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Abstract: Objective: To systematically compare the physiological functions of limbal niche cells (LNCs) and corneal 
stromal cells (CSCs), evaluate the feasibility of converting LNCs into CSCs for corneal stromal regeneration, and 
provide a theoretical basis for cell therapy of corneal ectatic diseases (e.g., keratoconus). Methods: Single-cell RNA 
sequencing (scRNA-seq) was used to analyze transcriptomic differences among 34,959 cells from human corneal 
tissues. Morphological changes and expression differences of immunofluorescent markers (Lumican, ALDH1A1, 
etc.) in the two cell types were observed through in vitro culture. A rabbit transplantation model was employed 
to assess cell survival, migration, and corneal integration at two and four weeks postoperatively, with histological 
analyses such as HE staining to verify safety. Results: scRNA-seq revealed significant transcriptomic differences be-
tween LNCs and CSCs, with distinct expressions of key markers (THY1, VIM, Lumican) and transcriptional regulators 
(YAP1/TEAD1). During in vitro culture, CSCs gradually exhibited a spindle-shaped morphology similar to LNCs, and 
Lumican and ALDH1A1 could serve as effective discriminative markers. In vivo experiments confirmed that both cell 
types survived long-term (at least 4 weeks) after transplantation; CSCs migrated in a layered pattern, while LNCs 
formed punctate aggregates, with no inflammation or scarring observed. LNCs retained mesenchymal progenitor 
markers (CD73, CD90) and demonstrated potential for stromal integration. Conclusion: LNCs possess the potential 
to differentiate into CSCs. Their transcriptomic characteristics and functional properties support their application 
value as a precursor for CSC induction, providing experimental evidence and research directions for cell replace-
ment therapy in corneal stromal diseases.
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Introduction

The healthy cornea is a transparent, avascular 
tissue composed of five layers: the epithelium, 
Bowman’s layer, the stromal, Descemet’s mem-
brane, and the endothelium [1]. The corneal 
epithelium covers the cornea surface and  
plays a primary role in maintaining corneal 
transparency. The corneal epithelium periodi-
cally sheds and is replaced by new epithelial 
cells derived from limbal stem cells (LSCs) 
[2-4]. The normal physiological activity of LSCs 
relies on the support of the limbal niche [5, 6]. 
LSCs have been identified in specific regions 
of the limbus, where they are surrounded and 
supported by the limbal niche, which is com-
posed of several cell types such as melano-

cytes, Langerhans cells, macrophages, base-
ment membrane-forming cells, and limbal 
niche cells (LNCs) [7].

Corneal stromal cells (CSCs) are mesenchymal 
cells derived from the neural crest. They reside 
within collagen fiber lamellae of the corneal 
stroma and form a cellular network through 
dendritic interconnections. In a healthy cornea, 
they usually remain in a quiescent state and 
only undergo self-renewal [8, 9].

LNCs are a group of primitive cells that exhibit 
functions of vascular endothelial progenitor 
cells and mesenchymal stem cell progenitors. 
They can differentiate into vascular endothelial 
cells, osteoblasts, chondrocytes, and adipo-
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cytes, and they express mesenchymal stem 
cell markers (CD73, CD90, CD105), several 
neural crest cell markers (p75NTR, Musashi-1, 
Sox2, Nestin, etc.), as well as other stem  
cell markers [10, 11]. In addition, compared 
with bone marrow mesenchymal stem cells 
(BMMSCs), LNCs express higher levels of mes-
enchymal stem cell markers, neural crest cell 
markers, and stem cell factors, and achieve 
superior therapeutic effects compared with 
BMMSCs in a rabbit model of corneal alkali 
burn-induced limbal stem cell deficiency [12]. 
LNCs and CSCs are respectively located in the 
stromal layer of the limbus and the transparent 
corneal area, with anatomically adjacent posi-
tions. Some studies suggest that LNCs may be 
the precursor cells of CSCs [13]. The mesen-
chymal stem cell properties of LNCs and the 
expression of neural crest cell markers indicate 
that LNCs can serve as an important source of 
stem cells for differentiation into CSCs, which 
are mesenchymal cells derived from the neural 
crests.

To further investigate the feasibility of convert-
ing LNCs into CSCs, we generated a high-qua- 
lity single-cell RNA sequencing (scRNA-seq) 
dataset derived from 34,959 corneal cells iso-
lated from three donors. Using this dataset, we 
delineated distinct cell populations and con-
structed a comprehensive cell atlas. Trans- 
criptomic analysis identified subpopulations 
with diverse functional roles, which may yield 
novel insights into LNC-to-CSC conversion, 
offering potential for future treatment of cor-
neal thinning and ectatic disorders such as 
keratoconus. This dataset identified markers 
expressed exclusively in populations includ- 
ing CSCs and LNCs. Additionally, complemen-
tary in vitro cellular and in vivo animal experi-
ments were performed to assist in validation.

Materials and methods

Human corneal limbal tissues were obtained 
from three independent donors (two males, 
one female; age range: 55-71 years) through 

the Red Cross Eye Bank at Tongji Hospital 
(Wuhan, China). Donor demographics are sum-
marized in Table 1. All tissues were stored in 
corneal preservation medium at 4°C and used 
within five days of receipt. The protocol was 
approved by the Tongji Ethics Committee and 
was conducted in accordance with the De- 
claration of Helsinki. All animal procedures 
were performed in accordance with the ARVO 
Statement for use in ophthalmic and vision 
research. The study protocol was approved by 
the Animal Care and Use Committee of the 
Tongji Hospital, Tongji Medical College, Hua- 
zhong University of Science and Technology, 
China (TJ-IRB20230899). The protocol adher- 
ed to the policies and guidelines for the care 
and use of research animals.

DMEM/F-12 medium was purchased from 
Gibco (USA). Recombinant human basic fibro-
blast growth factor (rhFGF-basic) and human 
leukemia inhibitory factor (hLIF) were obtain- 
ed from PEPROTECH (USA). Insulin-transferrin-
sodium selenite (ITS) media supplement, Co- 
llagenase A and Triton X-100 were supplied by 
Sigma-Aldrich (Germany). 0.25% trypsin con-
taining 1 mM EDTA (T/E) solution and sterile 
phosphate-buffered saline (PBS) were pur-
chased from Boster Biological Technology Co., 
Ltd. Dye Dil solution was obtained from In- 
vitrogen (USA). 4% paraformaldehyde fixative 
was supplied by Sevier Biotechnology Co., Ltd. 
Normal donkey serum was purchased from 
Bios Biotechnology Co., Ltd. Mouse monoclo-
nal antibodies against ALDH1A1 and Lumican 
were obtained from SANTA CRUZ Biotechno- 
logy. Mouse monoclonal antibody targeting 
Laminin was supplied by Boster Biological Te- 
chnology Co., Ltd. Rabbit polyclonal antibody 
against Keratocan was purchased from Novus 
Biologicals. Donkey anti-mouse IgG secondary 
antibody conjugated with 488 nm green fluoro-
phore, donkey anti-rabbit IgG secondary anti-
body conjugated with 594 nm red fluorophore, 
DAPI staining solution and anti-fade mounting 
medium containing glycerol were all obtain- 
ed from Bios Biotechnology Co., Ltd. Detailed 

Table 1. Donor cornea information
Cornea Sex Age (years) Preservation Experiment
1 male 60 Cell culture media (37°C for 18 days) LNC scRNA-seq
2 male 71 Cell culture media (37°C for 18 days) LNC scRNA-seq
3 female 55 Cell culture media (37°C for 18 days) CSC scRNA-seq
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information for all primary and secondary anti-
bodies, including manufacturer, catalog num-
ber, and working dilution, is provided in 
Supplementary Table 1.

Single-cell RNA-sequencing

P4 cultured LNC and CSC were used for single-
cell RNA seq. Cell suspension was prepared in 
MESCM following digestion with T/E. Single-cell 
capture was achieved by BD Rhapsody system 
and sequenced using Nova seq6000 (Illumina 
Inc.) on 150 bp paired-end run by Wuhan 
Ruixing Biotechnology Co., Ltd. Using the Elbow 
plot method, the principal components were 
sorted in order of the percentage of variation 
explained by each. Initial unsupervised cluster-
ing using the FindClusters function (resolution 
= 0.4) identified 10 putative clusters (0-9). 
Cluster 9 contained fewer than 50 cells with 
high mitochondrial gene expression (> 20%), 
indicative of low-quality cells or doublets, and 
was therefore excluded from downstream anal-
ysis. Nine biologically meaningful clusters (0-8) 
were retained for subsequent annotation and 
differential expression analysis. UMAP visual-
ization was performed with the same resolution 
parameter (0.4) on the filtered dataset of 
34,959 high-quality cells. The rank-sum test 
was used to identify differentially expressed 
genes in various cell types. Log2FC > 0.5 and  
P < 0.05 were considered statistically signifi-
cant. Passage-4 (P4) cultured LNCs and CSCs 
were used for scRNA-seq. LNCs were derived 
from two independent donor corneas (desig-
nated LNC1 and LNC2, corresponding to donor 
#1 and donor #2 in Table 1), and CSCs were 
derived from a third donor cornea (donor #3). 
Of note, LNCs and CSCs were not isolated from 
matched donor corneas; this design limitation 
is addressed in the Discussion.

Cell isolation and culturing

Corneas were stored in corneal chamber at 4°C 
and used within five days. Epithelium, endothe-
lium, and Descemet’s membrane were gently 
scraped off. Rings were sectioned into 12 equal 
segments and rinsed with PBS. For CSCs: 
Tissue was incised 1 mm from the limbus on 
the corneal side, corneal stromal layer was 
separated. At 37°C under 5% CO2, the stromal 
tissue of the transparent cornea was digested 
using 1 mg/mL Collagenase A for 4-6 hours. 
Digestion was terminated with serum-contain-

ing culture medium. The suspension was cen- 
trifuged at 1000 rpm for 5 minutes. The super-
natant was discarded, and primary CSCs were 
harvested. For LNCs: Excess sclera was resect-
ed 1 mm from the limbus on the scleral side, 
limbus tissue was harvested. At 37°C under 5% 
CO2, limbal tissue was digested using 1 mg/mL 
Collagenase A for 8-10 hours, yielding cell clus-
ters. These clusters were further digested with 
0.25% trypsin/1 mM EDTA (T/E) for 15 minutes 
and gently pipetted to achieve complete disso-
ciation into single cells. Digestion was then ter-
minated, and the suspension was centrifuged 
at 800 rpm for 5 minutes. The supernatant was 
discarded, and primary LNCs were harvested.

Modified Embryonic Stem Cell Medium 
(MESCM) was used as the culture medium. 
Matrigel was diluted with MESCM at a 1:20 
ratio to prepare a 5% Matrigel solution. This 
solution was added to plastic 6-well cell culture 
plates at 1 mL per well. The plates were incu-
bated undisturbed at 37°C for at least 1 hour. 
Following incubation, the excess unbound liq-
uid was aspirated, yielding Matrigel-coated 
plates. MESCM (1 mL) was added to each well 
of the coated plates. Primary CSCs and prima-
ry LNCs were then seeded onto the Matrigel-
coated surface at a density of 1 × 104 cells/
cm2. Cell culture was maintained at 37°C un- 
der a 5% CO2 atmosphere. The medium was 
changed every 2-3 days. When cells reached 
80% confluency, they were dissociated using 
0.25% trypsin/1 mM EDTA (T/E) and subse-
quently re-seeded onto freshly coated Matrigel 
plates for subculturing. Cells from passages 3 
to 5 were selected for experiments.

Immunofluorescence

Using a Cytofuge (StatSpin) at 1,000 rpm for 6 
min, single cells were produced on slides and 
were fixed with 4% formaldehyde, permeabi-
lized with 0.02% Triton X-100 and blocked with 
2% bovine serum albumin before adding pri-
mary antibodies. The secondary antibodies 
were set up for 45 min, using the necessary 
isotype-matched nonspecific immunoglobulin 
G antibodies as controls after the unbound 
primary antibodies were removed with phos-
phate-buffered saline. Nuclei were counter-
stained with DAPI (6-diamidino-2-phenylindole) 
and images were acquired with a Zeiss LSM 
700 microscope. The National Institutes of 
Health’s ImageJ program was used for signal 
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quantification. Supplementary Table 1 con- 
tains a comprehensive list of the primary and 
secondary antibodies as well as the agents uti-
lized for IF.

Histological staining (Hematoxylin and Eosin, 
H&E)

Enucleated rabbit eyeballs were fixed in 4% 
paraformaldehyde for 24-48 h at room temper-
ature. The corneal tissue containing the Dil-
labeled injection site was dissected, dehydrat-
ed through a graded ethanol series (70%, 80%, 
90%, 95%, and 100%), cleared in xylene, and 
embedded in paraffin. Serial sections of 5 μm 
thickness were cut using a microtome. For H&E 
staining, sections were deparaffinized in xylene 
and rehydrated through descending ethanol 
concentrations to distilled water. Nuclei were 
stained with hematoxylin solution for 3-5 min, 
followed by a rinse in running tap water. 
Differentiation was performed in 1% hydrochlo-
ric acid-alcohol for 2-3 s, after which sections 
were rinsed in running water and blued in 0.6% 
ammonia water. After another rinse in running 
water, sections were immersed in distilled 
water for 2 min and counterstained with eosin 
solution for 2-3 min. Sections were then dehy-
drated in ascending ethanol concentrations, 
cleared in xylene, and mounted with neutral 
balsam. Images were acquired using an upright 
light microscope (Olympus BX53, Japan).

Animals experiments

Dil-stained CSC and LNC suspensions were 
prepared at a density of 3 × 105 cells/mL. Four 
healthy adult New Zealand white rabbits (ma- 
les, 6-8 months old, body weight 2.0-2.4 kg) 
were purchased from the Experimental Animal 
Center of Tongji Medical College, Huazhong 
University of Science and Technology (Wuhan, 
China; Hubei Zhirat Zhihui Biotechnology Co., 
Ltd.). Rabbits were housed under standard lab-
oratory conditions (12-h light/dark cycle, 22 ± 
2°C, 50-60% humidity) with free access to 
food and water. The animals were randomly 
divided into two groups (n = 2 per group): Group 
1 was euthanized at 2 weeks post-transplanta-
tion, and Group 2 at 4 weeks post-transplanta-
tion. Under an operating microscope, a tunnel 
was created in the corneal stroma using a 30- 
gauge needle. The right cornea of each rabbit 
received an intrastromal injection of 100 μL 
Dil-stained LNC suspension (3 × 105 cells/mL) 

using a Hamilton microsyringe, while the left 
cornea received an equal volume of Dil-labeled 
CSC suspension via the same technique. Imme- 
diately after injection, fluorescence images of 
the surgical eyes were captured using in vivo 
fluorescence microscopy (Cambridge Research 
& Instrumentation, Inc., USA), followed by topi-
cal application of ofloxacin eye ointment (0.3%; 
Sinqi Pharmaceutical Co., Ltd., China) to pre-
vent infection. Rabbits in Group 1 were eu- 
thanized 2 weeks post-transplantation, and 
Group 2 rabbits were euthanized at 4 weeks. 
Enucleated eyes were photographed ex vivo, 
with areas exhibiting red fluorescence identi-
fied and marked for analysis.

For all surgical procedures, rabbits were anes-
thetized by intramuscular injection of a mixture 
of ketamine hydrochloride (30 mg/kg body 
weight; Fujian Gutian Pharmaceutical Co., 
Ltd., China) and xylazine hydrochloride (5 mg/
kg body weight; Shengda Animal Pharmaceu- 
tical Co., Ltd., China). Topical proparacaine 
hydrochloride eye drops (0.5%; Alcon, USA) 
were applied to the ocular surface for local 
anesthesia. At the designated endpoints, rab-
bits were euthanized by intravenous injection  
of an overdose of pentobarbital sodium (150 
mg/kg body weight; Sigma-Aldrich, USA) into 
the marginal ear vein, followed by confirmation 
of cardiac arrest and pupillary dilation.

Statistical analysis

All quantitative data are expressed as mean ± 
standard deviation (mean ± SD). For scRNA-seq 
data processing, the R statistical environment 
(v4.2.1) with the Seurat package (v4.3.0) was 
used. Differentially expressed genes between 
clusters were identified using the Wilcoxon 
rank-sum test, with log2 fold change (log2FC) > 
0.5 and adjusted P-value < 0.05 considered 
statistically significant. For in vitro immunofluo-
rescence quantification, fluorescence intensity 
was measured using ImageJ software (v1.54f). 
Comparisons of mean fluorescence intensity 
between LNC and CSC groups were performed 
using a two-tailed unpaired Student’s t-test in 
GraphPad Prism (v9.5.0). Significance levels 
were defined as *P < 0.05, **P < 0.01, and 
***P < 0.001. Due to the small sample size  
of the in vivo rabbit experiment (n = 2 per 
group), no formal inferential statistical testing 
was applied to cell migration patterns or spatial 
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distribution data; these results are presented 
as descriptive qualitative observations.

Result

Single-cell RNA-sequencing

Following scRNA-seq data preprocessing, 
34,959 high-quality cell samples were ob- 
tained, comprising 27,521 cells from the LNC 
and 7438 cells from CSC. The Uniform Mani- 
fold Approximation and Projection (UMAP) algo-
rithm was used for cornea cell annotation and 
different cornea markers were shown (Figure 
1A). The UMAP plots depict the distribution of 
cell subpopulations in CSC, LNC1, and LNC2 
samples, where LNC1 and LNC2 represent 
scRNA-seq profiles derived from two indepen-
dent LNC donor cultures (donor #1 and donor 

#2 in Table 1), respectively. Each color-coded 
cluster represents a unique cell subpopula- 
tion, labeled 0-8. In the CSC sample, cell sub-
populations (0-8) formed discrete clusters. 
Subpopulation 0 exhibited a central distribu-
tion, whereas subpopulations 1-8 occupied 
peripheral regions. For LNC1 and LNC2 samples, 
despite an overall clustering architecture an- 
alogous to that of CSC (e.g., subpopulation 0 
remained centrally located), notable dispari-
ties in subpopulation composition were ob- 
served. Specifically, subpopulation 4, relatively 
abundant in CSC, showed sparser distribution 
in LNC1 and LNC2. Meanwhile, subpopulation  
6 displayed altered spatial patterning across 
the three sample groups. These UMAP results 
reveal that, while a conserved clustering frame-
work exists among CSC, LNC1, and LNC2, dis-

Figure 1. Single-cell transcriptomic profiling of cultured LNCs and CSCs. A. UMAP visualization of 34,959 cells col-
ored by unsupervised clustering (clusters 0-8). LNC1 and LNC2 represent scRNA-seq data from two independent LNC 
donor cultures; CSC represents data from one independent CSC donor culture. Scale: each dot represents one cell. 
B. Heatmap showing the relative expression levels of selected marker genes across CSC, LNC1, and LNC2 samples. 
Color intensity represents row-scaled normalized expression values (blue, low expression; red, high expression).
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tinct cell subpopulations manifest sample - 
specific distribution traits.

To characterize the biological identity of each 
subpopulation, we identified cluster-specific 
marker genes and performed Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) functional enrichment analy-
ses (Supplementary Table 2). Cluster 0, the 
most abundant subpopulation across all sam-
ples, was enriched for canonical mesenchymal 
markers including VIM, COL3A1, and DCN, and 
was associated with extracellular matrix or- 
ganization and collagen fibril organization, con-
sistent with a stromal fibroblast-like phenotype. 
Cluster 1 showed high expression of cell-cycle 
regulators (MKI67, TOP2A, CCNB1) and was 
enriched for mitotic nuclear division and DNA 
replication terms, representing a proliferative 
progenitor subpopulation. Cluster 2 was char-
acterized by elevated expression of stress-
response and immediate-early genes (FOS, 
JUN, ATF3), with functional enrichment in re- 
sponse to oxidative stress and cellular res- 
ponse to stress. Cluster 3 displayed enrich-
ment for immune-modulatory genes (CXCL8, 
IL6, CCL2) and was associated with cytokine-
mediated signaling pathways. Cluster 4, rela-
tively enriched in CSC samples, expressed high 
levels of mature keratocyte markers including 
KERA, LUM, and ALDH1A1, with functional an- 
notation in collagen biosynthetic process and 
corneal transparency maintenance. Cluster 5 
showed elevated expression of mesenchymal 
stem cell markers (THY1, ENG, PDGFRB) and 
was enriched for mesenchyme development 
and stem cell population maintenance, likely 
representing a less-differentiated progenitor 
state. Cluster 6 was characterized by genes 
involved in cell migration and motility (MMP2, 
SERPINE1, PLAU), with enrichment in extracel-

lular matrix disassembly and cell migration 
terms. Cluster 7 displayed high expression of 
genes related to protein synthesis and ribo-
somal biogenesis (RPL genes, RPS genes), sug-
gesting a metabolically active state. Cluster 8 
was enriched for angiogenic factors (VEGFA, 
ANGPT2) and endothelial-associated markers, 
with functional annotation in blood vessel 
development and angiogenesis. The full list of 
cluster-specific marker genes and enrichment 
results is provided in Supplementary Table 2.

Differential expression analysis revealed dis-
tinct transcriptomic profiles between CSC and 
LNC samples. THY1 (CD90), a canonical mes-
enchymal stem cell and limbal niche marker, 
was highly expressed in both LNC1 and LNC2 
samples but was nearly absent in CSC (P < 
0.001). In contrast, VIM was strongly express- 
ed in CSC but showed markedly lower expres-
sion in LNC samples (P < 0.001). LUM, a core 
corneal stromal proteoglycan, was enriched in 
CSC relative to LNC (P < 0.001). KERA show- 
ed low but detectable expression across all 
samples, with modest enrichment in the CSC-
specific cluster 4. ENG and PDGFRB exhibit- 
ed variable expression across subpopulations, 
with higher levels in LNC-enriched clusters, 
consistent with a mesenchymal progenitor phe-
notype. These differential expression patterns 
are illustrated in the heatmap (Figure 1B).

To identify cell type-specific marker genes dis-
tinguishing corneal stromal cells (CSC) from 
limbal niche cells (LNC), differential gene ex- 
pression analysis was performed, and the core 
characteristic genes with consistent biological 
functions were screened out. As shown in Table 
2, two genes were specifically highly expressed 
in CSC, including VIM and LUM. VIM, a classic 
cytoskeletal marker for fibroblast-like cells, was 

Table 2. Characteristic marker genes distinguishing CSCs and LNCs identified by scRNA-seq differen-
tial expression analysis

Grouping Gene 
Symbol

Cell Type-Specific Expression  
Characteristics

Matching Degree of Biological Function with Corneal 
Tissue

CSC Highly Expressed VIM A classic cytoskeletal marker for fibroblast-
like corneal stromal cells, highly expressed 
in activated stromal cells

Stromal cells require high VIM expression to maintain morphol-
ogy and contractile function, while low expression in LNC is 
consistent with their relatively quiescent niche cell properties

CSC Highly Expressed LUM A specific core marker for corneal stromal 
cells, involved in the ordered arrangement 
of collagen fibers in the corneal stroma

LUM is a key protein for maintaining corneal stromal transpar-
ency, and low expression in LNC is consistent with its identity 
as a non-stromal core structural cell

LNC Highly Expressed THY1 (CD90) A characteristic surface marker for limbal 
mesenchymal stem cells/limbal niche cells

Limbal niche cells highly express THY1, which is involved in 
regulating the stemness maintenance of limbal stem cells and 
is highly matched with LNC functions
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highly expressed in activated CSC, which is 
essential for maintaining the morphological 
integrity and contractile function of stromal 
cells - consistent with the functional demand of 
CSC as the core functional cells in the corneal 
stroma. In contrast, VIM expression was low in 
LNC, reflecting the relatively quiescent pheno-
typic feature of limbal niche cells. Another CSC-
specific gene, LUM, serves as a core marker for 
corneal stromal cells and plays a pivotal role in 
regulating the ordered arrangement of collagen 
fibers in the corneal stroma. The high expres-
sion of LUM in CSC is closely related to the 
maintenance of corneal transparency, while its 
low expression in LNC aligns with LNC’s identity 
as non-stromal structural cells. For LNC, THY1 
(CD90) was identified as the key specific mark-
er gene. As a characteristic surface marker for 
limbal mesenchymal stem cells and niche cells, 
THY1 is highly expressed in LNC and partici-
pates in the regulation of stemness mainte-
nance of limbal stem cells, which is consistent 
with the core functional role of LNC in con-
structing the limbal stem cell niche. Collectively, 
VIM and LUM can be used as specific marker 
genes for CSC, while THY1 is a reliable marker 
for LNC, providing valuable molecular targets 
for the identification and functional research  
of these two cell populations in corneal tissue 
engineering and regenerative medicine.

Morphological comparison between LNCs and 
CSCs

Both LNCs and CSCs can adhere to the culture 
substrate within 24 hours. Under high-power 
microscopy, there are both similarities and dif-
ferences in the adhesion morphology of the 
two types of cells. It can be seen that LNCs  
are in the shape of slender spindles or fusi-
forms, while the cells in the proliferative state 
are shorter and smaller with higher brightness 
under the microscope. On the 3rd day of cul-
ture, some of the adherent CSCs are spindle-
shaped, showing the morphology of fibroblasts, 
which is similar to that of LNCs, and some are 
dendritic, which is their typical morphology in 
vivo. With cell proliferation and passage, the 
CSCs cultured until the 6th day gradually lose 
their original dendritic morphology and all pres-
ent slender spindle or fusiform shapes similar 
to those of LNCs (Figure 2A).

Immunofluorescence

Cytospin immunofluorescence staining demon-
strated that both LNCs and CSCs expressed all 
four markers. Among them, Lumican, ALDH1A1, 
and Keratocan were expressed in the cyto-
plasm, while Laminin was expressed in both 
the cytoplasm and nucleus. The fluorescence 
intensity of Lumican and ALDH1A1 in LNCs 
was weak, whereas CSCs showed strong posi-
tive expression of these two markers. There 
was no significant difference in the expression 
intensity of Keratocan and Laminin between 
the two types of cells (Figure 2B).

The average fluorescence intensity per cell of 
the two cell types was measured using ImageJ 
software. Quantitative analysis using ImageJ 
demonstrated that the mean fluorescence 
intensity of Lumican was significantly lower in 
LNCs than in CSCs (P < 0.001, two-tailed 
unpaired t-test). ALDH1A1 intensity was also 
significantly reduced in LNCs compared with 
CSCs. No significant differences were obser- 
ved for Keratocan (P = 0.582) or Laminin (P = 
0.634) between the two cell types (Figure 2C).

In vivo survival and distribution of transplanted 
cells in rabbit corneas

LNCs and CSCs were labeled with Dil dye and 
injected into the stromal layer of the right and 
left eyes of two groups of rabbits, respectively. 
In vivo fluorescence microscopy was used for 
imaging. The rabbits were further raised for 2 
and 4 weeks, then sacrificed, and their eyeballs 
were harvested for observation of red fluores-
cent signals under in vivo fluorescence micros-
copy. In the right eyes of both groups of rabbits 
injected with LNCs, the fluorescent signals 
appeared as punctate red fluorescence. No sig-
nificant changes in fluorescence intensity or 
distribution pattern were observed after 2 and 
4 weeks of culture (Figure 3Aa, 3Ab, 3Ae, 3Af).

The CSCs injected into the left eyes showed 
strong fluorescent signals. In the left eye of the 
first group of rabbits, the red fluorescence 
matched the shape of the needle puncture 
tract, and there was no significant change in 
the cell distribution pattern after 2 weeks of 
culture compared with that at the time of injec-
tion (Figure 3Ac, 3Ad). In the left eye of the  
second group of rabbits, the red fluorescence 
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of CSCs was in the form of clumps, and after 4 
weeks of culture, the fluorescent signal showed 
a tendency to spread outward compared with 
that at the time of injection (Figure 3Ag, 3Ah). 
These descriptive observations suggest that 
both LNCs and CSCs can survive for at least 4 
weeks in the rabbit corneal stroma after intra-
stromal injection, and that CSCs may exhibit a 
greater tendency for stromal migration com-
pared with LNCs. Two groups of rabbits that 
underwent cell transplantation were sacrific- 
ed at 2 weeks and 4 weeks respectively, and 
their eyeballs were harvested. The eyeballs 

were fixed in 4% paraformaldehyde, embedded 
in paraffin, and sectioned at the Dil-labeled 
sites. HE staining was performed on the sec-
tions. The corneas in HE-stained sections from 
both groups of rabbits injected with LNC cell 
suspension and corneal stromal cell suspen-
sion showed good integrity, with no obvious 
stromal scarring observed by naked eye (Figure 
3B).

Rabbits from the two cell transplantation 
groups were sacrificed at 2 and 4 weeks, 
respectively. At 4 weeks post-transplantation, 

Figure 2. Morphological and immunophenotypic comparison of LNCs and CSCs in vitro. A. Phase-contrast micros-
copy showing morphological changes of LNCs and CSCs at days 3 and 6 of culture. Original magnification: ×100; 
scale bar = 100 μm. B. Immunofluorescence staining of Lumican, ALDH1A1, Keratocan, and Laminin in LNCs and 
CSCs. Green fluorescence indicates antibody staining; blue fluorescence (DAPI) indicates cell nuclei. Original mag-
nification: ×400; scale bar = 20 μm. C. Quantitative analysis of mean fluorescence intensity per cell for Lumican, 
ALDH1A1, Keratocan, and Laminin. Data are presented as mean ± SD from three independent experiments; **P < 
0.01, ***P < 0.001 (two-tailed unpaired Student’s t-test).



Comparison between LNC and CSC

89	 Am J Stem Cells 2026;15(3):81-92

eyeballs sections were subjected to Lumican 
immunofluorescent staining, and Dil-positive 
regions were imaged using fluorescence mic- 
roscopy. In the right eye sections, scattered 
Lumican fluorescent signals with relatively 
strong intensity were observed, indicating that 
a small number of LNCs survived in the rabbit 
corneal stroma and were capable of express-
ing Lumican. In the left eye sections, strongly 
positive Lumican fluorescence signals were 
distributed in a layered arrangement, demon-
strating that more CSCs survived in the rabbit 
corneal stroma and expressed Lumican (Figure 
3C). Combined with the results of Dil staining 
fluorescence in rabbit eyes, CSCs appeared to 
arrange in layers within the stroma, with a 
potential tendency for parallel migration but  
no migration toward the epithelium or anterior 
chamber.

Discussion

This study provides a comprehensive analysis 
of LNCs and CSCs through integrated trans- 
criptomic, morphological, and in vivo assess-

ments, revealing their shared characteristics 
and key differences that inform potential lin-
eage conversion strategies.

Transcriptomic Insights and lineage relation-
ships

Our in vivo data demonstrating long-term cell 
viability without inflammatory reaction or stro-
mal scarring support the safety of LNC trans-
plantation in the corneal stroma. When evaluat-
ing LNCs as a seed cell source for corneal  
stromal regeneration, it is instructive to com-
pare their unique advantages against alterna-
tive cell types that have been investigated for 
this purpose. Our scRNA-seq analysis identified 
distinct clustering patterns between LNCs and 
CSCs, with subpopulation-specific enrichment 
reflecting their functional specialization. Prior 
research has explored multiple cells sources 
for transdifferentiation into corneal stromal 
cell, including bone marrow mesenchymal stem 
cells (BMMSCs), adipose-derived mesenchy-
mal stem cells, corneal stromal stem cells, and 
limbal epithelial progenitors [14-16]. Numer- 

Figure 3. In vivo survival and distribution of transplanted LNCs and CSCs in rabbit corneas. A. In vivo fluorescence 
tracking of DiI-labeled LNCs (right eye) and CSCs (left eye) at 2 weeks (Group 1) and 4 weeks (Group 2) post-trans-
plantation. Red fluorescence indicates DiI-labeled cells. Original magnification: ×12.5; scale bar = 2 mm. B. H&E 
staining of corneal sections at 2 and 4 weeks after LNC or CSC transplantation, showing stromal architecture and 
absence of scarring. Original magnification: ×40; scale bar = 500 μm. C. Immunofluorescence staining of Lumican 
in corneal sections at 4 weeks post-transplantation. Green fluorescence indicates Lumican expression; blue fluores-
cence (DAPI) indicates cell nuclei. Original magnification: ×400; scale bar = 20 μm.
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ous studies have verified that BMMSCs pos-
sess the capacity to differentiate into corneal 
stromal cells, whereas uninduced BMMSCs 
show remarkable disparities with native CSCs 
in marker expression, barely expressing core 
matrix proteins such as Lumican and Keratocan 
required for corneal transparency. In vivo trans-
plantation experiments confirmed that the cor-
neal stromal microenvironment could induce 
BMMSCs to upregulate Keratocan and Lu- 
mican, endowing them with CSC-like pheno-
types to repair stromal defects; three-dimen-
sional in vitro induction systems further vali-
dated that directional culture significantly ele-
vated the expression of CSC-specific factors 
including ALDH1A1 and Lumican in BMMSCs, 
realizing the conversion toward keratocyte lin-
eage [17, 18]. In these transdifferentiation sys-
tems, researchers defined classic CSC signa-
ture antigens as Lumican, Keratocan, ALDH1A1, 
Vimentin, while surface markers like PDGFRβ 
were also widely used to identify mature stro-
mal keratocytes [14, 17, 19-21].

LNCs offer several unique advantages over 
these alternative seed cell sources. First, LNCs 
share anatomical and developmental homo- 
logy with the corneal stroma: both LNCs and 
CSCs are derived from the neural crest and 
reside within the corneal/limbal stromal com-
partment, potentially requiring less extensive 
epigenetic reprogramming to achieve a CSC 
phenotype compared with non-ocular MSCs. 
Second, LNCs can be isolated from limbal tis-
sue obtained during routine corneal transplan-
tation procedures, avoiding the need for inva-
sive extra-ocular tissue harvesting. Third, our 
scRNA-seq data demonstrate that LNCs consti-
tutively express a subset of corneal stromal 
markers (Keratocan, Laminin) at baseline, indi-
cating a pre-existing transcriptional proximity  
to CSCs that is not observed in BMMSCs or 
ADSCs. Fourth, LNCs retain robust expression 
of mesenchymal progenitor markers (CD73, 
CD90/THY1, CD105) and neural crest markers, 
conferring high differentiation plasticity. Finally, 
the in vivo safety profile observed in our rabbit 
model - with no evidence of inflammation, re- 
jection, or scarring at 4 weeks - supports the 
feasibility of LNC-based stromal cell therapy.

Morphological plasticity and functional impli-
cations

The spindle-shaped morphology adopted by 
both cell types following prolonged culture sug-

gests inherent plasticity that may be exploit- 
ed for therapeutic purposes. This phenotypic 
convergence, potentially mediated by Matrigel-
induced niche mimicry, mirrors observations 
that CSCs modulate their shape to regulate 
matrix synthesis [22]. Notably, the dendritic-
to-spindle transition observed in CSCs corre-
lates with enhanced migratory capacity, sup-
ported by PDGFRβ expression - a marker link- 
ed to directed stromal cell migration in wound 
healing [23].

The conserved expression of Keratocan and 
Laminin across both cell types indicates 
shared roles in maintaining corneal structural 
integrity, while their differential spatial distribu-
tion in vivo underscores functional specializa-
tion. This aligns with proteomic studies iden- 
tifying core ECM networks that preserve corne-
al transparency.

Therapeutic potential and clinical relevance

Our in vivo data demonstrating long-term via- 
bility without scarring builds upon previous 
reports of cell-based therapies for corneal  
disorders. Compared to adipose-derived stem 
cells currently used in keratoconus treatment, 
LNCs offer advantages due to their corneal 
specificity and inherent capacity for stromal 
integration [24]. The punctate distribution of 
LNCs versus layered migration of CSCs sug-
gests that successful conversion would require 
inducing migratory capabilities through target-
ed regulation of pathways such as PDGF-BB 
signaling, which promotes non-fibrotic stromal 
repair.

The retained expression of mesenchymal mark-
ers in transplanted LNCs supports their poten-
tial to acquire CSC-like functions in vivo, par-
ticularly in the context of ECM remodeling. This 
has significant implications for treating condi-
tions like keratoconus, where stromal thinning 
and irregularity result from impaired matrix 
homeostasis.

This study’s limitations include the small sam-
ple size of donor tissues and short-term follow-
up in animal models. Future investigations 
should: explore mechanosensitive pathways 
(YAP1/TEAD1) and growth factor signaling 
(TGF-β, PDGF) identified in proteomic studies 
to drive LNC differentiation; Utilize 3D culture 
systems that mimic the limbal niche, which 
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have been shown to maintain LNC stemness 
and enhance differentiation potential; Validate 
findings in keratoconus models to assess func-
tional restoration of stromal biomechanics 
[25]; Investigate epigenetic regulators of lin-
eage-specific gene expression, particularly th- 
ose governing ECM organization.

Limitations and future directions

Several limitations of this study should be 
acknowledged. First, the scRNA-seq analysis 
was performed on LNCs and CSCs derived 
from different donor corneas (two donors for 
LNC and one donor for CSC), rather than from 
matched donor pairs. Inter-individual genetic 
and environmental variation may therefore 
contribute to some of the observed transcrip-
tomic differences between the two cell types. 
Future studies using LNCs and CSCs isolated 
from the same matched donor corneas will be 
necessary to confirm cell-type-specific expres-
sion signatures independent of donor variabili-
ty. Second, the in vivo rabbit transplantation 
experiment included a small sample size (n = 2 
rabbits per time point, total N = 4), which pre-
cluded formal statistical testing of cell migra-
tion patterns and spatial distribution differenc-
es. The in vivo results should therefore be in- 
terpreted as preliminary qualitative observa-
tions, and larger animal cohorts with quantita-
tive image analysis are warranted for robust 
validation. Third, the follow-up period was lim-
ited to 4 weeks; long-term studies assessing 
cell survival, integration, and corneal transpar-
ency maintenance over several months are 
needed.

Future investigations should: (i) explore me- 
chanosensitive pathways (YAP1/TEAD1) and 
growth factor signaling (TGF-β, PDGF-BB) to 
drive efficient LNC-to-CSC differentiation; (ii) 
utilize 3D culture systems that mimic the lim- 
bal niche microenvironment to maintain LNC 
stemness and enhance differentiation poten-
tial; (iii) validate functional restoration of stro-
mal biomechanics in keratoconus models; and 
(iv) investigate epigenetic regulators governing 
lineage-specific gene expression, particularly 
those controlling ECM organization and colla-
gen fibrillogenesis.

Conclusion

Our multi-dimensional analysis establishes 
LNCs as a viable precursor for CSC regene- 

ration, with implications for developing cell-
based therapies for corneal stromal disorders. 
By bridging transcriptomic profiles with func-
tional assays, this work provides a framework 
for future studies aimed at harnessing LNC 
plasticity to restore corneal transparency in 
conditions characterized by stromal dysfunc- 
tion.
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Supplementary Table 1. Antibodies and reagents used in this study
Antibody/Reagent Target/Specificity Manufacturer Catalog No. Working dilution/concentration
Anti-ALDH1A1 (mouse mAb) ALDH1A1 Santa Cruz Biotechnology sc-374149 1:200
Anti-Lumican (mouse mAb) Lumican Santa Cruz Biotechnology sc-166862 1:100
Anti-Laminin (mouse mAb) Laminin Boster Biological Technology BM0085 1:100
Anti-Keratocan (rabbit pAb) Keratocan Novus Biologicals NBP1-88804 1:100
Donkey anti-mouse IgG (H+L), Alexa Fluor 488 Mouse IgG Bios Biotechnology Co., Ltd. BF06001 1:500
Donkey anti-rabbit IgG (H+L), Alexa Fluor 594 Rabbit IgG Bios Biotechnology Co., Ltd. BF07002 1:500
DAPI staining solution DNA/nuclei Bios Biotechnology Co., Ltd. AR1176 1:1000
DiI (CellTracker CM-DiI) Cell membrane Invitrogen/Thermo Fisher C7000 2 µM
Collagenase A Collagen digestion Sigma-Aldrich 10103586001 1 mg/mL
DMEM/F-12 medium Cell culture Gibco/Thermo Fisher 11320033 Undiluted (working medium)
rhFGF-basic bFGF PeproTech 100-18B 10 ng/mL
hLIF LIF PeproTech 300-05 10 ng/mL
ITS supplement Insulin-Transferrin-Selenium Sigma-Aldrich I3146 1:100 (1X)

Supplementary Table 2. Cluster-specific marker genes and functional enrichment analysis for clusters 0-8
Cluster Top Marker Genes GO Biological Process Enrichment Putative Cell Identity
0 VIM, COL3A1, DCN, COL1A1 Extracellular matrix organization; collagen fibril organization Mature stromal fibroblast-like
1 MKI67, TOP2A, CCNB1, PCNA Mitotic nuclear division; DNA replication; cell cycle Proliferative progenitor
2 FOS, JUN, ATF3, HSPA1A Response to oxidative stress; cellular response to stress Stress-response subpopulation
3 CXCL8, IL6, CCL2, NFKBIA Cytokine-mediated signaling; inflammatory response Immune-modulatory
4 KERA, LUM, ALDH1A1, COL5A1 Collagen biosynthetic process; corneal transparency maintenance Mature keratocyte (CSC-enriched)
5 THY1, ENG, PDGFRB, NT5E Mesenchyme development; stem cell population maintenance Mesenchymal progenitor (LNC-enriched)
6 MMP2, SERPINE1, PLAU, TIMP1 Extracellular matrix disassembly; cell migration Migratory/remodeling
7 RPL10, RPS24, RPL13, EEF1A1 Ribosome biogenesis; translation; protein folding Metabolically active
8 VEGFA, ANGPT2, KDR, PECAM1 Blood vessel development; angiogenesis Angiogenic/endothelial-like


