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Abstract

Corneal endothelium is a cellular monolayer positioned on the Descemet’s membrane at the
anterior cornea, and it plays a critical role in maintaining corneal clarity. Our present study
examines the feasibility of utilizing our 3-dimensional (3D) corneal stromal construct, which
consists of human corneal fibroblasts (HCF) and their self-assembled matrix, to observe the
development and maturation of human corneal endothelial cells (HCEndoCs) in a co-culture
model. Three-dimensional HCF constructs were created by growing the HCFs on Transwell
membranes in Eagles’ minimum essential medium (EMEM) + 10% FBS + 0.5mM Vitamin C
(VitC) for about 4 weeks. HCEndoCs, either primary (pHCEndoC) or cell line (HCEndoCL), were
either seeded in chamber slides, directly on the Transwell membranes, or on the 3D HCF
constructs and cultivated for 5 days or 2 weeks. The HCEndoCs that were seeded directly on the
Transwell membranes were exposed indirectly to HCF by culturing the HCF on the plate beneath
the membrane. Cultures were examined for morphology and ultrastructure using light and
transmission electron microscopy (TEM). In addition, indirect-immunofluorescence microscopy
(IF) was used to examine tight junction formation (ZO-1), maturation (ALDH1A1), basement
membrane formation (Laminin), cell proliferation (Ki67), cell death (caspase-3), and fibrotic
response (CTGF). As expected, both pHCEndoCs and HCEndoCLs formed monolayers on the
constructs; however, the morphology of the HCEndoCLs appeared to be similar to that seen in
vivo, uniform and closely packed, whereas the pHCEndoCs remained elongated. The IF data
showed that laminin localization was present in the HCEndoCs’ cytoplasm as cell-cell contact
increased, and when they were grown in the 3D co-culture, the beginnings of what appears to be a
continuous DM-like structure was observed. In addition, in co-cultures, ALDH1AZ1-positive
HCEnNdoCs were present, ZO-1 expression localized within the tight junctions, minimal numbers
of HCEndoCs were Ki67- or Caspase-3-positive, and CTGF was positive in both the HCEndoCs
cytoplasm and the matrix of the co-culture. Also, laminin localization was stimulated in
HCEnNdoCs upon indirect stimuli secreted by HCF. The present data suggests our 3D co-culture
model is useful for studying corneal endothelium maturation in vitro since the co-culture promotes
new DM-like formation, HCEndoCs develop in vivo-like characteristics, and the fibrotic response
is activated. Our current findings are applicable to understanding the implications of corneal

CORRESPONDING AUTHOR: Xiaoging Guo, 20 Staniford Street, Boston, MA 02114, USA, Xiaoqing_Guo@meei.harvard.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors have no commercial interests to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutcheon et al. Page 2

endothelial injection therapy, such as if the abnormal DM has to be removed from the patient, the
newly injected endothelial cells will seed onto the wound area and deposit a new DM-like
membrane. However, caution should be observed and as much of the normal DM should be left
intact since removal of the DM can cause a posterior stromal fibrotic response.
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Endothelium; Descemet’s membrane; maturation; development; 3D culture model

1. INTRODUCTION

The cornea is a transparent avascular tissue at the front of the eye, which enables the light to
transmit and focus on the retina for optimal vision. The human cornea consists of the
following layers: epithelium, basement membrane, Bowman’s membrane, stroma,
Descemet’s membrane (DM), and endothelium (Nishida and Saika, 2011; Teichmann et al.,
2013). All these layers are important for maintaining corneal clarity, structure, and/or
function, including the endothelium, which, when in vivo, consists of a monolayer of
specialized homogeneous closely-packed flattened hexagonal cells that are attached to the
DM at the anterior border and maintained in a non-proliferating state (Joyce, 2003). These
cells and their monolayer structure are responsible for regulating corneal hydration,
preserving corneal thickness, and maintaining corneal clarity by governing fluid and solute
transport across the posterior surface of the cornea through discontinuous tight junctions and
ionic “pumps” (Edelhauser, 2006; Parekh et al., 2016), which are crucial for corneal health
and vision.

Human corneal endothelial cells (HCEndoCs) cannot fully regenerate in vivo; therefore,
their response to cell loss due to aging (Kochar et al., 2016; Laing et al., 1976), trauma
(Khan et al., 2017; Motley et al., 2003; Slingsby and Forstot, 1981; Yeniad et al., 2010), or
corneal endothelial disorders (Fahmy, 2018; Gagnon et al., 1997; Kheirkhah et al., 2015),
such as Fuchs’ dystrophy (Elhalis et al., 2010; Shearer et al., 2016; Syed et al., 2017), is to
enlarge and slide along the DM to cover the area previously occupied by the lost cells (Choi
et al., 2015; Matsubara and Tanishima, 1983; Tuft and Coster, 1990). Normally, HCEndoCs
density in young adults is 3000 to 3500 cells/fmm? (Sanchis-Gimeno et al., 2005), and when
this density decreases below a critical number (usually between 400 to 500 cells/mm?),
corneal edema ensues, causing vision loss (Shihadeh et al., 2010; Ventura et al., 2001).
Currently, the solution to restore vision due to a dysfunctional endothelium is to replace it
with a healthy donor endothelium by means of corneal endothelial transplantation (Shihadeh
et al., 2010). However, all penetrating transplantations, including penetrating keratoplasty
(PKP) (Inoue et al., 2000; Poschl et al., 2013; Sugar and Sugar, 2000), endothelial
keratoplasty (Deep Lamellar Endothelial Keratoplasty [DLEK]) (Terry and Ousley, 2001,
2003), Descemet’s stripping with automated endothelial keratoplasty (DSAEK) (Gorovoy,
2006; Koenig and Covert, 2007; Lee et al., 2009), Descemet’s membrane endothelial
keratoplasty (DMEK), and Descemet’s membrane automated endothelial keratoplasty
(DMAEK) (Dapena et al., 2009; Dapena et al., 2011; Guerra et al., 2011; Maier et al.,
2013a; Maier et al., 2013b; Naveiras et al., 2012; Parker et al., 2012; Terry, 2012), require a
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donor cornea, which is often difficult to obtain due to the global shortage of transplant-grade
donor corneal tissue. In addition, in some cases after graft failure in young patients, limited
regeneration has been observed (Teichmann et al., 2013). Therefore, alternatives, such as
cultured endothelial transplantation therapies, are being investigated (Amano et al., 2005; Ju
etal., 2012; Kim et al., 2018; Kruse et al., 2018; Mimura et al., 2013; Wang et al., 2016).
The idea behind these therapies is to transplant cultivated HCEndoCs, either as single cells
or in a sheet, to the denuded DM of the host (Choi et al., 2010; Hayashi et al., 2009; Hitani
et al., 2008; Kinoshita et al., 2018; Lai et al., 2007; Madden et al., 2011; Okumura et al.,
2018; Parikumar et al., 2018; Rolev et al., 2018; Sumide et al., 2006; Watanabe et al., 2011).
Some additional benefits to this therapy, other than using less donor tissues, would be a
reduction in potential side effects, such as scarring, inflammation, and glaucoma, as well as
a decrease in corneal endothelial density and immune-mediated graft rejection. Also,
conceptually, it may be possible to utilize an autologous transplant of the patient’s own
cultivated HCEndoCs.

Cell injection therapy, which is one of the suggested methods for endothelial replacement
(Kinoshita et al., 2018; Okumura et al., 2016; Rolev et al., 2018; Shen et al., 2017), involves
the injection of cultivated HCEndoCs into the anterior chamber. This therapy raises many
unanswered questions: (1) Does the presence of the DM affect the restoration of endothelial
function? (2) Is the presence of the DM necessary for the endothelial cells to differentiate?
And, (3) do transplanted endothelial cells reform or deposit new DM? Indeed, data from
Okumura et al. (Okumura et al., 2018) showed that denuded DM might still be a problem for
cell injection therapy because Fuchs’ dystrophy DM exhibits clinically abnormal structural
features, and advanced corneal guttae adversely affect vision quality, even in patients
without corneal edema. The turnover time of corneal guttae is not certain, so in cases such as
these, removal of the abnormal DM may be necessary. However, research by Dr. Chen and
colleagues showed that DM supports corneal endothelial cell regeneration in rabbits after
endothelial injury (Chen et al., 2017), and Wilson et al. showed that removal of the DM
caused severe posterior stromal fibrosis (Medeiros et al., 2018). In addition, in an in vitro
human corneal model, the direct transplantation of cultured HCEndoCs to the bare posterior
corneal stroma resulted in the formation of an endothelial monolayer and the restoration of
stromal hydration, thus restoring the physiological thickness and demonstrating the
feasibility of cell therapy in the treatment of corneal endothelial decompensation (Rolev et
al., 2018). The mechanisms by which the cells interact after transplantation remain
unknown. In the present study, we utilized our cell-based 3-dimensional (3D) corneal
stromal construct model (Guo et al., 2007) to examine these mechanisms and test if
HCENdoCs can differentiate into mature endothelium and form a DM in co-culture.

2. MATERIAL AND METHODS

This study adheres to the tenets of the Declaration of Helsinki and all donor eyes were
received from the National Disease Research Interchange (NDRI; Philadelphia, PA). The
Schepens Eye Research Institute IRB deemed these experiments to be exempt.
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2.1. Human Corneal Fibroblast (HCF) and 3D Construct

Human corneal fibroblasts (HCFs) were isolated and cultured as previously described (Guo
et al., 2007). Briefly, human corneal stromal explants from donor corneas, were placed in 6-
well plates with Eagle’s minimum essential medium (EMEM: ATCC; Manassas, VA) + 10%
fetal bovine serum (FBS: Atlantic Biologicals; Lawrenceville, CA) and incubated at 37°C
with 5% CO», until sufficient HCF migrated from the explants. The HCF then were seeded in
6-well Transwell plates containing polycarbonate membrane inserts with 0.4pm pores
(Corning Costar; Charlotte, NC) at 108cells/ml in construct medium [EMEM + 10% FBS
and 0.5uM 2-O-a-D-glucopyranosyl-L-ascorbic acid (VitC: Wako Chemical USA; Inc.;
Richmond, VA)] for ~4 weeks to produce 3D HCF constructs. By this time, the cells within
the constructs will be stratified to form multiple layers within a secreted self-assembled
matrix (Guo et al., 2007; Ruberti and Zieske, 2008), and the cells in the mid-portion of the
construct will have a more dendritic morphology (Ren et al., 2008; Thompson et al., 2013).

2.2. Human Corneal Endothelial Cells (HCEndoCs) and Co-Culture Assembly

Both primary HCEndoCs (pHCEndoC) and cell line (HCEndoCL.: a gift from Dr. May
Griffith, University of Montreal, Montreal, Canada)(Griffith et al., 1999) were utilized in
these studies. To obtain pHCENdoCs, the endothelium and DM were carefully dissected
from donor corneas (NDRI), and cultivated using the protocol established in Dr. Joyce’s
laboratory (Chen et al., 2001; Joyce, 2005; Zhu and Joyce, 2004). All HCEndoCs were
grown in “Chen’s” medium (Zhu and Joyce, 2004), and when a sufficient number of cells
were obtained, they were used for the following experiments: direct co-culture, indirect co-
culture, and HCENndoCs only. All cultures were processed for indirect-immunofluorescence
(IF) (Karamichos et al., 2010) (Zieske et al., 2001) or transmission electron microscopy
(TEM) (Gipson et al., 1983). Experiments were performed at least three times for each
condition.

2.2.1. Direct Co-culture: HCEndoC-HCF co-cultures were established by seeding
HCEndoCs (5 x 10° cells/construct) on the 4-week 3D HCF construct. “Chen’s” medium
was added to the top (or inner) well of the transwell insert to allow the medium to feed the
HCEnNdoCs, while construct medium was applied to the outer well in order to be in contact
with the bottom of the transwell membrane, thus feeding the HCF. Cultures were maintained
for either 5 days or 2 weeks, and at the appropriate time, they were either frozen, fixed in 4%
paraformaldehyde or 1/2 strength Karnovsky’s, and processed for IF or TEM, respectively.

2.2.2. Indirect Co-culture: In addition to the direct co-culture, HCEndoCs were
exposed indirectly to HCF and examined. For these experiments, HCEndoCs were cultivated
directly on the polycarbonate membrane of the 6-well transwell inserts + HCF, which were
grown at the bottom of the 6-well plate. “Chen’s” medium was added to the inner well of the
transwell and construct medium was added to the outer well. Cultures were maintained for
either 5 days or 2 weeks, and at the appropriate time they were either fixed in 4%
paraformaldehyde or 1/2 strength Karnovsky’s, and processed for IF or TEM, respectively.

2.2.3. HCEndoCs Only: In addition to co-culture studies, HCEndoCs only were seeded
in glass chamber slides for 2-dimensional (2D) studies and cultivated in “Chen’s” medium.
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Cells were maintained as either single cell (a few cells with limited cell-cell contact) or
confluent (cell-cell contact) cultures, and at the appropriate time, they were fixed with ice-
cold methanol for 10 minutes at —20°C and processed for IF.

2.3. Indirect-Immunofluorescence Staining (IF)

To examine for specific endothelial components, samples were incubated with primary
antibodies against Laminin (cat# Z0097: DAKO; Carpinteria, CA), Aldehyde dehydrogenase
1 family, member A1 (ALDH1A1, cat# ab23375: Abcam; Cambridge, MA), Connective
Tissue Growth Factor (CTGF, cat# ab59681: Abcam), Zonula occludens-1 (ZO-1, cat#
339100: Life Technologies; Grand Island, NY), Caspase-3 (cat# 9661: Cell Signaling;
Danvers, MA), and Ki67 (cat# VVP-K452: \ector Laboratories Inc.; Burlingame, CA), and
then incubated with corresponding secondary antibody (Jackson ImmunoResearch; West
Grove, PA), as previously described (Karamichos et al., 2010). TOPRO-3 iodide (642/661,
cat# T3605: Thermo Fisher Scientific; Waltham, MA) or DAPI (cat# H-1200: Vector
Laboratories) were used as counterstains to mark all cell nuclei. Whole mount samples were
observed and imaged using either a confocal TCS-SP2 or TCS-SP5 Leica microscope (Leica
Microsystems; Bannockburn, IL). Frozen sections and 2D cultures were observed with a
Nikon Eclipse E800 microscope equipped with an Andor Clara E camera and Nikon NIS
Elements for Basic Research (Micro Video Instruments; Avon, MA). Negative controls,
where primary antibody was omitted, were performed with every experiment, and each
experiment was performed at least three times.

2.4. Light Microscopy and Transmission Electron Microscopy (TEM)

The co-culture constructs were collected, fixed in 1/2 strength Karnovsky’s fixative [2%
paraformaldehyde and 2.5% glutaraldehyde in cacodylate buffer (pH 7.4)] and processed for
TEM by using standard procedures, as described previously (Gipson et al., 1983). A
diamond knife ultramicrotome (LKB Ultramicrotome; Bromma, Sweden) was used to cut
transverse to the plane of the construct. The sections were collected for both light
microscopy and TEM. For light microscopy, optical thick sections of 1 to 2 pm were
obtained and stained with phenylenediamine and viewed and photographed with an Eclipse
E800 microscope equipped with a SPOT camera (Micro Video Instruments). For TEM, 60-
to 90-A sections were obtained, viewed, and photographed (TEM model 410: Philips
Electronics NV, Eindhoven, The Netherlands).

2.5. Statistical Analysis

All experiments were repeated at least 3 times and data was analyzed with Prism (GraphPad
Prism v.5.0b; La Jolla, CA) for significance (p<0.05 to p<0.001) using the Student’s t-test
and Dunnett’s Multiple Comparison test.

3. RESULTS

3.1. Formation of an endothelial monolayer on 3D construct

Using the co-culture model, both pHCEndoC and HCEndoCL were seeded on 3D HCF
constructs. Since corneal endothelium is normally maintained in aqueous humor, these co-
cultures were maintained fully submerged in “Chen’s” medium. The endothelial cells grew
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slowly, and formed a nearly, if not exact, monolayer on the 3D constructs over time (Fig. 1).
By 5 days co-culture (Fig. 1A,B), both the pHCENndoC (Fig. 1A) and HCEndoCL (Fig. 1B)
were present on the 3D HCF construct, but they were more elongated than normal
endothelial cells. By 14 days (Fig. 1C,D), the endothelial cells were closer together and
more evenly distributed on the 3D HCF constructs than at 5 days (Fig 1A,B), indicating that
the endothelial cells were proliferating and cell density was increasing with time. When
examined by TEM (Fig. 1E), the endothelial cells were shown to have formed a fairly
uniform monolayer on the 3D HCF construct. Interestingly, even though both the
pHCEndoC and HCEndoCL grew and formed monolayers on the 3D HCF construct, the
HCEnNdoCL consistently produced an endothelium that was more similar to what was
observed in vivo. The main reason for this may be that pHCEndoC grew slower than
HCEndoCL in culture, which may be resolved by increasing the number of pHCEndoC
originally seeded or the length of time in the co-culture. Alternatively, this difference in
maturation may be due to the possibility of the pHCEndoCs undergoing apoptosis or
transforming into other cell types, which are common difficulties observed in endothelial
cell cultures (Kim et al., 2014; Parekh et al., 2017; Peh et al., 2015; Schmedt et al., 2012). In
our culture system, apoptosis was noted later in the study and EMT transformation was not
observed in the 3D co-culture.

3.2. Deposition of New DM-like structure in Co-culture

To examine for DM deposition, endothelial cells in 2D (single and confluent) culture and 3D
(5d and 14d) co-culture were assayed by IF for the expression of laminin, a component of
DM, and observed by TEM, for DM formation. As seen in Figure 2, immunolocalization of
laminin was observed in both the 2D cultures and 3D co-cultures; however, only punctate
laminin was observed in the cytoplasm of a few HCEndoCL in the 2D single cell culture
(Fig. 2A), whereas uniform cytoplasmic laminin was present in the confluent 2D culture
(Fig. 2B), indicating that when the endothelial cells come in contact with one another,
laminin production increases within the cells. After 5 days in 3D co-culture (Fig. 2C),
laminin was localized in the cytoplasm of the HCEndoCLs, as with the confluent cells (Fig.
2B); however, laminin also appeared as distinct lines between HCEndoCLs and along the
interface between the HCEndoCL monolayer and the 3D HCF construct, indicating that the
HCEndoCLs were producing laminin and the laminin was beginning to localize in a more
specific manner. By 14 days in co-culture (Fig. 2D), the laminin localized in a more
continuous band underneath the endothelium at the endothelium/construct interface,
indicating the possibility of an early stage formation of DM-like structure. Both 5 and 14
days co-cultures were then examined for DM formation by TEM. By 5 days co-culture, there
was an indication of the formation of a membrane-like structure (Fig. 2E, arrow); however, it
was patchy. This agrees with the laminin localization observed in Figure 2C. After 14 days
in co-culture, a linear membrane-like structure, almost across the entire endothelium/
construct interface, was present (Fig. 2F, arrows), agreeing with the laminin localization
observed in Figure 2D. Taken together, these data indicate that endothelial cells in contact
with one another produce laminin, and when applied to a 3D stroma-like matrix will secret
DM components, which over time produce the beginnings of a continuous DM-like
structure, suggesting that injected cells will have the ability to produce new DM in vivo.

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutcheon et al.

Page 7

3.3. Differentiation of endothelial cells on 3D constructs

Knowing that endothelial cells produce the beginnings of a DM-like structure over time in
the 3D co-culture (Fig. 2C-F), and they produce laminin, a DM component, in 2D culture
when they are confluent (Fig. 2B), we examined these cells for signs of differentiation with
ALDH1Al and ZO-1 by IF. ALDH1A1, which is a corneal crystallin that helps maintain the
transparency of the cornea (Jester et al., 1999), is a known marker of differentiated,
quiescent cells (Obermair et al., 2010; Tanaka et al., 2015). ZO-1 is a tight junction protein
that is present in the intercellular borders between differentiated endothelial cells, thereby
acting indirectly as a marker of differentiation. As seen in Figure 3, little, if any, ALDH1Al
was present in both 2D cultures (single and confluent: Fig. 3A,B); however, in 3D co-
culture, ALDH1A1 localization was observed in the cytoplasm of the HCEndoCLs (Fig.
3C,D), indicating that HCEndoCLs in co-culture were differentiating. Unlike ALDH1AL,
Z0-1 was detected in both the 2D culture and 3D co-culture (Fig. 4). In 2D single cell
culture, ZO-1 appeared to localize in the cytoplasm of the HCEndoCLs (Fig. 4A); however,
when the HCEndoCLs in the 2D culture were allowed to make cell-cell contact, the ZO-1
localized within the tight junctions (Fig. 4B). This localization was also apparent in the
HCEndoCLs in co-culture (Fig. 4C,D), suggesting that substrate is not important, but cell
density is for ZO-1 expression in HCEndoCLs. Also, based on our ZO-1 data, the
HCEnNdoCs did not transform into EMTSs in 3D co-culture. These data indicate that 3D HCF
constructs provide a good substrate for endothelial cell differentiation in vitro. In addition,
the results imply that cultured single cells have the ability to differentiate to mature
endothelium in vivo after cell injection.

3.4. Cellular Profile of endothelial cells seeded on 3D constructs

In vivo, human corneal endothelial cells are normally in a quiet, non-proliferating state, even
after wounding or disease (Joyce, 2005). However, in order for the endothelial cells that
were seeded onto our 3D HCF constructs to repopulate, the cells need to proliferate. This
also would be the case for endothelial cells injected into the anterior chamber during
endothelial injection therapy. In theory, after a monolayer is reached and the cells have
differentiated, they should no longer proliferate since they grow in a contact-inhibited
fashion in vitro (Peh et al., 2013; Schmedt et al., 2012). As seen in Figure 5A, 5-day co-
culture was immunolocalized with Ki67, a marker of proliferation. A few HCEndoCLs were
observed to be Ki67 positive, indicating that some cells were still proliferating and the
endothelial cells had yet to produce a complete monolayer. In addition to proliferation, we
would expect some of these cells to undergo apoptosis, since it is hard to avoid cell
senescence during cell culture (Campisi and d’Adda di Fagagna, 2007). Therefore, 5-day co-
culture tissue was examined for apoptosis by immunolocalization with caspase-3. As seen in
Figure 5B, a few caspase-3-positive HCEndoCLs were observed, suggesting that some of the
endothelial cells were undergoing apoptosis (Fig. 5B). Finally, CTGF, a central mediator of
tissue remodeling and fibrosis (Lipson et al., 2012), was observed by IF in the 5-day co-
culture (Fig. 5C). CTGF localization was apparent in both the HCEndoCL cytoplasm and
the HCF matrix. These results were consistent with the corneal wound repair process, since
the 3D co-culture is a model of endothelial wound healing on stroma. Taken together, these
results suggest that even though the amount of cells seeded onto the 3D HCF construct were
not exactly the number of cells needed to fully cover the construct, they were capable of
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proliferating to increase the endothelial population in order to form a complete monolayer.
In addition, the unhealthy cells were removed by apoptosis, thus allowing the healthy cells
to repopulate, differentiate, and mature. Finally, this whole process for the endothelial cells
is a wound-healing process, which can activate the fibrotic response; therefore, it is
important to make sure that this fibrotic response does not interfere with the clarity of the
co-culture. All of these results can be applied to endothelial injection therapy and caution
should be observed when removing the DM due to the fibrotic response observed in the co-
culture.

3.5. Cell-cell contact is not necessary for communication

To examine if cell-cell contact was the only way for HCEndoCs and HCF to communicate,
endothelial cells were grown for 2 weeks directly on the transwell membrane and exposed *
HCF growing on the plate surface underneath the membrane. These samples then were
examined for laminin expression to observe if the endothelial cells matured in a similar
fashion as in co-culture, which had direct contact between cells. As seen in Figure 6, both
pHCEndoCs and HCEndoCLs with no exposure to HCF showed only punctate laminin
localization in a few cells (Fig. 6A, C, respectively). However, when these cells were
exposed to the HCF on the bottom of the culture dish, the laminin localization was much
stronger and uniform across the sample (Fig. 6B, D, respectively), indicating that HCF are
involved in the secretion of DM components by HCEndoCs, and this regulation may be
directed by cell-cell contact or by indirect stimuli from HCF media. This data suggests that
before cell injection therapy, the abnormal endothelium and its underlying DM can be
removed from the host if necessary, because the stromal cells will assist the newly injected
endothelial cells to reform a new DM-like structure; however, keep in mind the possibility of
a fibrotic response in the posterior stroma.

4. DISCUSSION

In order for corneal endothelial injection therapy to succeed in the recovery and maintenance
of corneal transparency, the newly replenished endothelial cells in the host’s anterior
chamber must seed onto the posterior stromal surface, and then recover the Descemet’s
membrane (DM) and the barrier and pump functions. The mechanisms behind these
processes are extremely challenging to study due to the expense and difficulties of
performing the experiments in human and/or primates (Tardif et al., 2013). In addition, very
often the symptoms and responses to potential treatments seen in other species are dissimilar
to those of human patients (Humane Society International, 2018). In the present study, we
demonstrated that the cell-based 3D corneal stromal construct developed in our lab provides
a good substrate for the differentiation of cultured human corneal endothelial cells and the
formation of a new DM-like structure in vitro, thus mimicking the in vivo process of
endothelial injection therapy. Ideally, pHCEndoCs would have been used in all experiments;
however, multiple problems occur during pHCEndoC expansion, such as the transformation
of endothelial cells into a fibroblastic phenotype (Beaulieu Leclerc et al., 2018; Okumura et
al., 2013; Peh et al., 2011; Zhu et al., 2012), massive apoptosis during isolation from donor
corneas (Numata et al., 2014; Okumura et al., 2009), and limited proliferative ability (Joyce,
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2005, 2012; Senoo and Joyce, 2000). Therefore, in addition to pHCEndoC, we also
examined an endothelial cell line (HCEndoCL) as an alternative.

In the present study, we demonstrated that when both pHCEndoCs and HCEndoCLs were
grown on the 3D HCF construct, they both formed a monolayer sheet (Fig. 1). In addition,
we observed that the substrate the HCEndoCs were grown on, as well as cell density,
affected cell differentiation. For example, the ALDH1A1 and ZO-1 data (Figs. 3 and 4,
respectively) showed that compared with the single cells on glass slides (Figs. 3A and4A,
respectively), the cells that were grown at a higher density so that they would make cell-cell
contact, increased the ALDH1A1 and ZO-1 localization (Figs. 3B and4B, respectively), thus
increased endothelial differentiation. When compared with endothelial cells cultured on the
3D HCF construct for 5 days (Figs. 3C-D and 4C-D, respectively), the differentiation
markers’ expression was much stronger than on the glass slide, allowing for ZO-1 to clearly
localize on the membrane between cell-cell junctions. These data indicate that the 3D HCF
construct provides a good substrate for the study of HCEndoC differentiation in vitro, and
the HCENdoC do not transition to EMT. Our observations were consistent with a previous
study conducted by Drs. Bourget and Proulx (Bourget and Proulx, 2016), which tested the
expression of both Na+/K+ ATPase pumps and Na+/HCO3- co-transporter in corneal
endothelial cells seeded on stromal substitutes after 28 days and concluded that self-
assembled stromal substitutes support the expression of endothelial cell functionality
markers.

DM is synthesized by corneal endothelium during both prenatal and postnatal periods of life
(Murphy et al., 1984; Wulle, 1972). It helps maintain the corneal endothelial phenotype and
functions under physiological conditions (Chen et al., 2017). So far, little is known how DM
contributes to corneal endothelial wound healing. Corneal endothelial injection therapy is a
process that transplants cultivated human corneal endothelial cells to the denuded DM of the
host by injection into the anterior chamber. However, it is not clear if the presence of the DM
is necessary for the endothelial cells to differentiate and mature. The data from Okumura et
al. (Okumura et al., 2018) showed that denuded DM might still be a problem, which
disagrees with Chen et al., who showed that DM supports corneal endothelial cell
regeneration in rabbits after endothelial injury (Chen et al., 2017). However, studies by Dr.
Steve Wilson’s laboratory (Medeiros et al., 2018)) showed that removal of the DM led to
severe posterior fibrosis of the cornea within a month of surgery, which may be due to an
increase in TGF-P that penetrated into the stroma from the aqueous humor causing the
keratocytes and bone marrow-derived fibrocytes to transform into myofibroblasts. Since the
DM is important for corneal endothelial functioning, as well as the prevention of corneal
fibrosis, and there is no direct evidence to answer if transplanted endothelial cells reform the
DM in vivo, it would be a huge risk to strip the DM from the diseased area along with the
endothelium. In order to investigate whether HCEndoCs can deposit a new DM on a
denuded matrix, we examined our 3D co-cultures for laminin, which is one of a group of key
proteins found in the DM. We found that by 14 days in co-culture, an almost continuous
band of laminin was present at the endothelium/construct interface (Fig. 2D). This was
confirmed by TEM, which showed the presence of an early stage DM-like structure (Fig.
2F), indicating that HCEndoCs seeded directly onto the 3D HCF construct in vitro can secret
laminin and potentially form a new DM-like structure. Our observation is consistent with the
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study by Drs. Bourget and Proulx (Bourget and Proulx, 2016), who observed a thin line of
type IV collagen, another DM component, underneath the endothelial cells after 28 days in
culture on an engineered stroma. These data indicate that for corneal endothelial injection
therapy, if the removal of the diseased DM is necessary, the injected single epithelial cells
will generate a DM-like structure on the denuded host’s matrix in vivo, which potentially
may restore the ability of the host’s cornea to modulate TGF-p penetrating from the aqueous
humor to the stroma. However, more experiments will need to be performed in order to
establish the relationship between injected cells, DM, and corneal fibrosis.

Interactions amongst neighboring cells are essential for most functions of the cornea,
including the development, regeneration, and homeostasis. Cell-cell communication has
been thought to consist of the release of numerous soluble growth factors and cytokines to
direct corneal wound repair. In addition to local cell-cell communication, secreted factors
also play a key role in the interaction amongst cells located further apart (Becker et al.,
2016; Han et al., 2017; Kalluri, 2016). By growing HCEndoCs on transwell membranes for
2 weeks with HCF growing on the surface of the plate underneath, we were able to examine
distal communication between the HCEndoCs and HCF while avoiding cell-cell contact, and
we found that when HCEndoCs were exposed to HCFs, the laminin localization was
stronger and more uniform, indicating that HCF are involved in the secretion of DM
components by the HCEndoCs, and this regulation may be direct, via cell-cell contact (Fig.
2), or indirect, by stimuli from HCF media (Fig. 6). Now that we know that the HCFs
influence the HCEndoCs, the next step in our studies will be to determine what the stimuli
produced by the HCF might be: growth factors, cytokines, extracellular vesicles, or
something else.

In conclusion, our current findings that our 3D HCF construct stimulates the seeded corneal
endothelial cells to differentiate and mature, promote new DM-like structure formation, and
enhance HCF regulation of stromal degradation or turnover are applicable to understanding
the clinical implications of corneal endothelial injection therapy. Our data also proves that
our 3D co-culture model will be useful in studying corneal endothelium in vitro. Further
studies will aim at understanding the mechanisms of endothelial differentiation in vitro, and
how HCF and endothelial cells regulate one another.
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HIGHLIGHTS
Endothelial cells form a monolayer on 3D constructs, similar to in vivo.

DM-like structure was observed when endothelial cells were grown on the 3D
constructs.

Endothelial cells matured in co-culture as seen by ALDH1A1 and ZO-1
localization.

Endothelial cells activated the fibrotic response in 3D constructs in co-culture.

Cell communication occurs through direct contact and indirect stimuli.

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Hutcheon et al. Page 17

A

. i \

el v
-"‘\"S'G‘ ;

Figure 1.
Co-culture of human corneal endothelial cells (HCEndoCs) on 3D human corneal fibroblast

(HCF) construct. Brightfield of 5 (A, B) and 14 (C, D) day co-culture showing pHCEndoCs
(A, C) and HCEndoCL (B, D) forming a single layer on top of the 3D HCF construct. (E)
TEM of HCEndoCL co-culture shows a fairly packed uniform monolayer of endothelium on
the 3D HCF construct. “]” indicates HCEndoC layer; C = construct; M = matrix;
HCEndoCL = human corneal endothelial cell line; HCF = human corneal fibroblast; Bars =
50 microns (A-D) and 10 microns (E).
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Figure 2:
Laminin localization and DM formation. (A and B) 2D culture of HCEndoCL. (A) Single

cells, or cells that have little physical cell-cell contact. (B) Near confluent HCEndoCL. (C-F)
Co-culture of HCEndoCL with 3D HCF construct. Frozen cross-section (C) and TEM (E) of
5-day HCEndoCL co-culture. Confocal orthoganal (D) and TEM (F) of 14-day HCEndoCL
co-culture, (A-D) Bars = 50 microns; (E-F) Bars = 500nm. Arrows indicate the beginning of
DM formation (E, F).

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutcheon et al.

Page 19

Figure 3.
ALDH1A1 localization. (A and B) 2D culture of HCEndoCL. (A) Single cells, or cells that

have little physical cell-cell contact. (B) Near confluent HCEndoCL. (C and D) Co-culture
of HCEndoCL with 3D HCF construct. Confocal maximum projection of the HCEndoCL
co-culture (C) and frozen cross-section of 5-day co-culture (D) Bars = 50 microns; Green =
ALDH1AL; Blue = DAPI (A, B, D) or TOPRO3 (C).

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutcheon et al.

Page 20

Figure 4.
Z0O-1 localization. (A and B) 2D culture of HCEndoCL. (A) Single cells, or cells that have

little physical cell-cell contact. (B) Near confluent HCEndoCL. (C and D) Co-culture of
HCEndoCL with 3D HCF construct. Confocal maximum projection of the HCEndoCL co-
culture (C) and frozen cross-section of 5-day co-culture (D) Bars = 50 microns; Green =
ALDH1AL; Blue = DAPI.
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Figure 5.
Immunolocalization of (A) Ki67, (B) Caspase-3, and (C) CTGF. Frozen cross-section of 5-

day co-culture. “]” indicates HCEndoCL layer; C = construct; Bar = 50 microns.
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Figure 6.
Laminin localization in (A, B) pHCEndoCs and (C, D) HCEndoCLs cultured for 2 weeks on

transwell membranes either without (A, C) or with (B, D) indirect exposure to HCF. Inserts
= secondary antibody controls. Green = Laminin; Blue = DAPI; Bar = 50 microns.
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