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Abstract

Cell-based therapies have been increasingly explored as a potential alternative

treatment method of corneal endothelial dysfunction. Up to date, researchers have
mainly dedicated enormous efforts to establishing fundamental techniques for culture
and characterization of human corneal endothelial cells (HCECs) and human corneal
endothelial progenitor cells (HCEPCs). However, in terms of cell delivery methods,
existing approaches have shown many limitations such as low cell delivery efficiency,
intricate processes, and inevitable damages on the cornea occurring during surgical
procedure. The problems related to cell delivery to the eye have significantly hindered
translation of the novel cell-based therapeutic systems into clinical practice. Thus,
importance of developing novel strategies for cell delivery to the corneal endothelium
has been increasingly growing. In this context, this review will discuss key approaches
investigated until recently for efficient cell delivery to the corneal endothelium along
with future perspectives on a need of developing cell delivery systems for treatment of
corneal endothelial dysfunction.

ABBREVIATIONS

HCEC: Human Corneal Endothelial Cell; HCEPC: Human
Corneal Endothelial Progenitor Cell; SPION: Superparamagnetic
Iron Oxide Nanoparticle

INTRODUCTION

The cornea is a transparent a vascular tissue constituting the
fore outer part of the eye and largely responsible for its refractive
capacity together with the lens and anterior chamber [1]. The
cornea consists of three different layers (corneal epithelium,
stroma, and endothelium) along with two acellular membranes
(Bowman'’slayer and Descemet’s membrane) located between the
layers. The corneal epithelium, the outermost layer of the cornea,
refracts light and protects the eye from external environments.
The corneal stroma is a transparent tissue composed of
extracellular matrix with sparsely distributed keratocytes and
contributes to maintaining the shape and structural integrity of
the cornea. The transparency of the stroma is retained by the
corneal endothelium, the innermost layer of the cornea.

The corneal endothelium is a monolayer of the human
corneal endothelial cells (HCECs) with polygonal morphologies.
This tissue plays a pivotal role in maintaining a dynamic balance
of fluid, nutrients and salts between the corneal stroma and
aqueous humor. The tight junction-based diffusive barriers and
active transporters of the corneal endothelium allow fluid and
its solutes to pass into the stroma and draw excess fluid and
waste products out to the aqueous humor [2-4]. This function
of the corneal endothelium relies largely on quantity and quality
of HCECs. On average, cell density of adult corneal endothelium
is 2,400 cells/mm?, ranging from 1,500 to 3,500 cells/mm? [5].
However, the density of the cells decreases with aging at a speed
of 0.5% decrease per year [6]. In addition, in contrast to the
corneal epithelial cells with highly proliferative potential, HCECs
have a very limited proliferation capacity because the cell cycle
of most of the cells is arrested in the G1 phase [7]. Therefore,
a reduction of cell density of the corneal endothelium caused
by aging, trauma, and/or disease is potentially irreversible.
Although HCECs can extend themselves and migrate toward an
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area devoid of the cells to compensate for the loss of the cell
density, accumulated damages on the corneal endothelium can
eventually lead to functional failure [1]. In this case, the corneal
stroma swells by edema, followed by collapse of the corneal
epithelial layer and loss of vision [8,9].

Currently, the only available treatment method for corneal
blindness caused by corneal endothelial dysfunction is corneal
transplantation. However, availability of donor corneas required
for the corneal transplantation is extremely limited worldwide
[10]. Moreover, the donor corneas should meet very strict
criteria, and the therapeutic outcomes can be lowered by
complications such as immune rejections [11,12]. The high cost
and needs for well-equipped surgical facilities and highly trained
specialists also limit the access to the corneal transplantation. In
this context, new therapeutic modalities for treatment of corneal
endothelial dysfunction are highly needed.

For the past decades, enormous efforts have been made to
develop a novel cell-based treatment method for regeneration
of the depopulated corneal endothelium. The concept of this
new therapeutic modality is that delivering and replenishing
HCECs or progenitor cells that can be differentiated to HCECs to
the compromised corneal endothelium. Up to date, researchers
have mainly focused on establishing fundamental techniques for
cell culture and characterization. As a result, HCECs, exhibiting
very limited proliferative capacity in vivo, now can be readily
cultured in vitro using well-designed culture media [13,14].
Corneal endothelial progenitor cells, existing in the peripheral
region of the cornea with comparatively low numbers, can also
be effectively isolated using a sphere-forming assay [15,16].
In addition, the cells can be multifacetedly characterized using
various physical and biochemical methods [17-19]. However, in
terms of cell delivery technologies to the depopulated corneal
endothelium, significant advances have not been achieved yet.
Existing cell delivery methods have shown many disadvantages
such as low cell delivery efficiency and intricate procedures,
limiting therapeutic efficacy of HCECs and the progenitor
cells. Addressing the problems related to cell delivery, thus, is
currently very critical for translation of the novel cell-based
therapeutic modality into clinical practice. Therefore, in this
review, approaches investigated until recently for efficient
delivery of corneal endothelial cells will be discussed along with
future perspectives based on a need of developing cell delivery
systems for the treatment of corneal endothelial dysfunction.

Simple cell injection to the anterior chamber

Cell injection methods have typically been used for delivery
of HCECs or corneal endothelial progenitor cells to the corneal
endothelium due to their advantages such as simple procedure
and minimal invasiveness compared to surgery. The process of
the method is generally initiated by injecting HCECs or corneal
endothelial progenitor cells suspended in appropriate media into
the anterior chamber. Based on literature survey this approach
has only been applied to animals such as rabbits and monkeys.
The animals are anesthetized and usually made to keep a prone
position so as to guide the injected cells toward the corneal
endothelium. As time progresses, the cells reach the corneal
endothelium, then are expected to attach and to be integrated
into the tissue.

For example, Mimura et al. demonstrated regenerative
effect of human corneal endothelial progenitor cells (HCEPCs)
in a rabbit model with corneal endothelium deficiency using
a cell injection method. They isolated and obtained HCECs and
HCEPCs from a cornea of the human donor. As for HCEPCs, the
cells were isolated as a form of spheres using a sphere-forming
assay, which has widely been used to separate adult stem cells or
progenitor cells [15]. The two types of cells were injected into the
anterior chamber of the rabbit eye, and the rabbits were kept in
an eye-down position to make the injected cells move toward the
posterior cornea surface for 24 hours under deep anesthesia. As
aresult, corneal edema present in the rabbits, which was caused
by corneal endothelial deficiency, was restored and their corneal
thickness also decreased to a normal level. However, these
effects were not clearly observed from the rabbits injected with
HCECs. The reason for this might be due to higher proliferative
capacity of HCEPCs in vivo than that of HCECs [16,20,21]. Thus,
the cell injection approach can be potentially used as a simple
method to deliver the therapeutic cells to the depopulated
corneal endothelium. However, for patients, keeping the eye-
down position for long time would be very burdensome. In this
regard, another study was performed to determine the minimal
time necessary for the depopulated corneal endothelium to be
recovered in the same experimental condition [22]. The authors
demonstrated that the time taken for treatment of corneal
endothelial dysfunction could be reduced from 24 hours to 6
hours. However, maintaining the eye-down position for 6 hours
would still be hard to patients with corneal endothelial deficiency.

There are great risks that the cells injected into the anterior
chamber would move toward unwanted area of the eye such
as the trabecular meshwork and surface of the iris, thereby
increasing intraocular pressure or degenerating the iris [23].
Low efficiency of the cell attachment to the corneal endothelial
surface caused by lack of controllability of the cell movement
could also be problematic. Combining together, although the
cell injection method has widely been used for the delivery of
HCECs and HCEPCs to the compromised corneal endothelium, it
has still many disadvantages that should be overcome for clinical
translation.

Transplantation of engineered corneal endothelium
with supporting materials

Besides the cell injection method, tissue engineering
technique-based approaches have also been used to transplant
HCECs to the depopulated corneal endothelium [24-26].The
basic concept of this method is engineering an artificial corneal
endothelium with HCECs cultured in vitro and transplanting it to
the posterior cornea surface along with supporting materials. In
general, HCECs are isolated from donor corneas and cultured in
vitro, and the cultured cells are seeded on supporting materials,
followed by culturing the seeded cells to be confluent [27,28].
Then, the cell monolayer with an appropriate cell density with
the supporting materials is transplanted to the posterior side of
the cornea using a surgical method.

One of the most critical criteria that should be met for
successful regeneration of the corneal endothelium by the
tissue engineering method is establishing a suitable supporting
material with necessary properties. The supporting materials
should reinforce the mechanical weakness of the engineered
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Table 1: Advantages and disadvantages of each cell delivery method for treatment of corneal endothelial dysfunction.
Method Advantages Disadvantages
o Low cell delivery efficiency
e Simple procedure of transplanting HCECs to the e High possibility of occurrence of adverse effects

Simple cell injection into the

. corneal endothelium
anterior chamber

e Minimal invasiveness

caused by cell movement to unwanted area
e Inconvenience for patients due to a need of keeping
an eye-down position for long time

Transplantation of interactions between the cells properties
engineered corneal e Well-organized tissue structure of engineered e Damages on the cornea happening during surgical
endothelium corneal endothelium similar to that of human corneal procedure

endothelium

e Better maintenance of HCEC functions due to strong

o Difficulty of handling engineered corneal
endothelium with thin and physically delicate

e Necessity of post-operative recovery time and visual
rehabilitation

e High cell delivery efficiency
Magnetic force-guided cell .
delivery
e Minimal invasiveness

Low possibility of occurrence of adverse effects
caused by cell movement to unwanted area

e Possible toxicity of magnetic particles endocytosed in
HCECs on the cells and surrounding tissues

o Difficulties in optimizing experimental conditions
affecting cell movement injected into the anterior
chamber

Abbreviations: HCECs: Human Corneal Endothelial Cells

corneal endothelium, which possibly makes handling of the
engineered tissue difficult during transplantation procedure [29].
In addition, they have to offer appropriate microenvironment
for the maintenance of various cellular activities of HCECs
such as cell adhesion and proliferation [30]. The supporting
materials also have to allow diffusion of nutrients and gases
between the corneal stroma and aqueous humor, and should be
biocompatible, biodegradable, and transparent. In this regard,
supporting materials should preferably possess similar biological,
physiological, and mechanical properties to those of Descemet’s
membrane, the base membrane of the corneal endothelium.

Up to date, numerous substances have been explored as
potential supporting materials for engineering and transplanting
the artificial corneal endothelium. The substances can largely
be categorized as biological, synthetic, and composite materials.
The biological materials include human-derived tissues such as
amniotic membrane [27,31] and decellularized corneal tissues
[32-35] and natural polymers like collagen [36], gelatin [37],
fibronectin [38], and laminin [39]. Amniotic membrane has been
used as a supporting material due to its anti-inflammatory and
non-immunogenic properties [40,41]. However, it has limitations
such as donor dependency, inter-donor and intra-donor
variations, semi-opaque property, and possible contaminations of
pathogens [29]. The decellularized corneal tissues are promising
as a supporting material because they have similar shape,
mechanical strength, and transparency to those of real human
cornea. They have also biological properties that can promote the
expression of function-related proteins in the engineered corneal
endothelium. Many literatures have demonstrated that the
decellularized corneal tissues could recover corneal endothelial
dysfunction when transplanted to the posterior corneal
surface of animal models along with the engineered corneal
endothelium [42-45]. The decellularized tissues, however, have
same limitations to those of amniotic membrane such as donor
dependency and possible contamination [29]. Natural polymers
constituting the extracellular matrix such as collagen and
fibronectin have shown promise as a supporting material due to
their diverse bioactive moieties that can retain essential cellular
activities of HCECs [33,36,37,46,47]. However, they have often

exhibited different results in terms of adhesion, proliferation, and
phenotype of HCECs, and therefore further studies are required
to achieve the consistency of the cellular reactions caused by the
natural polymers.

Synthetic polymers have distinctive advantages compared
to biological materials such as high purity with fully
defined chemical composition, controllable mechanical and
biodegradable properties, and low risk of contamination. Thus,
one can fabricate supporting materials with well-designed
features for transplantation of engineered corneal endothelium.
However, synthetic polymers generally lack of biological
properties needed to maintain the cellular activities of HCECs.
For this reason, researchers have used composite material-based
supporting materials, thereby maximizing the advantages of
each material. For example, Wang et al. investigated chitosan-
polycaprolactone blends as a portential carrier for corneal
endothelial transplantation [48]. Chitosan is a biomaterial
with good biocompatibility, biodegradability, and some
biological properties similar to those of glycosaminoglycan-
rich extracellular matrix and polycaprolactone is a synthetic
polymer that can provide adequate mechanical properties to
the carrier. The chitosan-polycaprolactone blends exhibited
good physical properties including appropriate mechanical
strength and transparency, and corneal endothelial cells could
be cultured on the substrate and reach confluence. In addition,
the corneal endothelial cells considerably expressed tight
junction and extracellular matrix proteins when seeded on
the substrate. In another study, hydroxyl chitosan, gelatin and
chondroitin sulfate were compositely used to prepare a carrier
for transplantation of the engineered corneal endothelium [49].
The carrier demonstrated good transparency, permeability,
biodegradability, and mechanical properties. Furthermore,
corneal endothelial cells could be well attached on the carrier
and proliferated better than those cultured on a control substrate
composed of polystyrene.

However, this tissue engineering approaches have also
showed significant disadvantages. The engineered corneal
endotheliumisverythinand delicate,anditis therefore technically
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challenging to transplant the engineered tissue to the posterior
corneal surface [50]. Although various supporting materials have
been used to address this problem as described above, handling
the monolayer of HCECs attached to the supporting materials is
still regarded to be considerably difficult [50]. The transplanted
cell sheets could also be displaced from the host’s cornea due
to lack of strong interaction between the cell sheet and the
host’s cornea [46]. Moreover, surgical procedures performed
during the transplantation process can result in unwanted
damages on the cornea, thereby causing unexpected changes
of corneal refractive property and requiring post-operative
recovery time and visual rehabilitation [30,51,52]. In terms of
the supporting materials, they should possess a set of requisite
properties such as transparency, permeability to physiological
components, proper curvature, flexibility, biodegradability,
biocompatibility, and proper mechanical strength for successful
therapeutic outcomes, but fulfilling all of the requirements at the
same time is extremely challenging [28,53]. To the best of our
knowledge, none of supporting materials well-designed and fully
characterized according to aforementioned criteria has been
reported yet. Thus, as with the cell injection method, the tissue
engineering approaches also have a lot of drawbacks limiting
their applicability in clinical practice.

Magnetic field-guided cell delivery to the corneal
endothelium

In order to overcome the disadvantages of the simple cell
injection method aforementioned, researchers have tried to
conflate the concept of magnetic force-assisted cell delivery
following cell injection to the eye. This concept hypothesized
that iron particles embedded in corneal endothelial cells could
be more efficiently delivered to the posterior corneal surface
by externally applied attractive force of magnets [54]. Indeed,
Mimura et al. demonstrated that iron-endocytosed corneal
endothelial cells could more effectively recover symptoms
caused by corneal endothelial dysfunction than the cells devoid
of iron particles [54]. However, the ferromagnetic (iron) particles
and even the cells incorporating them used in this study could
possibly be self-aggregated because magnetic properties of the
particles were retained after eliminating the magnets [55,56].
This phenomenon can lead to unwanted increase in intraocular
pressure and decline of the cell localization capacity [57].

In order to address this problem related to the ferromagnetic
particles, Patel et al. alternatively used superparamagnetic
nanoparticles (SPIONs), known to lose magnetic properties
after removal of an external magnetic field ,for transplantation
of HCECs [57].They incorporated SPIONs within HCECs and
performed an in vitro cell delivery experiment using a human eye
anterior segment perfusion model under an external magnetic
field. As a result, SPION-endocytosed HCECs could be efficiently
delivered to the posterior region of the cornea, and they formed
flat, single cell layers associated with collagen fibrils of the human
anterior segment. However, in this study, experimental variables
were not optimized such as the number of transplanted HCECs,
the intensity and duration of external magnetic field, the strength
and shape of magnets, and the distance between the magnets
and the cornea. Optimization of such variables would be very
critical for achieving appropriate cell attachment to the posterior
corneal surface, required cell density of the corneal endothelium,
and uniformity of the cell density over the whole tissue.

Moysidis et al .have recently conducted a study on magnetic
field-guided delivery of HCECs in vitro model with improved
experimental conditions [58]. They controlled a range of
parameters affecting the cell movement by magnetic force such
as intensity and distribution of magnetic field, magnet shape and
positioning, and concentration of SPIONs incorporated in HCECs.
As aresult, they demonstrated a positive logarithmic relationship
between magnetic field strength and density of HCECs delivered
on the posterior surface of contact lenses, which was used as an
in vitro model mimicking the human cornea. Furthermore, their
findings might imply that movement of HCECs could be controlled
in different directions by varying distribution of magnetic
field applied. Thus, the magnetic cell delivery approach can be
more powerful by regulating key parameters that significantly
influence the fate of cells injected into the anterior chamber.

However, in spite of the advantages of the magnetic cell
delivery strategy, safety concerns of magnetic particles have
also been raised. The iron particles endocytosed in HCECs can
leak from the cells by some mechanisms such as exocytosis
and lysosomal degradation [59], and possibly cause corneal
hemosiderosis and damages on surrounding tissues such as
the retina and choroid [54]. Although a study on long-term
evaluation of the safety of iron particles in the rabbit anterior
chamber demonstrated no significant toxicity of the particles
on the surrounding tissues, the study has a limitation that only
rabbit corneal endothelial cells, known to have stronger in vivo
proliferative capacity than that of HCECs, were investigated
[23]. In addition, they only examined a single condition of iron
particle concentration that was very similar to the mean iron
concentration in the rabbit anterior chamber. Other studies that
assessed safety of SPIONs in vitro or in vivo models also have
analogous drawbacks [57,58,60]. There is also a report that
substantiated magnetic particles with average sizes of a micron
scale have exhibited significant toxicities on the rabbit corneal
endothelium [61]. Taken altogether, safety of magnetic particles
on the corneal endothelium and surrounding tissues has not been
fully elucidated yet. Thus, clinical applications of the magnetic
force-driven cell delivery approach have still a long way to go
despite its remarkable advantages.

CONCLUSION AND FUTURE PERSPECTIVES

Cell-based therapeutic modalities have increasingly
attracted much attention as an alternative treatment method
of corneal endothelial dysfunction. For the past decades,
therapeutic potential of HCECs and HCEPCs has gradually been
demonstrated along with development of related cell culture
and characterization techniques. However, in comparison to
the significant progresses in establishing such techniques, little
has been advanced in cell delivery methods. Although simple
cell injection methods and tissue engineering-based approaches
have shown their promise with therapeutic effects in certain in
vitro and in vivo models, they have also presented considerable
disadvantages. As an effort to improve the cell injection method,
strategies of magnetic force-assisted cell delivery have been
employed displaying better cell delivery efficiencies and
enhanced therapeutic outcomes. But still, further studies are
needed to overcome safety concerns of magnetic particles and
translate the cell delivery method to clinical practice.

In the near future, development of multifunctional carriers
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for transplantation of engineered corneal endothelium or
HCECs would be a key issue to address the problems related
to the current cell delivery methods. Existing carriers have not
fully provided the necessary properties for maintaining cellular
activities of HCECs and facilitating the transplanting procedure.
Although advanced carriers have recently been designed using
composite materials, their performance has only been partially
demonstrated. Further full scale studies are therefore required
along with more systematic design of composite material-
based carriers. As for the magnetic force-guided cell delivery
method, novel cell delivery systems that can evade the direct
incorporation of SPIONs in HCECs or HCEPCs would possibly be
developed to minimize the toxic effect of the magnetic particles
on the cells. For clinical translation of the cell-based therapies
for corneal endothelial dysfunction, besides the methodologies
of cell delivery, identification of specific markers for HCECs
or HCEPCs would be critical to define the differentiation state
of the therapeutic cells accurately. So far, the cells have been
characterized only by cell phenotype-related properties such
as morphologies, functions, and expression of some functional
proteins that also existin other types of cells. In addition, securing
autologous cell sources for obtaining the therapeutic cells would
be of great importance. Using HCECs or HCEPCs isolated and
cultured from the cornea of donors have caused considerable
problems such as lack of donors and immune rejection responses.
Utilization of autologous stem cells or induced pluripotent stem
cells would be a promising alternative to using the allogeneic
cells. When these problems are solved along with development
of advanced cell delivery methods, the cell-based therapies for
corneal dysfunction will truly provide hopes to patients with
corneal blindness worldwide.
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