The presence of residual cellular/membranous material was
assessed by immunostaining for human major histo-
compatibility complex (MHC) class I antigen (human leu-
kocyte antigen [HLA]-A,B,C).

For scanning electron microscopy studies, the corneas were
fixed with 2.5% glutaraldehyde and 2% PFA in PBS, pH 7 4, at
room temperature for 2h, then washed thrice in PBS buffer
PH 7.4 for 5min each. For secondary fixation, samples were
fixed in 2% osmium tetraoxide in PBS for 1h at room tem-
perature; dehydrated in graded ethanol series: 25%, 50%, 75%,
and 95% each for 15 min; and finally, in 100% ethanol with 3
changes of 5min each. Samples were critical-point dried using
a CPD 030- Balzers Critical Point Dryer (BAL-TEC). Samples
were mounted on an aluminum stub and coated with gold/
palladium with a thickness of ~275 A using a sputter coater
(Denton Desk IV Sputter Coater). Scanning electron micro-
scope JEOL (Japan Electron Optics Laboratory) 5600LV SEM
was used to visualize and compare the anterior surface
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FIG. 1. Histological analysis of corneas exposed to the NaCl plus nuclease decellularization method. Hematoxylin and eosin
staining in (A) control cornea and (B) decellularized cornea. (C) DAPI staining of NaCl decellularized cornea demonstrating
absence of nuclei (inset showing incomplete decellularization with liguid nitrogen method), (D) HLA staining of NaCl de-
cellularized cornea demonstrating no HLA (inset showing positive HLA staining with liquid nitrogen method), (E) Optically
clear NaCl plus nuclease decellularized cornea after deturgescence with glycerol. The presence of the epithelial basement
membrane in decellularized cornea was observed by (F) PAS staining and (G) by immunostaining against collagen type IV, (H)
the alphal subtype of collagen type IV which is specific for the limbal basement membrane (LBM) (arrow), central corneal
basement membrane (CBM) (arrow), (I) fibronectin, and (J) laminin staining. (H) Scale Bar=>50 pm. NaCl, sodium chloride;
DAP]I, 4',6-diamidino-2-phenylindole; HLA, human leukocyte antigen; PAS, periodic acid Schiff. Color images available online

at www.liebertonline.com/tec

morphology and the arrangement of the collagen fibers net-
work of control and decellularized corneas.

For transmission electron microscopy, samples were pri-
mary fixed in 2% PFA and 2.5% glutaraldehyde in sodium
cacodylate, then secondary fixed with 1% osmium tetroxide
at 4°C. Dehydration with ethanol was performed as de-
scribed for SEM followed by infiltration with one part
Spurr’s resin to one part 100% ethanol over molecular sieves
followed by embedding with fresh resin and polymerization.
Polymerized blocks were sectioned at 90nm on a Reichert-
Jung Ultracut E ultramicrotome, then placed on 200 hex
mesh parlodion/carbon coated nickel grids, dried, and
stained with 4% uranyl acetate followed by Reynold’s lead
citrate. Stained grids were imaged with a JEOL 1200EX
transmission electron microscope. The size and distance be-
tween collagen fibers was measured for a minimum of 50
fibers for each TEM section.

For periodic acid Schiff (PAS) staining, frozen sections
were incubated in 0.5% periodic acid (MP Biomedicals) for
10 min at room temperature. The sections were then washed
in running water for 5min and then treated with hydro-
chloric acid Schiff’s reagent for 7 min warmed at room tem-
perature. This is followed by 5 min wash with running water.

Immunostaining

For immunostaining, human corneas in OCT were cut into
10 pm sections, fixed in 4% PFA for 20min followed by
permeabilization in 0.3% Triton-X in Tris Buffered Saline

(TBS) for 10min at room temperature. The sections were
blocked with 10% donkey serum with 1% bovine serum al-
bumin in TBS for 1h at room temperature. The primary
antibodies included the goat polyclonal anti-collagen type IV
(1:100; Southern Biotech), mouse monoclonal anti-collagen
type IV alpha 1 (1:100; DSHB), goat anti-keratin 12 (1:100;
Santa Cruz Biotechnology), mouse anti-ABCG2 (1:100; Santa

TABLE 1. REsULTS OF CORNEAL DECELLULARIZATION
UsING THE TESTED METHODS

Decellularization Basement HLA
method DAPI membrane staining
SDS - +/- —
Triton-X + + +
Liquid nitrogen + + +
PEG (1000) + + +
PEG (8000) + + -
Osmotic - +/- -
gradient+SDS
NaCl plus nucleases - + -
DAPI: “+” =presence of nuclei/DNA, “—"=absence of nuclei/
DNA; Basement Membrane: “+”=completely intact basement
membrane, “+/-"=areas of basement membrane disruption;
HLA: “+”=presence of membranous/cellular material by HLA
staining, “—"=absence of HLA staining.SDS, sodium dodecyl sul-

fate; PEG, poly(ethylene glycol); NaCl, sodium chloride; DAPI, 4’,6-
diamidino-2-phenylindole; HLA, human leukocyte antigen.
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FIG. 2. Scanning electron micrographs (A-D). Anterior
surface of the limbus in (A) control and (B) NaCl plus nu-
clease decellularized corneas. No significant difference is
observed in the anterior surface of the central cornea (CC),
and limbal (L) region. On cross-section of cornea, the colla-
gen fibrils appear similar between (C) control and (D) NaCl
plus nuclease treated corneas. Transmission electron micro-
graphs (E-H). Collagen fibers in (E) control and (F) NaCl
plus nuclease decellularized cornea. Epithelial basement
membrane (BM), (arrow) is shown in (G) control and (H)
NaCl plus nuclease decellularized cornea.
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Cruz Biotechnology), mouse anti-p63 (1:100; Santa Cruz
Biotechnology), rabbit anti-Ki67 (1:50; Epitomics), mouse
anti-human HLA Class I (1:50; Biolegend), and goat anti-
aldehyde dehydrogenase 1 (ALDHI1) (1:50; EMD Chemicals).
The primary antibody was applied either overnight at 4°C or
for 2h at room temperature. A fluoroscein isothiocyanate-
conjugated donkey anti-goat, anti-rabbit or anti-mouse IgG
(1:300-400; Jackson ImmunoResearch), or rhodamine-conju-
gated anti-goat IgG was used for 1h at room temperature in
the dark. For negative control, the primary antibody incu-
bation step was omitted or instead isotype control was used.
Slides were cover slipped with mounting medium with or
without DAPI, and images were visualized using a Zeiss
Axiovert fluorescence microscope and photographed with an
AxioCam (Carl Zeiss) camera.

Cell culture

Human corneal epithelial and fibroblast cultures were
initiated from fresh cadaver eyes obtained from the Illinois
Eye Bank as described earlier.*> To isolate limbal epithelial
cells, the limbus was separated from the central cornea with
an 8mm trephine. The limbal ring was incubated in 2mg/
mL Dispase II (Invitrogen) in PBS for 1h at 37°C. The epi-
thelial sheets were peeled off and digested in 0.25% trypsin-
EDTA at 37°C for 30 min. Cells were washed, re-suspended
in keratinocyte serum-free medium (KSFM; Invitrogen), and
plated on the basement membrane side of the decellularized
corneas at a density of 1x10° cells/cornea. To induce strat-
ification, after 2 weeks, the media was changed to one part
KSFM and three parts DMEM/F12 plus 2% serum, and
the media was reduced to allow growth at the air-liquid
interface.

To isolate corneal fibroblasts, the epithelium and Desce-
met’'s membrane were first removed after incubation in
Dispase as described earlier. The remaining stroma was then
cut into 1x1mm pieces and incubated in 0.1% collagenase
(Sigma) in DMEM at 37°C for 1.5h on a shaker. The isolated
keratocytes were expanded and differentiated into fibro-
blasts by culturing in DMEM supplemented with 10% fetal
bovine serum (FBS), 100U/mL penicillin, and 100 pg/mL
streptomycin. After 1-2 passages, the cells were trypsinized
and re-suspended in DMEM and 10% FBS. A total of 1x10°
fibroblasts cells was resuspended in 70 uL and injected into
the stroma of each decellularized cornea. This was done
using a 25g needle on a lcc syringe. The needle was inserted
into the stroma to about 50% depth, and cells + media (vol-
ume about 20-25 pL) was forcefully injected into the stroma.
A successful injection into the stroma was evident based on
the immediate opacification of the stroma due to temporary
increased fluid and stromal swelling. After achieving opaci-
fication in one spot, the needle was either advanced to a
different spot or withdrawn and then to re-inserted into
another spot. This process was repeated with 4-5 injections
throughout the cornea (total volume about 100 pL) until the
entire corneal stroma showed edematous opacification. It
should be noted that the opacification is temporary and the
fluid gets redistributed with time.

Cell viability and proliferation

LIVE/DEAD Viability / Cytotoxicity kit (Molecular Probes)
was used to visualize live and dead cells in the cornea. The
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cornea was rinsed once with PBS and then incubated for
30 min at room temperature in calcein AM (2 uM) and ethi-
dium homodimer (4 pM) solution. After incubation, the cor-
nea was rinsed thrice in PBS to remove the excess solution.
The tissue was then placed on a glass bottom dish and imaged
using a Leica SP2 confocal microscope at excitaion/emmssion
495nm/515nm for live cells and excitation/emmision
495 nm/635 nm for dead cells.

Proliferation in the epithelium was assessed by im-
munostaining for Ki67. Fibroblast proliferation within the
stroma was measured using an MTS assay. Briefly, equal
number of fibroblasts were injected into decellularized cor-
neal stromal pieces, then incubated in culture up to 4 weeks.
At various time points, the corneal pieces were removed
from culture and incubated in an MTS solution for 3h. The
calorimetric changes were measured by a spectrophotometer
at 492 nm.

Results
Decellularization of human corneas

Human corneas decellularized with different methods
were initially screened for the removal of cells with H and E
staining, as well as the nuclear stain DAPI (Fig. 1A-D).
Complete removal of cells was observed in corneas treated
with the NaCl plus nuclease treatment (Fig. 1B-D) method as
well as the osmotic gradient and 1% SDS processing methods
(not shown). The use of liquid nitrogen (Fig. 1C inset), and
PEG (1000 or 8000) did not result in complete removal of
cells and cellular debris (Table 1).

Evaluation of the extracellular matrix

The epithelium basement membrane was evaluated with
PAS staining and immunostaining for collagen type IV. PAS

FIG. 3. Cell viability and cyto-
toxicity assay and DAPI staining in
NaCl plus nuclease treated corneas.
The tissue was stained with calcein
AM and imaged en face with con-
focal microscopy: (A) Corneal epi-
thelial cells cultured for 2 weeks
over decellularized cornea, dem-
onstrating viability and differenti-
ation of the superficial layer. (B)
Corneal fibroblasts injected into the
stroma of decellularized corneas
and cultured for 5 days demon-
strating viability, and (C) A cross-
sectional image showing viable fi-
broblasts in the stroma and strati-
fied epithelium on the anterior of
cornea. DAPI staining of the cross
sections demonstrating (D) strati-
fied epithelium and (E) Fibroblasts
after 2 weeks in culture, and (F)
corneal fibroblasts 5 weeks after
injection of fibroblasts and 3 weeks
after plating epithelial cells. Scale
Bar=300 pm for A, B, C and 100 pm
for D, E, and F. Color images
available online at www liebert
online.com/tec

staining stains carbohydrate in tissues and is routinely used
in histologic studies to identify basement membranes that
contain high proportions of glycoproteins/carbohydrates.

On PAS staining, the epithelial basement membrane of
corneas treated with NaCl plus nucleases appeared intact
and comparable to the untreated corneas (Fig. 1F). Likewise,
on immunofluorescence, there was no difference in the
staining for collagen type IV, laminin, and fibronectin be-
tween the NaCl plus nuclease-treated and fresh cadaver
corneas (Fig. 1G, I, K). The basement membrane in the limbal
region was evaluated more specifically using a monoclonal
antibody against ol chain of collagen type IV. There was also
no difference compared with the control, suggesting that the
treatment did not have a deleterious effect on the basement
membrane of the limbal region (Fig. 1H). The detergent-
based methods, in particular, SDS, was found to induce
damage to the basement membrane by PAS staining in cer-
tain areas (data not shown) (Table 1).

The decellularization process generally caused significant
swelling of the corneal tissue; however, after deturgescence
with glycerol, the stroma was optically clear, indicating no
gross change to the lamellar organization (Fig. 1E).

The effect of the NaCl plus nuclease treatment on the in-
tegrity of the matrix was further evaluated by scanning and
transmission electron microscopy. Epithelial cells seen in
control corneas (Fig. 2A, G) were absent in decellularized
corneas with preservation of the limbal matrix (Fig. 2B, D)
and epithelial basement membrane (Fig. 2H) after decel-
lularization. No gross changes in the collagen fibers were
noted in decellularized corneas except that the collagen fibers
were slightly larger due to swelling as just noted (Fig. 2E, F).
The mean diameter of the collagen fibers was 377+42 A in
normal corneas compared with 499426 A in decellularized
corneas (p<0.001, n=50). There was no difference in the
distances between the fibers (276+33 A vs. 297+70 A,
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FIG. 4. Corneal epithelial cell were
grown over NaCl plus nuclease decel-
lularized corneas for 2 weeks and then
raised to the air-liquid interface to
induce differentiation (A-L). (A-C)
Corneal specific cytokertain 12 ex-
pression is noted in all the superficial
epithelial cells. The basal epithelium
expresses stem/progenitor cell mark-
ers including (D-F) DeltaNp63 (J-L)
ABCG2 and proliferation marker (G-I)
Ki-67. Corneal fibroblasts grown in
decellularized cornea after 1 week,
demonstrating (M-O) ALDH]1 stain-
ing. Scale Bar=50 um. ALDH], alde-
hyde dehydrogenase 1. Color images
available online at www liebert
online.com/tec

ABCG2 ki-67 DeltaNp63

ALDHI1

n=>50). Overall, the NaCl plus nuclease decellularization
procedure did not appear to alter the ultrastructure of the
cornea (Fig. 2).

Ability to support cell growth

The ability of the decellularized corneas to support corneal
epithelial and fibroblast cell growth was further evaluated in
culture (Fig. 3). Limbal epithelial cells were plated on de-
cellularized corneas. In NaCl plus nuclease decellularized
corneas, the epithelial cells readily attached and by the end of
week 2, became nearly confluent as revealed by the Live/
Dead Assay (Fig. 3A). Stratification of the epithelium was
successfully induced by raising the tissues to the air-liquid
interface (Fig. 3D). Corneas decellularized using detergent-
based methods, in particular, SDS (Methods 1 and4), did not

FITC/Rhodamine Red

Merged

support epithelial growth, due to poor attachment of the
cells.

Corneal fibroblasts were injected into NaCl plus nuclease
decellularized corneas. The cells attached and exhibited native,
spread morphology. The viability assay performed up to 3
weeks revealed that the cells remained alive with evidence of
proliferation (based on cell density) for the duration of the
study (Fig. 3B, C). The fibroblasts appeared to migrate into the
more anterior layers (closer to the epithelium) of the stroma
(Fig. 3E, F). Corneas decellularized by detergent based methods
likewise supported the growth of fibroblasts (data not shown).

Phenotypic evaluation of the corneal epithelial cells grown
on decellularized corneas revealed that they can differentiate
and express the corneal specific keratin 12 similar to that
seen in human corneas (Fig. 4A-C). To examine the level of
differentiation, the expression of markers typically associated
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FIG.5. Corneal fibroblasts Proliferation and Migration Assay. Corneal fibroblasts grown in a pocket made in stroma for (A)
1 day, (B) 7 days, (C) 14 days, (D) 21 days, and (E) 28 days, stained with DAPI demonstrate proliferation and migration of
cells over time. (F) An MTS Assay showing proliferation of cells over a period of 4 weeks. Scale Bar =100 pm. Color images
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with limbal stem and progenitor cells was also evaluated by
immunofluorescence. The basal epithelium was found to
express DeltaNp63and ABCG2, indicating that the construct
supported a “limbal” (undifferentiated) phenotype in the
basal layer (Fig. 4D-F, J-L). Proliferation was noted in the
basal epithelial layer as evident by Ki67 staining (Fig. 4G-I)

The fibroblasts grown in the decellularized corneal stroma
were likewise evaluated for the expression of ALDHI, a
marker of corneal keratocytes. This was performed in cor-
neas ranging from 1 to 4 weeks after injection of fibroblasts.
As early as 1 week, 64% +12% of the cells were found to be
expressing ALDHI1, suggesting that the majority had par-
tially reverted to a keratocyte phenotype (Fig. 4M-O) (n=3
corneas, minimum 20 cells per sample). The percentage of
ALDHI staining did not differ significantly at subsequent
time points examined (range 59%-87%), indicating no cor-
relation with time in culture (p=NS by chi-square). Pro-
liferation and migration of the fibroblast from the injection
site toward the anterior and posterior stroma was noted by
histology and MTS assay (Fig. 5).

Discussion

The purpose of this study was to develop a decellularized
human cornea as a suitable scaffold for tissue engineering of
the corneal epithelium and its underlying stroma. The ra-
tionale behind this approach is that a tissue construct that
best recreates the corneal and limbal microenvironment will
likely offer the most optimal substrate for survival and
function of the tissue engineered corneal epithelium. This
may be particularly important, as in many clinical situations,
the pathology or damage is extended beyond the epithelium
and often includes the extracellular matrix and cells within
the anterior stroma. A decellularized human cornea could
potentially provide a matrix that is nearly identical to the
native cornea on which appropriate cells can be repopulated
to reconstruct the corneal epithelium with the underlying
stromal support.

A total of five methods were investigated in this study for
their effectiveness in cellular removal, preservation of the ex-
tracellular matrix, and the ability of the resulting decellular-
ized cornea to support the growth of corneal cells. Among the
various detergent and nondetergent based methods, a process
using agitation, NaCl, DNAse, and RNAase was found to
provide the most superior results with complete decelullar-
ization and minimal disturbance of the basement membrane
and the ultrastructure of the cornea. The use of liquid nitrogen
and PEG (1000, 8000) resulted in incomplete removal of cells
from corneas. The use of detergents, while successful in re-
moving cellular material, rendered the corneas unsuitable for
epithelial cell attachment afterward. This is consistent with a
previous study on decellularized human cornea using 2%
Triton X-100 and 0.1% NH4OH, after which laminin was no
longer detectable in the epithelial basement membrane.*

There are several aspects of this study that are worth high-
lighting. In this study, stromal cells were included as sup-
porting cells for the epithelial cells. Most tissue-engineering
applications of the corneal epithelium have primarily included
the underlying matrix for supporting the epithelium. Several
recent studies have considered the importance of the stromal
cells in corneal epithelial tissue engineering and have devel-
oped experimental approaches that incorporate stromal cells in
the tissue construct.”” > Our study is the first to use a decel-
lularized human cadaver cornea instead of a xenograft cornea.
Decellularized human corneas, while eliminating the theoreti-
cal risk of zoonotic infections, are also less likely to induce
immunologic responses in a human host that may potentially
be seen with xenogenic grafts.** Corneal tissues that are
structurally intact but are unsuitable for transplantation are
good candidates for such applications.

Previous studies have highlighted the importance of corneal
and limbal fibroblasts in corneal epithelial proliferation, dif-
ferentiation, and wound healing.“ In this study, stromal fi-
broblasts were chosen given their well-known interaction with
the corneal epithelium, including their production of epithe-
liotrophic factors.”>*' Tt should be noted that complete
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reconstruction of the stromal niche will likely require more
than just fibroblasts and epithelial cells and perhaps may re-
quire other cell types such as neuronal cells. The purpose of
this study, however, was not to identify all the necessary cells
at this point, but rather to develop a construct that could be
used to further study the various cell types that may be nec-
essary.

The differentiation state of the cells that are used to re-
populate the underlying stroma may also be important.** In
these experiments, keratocytes were differentiated in wvitro
into fibroblasts mainly because fibroblasts are easier to ex-
pand in culture. However, when exposed to corneal stroma,
these fibroblasts appeared to revert back into a more
keratocyte-like phenotype that may be important in main-
taining transparency of the cornea. While we envision the
final construct to only include a relatively thin anterior
stroma, the choice of cell type may still affect its optical
clarity. This may not be a critical factor for the limbal area
but more important in the central cornea. Future in vivo ex-
periments will help determine whether it is necessary to use
keratocytes instead of fibroblasts in the construct.

This study, in addition, examined to what extent the de-
cellularized human corneas can maintain the epithelial cells
in an undifferentiated phenotype based on the expression of
stem cell associated markers. Previous studies on human
amniotic membrane have shown that the extracellular matrix
helps to preserve cells in a less differentiated state.**™*> The
decellularization process used in this study appears to pre-
serve the corneal basement membrane and matrix proteins.
Notably, the epithelial cells grown over the NaCl plus nu-
clease decellularized corneas appear to maintain a “limbal
stem cell phenotype” as evident by the expression of ABCG2
and DeltaNp63. While neither of these markers are very
specific markers of corneal epithelial stem cells, nonetheless,
they confirm previous observations of the corneal/limbal
basement membrane and its ability to keep cells in a less
differentiated state.*®

In summary, this is the first study on decellularization of
the human cornea that has examined recellularization of the
cornea with corneal epithelial cells and fibroblasts. The novel
method for decellularization has potential applications in
corneal and limbal tissue engineering, where a biopsy may
be used to grow both epithelial cells and stromal cells to
reconstruct the corneal epithelium with a stromal niche.
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