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Limbal stem cell deficiency approaches and limbal niche restoration

Zahra Bibak-Bejandi, Zohre Arabpour, Alireza Razavi'?, Amirhossein Moghtader, Sumaiya Shahjahan,
Ahmad Alzein, Jeonghyun (Esther) Kwon, Reyhaneh Bibak-Bejandi®, Nuran Aly, Ali Djalilian

Approaches to limbal stem cell deficiency remain challenging, especially in bilateral cases, where healthy
limbal stem cells are not accessible. While living-related allogeneic and allogeneic limbal stem cell sources
have been utilized, their dependence on immunosuppression and its associated side effects pose significant
limitations. Mucosal and mesenchymal stem cells have shown potential for differentiation into limbal stem
cells and promoting corneal healing, primarily when cultured on the amniotic membrane or fibrin. However,
none can fully replicate the original limbus. Innovations in surgical techniques, such as simple oral mucosal
transplantation and subconjunctival or intrastromal mesenchymal stem cell injections, are emerging
approaches. For successful limbal regeneration, both appropriate cells and suitable scaffolds are essential.
Recent studies on decellularized and acellularized limbus models have demonstrated the potential to
provide a three-dimensional native structure for cell seeding, retention, and differentiation. Creating a thin,
evenly decellularized scaffold is a critical step in ensuring proper corneo-limbal slope formation, facilitating
cell migration to the ocular surface. Harvesting the limbus, decellularization, and cell seeding are the three
main steps in limbal reconstruction. Recent studies focus on microkeratome-assisted limbal harvesting
to create a thin, even, and 360-degree limbal graft. This technique helps form an attached corneo-limbal
interface, facilitating limbal stem cell migration. In the second step, acellularization is performed to preserve
the extracellular matrix as much as possible, maintaining hemostasis and supporting paracrine interactions.
The final steps involve recellularization and transplantation onto the eye. We summarize various limbal
decellularization methods, their outcomes, and their potential in limbal reconstruction. More clinical studies
are needed to validate this phase of limbal deficiency treatment.
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The cornea is the clear central part of the eye, surrounded by
the finger-shaped structures of the limbus, which serve as a vital
cell reservoir for maintaining ocular surface clarity.! Various
etiologies, such as chemical or thermal burns, trauma, infection,
and immunological diseases, can damage these cell sources.?
Depending on the severity, partial or total limbal deficiency
may occur in one or both eyes. As a result, complications such as
neovascularization, conjunctivalization, fibrosis, and perforation
can develop.F! Ultimately, this can lead to total blindness."!
When unilateral limbal stem cell deficiency (LSCD) occurs, the
healthy collateral eye can serve as a source of limbal stem cells
(LSCs) for transplantation. The challenging situation arises in
bilateral LSCD, where no healthy partner eye exists. In these
cases, allogeneic limbal stem cell transplantation techniques
such as living-related conjunctival-limbal autograft (Ir-CLAU),
Allo-simple limbal epithelial transplantation (Allo-SLET),® and
keratolimbal allograft (KLAL) serve as alternatives.’) Due to
the risk of immunosuppression complications, alternative cell

sources, including mucosal stem cells,”! mesenchymal stem
cells (MSCs),®! dental stem cells,”” epidermal stem cells,!” and
hair follicle stem cells, are being investigated."! Choosing the
appropriate cell source and scaffolds are two main parts for
limbal regeneration. Mucosal cells are a commonly used cell
source in the literature. Three methods utilizing mucosal cells
include mucosal graft transplantation (MGT),!" simple oral
mucosal transplantation (SOMT),™ and a cultivated mucosal
epithelial cells sheet (CMECS) that requires a mucosal biopsy,
cell isolation, and expansion on scaffolds, with the amniotic
membrane (AM) being the most commonly used.!'! However,
CMECS s time-consuming, leading to the development of MGT!™
and SOMT, which bypass the culturing phase.'” MSCs are a
common cell source, derived from various tissues in the body,
such as the bone marrow, adipose tissue, and umbilical cord.!"®!
They can be isolated and cultured in a shorter time compared
to LSCs. Additionally, some studies have demonstrated that
MSCs have immunomodulatory properties, allowing for their
use without the need for immunosuppression.'” It demonstrated
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anti-inflammatory, anti-angiogenic, and healing-promoting
properties, making it more desirable for limbal regeneration.!"”!
It can be used in both cell-based and cell-free therapies."”? MSCs
can be delivered via intrastromal and subconjunctival injection
or through a carrier such as AM-Fibrin.”! Various animal
models have demonstrated their potential in limbal regeneration.
Calonge et al.'®I reported a 76.5%-85.7% success rate in a clinical
trial for allogeneic mesenchymal stem cell transplantation
(MSCT), compared to 72.7%-77.8% for allogeneic cultivated
limbal epithelial transplantation (CLET), without complications
or the need for immunosuppression. AM and fibrin are two of
the most common carrier scaffolds in limbal regeneration, but
neither effectively mimics the limbal niche structure. For limbal
reconstruction, one of the most crucial factors is creating a
suitable scaffold that mimics the three-dimensional limbal niche,
providing support and protection for limbal epithelial stem
cells (LESCs) at the depth while promoting their differentiation
into corneal epithelial cells, thereby replenishing the corneal
surface."! Recent studies focus on the decellularized limbus
to recreate the native homeostatic environment for limbal
regeneration while preserving the most intact extracellular
matrix (ECM). A variety of protocols have been applied to
create decellularized limbal scaffolds with intact ECM, which
have been successfully recellularized with adipose-derived
mesenchymal stem cells (hADSCs) and limbal epithelial cell
line (SIRC).™ These promising approaches highlight the need
for a multidirectional perspective in limbal reconstruction,
considering appropriate cells, scaffolds, adjunct promoting
factors, and gene modification. This review presents various
approaches to LSCD and limbal niche reconstruction.

Limbal niche structure and homeostasis

Clarity of the cornea is crucial for vision. The corneal
epithelium, which serves as an outer protective layer,
undergoes continuous renewal through active repair processes.
These processes are vital because the cornea constantly sheds
cells, and any injury or loss of epithelial cells requires prompt
repair. The corneal epithelium fully regenerates within a
span of 3 to 10 days, necessitating the ongoing renewal of its
cells.? The finger-shaped structures, limbal niche located at
the periphery of the cornea, serve as a reservoir for renewal
of LESCs.!?? This structure, supported by nerves, blood
vessels, immune cells, and MSCs beneath the limbal niche,
facilitates cell-cell interactions and maintains homeostasis
through paracrine interaction.” Small, self-renewing LESCs
in the limbal depth become more differentiated as they
move upward to the superficial layer.*? These cells also
migrate in a centripetal direction and further differentiate
into postmitotic cells, transient amplifying cells, and mature
corneal epithelial cells, replacing shed cells on the corneal
surface.”?? Additionally, basal corneal cells migrate to the
superficial layer to replace lost cells. This is the physiology
of ocular surface re-epithelialization in the X, Y, Z pattern.*!
The limbal niche is a multicellular environment characterized
by a unique ECM and various signaling molecules that
support LESCs.* These cells are located in the basal layer
of the limbal epithelial undulations, adjacent to clusters of
CD90-positive mesenchymal stem/stromal cells, which are
vital for tissue homeostasis and repair.>*! [n vivo confocal
microscopy has revealed hyperreflective mesenchymal cell
clusters in the anterior limbal niche stroma beneath the
basal epithelium.! Mesenchymal cells interact with LESCs

through various molecular substrates and signaling pathways,
including aquaporin-1, vimentin,®*! chondroitin sulfate, !
SDF-1/CXCR4,* BMP/Wnt,®!l and IL-6/STAT3.%2 There are two
main subcategories of limbal niche cells: active and quiescent.
Active cells are located near the cornea and undergo replication
to become mature corneal epithelial cells. Quiescent cells,
found in the outer limbal region, do not typically undergo
replication under physiological conditions.?>*! In pathological
conditions, multidirectional collaboration occurs in the
limbus— Active LSCs increase differentiation and replication
beyond baseline levels, while quiescent cells become active to
enhance healing.?%! Stromal cells, through paracrine signaling
and cell—cell interactions, further promote LESCs replication
and healing. In severe conditions such as chemical and
thermal burns, autoimmune diseases, infections, and trauma,
the LSCs reservoir can be depleted, leading to dysfunction in
re-epithelialization, conjunctivalization, neovascularization,
persistent epithelial defects, and ultimately vision loss.™
Depending on the severity, either a partial or total portion of
the limbus may be affected. The optimal approach is to replace
lost LSCs to preserve sight. Treatment strategies vary based on
whether the condition is unilateral or bilateral.

When unilateral LSCD occurs, the healthy collateral eye can
serve as a reservoir of LSCs for transplantation. The challenging
situation arises in bilateral LSCD, where no healthy partner eye
exists. In these cases, allogeneic LSCs transplantation techniques
such aslr-CLAU,* Allo-SLET, and KLALP! serve as alternatives.?*"
Due to the risk of immunosuppression complications, alternative
cell sources, including mucosal epithelial cells, MSCs, dental stem
cells, epidermal stem cells, and hair follicle stem cells, are being
investigated 147l

Etiology

LSCD has been studied epidemiologically worldwide to
determine the most common causes. According to a study of
738 eyes done in a single tertiary center over 14 years, there
are aniridia (30.9%), chemical or thermal injury (20.6%), contact
lens (16.8%), and Stevens-Johnson syndrome (10.4%).’! As a
matter of fact, chemical burns are the most common cause of
LSCD among unilateral cases.l**!l Several other causes may
also contribute to the condition, such as prior surgery (most
often pterygoid surgery or glaucoma surgery), drug toxicity,
and mucous membrane pemphigoid (MMP).[*l Mutations
in the PAX6 gene, also implicated in aniridia™®! and Peter’s
anomaly,* have been connected to LSCD.

In unilateral LSCD, the autologous LSCs source typically
is taken from the contralateral eye. Allogeneic grafts from a
living relative or a cadaveric donor are alternatives for bilateral
limbal deficiency™! [Fig. 1].

Unilateral limbal stem cell deficiency approach

Conjunctival limbal autograft

e Conjunctival limbal autograft (CLAU) involves using a graft
block consisting of the corneal, limbus, and conjunctiva part
from the healthy, contralateral eye.*! One of the primary
benefits of CLAU is the opportunity for limbal regeneration
in the affected eye using an autologous cell source, reducing
the need for immunosuppression. However, depending on
the graft size, there is a risk of inducing limbal deficiency
in the donor eye.* CLAU combined with amnion-assisted
conjunctival epithelial redirection (ACER) was performed
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in ten eyes with unilateral LSCD. The AM was placed with
the epithelial side up on the cornea. The results showed
epithelial healing and improvement in best-corrected visual
acuity (BCVA) in all cases.*”! In another study, adding
autologous platelet-rich plasma (E-PRP) to mini-conjunctival
limbal autograft in ten eyes with chemical burns was considered
an adjuvant therapy for corneal healing.* This technique is
also considered for pterygium, a focal limbal deficiency, and
helps reduce recurrence.™® Various innovations in surgical
techniques, such as mini-conjunctival limbal autograft,
the use of healing-promoting drops, AM application, and
keratoplasty, serve as alternatives for promoting ocular
surface regeneration, summarized in the table. [Table 1].
Simple Limbal Epithelial Transplantation

SLET is a procedure introduced by Sangwan et al.> in 2012;
it involves using fragmented pieces of limbal tissue that are
adhered to the corneal surface overlaying a previously AM
overlay. These alterations in limbal graft size and methods
reduce the previous risk of inducing limbal deficiency in the
healthy eye after CLAU.! Some innovative approaches, such
as Gluless-SLET (G-SLET),"! femtosecond-assisted gluless
SLET (FA-G-SLET),"" and modified SLET (M-SLET), have
made these methods more favorable over time. The results
are summarized in Table 2. For example, in three unilateral
LSCD cases, vertical oblique incisions were created using
100% FSL, and limbal epithelial segments were implanted
into the incisions. Corneal regeneration was achieved within
2-3 weeks post surgery, and BCVA improved in two cases
without any deterioration in the third case.”” M-SLET, as
presented by Datar et al.,’ involves transplanting tissue
biopsies onto the affected cornea, covering them with an
AM, and securing them with a contact lens. This approach
resulted in a healed and stable cornea in five patients. In
severe cases, the combination of SLET and CLAU revealed

transplantation Living
related-
conjunctival
limbal
allograft
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Figure 1: Approaches for treating limbal stem cell deficiency (LSCD) depend on whether the condition is unilateral or bilateral; based on this
distinction, autologous or allogeneic limbal stem cell sources, as well as other extra-limbal stem cell sources, can be applied. The diagram
illustrates the general alternatives for treating LSCD

sight-saving results,”"! revealing pigmentation at the
8-month follow-up posttransplantation, confirming the
replication of LSCs and SLET method efficacy.” Although
some complications, such as seroma, have been reported,
the epithelialized surface appeared over 3 months without
further deterioration.”? More clinical results through these
innovations are needed to evaluate their efficacy in the future.

Bilateral limbal stem cell deficiency

In bilateral limbal deficiency, there are two main cell therapy
approaches [Fig. 1]:
1. Allogenic limbal stem cell transplantation:
¢ Allogeneic Cultured Limbal Epithelial Transplantation
(ACLET)
e Keratolimbal Allograft (KLAL)
¢ Allogeneic simple limbal epithelial transplantation
(alloSLET)
2. Autologous extra-limbal cell source combined with different
scaffolds for limbal reconstruction
Extra-limbal cell source:
* Mucosal stem cell
* Mesenchymal stem cell
Scaffolds:
e Native scaffolds
® Synthetic scaffolds

Allogeneiclimbal stem cell transplantation in bilateral limbal
stem cell deficiency

Allogeneic Cultured Limbal Epithelial Transplantation:
In bilateral cases, a small limbal biopsy from a living related
donor is dissected, expanded on a scaffold, and transplanted
onto the affected ocular surface.
Comparison of 41 cultivated oral mucosal epithelial
transplantation (COMET) and 69 ACLET procedures showed
a higher graft survival rate of 81.7% in ACLET, along with
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Table 1: Summary of the Conjunctival Limbal Autograft (CLAU) technique, results, and complications

Procedures

Etiology

Complication

Result

Conjunctival-limbal autograft (CLAU)
vs Mini-simple limbal epithelial
transplantation (Mini-SLET)®"

Pterygium

No complication in both group

Mini-conjunctival limbal autograft Chemical -
(CLAU) + platelet-rich plasma burn
(E-PRP)¥8l

Mini-conjunctival limbal Chemical
autograft (CLAU) + deep anterior injury
lamellar keratoplasty (DALK)®"

Conjunctival limbal autograft (CLAU) + Chemical -
Amniotic membranel®?! trauma
Conjunctival limbal transplantation Chemical -
+_ Amniotic membrane burn

Conijunctival limbal allo + autograft
stabilized with fibrin glue®¥

Stromal rejection occurred 5
months post-surgery and was
controlled with topical steroids

2 months follow-up recurrence:

CLAU: 0%/Mini-SLET: 0%

3 months follow-up recurrence:

CLAU: 6.1%/Mini-SLET: 17.9%

6 months follow-up recurrence CLAu:
CLAU: 8.1%/Mini-SLET: 50%

12 months follow-up recurrence CLAu:
CLAU: 8.1%/Mini-SLET: 53.5%

Reducing conjunctivalization/vascularization
in 2 months

Corneal transparency improve=7 Cases
Cornea re-epithelization: Within 11-21 days
BSCVA: Mini-CLAU+penetrating
keratoplasty: 0.60+0.0.32

Mini- CLAU+ without penetrating
keratoplasty: 0.46+0.0.25 logMAR

Corneal epithelialization

Corrected visual acuity: 20/30

Vision maintenance+scleral contact lenses:
Within 15 months

Epithelial defect healing
Improved VA 0.05/10 to 0.7

Longer epithelialization: CLAU+AM
Graft survival: Similar in both
Failure rate: Similar in both

Stable ocular surface: 100% cases
Epithelium healing: 10 days

Mean visual acuity: 20/400 to 20/53

significant improvement in VA, compared to 60.7% in
COMET, which showed no significant improvement in VA.*"!
Comparison of the CLET and SLET showed the ocular surface
stability over the 1 year follow-up, which was 86% and 88%,
respectively.”! The anatomical success rate in both Auto- and
Allo-CLET decreased from 46.1% to 23.1% from short- to
long-term evaluation.” A follow-up of 26.4 + 13.6 months in
varying degrees of symblepharon due to thermal and chemical
burns reported complete success, partial success, and failure
rates of 50%, 31.3%, and 18.8%, respectively, after ACLET."™ Ten
eyes underwent both CLET and PK with a 6-month interval,
resulting in survival rates of 100% and 80% at 1-year and 3-year
follow-ups, respectively.”! Comparison of Allo and Auto CLET
in 1306 eyes where 75.2% (982 eyes) included the Auto-CLET
showed success and improvement in BCVA were not different
between two group.”l But systemic immunosuppression
and its associated complications, renal and liver dysfunction,
highlight the importance of using extra-limbal cell sources.*””®!
For example, immunosuppression-related adverse effects
occurred in 13% of the 69 patients who underwent ACLET."!

e Keratolimbal Allograft:

e A 360-degree limbal strip is detached from the cadaveric
globe and can be preserved in hypothermic temperature
and cornea media for up to 9 days before being transferred
onto the affected limbal surface.” The benefit of this comes
from the ability to securely transplant a large number of
stem cells.[® In general, this technique involves performing
a 360-degree limbal peritotomy and removing any abnormal
structures to create a flat surface. After transferring the
graft onto the patient’s eye, the host and donor conjunctiva
are approximated to ensure an even surface.® Limbal

graft thickness is an important factor in achieving a
well-attached corneo-limbal slope after transplantation.
Microkeratome-assisted mechanical harvesting creates
an even, smooth, and thin limbal strip for optimal limbal
regeneration.®! It is important to remember that systemic
immunosuppression is needed for all patients to prevent
transplant rejection and manage the postoperative
inflammation.®™ For immune suppression, topical showed
better results than oral immune suppression.®? KLAL in
combination with keratoplasty revealed better results than
KLAL alone." Results are summarized in Table 3.

Living-related conjunctival limbal allograft and Allogeneic
simple limbal epithelial transplantation

e Ir-CLAL was performed to reduce the need for

immunosuppression. Compared to KLAL, ocular
surface stability was achieved in 82.5% of patients
versus 64.7%. Additionally, the failure rate was 6.3%,
lower than the 15.6% observed in KLAL." Allo-SLET
involves harvesting a limbal biopsy from a cadaveric
globe or a living-related donor. This method reduces
scar formation compared to Lr-CLAL. This procedure,
performed in 24 eyes with bilateral LSCD, resulted in
96% epithelialization postoperatively, which decreased
to 50% over 36 months.® Descemet membrane anterior
keratoplasty (DMAK) combined with modified Allo-SLET
leads to corneal re-epithelialization, vision improvement,
and pain reduction over 1.5 years.[® In a 22-year-old female
with vernal keratoconjunctivitis (VKC) and total LSCD
who underwent Allo-SLET, the corrected visual acuity was
20/20 in both eyes, leading to corneal stabilization without
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Table 2: Summary of the simple limbal epithelial transplantation technique, alternatives, innovations, and results

Procedure

Etiology

Result

Autologous simple limbal epithelial
transplantation + conjunctival autograft(®®!

Simple conjunctival epithelial
transplantation + Simple limbal epithelial
transplantation!®”!

Femtosecond laser-Glueless simple
limbal epithelial transplantation!s”!

Glueless simple limbal epithelial
transplantation!*®!

Simple limbal epithelial transplantation(®

Simple limbal epithelial transplantation
without Amniotic membrane, fixed with
fibrin glue®

Penetrating keratoplasty + Autologous
simple limbal epithelial transplantation(®!

Modified supportive simple limbal
epithelial transplantation(©8!

Autologous or Allogeneic Simple limbal
epithelial transplantation(®

Poly-lactic co-glycolic acid (PLGA) +
Autologous simple limbal epithelial
transplantation!6®!

Simple limbal epithelial transplantation +
Cataract surgery!se

Autologous simple limbal epithelial
transplantation + Live related- Allogeneic
simple limbal epithelial transplantation(®”]

Autologous + Allogeneic modified simple
limbal epithelial transplantation®®!

Autologous simple limbal epithelial
transplantation!6!

Combination of conjunctival-limbal
autografting + Simple limbal epithelial
transplantation(™!

Burn

Chemical burn

Chemical burn
Eye burn

Chemical injury

Firecracker+ Chemical
injuries + Squamous
neoplasia excision

Carbide blast

Chemical injury +
xeroderma pigmentosa
Chemical injury

Acid burn, Chemical,
Lime injury and
Idiopathic

Ocular surface
squamous neoplasia

Variety of etiology

Thermal and chemical
burn

Chemical burn

Alkali chemical injury

24 months follow-up: Stable ocular surface
Best-corrected visual acuity: 6/12p

Conjunctival epithelium reconstruction: 3 months follow-up
Corneal epithelium reconstruction: 3- and 6-months follow-up
Wong-Baker FACES Pain Rating Scale: Reach from 6 and 4 to

0 (2 cases)

best-corrected visual acuity:

1.40 and 1.10 to 0.5 logarithm of the minimum angle of resolution

Corneal stabilization: 6-month follow-up

Visual improvement was observed in one case, while another case
showed no improvement due to severe cataract

Epithelization: 1 month follow-up

Visual acuity: log MAR 1.8+1.9 to log MAR 0.5+0.4
Epithelial/stromal ratio:

Reduced from 1.53+0.2 to 1.02+0.17
Densitometry:

Anterior stromal: 64.52+27.4 to 53.16+20.0
Mid-stromal: 56.22+29.8 to 38.6+17.68

Posterior stromal: 47.48+33.05 to 29.44+16.73

Corneal epithelialization=2-3 Weeks follow-up

Visual acuity: 20/100, Stable and epithelialized cornea achieved in
18 months follow-up

Corneal and ocular stabilization

Epithelial thickness (ET): Same as normal eye over 1 year follow-up
Epithelial/stromal (ES) reflectivity ratio: 2.1+0.8 vs 1+0.2, P<0.001
over 1-year follow-up

2 out of 5 patients two-line vison improvement
Resurgence of pannus: 2 out of 5 patients
3 out of 5 reach epithelialized surface without defect over 12 months

Stable ocular surface without resurgence over 18 months

Survival rate:

2-year follow-up: 89.3%

3-year follow-up: 75.6%

Visual improvement in both group

Symblepharon, conjunctivalization, vascularization, and
opacification healing

Visual acuity: Two-line improvement 60% of eyes

Recurrency: 23.08% of eyes

Limbal and corneal structure: Detected in vivo confocal microscopy
and impression cytology

Serial OCT: Increase in the comeal epithelial layer, a decrease in Amniotic
membrane thickness, and enhanced incorporation with the membrane.
Visual acuity: Hand motion initially, to 20/20

Stabel ocular surface

recurrence.” HLA-matched living-related Allo-SLET was
performed in both eyes of a bilateral LSCD patient. In the
left eye, modified Allo-SLET was performed, leading to an
improvement in visual acuity from hand motion to 6/20 and
corneal surface epithelialization at the 1-year follow-up. In
the right eye, the sandwich-modified SLET was performed,
resulting in visual improvement from light perception
to counting fingers.’’ Lr Allo-SLET transplantation

resulted in BCVA improving to 20/50 in the left eye over
a 4-month follow-up; however, the right eye deteriorated
to hand movements.’” AM combined with penetrating
keratoplasty (PKP) transplantation and an 8-week oral
steroid regimen resulted in BCVA reaching 20/20, with a
stable and clear cornea at a 2-year follow-up.!* One of the
main drawbacks of this method is the risk of rejection and
the need for strong immunosuppression.*
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Table 3: Summary of the keratolimbal allograft technique, innovations, and results

Procedure Etiology Numbers Follow-up Results
keratolimbal allograft (KLAL) Delayed-onset mustard gas 13 eyes 87.6+49.8 Surgical success: 93%
with central lamellar keratopathy months Best-corrected visual acuity (BCVA):
keratoplasty (CLK)®! 1.07+0.24 to 0.63+0.30 logMAR
keratolimbal allograft or + Delayed-onset mustard gas 108 eyes 81.9+38.4 Success rate: 75%
Lamellar keratoplasty'® keratopathy months Duration of success: 80.6+38 months
Keratolimbal allograft + Mustard gas keratopathy 6.5 years Epithelialized cornea: 88.8%
Penetrating keratoplasty!® Herpes simplex keratitis Average best-corrected visual acuity:
Acid chemical burn 1.89+0.18 to 1.02+0.64 logMAR
Keratolimbal allograft + _Deep Alkali burns 49 eyes  46.80+31.22 Survival:
anterior lamellar keratoplasty!®® Acid burns months KLAL: 66.67%, KLAL-DALK: 76%
Thermal burns KLAL: BCVA =20/200 in 48.98%
KLAL-DALK: BCVA =20/200 in 44.0%
Keratolimbal allograft + Live Stevens-Johnson syndrom 8 eyes 37.3x22.7 Stable ocular surface: 87.5%
related- Conjunctival limbal Aniridia months
Autograftl®s! Chemical injury Atopic eye disease
Keratolimbal allograft + Varity etiology 43 eyes - Surgical success: 53%
Penetrating keratoplasty!*! Visual acuity improvement: One or
more lines
Early graft rejection:
9%
Femtosecond laser-assisted Chemical burn + Stevens-Johnson 10eyes 16.8+7.3 Stable ocular surface: 90%
keratolimbal allograft(” syndrome months Confocal microscopy: Dentric cells at

limbus

Limbal reconstruction

For limbal reconstruction, an appropriate scaffold and cell
source are essential. In bilateral LSCD, alternative extra-limbal
cell sources such as mucosal,™ mesenchymal, " dental,” hair
follicle, and epidermal stem cells!'” hold potential. Mucosal
and mesenchymal are the most common sources.’ New
scaffolds, including acellularized limbus, provide an ideal
three-dimensional structure for creating a niche environment
for LESCs differentiation.!

Mucosal Stem Cells

In instances of total bilateral LSCD, allogeneic transplants
are essential, sourced from either living-related donors or
cadaveric donors. This approach necessitates long-term chronic
immunosuppression, subsequently increasing the disease
transmission risk. This situation has motivated researchers
to investigate alternative nonlimbal cells that may be utilized
for autologous grafting procedures.”**1 COMET technique was
first introduced by Nishida et al. in 2004. This procedure is
called ex vivo cultivated oral mucosal autograft (EVOMAU).P!
Many individuals seeking relief from ocular surface issues have
found hope in COMET, which has been reported to restore
stability in about 43% to 67% of cases.?*! While results can
vary, itisimportant to recognize the potential for improvement
and support those navigating their eye health challenges.
Kolli et al.®! and Ilmarinen et al.l'! clearly identified that
suboptimal visual outcomes after COMET are a direct result
of the persistent phenotype of the oral mucosal epithelium,
which is characterized by thicker and less transparent
features. Post-COMET analysis reveals that peripheral corneal
neovascularization occurs in the majority of patients, with a
remarkable 83% of examined corneal quadrants exhibiting
epithelial neovascularization as confirmed by AS-OCTA. 11031
The long-term effects of COMET transplantation are still
unknown.!"! Corneal epithelial cells are more functional than

oral mucosal epithelial cells.!! Since there is no indication of
limbal niche regeneration after COMET transplantation, their
transplantation may mainly aid in surface stabilization.! As
a result, scientists are looking into using corneal epithelial
cells that are produced from multipotent or pluripotent stem
cells.! Even though these methods have been successful in
maintaining the corneal surface, oral mucosa lacks the perfect
properties of corneal epithelium.!"! Generally, the use of
mucosal cells is based on three techniques: COMET, MGT, and
SOMT. In COMET, after a mucosal biopsy and cell extraction,
the cells are co-cultured with 3T3 feeder cells on AM in a
culture medium to generate a cultivated epithelial cell sheet.
This process takes 2 to 3 weeks. AM is the most commonly
used scaffold for generating mucosal epithelial sheets.[1%410¢]
In MGT, after mucosal dissection, the subepithelial tissue is
removed and then fixed using fibrin glue and nylon sutures!'®
This method is easier and more time-saving than the previous
one. New studies emphasize SOMT, where chopped mucosal
segments are transferred onto AM and then covered by AM.[1%]
These findings indicate a trend toward surgical techniques
that are more time-saving and beneficial. This is summarized
in Table 4.

Mesenchymal stem cells

Given its intricate cellular and molecular networks as well as
its distinct mechanical and adhesion characteristics, restoration
of the LSCs microenvironment is still being researched. MSCs,
cytokines, growth factors, and serum/platelet-derived products
are among the biological components that can be delivered.* A
remarkable population of MSCs have the ability to differentiate
into a variety of mesodermal lineage cells, such as chondroblasts,
adipocytes, and osteoblasts. The amazing potential of nature’s
design is demonstrated by its special capacity to release a
wide range of cytokines and growth factors, which promote
an immunomodulatory and anti-inflammatory milieu.$!7-11
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Table 4: Mucosal cell source, transplantation techniques, and results in limbal deficiency treatment

Cell Source and Technique

Results

Cultivated oral mucosal epithelial
transplantation’®”!

Cultivated oral mucosal epithelial
transplantation!'®”

Cultivated oral mucosal epithelial
transplantation (Ocural)!'¥l

Cultivated oral mucosal epithelial
transplantation!'%®!

Cultured autologous oral mucosal epithelial
cells + Amniotic membrane!!

Cultured oral mucosal epithelial cell sheets +
Penetrating keratoplasty!''%

Cultivated oral mucosal epithelial
transplantation + Penetrating keratoplasty!''"

Cultivated oral mucosal epithelial
transplantation + Penetrating keratoplasty!''?

Cultivated oral mucosal epithelial
transplantation!'®2

Cultivated oral mucosal epithelial
transplantation!®®

Cultured autologous oral mucosal epithelial
cells!'s!

Simple oral mucosal epithelial transplantation!'®’

Simple oral mucosal epithelial transplantation!'?

Simple oral mucosal epithelial transplantation!°®

Autologous labial mucous membrane
grafts (MMGs)!"™4

Oral mucosal graft('®

Elevated intraocular pressure (IOP)=22.0%
Visual acuity (VA)=No change
Infection=9.8%

Perforation=9.8%

Success rates=57.8%
Survival rates=53.2%

Stem cells markers=p63, p75
Proliferation markers=Ki-67
Differentiation markers=Keratin-3, -4, and -13

IVCM=Cornea-like epithelium
ICIF=CK3 and CK12 are representative markers of oral mucosal cells

Corneal epithelialization rate: 73.33%

Epithelialization over 53.6 days
Visual improvement (=2 lines)
K12=Corneal phenotype

K4, and K13=Mucosal phenotype

Epithelialized in surface without any defect
Best-corrected visual acuity=Increased 2.67+0.08 LogMAR to 0.64+0.27 LogMAR

Patient 1 BCVA=20/125

Patient 2 BCVA=20/100

K3 +, K12 —

Basal corneal density similar to normal

Stable corneal surface in 75%=No epithelial defect, fibrovascular and inflammation
1-year success rate=79.3%

4-year success rate=70.5%

Visual acuity (VA)=70%

Uniform epithelialized=76.4%

Epithelial defect=23.5%

Improved in VA=88.2%

No ulcer in 22 out of 23 patients
19 decrees in severity

Ocular surface epithelialization over 3 weeks

One year follow-up visual acuity=light perception to 20/250
Fixation (right eye)=UCsUM

(left eye)=UCSM in the

Visual axis clear

Visual acuity=Counting fingers to 10/100

Vision improved=20/160 left eye

Schirmer’s score=5

Clear cornea

Pain/photophobia decreased=7 eyes

Stable epithelium decreased vascularization/chronic inflammation=6 out of 7
Peripheral vascularization=5 eyes

Research on a variety of disorders, especially severe corneal
diseases, has shown a great deal of interest in MSCs due to
their special qualities. There are currently over 1000 registered
clinical trials investigating the potential of MSCs produced
from different sources, such as tooth pulp, bone marrow,
fat, and umbilical cord.”®! More recently, a proof-of-concept
study was carried out to compare allogeneic bone marrow
MSCs transplantation with allogeneic CLET.!" There were no
negative cell product-related events in 72.7-77.8% of CLET
cases and 76.5-85.7% of MSCs cases after 6-12 months.™! In
comparison to limbal epithelial cells, MSCs may offer several
advantages, such as the ability to be harvested from various
tissues, independence from cadaveric donors, and a quicker

and less expensive procedure. Furthermore, the population of
stem cells in CLET may be much smaller than that of MSCs in
a transplant, where 100% of the MSCs are stem cells.

The fibroblastic and epithelial layers of the AM include
amniotic mesenchymal cells (AMCs). These cells are essential
because they produce growth factors and cytokines that are
easily incorporated into the AM’s ECM.I'21211 Collagen types
I, III, IV, and V, laminins 1 and 5, and fibronectin are among
the vital constituents of adipose tissue’s ECM. It also contains
important cytokines and growth factors that are essential
for tissue function and repair, such as hepatocyte growth
factor (HGF) and epidermal growth factor (EGF).'*? Eslani
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Table 5: Brief descriptions of current and emerging nonsurgical treatments

Results

* Autologous Serum: Whole blood centrifuged to e Improved symptoms, corneal epithelial healing,

Treatment Study Description
Blood-Derived Varies
Therapeutics!'®® separate the serum
¢ Platelet-rich in growth factors (PRGF):
Filtration of plasma supernatants after
centrifugation of the whole blood
¢ Platelet-rich plasma (PRP): Increased
concentrations of platelets with an additional
centrifugation of the whole blood
* Platelet lysate: Induced platelet lysis and
released of growth factors using PRP
CSB-001 Phase | Topical ophthalmic solution 0.1% human
(NCT06452316) recombinant dHGF (5-amino acid deleted
hepatocyte growth factor)
MSC Phase Il Subconjunctival injections of human bone
marrow-derived MSC
MSC secretome Phase Il Topical ophthalmic solution containing MSC
secreted factors; promote the survival and
proliferation of LSCs
MSC exosomes Varies Nanosized vesicles containing similar
therapeutic features as MSCs (e.g., induce
cell differentiation, anti-inflammatory effects,
angiogenesis)!'¢?
Anti-inflammatory Reduce inflammation and improve corneal
eye drops (e.g., wound healing, create a favorable environment
corticosteroids, for the limbal stem cells
nonsteroidal
anti-inflammatory
drugs (NSAIDs))
Amniotic Membrane
Extract (AME)
In Vivo, Non-surgical, derived form to include amniotic
Ex Vivo membrane transplant's (AMT) growth factor,

anti-inflammatory, and re-epithelization

squamous metaplasia and tear stability, and visual
acuity in LSCD patients!164165]

* Two of the three patients with persistent epithelial
defects in the setting of lenticule-assisted limbal
stem cell transplantation (LSCD) exhibited complete
resolution of the on day 7 and day 90, respectively

* One patient had a -97% reduction in defect size
on day 90

» Of the eight patients, 7 experienced improvements
in visual acuity, 6 reported symptom alleviation with
decrease in OSDI scores, and 5 had their corneal
sensitivity increased compared to the baseline

* Promoted proliferation of corneal epithelial cells,
reduced fibrosis, and inflammation!'®

e Lowered levels of proinflammatory cytokines
(e.g., TNF-a, IL-1B, and IL-6) and increased
anti-inflammatory cytokines (e.g. IL-10 and TGF-f)!"

e Subconjunctival injection in rats effectively
prolonged survival of corneal allograft by inhibiting
infiltration of CD4 + and CD25 + T-cells and lowering
levels of IFN-y and chemical ligand 11 (CXCL11)67

* AME eye drops were clinically and histopathologically
(stromal inflammatory cell inflammation, corneal
vascularization, intraepithelial edema, stromal fibrosis,

supporting properties

and metaplastic epithelial layer thickness) better at
corneal healing than AMT and control groups!'®®!

* Effective in preventing the development of
complications of LSCD!'68]

* Decreased epithelium healing duration in vivo and
increased LSC proliferation ex vivol'®%

et al.!'® assessed the angiogenic characteristics of MSCs obtained
from the cornea and found that these cells secrete low levels of
VEGF-A and high quantities of antiangiogenic factors (soluble
fms-like tyrosine kinase-1 and pigment epithelial growth factor).
New vessel formation was significantly reduced as a result of
those conditions. The proof of concept for the applicability of
bone marrow-derived MSCT has been reported in 17 cases.
The success rate for MSCT ranged from 76.5% to 85.7%, which
was comparable to CLET.'®! A Phase Ila clinical trial reported
by Los Bueis et al. involved the injection of 400,000 ASCs into
each limbo-conjunctival quadrant, resulting in the healing of
all epithelial defects over an 86.5-month follow-up period.l'*!

In a Phase I clinical trial (NCT04626583), the safety of the
aforementioned MSCs as evaluated. A dose-escalation design
was employed, with each cohort receiving a single dose of
1 million, 3 million, or 6 million MSCs administered locally
via subconjunctival injection. A total of eight participants
with persistent epithelial defects were enrolled. All patients
demonstrated tolerance to MSCs without any treatment-related
adverse events. Of the three patients with epithelial defects in
the setting of lenticule-assisted LSCD, two patients exhibited
complete resolution of the defects on day 7 and day 90,
respectively. One patient demonstrated a 97% reduction
in the defect size on Day 90. Following the assessment of
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MSCs safety, a Phase II clinical trial is currently underway
to evaluate their efficacy. This multicenter, randomized, 2:1
allocation, double-masked trial involves the evaluation of
MSCs in patients with corneal epithelial defects. The US sites
have completed the study, and international sites are actively
enrolling patients (NCT05705024).

MSC secretomes

MSCs have therapeutic effects through paracrine mechanism
by secreting various factors including insulin-like growth
factor-1, hepatocyte growth factor, vascular endothelial
growth factor, prostaglandin E2, and various cytokines for
their immunomodulatory, regenerative, antiapoptotic, and
antiscarring effects.”1?12' While MSCs are cell-based therapies,
these secreted factors, namely, secretomes, can be utilized
as cell-free therapies.”! In our Phase I study, we produced
topical MSC secretomes by collecting the cultured media and
cryopreserving them until prior to the dispense. A total of eight
patients with chronic corneal epitheliopathy were enrolled in
our study. Following the dose-escalation model, a low-dose
cohort administered the topical MSC secretome eye drops
twice a day. A medium dose and high dose were administered
to the eye four times and six times daily, respectively. All
patients in the low and medium doses did not have any
treatment-related adverse events. However, in the high-dose
group, two dose-limiting toxicities with the development of
a new epithelial defect and a significant decrease in visual
acuity were reported, which were recovered with appropriate
standard of care. Our preliminary data analysis indicated that
seven patients experienced improvement in visual acuity, six
patients reported symptom alleviation with decrease in OSDI
scores, and five patients had their corneal sensitivity increased
compared to the baseline. Proving the safety of the twice a day
and four times a day dosings, we are in preparation of starting
a randomized, double-masked Phase II study to evaluate the
efficacy of the topical MSC secretomes.

Biological scaffolds for limbal regeneration
Human amniotic membrane (HAM)

Human amniotic membrane (HAM), the innermost layer of
the placenta, has found widespread use in medicine due to
its natural ability to reduce inflammation, prevent scarring,
and fight infections. What makes it particularly valuable for
eye treatments is its structural similarity to the cornea, which
provides a supportive environment for LSCs. Over the years,
HAM has been used as a platform to grow these stem cells
outside the body before transplantation into patients with
LSCD."1In limbal transplantation, adding HAM addresses the
disadvantages of CLAU, which involved donor eye damage.
This led to SLET, where tiny limbal tissue pieces are placed
on HAM and transplanted. To make HAM more effective,
scientists have devised ways to strengthen and preserve it
through techniques such as decellularization, cross-linking, and
cryopreservation. Some researchers have also experimented
with folding HAM into a three-dimensional structure to
better mimic the natural limbal environment, although this
approach is still being tested. Despite its many advantages,
HAM has challenges, including variations in donor quality,
the need for careful screening to prevent infection, and high
storage costs. To overcome these issues, an alternative called
HC-HA/PTX3 has been developed. This water-soluble extract
provides a similar supportive environment for LSCs and has

already been approved by the FDA for clinical use."*' HC-HA/
PTX3, a bioactive complex derived from HAM, maintains
key regenerative properties such as anti-inflammatory and
anti-fibrotic effects. Clinically, it supports LSCs survival
and corneal regeneration, with FDA approval reinforcing its
potential for ocular surface repair. Further research is needed
to optimize its formulation and assess long-term efficacy.*!
Fibrin

Fibrin, a protein involved in blood clotting, is another popular
scaffold for LSCs grafts. It has been used in medical procedures
for years as a natural adhesive and biodegradable membrane,
making it an excellent option for delivering stem cells to the
eye. Clinical trials using fibrin-based LSC grafts have shown
success rates of between 66% and 90% and have even led to the
development of Holoclar, the first approved stem cell therapy in
Europe for the treatment of burn-induced LSCD.* One of the
key benefits of fibrin is its ability to maintain the activity of LSCs
before transplantation, helping them form a stable, healthy
corneal surface after surgery. In many cases, patients treated
with fibrin-based grafts have regained their vision without the
need for additional procedures. However, there are limitations:
Fibrin degrades quickly, which can make it less durable, and its
production often relies on animal-derived components such as
bovine serum, which raises safety concerns. Some researchers
are working to improve fibrin scaffolds by incorporating
platelets, which release growth factors that help maintain the
health and function of stem cells.!3!

Acellular and Decellularized Limbus: Native and Novel
Scaffolds

Organ rejection and dependency on immune rejection are
two major limitations of allogeneic organ transplantation.!*
Regenerative medicine is an emerging field aimed at restoring
lost organs. The concepts of decellularization and acellularization
are essential components of regenerative medicine and have
shown significant potential in various applications, such as
heart valve reconstruction,!™! cornea regeneration,!** and
organ repair. In the case of LSCD, it is necessary to replace
the lost limbal structure, which provides the limbal niche
for cell settlement.* Although AM is already used for this
purpose, it cannot fully mimic the three-dimensional biological
environment of the palisades of Vogt.!'*s! Additionally, the
paracrine signaling of the limbal stem cells' ECM plays a crucial
role.14 The applicability of decellularized limbal grafts in
limbal and corneal regeneration was presented by Shafiq et al.("*
Re-epithelialization of the de-epithelialized porcine corneo-
limbal graft by human LESCs and the subsequent corneal
regeneration occurred within 5 to 7 days following multiple
central corneal wounds. H&E staining confirmed the organized
stratification of the epithelial layers."*! Sodium desoxychelate
and DNase were used for human limbus decellularization. The
results showed that the DNA content reached 0.15 +0.01 ug/mg
and that the basement membrane and ECM components were
preserved. These methods could be applicable for creating a
native scaffold for limbal reconstruction.'* A comparison of
the three materials —SDS, hypertonic saline (HS), and N2 gas
(NG)—for corneo-limbal decellularization showed that SDS
caused irreversible destruction of the corneal structure, while
NG was not applicable for limbal decellularization. Among
these, HS provided a more balanced outcome in terms of
limbal decellularization and ECM preservation.*! For limbal
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reconstruction, three crucial steps are required. The first step
is harvesting the limbal graft as thinly as possible to achieve
two main objectives: reducing the severity of decellularization
while preserving the ECM, and enhancing post-transplantation
healing by establishing a securely attached corneo-limbal band
that promotes LESCs migration and corneal healing. The second
step involves decellularization and developing a gentler method
that preserves the ECM structure. Choosing the appropriate
harvesting techniques can facilitate this process. According to
Sanchez-Porras ef al., treating half-thickness limbal tissue with
1% SDS yielded the best decellularization results.*” Replacing
traditional techniques with mechanical limbal harvesting via a
microkeratome to create a thin and even limbal epithelial graft
represents a novel approach in limbal regeneration.® The third
and last step is the recellularization of acellularized limbus
and preparing for transplantation. The recellularization with
hADSCs and SIRC is promising results for future research in
limbal niche restoration.!"*!

Synthetic scaffolds for limbal regeneration

Synthetic polymers are becoming increasingly popular as
alternatives for expanding and transplanting LESCs. Their
biggest advantage lies in their customizability; scientists can
design them to meet specific LSCD approaches and limbal niche
restoration needs, ensuring consistent quality and large-scale
production without relying on biological materials. This also
eliminates concerns about disease transmission, which can be a
risk with donor-derived scaffolds. Unlike natural biomaterials,
synthetic polymers can be fine-tuned to mimic the ECM, control
how quickly they break down in the body, and enhance their
mechanical strength, making them a promising option for limbal
regeneration. Silk fibroin,™ poly (lactic-co-glycolic acid),!*!
polyethylene glycol (PEG),"* gelatin methacrylate (GelMA),™#!
and polycaprolactone (PCL)"™ are some synthetic materials
candidates for limbal regeneration.

Adjutant therapy in corneal and limbal healing
Platelet-Rich Plasma

Eye drops provide a convenient, noninvasive method for
delivering therapeutic agents directly to the ocular surface.
They encompass a range of formulations, including artificial
tears, growth factors, and anti-inflammatory agents, aimed
at supporting the survival and proliferation of the corneal
LSCs. Among these, blood-derived products (e.g., autologous
serum eye drops (ASEs) and platelet-derived preparations)
have been used for promoting ocular surface healing.' ASEs
and platelet-derived preparations share similar compositions,
including growth factors, cytokines, vitamins, and minerals
that mimic the properties of tears for supporting corneal
epithelial homeostasis and growth.!'® These properties make
them promising therapeutics for restoring the LSCN.I"* ASEs
have demonstrated efficacy in clinical studies for patients with
persistent epithelial defects following LSCD.I"** By revitalizing
the ocular surface, ASEs are routinely used in clinical practice
for managing various ocular surface disorders such as dry
eye disease, graft-versus-host disease (GVHD), and Sjogren
disease. However, ASEs lack platelets, which promote wound
healing by prolonged release of growth factors, distinguishing
it as a potentially superior alternative.!’>!

Platelet-derived preparations, including PRP, plasma
rich in growth factors (PRGF), and platelet lysate, are
obtained from the supernatant of anti-coagulated whole

blood through specialized centrifugation protocols.!"> These
preparations are enriched with EGF, transforming growth
factor-beta (TGF-f), platelet-derived growth factor (PDGEF),
insulin-like growth factor-1 (IGF-1), basic fibroblast growth
factor (bFGF), and pigment epithelium-derived factor (PEDF),
which are important regulators of corneal wound repair and
highlight platelet-derived preparations usefulness in limbal
niche regeneration.['™ The platelet-derived products have
demonstrated efficacy in reconstructive and regenerative ability
in in vivo and clinical studies, including for dry eye disease
and ocular chemical injuries.**! With PRP containing a 5- to
6-fold higher concentration of growth factors and 8-fold higher
concentration of platelets compared to peripheral blood, it has
been effective in supporting the vitality of limbal transplantation
by supporting the disturbed microenvironment in LSCD. 0161
A North American multicenter study reported the safety and
efficacy of PRGF in treating significant ocular surface diseases,
with 6 out of 10 LSCD patients showing partial improvements
in objective outcomes.!"*?l Platelet-rich fibrin lysates (PRF
lysates) have also shown potential for limbal niche regeneration.
An in vivo study in rabbits demonstrated that PRF lysates
significantly increased LSCs proliferation and restored the LSCs
niche in a chemical trauma model resembling LSCD.!'® Despite
their therapeutic potential, a key challenge with eye drops lies
in optimizing the limited bioavailability of therapeutic agents.
Additionally, the varying severity and underlying causes of
LSCD necessitate personalized, tailored treatment approaches.
Promoting nonsurgical treatments is summarized in Table 5.

Gene modification associated with limbal regeneration

Gene modification is a promising area of research that can
promote corneal and limbal regeneration. Some results suggest
alternative genes that could open a new chapter in therapeutic
design.[' Single-cell analysis identified CREB-5 as a factor in
corneal injury. Its downregulation reduced LESCs migration and
corneal epithelial cell regeneration.!”! Xihong Lan et al.l”? showed
that reducing IFN impaired corneal healing. MMP13 promotes
IFNB expression, supporting LSCs proliferation and corneal
repair. Using human unrestricted somatic stem cells (hUSSCs)
instead of 3T3 feeder cells in LESCs culture increased stemness
and decreased differentiation gene expression. It may serve as
an alternative for limbal and ocular surface regeneration.!””!
LSCs are modified to silence the HLA expression and prevent
the T-cell immune activation in consequence; this method will
reduce the immune rejection in LSCs allotransplantation.!'”*]
Bone morphogenetic protein 4 (BMP4) and LSCs media increase
the expression of LSCs putative markers ABCG2 and ANp63o.
and promote the differentiation of iPS cells into LSCs.['””! Cisd2
knockout can impair corneal healing and may be a suitable target
for drug design in ocular surface regeneration.['”®l The secretome
of AAMSCs reduces epithelial-mesenchymal transition (EMT)
through the inhibition of TGF-B.l"7 Fibronectin promotes rLESC
renewal and proliferation by activating Wnt11-Fzd7 interaction
and upregulating ROCK1 and ROCK2, respectively.l"” The
44-mer has shown arole in LSCs regeneration in the injured limbal
area. Both SHh and ATGL inhibitors can impair 44-mer activity
and LSCs proliferation.!” It can also reduce neovascularization
and goblet cell migration on the ocular surface.®! Transfecting
LSCs to block or express ANp63o. can promote or inhibit LESCs
proliferation, respectively.'®!l After 21 days of transfection,
AdMSCs expressing PAX6 exhibit corneal epithelial morphology
and markers (cytokeratin 3/12 and E-cadherin), leading to the
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formation of a stratified corneal layer and reconstruction."s?
Frizzled (Fz) is upregulated in putative LSCs, helping maintain
their undifferentiated state, while its downregulation leads to
the loss of stemness.['*’!

Conclusion

Limbal niche reconstruction is a challenging process that
requires a multidirectional approach. The three main
aspects of limbal regeneration are limbal graft harvesting,
decellularization, and recellularization with limbal or
extra-limbal cell sources. Replacing manual limbal harvesting
with mechanical techniques allows for the creation of thin,
even, and uniform limbal grafts suitable for regeneration.
Selecting a minimal decellularization process to preserve the
ECM while ensuring an appropriate and potent cell source for
regeneration is another crucial aspect of limbal reconstruction.
Additionally, gene modification to regulate differentiation and
the development of therapeutic drops to enhance healing and
proliferation represent emerging strategies in limbal restoration.
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