Experimental Eye Research 262 (2026) 110737

Contents lists available at ScienceDirect

Experimental Eye Research

EXPERIMENTAL

: 3 EYE RESEARCH
ELSEVIER journal homepage: www.elsevier.com/locate/yexer
Research article , ')
Bone marrow-versus adipose tissue-derived mesenchymal stem cells for

corneal failure in an experimental model of limbal stem cell deficiency

a,b,c,d,e,1
)

Sara Galindo *"”*““!| Marina Lépez-Paniagua
a,b,c.f,g,1 z a,b,c,e,h 2 z a,3

Ana de la Mata , José M. Herreras , Carmen Garcia-Vazquez -,

Beatriz Marceniido ", Esther Rey “""**, Celia Higuera-Bar6én -,

Margarita Calonge %2 Teresa Nieto-Miguel *-"©%&"

2 Grupo de Superficie Ocular, Instituto Universitario de Oftalmobiologia Aplicada (IOBA), Universidad de Valladolid, Valladolid, Spain

b Centro de Investigacion Biomédica en Red de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN), Instituto de Salud Carlos III, Spain

¢ Centro en Red de Medicina Regenerativa y Terapia Celular de Castilla y Leén, Valladolid, Spain

4 Departamento de Biologia Celular, Genética, Histologia y Farmacologia, Universidad de Valladolid, Valladolid, Spain

€ Redes de Investigacion Cooperativa Orientadas a Resultados en Salud (RICORS) en Terapias Avanzadas (TERAV), Instituto de Salud Carlos III, Madrid, Spain
fDepurmmento de Pediatria, Inmunologia, Obstetricia y Ginecologia, Nutricion y Bromatologia, Psiquiatria e Historia de la Ciencia, Universidad de Valladolid,
Valladolid, Spain

8 Unidad de Excelencia del Instituto de Oftalmobiologia Aplicada (IOBA), Universidad de Valladolid, Valladolid, Spain

1 Servicio de Oftalmologia, Hospital Clinico Universitario de Valladolid, Valladolid, Spain

ARTICLE INFO ABSTRACT
Keywords: Ocular limbal stem cell deficiency (LSCD) occurs because of corneal epithelial stem cell destruction or
Cornea dysfunction at the limbal niche. LSCD can cause corneal blindness, and the current therapy based on limbal stem

Corneal epithelium
Limbus
Limbal stem cell deficiency

cell transplantation is continuously improving. The aim of this work was to compare the safety and efficacy of
human mesenchymal stem cells (hMSCs) derived from bone marrow (hBM-MSCs) and adipose tissue (hAT-MSCs)
Mesenchymal stem cells when transplanted to a rabbit model of LSCD. Both hMSC types expressed the corneal and limbal epithelial cell
Regeneration markers CK3, CK12, ZO-1, and ABCG2 under standard culture conditions. A few hBM-MSCs expressed CK7 and E-
Stem cell transplantation cadherin, while hAT-MSCs expressed more CK7 but no E-cadherin. The hMSCs were seeded onto amniotic
membranes and transplanted onto the ocular surface of a LSCD rabbit model. Both hMSC types were well
tolerated without immunosuppression and were primarily located in the superior limbal stroma eight weeks post-
transplantation. The hBM-MSC-treated group showed less superficial neovascularization, while the hAT-
MSC-treated group showed less conjunctival invasion and fewer corneal stromal blood vessels. Compared to the
untreated LSCD group, both hMSC-treated groups had less corneal opacity, less corneal and limbal stromal
inflammation, and more corneal epithelial layers that partially recovered the corneal and limbal epithelial
markers CK3, CK15, and p63. Overall, transplantation of hBM-MSCs and hAT-MSCs in a rabbit LSCD model
reduced the development of corneal opacity, neovascularization, inflammation, and partially restored corneal
and limbal tissue structure and epithelial cell phenotypes. Therefore, both types of hMSCs could become valid
alternatives for LSCD treatment.
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List of abbreviations

ABCG2 ATP binding cassette subfamily G member 2

ARVO  Association for Research in Vision and Ophthalmology
AT adipose tissue

AT-MSCs adipose tissue-derived mesenchymal stem cells

BM bone marrow

BM-MSCs bone marrow-derived mesenchymal stem cells

BrdU 5'-bromo-2-deoxyuridine

CLET cultivated limbal epithelial cell transplantation

CK cytokeratin

E-cad E-cadherin

hAT-MSCs human adipose tissue-derived mesenchymal stem
cells

hBM-MSCs human bone marrow-derived mesenchymal stem
cells

LESCs  limbal epithelial stem cells

LSCD limbal stem cell deficiency

MSCs mesenchymal stem cells

PAS periodic acid-Schiff

SPSS Statistical Procedures for the Social Sciences

PBS phosphate-buffered saline

Z0-1 zonula occludens-1

1. Introduction

Continuous regeneration of the corneal epithelium is vital to main-
tain the integrity and transparency of the cornea. The limbal epithelial
stem cells (LESCs) are responsible for this renewal (Cotsarelis et al.,
1989; Schermer et al., 1986). The loss or dysfunction of LESCs or their
niche, causes the so-called “limbal stem cell deficiency” (LSCD) syn-
drome. This syndrome prevents the continuous regeneration of the
corneal epithelium and is characterized by conjunctivalization and/or
other signs of epithelial dysfunction, such as persistent or recurrent
epithelial defects, with or without neovascularization, ocular surface
inflammation, and scarring (Deng et al., 2019). These alterations ulti-
mately lead to ocular surface inflammation, chronic pain, and ulcera-
tion, and can result in corneal blindness due to the loss of corneal
transparency (Calonge et al., 2021; Dua et al., 2000). Cultivated limbal
epithelial cell transplantation (CLET) is currently the treatment of
choice for LSCD (Rama et al., 2010; Ramirez et al., 2015). However, the
low availability of donors and the difficulty of culturing limbal epithelial
cells make mesenchymal stem cells (MSCs) an encouraging alternative
to this treatment.

The usefulness of MSCs in cell therapy and regenerative medicine is
due to their potential to modulate the local environment, enabling
activation of endogenous progenitor cells and secretion of trophic fac-
tors with immunomodulatory and anti-inflammatory properties. They
also can migrate to injured tissues and have the potential for multipotent
differentiation. This capacity allows the integration, proliferation, and
differentiation of MSCs in damaged tissues (Ghiasi et al., 2021; Ven-
katakrishnan et al., 2022). Therefore, MSCs present at least four po-
tential advantages over LESCs for treating LSCD: (1) they are readily
obtained from several tissues types and can be acquired from living
donors (Rohban and Pieber, 2017); (2) they can be cultured to clinical
scales in a short period of time, thus, overcoming the limitations of
LESCs (O’Callaghan and Daniels, 2011; Zhang et al., 2015); (3) they are
not immunogenic and therefore immunosuppression is not necessary
after allogeneic MSC transplantation; and (4) they can be cryopreserved
without affecting their potency (Luetzkendorf et al., 2015).

Although there are many different MSC sources, bone marrow (BM)
and adipose tissue (AT) are among the most commonly used for corneal
regeneration. Isolated BM-MSCs can be transplanted by subconjunctival
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injection, or they can be cultured on amniotic membrane or fibrin and
then transplanted to the ocular surface. Both injected and transplanted
MSCs have immunomodulatory properties and improve repair of the
ocular surface in mouse, rat, and rabbit LSCD models (Ali6 del Barrio
et al., 2022; Calonge et al., 2021; Galindo et al., 2021; Nieto-Miguel
et al., 2019). In fact, our research group has recently published the first
evidence that human corneal epithelium, damaged by LSCD, was
improved as efficiently by allogeneic BM-MSCs as by allogeneic CLET
(Calonge et al., 2019). However, AT-derived MSCs (AT-MSCs) are more
accessible, more cost-effective, and are a safer source of MSCs than BM
(Strioga et al., 2012).

Delivery of AT-MSCs by topical administration, subconjunctival in-
jection, or by transplantation on amniotic membranes or other substrata
reduces clinical signs such as neovascularization, corneal opacity, and
epithelial defects in rat and rabbit models of LSCD (Ali6 del Barrio et al.,
2022; Espandar et al., 2014; Galindo et al., 2021, 2017; Holan et al.,
2015; Lin et al., 2013; Zeppieri et al., 2013). Additionally, authors have
reported that AT-MSCs express basal levels of some corneal epithelial
markers (Martinez-Conesa et al., 2012; Nieto-Miguel et al., 2013).
However, to date, there are no studies that compare the safety and the
clinical, histological, and phenotypic efficacies of corneal regeneration
based on human BM- and AT-derived MSCs. Obtaining this information
using in vivo models is an essential step for translating results in
experimental models of LSCD into clinical trials in LSCD patients.
Therefore, in the absence of this critical information based on human
MSCs (hMSCs), the present work provides a comparison of both the
safety and efficacy of hAT-MSC versus hBM-MSC transplantation for
regeneration of corneal epithelium in a rabbit model of LSCD. Thus, this
study establishes the basis for translation of this treatment to patients
suffering corneal failure due to LSCD.

2. Materials and methods
Ethics approval

The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the IOBA Research Com-
mittee and the Ethics Committee of the University Clinical Hospital of
Valladolid, Spain (PI 16-442: June 17, 2016; PI-18-1116: October 18,
2018). The animal study protocol was approved by the Animal Care
Committees of the University of Valladolid and the Regional Govern-
ment of Castilla y Ledn, Spain (1004476: July 6, 2016). The study fol-
lowed the ARRIVE guidelines for reporting animal research (Percie du
Sert et al., 2020). All procedures followed the standards of Association
for Research in Vision and Ophthalmology (ARVO) as provided in the
Statement for the Use of Animals in Ophthalmic and Visual Research.

2.1. Isolation and culture of hMSCs

Commercial hBM-MSCs (ATCC® PCS-500-012™, ATCC, Manassas,
VA, USA) and non-commercial subcutaneous hAT-MSCs were used.
Subcutaneous human AT was obtained by liposuction procedures in a
medical aesthetic clinic after obtaining each patient’s written informed
consents. The privacy rights of human subjects were observed. Cells
were isolated using the procedures described previously (Galindo et al.,
2017), and characterized (Nieto-Miguel et al., 2013) in accordance with
the International Society for Cellular Therapy (ISCT) position statement
(Dominici et al., 2006).

2.2. hMSC labeling and seeding on amniotic membrane

Before transplanting, hBM-MSCs and hAT-MSCs were incubated with
10 mM 5'-bromo-2-deoxyuridine (BrdU, BD Biosciences, San Jose, CA,
USA) in culture medium for 24 h at 37 °C. Human amniotic membranes
were provided by the Center for Hemotherapy and Hemodonation of
Castilla y Leon (Valladolid, Spain), and processed as previously
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described (Galindo et al., 2017). Two hundred and fifty thousand P3-5
hBM-MSCs or hAT-MSCs were seeded on each de-epithelialized amnio-
tic membrane piece.

2.3. Development of a total LSCD model in rabbits and clinical evaluation
of the ocular surface

The care of animals was in accordance with institutional guidelines.
A total LSCD model was developed in adult female New Zealand white
rabbits (Oryctolagus cuniculus). After n-heptanol (Sigma-Aldrich, St.
Louis, MO, USA) denudation of the corneal surface, a 360° surgical
limbal peritomy was performed (Galindo et al., 2017). The eyes were
divided into three groups: Group 1, LSCD without treatment (n = 9);
Group 2, LSCD treated with hBM-MSCs (n = 9); and Group 3, LSCD
treated with hAT-MSCs (n = 9). Contralateral healthy eyes were used as
the control group.

Prior to surgery, the rabbits were anesthetized by intramuscular in-
jection of 50 mg/kg ketamine (Imalgene 1000, Merial, Lyon, France)
and 7 mg/kg xylazine (Rompun, Bayer, Leverkusen, Germany), com-
plemented with topical ophthalmic anesthesia (1 mg/mL tetracaine and
4 mg/mL oxybuprocaine, Colicursi, Alcon, Barcelona, Spain). Systemic
analgesia (0.04 mg/kg buprenorphine, Buprex, Indivior, Bristol, UK)
was administered daily for 4 days after surgery. Topical anti-
inflammatory and antibiotic agents including Maxitrol (3500 IU/mL
neomycin; 6000 IU/mL polymyxin B; and 1 mg/mL dexamethasone,
Alcon), Tobrex (3 mg/g tobramycin ointment, Alcon), and systemic
antibiotic (5 mg/kg enrofloxacin, Alsir, Esteve, Barcelona, Spain) were

Experimental Eye Research 262 (2026) 110737

administered daily for 5 days.

Conjunctival invasion, corneal neovascularization, opacification,
and epithelial defects stained with sodium fluorescein (Colircusi Fluot-
est, Alcon) were clinically examined on a weekly basis by slit lamp
biomicroscopy (Kowa SL-15, Kowa Medicals, Tokyo, Japan). Clinical
signs were assessed by two different researchers using a score system
(Wan et al., 2011) (Fig. 1). The cornea was first divided into five areas
that were scored independently, and the final score for each cornea was
calculated as the mean value for each clinical sign evaluated. In addi-
tion, epithelial defect areas were measured by the image-processing
program ImageJ (http://rsb.info.nih.gov/ij/).

2.4. Transplantation of hMSCs

Three weeks after injury, the hMSC-loaded amniotic membranes
were transplanted onto the ocular surface of 18 rabbits. The membranes
covered the corneal and limbal areas where they were sutured to the
sclera. Prior to transplantation, the rabbits were properly administered
with anesthesia and analgesics following the protocol described above.
In eyes where conjunctival invasion occurred (three rabbits from the
hBM-MSC group and two rabbits from the hAT-MSC group), the
invading tissue was removed before the hMSC transplantation.

After transplantation, the eyelids were closed for two weeks with a
partial tarsorrhaphy. Triamcinolone (40 mg, Trigon Depot, Bristol-
Myers Squibb, Madrid, Spain) was administered by transeptal injec-
tion. Systemic analgesics (0.02 mg/kg buprenorphine) were adminis-
tered 8 h after transplantation and daily for the next 4 days. Topical anti-

Score Conjunctival invasion Neovascularization Corneal opacity Epithelial defect
0 None None None None
1 Area < 1/4 Area <1/4 Mild Area <1/4
2 1/4 < Area <1/2 1/4 < Area <1/2 Moderate 1/4 < Area <1/2
3 1/2< Area £3/4 1/2< Area =3/4 Severe, pupil seen faintly 1/2< Area =3/4
4 Area > 3/4 Area >3/4 Severe, pupil not visible Area > 3/4

Fig. 1. Score system to evaluate clinical signs. The cornea was first divided into five areas that were scored independently following the score system used to evaluate
the clinical signs (A). Conjunctival invasion (B), neovascularization (C), corneal opacity (D), and epithelial defects stained with sodium fluorescein (E) were assessed
by two different researchers. Panels B, C, and E represent the rating scale of the superior area for conjunctival invasion (B), neovascularization (C), and epithelial
defects (E). Panel D represents the rating scale of the central area for corneal opacity. The final score for each clinical sign in each cornea was calculated as the mean

value of the five areas.
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Table 1
Measure of inflammation.

Assigned value Presence of stromal lymphocytes

Very few dispersed lymphocytes

Few dispersed lymphocytes

Few dispersed lymphocytes and a few lymphocyte aggregates
Many dispersed lymphocytes

Many lymphocytes forming cell aggregates

g b wWwN =

The presence of stromal lymphocytes was semi-quantitatively assessed and rated
as mild (1-2), moderate (> 2-4), or severe (> 4-5) according to the following
score system.

inflammatory and antibiotics and systemic antibiotics were adminis-
tered daily for 10 days.

Eight weeks after transplantation, the animals were euthanized by
intravenous injection of 200 mg/kg pentobarbital sodium (Dolethal,
Vetoquinol, Lure, France). Corneo-scleral buttons were collected and
fixed in 4 % paraformaldehyde at 4 °C for 4 h (Santa Cruz Biotech-
nology, Dallas, TX, USA) for histopathology and immunophenotypic
analysis.

2.5. Histopathology analysis

Fixed corneo-scleral buttons were cut along the sagittal plane of the
central cornea. Nasal portions of the corneo-scleral samples were
washed, processed using the HISTO-PRO 300 vacuum tissue processor
(HISTO-Line Laboratories, Pantigliate, Italy), and embedded in paraffin.
Subsequently, tissue sections (5 pm) were deparaffinized, rehydrated,
and stained with periodic acid-Schiff-hematoxylin following a standard
protocol. Each section included the superior conjunctiva, superior
limbus, cornea, inferior limbus, and inferior conjunctiva.

The number of epithelial layers was counted in each sample, and the
percentage of samples containing blood vessels in the corneal stroma
was calculated. As a measure of inflammation, the presence of stromal
lymphocytes was semi-quantitatively assessed and rated as mild (1-2),
moderate (> 2-4), or severe (>4-5) according to a score system
(Table 1). The percentages of the samples that showed mild, moderate,
and severe inflammation were calculated. In addition, the presence of
goblet cells was analyzed as a sign of conjunctival in-growth. For each
rabbit, goblet cells in the limbal and corneal epithelia were recorded as
present or absent, and the percentage of animals with goblet cells in the
limbal and/or corneal epithelium was then calculated. Histopatholog-
ical analysis was performed using an optical microscope (DM400B, Leica
Biosystems, Wetzlar, Germany).

2.6. Immunophenotypic analysis and hMSC localization in histological
sections

P3-4 hBM-MSCs and hAT-MSCs from 3 different donors in each case
were seeded in Permanox multichambers (Life Technologies, Waltham,

Experimental Eye Research 262 (2026) 110737

MA, USA) and fixed with cold methanol in order to analyze the
expression of epithelial cell markers in basal conditions by hMSCs.
Histological sections from the ocular surface of the transplanted rabbits
were deparaffinized and rehydrated. For BrdU detection, the DNA was
denatured by incubating the samples in 2 N HCI for 30 min at room
temperature, followed by three washes in 0.1 M sodium borate (pH 8.5)
for 10 min at room temperature. Immunophenotypic analysis of all
histological sections was begun by antigen retrieval with 0.1 % trypsin.
The samples were then washed with phosphate-buffered saline (PBS;
Life Technologies), permeabilized with 0.3 % Triton X-100, and blocked
with PBS containing 5 % donkey serum (Sigma-Aldrich) for 1 h at room
temperature. Then, they were incubated overnight at 4 °C with cell-
specific primary antibodies (Table 2) (Chen et al., 2004; Galindo
et al., 2017).

Subsequently, the samples were incubated with the secondary anti-
body (Table 2) in PBS for 1 h in darkness at room temperature. To avoid
tissue autofluorescence, the sections were then incubated with a True-
View Autofluorescence Quenching Kit (Vector Laboratories, Newark,
CA, United States). Finally, cell nuclei were counterstained with Hoechst
(Sigma-Aldrich), and the samples were mounted with Vectashield
Vibrance mounting medium (Vector Laboratories). All samples were
imaged using an inverted fluorescence microscope (DM6000B, Leica
Biosystems). Negative controls were prepared by omitting the use of
primary antibody. For the hMSCs cultured on Permanox multichambers,
the percentage of positive cells was calculated by counting the total
number of cells and positive cells in 5 random different areas from each
cell donor using the image-processing program ImageJ. The fluores-
cence of every marker in the inferior and superior limbus and the infe-
rior, central, and superior cornea was evaluated in two sections per
rabbit, from 5 different rabbits in each experimental group.

For hMSC localization, BrdU-positive cells were semi-quantitatively
analyzed in the epithelium and stroma of the superior and inferior
limbus, and superior, central, and inferior cornea. The data were semi-
quantitatively assigned into four groups: (—) no detectable BrdU-
positive cells, (+) a few isolated BrdU-positive cells, (++) a moderate
number of BrdU-positive cells, and (+++) an elevated number of BrdU-
positive cells.

2.7. Statistical analysis

Statistical analyses were performed using the Statistical Procedures
for the Social Sciences (SPSS 26.0, IBM Corporation, Armonk, NY,
United States). Two-sided p-values <0.05 were considered statistically
significant. Student’s t-test was used for analysis of ocular surface
markers in MSCs. For analysis of qualitative variables, the Kruskal-
Wallis test for more than two groups or the Mann-Whitney U test for
two groups were used. The Friedman test for more than two groups or
the Wilcoxon test for two groups were used to compare values over time.
For histopathology analysis, statistical significance of the number of
epithelial layers was determined by one-way factorial ANOVA. The post-

Table 2

Antibodies.
Antibody Host Specificity Clone Source Dilution
Anti-CK3 Mouse Corneal epithelial cells AE5 MP Biomedicals 1/50
Anti-CK12 Rabbit Corneal epithelial cells Santa Cruz Biotechnology 1/50
Anti-E-cadherin Mouse Corneal epithelial cells 36 BD Biosciences 1/100
Anti-ZO-1 Rabbit Corneal epithelial cells Thermo Fisher 1/50
Anti-ABCG2 Mouse Limbal epithelial stem cells BXP-21 Merck 1/20
Anti-CK15 Mouse Limbal epithelial stem cells LHK15 Merck 1/50
Anti-p63a Rabbit Limbal epithelial stem cells Cell Signaling Technology 1/50
Anti-p63 Mouse Limbal epithelial stem cells 4A4 Abcam 1/50
Anti CK7 Mouse Conjunctival epithelial cells OV-TL12/30 Vector Laboratories 1/50
Anti-BrdU Mouse BrdU-labeled MSCs NB500-235 Novus Biological 1/200
Anti-rabbit IgG Alexa fluor 488 Donkey Secondary antibody Thermo Fisher 1/300
Anti-mouse IgG Alexa fluor 488 Donkey Secondary antibody Thermo Fisher 1/200
Anti-sheep IgG Alexa fluor 594 Donkey Secondary antibody Thermo Fisher 1/200
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hoc Tuckey test was used for pairwise contrasts. The statistical signifi-
cance of the percentage of samples with blood vessels in corneal stroma,
the percentage of samples with inflammation, and the BrdU-positive
cells were analyzed by chi-square tests (x> test). All values were
expressed as means =+ standard error of the means.

3. Results
3.1. Expression of epithelial cell markers by hMSCs

At 24 h of culture on Permanox plates, both hBM-MSCs and hAT-
MSCs in P3-4 expressed corneal epithelial cell markers such as CK3,
CK12, and ZO-1 (Fig. 2A and B). While there was no difference in the
expression of CK12 and ZO-1 between the hBM-MSCs and hAT-MSCs (p
> 0.05 each), a significantly higher percentage of hAT-MSCs expressed
CK3 compared to hBM-MSCs (p < 0.05, Fig. 2B). In addition, because
hBM-MSCs from one of the three donors did not express any detectable
CK3, there were donor-to-donor variations. The corneal epithelial cell
marker E-cad was expressed by only one hBM-MSC donor, while none of
the hAT-MSCs expressed it. Thus for E-cad, the percentage of positive
hBM-MSCs was significantly greater than hAT-MSCs (p < 0.05, Fig. 2A
and B).

All of the hBM-MSC and hAT-MSC donors expressed the limbal
epithelial cell marker ABCG2, but were negative for the transcription
factor p63a (Fig. 2A and B). CK15, also a limbal epithelial cell marker,
was present in only a few cells from one of the hBM-MSC donors, while
none of the hAT-MSCs expressed it (Fig. 2A and B). The conjunctival
epithelial cell marker CK7 was expressed by 50 % of hAT-MSCs and 20 %
of hBM-MSCs (p < 0.01, Fig. 2A and B) without differences between the
donors.

3.2. Clinical evaluation
Because both hBM and hAT cell types were well tolerated in the
ocular surface of the rabbits, there was no need for immunosuppression.

Immediately after the corneal injury, the epithelial defect scores and

CK12 E-cad

hAT-MSCs hBM-MSCs

Positive cells (%)
= N w H v (-2} ~ [+ 0=
o o o o o o o o o

CK12 E-cad 20-1

® hBM-MSCs
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defect areas were high in all three groups (Fig. 3A). For each group, both
the defect scores and the areas tended to decrease during the first three
weeks after injury, without differences among the three groups (Fig. 3A
and B).

Beginning at 2-3 weeks after LSCD induction, conjunctival invasion
developed in 4 rabbits of the untreated control group. In the hBM-MSC
group it developed in 3 rabbits, and in the hAT-MSC group, it occurred in
only 2 rabbits. At 3-5 weeks after transplantation (6-8 weeks after LSCD
induction), conjunctival invasion in the hAT-MSC-treated group was
significantly less than in the untreated control group (Fig. 3A). While the
conjunctival invasion of hBM-MSC-treated eyes were also lower than in
the control eyes, the differences at each of the measured times was not
statistically significant. There were no differences in conjunctival inva-
sion between hAT-MSC and hBM-MSC treatment groups.

Corneal neovascularization increased in all three groups during the
first three weeks following induction of LSCD (Fig. 3A). At 3-5 weeks
after transplantation (6-8 weeks after LSCD induction), neo-
vascularization in the hBM-MSC-treated group was significantly less
than in the untreated control group. However, there were no differences
in neovascularization between the hAT-MSC-treated group and the
untreated control group, nor between the hBM-MSC- and hAT-
MSC-treated groups.

Corneal opacity increased in all three groups during the first 3 weeks
following the induction of LSCD (Fig. 3A). At 3-6 weeks after trans-
plantation (6-9 weeks after LSCD induction), the opacity was signifi-
cantly lower in the hBM-MSC and the hAT-MSC-treated groups than in
the untreated group (Fig. 3A). For the hAT-MSC-treated group, the
reduction in opacity lasted until 7 weeks after transplantation (10 weeks
after LSCD induction, Fig. 3A).

3.3. Histopathology analysis

The number of epithelial cell layers in the superior limbus and cornea
was significantly lower (p < 0.01) in rabbits in which LSCD was induced
(superior limbus 4.5 + 0.4; cornea 2.7 + 0.3) than in rabbits of the

healthy control group (superior limbus 6.5 + 0.2; cornea 4.4 + 0.1)

ABCG2 CK15

0 || |‘ || |‘ I|

ABCG2 CK15

® hAT-MSCs

Fig. 2. Expression of the ocular surface cell markers CK3, CK12, E-cad, ZO-1, ABCG2, CK15, p63a, and CK7 by P3-4 human bone marrow-derived mesenchymal stem
cells (hBM-MSCs) and human adipose tissue-derived mesenchymal stem cells (hAT-MSCs) cultured on Permanox plates for 24 h. A Representative images from hBM-
MSCs and hAT-MSCs showing ocular surface cell marker expression (in green) and nuclei (in blue). Scale bar = 50 pm. B Percentage of positive cells for each cell
marker. Data are expressed as mean =+ standard error of the mean (SEM) from 15 samples, 5 random different areas from each of the 3 cell donors. *p < 0.05; **p <
0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Clinical sign evaluation in the rabbit limbal stem cell deficiency (LSCD) model of untreated eyes and eyes treated with either human bone marrow-derived
mesenchymal stem cells (hBM-MSCs) or human adipose tissue-derived mesenchymal stem cells (hAT-MSCs). A Evolution of corneal epithelial defect score, corneal
epithelial defect area, conjunctival invasion, neovascularization, and corneal opacity. Data are expressed as mean =+ standard error of the mean (SEM) from 9 rabbits.
The arrows indicate the week when it was not possible to assess the ocular surface of the treated rabbits (week 4) because the eyelid remained closed by tarsorrhaphy
to protect the cell implant. B Representative images from the untreated LSCD model, hBM-MSC-treated group, and hAT-MSC-treated group. The first and third
columns show corneal epithelial defects stained green with sodium fluorescein. The second and fourth columns show conjunctival invasion, neovascularization, and
corneal opacity. Data for week 0 were acquired immediately after the injury. Data for week 3 were acquired before transplantation. *Comparison between untreated
LSCD and hBM-MSC-treated groups: *p < 0.05; **p < 0.01. *Comparison between untreated LSCD and hAT-MSC-treated groups: "p < 0.05; **p < 0.01. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 4A and B). On the other hand, the number of corneal epithelial cell
layers significantly increased when rabbits with LSCD were treated with
either hBM-MSCs (4.0 &+ 0.2, p < 0.01) or hAT-MSCs (4.3 £+ 0.11, p <
0.01). There were no significant differences between the rabbits treated
with hBM-MSCs or hAT-MSCs (Fig. 4B). There were also no significant
differences among the control, LSCD, LSCD + hBM-MSC, and LSCD +
hAT-MSC groups in the number of epithelial cell layers in the inferior
limbus (Fig. 4B).

The percentage of tissue samples with blood vessels in the corneal
stroma was significantly higher (p < 0.01) in the untreated LSCD group
(63.0 %) than in the healthy control group, which had no blood vessels
in the stroma (Fig. 4C). In addition, the percentage of tissue samples
with corneal stromal blood vessels was lower in LSCD + hBM-MSC (48.1
%) and LSCD + hAT-MSC (18.5 %) groups than in rabbits with untreated
LSCD. However, the difference was significant between untreated LSCD
and LSCD + hAT-MSC groups (p < 0.01) (Fig. 4C) but not between the
LSCD and the LSCD + hBM-MSC groups (Fig. 4C).

There were no significant differences in the superior and inferior
conjunctival area between the presence of lymphocytes in untreated
LSCD eyes and eyes treated with either hBM-MSCs or hAT-MSCs
(Fig. 4A-D). In the superior limbus, 63.0 % of the untreated LSCD

eyes had mild inflammation and 37.0 % had moderate inflammation. In
contrast, 88.5 % of the eyes treated with hBM-MSCs had mild superior
limbal inflammation and 11.5 % had moderate inflammation (p < 0.05
vs untreated LSCD, Fig. 4A-D). For the inferior limbus, 59.5 % of the
untreated LSCD eyes had mild inflammation and 40.7 % had moderate
inflammation. For LSCD + hBM-MSC-treated eyes, 84.6 % had mild
inflammation and 15.4 % had moderate inflammation (p = 0.076 vs
untreated LSCD eyes). In contrast, 96.3 % of eyes treated with hAT-MSCs
had mild inferior limbal inflammation and 3.7 % had moderate
inflammation (p < 0.01 vs untreated LSCD, Fig. 4A-D). There were no
significant differences between LSCD + hBM-MSC-treated and the
LSCD + hAT-MSC-treated eyes (p > 0.05, Fig. 4D).

Lymphocytes were not detected in the corneal stroma of healthy
eyes; however, they were evident in the corneal stromas of the LSCD,
LSCD + hBM-MSC-, and LSCD + hAT-MSC-treated eyes (Fig. 4A). In the
cornea, 66.7 % of the untreated LSCD eyes had mild inflammation, 29.6
% had moderate inflammation, and 3.7 % had severe inflammation. For
LSCD + hBM-MSC-treated eyes, 92.6 % had mild inflammation and 7.4
% had moderate inflammation (p = 0.056 vs untreated LSCD eyes). For
LSCD + hAT-MSC-treated eyes, 100 % had mild inflammation (p < 0.01
vs untreated LSCD eyes, Fig. 4A-D).
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Fig. 4. Histopathology analysis performed at 11 weeks after LSCD induction (8 weeks after hBM-MSC or hAT-MSC transplantation). A Representative images of the
histopathology analysis (periodic acid-Schiff-hematoxylin staining) of the superior conjunctiva, superior limbus, cornea, inferior limbus, and inferior conjunctiva in
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Goblet cells were stained with fuchsia color. Scale bar = 200 pm. Black arrows: lymphocytes. B Number of epithelial cell layers. Data are expressed as mean +
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this article.)

Goblet cells were present in both the corneal and limbal epithelia of 3.4. Immunophenotypic analysis and hMSC localization in histological
rabbits from the three experimental groups while they were not present sections
in the corneal epithelium of healthy rabbit eyes. The percentage of
rabbits with goblet cells in the limbal and/or corneal epithelium was The expressions of specific corneal (CK3 and E-cad (Fig. 5)) and

similar in the untreated LSCD group and the LSCD + hBM-MSC group limbal (CK15 and p63 (Figs. 6 and 7)) epithelial markers were assessed.
(66.7 %), and lower in the LSCD + hAT-MSC group (55.6 %) (Fig. 4A). CK3 was expressed in all corneal epithelial cell layers and in the su-
perficial cell layers of the limbus in the healthy control eyes (Fig. 5A).
Expression decreased in the LSCD model compared to the healthy
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control eyes in all the tissue areas (Fig. 5A). However, it increased in the
cornea of both hBM-MSC- and hAT-MSC-treated eyes, showing a similar
staining at 8 weeks after transplantation (11 weeks after LSCD
induction).

The expression of E-cad (Fig. 5B) was not reduced in the LSCD model
compared to the healthy control eyes, where it was expressed in all of
the corneal epithelial cell layers and in the upper cell layers of the
limbus. Thus for E-cad, no changes were evident between the healthy
control tissues and the tissues from the LSCD model or either of the
hMSC-treated eyes (Fig. 5B).

In LSCD eyes, loss of CK15 expression was evident in both the su-
perior and inferior limbus (Fig. 6). At 8 weeks after transplantation with
hBM- or hAT-MSCs, CK15 expression had recovered in both limbuses,
though for both treatments the improvement was greater in the superior
limbus (Fig. 6). There were no differences in the outcomes between
hBM- and hAT-MSC-treated eyes.

Expression of p63 was reduced in the superior and inferior limbus
following LSCD (Fig. 7). Following both hBM- and hAT-MSC trans-
plantation, the p63 expression increased in both limbuses (Fig. 7), where
the distribution became similar to that in healthy control eyes. No
discernible differences were observed between the expression of p63 in
hBM- and hAT-MSC-treated eyes. Expression of p63 in the cornea was
not detected in healthy control eyes or in eyes treated with hMSC
transplants.

The number and location of BrdU-labeled hBM-MSCs and hAT-MSCs
were recorded in the epithelium and stroma of the limbus and cornea
(Fig. 8A). More than 40 % of the samples contained only a few isolated
BrdU-positive cells in the epithelium of the superior limbus and the
superior and central cornea of both hBM-MSC- and hAT-MSC-treated
eyes. For the inferior corneal and inferior limbal epithelia, BrdU-positive
cells were absent in more than 50 % of the samples. Among the epithelial
BrdU-containing cells in the hBM-MSC- and hAT-MSC-eyes, between 10
and 20 % expressed a moderate amount staining (Fig. 8B). There were
no apparent differences in the percent of BrdU labeling between the
hBM-MSCs and hAT-MSCs in the corneal or limbal epithelia.

There were no differences in the presence of BrdU-labeled hBM-
MSCs and hAT-MSCs in the stromas of the superior and inferior limbus
and the inferior cornea (Fig. 8). In the stroma of the superior limbus,
43.8 % and 36.8 % of the samples presented a moderate number of
BrdU-labeled hBM-MSCs and hAT-MSCs, respectively.

In the superior corneal stroma, 64.7 % of the samples from LSCD eyes
treated with hBM-MSC-transplants had BrdU-positive cells; while for
hAT-MSC-treated eyes, 95 % of the samples were positively stained.
Among these, 75 % had a few isolated stained cells, 20 % had a moderate
number of stained cells, and 0 % had an elevated number of stained cells.
For the central corneal stroma, BrdU-positive cells were present in the
35.3 % of the samples from hBM-MSC-treated eyes, while for hAT-
MSC-treated eyes, 68.4 % had BrdU staining (Fig. 8; p < 0.05).

4. Discussion

Human MSCs are now widely studied as cell therapy candidates for
the treatment of ocular surface pathologies and are showing very
promising results. However, more information is needed to choose the
most appropriate source of cells based on their capabilities and clinical
targets. Thus, the expression of ocular surface markers by cultured hBM-
MSCs and hAT-MSCs was compared and then, in an experimental model
of rabbit LSCD, we examined the safety and efficacy of transplanted
hBM-MSC- and hAT-MSC-loaded human amniotic membranes to
restore the ocular surface cellular structure, tissue organization, and cell
phenotypes to that of healthy control eyes.

In the current study, both hBM-MSCs and hAT-MSCs expressed
corneal epithelial markers such as CK3, CK12, and ZO-1 when cultured
on plastic. The expression of CK3 and CK12 in hBM-MSCs (Nieto-Nicolau
et al., 2020), hAT-MSCs (Martinez-Conesa et al., 2012; Nieto-Miguel
et al,, 2013), and rabbit BM-MSCs (Reinshagen et al., 2011) was

Experimental Eye Research 262 (2026) 110737

previously described by us and other authors. In the present work, CK3
expression was significantly higher in hAT-MSCs than in hBM-MSCs.
However, the expression of CK12 was similar for both types of MSCs.
Nieto-Nicolau et al. found that CK3 mRNA expression was higher in
hAT-MSCs, while CK12 mRNA expression was higher in hBM-MSCs
(Nieto-Nicolau et al., 2020). In contrast, Sikora et al. reported the
absence or very low mRNA expression levels of CK3 and CK12 in
commercially available hAT-MSCs from a single donor (Sikora et al.,
2019). Our results support the variability in marker expression levels
among cells isolated from different donors. For instance, only 30 % of
the hBM-MSCs in culture exhibited E-cad expression, while none of the
hAT-MSCs expressed this marker. Bandeira et al. also found that E-cad
was not expressed in hAT-MSCs (Bandeira et al., 2020).

The LESC marker ABCG2 was expressed at similar levels in both
hBM-MSCs and hAT-MSCs cultured on plastic. However, the LESC
markers CK15 and p63a were either undetectable or present at very low
levels in both types of hMSCs. Dos Santos et al. also observed similar
expression of ABCG2 mRNA in hBM-MSCs and hAT-MSCs (Dos Santos
et al.,, 2019), and Martinez-Conesa et al. reported ABCG2 mRNA
expression by hAT-MSCs (Martinez-Conesa et al., 2012). Based on either
immunohistochemistry or mRNA analyses, other authors have reported
the absence of p63 and low levels of CK15 in both hBM-MSCs and
hAT-MSCs cultured on plastic (Bandeira et al., 2020; Martinez-Conesa
et al., 2012; Nieto-Nicolau et al., 2020; Sikora et al., 2019).

Collectively, our results demonstrate that both types of hMSCs ex-
press specific markers of ocular surface, suggesting that hMSCs could act
to repair the ocular surface when transplanted to the damaged cornea.

To compare the potential for repairing damaged ocular surfaces,
hBM-MSCs and hAT-MSCs cultured on human amniotic membranes
were transplanted to the ocular surface of our rabbit experimental model
of LSCD. The validity of this model is supported by significant histo-
logical changes in the cornea and limbus. Compared to the healthy
controls, untreated LSCD eyes showed (1) fewer epithelial layers in the
limbus and cornea, (2) increased corneal stromal neovascularization,
and (3) greater lymphocyte infiltration in the cornea.

As previously reported by us and others (Espandar et al., 2014;
Galindo et al., 2017; Lee et al., 2014; Lin et al., 2013; Ma et al., 2006;
Roddy et al., 2011; Rohaina et al., 2014; Yun et al., 2017; Zeppieri et al.,
2013), the transplanted hBM-MSC- and hAT-MSC-coated amniotic
membranes were well tolerated without the need for immunosuppres-
sion during the 8-week period following transplantation.

Both types of hMSCs induced a significant reduction in corneal
opacity between 3 and 6 weeks after transplantation compared to the
untreated group. In eyes with hBM-MSC transplants, neovascularization
was reduced at 3-5 weeks after transplantation, but not in eyes trans-
planted with hAT-MSCs. During that same period, conjunctival over-
growth of the cornea was reduced in eyes receiving the hAT-MSCs
transplants, but not in eyes transplanted with hBM-MSCs. These results
for neovascularization and opacity are similar to those reported by our
group and others after transplantation of MSCs cultured on amniotic
membranes (Galindo et al., 2017; Jiang et al., 2010; Ma et al., 2006;
Pinarli et al., 2014; Rohaina et al., 2014). Although there were no sta-
tistically significant differences in clinical outcomes between the two
hMSC types, in comparison with the untreated LSCD group, only
hBM-MSCs significantly reduced corneal neovascularization, while only
hAT-MSCs significantly reduced conjunctival overgrowth of the cornea.
In contrast, we found that the percentage of samples with corneal stro-
mal blood vessels was significantly lower only in the hAT-MSCs-treated
group compared to the untreated animals. This discordance between
clinical and histopathologic findings may be explained by the fact that
the neovascularization detected during clinical follow-up was more su-
perficial, whereas the blood vessels observed histologically were deeper
and therefore more difficult to detect in vivo. Overall, both cell types
contributed to the reduction of corneal neovascularization.

Although we did not find clinically significant differences in
epithelial defects among the different study groups, in LSCD rabbits



S. Galindo et al. Experimental Eye Research 262 (2026) 110737

A CK3

Superior limbus Superior cornea Central cornea Inferior cornea Inferior limbus

€K3
50 um

Control

CK3
o)
v
wv
|
PRl CK3
+ 9
8=
w =
-
- iy
CK3
9
o)
g=
-5
< o

B E-cad

Superior limbus Superior cornea Central cornea Inferior cornea Inferior limbus

E-cad
50 um
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Fig. 6. Immunofluorescence staining of cytokeratin 15 (CK15) as a marker of limbal epithelial stem cells in histological sections. A Representative immunofluo-
rescence CK15 images in the superior limbus, superior, central and inferior cornea, and inferior limbus in healthy control eyes and at 11 weeks after LSCD induction
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derived mesenchymal stem cells; hAT-MSC: human adipose tissue-derived mesenchymal stem cells. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

treated with either hBM-MSCs or hAT-MSCs, the number of corneal
epithelial layers increased. However, the presence of blood vessels in the
corneal stroma was significantly lower only in the hAT-MSC-treated
group. Several research groups have previously reported similar positive
effects for rat BM-MSCs (Ghazaryan et al., 2016; Ma et al., 2006;
Rohaina et al., 2014) or hAT-MSCs (Espandar et al., 2014) cultured on
amniotic membrane and transplanted onto LSCD eyes. In addition, the
presence of lymphocytes, a sign of inflammation, was significantly
decreased in the cornea only in eyes treated with hAT-MSCs. Treatment
with hBM-MSCs also reduced lymphocytic infiltration, but the effect was
just short of statistical significance in the cornea. Differences in the level
of inflammation could be due to the higher number of hAT-MSCs
compared to the hBM-MSCs that were in the corneal stroma. A
decrease in ocular surface inflammation was also observed by other
authors when rat, rabbit or hBM-MSCs (Cejkova et al., 2013; Ghazaryan
et al., 2016; Rohaina et al., 2014) or hAT-MSCs (Espandar et al., 2014;
Galindo et al., 2017) cultured on amniotic membrane or other substrates
were administered in LSCD-induced rats or rabbits. Additionally, when
hBM-MSCs (Rohaina et al., 2014) or rabbit- or hAT-MSCs (Galindo et al.,
2017; Venugopal et al., 2020) were cultured on amniotic membrane or a
scaffold and transplanted to the ocular surface of LSCD eyes, a decrease
of corneal goblet cells occurred in comparison with untreated animals.
We found a similar reduction in conjunctival overgrowth onto the
limbus and/or cornea in the LSCD + hAT-MSC group.

At 8 weeks after transplantation, there were no significant
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differences between the hBM- and hAT-MSC groups in the number of
corneal epithelial layers or lymphocytes. Moreover, the percentage of
samples with corneal stromal blood vessels was significantly lower in
the hAT-MSC-treated group compared to the hBM-MSC-treated group.
Thus, both treatment groups supported corneal reepithelization after
LSCD initiation, but the hAT-MSC transplants more effectively reduced
both deep corneal neovascularization and corneal lymphocyte-
associated inflammation. Previously, Holan et al. reported that LSCD
rabbits treated with rabbit BM-MSCs and AT-MSCs, each loaded onto
nanofiber scaffolds, improved corneal re-epithelization, corneal thick-
ness, and reduced neovascularization, although the improvement was
significantly better with BM-MSCs than with AT-MSCs (Holan et al.,
2015).

The destruction of the corneal epithelium to create LSCD also
removes the corneal epithelial marker CK3 (Galindo et al., 2017; Nie-
to-Miguel et al., 2011). The restoration of the epithelium during the
8-week post-transplant period for both types of hMSCs was accompanied
by increased expression of CK3 in the superior, central, and inferior
cornea, approaching that in healthy control eyes. Similarly, Bandeira
et al. reported that corneal epithelial markers like CK3 were expressed in
rat LSCD corneas after transplantation with epithelial-like cells derived
from hAT-MSCs (Bandeira et al., 2020). Sharma et al. also observed
corneal reepithelization and CK3 expression and in alkali burned-rabbit
corneas after transplanting autologous BM-MSCs on temperature
responsive membranes (Sharma et al., 2021).
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We found that expression of the LESC markers CK15 and p63 (Chen
et al., 2004; Nieto-Miguel et al., 2011; Pellegrini et al., 2001; Yoshida
et al., 2006) was reduced in the LSCD model as previously reported
(Galindo et al., 2017). However, both markers increased in the basal
layers of the limbal epithelium of LSCD rabbits after transplantation
with either hBM-MSC- or hAT-MSC-loaded amniotic membranes.
However, p63a expression was not evident in any of the hMSCs cultures,
and CK15 was only present in a few hBM-MSCs from one donor.
Therefore, the CK15 and p63 expression observed after the trans-
plantation likely came from the differentiation of LESCs from the
transplanted hMSCs, or from the recovery of LESCs under the influence
of hMSCs trophic factors. These factors would reduce inflammation and
neovascularization (Oh et al., 2008), thus providing a microenviron-
ment that would promote the proliferation and differentiation of the
remaining resident LESCs.

Khorolskaya et al. recently observed that transplantation of rabbit
limbal-MSCs in a rabbit LSCD model stimulates the expression of CK15
not only in the limbal epithelium, but also in the superficial layer of the
newly formed corneal epithelium (Khorolskaya et al., 2023). For p63,
some authors did not find differences in the expression of p63 after
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transplantation of autologous BM-MSCs in rabbits with LSCD
(Reinshagen et al., 2011). However, other reports agree with our finding
of p63 expression recovery after mouse- or hBM-MSC transplantation in
mouse and rat models of LSCD, respectively (Lan et al., 2012; Rohaina
et al., 2014).

In our study, at 8 weeks after transplantation, BrdU-labeled hBM-
MSCs or hAT-MSCs were mostly located in the stroma of the superior
limbus. Other labeled cells were sparsely distributed in the epithelia of
the superior limbus and the superior and central cornea. Khorolskaya
et al. using limbal-MSCs-loaded amniotic membranes found some limbal
MSCs within the corneal stroma of LSCD rabbits, as we observed in our
study (Khorolskaya et al., 2023).

5. Conclusions

Overall, our results indicate that transplantation to the rabbit ocular
surface of hBM-MSCs and hAT-MSCs seeded onto amniotic membrane is
safe for rabbits with surgically induced LSCD. Furthermore, this treat-
ment protocol reduces the development of corneal opacity, neo-
vascularization, inflammation, and partially restores the LSCD-damaged
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limbal and corneal tissue structure and epithelial cell phenotype (Fig. 9). transplantation of both types of hMSCs now warrants further investi-
hAT-MSCs were slightly superior to hBM-MSCs in reducing corneal gation as valid alternatives to current treatments of patients suffering
stromal inflammation. Nevertheless, our results suggest that from corneal failure due to LSCD.
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