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epithelial cells in coordination with corneal fibroblasts during
wound healing
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Purpose: To understand which cell types, either alone or in combination, contribute to the assembly of the epithelial
basement membrane (BM) during corneal wound healing.

Methods: A 3D corneal organotypic model and an in situ rabbit photorefractive keratectomy (PRK) model were used
in this study. The 3D corneal organotypic model was established by culturing the rabbit corneal epithelial cells with
either corneal fibroblasts or myofibroblasts embedded in collagen type I for 18 days. Corneal fibroblasts were isolated
from fresh rabbit corneas, and the myofibroblasts were derived either directly from bone marrow or differentiated from
corneal fibroblasts. Immunocytochemistry for alpha-smooth muscle actin (SMA), vimentin, desmin, and vinculin mark-
ers confirmed well-differentiated myofibroblasts. Immunohistochemistry was performed in cryofixed sections for BM
markers, including laminin alpha-5, laminin beta-3, perlecan, nidogen-1, and collagen type I'V. Specimens were also
examined with transmission electron microscopy (TEM). Corneas were collected from rabbits after —3 diopter (D) PRK
at different time points after surgery, with four corneas at each time point in each group. Cryofixed corneal sections were
stained for vimentin, alpha-SMA, and nidogen-1.

Results: The formation of an epithelial BM with expression of laminin alpha-5, laminin beta-3, perlecan, nidogen-1,
and collagen IV was observed at the interface between the corneal epithelial cells and corneal fibroblasts. TEM images
further confirmed the presence of epithelial BM in organotypic cultures of epithelial cells and corneal fibroblasts. No
epithelial BM was observed in cultures of corneal epithelial cells and myofibroblasts (cornea or bone marrow derived),
corneal epithelial cells alone, or corneal fibroblasts alone. In rabbit corneas after —3D PRK, a strong association was
observed between the regenerating epithelial BM and the presence of corneal fibroblasts at the site of epithelial BM
generation.

Conclusions: The corneal epithelial BM assembly is mediated by epithelial cells in coordination with corneal fibroblasts
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during wound healing.

Epithelial-stromal interactions are established at an early
stage of tissue development and play an important role in
maintaining tissue integrity and homeostasis [1-3]. The base-
ment membrane (BM) is a specialized thin sheet that acts
as a bridge anchoring the multi-layered epithelium to the
underlying stroma [4] and supports epithelial cell adhesion,
migration, and differentiation [5-8]. The sheet-like structure
is derived from two independent polymeric networks—
laminin and collagen type IV—interlinked by other extra-
cellular matrix (ECM) proteins, such as nidogen/entacin and
perlecan [9,10]. Apart from physical support, the epithelial
BM serves many important functions in corneal physiology
[11]. For example, one of the most important functions of the
epithelial BM is to bidirectionally modulate the availability
of cytokines and growth factors that serve critical functions
in corneal homeostasis and the response to injury. Thus,
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the epithelial BM modulates the bioavailability of growth
factors, such as transforming growth factor (TGF) beta-1 and
beta-2 and platelet-derived growth factor (PDGF), which are
present in tears and produced by the corneal epithelium to
regulate myofibroblast generation from corneal fibroblasts
and bone marrow-derived fibrocytes in response to corneal
injury [11-17]. The epithelial BM also regulates the delivery
of keratocyte/corneal fibroblast-produced hepatocyte growth
factor (HGF) and keratinocyte growth factor (KGF), which
modulate the motility, proliferation, differentiation, and
apoptosis of the overlying corneal epithelial cells [11,18-22].

The normal unwounded corneal stroma is populated by
relatively quiescent keratocytes that secrete ECM proteins
and enzymes to maintain ECM homeostasis within the
stroma [23]. After an injury (e.g., trauma, infection, or
surgery), keratocytes transition to an active repair phenotype
(corneal fibroblasts), which may further trans-differentiate
into myofibroblasts if exposed to adequate and ongoing
levels of TGF beta-1 and/or TGF beta-2 [24-26]. In addition,
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bone marrow-derived fibrocytes that infiltrate into the
injured tissue also undergo TGF beta-driven differentiation
into myofibroblasts in the corneal stroma [16,27]. Thus, the
injured corneal stroma is occupied by a diverse population of
cells that include at least two progenitor cells to myofibro-
blasts as well as other infiltrating cells such as monocytes,
macrophages, polymorphonuclear cells, and lymphocytes.

Myofibroblasts that develop in the cornea function in
the contraction of wounds and ECM deposition to main-
tain corneal integrity after injury. This role also produces
opacity that interferes with the primary function of the
cornea in vision. If the epithelial BM is not fully regener-
ated, the ongoing passage of growth factors from the tears
and epithelium, such as TGF beta-1 and TGF beta-2 as well as
other cytokines and growth factors, into the stroma promotes
excessive myofibroblast differentiation and their persistence,
eventually producing longstanding stromal fibrosis and
corneal opacity [17,28].

Thus, epithelial BM regeneration has a critical role in
modulating the response to injury and a return to normal
corneal function. Studies in other tissues have suggested
that there is coordination between epithelial cells and under-
lying stromal cells in the regeneration of BMs after injury
[29-34]. However, uncertainty remains regarding whether
similar coordination between different cells occurs during
corneal epithelial BM regeneration. This study was designed
to explore the cells responsible for corneal epithelial BM
assembly using 3D organotypic cultures and rabbit in situ
injury models.

METHODS

Primary culture of corneal fibroblasts and myofibroblasts:
Corneal fibroblast isolation and myofibroblast differentiation
were performed based on the method developed by McKay
et al. [35]. Briefly, rabbit corneas (Cat. #41,209-2; Pel-Freez
Biologicals, Rogers, AR) were procured and processed on
the day of arrival approximately 24 h after enucleation. The
corneas were punched centrally using a 9-mm trephine in
a sterile Petri dish containing phosphate buffered saline
(PBS) with 1x penicillin-streptomycin antibiotic solution
(Cat. #30-002; Corning, Tewksbury, MA). The epithelial
and endothelial layer, along with the BMs, were removed
under a dissection microscope using a scalpel blade. The
corneal stroma was cut into ~2-mm? pieces and incubated
overnight at 37 °C in a solution with 50 mg of collagenase
(Cat. #C0130-1G; Sigma-Aldrich, Burlington, MA) and
25 mg of hyaluronidase (Cat. #H3884—100MG; Sigma-
Aldrich) dissolved in 50 ml of Hanks balanced salt solution
(HBSS) containing 0.5-mM magnesium chloride (MgCl,) and
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1.26-mM calcium chloride (CaCl,). The tissue homogenate
was centrifuged at 100 g for 10 min at room temperature. The
supernatant was discarded, and the pellet was resuspended
in 10 ml of 1x HBSS solution and again centrifuged with
the same settings. The stromal cell pellet was cultured in a
corneal fibroblast medium Eagle’s minimal essential medium
(EMEM, 10% FBS; Cat. #1600004; Thermo Fisher Scientific,
Grand Island, NY), 1x penicillin-streptomycin solution (Cat.
#30—-002; Corning), and 40 ng/ml of recombinant fibroblast
growth factor-basic (Cat. #100—18B; Peprotech, Cranbury,
NJ). The cells were incubated in T-25 flasks (Corning) at
37°C and 5% carbon dioxide (CO,). The medium was changed
every other day until the cells reached 70% confluency.
Once the desired confluency was reached, 50% of the cells
were incubated in a myofibroblast differentiation medium
(MEM, 10% FBS, Ix penicillin-streptomycin, 20 ng/ml of
TGF B-1; Cat. #100-21; Peprotech), and the remaining 50%
were maintained in a fibroblast medium for use as corneal
fibroblasts (Figure 1A) in organotypic cultures. The cells
were incubated in TGF B-1 for 7 to 10 days to achieve
complete differentiation into myofibroblasts (Figure 1A).
The myofibroblast phenotype was confirmed by performing
immunocytochemistry (ICC) for the myofibroblast markers
alpha-smooth muscle actin (SMA), vimentin, vinculin, and
desmin (Figure 1B). Myofibroblasts were then used for the
preparation of organotypic cultures.

Bone marrow-derived myofibroblasts (Figure 1B) were
also cultured from rabbits using a previously described
method [36]. These myofibroblasts were used in organotypic
cultures with rabbit corneal epithelial cells either alone or in
different proportions with corneal myofibroblasts.

3D organotypic cultures: The 3D corneal organotypic
cultures were generated based on the skin reconstruction
model developed by Li et al. [37] with minor modifications
[38], and the schematic workflow for developing 3D corneal
organotypic cultures is illustrated in Figure 2. The acellular
layer was prepared by mixing the following reagents in ice:
0.59 ml of 10x EMEM, 50 pl of 200-mM L-glutamine, 0.6 ml
of FBS (Cat. #1600004; Thermo Fisher Scientific), 120 pl of
7.5% sodium bicarbonate, and 4.6 ml of rat collagen-1 (2 mg/
ml; Cat. #354249; Corning). Next, 1 ml of this mixture was
added to each insert of the 6-well tissue culture trays (Cat.
#3414; Corning). The acellular layer was incubated at 37 °C
for 1 to 2 h until the collagen gel solidified. A change of
color from straw-yellow to pink was used as an indicator for
collagen gel solidification. Fibroblasts or myofibroblasts were
trypsinized using 0.25% trypsin-ethylenediaminetetraacetic
acid (EDTA) and neutralized with DMEM containing 10%
FBS. The cell suspension was then centrifuged at 180 g for 7
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Figure 1. Confirmation of cell morphology using light microscopy and immunocytochemistry A: Phase-contrast microscopy of rabbit corneal
fibroblasts, myofibroblasts, and epithelial cells. Mag.:100x. B: Immunocytochemistry (ICC) for myofibroblast markers in cornea- and bone
marrow-derived myofibroblasts. Myofibroblasts cultured in transforming growth factor (TGF) beta-1 for 14 days had ICC for vimentin,
alpha-smooth muscle actin (SMA), desmin, and vinculin. Both cornea- and bone marrow-derived cells expressed vimentin, alpha-SMA,
desmin, and vinculin, indicating they were vimentin-alpha smooth muscle actin-desmin (VAD)-positive myofibroblasts (Chaurasia et al.,
2009). ICC with the corresponding isotypic control antibodies was also performed for each marker. Blue is 4',6-diamidino-2-phenylindole
(DAPI) staining of the nuclei. Mag.: 200x.
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Figure 2. Schematic workflow for preparing 3D corneal organotypic cultures. Rabbit corneas were procured and processed on the day of
arrival approximately 24 h after enucleation. The corneas were punched centrally using a 9-mm trephine in a sterile Petri dish containing
phosphate buffered saline (PBS) with 1x penicillin-streptomycin antibiotic solution. The epithelial and endothelial layers, along with the
basement membranes (BMs), were removed under a dissection microscope using a scalpel blade. The corneal stroma was cut into ~2-mm?
pieces and incubated overnight in an enzyme digestion medium containing collagenase and hyaluronidase. The stromal cell pellet collected
after a brief centrifugation contained the corneal keratocytes, which were incubated in a fibroblast medium containing 40 ng/ml of fibroblast
growth factor (FGF-2). Once the desired confluency was reached, 50% of the cells were treated with a myofibroblast medium containing
20 ng/ml of TGF beta-1, and the remaining 50% were maintained in the fibroblast medium. The cells were mixed with collagen type-1
to prepare the cellular layer, which was loaded above the acellular layer and coated onto the insert of six-well Transwell plates (Corning,
NY). The cellular layer was incubated undisturbed for 4 days at 37°C in 5% carbon dioxide (CO,). On Day 5, epithelial cells procured from
commercial sources were prepared as a cell suspension and added to each insert, which was then incubated for 2 days in epithelial medium
I at 37°C. Subsequently, the media was removed from both the inside and outside of the insert and replaced with fresh epithelial growth
medium II only to the outside of the insert. The epithelial cells were then exposed to the air—liquid interface for 18 days, and the medium
was replaced every 2 days. At the end of 18 days of incubation, a 3D corneal construct with different combinations of stromal cells along
with multi-layered epithelial cells was generated. 71
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min, and the cell pellets were resuspended in their respective
media at a cell count of 0.45 x 10 cells/ml.

The cellular layer was prepared by mixing 1.65 ml of
10x EMEM, 150 ul of 200-mM L-glutamine, 1.85 ml of FBS,
350 pl of 7.5% sodium bicarbonate, 14 ml of bovine collagen
type I (2 mg/ml), and 1.5 ml of cell suspension in a 50 ml tube
on ice. Next, 3 ml of the cellular layer was added above the
acellular layer in each well and incubated at 37 °C and 5%
CO, for 45 min. Once the collagen gel was solidified (indi-
cated by a color change from straw-yellow to pink), 1 ml of
cell-specific medium was added above the cellular layer, and
3 ml was added outside of the insert. The cellular layer was
incubated undisturbed for 4 days at 37 °C in 5% CO,. On Day
5, the media were removed from both the inside and outside of
the insert, and the insert was incubated in a washing medium
(HBSS with 1% dialyzed FBS; Cat. #A3382001; Thermo
Fisher Scientific) for 1 h at 37°C. Meanwhile, the rabbit
corneal epithelial cells (Figure 1A; Rb630-05; Cell Applica-
tions, San Diego, CA and N-6048; Cell Biologics, Chicago,
IL) were trypsinized and resuspended at 4.1 x 10° cells/ml in
epithelial medium I, which was a mixture of a corneal epithe-
lial cell medium (Rb221-500; Cell Applications), 264 ng/ml
of stem cell factor (Cat. #300—07; Peprotech), and 10 ng/ml of
endothelin-3 (Cat. #MBS405523; MyBioSource, San Diego,
CA). The wash medium was removed, and the epithelial cell
growth medium was added both to the inside (1 ml) and
outside (3 ml) of the insert. Finally, 100 pul of epithelial cell
suspension was added to each insert and incubated for 2 days
at 37 °C. Subsequently, the media were removed from both
the inside and outside of the insert and replaced with fresh
epithelial growth medium II (epithelial cell growth medium I
+ 1M CaCl,) on only the outside of the insert. The epithelial
cells were then exposed to the air—liquid interface for 18 days,
and the medium was replaced every 2 days.

Organotypic cultures of rabbit corneal epithelial cells
with bone marrow-derived myofibroblasts or mixtures of
50% cornea-derived myofibroblasts and 50% bone marrow-
derived myofibroblasts were prepared using the same
methods. Organotypic cultures prepared using 1) the corneal
fibroblasts with collagen matrix but without epithelial cells,
2) corneal myofibroblasts with collagen matrix but without
epithelial cells, and 3) epithelial cells added above the
collagen matrix without fibroblast/myofibroblast served as
controls.

Cryofixation of corneal organotypic culture: The media were
aspirated from both the inside and outside of the insert in the
culture well, and the 3D cultured construct was incubated
in 4% paraformaldehyde for 1 h at room temperature. The
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constructs were then incubated in 50% sucrose for 2 h at 4°C
followed by incubation in 2M sucrose for another 2 h at 4
°C. Finally, the corneal constructs were removed from the
sucrose and placed in a mold (Cat. #62,352-24; Thermo Fisher
Scientific) containing an optimal cutting temperature (OCT)
freezing medium (Cat. #4583; Sakura Finetek, Torrance, CA).
The molds were placed on dry ice until the OCT was frozen
and were then stored at —80°C until cryo-sectioning.

Animals and surgeries: All procedures involving animals
were approved by the Institutional Animal Care and Use
Committee (IACUC) at the Cleveland Clinic Foundation
(Cleveland, OH). All animals were treated in accordance
with the tenets of the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research.

Twenty-four female 12- to 15-week-old New Zealand
white rabbits weighing 2.5 to 3.0 kg each were included in
this study. Photorefractive keratectomy (PRK) was performed
as previously described [39]. Briefly, one eye of each rabbit
was selected at random to have —3D moderate-injury PRK
with a 6-mm diameter ablation zone using a VISX Star S4
IR excimer laser (Abbott Medical Optics, Irvine, CA). In
addition, four bilateral unwounded rabbit corneas were used
as controls.

Anesthesia before surgery was performed by intra-
muscular injection of ketamine hydrochloride (30 mg/kg)
and xylazine hydrochloride (5 mg/kg) in addition to topical
administration of 1% proparacaine hydrochloride ophthalmic
solution (Alcon, Fort Worth, TX). After the procedure, one
drop of moxifloxacin (Alcon) was applied to the PRK corneas
four times a day until the epithelium closed. No corticoste-
roids or mitomycin C was used in this study.

Euthanasia was performed by intravenous injection of
100 mg/kg of Beuthanasia (Shering-Plough, Kenilworth,
NJ) while the animals were under general anesthesia. The
corneo-scleral rims of the wounded and unwounded eyes
were removed with 0.12 forceps and sharp Westcott scissors
(Fairfield, CT) without touching the cornea. The corneo-
scleral rims were placed in the center of a 24 x 24 x 5-mm
mold (Cat. #62,352-24; Thermo Fisher Scientific, Pittsburgh,
PA) and immersed in the OCT compound. The corneo-scleral
rim within the mold was rapidly frozen on dry ice, and the
blocks were stored at —80 °C until cryo-sectioning.

Cryo-sectioning and immunohistochemistry: Transverse
sections (16 pm thick) were cut from each specimen with
a cryostat (HM 505M; Micron, Walldorf, Germany) and
placed on 25 x 75 x 1-mm Superfrost Plus microscope slides
(Cat. #12-550-15; Thermo Fisher Scientific). Slides were
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maintained at —80 °C until immunohistochemistry (IHC) for
epithelial BM components was performed.

Triplex IHC was performed for the epithelial BM
components laminin alpha-5, perlecan, and nidogen-1. First,
the slides were thawed for 5 min at room temperature and
then immersed in 1 x PBS twice for 5 min. The slides were
then fixed by incubating in 4% paraformaldehyde for 5 min.
Slides were rinsed twice in 1x PBS solution and subsequently
blocked for 1 h at room temperature with 5% donkey serum
(Cat. #017-000-121; Jackson ImmunoResearch, West Grove,
PA) in PBS containing 0.05% NP-40. Slides were then incu-
bated for 90 min with three primary antibodies—chicken
anti-laminin alpha-5 (H9511; a gift from Peter Yurchenco,
PhD) at 1:50 dilution, mouse anti-perlecan (Cat. #sc-377219;
Santa Cruz Biotechnology, Dallas, TX) at 1:50 dilution, and
goat anti-nidogen-1 (Cat. #AF2570, R&D systems, Minneap-
olis, MN) at 1:25 dilution—in a blocking buffer. Slides were
subsequently washed three times with 1x PBS and incubated
for 1 h with the three corresponding secondary antibodies—
donkey anti-chicken Alexa Fluor 488 (Cat. #703—605-155;
Jackson ImmunoResearch, West Grove, PA), donkey anti-
mouse Alexa Fluor 568 (Cat. #A10037; Thermo FisherScien-
tific), and donkey anti-goat Alexa Fluor 680 (Cat. #A21084;
Thermo Fisher Scientific)—at 1:200 dilutions at room
temperature. After the slides were rinsed three times in 1x
PBS, 24 x 60-mm glass coverslips (Cat. #48393-251; VWR,
Radnor, PA) were mounted with Vectashield containing
4’ 6-diamidino-2-phenylindole (DAPI; H-1200; Vector Labo-
ratories, Burlingame, CA) to visualize all cell nuclei. Slides
were analyzed and imaged with a Leica DM5000 microscope
(Leica, Buffalo Grove, IL) equipped with a Q-imaging Retiga
4000 RV (Surrey, BC, Canada) camera and Image-Pro soft-
ware (Media Cybernetics, Bethesda, MD).

Using the same methodology, duplex IHC for collagen
type IV (goat anti-collagen type IV, Cat. #AB769, Sigma-
Aldrich; 1:100 dilution) and mouse anti-laminin beta-3 (Cat.
#NBP2-46622, Novus Biologicals, Centennial, CO; 1:100
dilution) was performed using the secondary antibodies
donkey anti-mouse Alexa Fluor 488 and donkey anti-goat
Alexa Fluor 568, both at 1:200 dilutions.

Triplex IHC was also performed to simultaneously detect
the expression of epithelial BM markers (goat anti-nidogen-1,
Cat. #AF2570; R&D systems; 1:25 dilution), mesenchymal
marker vimentin (rat IgG, #Mab2105; R&D Systems; 1:100
dilution), and the myofibroblast marker alpha-SMA (mouse
IgQG2a, kappa, #M0851; Agilent Dako, Santa Clara, CA; 1:200
dilution) using the methods described above. Importantly, at
the concentration of anti-vimentin antibody used, corneal
fibroblasts and myofibroblasts were vimentin positive.
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However, most keratocytes express vimentin at lower levels
and would not be detected in this IHC assay, even though
keratocytes would be vimentin-positive with higher antibody
concentrations [17,40].

Quantitation of IHC images for epithelial BM components:
The percentage formation of the individual BM components
was quantitated using Adobe Photoshop CS5 version 12.0
(San Jose, CA). Using the ruler tool, individual images of the
3D cultures at 200x magnification were used for measuring
the length of each BM component formed. The percentage
formation was computed using the length of individual BM
components assembled divided by the total length, then
multiplied by 100. Images from six different batches of 3D
organotypic cultures were analyzed to compute the mean
+ SEM values. Statistical analyses were performed using
GraphPad Prism version 9.0 (Boston, MA). The differences
between the groups for individual BM components were
compared using one-way ANOVA with Tukey’s post-hoc test,
and p < 0.05 was considered statistically significant.

Transmission electron microscopy: Transmission electron
microscopy (TEM) samples were prepared using the method
described by Fantes et al. [41]. Briefly, the 3D organotypic
cultures were fixed by incubating in a 0.2-M cacodylate
buffer containing 2.5% glutaraldehyde and 4% parafor-
maldehyde for 24 h. The specimens were then rinsed with
a 0.2-M cacodylate buffer three times for 5 min each time.
Then, they were post-fixed in 1% osmium tetroxide for 60
min at 4 °C. The samples were then dehydrated in increasing
concentrations of ethanol from 30% to 95% for 5 min each
at 4°C. Finally, dehydration was performed using three
10-min rinses in 100% ethanol and three 15-min rinses with
propylene oxide at room temperature. Excised blocks of the
specimens were then embedded in epoxy resin media, and
1-um sections were prepared. The sections were stained with
toluidine blue for orientation and light microscopy. Ultrathin
85-nm sections were prepared using a diamond knife stained
with 5% uranyl acetate and lead citrate and observed using a
Philips CM12 transmission electron microscope operated at
60 kV (FEI Company, Hillsboro, OR).

RESULTS

Light microscopy and ICC confirmation of cell morphology
and phenotype: Light microscopic observations confirmed
the morphology of the primary cultures used in this study.
Fibroblasts showed long, elongated, and spindle structures;
myofibroblasts showed a much larger contractile fusiform
morphology; and corneal epithelial cells were found to
have a more polygonal rounded morphology (Figure 1A).
To confirm that the myofibroblasts used in this study were


http://www.molvis.org/molvis/v29/68

Molecular Vision 2023; 29:68-86 <http://www.molvis.org/molvis/v29/68>

fully differentiated, the cells were stained for myofibroblast
markers. The cells derived from both sources—cornea (C
Myo) and bone marrow (B Myo)—expressed vimentin,
alpha-SMA, desmin, and vinculin, which confirmed the
fully differentiated myofibroblast phenotype (Figure 1B).
Non-specific isotypic antibodies were used as controls for
each antibody tested (Figure 1B).

Corneal fibroblasts and corneal epithelial cells coordinate
in epithelial BM assembly: The comparison between 3D
cultures of corneal fibroblasts with epithelial cells (CFib +
Epi), corneal myofibroblasts with epithelial cells (CMyo +
Epi), and epithelial cells cultured alone (Epi only controls)
for epithelial BM markers laminin alpha-5, perlecan, and
nidogen-1 are shown in Figure 3A. The percentage assembly
of the individual BM components are represented in Figure
3B. CFib + Epi expressed all three epithelial BM markers—
laminin alpha-5, perlecan, and nidogen-1—as a thin layer
at the interface between the epithelial cells and fibroblasts.
This was suggestive of a well-assembled epithelial BM in
3D cultures of fibroblasts in combination with the epithelial
cells, similar to that observed in the cornea in situ. Around
90% of the epithelial-stromal interface was occupied by the
BM components. On average, there was 93% of laminin
alpha-5 layer completed, 96% of perlecan layer completed,
and 92% of the nidogen-1 layer completed in the epithelial
BMs analyzed. Conversely, CMyo + Epi showed no evidence
of a well-assembled epithelial BM. When epithelial cells were
cultured with myofibroblasts, there was a significant decrease
(p <0.001) in the percentage of BM formed, showing only 5%
of laminin alpha-5 formation and 2% of nidogen-1 formation,
although perlecan occupied 20% of the epithelial BM region.
It is important to note that almost all the myofibroblasts
in the stroma expressed perlecan. This indicates that even
though the myofibroblasts were able to synthesize perlecan,
they were not able to assemble perlecan into an epithelial
BM. Epithelial cells, when cultured alone above the collagen
matrix, showed 69% of laminin alpha-5 formation, 49% of
perlecan formation, and no evidence of nidogen-1 formation.

Appendix 1 shows the triplex IHC for laminin alpha-5,
perlecan, and nidogen-1 in single cell controls cultured in
a collagen matrix. Fibroblasts had very high expression
of perlecan and moderate expression of laminin alpha-5
and nidogen-1. Myofibroblasts expressed perlecan but not
nidogen-1.

Figure 4A shows IHC for other epithelial BM markers,
such as laminin beta-3 and collagen type IV, in the 3D culture
of CFib + Epi and CMyo + Epi. The percentage assembly
of laminin beta-3 and collagen IV is shown in Figure 4B.
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Epithelial cells when cultured with fibroblasts showed
evidence of a well-assembled epithelial BM, which was
confirmed by the expression of laminin beta-3 and collagen
IV at the interface between the fibroblasts and epithelial cells
as well as in epithelial cells extending two to three layers
above the epithelial BM. Furthermore, 97% of the epithelial
BM region was occupied by laminin beta-3 and collagen
IV. The formation of epithelial BM components decreased
significantly (p < 0.0001) when epithelial cells were cultured
alone or with myofibroblasts. There was only 2.3% of laminin
beta-3 formation and 8.6% of collagen type IV formation in
epithelial cells with myofibroblast 3D cultures. Though the
myofibroblasts showed very high expression of collagen type
IV in the stroma, it was not assembled onto the epithelial BM.
Epithelial cells when cultured alone showed 67% of laminin
beta-3 formation and 30% of collagen type IV formation.
The respective stromal single cell controls for laminin beta-3
and collagen type IV expression are shown in Appendix 2.
Both the fibroblasts and myofibroblasts when cultured alone
expressed collagen type IV. Overall, this suggests that the
laminin chains—laminin alpha-5 and laminin beta-3—of
the BM were predominantly expressed by epithelial cells,
and the stromal cells mainly contributed to the expression of
perlecan, nidogen-1, and collagen IV.

For further validation, 3D cultures were prepared from
two additional lots of epithelial cells procured from two
different companies—Cell Applications (labeled as Epi 2)
and Cell Biologics (labeled as Epi 3; Appendix 3). The fibro-
blasts and myofibroblasts derived from the same batches of
primary cells were used with both lots of epithelial cells for
a better comparison. In both these batches of 3D cultures,
the formation of epithelial BM was observed only when
epithelial cells were cultured in the presence of fibroblasts
embedded in collagen. However, there was a mild difference
in nidogen-1 expression between the two lots of epithelial
cells when cultured with fibroblasts. Epithelial cells procured
from Cell Biologics when cultured with fibroblasts showed a
spotted patchy expression of nidogen-1, whereas the epithelial
cells from Cell Applications showed more of a continuous
nidogen-1 expression throughout the 3D culture. In all three
batches of Epi 3 with fibroblast cultures, a patchy expression
of nidogen-1 was observed in some areas and a continuous
expression of nidogen-1 in other areas of the 3D cultures.
To highlight the difference between both the epithelial cells,
the ones with the least expression of nidogen-1 is shown in
the figure. Though nidogen-1 is expressed by and mainly
results from the fibroblasts in a 3D culture, the reason for the
difference in nidogen-1 expression between the 3D cultures
prepared from both lots of epithelial cells remains unclear.
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Figure 3. Comparison of laminin alpha 5, perlecan and nidogen-1 expression in different 3D cultures. A: Triplex immunohistochemistry
(IHC) for laminin alpha-5, perlecan, and nidogen-1 in 3D corneal organotypic cultures. The corneal fibroblast and epithelial (CFib + Epi)
organotypic cultures showed expression of laminin alpha-5 (green), perlecan (red), and nidogen-1 (yellow) at the interface between the epithe-
lial cells and the fibroblasts, suggesting a well-assembled epithelial BM. In corneal myofibroblast and epithelium (CMyo + Epi) cultures,
there was a high expression of perlecan, a lower expression of laminin alpha-5, and no expression of nidogen-1 detected. It is important to
note that the expression was observed only in the stroma, and the overlying epithelial BM was not assembled when myofibroblasts were
co-cultured with epithelial cells. When the epithelial cells were cultured alone above the collagen matrix (Epi only control), laminin alpha-5
was predominantly expressed throughout the epithelium, perlecan expression was low, and no expression of nidogen-1 was detected. Blue is
DAPI staining of cell nuclei. Mag.: 200%. B: A graph showing the percentage assembly of individual epithelial BM components, comparing
between the groups of 3D cultures. Error bars represent mean + SEM. Each BM component was compared between the groups using one-way
ANOVA, and p < 0.05 was considered statistically significantly different.
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Figure 4. Comparison of laminin beta 3 and collagen IV expression in different 3D cultures. A: Duplex IHC for laminin beta-3 and collagen
type IV in corneal organotypic cultures. The CFib + Epi cultures showed high expression of laminin beta-3 (green) in basal and more
superficial epithelial layers. Collagen type IV (red) at the interface of the epithelial cells and fibroblasts indicates a normally regenerated
epithelial BM. However, CMyo + Epi cells in organotypic cultures showed no evidence for epithelial BM generation, although myofibroblasts
were found to produce collagen type I'V. In Epi only controls, laminin beta-3 is expressed throughout the epithelium, with low expression of
collagen type IV. Blue is DAPI staining of cell nuclei. Mag.: 200%. B: Graph showing percentage formation of laminin beta-3 and collagen
IV compared between the groups of 3D cultures. Error bars represent mean + SEM. One-way ANOVA was used to compare between the
groups, and p < 0.05 was considered statistically significantly different.
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CMyo + Epi

Figure 5. Triplex IHC for vimentin, alpha-SMA, and nidogen-1 in corneal organotypic cultures. Expression of vimentin (green), but no
expression of alpha-SMA (red), indicates that the corneal fibroblasts retained their phenotype in CFib + Epi organotypic cultures even after
18 days of culture. Vimentin-positive corneal fibroblasts populated the matrix beneath the epithelium. Meanwhile, CMyo + Epi expressed
both vimentin and alpha-SMA, indicative of the myofibroblast phenotype. Blue is DAPI staining of cell nuclei. Mag.: 200x.

Stromal cells maintained their phenotype in 3D organotypic
culture: To confirm whether the stromal cells maintained
their phenotype even at the end of 18 days of incubation
in 3D cultures, they were stained for mesenchymal marker
vimentin, myofibroblast marker alpha-SMA, and epithelial
BM marker nidogen-1. CFib + Epi 3D cultures were found
to express vimentin and not alpha-SMA. This confirmed
that the corneal fibroblasts were not differentiated further
in the 3D cultures, and the phenotype was well-maintained.
CMyo + Epi had expression of both vimentin and alpha-SMA,
confirming the myofibroblastic phenotype (Figure 5).

Mpyofibroblasts derived from both cornea and bone marrow
could not assemble epithelial BM: During corneal wound
healing after injury, the stroma is occupied by myofibroblasts

77

derived from both corneal fibroblasts and bone marrow-
derived fibrocytes [16]. To determine if combinations of these
myofibroblasts were more effective in assembling epithelial
BM, different 3D cultures were prepared with rabbit corneal
epithelial cells in combination with 100% corneal myofi-
broblasts, 100% bone marrow-derived myofibroblasts, or a
combination of 50% corneal and 50% bone marrow-derived
myofibroblasts. Triplex IHC for laminin alpha-5, perlecan,
and nidogen-1 revealed no evidence for an assembled epithe-
lial BM in any of these combinations of myofibroblasts with
epithelial cells. It was also noted that the epithelial cells did
not form a typical stratified morphology in these cultures but
rather appeared as one or two layers, epithelial spheroid-like
structures, or no epithelium in different runs of the cultures
(Figure 6).
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Epithelial BM assembly in TEM images: To confirm epithelial
BM assembly, CFib + Epi 3D cultures were processed and
observed with TEM. Figure 7A confirms a multi-layered
stratified epithelium when cultured in the presence of corneal
fibroblasts in the stroma. Figure 7B confirms that fibroblasts
were embedded and dispersed in the collagen matrix. The
presence of a well-assembled epithelial BM is indicated by
the arrows directly beneath the epithelial cells (Figure 7C,D).

Corneal fibroblasts and epithelial BM formation in rabbit
corneas after PRK: Triplex IHC for mesenchymal marker
vimentin, myofibroblast marker alpha-SMA, and epithelial
BM marker nidogen-1 in rabbit corneas at different timepoints

© 2023 Molecular Vision

after —3D PRK are shown in Figure 8A,B. At 1 week after
PRK, there was patchy expression of nidogen-1 with an
irregular arrangement of epithelial cells. There was also
evidence for few vimentin-positive, SM A-negative corneal
fibroblasts at 1 week after PRK. Fibrocytes that had migrated
into the cornea by 1 week after PRK were also vimentin posi-
tive and could not be distinguished by this IHC analysis but
would undergo similar TGF beta-driven differentiation to
myofibroblasts. Thus, at least two myofibroblast precursor
cells would be present if cell-specific IHC was performed
[16]. At 2 weeks after PRK, an increase in the number of
vimentin-positive, SMA-negative cells was observed in the

CMyo (100%) + Epi
+ Epi

Nid1

Lama$s

78

CMyo (50%) + BMyo (50%)

BMyo (100%) + Epi

<

100 pm

Figure 6. IHC for laminin alpha-5, perlecan, and nidogen-1 in CMyo + Epi organotypic cultures. Triplex IHC did not detect epithelial BM
posterior to the epithelium in this example culture or any other corneal myofibroblast, bone marrow-derived myofibroblast, or mixed corneal-
bone marrow myofibroblast organotypic culture with corneal epithelium. Also, no stratified epithelium was detected in these cultures. This
indicates that the myofibroblasts derived from both cornea and bone marrow—either alone as CMyo (100%)/BMyo (100%) or combined
(CMyo 50% + BMyo 50%)—when incubated with corneal epithelial cells could not assemble BM. Rather, spheroid-like epithelial masses
were present in many cultures. Myofibroblasts were observed throughout the matrix. Blue is DAPI staining of the nuclei. Mag.: 200x.
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Figure 7. Transmission electron microscopy (TEM) showing epithelial BM assembly. A: The presence of a well-orchestrated, multi-layered
stratified epithelium when cultured in the presence of fibroblasts in the stroma (Mag.: 890x%). B: The presence of fibroblasts embedded
and dispersed in the collagen matrix (Mag.: 890x). C,D: The presence of a well-assembled epithelial BM when co-cultured with corneal
fibroblasts, as indicated by arrows directly beneath the epithelial cells (Mag.: 30,000%).

anterior stroma, with epithelial BM still observed only in
patches (Figure 8A).

At 4 weeks after PRK, there was a notable increase in
the number of vimentin-positive, SMA-negative cells in
the anterior stroma, with an 80-90% regenerated epithelial
BM. This suggests a strong association with CFib + Epi BM
reassembly at 4 weeks after PRK surgery. At 6 weeks after
PRK, the percentage of regenerated epithelial BM was further
increased, and the number of corneal fibroblasts and/or fibro-
cytes in the subepithelial stroma was decreased. At 8 weeks
after PRK, the epithelial BM was fully regenerated, and
the vimentin-positive, SMA-negative cells had disappeared
from the subepithelial stroma (Figure 8B). Since the rabbit
corneas were treated with low correction —3D PRK, there
was no fibrosis observed in these corneas and hence no alpha-
SMA-positive myofibroblasts in the subepithelial stroma [17].
This demonstrates that in a corneal injury model, there is
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formation of an active repair corneal fibroblast phenotype at
the site of injury, and these cells likely play an active role in
epithelial BM regeneration.

DISCUSSION

The results of this study confirm that corneal epithelial cells
and corneal fibroblasts cooperate to produce epithelial BM
in organotypic cultures detected with electron microscopy
and IHC for epithelial BM markers laminin alpha-5, laminin
beta-3, perlecan, nidogen-1, and collagen type I'V. Conversely,
cornea-derived myofibroblasts, bone marrow-derived myofi-
broblasts, and a combination of these myofibroblasts did not
generate epithelial BM when in organotypic cultures with
corneal epithelial cells. Further evidence was provided in a
rabbit corneal wound healing model in situ. In rabbits treated
with —3D PRK, the anterior stroma was predominantly
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Figure 8. Comparison of rabbit corneas at different time points after Photorefractive Keratectomy surgeries. A, B: Triplex IHC for vimentin,
SMA, and nidogen-1 in corneas at different time points after PRK surgeries. Triplex IHC for mesenchymal marker vimentin (green), myofi-
broblast marker alpha-SMA (red), and epithelial BM marker nidogen-1 (magenta) was observed in rabbit corneas at different time points after
—3D PRK. At 1 and 2 weeks after PRK, there was a patchy expression of nidogen-1 with irregular cellular arrangement of epithelial cells.
There was evidence for few vimentin-positive fibroblasts at both of these time points, and vimentin-positive fibrocytes could also be present
in the anterior stroma. At 4 weeks after PRK, there was an increase in the number of vimentin-positive cells in the anterior stroma. In parallel,
there was an increase in the percentage of epithelial BM regenerated to around 80—90%. This suggests a strong association of fibroblasts
with epithelial BM regeneration at 4 weeks after PRK injury. At 6 weeks after PRK, when the percentage of epithelial BM regeneration was
further increased, the corneal fibroblast numbers had decreased. At 8 weeks after PRK, most vimentin-positive cells disappeared from the
anterior stroma, when the epithelial BM was fully regenerated. No alpha-SM A-positive cells were observed at any of the time points tested,
indicating there was no fibrosis in these corneas. Blue is DAPI staining of the nuclei. Mag.: 200x.
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occupied by corneal fibroblast cells, although fibrocytes were
also likely present in the subepithelial stroma [16,25]. The
strong association between the fibroblasts and BM regenera-
tion further supports the important role of corneal fibroblasts
in epithelial BM reassembly after injury.

Prior studies have reported the contribution of fibroblasts
in the regeneration of the epithelial BM in other organotypic
cultures and tissue engineered models such as the skin, lungs,
breasts, gut, and kidneys [29-34]. In a human skin equivalent
model, reconstruction of the BM was regulated by fibroblasts
and/or exogenous activated keratinocytes [42]. This was
confirmed in two different matrix systems—collagen and
de-epidermized dermis. In tissue-engineered skin, superficial
dermal fibroblasts were found to enhance BM formation and
barrier function of the epithelium [34,43]. MLE-15 respiratory
epithelial cells grown on fibroblast-embedded collagen gels
also assembled BM-like structures with expression of laminin
alpha-5 [44]. On fibroblast-embedded collagen gels, SV40-T2
transfected alveolar epithelial cells formed a continuous thin
layer of BM, whereas on collagen gels without fibroblasts,
SV40-T2 cells produced only discontinuous diffuse deposits
[30].

When epithelial cells were cultured alone or in combina-
tion with myofibroblasts, only one or two layers of epithelium
typically formed, and in some instances, no epithelial layer
was present. Only when the epithelial cells were cultured with
corneal fibroblasts embedded in the collagen did they form a
multi-layered stratified epithelium [5]. Laminin beta-3 expres-
sion was unique to epithelial cells, and nidogen-1 expression
was unique to corneal fibroblasts. Although laminin beta-3
is produced only by epithelial cells, a previous study reported
that the presence of fibroblasts was important for integrating
laminin beta-3 into BM in skin co-cultures [45]. Apart from
the epithelial BM components, there might be other microen-
vironmental factors released from fibroblasts that contribute
to epithelial functions such as adhesion, growth, and prolif-
eration [46]. Diffusible factors produced by fibroblasts could
modulate the keratinocyte production of BM components in
skin [47], and this stromal-epithelial regulation could also be
present in the cornea. Only tissues and 3D cultures with well-
assembled BMs showed optimal epithelial tissue architecture.

The formation of the BM could also coordinate epithelial
cell polarity [48]. For example, in lung organotypic cultures,
blocking laminin polymerization inhibited the formation of
polarized epithelial cysts [49,50].

Previous studies reported mRNA and protein expres-
sion of epithelial BM components, such as laminin, perlecan,
and nidogen, by corneal stromal cells (corneal fibroblasts
and myofibroblasts). In an in vitro study, keratocytes had
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nidogen-2 and perlecan proteins predominantly in intracel-
lular compartments, whereas in myofibroblasts, these epithe-
lial BM components were observed diffusely throughout the
cell and were not capable of localizing the epithelial BM
components to the nascent BM [51]. Thus, the lack of epithe-
lial BM generation when corneal epithelial cells are in an
organotypic culture with myofibroblasts was likely attribut-
able to myofibroblasts lacking the capacity to coordinate with
epithelial cells in the insertion of BM components into the
nascent epithelial BM.

Corneal epithelial cells did not form a typical strati-
fied morphology when co-cultured with corneal or bone
marrow-derived myofibroblasts. Though the exact reasons
remain unknown, this could be attributed to epithelial mesen-
chymal transition (EMT) induced by TGF (-1, contraction
of collagen, and remodeling of the ECM induced by myofi-
broblasts. EMT has been reported as a prominent effect of
TGF beta-1 in various tissues and co-culture models [52,53].
In a human bronchial co-culture of mesenchymal cells with
epithelial cells, TGF beta-1 treatment showed a concentra-
tion-dependent decrease in the thickness of the epithelial
cell layer [54]. This was confirmed through a significant
increase in the number of vimentin-positive and alpha SMA-
positive mesenchymal cells with a significant decrease in the
expression of epithelial junction molecule E-cadherin in the
epithelial cell layer when treated with 10 ng/ml of TGF beta-1
for 21 days. This clearly indicated that TGF beta-1 treatment
induced transition of epithelial cells into mesenchymal cells
in the epithelial cell layer of the 3D co-culture system [54].
Similarly, the correlation between TGF beta-1 and EMT was
also demonstrated in a lung epithelial-macrophage co-culture
model [54]. The elevated levels of TGF beta-1 in the media
secreted by macrophages stimulated the transition of epithe-
lial cells into mesenchymal cells [55]. Further, lung epithelial
cells co-cultured with myofibroblasts lost their ability to form
organoids in vitro, whereas fibroblasts supported organoid
formation. This is partially attributed to the Wnt/beta catenin
pathway skewing as a result of TGF beta-1-induced myofibro-
blast differentiation [56].

In a human bronchial tissue 3D co-culture model of
epithelial cells with mesenchymal cells, TGF beta-1 exerted
a concentration-dependent effect on collagen contraction and
induced structural changes in 3D cultures. TGF beta-1 treat-
ment at 10 ng/ml for 21 days showed a significant increase
in collagen gel contraction compared to untreated controls
[54]. Apart from 3D cultures, the enhanced collagen contrac-
tion effect of TGF beta-1 was observed even in submerged
cultures [57,58]. Cardiac fibroblasts treated with TGF beta-1
showed an enhanced collagen contractile activity through
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differentiation of myofibroblasts. The increase in the collagen
contractile activity was directly proportional to the increase
in myofibroblast formation [59]. In trabecular meshwork
cells, TGF beta-1 induced collagen contraction through the
activation of Rho and Ca?"-dependent enzymes protein kinase
C and myosin light chain kinase [60]. Further, the enhanced
collagen contraction effect of TGF beta-1 was also observed
in different tissue fibroblasts such as the placenta [61], skin
[62], buccal mucosa [63], heart [64], and kidneys [65].

In contrast, intestinal epithelial cell line Caco2
co-cultured with mesenchymal cells for 14 days was shown
to produce a BM-like structure with expression of laminin,
collagen 1V, fibronectin, and heparan sulfate proteoglycans
[66]. This epithelial-myofibroblasts co-culture system was
later used to study intestinal epithelial wound healing [67].

In rabbit corneas treated with a low-correction non-
fibrotic —3.0D PRK, the regeneration of epithelial BM showed
a strong association with the formation of an active repair
corneal fibroblast phenotype in the sub-epithelial stroma.
Because the corneas were treated only with a low-correction
PRK, no fibrosis was expected, and so there was no formation
of alpha-SMA-positive myofibroblasts at the site of injury.
The sub-epithelial and the anterior stroma were mostly
populated with vimentin-positive fibroblasts. At early time
points post-PRK, the vimentin-positive cells could also be
fibrocytes derived from bone marrow [17,27]. In the initial
few weeks after PRK, defective epithelial BM regeneration,
which altered the epithelial stromal interaction, was observed
[68]. This also allowed for the diffusion of growth factors
such as fibroblast growth factor (FGF) and cytokines in the
stroma, which trigger the formation of fibroblasts. At 4 weeks
after PRK, 80-90% of the epithelial BM was regenerated,
as indicated by the nidogen-1 expression. Meanwhile, the
anterior stroma was also populated with vimentin-positive
alpha-SM A-negative fibroblasts at this time point. Nidogen-1
and perlecan act as bridging molecules inter-connecting
the laminin and collagen IV networks, thus maintaining
the stability and structure of epithelial BM [69]. Based on
previous in vitro laboratory findings and rabbits treated with
non-fibrotic —4.5D PRK, it is known that the stromal cells
primarily contributed perlecan, nidogen-1, and collagen IV
expression, although epithelial cells mainly produced laminin
alpha-5 and laminin beta-3 in a regenerating epithelial BM
[68,70].

The regeneration of BM acts as a barrier to tear- and
epithelium-derived pro-fibrotic growth factors [11]. This
also inhibits the production of growth factors by the corneal
epithelial cells. This is likely the reason why at the end of
8 weeks after PRK, the formation of a fully-regenerated
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epithelial BM showed no evidence of vimentin-positive fibro-
blasts in the stroma. The regeneration of epithelial BM also
regulates the movement of growth factors, such as HGF and
KGF, from the stroma to the epithelium [18,20]. The reduced
availability of growth factors limits epithelial hyperplasia and
hypertrophy, which are commonly observed at earlier time
points, and returns the epithelium to its normal morphology
once the epithelial BM is fully regenerated. Prior studies have
also confirmed that at 8 weeks after —4.5D PRK, the stroma
is populated only with keratocytes [68]. Because of the lack
of availability of growth factors, it is likely that the fibro-
blasts either dedifferentiated into keratocytes or underwent
apoptosis. This study confirmed that even in cornea with
mild injuries (when there is no formation of myofibroblasts),
there is formation of fibroblasts, which in coordination with
epithelial cells regenerate the epithelial BM.

Approximately 2 weeks of organotypic cultures appeared
to be optimal for corneal epithelial cells and corneal fibro-
blasts to generate epithelial BM with normal morphology,
which was analyzed using IHC for BM components. Thus,
these organotypic cultures appear to be an optimal model for
studying the interactions between corneal epithelial and fibro-
blast cells involved in epithelial BM regeneration and possibly
in experiments to explore the role of the epithelial BM in
modulating the localization—and therefore function—of tear
and epithelium-derived growth factors (e.g., TGF beta-1) and
corneal fibroblast-derived growth factors (e.g., HGF and
KGF/FGF-7) [18]. These organotypic cultures should also be
useful for studying the effects of other epithelial and stromal
cytokines (e.g., interleukin-1 alpha) and growth factors (e.g.,
PDGF) on epithelial BM regeneration [12,21].

The major limitation of this study is that the 3D organo-
typic cultures were established only for a single time point.
Having multiple time points to observe the progress of the
3D culture might facilitate study of the exact time point at
which the epithelial BM started to assemble. It may also help
reveal which components are responsible for early epithelial
BM development, although the literature strongly supports
the role of epithelial cell-produced laminins, such as laminin
alpha-5, in beginning the formation of the epithelial BM
[4,50]. The authors increased the incubation time to 30 days
in some experiments to determine if a longer incubation
resulted in the formation of epithelial BM in co-cultures with
myofibroblasts. However, myofibroblasts and epithelial cells
did not produce epithelial BM even with the longer culture
time.

It remains to be determined precisely how the BM
components released by fibroblasts and epithelial cells are
targeted at the stromal—epithelial interface and are correctly
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organized and integrated within the matrix. In future studies,
the mode of communication between the fibroblast and
epithelial cells in assembling the BM needs to be further
elucidated.

APPENDIX 1. SINGLE CELL CONTROLS
SHOWING EXPRESSION FOR LAMININ ALPHA
5, PERLECAN AND NIDOGEN-1.

To access the data, click or select the words “Appendix
1.” Representative IHC for laminin alpha-5, perlecan, and
nidogen-1 in organotypic cultures prepared with a single
cell type. Corneal fibroblasts when cultured alone, showed
expression of perlecan and nidogen-1, but very low laminin
alpha-5 expression. In corneal myofibroblasts, the expres-
sion of laminin alpha-5 and perlecan is less compared to
the corneal fibroblasts, with very low to no expression of
nidogen-1 in each batch cultured. Blue is DAPI stained nuclei.
Mag. 200X.

APPENDIX 2. SINGLE CELL CONTROLS
SHOWING EXPRESSION FOR LAMININ BETA 3
AND COLLAGEN IV.

To access the data, click or select the words “Appendix
2.” Representative IHC for laminin beta-3 and perlecan in
organotypic cultures prepared with a single cell type. Both
corneal fibroblasts and myofibroblasts expressed collagen
type IV, but no expression of laminin beta-3, when cultured
alone. Blue is DAPI stained nuclei. Mag. 200X.

APPENDIX 3. COMPARISON OF 3D CULTURES
PREPARED FROM TWO DIFFERENT BATCH OF
EPITHELIAL CELLS.

To access the data, click or select the words “Appendix 3.”
Triplex IHC for laminin alpha-5, perlecan and nidogen-1 in
3D cultures prepared with two different batches of epithe-
lial cells. Epithelial cells procured commercially from two
different companies—Cell Applications (labeled as Epi2) and
Cell Biologics (labeled as Epi 3)—were used to prepare 3D
cultures in combination with corneal fibroblasts or myofi-
broblasts generated from corneal fibroblasts. The fibroblasts
and myofibroblasts derived from the same batches of primary
cells were used with both lots of epithelial cells for better
comparison. The formation of a well assembled epithelial
BM, observed via the presence of laminin alpha-5 (green),
perlecan (red) and nidogen-1 (yellow) as a thin sheet, only
when epithelial cells are cultured in the presence of corneal
fibroblasts in the collagen matrix. No evidence for epithelial
BM assembly was observed when the epithelial cells are
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cultured with myofibroblasts. Blue is DAPI stained nuclei.
Mag. 200X.
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