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PURPOSE. The purpose of this study was to characterize labial mucosa stem cells (LMSCs)
and to investigate their potential for corneal epithelial reconstruction in a rabbit model
of total limbal stem cell deficiency (LSCD).

METHODS. Rabbit LMSCs (rLMSCs) and human (hLMSCs) LMSCs were derived from labial
mucosa and characterized in terms of their proliferation activity by the evaluation of
proliferation index (PI) and colony forming efficiency (CFE), cell senescence, and differ-
entiation abilities. The expression of various limbus-specific, stem cell-specific, and
epithelial markers was assessed via immunocytochemistry. Flow cytometry was used
to evaluate mesenchymal and hematopoietic cell surface markers expression. Chromo-
somal stability of the derived cells was examined using the conventional GTG-banding
technique. To assess the impact of LMSCs on corneal epithelial reconstruction, rLMSCs
were seeded onto a decellularized human amniotic membrane (dHAM), thereafter their
regeneration potential was examined in the rabbit model of total LSCD.

RESULTS. Both rLMSCs and hLMSCs showed high proliferation and differentiation abilities,
entered senescence at later passages, and expressed different stem cell-specific (ABCB5,
ALDH3A1, ABCG2, and p63α), mesenchymal (vimentin), and epithelial (CK3/12, CK15)
markers. Cell surface antigen expression was similar to other described mesenchymal
stem cells. No clonal structural chromosome abnormalities (CSCAs) and the low percent-
age of non-clonal structural chromosome abnormalities (NSCAs) were observed. Trans-
plantation of rLMSCs promoted corneal epithelial reconstruction and enhanced corneal
transparency.

CONCLUSIONS. LMSCs have significant proliferation and differentiation abilities, display no
detrimental chromosome aberrations, and demonstrate considerable potential for corneal
repair.

Keywords: labial mucosa stem cells (LMSCs), cell characterization, limbal stem cell defi-
ciency (LSCD), corneal regeneration, cornea

The cornea plays a crucial role in human vision. It partic-
ipates in refraction and acts as a barrier protecting

against a vast number of detrimental agents. The cornea has
complex structure and is composed of six layers: an over-
lying epithelium, a Bowman’s membrane, a corneal stroma
comprising almost 90% of the whole tissue thickness, a Dua’s
layer, a Descemet’s membrane, and an endothelium that is
formed by a single layer of endothelial cells.1,2 The main-
tenance of corneal integrity highly depends on its struc-
ture and functioning of the epithelium, which is constantly
renewed by a population of limbal stem cells (LSCs). The
LSCs inhabit specific limbal pockets within the corneal
limbus and ensure corneal renewal in a physiological state
and corneal restoration in a pathogenesis.3,4 Disruption of
the limbus may lead to LSC’s death and cause limbal stem
cell deficiency (LSCD) resulting in corneal opacity, vision

loss, and even blindness. The main issue of LSCD treatment
is that this disease is not always curable by commonly used
methods.5

During the last few decades, there has been a signif-
icant increase in the development of various approaches
aimed to restore damaged cornea from keratoplasty to tissue
engineering and biofabrication.6 Among tissue engineering
approaches, the wide range of materials and stem cells has
been used to design tissue-engineered graft with sufficient
properties for corneal restoration.6–9 However, the search for
the appropriate cell source and materials is still ongoing.

LSCs are thought to be the gold standard for corneal
restoration. However, either their harvesting or differenti-
ation from induced pluripotent stem cells and other cell
types have its own pros and cons.10 In contrast to LSCs,
one of the suitable cell sources could be oral mucosa due
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to a simple procedure of tissue sourcing and similarities
between corneal and oral mucosa epithelia. Particularly,
buccal mucosa has been actively studied for the treatment
of LSCD for several decades.11–16

Labial mucosa is another promising cell source that is
also of ectodermal origin and is represented by nonker-
atinized stratified squamous epithelium but, at the same
time, has several advantages compared to buccal mucosa.
Primarily, buccal mucosa is known to have parakeratinized
and keratinized regions, such as linea alba.17 Therefore,
the use of buccal mucosa is potentially associated with
contamination of the final culture with inappropriate cells
and could possibly lead to the loss of LSCD treatment
efficiency. Another benefit of labial mucosa is a simpler
procedure of tissue sourcing in comparison to buccal
mucosa.

In this study, we propose an efficient method of rabbit
LMSCs (rLMSCs) and human LMSCs (hLMSCs) isolation,
provide broad characteristics of both cell lineages, and
emphasize the efficiency of rLMSCs transplantation for the
treatment of LSCD. Both cell types were characterized in
terms of their proliferative activity, chromosomal stability,
senescence, expression of specific markers, and ability to
differentiate into chondrogenic, adipogenic, and osteogenic
lineages. Our results demonstrate that both rabbit and
human LMSCs possess high proliferative activities and abili-
ties to differentiate in a specific way. LMSCs have stable chro-
mosomes with a low percentage of chromosome aberrations.
We used rLMSCs seeded onto decellularized human amniotic
membrane (dHAM) to restore damaged cornea in an animal
model of LSCD. Importantly, it was shown that rLMSC-based
tissue-engineered grafts promote corneal epithelial recon-
struction with the re-epithelization in a cornea-like manner
and the increase in corneal transparency.

METHODS

Human Tissue Sourcing

Human labial mucosa tissue sourcing was performed under
local administration of 2% lidocaine solution from healthy
donors (n = 8; ages ranging from 20–30 years old;
male:female donor ratio of 3:2). Amniotic membranes were
obtained during planned Caesarean deliveries from healthy
patients (n = 5). All procedures were performed following
informed consent of use for research purposes.

Animals and Anesthesia

Three- to 4-month-old Soviet Chinchilla male and female
rabbits (weighing 2.0–2.5 kg) were purchased from the
Nursery of Laboratory Animals “Rappolovo” (St. Petersburg,
Russia). The procedure of rabbit labial mucosa tissue sourc-
ing was performed with the rabbits under local administra-
tion of 2% lidocaine solution. The construction of total LSCD
and transplantation procedures were performed under local
instillations of 0.5% alcaine solution (Alcon, Geneva, Switzer-
land) followed by retrobulbar administration of 2% lidocaine
solution (1 mL). All animal experiments were approved by
the Animal Welfare Assurance of the Institute of Cytology of
the Russian Academy of Science (approval no. F18-00380)
and the Ethics Committee of the S. M. Kirov Military Medical
Academy (approval no. 212) and conducted in accordance
with the Association for Research in Vision and Ophthalmol-

ogy Statement for the Use of Animals in Ophthalmic and
Vision Research.

Isolation and Culture of Labial Mucosa Stem Cells

Rabbit LMSCs were isolated from the upper labial mucosa,
whereas human LMSCs were isolated from the lower labial
mucosa according to the following protocol. Briefly, small
samples (5 × 10 mm; 0.4 mm in a depth) of labial mucosa
were mechanically dissected using no. 15 Bard Parker
blade, washed 3 times with phosphate buffered saline (PBS)
containing antibiotics (250 μg/mL gentamicin; 1000 U/mL
Pen/Strep; Life Technologies, Carlsbad, CA, USA), and incu-
bated in enzyme solution (5 mg/mL Dispase II; 12 mg/mL
Collagenase type I; Sigma-Aldrich, St. Louis, MO, USA) in
an ES-20 Orbital Shaker-Incubator (Biosan, Riga, Latvia) at
37°С for 40 minutes. Samples then were treated with 0.25%
trypsin-EDTA (Life Technologies) at 37°С for 20 minutes,
centrifuged for 7 minutes at 1200 × g, and the final cell
suspension was plated in a culture dish. The labial mucosa-
derived cells were cultured in DMEM/F-12 medium (Life
Technologies) supplemented with 10% of fetal bovine serum
(FBS; Cytiva, Marlborough, MA, USA), 1000 U/mL Pen/Strep
(Life Technologies), and 0.5 ng/mL amphotericin B (Thermo
Scientific, Waltham, MA, USA) in an incubator at 37°С, 5%
CO2, and 95% humidity. One to 2 weeks after isolation, both
rLMSCs and hLMSCs were tested for mycoplasma contam-
ination. After reaching 70% to 80% confluency, cells were
passaged using 0.25% trypsin-EDTA for 3 minutes at 37°С
and cultured up to passage 6 for further in vitro or in vivo
studies.

Cell Proliferation Assay

The proliferation index (PI) was estimated to determine
proliferative rates of both rLMSCs and hLMSCs, as described
previously.18 Briefly, 5 × 104 cells were seeded on 3 cm Ø
Petri dishes and cultured in the supplemented DMEM/F-
12 medium for 6 days. Cell counting was performed
every 24 hours using a Countess II FL Automated Cell
Counter (Thermo Scientific), hereupon, the average popula-
tion doubling time of each of the cell lineages was measured
and growth curves were plotted.

Colony Forming Assay

A colony forming assay was performed as previously
reported.19 Cells were seeded with small densities (80–
100 cells per 5 cm Ø Petri dishes) and cultured for 2
weeks. Grown colonies were then fixed in 70% ethanol
and stained with Crystal Violet (Lenreaktiv, St. Petersburg,
Russia). Colonies with at least 50 cells were counted. The
colony forming efficiency (CFE) was calculated as the ratio of
the number of colonies grown to the number of cells seeded.

Senescence Associated-β-Galactosidase Staining

Cell senescence assay was performed using Senescence β-
Galactosidase Activity Assay Kit (Cell Signaling, Danvers,
MA, USA) according to the manufacturer’s protocol. Senes-
cence associated-β-galactosidase (SA-β-galactosidase) activ-
ity was estimated every 2 passages from 6 to 20. A number
of SA-β-galactosidase positive cells were assessed using the
ImageJ version 2.1 software.
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Multilineage Differentiation

The abilities of both rLMSCs and hLMSCs to differenti-
ate into chondrogenic, adipogenic, and osteogenic lineages
were determined using StemPro Chondrogenesis, Adipoge-
nesis, and Osteogenesis Differentiation Kits (Thermo Scien-
tific), respectively, according to the manufacturer’s proto-
cols. Differentiation media were changed every 3 to 4 days,
cells cultured in the complete DMEM/F12 medium were
used as a control. For chondrogenic differentiation, 1 ×
106 cells were pelleted in centrifuge tubes and incubated
in a micromass culture for 3 weeks in the differentiation
medium. To detect chondrogenic differentiation, cytologic
smears were prepared from micromass formed, fixed in 4%
paraformaldehyde (PFA) in PBS at room temperature for 20
minutes, and separately stained with 1% Toluidine Blue, 1%
Alcian Blue, and 0.1% Safranin O solutions (Lenreaktiv) for
30 minutes at room temperature. To induce adipogenic and
osteogenic differentiation 2 × 104 cells were plated in 24-
well plates and cultured in the differentiation media for 4
weeks. Cells then were fixed in 4% PFA for 20 minutes and
stained with either Nile Red (Invitrogen, Waltham, MA, USA)
at 37°С for 10 minutes or Alizarin Red S Staining Kit (Scien-
Cell, Carlsbad, CA, USA) at room temperature for 30 minutes
to detect adipogenic and osteogenic differentiation, respec-
tively. Nuclei were stained with DAPI (Sigma-Aldrich) for 2
to 3 minutes at room temperature. The mean area of lipid
droplets and alizarin-positive staining was assessed using
the ImageJ version 2.1 software.

Immunostaining

Both rLMSCs and hLMSCs (1 × 104) were seeded on cover
glasses and cultured in 24-well plates in the supplemented
DMEM/F-12 medium for 2 to 3 days. Cells then were washed
3 times with PBS, fixed with 4% PFA for 20 minutes, washed
again with PBS, permeabilized with 0.1% Triton X-100 for
15 minutes, blocked in PBS supplemented with 1% bovine
serum albumin (BSA; Thermo Scientific) at 37°С for 1 hour,
and incubated overnight at 4°С with primary antibodies
(Supplementary Table S1) diluted in PBS-Tween20 (PBST;
Thermo Scientific) according to the manufacturer’s recom-
mendations. Thereafter, cells were washed 3 times with
PBST, incubated for 2 hours at room temperature with the
corresponding secondary antibodies in PBST, washed again
with PBST, stained with DAPI for 2 to 3 minutes, washed
3 times with PBST, and mounted onto glass slides. Images
were collected using an OLYMPUS FV3000 confocal micro-
scope (Olympus, Tokyo, Japan). Data were processed and
analyzed using the ImageJ version 2.1 software.

Flow Cytometry

Characterization for mesenchymal and hematopoietic clus-
ter of differentiation (CD) antigens was performed by flow
cytometry using specific antibodies conjugated either with
phycoerythrin (PE) or fluorescein isothiocyanate (FITC) in
the dilutions according to the manufacturer’s recommenda-
tions (Supplementary Table S2). Before examination, both
rLMSCs and hLMSCs (1 × 106) were resuspended in 1 mL of
PBS and separately stained with appropriate primary conju-
gated antibodies in the dark at room temperature for 60
minutes. The stained cells were diluted with PBS (1:10)
and examined using a CytoFLEX Flow Cytometer (Beckman

Coulter, Brea, CA, USA). Isotypes of PE (Iso PE) and FITC
(Iso FITC) were used as negative controls.

Cytogenetic Analysis

Karyotypes of both rLMSCs and hLMSCs were analyzed to
confirm chromosomal stability of the derived cells. Cells
(2 × 105) were seeded on 10 cm Ø Petri dishes, cultured
in the supplemented DMEM/F-12 medium for 2 to 3 days,
and treated with colchicine (0.06 μg/mL; Sigma-Aldrich) for
1.5 and 2.5 hours, respectively. Cells then were washed 3
times with PBS, trypsinized (enzyme activity was blocked
with FBS), resuspended in PBS, and centrifuged at 1000 ×
g for 5 minutes. Samples of metaphase chromosomes were
collected as described previously.20 Briefly, the supernatant
was gently removed, rLMSCs and hLMSCs were treated with
hypotonic solution (0.075 M KCl and 1% Na-citrate 1:1,
respectively; Sigma-Aldrich) at 37°С for 20 and 25 minutes,
respectively, with the following 2-step cycle repeated 3
times: centrifugation at 1000 × g for 5 minutes, fixation
in the mixture of absolute methanol and glacial acetic
acid (3:1; Sigma-Aldrich). Thereafter, cell suspensions were
spread onto glass slides over water bath. Metaphase patterns
were subjected to the conventional trypsin GTG-banding
technique20,21 and analyzed under a ZEISS Axio Scope.A1
microscope (Carl Zeiss, Oberkochen, Germany) using × 100
immersion objective (NA = 1.3). Cytogenetic characteriza-
tion was performed according to the international chromo-
some G-band rabbit and human nomenclatures.22,23 Kary-
otypes were processed using VideoTest-Karyo version 3.1
(ArgusSoft, St. Petersburg, Russia). For both cell lineages,
500 and 100 metaphase patterns were analyzed for poly-
ploidy and chromosome aberrations, respectively.

Human Amniotic Membrane Preparation

The dHAMs were prepared from human placentas obtained
during planned Caesarean deliveries and processed at S. M.
Kirov Military Medical Academy (St. Petersburg, Russia), as
previously reported.24,25 Briefly, amniotic membranes were
mechanically separated from the chorion, washed in Ringer’s
solution containing ceftriaxone (10 mg/mL; Sintez, Moscow,
Russia), fixed onto 3 cm Ø Petri dishes without bottoms
under sterile conditions, and cryopreserved at –80°С in a
mixture of DMEM/F12 medium and dimethyl sulfoxide (1:1)
(DMSO; BioloT, St. Petersburg, Russia). Before further use,
dHAMs were thawed at 37°С, washed 3 times with PBS, and
decellularized at 37°С for 45 minutes using 0.25% Trypsin-
EDTA.

Rabbit LSCD Model

A total number of 30 rabbits were subjected to the ocular
surgery (right eyes). To create the total LSCD model conjunc-
tival and corneal tissues were excised to 2 mm outside
limbus and then the whole limbus (having 4 mm in a width
and 0.2 mm in a depth) was removed using a beveled corneal
microblade. The remaining corneal epithelium was scraped
off using the same microblade. Tobradex (Novartis, Basel,
Switzerland) and 5% corneregel (Bausch Health, Quebec,
Canada) solutions were applied to the eyes immediately
after surgery and then were administered 4 times a day for
2 weeks.
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Graft Transplantation Protocol

Rabbits with the total LSCD were divided into 3 groups: one
with 10 animals subjected to the transplantation of dHAM
(control group); a second group with 10 animals subjected
to the transplantation of rLMSCs seeded onto dHAM with
the membrane facing up and the cells facing down (rLMSCs-
down); and a third group with 10 animals subjected to
the transplantation of rLMSCs seeded onto dHAM with the
membrane facing down and the cells facing up (rLMSCs-
up; see Supplementary Fig. S1 for the experimental design).
Before transplantation, 360 degrees conjunctival peritomy
was performed to the right eyes of all animals and the
fibrovascular pannus was removed. Then grafts were placed
on the prepared corneas and secured with interrupted
8–0 nylon sutures through their edges to the episclera.

Graft Transplantation Assessment

The graft’s opacity score, neovascularization score, and
epithelization score were assessed using a slit-lamp biomi-
croscope at 7, 15, 30, 60, and 90 days. The degree of corneal
opacity was scored as follows: 1 to 2, total transparency; 3,
moderate transparency; 4 to 5, weak transparency; and 6 to
10, opacity.26 The degree of corneal neovascularization was
scored as follows: 0 = lack of neovascularization; 1 = sparse
peripheral neovascularization at the side of the limbus (up
to 2 mm); 2 = strong peripheral neovascularization at the
side of the limbus (up to 4 mm); 3 = total limbal neovascu-
larization and sparse corneal neovascularization; and 4 =
total corneal neovascularization.27 To estimate the degree
of corneal epithelization, rabbit eyes were stained with 1%
fluorescein sodium solution and photographed under blue
light. Images then were processed using 385-meshes radial
grid (1 mesh approximately 0.26%) in the Adobe Photoshop
Lightroom 5 (Adobe, San Jose, CA, USA) and the fluorescein-
free meshes were calculated to assess the corneal epitheliza-
tion.28

Histological Analysis

The efficiency of corneal regeneration was assessed in all
three groups via histological analysis of the corneal integrity,
the number of new blood vessels formed per mm2 across
limbal region and corneal stroma, and the presence of
inflammatory cells. For these purposes, 9 whole rabbit eyes
(from 3 animals of each group at 3 months after transplanta-
tion) were fixed in 4% PFA for 3 days. After that, corneal rings
with adjacent sclera were mechanically dissected, embedded
in paraffin, and cut into 4-μm-thick tissue sections. There-
after, tissue sections were subjected to either the hema-
toxylin and eosin (H&E) or Alcian Blue (Lenreaktiv) staining
and examined using bright-field microscopy.

Statistical Analysis

In all experiments, at least three independent measurements
were performed. Error bars are represented as the stan-
dard deviation (SD) of the mean, and analyzed a priori
for homogeneity of variance. Replicates from each inde-
pendent experiment were confirmed to follow a Gaussian
distribution. Differences between groups were determined
using Welch’s t-test (CFE, SA-β-galactosidase positive cells,
and bone-like matrix deposition area) and 1-way or 2-way
analysis of variance (ANOVA) followed by Tukey’s multi-

ple comparison post hoc test (PI, LDs area, opacity score,
neovascularization score, epithelization score, and blood
vessels number). Significance between groups was estab-
lished for P < 0.05, P < 0.001, P < 0.0002, and P < 0.0001
with a 95% confidence interval. All statistical calculations
and graphs plotting were performed using Prism version 9.0
(GraphPad Software, San Diego, CA, USA).

RESULTS

In Vitro Cultures of rLMSCs and hLMSCs

The rLMSCs and hLMSCs primary cultures were repre-
sented by the heterogeneous populations of hexagonal
epithelial-like cells and elongated mesenchymal-like cells
(Fig. 1A). During long-term culturing mesenchymal-like cells
became predominant resulting in the homogeneous culture
which maintained after passaging and cryopreservation (see
Fig. 1A).

The derived cell lineages possessed significant prolifera-
tive activities at passage (P) 6 with the long phases of fast
growth (96 hours) and the mean population doubling time
of 36.03 ± 1.07 hours and 36.22 ± 1 hours for rLMSCs and
hLMSCs, respectively (Fig. 1B). Although both cell lineages
showed high proliferative rates, hLMSCs (42% ± 4.9) had
lower CFE in comparison to rLMSCs (62.5% ± 3.8; Fig. 1C).

rLMSCs and hLMSCs Entry Senescence at Later
Passages

Cell senescence was assessed via SA-β-galactosidase activ-
ity (Fig. 2, Supplementary Fig. S2). At the early passages,
both rLMSCs and hLMSCs showed minor SA-β-galactosidase
activity (see Fig. 2A). In case of rLMSCs, it remained almost
at the same level during long-term culturing both at P20
(see Fig. 2A) and later passages (data not shown) having
5.62% ± 0.63 of SA-β-galactosidase positive cells (Fig. 2B)
which maintained their proliferative activities. Compared
to the rabbit cells, hLMSCs entered senescence at P20
having 25.03% ± 4.02 of SA-β-galactosidase positive cells
(Figs. 2A, 2B).

rLMSCs and hLMSCs Differentiate Into
Adipogenic, Osteogenic, and Chondrogenic Ways

To confirm the multipotency of the derived cell lineages,
rLMSCs and hLMSCs were differentiated in vitro using chon-
drogenic, adipogenic, and osteogenic differentiation media
(Fig. 3). Cells cultured alongside under standard conditions
in the complete DMEM/F-12 medium were used as a control.

Chondrogenic differentiation was performed in the
micromass culture. At the end of the differentiation period,
both rLMSCs and hLMSCs formed a dense micromass (3–
4 mm in a diameter) with the higher amount of extracel-
lular matrix which was positively stained for proteoglycans
and different glycosaminoglycans (see Fig. 3A) widely repre-
sented in cartilage tissue.

When cultured in the adipogenic differentiation medium,
both rLMSCs and hLMSCs displayed significant morpholog-
ical changes. Cells acquired larger shape, whereas massive
lipid droplets (LDs; 2.14 ± 3.16 μm2 and 3.32 ± 3.86 μm2

for rLMSCs and hLMSCs, respectively) were observed in
their cytoplasm by the end of the differentiation period
(Figs. 3B, 3C).
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FIGURE 1. Growth potential and in vitro cultures of rLMSCs and hLMSCs. (A) Primary cultures of the derived cell lineages were represented
by both epithelial-like cells and mesenchymal-like cells which became predominant during long-term culture. (B) Growth curves of rLMSCs
and hLMSCs at P6 (n = 3; P = 0.048). (C) Colony forming efficiencies of rLMSCs and hLMSCs at P6 (n = 3; **P < 0.001). Data are presented
as the means ± SD. Scale bars: 300 μm.

When cultured in the osteogenic differentiation medium,
LMSCs elongated and the formation of the high amount of
bone-like extracellular matrix was observed via Alizarin Red
staining (Figs. 3D, 3E).

rLMSCs and hLMSCs Express Stem Cell-Specific
and Epithelial Markers

The derived cell lineages of rLMSCs and hLMSCs were
characterized via immunocytochemistry for the expression
of epithelial, stem cell-specific, and mesenchymal markers
(Fig. 4, Supplementary Table S3). Particularly, p63α, PAX6,
ABCG2, and CK3/12 expression was examined to detect
markers which are commonly used in a description of LSCs
and other corneal cells.

Both cultures of rLMSCs and hLMSCs showed strong
positivity for CK15 and moderate positivity for CK3/12
with filaments formed in rLMSCs cytoplasm (see Fig. 4A).
Meanwhile, the expression of CK5, CK14, and CK19 was
only observed across multilayered epithelial colonies within
primary culture of hLMSCs (Supplementary Fig. S3). Simul-
taneously, cells expressed vimentin that is commonly used
as a mesenchymal marker (see Fig. 4B).

Strong expression of stem cell-specific markers, which
are commonly used in a description of the vast number of
progenitor and stem cells, such as ABCB5, ALDH3A1, nestin,

NGFR (p75), and integrin β1 was found in both cell cultures
(see Fig. 4C).

The expression of nuclear transcriptional factor p63α and
ABC transporter ABCG2 was observed in both cell lineages
of rLMSCs and hLMSCs although the signals were not signif-
icantly strong (see Supplementary Fig. S3). PAX6 expression
was found only in rLMSCs nuclei, and no expression was
found in hLMSCs (see Supplementary Fig. S3).

rLMSCs and hLMSCs Display Mesenchymal Cell
Surface Markers Expression

The rLMSCs and hLMSCs were examined for the expres-
sion of the commonly used mesenchymal (e.g. CD44, CD73,
CD90, and CD105), hematopoietic (e.g. CD34 and CD45),
and other specific markers (Fig. 5, Supplementary Table S4).
Due to the lack of antibodies that specifically interact with
rabbit antigens, antibodies against human antigens were
used to detect any cross-reactivity.

Both cultures of rLMSCs and hLMSCs had the significant
number of CD44 (68.47% ± 2.23 and 99.30% ± 0.41 – respec-
tively) and CD90 (89.69% ± 0.77 and 98.36% ± 1.76) posi-
tive cells. CD105 was expressed much higher in the popu-
lation of hLMSCs (96.61% ± 5.16 against 27.18% ± 14.89)
whereas CD73 expression was observed only in the popula-
tion of hLMSCs (90.08% ± 16.83 against 5.98% ± 7.05; see
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FIGURE 2. Senescence features of rLMSCs and hLMSCs during long-term culture. (A) Cells displayed negligible SA-β-galactosidase activity at
P6 which increased markedly in the culture of hLMSCs to P20. (B) Percentage of rLMSCs and hLMSCs positively stained for SA-β-galactosidase
at P20 (n = 3; *P < 0.05). Scale bars: 200 μm.

Fig. 5A). The expression of hematopoietic markers such as
CD34 (0.87% ± 0.95 and 0.45% ± 0.11), CD45 (5.47% ± 6.54
and 0.95% ± 0.45), and CD117 (2.79% ± 1.16 and 0.99% ±
1.46) was not found in both cell lineages. In addition, the
endothelial marker CD146 (7.67% ± 1.86 and 0.63% ± 0.59)
was not expressed widely (see Supplementary Table S4).

It should be noted that both rLMSCs and hLMSCs
expressed endothelial and epithelial marker CD13 (66.14%
± 0.76 and 99.39% ± 0.5). In addition, LMSCs were positive
for fibroblasts and mesenchymal marker CD140b (91.07% ±
0.17 and 31.76% ± 3.53) which expression corresponds to
cell proliferation, differentiation, and survival (see Fig. 5C).29

rLMSCs and hLMSCs Maintain Chromosomal
Stability

In the field of regenerative medicine, chromosomal stabil-
ity of transplanted stem cells are thought to be a crucial
point for successful tissue regeneration without any risks
for patient’s health, including the possibility of cells’ onco-
genic transformation. Therefore, LMSCs were examined for
possible chromosomal instability via karyotype analysis at
P6.

Karyotypes of both cell lineages were found to be normal
(2n: rLMSCs – 44,XX; rLMSCs – 46,XY), meanwhile the
number of polyploid cells was accounted for 6.4% and 2.9%
for rLMSCs and hLMSCs, respectively (Fig. 6). Importantly,

no cells with the numerical chromosome alterations as well
as with CSCAs were observed.

Non-clonal structural chromosome abnormalities
(NSCAs) were accounted for 6% in the population of
rLMSCs and were represented with chromatid breaks of
chromosomes 5, 7, and 8 (at loci 5p13, 7p22, and 8q22),
chromosomal break of chromosome 15 (at locus 15q23),
and deletions of chromosomes 12 and 20 (del(12)(q21:);
del(20)(q14:)). In addition, there was found one cell with
2 NSCAs: chromatid breaks of chromosomes 5 and 15 (at
5p13 and 15q23, respectively; see Fig. 6A). In comparison to
rabbit cells, hLMSCs had lower portion of cells with NSCAs
accounted for 2%: chromatid break of chromosome 4 −
chtb(4)(q?23) and deletion of chromosome 6 − del(6)(p?15:)
(see Fig. 6B).

rLMSCs Promote Corneal Epithelial
Reconstruction in the Rabbit Model of LSCD

The transplantation of rLMSCs seeded onto dHAM was
performed to assess their impact on corneal epithelial recon-
struction after severe damage in the rabbit model of total
LSCD (Fig. 7).

A week after transplantation, corneas in all three groups
lost transparency (see Fig. 7A) and the opacity score (control,
5.9 ± 0.74; rLMSCs-down, 3.8 ± 0.63; rLMSCs-up, 6.5 ± 1.08,
P = 0.0794, compared to the control) increased significantly
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FIGURE 3. Differentiation potential of rLMSCs and hLMSCs. (A) Safranin O, Toluidine Blue, and Alcian Blue staining for chondrogenic
differentiation at P6 after 3 weeks of culturing. (B) Nile Red staining for adipogenic differentiation at P6 after 4 weeks of culturing (nuclei
were stained with DAPI). (C) Significantly larger LDs formed in the differentiated cells (n > 100; ****P < 0.0001). (D) Alizarin Red staining
for bone-like extracellular matrix deposition at P6 after 4 weeks of culturing. (E) LMSCs produced the high amount of bone-like extracellular
matrix by the end of the osteogenic differentiation (n = 10; ***P < 0.0002). Scale bars: 50 μm (A, B), 200 μm (D).
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FIGURE 4. The rLMSCs and hLMSCs display stem cell-specific, mesenchymal, and epithelial markers expression. Both cultures of rLMSCs
and hLMSCs showed the positivity for epithelial (A), mesenchymal (B), and stem cell-specific markers (C). Scale bars: 50 μm.

(see Fig. 7B). In 15 days, the opacity score in the rLMSCs-up
grafts group (control, 7.8 ± 0.79; rLMSCs-down, 7.1 ± 0.74;
rLMSCs-up, 4.3 ± 0.67, P < 0.0001, compared to the control)
reduced and continued to decrease in the following weeks,
whereas in the other two groups, a sufficient improvement
of corneal clarity was not observed.

The neovascularization score witnessed similar tendency.
It increased in all 3 groups almost throughout the
entire period with the rLMSCs-up grafts group having
the maximum in 30 days (control, 3.5 ± 0.85; rLMSCs-
down, 3.5 ± 0.71; rLMSCs-up, 2.5 ± 0.53, P < 0.0002,
compared to the control) followed by a gradual decline (see
Fig. 7C).

Corneal epithelization was achieved in all 3 groups
during 5 weeks after transplantation (see Fig. 7D). It should
be noted that in the rLMSCs-up grafts group corneal epithe-
lization was achieved earlier in comparison to other groups
(day 7: control, 52.39% ± 1.97; rLMSCs-down, 41.97% ± 2.34;

rLMSCs-up, 98.46% ± 0.58, P < 0.0001, compared to the
control).

Importantly, both the opacity (day 90: control, 4.8 ± 0.42;
rLMSCs-down, 5.2 ± 0.42; rLMSCs-up, 1.6 ± 0.52, P< 0.0001,
compared to the control) and neovascularization (day 90:
control, 3.8 ± 0.42; rLMSCs-down, 3.9 ± 0.32; rLMSCs-up,
2.3 ± 0.48, P < 0.0001, compared to the control) scores were
significantly lower in the rLMSCs-up grafts group in 90 days
after transplantation (see Figs. 7B, 7C).

The epithelization in a cornea-like manner with stratified
squamous epithelium formed was observed in the rLMSCs-
up grafts group in 90 days after transplantation in compari-
son to the control and the rLMSCs-down grafts groups where
the expansion of conjunctival goblet cells-enriched epithe-
lium was found (Fig. 8, Supplementary Fig. S4). It should
be noted that the fibrosis of upper layers as well as the
presence of inflammatory cells (mainly eosinophils) were
found across corneal stroma in all 3 groups in 90 days after
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FIGURE 5. The rLMSCs and hLMSCs express specific mesenchymal cell surface markers. Both cultures of rLMSCs and hLMSCs expressed
mesenchymal cell surface markers (A) whereas the expression of hematopoietic markers was negligible (B). Additionally, the expression of
epithelial marker CD13 and mesenchymal marker CD140b was observed in both cell lineages (C). Iso PE (red) and Iso FITC (green) were
used as negative controls.

transplantation (see Fig. 8A). Neovascularization of corneal
stroma appeared to be as the increase in the number of
newly formed blood vessels per mm2 in all three experimen-
tal groups of animals (see Fig. 8B). However, there were no
statistically significant differences in the rLMSCs-up grafts
group (native cornea, 0; LSCD, 6.3 ± 0.6; control, 3.5 ±
0.5; rLMSCs-down, 4 ± 1; rLMSCs-up, 3 ± 1, P = 0.0017,
compared to native cornea) in comparison to native cornea,
which could be associated with the chosen sample size.

Corneal limbus is usually supplied by the vast number of
blood vessels, which is crucial for its functions. We observed
a reduction in the number of blood vessels per mm2 across
the limbal region in the control, rLMSCs-down, and rLMSCs-

up grafts groups (see Fig. 8B). Again, there were no statisti-
cally significant differences in the rLMSCs-up grafts group
(native cornea, 11 ± 2; LSCD, 5 ± 0.6; control, 4.5 ±
0.5; rLMSCs-down, 4.5 ± 1.5; rLMSCs-up, 5.5 ± 0.5, P =
0.014, compared to native cornea) in comparison to native
cornea, which could be associated with the chosen sample
size. Nevertheless, the apparent reconstruction of the limbus
integrity, including the restoration of the limbal stem and
adjacent goblet progenitor cells niches after surgery, was not
achieved in all three groups with an exemption for the third
rabbit from the rLMSCs-up grafts group, which showed the
increase in the number of goblet cells across limbal region
(see Supplementary Fig. S4).
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FIGURE 6. The rLMSCs and hLMSCs have stable genomes. (A) Normal G-banded karyotype of rLMSCs. NSCAs (on inset represented NSCAs
from different cells, indicated with arrows) were accounted for 6% of the examined metaphase patterns: chromatid breaks of chromosomes
5, 7, 8, and 15 (at 5p13, 7p22, 8q22, and 15q23), deletions of chromosomes 12 − del(12)(q21:) and 20 − del(20)(q14:). (B) Normal G-banded
karyotype of hLMSCs. NSCAs (on inset represented NSCAs from different cells, indicated with arrows) were accounted for 2% of the examined
metaphase patterns: chromatid break of chromosome 4 − chtb(4)(q?23), deletion of chromosome 6 − del(6)(p?15:).

DISCUSSION

LSCD is thought to be one of the most challenging corneal
diseases to diagnose and relates to the disruption of LSCs
niche causing corneal opacity and vision loss.30 There-
fore, the vast number of stem cells and materials has been
investigated for LSCD treatment purposes during the last
several decades.6 The first case of oral mucosa tissue sheets
use for the treatment of eye burns was shown by Ballen
in the early 1970s.11 In the more recent studies, Naka-
mura et al. reported the first successful application of oral
mucosa stem cells grown on the amniotic membrane for
the treatment of ocular surface injury in rabbits.12 Finally,
the use of either oral mucosa tissue sheets or oral mucosa
stem cells for the treatment of LSCD were confirmed by
different authors in the following years.15,16,31 However, to
our best knowledge, there was not enough data on the
characteristics of LMSCs in regard to the specific mark-
ers’ expression, differentiation, and especially chromoso-
mal stability in vitro that should be of paramount impor-
tance for stem cells proposed for using in regenerative
medicine.32

Herein, we described cultures of both rabbit and human
LMSCs. Particularly, the description of not only hLMSCs but
also rLMSCs seems to us crucial as model cells used for the
treatment of LSCD in rabbits.

We demonstrated that both rLMSCs and hLMSCs had high
proliferation rates, ability to differentiate into chondrogenic,
adipogenic, and osteogenic ways, and entered senescence
at later passages that is quite common among mesenchy-
mal stem cells derived from different tissues.18,33 Interest-
ingly, rLMSCs displayed fewer SA-β-galactosidase activity
even after long-term culturing (P30). This could be associ-
ated with the fact that animal cells are known to escape
senescence at later passages, whereas in human cells, it
is strictly controlled.34 Compared to rabbit cells, hLMSCs
became aged after P8 having around 10% of senescent cells
at P10 (see Supplementary Fig. S2). Therefore, it could be
recommended to use hLMSCs up to P12 to ensure the greater
efficiency of corneal epithelial reconstruction.

We found that both cultures of rLMSCs and hLMSCs
had the expression of the wide range of different mark-
ers described as specific for various stem and progenitor
cells.35,36 Particularly, both rLMSCs and hLMSCs expressed
nuclear transcriptional factor p63α and ABC transporter
ABCG2, whereas the expression of melanoma-associated
chondroitin sulfate proteoglycan N/MSCP, previously shown
for buccal mucosa cells,37 was not observed which could
be associated with the differences among subpopulations
of oral mucosa cells. Interestingly, the expression of PAX6,
usually associated with eye development during organo-
genesis,38 was found only in rLMSCs. It should be noted
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FIGURE 7. The rLMSCs-up transplantation promotes corneal epithelization and enhances corneal clarity. Representative slit-lamp and fluores-
cein sodium staining biomicroscope images of rabbit corneas at 7, 15, 30, 60, and 90 days after surgery (A). rLMSCs-up grafts transplantation
substantially reduced corneal opacity (B) and neovascularization (C) scores and, at the same time, promoted earlier corneal epithelization
(D) in the rabbit model of total LSCD compared to the control group (n = 10; *P < 0.05, ***P < 0.0002, ****P < 0.0001).
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FIGURE 8. The rLMSCs-up transplantation promotes epithelization in a cornea-like manner. (A) Representative H&E and Alcian Blue staining
images in 90 days after surgery. Conjunctiva expansion (goblet cells indicated with arrowheads) was observed in the control and rLMSCs-
down grafts groups (similar to LSCD) in 90 days after surgery while cornea-like epithelium was found in the rLMSCs-up grafts group.
(B) Grafts transplantation was followed by the decrease in the number of blood vessels per mm2 across limbal region and by neovascu-
larization of corneal stroma in the control, rLMSCs-down, and rLMSCs-up grafts groups compared to native cornea. At the same time, there
were no statistically significant differences between rLMSCs-up grafts group and native cornea which could be related to the chosen sample
size (n = 3; *P < 0.05, ***P < 0.0002). Scale bars: 50 μm.
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that both rLMSCs and hLMSCs expressed epithelial and
mesenchymal markers at P6 in vitro. Especially, CK3/12 and
vimentin filaments were found in cultured cells simultane-
ously. Mesenchymal stem cells of different origins are known
to be able to express both epithelial and mesenchymal mark-
ers cultured under certain conditions and to be induced to
differentiate into epithelial way.39–41 For instance, Ma et al.
successfully used bone marrow-derived mesenchymal stem
cells to restore chemically damaged rat corneas.42 Thus,
the co-expression of epithelial and mesenchymal markers
in both cultures of rLMSCs and hLMSCs is consistent with
the understanding that mesenchymal stem cells could be
induced to differentiate into epithelial way and indicates
their potential for corneal epithelial reconstruction.

Cell surface markers’ expression was similar to other
mesenchymal stem cells derived from different tissues in
both cultures of rLMSCs and hLMSCs and is consistent with
the observations of other authors.43–46 However, CD146 was
not expressed in comparison to the previously reported data,
which could be due to the differences among subpopula-
tions of oral mucosa cells.43

Karyotypes of both cultures of rLMSCs and hLMSCs were
found to be normal. Importantly, no CSCAs as well as the
negligible number of NSCAs were observed in the popula-
tion of hLMSCs compared to rLMSCs which had three times
more percentage of NSCAs. Most probably, the low number
of abnormalities in hLMSCs karyotype depends on the fact
that human cells have more stable genome in comparison
to other animal cells. At the same time, it is known that
genomes possess plasticity and NSCAs could promote adap-
tation and survival of cultured cells.47

Corneal restoration success after surgery depends on sca-
ffold properties and stem cells used. Here, we demonstrated
that rLMSCs seeded onto dHAM promoted corneal epithelial
reconstruction in the rabbit model of total LSCD. Particu-
larly, rLMSCs-up grafts transplantation significantly reduced
corneal neovascularization and improved corneal clarity.
Similar results were reported earlier by other authors.12,13,16

It should be highlighted that the rLMSCs-up grafts transplan-
tation not only restored corneal integrity but also resulted
in the re-epithelization in a cornea-like manner. On the
other hand, rLMSCs-down grafts transplantation had simi-
lar results to the control group and did not promote any
significant changes in corneal clarity and neovasculariza-
tion. We hypothesize that it could be associated with the
blood-mediated inflammation and cell death in the case of
rLMSCs were directly contacting damaged eye tissues with-
out being protected with a scaffold.48,49 Noteworthy, specific
infiltration with eosinophils was observed across corneal
stroma in all three groups. It was shown recently that 12/15-
lipoxygenase-expressing eosinophils are crucial for corneal
re-epithelization and could contribute to the corneal wound
healing process through the local producing of pro-resolving
mediators.50

Nevertheless, this study has some limitations. First, we
highlighted the importance of chromosomal stability confir-
mation, however, further investigations, such as tumorigenic-
ity assay, need to be secured to sufficiently demonstrate the
inability of cells to oncogenic transformation. Second, the
epithelial differentiation of LMSCs was not shown in vitro.
Therefore, our conclusions are based on the epithelial mark-
ers’ expression and histological analysis of rabbit eyes after
grafts transplantation. Finally, dHAM was used as the scaf-
fold to transfer rLMSCs on the rabbit corneas. Scaffold prop-
erties is known to be crucial for tissue regeneration, espe-

cially in terms of corneal transparency. The dHAM is known
to decrease corneal transparency via promoting LSCs and
keratocytes myofibroblasts transformation.3 Therefore, alter-
native scaffolds are expected to be used to achieve more
prominent results.

Overall, our findings demonstrate that LMSCs possess
high proliferation and differentiation potential as well
as maintain chromosomal stability during culturing. The
rLMSCs transplantation in the rabbit model of LSCD resulted
in the restoration of corneal integrity and structure, indi-
cating the potential of LMSCs for the treatment of corneal
diseases and requiring further research.
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