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Abstract

Disorders of the cornea are responsible for a significant portion of preventable blindness
worldwide. Various types of corneal transplantation procedures have successfully restored
vision in many individuals; however, they carry the risk of graft failure due to immune
rejection, endothelial cell dysfunction, infections and limbal stem cell deficiency. Thus,
regenerative therapies of the cornea serve as promising alternatives or adjunct therapies.
With improved understanding of limbal stem cell function and advancement in limbal stem
cell culture technologies, major progress has been made in the in vivo and ex vivo cell-
based therapies for treatment of corneal diseases. In this review, we summarize the recent
developments achieved in cell-based therapeutics to target corneal epithelial, stromal, and
endothelial cell disorders.

Keywords: corneal epithelial stem cells; corneal endothelial cells; corneal stromal cells;
mesenchymal stem cells; regenerative medicine; corneal blindness

1. Introduction
According to the 2019 WHO report, approximately 2.2 billion people suffer from vision

impairment worldwide [1]. While disorders of the cornea represent only one component of
this burden, they also constitute a significant portion of preventable blindness, especially
in lower-resourced countries [2]. For instance, corneal scarring remains the most common
cause of blindness in young children in low-income countries [1]. While corneal graft tissue
transplantation is a mainstay of treatment for many corneal diseases, it is limited by the
shortage of viable corneal graft tissue. This limited access to tissue disproportionately
impacts lower-income countries. In addition, corneal transplantation may not restore
sight in eyes that have lost corneal clarity due to loss of corneal limbal stem cells (LSCs),
secondary to inflammation (such as in Stevens–Johnson Syndrome, ocular cicatricial pem-
phigoid), severe infectious keratitis, and chemical, thermal, or mechanical injuries to the
ocular surface.

Cell-based therapies, such as stem cell transplantation or genetically modified cells,
have become a promising form of regenerative medicine. These advanced therapies aim
to repair or replace the damaged organ. In addition to reducing reliance on tissue grafts,
further optimization and implementation of these techniques could lead to procedures
and protocols that may be more accessible in lower-resourced settings. This review will
summarize the most recent advances in cell-based therapies targeting disorders of the
cornea and discuss their limitations and challenges.
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2. Corneal Anatomy
The cornea is the outermost, transparent layer of the eye. It comprises five distinctive

layers (from exterior to interior): epithelium, Bowman’s membrane, stroma, Descemet’s
membrane, and the endothelium. The role of the cornea is primarily two-fold, serving as a
physical barrier against foreign particulates and providing 65% to 75% of total refraction
power through the cornea’s curvature and thickness.

2.1. The Corneal Epithelium and the Bowman’s Membrane

The outermost surface of the cornea is a non-keratinizing, stratified squamous epithe-
lium comprising five to seven layers of cells (superficial, wing, and basal cells). It serves
as the main protective barrier to the outside environment and creates the smooth optical
surface necessary for vision. The superficial cells of the epithelium are held together by
desmosomes, preventing tears (as well as toxins and microbes) from entering the intercellu-
lar spaces. The superficial epithelium sloughs off regularly (7 to 10 days) and is constantly
regenerated [3,4]. The basal cells comprise the deepest layer of the epithelium and are
uniquely capable of mitosis, generating the superficial and wing cells of the cornea. The
basal cells are attached to the basement membrane by hemidesmosomes. These cells are
also responsible for secreting the Type IV collagen and laminin that maintain the basement
membrane. Basal cells are disrupted in corneal erosions and nonhealing epithelial defects.
The peripheral corneal epithelium, unlike central corneal epithelium, contains a reservoir
of Langerhans cells, which are critical in surveillance of ocular antigens and ocular surface
immunology. Thus, it serves as an important barrier.

Bowman’s membrane is an acellular membrane underneath the epithelium consisting
of collagen types I and V as well as proteoglycans, rendering it critical for the maintenance
of corneal structure. This structure can be fragmented or absent in keratoconus. Disruptions
in the Bowman layer will often lead to corneal scarring.

2.2. The Corneal Stroma

The stroma also plays a critical role in maintaining the spherical shape of the cornea [5].
It is the thickest layer in the cornea and is made up of extracellular matrix (ECM), ker-
atinocytes, and nerve fibers. It is maintained by keratocytes, which secrete matrix metallo-
proteinases (MMPs) and synthesize various collagen molecules and glycosaminoglycans.

2.3. Descemet’s Membrane and Corneal Endothelial Cell Layer

Descemet’s membrane is a 7 µm basement membrane layer composed largely of Type
IV collagen and laminin. It is secreted by the endothelial cells that underlie it.

The endothelium is the innermost layer of the cornea. The honeycomb-like layer
formed by hexagonal-shaped cells is highly metabolically active with two critical ion trans-
port systems: membrane-bound Na+-K+ ATPase pumps and the intracellular carbonic
anhydrase system [5]. These systems are critical for pumping water out of the cornea’s
stroma and into the aqueous humor [6]. This function is critical for providing transparency
and optical clarity to the cornea [7]. When endothelial cells are lost, the remaining cells
migrate and enlarge to cover the empty space [8]. Unlike the epithelium, the endothelium
does not proliferate in vivo, though they likely retain proliferative capacity [9]. As such,
significant endothelial cell loss overwhelms the migratory capacity of the remaining en-
dothelium which leads to visually significant corneal edema and breakdown of the corneal
stroma and epithelium. This is frequently treated with endothelial keratoplasty to replace
endothelial cell population.

Current cell-based therapies target disorders of the corneal epithelium, stroma, and
endothelium, and each category will be discussed herein (summarized in Figure 1).
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Figure 1. Stem cell-based therapies. Schema of the layers of the cornea (epithelium, Bowman’s
membrane, stroma, Descemet’s membrane, and endothelium) with a summary of the cell-based
therapeutics targeting disorders of the epithelium, stroma, and endothelium. iPSCs and MSCs are
utilized to treat disorders of the three layers. Adapted from [5,7,10–16]. Created with BioRender.com.

3. Corneal Epithelial Disorders
The current model governing epithelium homeostasis is the limbal epithelial stem

cell (LESC) hypothesis which is based on the earlier XYZ hypothesis. Briefly, the XYZ
hypothesis states that there is a migration of limbal stem cells centripetally (X), followed
by vertical proliferation and differentiation of basal cells (Y), which is balanced by the
shedding of squamous cells from the epithelial surface (Z) [17–19]. According to the LESC
hypothesis, LESCs arise from the Palisades of Vogt at the limbus and divide centripetally
to give rise to transient amplifying cells (TACs) in the basal epithelial layer. The TACs then
proliferate, differentiate, and migrate vertically to the corneal surface where they terminally
differentiate, after which they can shed and desquamate [19,20].

A competing model for epithelial homeostasis is the corneal epithelial stem cell (CESC)
hypothesis [20,21]. This model posits that maintenance of the epithelium relies on stem
cells that already inhabit the corneal basal layer rather than the LESCs in the peripheral
corneal niches. According to this model, LESCs are only necessary under conditions of
wound healing [21–23].

Limbal stem cell deficiency (LSCD) is a debilitating disorder characterized by either
a loss or deficiency of the stem cells in the limbus. This impairs regeneration of corneal
epithelium, leading to persistent epithelial defects, characteristic irregular “whorled” ep-
ithelium, corneal neovascularization, scarring, conjunctivalization, and inflammation. The
etiology of LSCD is broad: genetic (PAX6 mutations, aniridia, Peter’s anomaly), inflam-
matory (Stevens–Johnson Syndrome, ocular cicatricial pemphigoid), infectious (severe
bacterial, fungal or parasitic infections, herpetic keratopathy, trachoma), trauma (such as
inappropriate contact lens use), chemical or thermal burns, iatrogenic, and ocular surface
tumors. LSCD can present as either a unilateral or bilateral disease.
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Management is initially symptom-directed, prioritizing optimization of the ocular
surface with aggressive lubrication, and addressing the underlying cause for LSCD, which
may maintain the remaining regenerative capacity of the ocular surface. However, with
increasing disease severity, surgical management becomes necessary. Full thickness or
partial thickness corneal transplants are not viable options as the donor tissue does not
include limbal stem cells. In unilateral cases of LSCD, limbal stem cells can be harvested
and transplanted from the other eye, but in bilateral or severe cases, allogeneic stem cell
transplantation is required, which necessitates lifelong systemic immunosuppression. As
such, LSCD has been a primary target for cell-based therapies.

Since the first published report of limbal stem cell transplantation in 1989 by Kenyon
and Tseng, multiple stem cell-based therapy approaches have emerged. These therapies
vary in terms of indication (unilateral vs. bilateral LSCD, primary pterygium) [24–26]:
autologous vs. allogenic [27–29], tissue origins (limbal stem cells, induced pluripotent stem
cells (iPSCs), mesenchymal stem cells, oral mucosa) [30–33], substrate (human amniotic
membrane, fibrin, collagen, contact lenses, hydrogels) [34–42], feeder cells (mouse 3T3
fibroblasts, human dermal fibroblasts, human bone marrow-derived mesenchymal stem
cells) [43,44], and the culture media used for tissue storage (fetal calf serum, autologous
serum, serum-free) [45–47]. These are summarized in Table 1. We discuss each of these
therapies, with ocular burns being the most common indication, in the sections below.

Table 1. Variables to consider for stem cell-based therapies.

Variables to Consider for Stem Cell-Based Therapies

Indication Unilateral vs. bilateral limbal stem cell deficiency, primary pterygium,
recurrent pterygium

Autologous vs. allogenic Autologous—from contralateral eye;
Allogenic—from cadaveric tissue or living-related relative

Tissue source Limbal stem cells, iPSCs, mesenchymal stem cells, oral mucosa

Substrate Human amniotic membrane, fibrin, collagen, contact lenses, hydrogels

Feeder cells Mouse 3T3 fibroblasts, human dermal fibroblasts, bone
marrow-derived mesenchymal stem cells, xenobiotic free systems

Culture medium supplementation Fetal calf serum, autologous serum, serum-free

This table summarizes the main variables for stem cell-based therapies and specific
examples for each variable.

3.1. Conjunctival–Limbal Autograft (CLAU) and Keratolimbal Autograft (KLAU)

Barraquer and Strampelli first proposed limbal autografts in 1964, which Kenyon
and Tseng demonstrated as a reliable and viable treatment in 26 patients with a range
of conditions, such as chemical or thermal injuries and contact lens-induced failure [48].
CLAU involves grafting a relatively large piece of conjunctiva and limbus retrieved from
the patient’s other eye, while KLAU consists of the limbus and part of the peripheral cornea.
As a result, both procedures necessitate a healthy, unaffected fellow eye. CLAU was the
most used surgical approach for severe unilateral LSCD up until 2006 [49]. Longitudinal
studies have shown that approximately 35–88% of eyes that underwent CLAU showed an
improvement in the ocular surface and improved best-corrected visual acuity of two lines
or more with minimal complications [50–52]. It is also used to treat primary pterygium
and in a randomized controlled trial, CLAU was shown to result in minimal recurrence as
compared to another technique called, mini-SLET (discussed in Section 3.3.) [53].

One of the benefits of CLAU and KLAU is the zero risk for immune rejection, which
avoids long-term immunosuppression therapy. A concern with this technique is the po-
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tential for causing LSCD in the healthy donor eye, especially in those wearing contact
lenses [54–57]. Though the true rate of iatrogenic LSCD is unknown [49], a large retrospec-
tive study that followed up on 45 patients who underwent CLAU alone, combined KLAU
with CLAU, or living-related CLAL (conjunctival limbal allograft, discussed in Section 3.4)
for a mean follow-up of 48.3 months found no signs of LSCD in the donor eye [58].

Since the introduction of CLAU and KLAU, there have been many modifications
to the protocol. For instance, combination of CLAU with amniotic membrane trans-
plantation has been shown to improve vision and maintain long-term ocular stabil-
ity [26,34,59,60]. Recent work has further adapted this technique as the so-called sandwich
(amnion/CLAU/amnion) transplantation, in the setting of recurrent pterygium and stra-
bismus [61]. Another recent modification is the mini-CLAU technique (one to two clock
hours vs. six to eight clock hours graft size) in combination with platelet-rich plasma (PRP)
eye drops for treatment of unilateral total LSCD, to stabilize epithelialization [62,63]. This
is built on prior work using amniotic membrane extract eye drops (AMEED) [64]. Unlike
AMEED, PRP eye drops are derived from the patient’s blood, limiting risk of infectious
transmission, decreasing cost, and simplifying preparation [62,63]. Long-term outcomes
for such techniques are yet to be investigated.

3.2. Ex Vivo-Cultivated Limbal Epithelial Cell Transplantation (CLET)

Ex vivo-cultivated limbal epithelial cell transplantation was first introduced by Pel-
legrini in 1997, when human corneal epithelium was successfully cultivated in vitro and
transplanted onto two patients [28]. CLET addressed two disadvantages of the classic
CLAU technique: (1) risk of development of LSCD in the donor eye and (2) consumption of
large amounts of tissue. CLET involves removing a much smaller graft area (2 mm2) from
a healthy donor eye, culturing the biopsy for 2 weeks on a carrier scaffold, often human
amniotic membrane (HAM), fibrin, or stem cell construct, before grafting onto the ocular
surface [28,33,65–67]. In February 2015, the European Medicines Agency conditionally
approved Holoclar in Europe [68]. The advantage of CLET is primarily that of using
less donor tissue; however, it requires clean and equipped laboratory space to be able to
cultivate ex vivo, which contributes to higher costs.

3.3. Simple Limbal Epithelial Transplantation (SLET)

In 2012, Sangwan et al. introduced the SLET approach, in which donor stem cells are
directly seeded onto an amniotic membrane, which is then placed onto the ocular surface.
An advantage of this approach is avoiding the additional steps of cellular expansion and
using significantly less donor tissue [69]. Another advantage is cost-effectiveness, as it
is about 10% that of culturing techniques, such as CLET [70]. SLET has been largely
utilized in patients with unilateral chemical or thermal injuries and iatrogenic LSCD from
multiple surgeries [10,69]. Though it is a relatively newer technique compared to CLAU
and CLET, early outcome studies and, most recently, a prospective 5–12 years outcome
study have consistently demonstrated SLET to be as effective as CLAU, and more so than
CLET [10,27,71–73].

Though SLET has traditionally utilized amniotic membrane as a scaffold, recent work
by Jain et al., has proposed SLET without amniotic membrane grafting in six patients with
LSCD [74]. The authors performed limbal biopsy and using fibrin glue, directly secured the
limbal explant onto the bare cornea [74]. Two other recent advances in SLET are mini-SLET
and glueless-SLET (G-SLET) [75]. Mini-SLET has been utilized for treatment of LSCD in
pediatric populations as well as pterygium treatment [24,76]. The mini-SLET technique
involves a small limbal biopsy (of 2 mm in length) that is then cut into pieces and glued
over an amniotic membrane. This technique has been especially beneficial in pediatric
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populations where the risk of dislodgement is greater [76]. Variations on the mini-SLET also
include sandwiching the limbal explant between two amniotic membrane pieces [24,75].
To address unilateral LSCD where fibrin glue is not available, Malyugin proposed G-SLET
as an acceptable alternative strategy, where limbal micrografts are harvested from the
patient’s healthy eye and placed into small, self-sealing corneal tunnels in the affected
eye [77]. This has been paired with low-energy femtosecond laser to standardize the corneal
tunnel localizations and tunnel formation, which has shown stable epithelization in two
patients within 2–3 weeks and improved best-corrected visual acuity (BCVA) [78,79]. Given
the novelty of these techniques, the long-term outcomes remain to be seen.

In a systematic review comparing CLET with CLAU and SLET, the authors found the
rate of anatomical and functional success to be lower in CLET as compared to CLAU and
SLET at a follow-up of 1.75 years [27]. Importantly, the primary indication for transplanta-
tion in this review was ocular burns, which is one of many indications for transplantation.
This suggests that careful consideration of the underlying pathology is necessary when
choosing a therapeutic approach.

3.4. Keratolimbal Allograft (KLAL) and Living-Related Conjunctival Limbal Allograft (lr-CLAL)

In cases of a bilateral LSCD, an allogenic limbal stem cell transplantation (LSCT) would
be the remaining choice. KLAL and lr-CLAL are considered for patients with bilateral
LSCD without a related donor and patients with unilateral LSCD without a viable other
eye [11]. KLAL is especially appropriate for patients with aniridia, contact lens wear-related
LSCD, and iatrogenic LSCD that does not involve the conjunctiva. KLAL involves attaching
limbal tissue to a corneoscleral carrier from a deceased donor. In contrast, lr-CLAL involves
transplantation of limbal and conjunctival tissue with goblet cells from a matched living
relative, thus making it ideal for patients with accompanying conjunctival disease.

According to a large retrospective cohort study assessing demographics and VA out-
comes in patients who have undergone allogenic LSCT, patients across most age groups
have a significant improvement in logMAR VA 12 months after LSCT (with the exception of
those under 20 years old) [29]. Notably, patients with infectious cases and cases of unknown
etiology demonstrated the least improvement at 12 months [29]. The disadvantages of
allograft techniques are the risk of rejection, long-term immunosuppression, and limitations
of donor tissue availability [65,80,81]. To address rejection, as part of lr-CLAL, groups have
developed donor–recipient matching processes (Cincinnati donor selection protocol) to
select the ideal donor with minimal antigenic burden [58]. For both KLAL and lr-CLAL,
immunosuppression is critical for the longevity and stability of the graft. Immunosup-
pression includes oral tacrolimus, mycophenolate mofetil, prednisone, and antimicrobials.
In the absence of randomized controlled studies, a review comparing outcomes and the
literature of KLAL and lr-CLAL suggested a trend of lower rejection rate and graft failure
with lr-CLAL [82–84].

3.5. Cultivated Autologous Limbal Epithelial Cell (CALEC)

One of the greatest challenges in gaining FDA approval for CLET protocols in the
US has been developing a CLET protocol compliant with Good Manufacturing Practices
(GMP). To address this, CALEC was recently developed which used only FDA-compliant
materials, without allogeneic or xenogeneic feeder cells [14,85,86]. The authors demon-
strated compelling feasibility, safety, and efficacy of data from a phase I/II trial of the
first CLET protocol, in addition to it being xenobiotic-, serum-, and antibiotic-free [45,85].
Specifically, phase II trial results showed 92% of grafts had partial or complete success
at 18 months without safety concerns [45]. This opens an important pathway for other
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LSC-based therapies in the US, allowing patients with LSCD to have access to regenerative
eye-saving procedures.

3.6. Autologous Cultivated Oral Mucosal Epithelial Cell Sheet Transplantation (COMET)

For patients without any LSCs available for ex vivo expansion, such as in total bilateral
LSCD, COMET is an alternative procedure. The first human transplantation of autologous
oral mucosal cells cultured ex vivo on HAM was achieved in 2004, offering patients the
alternative of using allogenic tissue and avoiding of immunosuppression in patients with
severe ocular surface diseases, especially those caused by autoimmune diseases [87–89].
COMET encourages re-epithelialization and inhibits corneal melting and stabilizes the
corneal surface in patients with acute corneal burns [90]. The advantage of COMET,
in addition to minimizing risk of graft rejection, is that the procedure can be repeated
if necessary.

A review of available clinical outcomes of COMET between 2004 and 2019 reported
that COMET achieved stable ocular surface in 70.8% of eyes and improved visual acuity in
68.2% of eyes [30]. In 2021, the Japanese regulatory agency approved Ocural, the first prod-
uct in the world for commercial COMET use in patients with LSCD. Early clinical outcomes
from two patients who were treated with Ocural demonstrated successful engrafting [91].
In parallel, a prospective, randomized controlled clinical trial in India compared COMET
and conjunctival-cultivated epithelial transplantation for patients with bilateral ocular
surface disease secondary to SJS or chemical injuries [92]. The study showed that while
both approaches did not offer long-term sustained BCVA improvements, COMET group
patients had significantly better corneal clarity and improved corneal epithelialization
at follow up [92]. An important negative sequela of COMET, however, is angiogenesis
following transplantation [93]. In another study, COMET was found to be safe and effec-
tive for symblepharon release and long-term fornix reconstruction in eyes with chronic
cicatrization [94].

3.7. Induced Pluripotent Stem Cells (iPSCs)

Human-iPSCs are derived from adult cells (e.g., skin or blood) and can be repro-
grammed into corneal epithelial cells or corneal limbal stem cells [95–98]. Thus, they allow
the generation of corneal epithelial stem cells and restore those niches in patients with
LSCD, for instance, while avoiding potential ethical issues. Hayashi et al. first reported a
method for extracting iPSCs from adult limbal epithelial cells and human dermal fibrob-
lasts to generate corneal epithelial cells [99]. In 2016, Hayashi et al. further developed
this method to generate a self-formed ectodermal autonomous multi-zone (SEAM) of oc-
ular cells to better mimic whole eye development processes [95]. Using this technique,
Soma et al. completed the first in human transplantation of iPSC-derived corneal epithe-
lial cell sheets (iCEPSs) onto the ocular surface of four patients with LSCD [100]. The
study found no clinical rejection or tumorigenesis (primary endpoint measure) for all
four patients at 2-year follow up, and improvements in clinical staging of LSCD in half
of the patients [100]. These findings are especially important, as a major concern for iPSC
therapies is the risk of tumorigenicity. Though these results are promising, much larger
clinical trials will be needed to demonstrate safety and efficacy.

3.8. Mesenchymal Stem Cells (MSCs)

MSCs can be harvested from various tissues such as bone marrow, adipose, and
umbilical cord [96,101]. The MSCs are thought to make and secrete collagen, matrix
metalloproteinases, growth factors, cytokines (e.g., TGF-β, IL-6), as well as extracellular
vesicles (EVs), implicating them as important immunoregulatory agents [102–106]. This
gives them a particular advantage for use in corneal allograft transplantation. For instance,
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in animal models of high-risk corneal transplantation, injection of subconjunctival MSC-
derived exosomes or MSCs significantly prolonged graft survival time [107,108]. These
characteristics make MSCs a potential therapeutic option for restoring defective LSC
niches [109].

A proof-of-concept study demonstrated that bone marrow-derived MSC transplan-
tation was equally as effective as allogenic CLET in improving central corneal epithelial
phenotype at 12 months in patients with LSCD [110]. Another study showed that epithelial
defects were absent in all eight patients with bilateral LSCD, who had received autolo-
gous adipose-derived MSCs even at 7 years, though only one patient maintained initial
improvement [111]. A sub-analysis of a clinical trial assessing changes in limbal anatomy
between MSC transplantation and CLET demonstrated that by in vivo confocal microscopy,
both induced similar structural changes [112]. Furthermore, MSC-based therapy is safe, as
analysis of studies using MSCs in more than 1000 patients did not demonstrate significant
associations between MSC administration and tumor growth, death, infection, and toxic-
ity [113]. However, there remain questions regarding the longevity of transplanted MSCs
and their effects in vivo [114].

3.9. Descemet Membrane Anterior Keratoplasty (DMAK)

More recently, the regenerative properties of the Descemet membrane have been
explored in its relation to healing the ocular surface in cases of LSCD [115]. Descemet
membrane (DM) has been shown to be a viable culture substrate for ex vivo expansion of
limbal stem cell populations. In this technique, a decellularized donor Descemet membrane
is grafted onto a de-epithelialized corneal recipient bed. The cited case study combined this
technique with allo-SLET from an ABO-matched cornea, as well as amniotic membrane. The
ocular surface recovered with clear epithelium within 4 weeks, and vision had improved
several lines with resolution of pain. There is limited research given the novelty of this
technique, but further investigation may reveal a useful technique in regenerating the
epithelium and limbal stem cell population.

The process of making these grafts is being further optimized and additional research
is needed to demonstrate its utility in cases of LSCD. Further studies are also needed to
determine which orientation of the decellularized DM graft optimizes recovery of the
corneal epithelium.

4. Corneal Stromal Disorders
The 2015 International Committee for Classification of Corneal Dystrophies’ classi-

fication system re-classified stromal dystrophies as either epithelial-stromal or stromal
dystrophies [116]. The epithelial-stromal corneal dystrophies are usually caused by mu-
tations in transforming growth factor beta-induced gene, typically having an autosomal
dominant inheritance, involving the Bowman layer and stroma. Some dystrophies under
this category include Reis–Bucklers corneal dystrophy, Thiel–Behnke corneal dystrophy,
lattice corneal dystrophy, and granular corneal dystrophies (and their variants). The stro-
mal corneal dystrophies include macular corneal dystrophy, Schnyder corneal dystrophy,
congenital stromal corneal dystrophy, posterior amorphous corneal dystrophy, central
cloudy dystrophy of Francois, and pre-Descemet corneal dystrophy. Treatment options for
stromal dystrophies typically include either phototherapeutic keratectomy (PTK), which
uses an excimer laser to ablate the abnormal or damaged layers of the stroma, or corneal
transplantation, such as penetrating keratoplasty or deep anterior lamellar keratoplasty
(DALK) [117]. While the corneal stroma does not have the regenerative capacity of the
epithelium, there is some potential for regeneration, and there have been efforts to harness
stem cell technology, specifically mesenchymal stem cells. Unlike corneal epithelium, the
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corneal stroma is derived from a neural crest lineage. The complex structure of the corneal
stroma has complicated efforts to create an effective corneal stroma construction. However,
recent attention has been directed to the anti-inflammatory effect that corneal stromal cells
may have on promoting a more natural environment for the proliferation of other cells and
reducing scarring [118,119]. Gene therapy has also been of interest in treating certain types
of corneal scarring.

In addition to corneal stromal dystrophies, which are largely driven by genetic muta-
tions, stromal scarring (also known as fibrosis or late haze) can occur after injury, infection,
or surgery to the cornea. For instance, photorefractive keratectomy (PRK), traumatic
stromal injuries, chemical or thermal burns, microbial infections can all lead to stromal
scarring [120]. The robust scarring of corneal stroma in injury is related to the loss of anti-
fibrosis mediators and proliferation of extracellular matrix, with increased inflammatory
signals leading to a wound-healing response [121]. Unlike other stem cell populations in
the cornea, the corneal stromal stem cells not only need to self-renew and differentiate but
also provide anti-fibrotic wound healing and modulation of the local immune environment
to prevent scarring [122].

4.1. Corneal Stromal Stem Cells (CSSCs)

In addition to the more generalized category of mesenchymal stem cells, corneal
stromal stem cells can be used to reduce corneal stromal scarring to prevent blindness.
Though the in vitro behavior of corneal stromal stem cells (CSSCs) allows them to be
characterized as MSCs, they are notably different. Both CSSC and MSC have the potential
to differentiate into various cell types, but CSSCs differentiate into corneal keratocytes,
which are responsible for the maintenance of corneal stroma, whereas the MSCs are a more
broadly distributed population. In mouse models, direct injection of corneal stromal stem
cells into the stroma has been shown to lead to successful differentiation to functional
human stromal cells that express collagens and specific keratocyte markers with effective
improvement in corneal clarity [123,124].

Pre-clinical studies of mouse models with acute stromal injury or alkali burns have
demonstrated the potential of CSSCs in inhibiting corneal scarring and even restoring the
uniformity of collagen fibrils [125–128]. For instance, Jhanji et al. found that CSSCs could
be combined with corneal stromal keratocytes (CSKs) to potentiate regenerative capac-
ity [128]. While CSSC provides modulation of the local immune system to prevent tissue
inflammation and eventual fibrosis, CSK deposits specific collagens and other proteins to
recover the stromal matrix needed for corneal clarity. In a mouse model, a combined CSSC
and CSK treatment potentiated the effect of regenerating the corneal stroma and reducing
corneal scarring. According to clinicaltrials.gov, there is an ongoing clinical trial evaluating
the efficacy of corneal stromal lenticules with CSSCs and live keratocytes in treatment of
stromal scars secondary to herpetic stromal keratitis.

Alió et al. conducted the first human clinical trial with patients suffering from ad-
vanced keratoconus, using both human autologous adipose-derived stem cells (ADASCs)
and decellularized human corneal stroma to promote corneal healing [129]. Participants
were randomized to receive ADASCs, corneal stroma, or a combination of the two. They
found that at 3 months, there was recovery and full transparency in all groups and at
36 months, all cases had at least one to two lines of improvement in vision. On anterior
segment optical coherence tomography, there was an increase in central corneal thickness
and volume, though the effect was greater in patients who received decellularized corneal
stroma. Flattening of the maximum keratometry readings was seen with all groups as well.

Exosomes produced by CSSCs are a particularly promising avenue of research, as
they can promote cell proliferation, modulate inflammation, and remodel extracellular
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matrix [130]. Exosomes, extracellular vesicles (EVs) containing a variety of molecule
types, are released by several cell types including corneal stromal cells. The utility of
these exosomes in modulating the regenerative properties of stromal cells and regulating
extracellular matrix remodeling and wound healing is currently being explored. One study
showed that CSSC-derived exosomes containing miRNA could block corneal scarring in
mice, thus there is potential to enhance the function of corneal stromal stem cells [131]. A
recent study identified two anti-fibrotic miRNAs (miR-29a and 281-5p) derived from CSSC
EVs, which could reduce corneal fibrosis in a mouse model of corneal stromal injury [132].

The possibility of rejuvenation of native corneal stromal stem cells is an area of active
research, in which the use of specific mediators could enhance the inherent ability of
corneal stromal stem cells to self-repair. Several growth factors, media, and gene therapy
approaches are being explored to harness the stromal cell’s natural ability to replenish
and heal [133] and also induce pluripotency of stem cells [134], while following Good
Manufacturing Practices [135].

4.2. Gene Therapy

Though there are no currently available gene therapy strategies, there is great promise
for gene therapy in targeting the inherited stromal dystrophies, as well as modulating
corneal fibrosis, wound healing, and immune response. There are three current approaches
to gene therapy for the treatment of inherited stromal dystrophies: (1) inactivation of the
mutated gene, (2) gene correction or replacement with a normal copy, (3) addition of a
healthy copy of the gene that will rescue the disease phenotype [15,136]. The viral vectors
that have been tested in animal models include adeno-associated virus (AAV), lentivirus,
and adenovirus. These vectors vary highly in terms of their ability to deliver and translate
the desired protein [136].

However, several animal studies have shown promise in targeting corneal fibrosis.
For instance, AAV5 has been successfully used to target TGF-ß signaling with Smad7
and Decorin in rabbit models of corneal scarring to reduce stromal haze and decrease
corneal fibrosis [137–139]. Similarly, lentivirus-targeting Smad7 and p35 in mouse and
rat models have shown to also decrease fibrosis markers and graft-mediated immune
responses [140,141]. There have also been studies using adenovirus-targeting Smad7 and
BMP-7 in mouse models of corneal scarring, demonstrating reduction in scarring or reduced
activation of Smad3 signaling [142–144].

Gene therapy to prolong corneal allografts by transferring interleukin-10 and
CTLA4-Ig has also been investigated [145,146]. Another study demonstrated that de-
livering a chimeric antivascularization immunomodulator using AAV8 ex vivo to corneal
grafts showed reduction in inflammation and neovascularization [147].

Gene therapy will allow for more targeted, personalized therapeutic strategies. How-
ever, there remains much to be learned in terms of safety and efficacy.

5. Corneal Endothelial Disorders
The human corneal endothelium—unlike the epithelium—does not have regenerative

capacity in vivo, though it has shown some capacity for proliferation in vitro [148,149].
Thus, in the setting of disease or injury, corneal endothelial cells (CECs) enlarge and
migrate. Cell-based therapies are powerful tools to target endothelial disorders such
as Fuchs endothelial corneal dystrophy, post-cataract extraction, and post-keratoplasty
endothelial cell loss, or endothelial dysfunction in the setting of viral infections such as
herpes simplex virus-associated endothelialitis.
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5.1. Full Thickness or Partial Corneal Transplantation

Originally, the primary treatment for endothelial disorders was full-thickness pen-
etrating keratoplasty. However, with the emergence of partial and endothelial corneal
transplantation and Descemet membrane-stripping techniques, penetrating keratoplasty is
no longer routinely used. Both full thickness and endothelial keratoplasties are relatively in-
vasive strategies with risks of immunological rejection, infection, development of glaucoma,
as well as limited donor tissue availability. In response to these limitations, other cell-based
therapies have emerged, including direct injection of cultured cells into the anterior cham-
ber, delivery of the cultured cells as cell sheets, and generation of iPSC-derived CECs.

5.2. Cultured Endothelial Cell (CEC) Injection Therapy

Several studies have successfully cultured CECs from both humans and nonhuman
primates [9,150–156]. These earlier studies also reported the importance of Rho-associated
coiled-coil-containing kinase (ROCK) inhibition, which is thought to promote engraftment
of the CECs. Building on these studies, Kinoshita et al. first described the injection of
cultured human CECs combined with an ROCK inhibitor into the anterior chamber of
patients with bullous keratopathy [157]. The authors reported corneal restoration with
normalized corneal thickness and resolution of corneal epithelial edema in all 11 patients
who were followed for 2 years [157]. A five year follow up of these patients further
demonstrated normal corneal endothelial function in 10 of the 11 eyes, reinforcing the
long-term benefits of this strategy [158].

One of the limitations of the methodology used by Kinoshita et al. is that the dis-
tribution of the cells relies on gravity once injected, which can lead to heterogeneous
distributions and continued proning. To address this, Bandeira et al. introduced injection of
CECs embedded with magnetic nanoparticles into a rabbit corneal endothelial dystrophy
model, which showed a more homogeneous distribution of CECs in the wound area when
administered with nanoparticles [159]. A separate clinical trial in Mexico is testing the
efficacy and safety of a magnetic nanoparticle-based CEC in patients with corneal edema.

These results offer yet other options for therapy for patients who would otherwise
need to receive transplantation, but there remain challenges in allowing the therapy to be
available in other countries.

5.3. Transplantation of Cell Sheets

Another mode of delivery of CECs has been the use of various scaffold materials. In
this approach, the CECs are seeded onto a scaffold and then transplanted onto the cornea.
The benefit to cell embedded grafts over injection of cells is that it not only replaces the
diseased cells but replaces the underlying abnormal Descemet membrane. For instance, in
the clinical trial of injected endothelial cells, deposits of guttae still existed on the DM, which
had been left to promote cellular attachment. The challenges include creating a suitable cell
carrier, such that it is transparent and stiff enough for surgical handling while also allowing
good cellular adhesion. Prior studies have examined collagen, gelatin, human corneal
stroma disk, and decellularized human corneal stroma disk, as well as a tissue-engineered
cell sheet [151,160–166].

Tsai et al. tested for the first time the feasibility of tissue-engineered corneal en-
dothelium transplantation, using a plastic-compressed collagen 3D matrix called Real
Architecture for 3D Tissues (RAFTs) in an ex vivo human cornea organ culture system [167].
The authors seeded porcine cornea endothelial cells onto the RAFT and measured en-
dothelial function even after two weeks [168]. Though this technology is in its nascency,
it suggests that tissue-engineered grafts for transplantation may be a viable option for
patients suffering from endothelial disorders.
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5.4. Induced Pluripotent Stem Cell Therapy

Though CEC-based therapeutics are an exciting avenue of treatment for patients,
they still require cadaveric donor corneas for CEC isolation and expansion. Thus, these
therapeutics are limited by availability of donor tissue. As a result, a way to bypass this
limitation is the use of iPSC-derived CECs. There have been several studies demonstrating
the successful differentiation of CECs from iPSCs—either reprogramming adult somatic
cells into iPSCs or directly differentiating them from established human iPSC lines [31,169].
In Japan, they have also created an HLA haplobank, where stocks of clinical grade iPSCs
for HLA-matched allogenic transplantation are stored, as an alternative to generation of
autologous iPSCs [170].

A first in human clinical trial demonstrated feasibility and safety of clinical-grade
iPSC-derived CECs in treating bullous keratopathy in one patient, even after 1 year of
follow-up [171]. The patient had modest improvement in corneal edema, transparency,
and visual acuity [171]. Notably, the authors found de novo genetic mutations despite
extensive whole-genome sequencing of the master cell bank, emphasizing the need for a
more comprehensive safety strategy in iPSC-based therapies.

6. Future Directions and Conclusions
Numerous advancements have been made in the past decade in the treatment of

blinding corneal diseases. Further understanding of the pathophysiology of limbal stem
cell deficiencies, corneal scarring, and fibrosis, as well as corneal endothelial cell loss
will lead to further individualized approaches in treatment options, improved outcomes,
and reduced disease burden. This review has highlighted existing and newly developing
cellular therapies to target endothelial, stromal, and epithelial disorders of the cornea.
The next few years will likely see further development and refinement of the techniques
described. In particular, the use of stem-cell-derived EVs, targeted gene therapy, organoids,
3D-printing of corneal layers, and ex vivo-modeling of stem cell niches will be promising
avenues of research and potential clinical trials. Furthermore, the recent FDA approval of
CALEC in the USA will certainly pave the way for other stem-cell therapies to be accessible
to more patients.

Though it is clear that great progress has been made, there remain several challenges
that range from safety and regulatory concerns to cost-effectiveness and accessibility. Safety
concerns regarding tumorigenic behavior, unintended differentiation of cells, influence
of the microenvironment on cellular differentiation, off-target effects of gene therapies
have all been studied in limited time frames. As a result, more longitudinal follow-up and
large clinical studies are necessary. Additionally, given the large variability in protocols
for isolating, expanding, and generating cells, standardization across practices remains a
critical need.

Finally, many of the discussed regenerative therapies require rigorous cell source
isolation, testing, and transplantation, which limits accessibility in lower-resource countries
and contributes to high costs. Thus, optimizing the manufacturing environment and
protocols will be essential for popularizing these regenerative therapies.
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