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Abstract 24 

The epithelial layer of the cornea is a critical physical and ocular immune barrier for maintaining 25 

tissue integrity, homeostasis, and transparency for proper vision. Corneal injury can trigger 26 

inflammation, impair wound healing and compromise immune privilege and avascularity, leading 27 

to vision loss. Moreover, injury to the cornea can disrupt the engine of epithelial repair and 28 

restoration, the limbal stem cell (LSC) niche. Here we used a corneal suture model to induce 29 

epithelial damage, sustained inflammation and neovascularization, to examine the impact on 30 

LSCs. Using single-cell transcriptomics, we analyzed corneal cell state changes and additionally 31 

evaluated the potential of duloxetine, an FDA-approved medicine, to promote wound healing and 32 

corneal homeostasis. Single-cell RNA-seq analysis revealed loss of homeostatic limbal stem cells, 33 

basal and differentiated epithelial cells and an increase in distinct limbal-like, conjunctival, 34 

inflammatory, and vascular cell states, suggesting a coordinated wound healing response in 35 

different tissue layers. Importantly, duloxetine treatment promoted epithelial homeostasis, 36 

enhanced stem cell-like and stromal repair processes, and suppressed immune and vascular 37 

responses. Examination of corneal cell perturbation and transformations at the single-cell level 38 

thorough marker profile annotations can improve the understanding of LSC plasticity and function 39 

while yielding potential biomarkers of corneal repair processes. 40 

  41 
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Introduction 42 

The cornea is the eye’s transparent outermost tissue and its first-line mechanical and immune 43 

barrier. The corneal epithelium in particular serves a vital role for maintaining corneal integrity 44 

and homeostasis, which is essential for maintaining the cornea’s transparency. Injury or diseases 45 

of the cornea can lead to inflammation and loss of both corneal immune privilege and avascularity1. 46 

This is a consequence of disturbing a complex balance of epithelial and stromal cytokines and pro- 47 

and anti-angiogenic factors1-3.  In particular, a functioning limbal stem cell (LSC) niche that 48 

provides continuous renewal of a normal corneal epithelium is pivotal for providing this fine 49 

balance of factors that prevents the non-transparent, vascularized conjunctival epithelium from 50 

migrating into the cornea 4.  51 

In conditions characterized by chronic or impaired wound healing, such as in traumatic or 52 

congenital limbal stem cell deficiency (LSCD), the cornea loses its immune and angiogenic 53 

privilege 5,6 combined with the breakdown of the limbal barrier 4. The result is inflammation, 54 

corneal epithelial transformation and neovascularization, with neovascularization characterized by 55 

the aberrant invasion of blood (hemangiogenesis) and lymphatic (lymphangiogenesis) vessels 56 

originating from the limbal vascular arcade and conjunctiva into the normally avascular cornea 7-57 

11. Consequently, the cornea loses its capacity for proper and efficient wound healing, exacerbating 58 

the cycle of damage and repair failure 12. What is less appreciated, however, is that chronic 59 

inflammation can simultaneously impact the limbal stem cell environment, potentially leading to 60 

loss of LSC function that may be temporary or prolonged. 61 

Experimental models for corneal neovascularization, such as alkali burn, mouse injury or 62 

transplantation models 10,13-16 and corneal suturing 7,8,10 are common. Among these, the corneal 63 

suture model has gained prominence for its ability to closely mimic the wound conditions and 64 
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sustained inflammation that drive corneal neovascularization, and for its excellent 65 

reproducibility. This model involves placing surgical sutures in the corneal stroma, leading to 66 

disruption of the corneal epithelial barrier, introduction of a foreign body (suture material) into the 67 

stroma and persistent mechanical irritation by the knotted suture end 17. These events collectively 68 

initiate an inflammatory wound-healing cascade in the cornea, with subsequent blood vessel 69 

invasion, epithelial transformation and loss of corneal transparency 18. This sequence of events is 70 

observed in many clinical situations, for example in the context of corneal transplant rejection 19, 71 

alkali burns 20, and aniridia-associated keratopathy 21.   72 

Although angiogenic processes involved in corneal neovascularization have been studied in the 73 

suture model 7-10, the contribution of various cell types and structures in the cornea – especially  74 

the epithelial barrier, including the limbal stem cells and their niche and their potential disruption 75 

upon suturing – is not well studied. In addition, neovascularization is an important component of 76 

LSCD in traumatic (chemical burns) or congenital cases like aniridia 22, a disease of PAX6 77 

haploinsufficiency caused by genetic mutations affecting this key transcription factor. PAX6 78 

controls corneal epithelial identity and maintenance during development and in the postnatal 79 

period. Inflammation and neovascularization, common features of LSCD, result in the 80 

downregulation or loss of PAX6 protein 23 while congenital aniridia, where a reduced PAX6 81 

protein level has been reported, is characterized by progressive LSCD and corneal 82 

neovascularization 24,25. Enhancing PAX6, therefore, could possibly preserve epithelial identity to 83 

attenuate corneal neovascularization and LSCD 26-28. 84 

Duloxetine, an FDA-approved medicine for treating severe depression, is a serotonin–85 

norepinephrine reuptake inhibitor known to inhibit phosphorylation of the p38 MAPK 86 

(MEK/ERK) pathway thus inhibiting NF-kB nuclear translocation and upregulating PAX6 29,30. 87 
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By MEK/ERK pathway inhibition, duloxetine was shown to enhance PAX6 protein levels in vitro 88 

in human telomerase-immortalized CRISPR-Cas9 mutated PAX6+/- limbal stem cells (mut-LSCs) 89 

and thereby promote epithelial wound healing in vitro 29.  90 

The aim of this study is therefore two-fold - first, to examine the process of corneal 91 

neovascularization in the mouse at the single-cell transcriptomic level with particular attention to 92 

effects on the limbal stem cell niche; and secondly, to explore whether duloxetine could potentially 93 

rescue aberrant wound healing and neovascularization in this context.   94 
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Results 95 

Corneal sutures induce a sustained epithelial wound triggering inflammation, corneal nerve 96 

degeneration and neovascularization  97 

Ten days following intrastromal suture placement in the mouse cornea, slit lamp analysis revealed 98 

extensive corneal neovascularization from the limbus towards the central cornea. The vascular 99 

response did not differ in clinical appearance in eyes treated for 10 days with duloxetine (treatment 100 

group), relative to treatment for 10 days with the PBS vehicle only (suture group, Figure 1A). 101 

Laser-scanning in vivo confocal microscopy revealed significant neovascular sprouting and a 102 

marked increase in inflammatory cell infiltration within the epithelium and corneal anterior-deep 103 

stroma relative to the no suture group (p<0.0001), however, no significant difference in 104 

inflammatory cell count was noted between treatment and suture groups (Figure 1A, B). 105 

Immunofluorescence analysis of corneal flat mounts stained with the neuronal marker β III tubulin 106 

revealed pronounced changes in the corneal nerve architecture in suture and treatment groups 107 

(Figure. 1C, E). Suturing disrupted the distinct whorl pattern that is characteristic of corneal 108 

subbasal nerves and significantly reduced the subbasal nerve density relative to the no suture group 109 

(p<0.0001) with the central corneal region most affected (Figure. 1C, D). Similarly, stromal nerve 110 

density was significantly reduced following suturing (p<0.0001, Figure. 1E, F). For both subbasal 111 

and stromal nerves, however, no differences were noted between suture and treatment groups. The 112 

neovascular response was quantified by CD-31 immunostaining, with a significant increase in 113 

vascular density noted in the suture group relative to the no suture group (p<0.0001), which was 114 

not reduced by treatment (Figure. 1G, H).  In summary, this acute and aggressive suture model 115 

induced a sustained epithelial wound leading to inflammatory, neurodegenerative and angiogenic 116 

responses at the tissue level that were not ameliorated with treatment.  117 
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Figure 1. Cellular and phenotypic aspects of corneal neovascularization. (A) Slit lamp 119 

photographs depicting loss of corneal transparency and vessel ingrowth from the limbus extending 120 

into the cornea following placement of three sutures. (B) In vivo confocal microscopic imaging 121 

revealed inflammatory cell infiltration (arrows) in different layers of the cornea and quantitative 122 

analysis revealed significant increase in inflammatory cells in all layers of sutured corneas relative 123 

to non-sutured corneas. (C, D) Representative images of whole-mount βIII tubulin 124 

immunostaining of the corneal subbasal and (E, F) stromal nerves and (G, H) Representative 125 

corneal wholemounts indicating hemangiogenesis by CD31 staining. Images are magnified views 126 

of the region indicated in the inset on the lower left corner. Scale bars denote 500 µm in low 127 

magnification images (inserts) and 200 µm in the higher magnification main images, and apply 128 

equally to all three vertically aligned images. The data in (B), (D), (F), and (H) are presented as 129 

mean ± SD; One-Way ANOVA 130 

 131 

Single-cell RNA-seq analysis identifies profound cornea cell type transformations after 132 

suture injury 133 

Single-cell RNA sequencing (scRNA-seq) was performed on corneas retrieved from all groups 134 

(Figure 2A). In total 4114 cells for no suture, 3813 cells for suture and 5277 cells for treatment 135 

groups were identified within QC thresholds and further analyzed. To identify cell states in each 136 

experimental condition, we used Leiden clustering 31 on data from each experimental group to 137 

unbiasedly classify cells based on their expression profiles (Figures 2B-D). Subsequently, clusters 138 

with similar expression patterns of selected marker genes from each experimental group were 139 

joined into a ‘cell state’ (Figure S1). The number of distinct cell states increased in the suture and 140 

treatment groups, with patterns of marker expression distinct from the no suture group.     141 
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Additionally, we performed integrated analysis with scVI 32 using pooled data from the three 142 

experimental groups (Figure S2), confirming all cell states identified by the clustering analysis of 143 

each individual group. Furthermore, this analysis showed that cells from the suture and treatment 144 

groups had gene expression patterns that were similar, while both were distinct from the no suture 145 

group. 146 

 147 

Cell states in the non-sutured cornea are primarily epithelial 148 

In the no suture group, 6 distinct cell states (10 clusters) were identified. The overwhelming 149 

majority of cells (>99%) were characterized as epithelial in nature, classified into 5 cell states (9 150 

clusters). Only very few non-epithelial cells were identified, and these were classified as a single 151 

‘non-epithelial’ cell state (1 cluster).  152 

The cell state LSC, comprised of cells in cluster 1 (5% of the cells), was recognized by expression 153 

of limbal markers such as Pax6, Trp63, and high expression of Krt15 and the LSC progenitor 154 

marker Gpha2 (Figure 2F) 33. The corneal (non-basal) epithelial cell state (clusters 2-3; 30% of the 155 

cells) was annotated by high expression of Pax6, a moderate level of Trp63, and a low level of 156 

Krt14 (Figures 2E and 2F) 34, whereas a basal epithelial cell state (clusters 4-6; 32% of the cells) 157 

was characterized by high expression of Trp63 and Krt14 as well as basal markers Lama3 and 158 

Itgb4 (Figure 2F) 35. A basal cycling cell state (cluster 7; 7% of the cells) showed presence of cell 159 

cycle markers such as Mki67, Top2a, Ube2c, and Birc5 36, while still expressing basal epithelial 160 

markers comparable to the basal epithelial cell state (Figure 2F). A conjunctival cell state (clusters 161 

8-9), which accounted for around 20% of the total cells, was identified based on expression of 162 

conjunctival markers including Krt13, Psca, Muc20, Muc4, and Aqp5 (Figure 2F)37. Finally, the 163 
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smallest cell state (cluster 10; <1% of the cells) clustered away from all other cell states, and had 164 

low, but unique expression of non-epithelial markers such as Scn7a, Cdh19, Mpz, Cd93, and 165 

Pecam1, and Abcg2 (Figure 2F). Integrated analysis showed that this cluster consisted of an 166 

extremely low number of vascular endothelial cells, mural cells and Schwann cells (Figure S2B). 167 

 168 

Suturing dramatically alters homeostatic corneal epithelial cell states  169 

Globally, cell states were significantly altered in the suture group, as compared to the no suture 170 

group (Figure 2C & 2E). In total, 12 cell states, composed of 17 different clusters, were identified. 171 

Among them, 3 limbal and corneal epithelial related cell states, 3 conjunctival cell states, and 6 172 

non-epithelial cell states, which represented a 17% increase in the number of non-epithelial cell 173 

states. 174 

In the suture group, the typical LSC cell state with high Pax6, Trp63 and Gpha2 expression, 175 

making up 5% of the cells in the non-suture group, was not detected. Instead, cell states with high 176 

expression of the limbal marker Gpha2 but reduced expression of Pax6, Trp63, Krt5, Krt19, and 177 

Aqp5, as compared to LSCs in the no suture group (Figure 2C and Figure 2F), were detected 178 

(clusters 11-14). These cell states accounted for more than 34% of the cells in the suture group, a 179 

significant increase of Gpha2 positive cells, and were thus annotated as ‘LSC-like’. The reduced 180 

Pax6 and increased Gpha2 expression at the limbal region was validated at the protein level (Figure 181 

3A and 3B). The LSC-like cells were further divided into two sub-cell states, LSC-like 1 (cluster 182 

11-13) because of high expression of Sox9 and low expression of Cdk8, as well as relatively high 183 

expression of Areg and low expression of Lars2, and into LSC-like 2 (cluster 14) because of the 184 
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inverse expression pattern (Sox9 (low) and Cdk8 (high), Areg (low) and Lars2 (high)) of these 185 

genes (Figure S1).  186 

Suturing also drastically modified other corneal epithelial cells. Together, the corneal epithelial 187 

cell states (clusters 2-7) declined by 69% in the suture group relative to the no suture group (Figure 188 

2E, Table S1). Strikingly, basal cycling cells were completely absent in the suture group, as none 189 

of the four cycling markers identified in the no suture group were present in the suture group 190 

(Figure 2F). Additionally, non-basal epithelial cells with high Pax6 but with low Krt14 expression 191 

were completely absent in the suture group. Only one corneal epithelial cell state expressing the 192 

basal epithelial markers Krt15, Krt14, Krt5, Lama3 and Itga6 (cluster 15) remained in the suture 193 

group, and was therefore annotated as basal epithelial. But this epithelial cell state had relatively 194 

low expression of Itgb4, Pax6 and Trp63, as well as an increase in Krt16 and Krt13, relative to 195 

basal epithelial cells in the no suture group, highlighting the altered cell expression pattern of basal 196 

epithelial cells compared to their healthy counterparts (Figure 2F, and 4B).  197 

 198 

Suturing promotes the emergence of conjunctival, inflammatory and vascular cell states 199 

In contrast to the single distinct conjunctival cell state in the non-suture group, 3 conjunctival 200 

related cell states were detected in the suture group. Two relatively normal conjunctival cell states 201 

(clusters 16-20) expressing Krt13, Krt19, Muc4, and Aqp5 were annotated, showing a 24% 202 

increase in total cell population in the suture group, relative to the no suture group (Figure 3D). 203 

These cell states were separated into 2 sub-cell states, as one cell state (clusters 18-20) had 204 

significantly lower expression levels of well-known conjunctival markers Muc4 and Muc20 than 205 

the other cell state (clusters 16 and 17). An additional conjunctival related cell state (cluster 21; 206 
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<1% of the cells) was identified specific to the suture group, expressing both conjunctiva markers 207 

and inflammatory mediator genes S100a8 and S100a9 (Figure 2F) 38,39. This cell state was 208 

therefore annotated as conjunctiva/immune-like. The prevalence of conjunctival cell markers in 209 

the corneal tissue upon suturing was confirmed at the protein level by immunostaining for Muc5ac, 210 

a canonical conjunctival marker widely used as a conjunctival/goblet cell marker in corneal 211 

pathology and LSCD 40,41. Muc5ac protein was not present in the no suture group, but was clearly 212 

expressed in the epithelium of the sutured groups (Figure S3), indicating conjunctivalization of the 213 

superficial epithelium in the sutured groups.      214 

Notably, several non-epithelial cell states emerged in the suture group, which were absent in the 215 

no suture group. A non-epithelial cell state (cluster 22; 5% of cells) expressed the markers Scn7a, 216 

Cdh19 and Mpz (Figure 3E) and was annotated as Schwann cells 42. Two cell states (clusters 23 217 

and 24; 2% of the cells) expressed specific immune cell markers for lymphocytes/natural killer 218 

(NK) cells and dendritic cells/macrophages, respectively. Whereas both of these immune cell 219 

states expressed Ptprc and Cd52, the lymphocytes/natural killer (NK) cell state  uniquely expressed 220 

the lymphocyte marker Cd69 43, while the dendritic cells/macrophage cell state expressed the 221 

dendritic cell marker Cd86 44 (Figure 3E). The largest non-epithelial cell state (cluster 25; 7% of 222 

cells) was annotated as the mural cell state, expressing mural markers Rgs5, Des, and Myh11 45 223 

and Thy1 (Figure 3E). Thy1, a typical mural cell marker 45 that was absent in the no suture group 224 

and upregulated in the suture group (cluster 25) was in the tissue similarly found to be expressed 225 

in a small population of cells in the stroma in the suture group, consistent with neovascularization 226 

46. The cell state annotated as ‘mural cells’, however, expressed the markers Myh11, Acta2, Thy1 227 

and Notch3, which are also known fibroblast/myofibroblast markers 45,47,48. An additional non-228 

epithelial cell state (cluster 26; <1% of cells) specific to the suture group was annotated as 229 
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vascular/conjunctiva-like, as cells simultaneously expressed conjunctival markers (Krt13, Krt19, 230 

Aqp5) and low expression of Cd93 and Pecam1 (Figure 3E). A vascular endothelial cell state 231 

(cluster 27; 3% of cells) was also identified by high expression of vessel markers (Cd93, Pecam1) 232 

and expression of Abcg2 49 (Figure 3E).  233 

 234 

Duloxetine treatment suppresses immune and vascular responses while promoting stromal 235 

healing and basal epithelial normalization 236 

In the treatment group where Duloxetine was applied, 9 cell states were identified, composed of 237 

13 distinct cell clusters. Three limbal and corneal epithelial cell states, 1 conjunctival state and 5 238 

non-epithelial states were identified.  239 

LSC-like 1 (clusters 28-31; 39% of cells) and LSC-like 2 (cluster 32; 14% of cells), the 2 cell states 240 

similar to those detected in the suture group, were present in the treatment group. Nevertheless, in 241 

the treatment group, the population of LSC-like 1 cells almost doubled in proportion, from 21% in 242 

the suture group to 39% in the treatment group (Figure 2E). Importantly, marker genes for the 243 

limbal region Pax6 and Ghpa2 exhibited partial rescue of altered expression with treatment at the 244 

protein level, with recovery of broader epithelial expression of PAX6 and suppression of stromal 245 

expression of GPHA2 (Figure 3A, 3B). While the proportion of basal epithelial cells (cluster 33; 246 

8% of cells) did not change with treatment, these cells nonetheless exhibited similar expression 247 

levels of Lama3, Lars2, Lamc2 and Cd44 with treatment, as compared to those observed in the no 248 

suture group. Interestingly, a new ‘stromal’ cell state emerged uniquely in the treatment group 249 

(cluster 36; 2% of cells), with high expression of Decorin (Dcn). In scRNA-seq data, while Dcn 250 

expression was almost completely absent in no suture mice and low in the suture group (clusters 251 
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25-26), duloxetine treatment resulted in a significant enhancement in cells annotated as stromal 252 

cells (cluster 36). At the protein level, Dcn was expressed at a low level in the basal epithelium 253 

and posterior third of the stroma in the no suture group, at a higher level in the anterior two-thirds 254 

of the stroma in the suture group, and at the highest levels in the treatment group in all stromal 255 

layers (Figure 3D). Furthermore, lymphocytes/natural killer cells (cluster 23) and 256 

vascular/conjunctiva-like (cluster 26) cell states which were induced in the suture group were 257 

completely absent in the treatment group (Figure 2D). Treatment also suppressed the 258 

conjunctiva/immune-like cell state (cluster 21), with a dramatic reduction in S100a8/a9 to the level 259 

of the no suture group (Figure 2F). Reduction in the conjunctival cell states with treatment was 260 

confirmed by immunostaining of the corneal tissue, where treatment suppressed the expression of 261 

the Muc5ac marker (Figure S3). Dendritic cells/macrophages (cluster 38; 2% of cells) remained 262 

in the treatment group.  263 

Several non-epithelial states were similarly identified in the treatment group and in the suture 264 

group, such as Schwann cells (cluster 37), mural cells (cluster 39) and vascular endothelial (cluster 265 

40); however, the proportion of these cells was reduced by 2%, 4% and 1% respectively, in the 266 

treatment group relative to the suture group. In particular, both vascular endothelial cells (from 3% 267 

to 2%) and mural cells/fibroblasts (from 7% to 3%) were reduced with treatment. Correspondingly, 268 

Thy-1 expression was suppressed in the treatment group detected in scRNA-seq data and 269 

confirmed at the protein level (Figure 3C). 270 

 271 
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 272 

Figure 2: Identification and characterization of cell states in uninjured, sutured and 273 

Duloxetine treated corneas. (A) Schematic representation of the experimental strategy and 274 
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workflow overview in this study. The diagram illustrates the use of a suture model in mice corneas, 275 

where treated with duloxetine/ vehicle groups were subjected to downstream single-cell analysis.  276 

(B-D) UMAPs of annotated cell states across conditions: no suture (B), suture (C) and treatment 277 

(D). (E) Bar plots of relative cell state contributions across conditions. Exact percentages are given 278 

in Table S1.  (F) Violin plot of marker gene expression across conditions. Similar colors define 279 

similar cell states across conditions. 280 

 281 

Figure 3: Gene expression and protein staining of affected marker genes in sutured corneas. 282 

Expression and staining respectively of gene-protein targets detected in single-cell RNA-seq data shown 283 

by UMAPs and at the protein levels shown by immunohistochemistry staining for Pax6 (A), Gpha2 (B), 284 

Thy1 (C) and Dcn (D). Nuclei are stained with DAPI. Scale bars represent 50 µm in all figures. 285 

 286 
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Duloxetine treatment partially suppressed abnormal immune responses and non-epithelial 287 

cell states  288 

To further investigate how cell states are affected by suture-induced processes and the potential 289 

modulatory effects of duloxetine, we specifically assessed several known pathways that were 290 

relevant for the suture conditions based on previous functional characterization and microarray 291 

analysis 10,50,51 (Figure S4). To do this, we used integrated data of no suture, suture and treatment 292 

groups (Figure 2SE) and performed highly variable gene analysis on detected cell states (Table 293 

S2). Next, we conducted gene set enrichment analysis (GSEA) on the identified highly variable 294 

genes utilizing gene sets in KEGG pathway 52 and Gene Ontology Gene ontology enrichment 295 

(Ashburner et al., 2000) databases (Table S2). We included the analyzed pathways and biological 296 

processes TNF signaling, positive regulation of inflammation, positive regulation of angiogenesis, 297 

MAPK signaling given its relevance for duloxetine treatment 23,29, and axon guidance given the 298 

subbasal nerve degeneration observed in sutured corneas (Figure 1C). Pathways were considered 299 

as ‘rescued’ if significance levels decreased after duloxetine treatment relative to the suture group, 300 

or if significance levels were restored to levels comparable to the no suture group following 301 

duloxetine treatment.  302 

In LSC-like 1 cells (cluster 11-13), highly variable genes showed enrichment for TNF signaling 303 

after suturing, but this was suppressed by duloxetine treatment (Figure 4A). This observation was 304 

supported by examining the expression of Tnfrsf1b (a receptor for TNF) at the single-cell RNA-305 

seq level (Figure 4B). Staining of the TNFR2 protein, encoded by Tnfrsf1b, in the limbus (Figure 306 

4C) showed that the impact of Duloxetine treatment on this protein was substantial, as basal cells 307 

of the limbus initially expressed this gene in the no suture group, yet this expression was 308 

completely suppressed following duloxetine treatment.  309 
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In the suture group, highly variable genes in conjunctival cells were strongly enriched for the 310 

MAPK pathway. In addition, genes in several other cell states such as mural cells (cluster 25), 311 

vascular/conjunctiva-like cells (cluster 26) and vascular endothelial cells (cluster 27) were also 312 

enriched for this pathway. In the treatment group, many of these cell states were lost, and in 313 

conjunctiva cells (clusters 34 and 35), enrichment for this pathway was also reduced (Figure 4A).  314 

Similar to the MAPK signaling pathway, PI3K-Akt signaling had a comparable enrichment pattern 315 

in many cell states, being enhanced in the suture group and suppressed with treatment. The cell 316 

states originally showing enrichment for the PI3K-Akt pathway, such as Conjunctiva-317 

Muc4/Muc20-low (cluster 18-20) and Vascular/conjunctiva-like cells (cluster 26) were completely 318 

lost with treatment. In addition, LSC-like 1 cells (cluster 11-13) fully lost their enrichment for this 319 

pathway after treatment (Figure 4A).  320 

In the suture group, highly variable genes in many cell states, such as LSC-like 1 (cluster 11-13), 321 

conjunctiva (cluster 16 and 17), conjunctiva/immune-like (cluster 21) and immune cells (cluster 322 

24), were enriched for inflammation in Gene Ontology analysis. This enrichment was diminished 323 

upon duloxetine treatment (Figure 4A). These changes were consistent with the expression of the 324 

interleukin-1 beta (IL-1β) and the dendritic and macrophage marker Cd86 53 in scRNA-seq data 325 

(Figure 4B) and further confirmed at the protein level in the corneal tissue (Figure 4D). The IL-1 326 

protein level was significantly increased in the sutured corneas and decreased in both limbal and 327 

central epithelial cells with Duloxetine treatment (Figure 4D). Cd86 protein was absent in the 328 

stroma in the no suture group, expressed by a small population of cells in the stroma in the suture 329 

group, and was suppressed by duloxetine treatment (Figure 4E).  330 

Processes such as extracellular matrix (ECM)-receptor interaction, axon guidance and positive 331 

regulation of vasculature development remained unaffected following Duloxetine treatment 332 
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(Figure 4A, Figure S4). Of importance, axon guidance was enriched in highly variable genes of 333 

non-epithelial cells (Figure 4A). Furthermore, positive regulation of vasculature development was 334 

completely absent in all cell states in the no suture group and was clearly enriched in many cell 335 

states after suturing. Although several cell states changed following duloxetine treatment, the 336 

enrichment for these biological processes remained in cell states in the treatment group, consistent 337 

with neovascularization not being prevented (Figure 1E).  338 
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Figure 4: Characterization of disease processes on the single-cell landscape of sutured 341 

corneas and effects by duloxetine. (A) Preselected gene sets associated with suture-induced 342 

disease processes underwent GO-Term and KEGG pathway enrichment analysis (selected 343 

processes from Figure S4) across all cell states within the three experimental groups (no suture, 344 

suture and treatment). (B) Violin plots of specific gene expression for suture-induced disease 345 

processes. Highlighted genes are stained in lower panels. (C-E) UMAPs and staining for genes in 346 

the limbus: TNFR2 (C) and of inflammatory genes in the central cornea: Cd86 (D) and IL-1β (E). 347 

The data in (A) are presented as the p-value adjusted using the Benjamini–Yekutieli method. Scale 348 

bars represent 50 µm in all figures. 349 

 350 

Discussion  351 

In our study we leveraged single-cell RNA sequencing to describe transcriptomic signatures of cell 352 

populations involved in neovascularization of the cornea and performed a comprehensive 353 

molecular characterization of this pathological process – a hallmark of LSCD. We found a 354 

dramatic transformation of the original LSC population following suturing, resulting in the 355 

emergence of a large population of LSC-like cells (34%), compared to the no suture group (4% 356 

LSC). LSC-like cells in the injured corneas exhibited significantly lower expression of Pax6 and 357 

Trp63, consistent with previous reports identifying these as LSC markers in murine models and 358 

noting significant alterations under pathological conditions 54-56. Loss of Trp63 (TP63 in humans) 359 

in particular has been significantly linked to pathological conditions such as corneal opacity 57, 360 

while patients transplanted with P63 protein-enriched LSCs demonstrate significantly higher 361 

success rates 55, underscoring the dual importance of P63 as a functional regulator and a prognostic 362 

marker in corneal regeneration. Some loss of ‘stemness’ relative to quiescent LSCs was therefore 363 
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apparent in the present model, with inflammation likely causing these changes. For example, it 364 

was recently shown that inflammation reduces PAX6 expression in the murine cornea 23, 365 

corroborating its reduction in the present study after suturing. Additionally, reduced expression of 366 

Krt5 and Krt19 was detected in LSC-like cells in the suture group. In rodents, Krt5 and Krt19 have 367 

been reported as specific LSC markers 54. In mice, Krt5/Krt14 are co-expressed in LSCs as well as 368 

during differentiation to transient activating cells (TACs) together with Krt5/Krt12 54 , whereas 369 

human corneas express K3/K12 58. Krt19 has been reported to be normally expressed in murine 370 

limbal epithelium but not in the central corneal epithelium 54, emphasizing greater stem cell marker 371 

attenuation under suture conditions. Furthermore, the LSC-like cell state split into two states, 372 

which we annotated as ‘LSC-like 1’ and ‘LSC-like 2’, with distinct and opposing gene expression 373 

patterns of Sox9 and Cdk8, while retaining the limbal marker Gpha2. Sox9 has previously been 374 

shown to be localized to LSCs with a role in epithelial proliferation and differentiation in the 375 

context of wound healing 59. Its high and low expression in the LSC-like 1 and 2 populations, 376 

respectively, may indicate that the LSC-like 1 cells initiate symmetric cell divisions to maintain 377 

self-renewal of LSCs while LSC-like 2 cells give rise to asymmetric divisions leading to epithelial 378 

cell differentiation or transformation 60. Neither state, however, matches the original LSC state in 379 

terms of biological pathway/process enrichment. Tissue staining revealed an expanded GPHA2 380 

expression pattern in both epithelial and stromal cells in sutured corneas, indicating that these cells 381 

have a altered cell state. This transformation could represent a trans-differentiation of these LSC-382 

like cells or even cell de-differentiation, as was recently shown to occur in the murine cornea 383 

following limbal injury 61.  384 

Duloxetine (Cymbalta) is known as a selective serotonin-norepinephrine reuptake inhibitor 385 

(SSNRI), used as an antidepressant and for treatment of other conditions such as major depressive 386 
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disorder, general anxiety, and neuropathic pain. Its primary mechanism of action involves the 387 

modulation of neurotransmitters in the brain 62. Multiple lines of evidence support the anti-388 

inflammatory effects of duloxetine with its treatment attenuating proinflammatory cytokines and 389 

various immune cells 23,63-65. Interestingly, duloxetine treatment in this study resulted in almost 390 

double the proportion of LSC-like 1 cells with high Sox9 expression among LSC-like cells (from 391 

21% to 39%). Considering LSC-like 1 and 2 states, treatment enhanced their proportion from 34% 392 

to 53%. Expansion of the LSC-like 1 cell state corresponded to the potential rescue of PAX6 and 393 

GPHA2 expression at the protein level, highlighting the potential of duloxetine to restore LSC 394 

capacity following suturing. At the pathway level, TNF and MAPK signaling, axon guidance and 395 

negative regulation of epithelial cell migration were activated in LSCs of the normal non-sutured 396 

cornea. Following suturing, TNF, MAPK and axon guidance pathway enrichment were maintained 397 

in the LSC-like 1 cell state, while a switch was observed towards positive regulation of cell 398 

migration, cell adhesion, PI3K-Akt activation and positive regulation of inflammatory response. 399 

Interestingly, duloxetine treatment induced broad suppression of TNF, MAPK, PI3K-Akt, and 400 

suppressed the positive regulation of inflammatory response signaling, cellular adhesion and 401 

migration, while restoring the negative regulation of epithelial cell migration to a level observed 402 

in normal LSCs. This was corroborated at the protein level by strong basal and limbal epithelial 403 

suppression of TNFR2 encoded by Tnfrsf1b with duloxetine treatment. Supporting this finding, in 404 

a murine model of LPS-induced inflammation and depression-like conditions, it was previously 405 

demonstrated that duloxetine pre-treatment reduced serum TNFα levels 64. In summary, duloxetine 406 

induced a switch of pathway expression profile towards the uninjured corneal state in the LSC-407 

like 1 population, a population that was simultaneously increased by duloxetine treatment, 408 

indicating a strong stem cell-mediated homeostatic effect of the drug.  409 
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Suturing also dramatically impacted basal epithelial cells, which declined by 75%, while basal 410 

cycling cells were fully suppressed. This indicates disruption of the normal basal renewal process, 411 

while the concomitant increase in LSC-like cells we hypothesize indicates a transformation of 412 

quiescent LSCs into an LSC-like state and/or a de-differentiation of basal cells into an LSC-like 413 

state. This was corroborated by broad expression of GPHA2 across all epithelial layers and even 414 

in stromal cells, indicating plasticity of a larger corneal cell population. These cell state changes 415 

may reflect a strong wound healing and repair response mediated by stem cell-like processes not 416 

limited to the corneal epithelium. Suturing also strikingly eliminated the differentiated non-basal 417 

epithelial cell state that originally comprised 36% of cells in the non-sutured cornea. A 418 

corresponding increase in conjunctival and conjunctival-like cells expressing keratins 13 and 15 419 

suggests the transformation of differentiated superficial corneal epithelial layers into a non-420 

transparent conjunctival phenotype, consistent with MUC5AC staining and the phenotypic opaque 421 

cornea observed clinically. Liang et al. previously established Krt13 as a reliable marker for LSCD, 422 

with its high expression indicating the presence of conjunctival epithelial cells on the corneal 423 

surface, a hallmark of LSCD 66. Note, however that this hypothesized transformation of non-basal 424 

epithelial cells to a conjunctival state does not result in a normal conjunctival state (cluster 8-9, 425 

16-17) but instead modified conjunctival cells with low expression of Muc4 and Muc20 (cluster 426 

18-20) and immune-like conjunctival cells expressing S100a8/9, Ptprc and Cd52 (cluster 21). 427 

In this context, duloxetine treatment completely suppressed these newly emergent conjunctival 428 

cell states after suturing (clusters 18-20 and 21), including S100a8/9 suppression in conjunctival-429 

like cells, mirroring previously reported S100a8/9 suppression by duloxetine in an LPS-induced 430 

murine corneal inflammation model 23. Moreover, MAPK signaling, the positive regulation of 431 

vascular development and angiogenesis were suppressed by duloxetine. Previously, duloxetine 432 
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was shown to suppress MAPK (MEK-ERK) signaling in vitro to activate PAX6 expression 29, 433 

which we now confirm in vivo at the transcriptomic level in this study. Additionally, MAPK 434 

downregulation was shown to not only maintain the self-renewal capacity of limbal stem cells but 435 

to prevent terminal differentiation of corneal epithelial cells 67, in agreement with our findings. 436 

Likewise, in a rat model of severe dry eye, MAPK inhibition preserved LSC self-renewal, 437 

underscoring the importance of this pathway in addressing epithelial dysfunction 68, while MAPK 438 

inhibition using MEK-inhibitor drugs restored corneal epithelial phenotype and marker expression 439 

in a mouse model of aniridia-associated keratopathy 27. Additionally, post-duloxetine treatment, 440 

CD86-expressing dendritic cells and IL-1-expressing macrophages exhibited significantly 441 

diminished inflammation as evidenced by IL-1 staining. This reduction was evident in both 442 

limbal and central epithelial cells, suggesting partial suppression of inflammation. In a previous 443 

LPS-induced murine corneal inflammation model, duloxetine suppressed IL-1 as well as 444 

macrophage markers Cd14 and Cd52 23. 445 

Besides a reduction in cytokine-expressing dendritic cells and macrophages, duloxetine fully 446 

suppressed lymphocytes/NK cells while reducing the proportion of vascular endothelial cells and 447 

vessel-stabilizing mural cells and/or (myo)fibroblasts. The proportional reduction in these latter 448 

populations was modest, explaining the persistence of vessels and opacity in the cornea observed 449 

macroscopically. Given the multiple anti-inflammatory and antiangiogenic activities of duloxetine 450 

observed in the present suture model, more complete suppression of vascular and fibroblastic cell 451 

populations may be possible with a longer treatment period or alternatively, an optimized drug 452 

concentration. These findings substantiate previous reports suggesting that inflammatory and 453 

angiogenic processes in mouse corneal neovascularization models are inherently robust and 454 

resistant to short-term therapeutic interventions 10. Nevertheless, the impact of duloxetine on cell 455 
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states and expression patterns in the present study was profound. Duloxetine treatment additionally 456 

uniquely triggered a stromal cell state with high Decorin expression throughout the stroma, 457 

revealed by gene expression and immunostaining. Decorin, a key extracellular proteoglycan 458 

predominantly expressed in the corneal stroma by stromal keratocytes and fibroblasts (Arts et al., 459 

2024), plays a critical role in stromal fibrillogenesis by regulating collagen alignment, essential 460 

for maintaining corneal transparency and mechanical strength 69. This result suggests a duloxetine-461 

enhanced stromal cell response to maintain transparency. Known for its anti-scarring properties, 462 

Decorin additionally acts as an antagonist of TGF-β and VEGFA, modulating ECM remodeling 463 

during wound healing 69. In alignment with this, angiogenic and vascular signaling reduction was 464 

noted in LSC-like cells following duloxetine treatment, although this did not rescue the 465 

neovascularization. Additionally, in the corneal stroma, Thy1, a mural cell and fibroblast marker, 466 

was absent in the normal corneal stroma but was highly expressed in neovascularized corneas. 467 

Known to be upregulated in vascular injury, Thy1 facilitates vascular remodeling 46,70. Duloxetine 468 

suppressed Thy1 gene and protein expression in the corneal stroma, along with a modest reduction 469 

in mural/fibroblast and vascular endothelial cell states, that was however insufficient to reduce 470 

neovascularization at the phenotypic level. 471 

The enrichment of axon guidance pathways in non-epithelial cells and the emergence of Schwann 472 

cells following suturing is likely a response to the sub-basal and stromal nerve degeneration 473 

observed in the tissue by β III tubulin immunostaining and potentially explaining our observations 474 

on sub basal nerve degeneration and their possible activation following duloxetine treatment. 475 

Nerve regeneration involves a coordinated series of events that can become coupled with 476 

vascularization, involving endothelial cell migration, Schwann cell migration and axon guidance 477 

71,72. The Schwann cell state was not fully diminished and axon guidance processes remained 478 
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unaffected by duloxetine treatment. The nerve deficit after suturing may have partially accounted 479 

for the inability of the injured cornea to support LSCs, even with duloxetine treatment. The loss 480 

of corneal nerves following suture-induced neovascularization is also consistent with emergence 481 

of LSCD, as the limbal niche requires neurotrophic factors for its maintenance 73,74. Clinical 482 

findings of severely diminished corneal nerves in cases of congenital aniridia with LSCD and 483 

vascularized corneas illustrates this, with the degree of nerve loss correlating with severity of the 484 

LSCD and vascularization 24,75. Moreover, corneal nerve degeneration has been reported to be 485 

strongly associated with inflammation and an increase in dendritic cell density in various ocular 76 486 

and systemic77 conditions. 487 

Suturing also enriched PI3K-Akt signaling, primarily in LSC-like 1 cells. PI3K-Akt signaling 488 

regulates the proinflammatory response and vascular abnormalities 78 and plays a key role in the 489 

activation of vascular endothelial cells during angiogenesis 79. Duloxetine treatment suppressed 490 

this pathway in LSC-like 1 cells, highlighting a potential role in mitigating aberrant 491 

neovascularization.  492 

In conclusion, we provide a comprehensive analysis of corneal neovascularization at the single-493 

cell transcriptomic level, highlighting its overwhelming effects on epithelial cell states. With 494 

stimulation of inflammation and neovascularization, cells in the limbus and the basal corneal 495 

epithelium transform, resulting in the disappearance of homeostatic basal and differentiated 496 

epithelial cells and increase of limbal-like, conjunctival, inflammatory and vascular cell 497 

populations. This is likely the result of a wound healing and repair program whereby multiple cell 498 

types mount a coordinated response. Within this response, the potential exists for cell trans-499 

differentiation, de-differentiation to more primitive states, as well as epithelial-to-mesenchymal 500 

transition; further investigation of temporal changes in cell states could yield important 501 
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information in this regard. We found that Duloxetine initiates a program to restore corneal 502 

epithelial homeostasis while enhancing stem cell-like and stromal repair processes and 503 

simultaneously suppressing inflammation. The evidence indicates a promising therapeutic role for 504 

duloxetine in mitigating corneal inflammation and potentially neovascularization, although the 505 

optimal dose and duration of treatment require further investigation. Nevertheless, the detailed 506 

annotation of corneal cell states under normal and vascularized conditions in the murine cornea 507 

can provide insights into biomarkers and pathways of various cell types and serve as a basis for 508 

further study of the complex regulation of epithelial and LSCs and their broad roles in maintaining 509 

and repairing the cornea. 510 

 511 

Materials and Methods 512 

Animals and ethics.  513 

20 pathogen-free 6-8-week-old (postnatal day 42-56) male mice with C57BL/6 background were 514 

used, with animals bred and housed at the Linköping University animal facility, maintaining a 515 

standard dark-light cycle of 12:12 hours and providing access to food and water ad libitum.  All 516 

animal experiments in this study were approved by the Linkoping Regional Animal Ethics 517 

Committee (Approval no. 10940-2021) prior to the commencement of the study and the procedures 518 

were performed in accordance with the Association for Research in Vision and Ophthalmology 519 

(ARVO) Guidelines for the Use of Animals in Ophthalmic and Vision Research.  520 

Preparation of duloxetine and vehicle Eye Drops. 521 

Duloxetine was obtained from European Pharmacopoeia (Duloxetine-hydrochloride, European 522 

Pharmacopoeia Reference Standard Y0001453). Duloxetine was prepared using duloxetine 523 
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hydrochloride powder dissolved in PBS and the PH was adjusted to final neutral pH of 7.0-7.4. To 524 

investigate the toxicity profile of duloxetine, a range of duloxetine dosages (1, 10, 50, and 200 525 

μM) were evaluated for the topical impact on the cornea, and 10 μM concentration (pH = 7.05, 526 

21ºC) was ultimately selected for further experimental validations 23. The solution was freshly 527 

prepared every three days and then sterilely distributed into eyedropper vials to be applied to mice 528 

corneas. Each time before using the eye drops, the solution was visually inspected to confirm the 529 

absence of particles or visual changes in colour during the study period.  530 

Mouse model of suture-induced inflammatory corneal neovascularization.  531 

Mice were first deeply anesthetized using intraperitoneal injection of ketamine (75 mg/kg) and 532 

xylazine (0.5 mg/kg). Additionally, topical anesthesia was applied using tetracaine hydrochloride 533 

eye drops. Three 10-0 nylon sutures (Serag Wiesner, Naila, Germany) were placed intrastromally 534 

in the cornea of mice in a figure-eight pattern 6, with each being separated by 120 degrees of the 535 

corneal circumference.  Sutures were maintained in position for a period of 10 days to stimulate 536 

inflammation and corneal neovascularization., Mice were assigned into one of three experimental 537 

groups: Mice with corneas remaining un-sutured (hereafter called the ‘no suture’ group), mice with 538 

corneas sutured and receiving vehicle (PBS) eye drops (‘suture’ group) or 10 µM duloxetine 539 

(‘treatment’ group) administered topically twice daily for 10 consecutive days.  540 

Slip lamp imaging 541 

Pupils were dilated using 0.5% (5 mg/ml) tropicamide and in vivo corneal examination was 542 

performed with the Micron III rodent slit lamp camera (Phoenix Research Laboratories, USA). 543 

Corneal transparency and blood vessels were visualized and photographed for later analysis.  544 

In vivo confocal microscopy imaging 545 
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Using laser-scanning in vivo confocal microscopy (HRT3-RCM; Heidelberg Engineering, 546 

Heidelberg, Germany) and while under general anesthesia, mouse corneas were examined at 10 547 

days following suture placement and the images acquired were analyzed to assess inflammation 548 

status. The microscope provided an en-face view of a 400 × 400 μm central corneal area at a 549 

selectable depth. for statistical analysis between groups, three stromal depths were chosen with 6 550 

images captured at each depth.  551 

Whole-mount corneal immunostaining and fluorescent imaging 552 

Mice were euthanized on day 10 under deep general anesthesia and the entire corneas with scleral 553 

rims were isolated. The full thickness cornea was prepared and dedicated for flat mounting and 554 

processed for wholemount staining. Corneas were fixed in 1.3% PFA for one hour, then rinsed in 555 

PBS three times for 5 minutes. Next, corneal tissues were blocked with 1% normal goat serum in 556 

0.1% Triton-X in PBS for 1 hour at room temperature and double-stained with antibodies against 557 

the neuronal-specific marker beta-III-tubulin (1:200 abcam 78078), and vascular endothelial 558 

marker CD31 (PECAM-1) (1:50, Abcam 28364).  For this purpose, corneas were incubated 559 

overnight in primary antibodies and after a subsequent wash in washing buffer (0.3% Tween in 560 

PBS), incubated for 48 hours with secondary anti-mouse (Alexa-Fluor 488) antibodies and 561 

thereafter overnight with anti-rabbit (Alexa-Fluor 647) antibody at 4ºC. Finally, corneas were 562 

washed and mounted in slowfade Diamond Antifade Mountant (Invitrogen, S36972). Blood vessel 563 

sprouts and total cornea neurons were imaged using a laser-scanning confocal fluorescence 564 

microscope (Zeiss LSM 800) with a 10xobjective lens. Using Image J software (Image J, NIH, 565 

USA) 80, the area positive for CD31, indicating blood vessels, was quantified and normalized to 566 

the total corneal area, yielding the percentage coverage. Furthermore, Image J was employed to 567 

quantify corneal nerves in the vehicle and duloxetine groups. Changes in beta III tubulin-positive 568 
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subbasal and stromal nerves were evaluated in terms of their proportional coverage of the total 569 

corneal wholemount area expressed as percentages. For both analyses, the circumferential limbal 570 

vessel arcade and nerves were used as the outer boundary to define the total corneal area. 571 

For immunofluorescence staining, PFA-fixed-paraffin-embedded tissues were processed into 5μm 572 

thick sections. Sections were subsequently deparaffinized and rehydrated following a standard 573 

protocol of consecutive 5 min immersions in containers with xylene (twice) and descending 574 

ethanol concentrations (2x 100%, 95%, 80%, 70%) and finally immersed in tap water. Antigen 575 

retrieval was performed using the DAKO PT LINK 200 antigen unmasking system with acidic 576 

buffer and blocked with 1% BSA, 5% normal goat serum in 0.3% Triton-X in PBS for 1 hour. 577 

Primary and secondary antibodies were diluted in 1% BSA 5% goat serum 0.1% Triton-X in PBS. 578 

Overnight incubation at 4oC with primary antibodies was performed in a hydrated chamber. The 579 

antibodies used were against MUC5AC (1:50, clone 45M1, Invitrogen MA512178 by Fiscer-sci, 580 

product code 11394583), GPHA2 (1:50, clone G-3, Santa Cruz sc-390194), Thy1 (1:100, 581 

Invitrogen by Thermo-Fisher HL1766, catalog # MA5-47174), CD86 - B7-2 (1:100, Invitrogen by 582 

Thermo-Fisher, catalog # 14-0862-82), Decorin (1:100, Proteintech by Thermo-Fisher, catalog # 583 

14667-1-AP), TNFR2 (1:100, Invitrogen JM113-01 by Thermo-Fisher, catalog # MA5-32618), 584 

IL-1 beta (1:200, Invitrogen by Thermo-Fisher, catalog # P420B), and PAX6 (1:100, Abcam 585 

EPR15858). After the overnight incubation, section slides were washed with PBS 1% Tween-20 586 

and then the secondary antibody was applied for 2 hours at ambient temperature. Secondary 587 

antibodies were goat anti-Rabbit IgG- Alexa Fluor™ Plus 647 (1:400, Invitrogen by Thermo-588 

Fisher, catalog # A32733), Goat anti-Mouse IgG- Alexa Fluor™ Plus 488 (1:400, Invitrogen by 589 

Thermo-Fisher, catalog # A32723), and Goat anti-Rat IgG- Alexa Fluor™ 546 (1:400, Invitrogen 590 

by Thermo-Fisher, catalog # A-11081). Sections were washed with PBS 0,1% Tween-20 and a 591 
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mounting medium with DAPI (SlowFade™ Diamond Antifade Mountant with DAPI, Molecular 592 

Probes™ S36964 by Fisher-sci, product code 15451244) was applied before coversliping. Images 593 

were taken under an upright Zeiss LSM800 confocal microscope. 594 

Statistical analysis 595 

The vessel coverage and loss of subbasal and stromal nerves were compared across no suture, 596 

suture and treatment groups. All data were statistically analyzed and graphed using GraphPad 597 

Prism software (Version 9.2.0, GraphPad Software, San Diego, CA, USA). The results in column 598 

plots are presented as mean ± SD from given sample sizes (n). Comparisons were made using 599 

Student's t-test for unpaired data or one-way ANOVA followed by Bonferroni ‘s post-hoc test for 600 

multiple comparisons. A significance level of P < 0.05 was considered as statistically significant. 601 

Single-cell preparation from mouse cornea and sequencing 602 

Mouse corneas were dissected from harvested eyes and digested in Dispase II (2.4 IU/ml) at 4ºC 603 

overnight with an additional incubation for about 2 hours at 37 ºC with collagenase type I (Gibco, 604 

1 mg/ml) in Eagle's Minimum Essential Medium (EMEM) containing 10% FBS. Isolated cells 605 

were pelleted by centrifugation and further digested into single cells with 0.25% trypsin in EDTA 606 

(1mM) for 20 minutes at 37ºC. During this time, cell suspension was gently pipetted intermittently 607 

to produce single cells. Then the cells were washed (centrifuged-resuspended after discarding 608 

supernatant) once with EMEM with 10% FBS to deactivate and remove trypsin and two times with 609 

sterile PBS containing 0.04% BSA (Ca2+/Mg2+ free). Finally, cells were resuspended in 30-40 μl 610 

PBS containing 0.04% BSA and counted to achieve a number within the range of 700 to 1200 611 

cells/μl. 612 
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For scRNA-Seq, cells were captured and libraries generated using the Chromium Single Cell 3′ 613 

Library & Gel Bead Kit, version 3 (10x Genomics). scRNA-Seq libraries were sequenced to 614 

50,000 reads per cell on an Illumina NovaSeq 6000.  615 

Pre-processing and quality control of scRNA-seq 616 

Cellranger count was run with Cellranger 7.0.1 81 with default parameters and with mm10 to 617 

retrieve the matrix, barcodes and features files necessary for downstream analysis. scRNA-seq 618 

datasets were analyzed in Python with Scanpy version 1.9.6 82, as described on GitHub: 619 

https://github.com/Arts-of-coding/Perturbation-of-epithelial-and-limbal-stem-cell-identity-in-620 

pathologic-corneal-neovascularization. scRNA-seq cells were selected with a minimum count of 621 

2000, a maximum count of 100.000, a feature number higher than 1000 and lower than 8000 as 622 

well as a mitochondrial percentage lower than 30%. Estimated doublets were removed with 623 

Scrublet 0.2.3 83.  624 

 625 

Clustering and integration of scRNA-seq datasets 626 

Clustering on scRNA-seq data on the three conditions (no suture, suture and treatment) was 627 

performed with Leiden clustering 31 using 30 dimensions and a neighbors parameter 10 for to 628 

identify cell clusters. Cell states were defined by combining clusters sharing expression of a 629 

multitude of marker genes. The most optimal clustering resolutions were determined with Clustree 630 

version 0.5.0 84 and by analyzing the clustering scores for the silhouette index 85, Davies-Bouldin 631 

index 86 and Calinski-Harabasz index 85, resulting in final clustering resolutions of 0.5, 0.65, and 632 

0.5 for the three conditions, respectively. The three datasets were first annotated based on marker 633 

genes individually and were then integrated with scVI 32 (scvi-tools version 1.0.0). The parameters 634 
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for the Variational Autoencoder were selected as 2 for “n_layers”, 30 for “n_latent” and "nb" for 635 

“gene_likelihood”. 636 

 637 

GO-term enrichment and KEGG pathway analysis 638 

Gene ontology enrichment 87 and KEGG pathway enrichment 52 were performed on cell states in 639 

the combined data from all three groups (no suture, suture, treatment). Gene set enrichment was 640 

achieved using the databases: GO Biological Process 2021 from Mouse and KEGG 2019 Mouse 641 

in decoupler-py 1.1.1 88 by using the highly variable genes within the combined dataset (Table S2). 642 

From the enriched pathways, the following KEGG terms previously suggested to be involved in 643 

neovascularization, inflammation or duloxetine mode of action: were further investigated:  644 

Chemokine signaling pathway, TNF signaling pathway, MAPK signaling pathway, PI3K-Akt 645 

signaling pathway, Leukocyte transendothelial migration, ECM-receptor interaction and Axon 646 

Guidance 10,50,89. Similarly, the GO identifiers: GO:0045596, GO:0045785, GO:0050729, 647 

GO:0010633, GO:1900117, GO:0010811, GO:0030335, GO:1904018, GO:0045766, 648 

GO:0071354, GO:0070102 were pre-selected. These terms were selected with an adjusted 649 

(Benjamini-Yuketeili) p-value of <0.05 90.  650 

Data and code availability 651 

Datasets containing raw scRNA-seq data used in this study are available under the Gene 652 

Expression Omnibus (GEO): GSE294213. Generated single cell objects are available on Zenodo 653 

at https://doi.org/10.5281/zenodo.15211589. The processing workflow and documentation of code 654 

used is available on GitHub: https://github.com/Arts-of-coding/Perturbation-of-epithelial-and-655 

limbal-stem-cell-identity-in-pathologic-corneal-neovascularization. GRCm38 (mm10) was 656 

downloaded from 10X Genomics and was used for mapping reads to the genome. A web-based 657 
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application was developed to visualize scRNA-seq datasets interactively. The web application is 658 

available at: https://huggingface.co/spaces/Zhou-group/mousesuture. 659 

 660 

Data availability statement: The data supporting the findings of this study are available from the 661 

corresponding author upon request. 662 

 663 

Acknowledgments: Funding for this study was obtained (to N.L. and H.Z.) from the European 664 

Joint Programme on Rare Diseases (EJP-RD) under the project AAK-INSIGHT, Grant. No. 665 

EJPRD20-135. 666 

 667 

Author Contributions: M.A: Conceptualization, performed experiments and data collection, data 668 

analysis and interpretation, manuscript writing and review. J.A.A: data analysis and interpretation, 669 

manuscript writing and review. D.J: performed experiments and data collection, manuscript 670 

writing and review PM: performed experiments and data collection, manuscript writing and 671 

review. A.D: performed experiments and data collection, manuscript writing and review D.A: 672 

Conceptualization, manuscript writing and review H.Z: coordination of data analysis, funding, 673 

data interpretation, manuscript writing and critical review. NL: Conceptualization, study design, 674 

coordination of experiments, funding, data interpretation, critical manuscript review and revisions. 675 

 676 

Declaration of interest: The authors have no conflicts of interest to declare.   677 

Key words: Cornea, neovascularization, inflammation, wound healing, angiogenesis, PAX6, 678 

duloxetine, single-cell transcriptomics 679 

Declaration of Generative AI and AI-assisted technologies in the writing process: The authors 680 

confirm that no generative AI or AI-assisted technologies were used in the writing or editing of 681 

this manuscript. 682 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655502doi: bioRxiv preprint 

https://huggingface.co/spaces/Zhou-group/mousesuture
https://doi.org/10.1101/2025.05.22.655502
http://creativecommons.org/licenses/by/4.0/


36 

 

References 683 

1. Niederkorn, J.Y. (2013). Corneal transplantation and immune privilege. Int Rev Immunol 32, 57-684 

67. 10.3109/08830185.2012.737877. 685 

2. Di Zazzo, A., Gaudenzi, D., Yin, J., Coassin, M., Fernandes, M., Dana, R., and Bonini, S. (2021). 686 

Corneal angiogenic privilege and its failure. Exp Eye Res 204, 108457. 687 

10.1016/j.exer.2021.108457. 688 

3. Ambati, B.K., Nozaki, M., Singh, N., Takeda, A., Jani, P.D., Suthar, T., Albuquerque, R.J., Richter, 689 

E., Sakurai, E., Newcomb, M.T., Kleinman, M.E., et al. (2006). Corneal avascularity is due to 690 

soluble VEGF receptor-1. Nature 443, 993-997. 10.1038/nature05249. 691 

4. Dua, H.S., and Azuara-Blanco, A. (2000). Limbal stem cells of the corneal epithelium. Surv 692 

Ophthalmol 44, 415-425. 10.1016/s0039-6257(00)00109-0. 693 

5. Cursiefen, C. (2007). Immune privilege and angiogenic privilege of the cornea. Chem Immunol 694 

Allergy 92, 50-57. 10.1159/000099253. 695 

6. Salabarria, A.C., Koch, M., Schönberg, A., Zinser, E., Hos, D., Hamdorf, M., Imhof, T., Braun, G., 696 

Cursiefen, C., and Bock, F. (2020). Topical VEGF-C/D Inhibition Prevents Lymphatic Vessel 697 

Ingrowth into Cornea but Does Not Improve Corneal Graft Survival. J Clin Med 9. 698 

10.3390/jcm9051270. 699 

7. Giacomini, C., Ferrari, G., Bignami, F., and Rama, P. (2014). Alkali burn versus suture-induced 700 

corneal neovascularization in C57BL/6 mice: an overview of two common animal models of 701 

corneal neovascularization. Exp Eye Res 121, 1-4. 10.1016/j.exer.2014.02.005. 702 

8. Bock, F., Onderka, J., Dietrich, T., Bachmann, B., Kruse, F.E., Paschke, M., Zahn, G., and 703 

Cursiefen, C. (2007). Bevacizumab as a potent inhibitor of inflammatory corneal angiogenesis and 704 

lymphangiogenesis. Invest Ophthalmol Vis Sci 48, 2545-2552. 10.1167/iovs.06-0570. 705 

9. Cursiefen, C., Maruyama, K., Jackson, D.G., Streilein, J.W., and Kruse, F.E. (2006). Time course 706 

of angiogenesis and lymphangiogenesis after brief corneal inflammation. Cornea 25, 443-447. 707 

10.1097/01.ico.0000183485.85636.ff. 708 

10. Mukwaya, A., Peebo, B., Xeroudaki, M., Ali, Z., Lennikov, A., Jensen, L., and Lagali, N. (2016). 709 

Factors regulating capillary remodeling in a reversible model of inflammatory corneal 710 

angiogenesis. Sci Rep-Uk 6, 32137. 10.1038/srep32137. 711 

11. Javidjam, D., Moustardas, P., Abbasi, M., Dashti, A., Rautavaara, Y., and Lagali, N. (2024). A 712 

human-like model of aniridia-associated keratopathy for mechanistic and therapeutic studies. JCI 713 

Insight 10. 10.1172/jci.insight.183965. 714 

12. Kiesewetter, A., Cursiefen, C., Eming, S.A., and Hos, D. (2019). Phase-specific functions of 715 

macrophages determine injury-mediated corneal hem- and lymphangiogenesis. Sci Rep-Uk 9, 308. 716 

10.1038/s41598-018-36526-6. 717 

13. Atalay, E., Altuğ, B., Çalışkan, M.E., Ceylan, S., Özler, Z.S., Figueiredo, G., Lako, M., and 718 

Figueiredo, F. (2024). Animal Models for Limbal Stem Cell Deficiency: A Critical Narrative 719 

Literature Review. Ophthalmology and Therapy 13, 671-696. 10.1007/s40123-023-00880-0. 720 

14. Singh, R.B., Marmalidou, A., Amouzegar, A., Chen, Y., and Dana, R. (2020). Animal models of 721 

high-risk corneal transplantation: A comprehensive review. Exp Eye Res 198, 108152. 722 

10.1016/j.exer.2020.108152. 723 

15. Feizi, S., Azari, A.A., and Safapour, S. (2017). Therapeutic approaches for corneal 724 

neovascularization. Eye Vis (Lond) 4, 28. 10.1186/s40662-017-0094-6. 725 

16. Kather, J.N., and Kroll, J. (2014). Transgenic mouse models of corneal neovascularization: new 726 

perspectives for angiogenesis research. Invest Ophthalmol Vis Sci 55, 7637-7651. 10.1167/iovs.14-727 

15430. 728 

17. Liu, Y., Hamrah, P., Zhang, Q., Taylor, A.W., and Dana, M.R. (2002). Draining lymph nodes of 729 

corneal transplant hosts exhibit evidence for donor major histocompatibility complex (MHC) class 730 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655502doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.22.655502
http://creativecommons.org/licenses/by/4.0/


37 

 

II-positive dendritic cells derived from MHC class II-negative grafts. J Exp Med 195, 259-268. 731 

10.1084/jem.20010838. 732 

18. Bourghardt Peebo, B., Fagerholm, P., Traneus-Röckert, C., and Lagali, N. (2011). Time-lapse in 733 

vivo imaging of corneal angiogenesis: the role of inflammatory cells in capillary sprouting. Invest 734 

Ophthalmol Vis Sci 52, 3060-3068. 10.1167/iovs.10-6101. 735 

19. Panda, A., Vanathi, M., Kumar, A., Dash, Y., and Priya, S. (2007). Corneal graft rejection. Surv 736 

Ophthalmol 52, 375-396. 10.1016/j.survophthal.2007.04.008. 737 

20. Fatima, A., Iftekhar, G., Sangwan, V.S., and Vemuganti, G.K. (2008). Ocular surface changes in 738 

limbal stem cell deficiency caused by chemical injury: a histologic study of excised pannus from 739 

recipients of cultured corneal epithelium. Eye (Lond) 22, 1161-1167. 10.1038/sj.eye.6702895. 740 

21. van Velthoven, A.J.H., Utheim, T.P., Notara, M., Bremond-Gignac, D., Figueiredo, F.C., 741 

Skottman, H., Aberdam, D., Daniels, J.T., Ferrari, G., Grupcheva, C., Koppen, C., et al. (2023). 742 

Future directions in managing aniridia-associated keratopathy. Surv Ophthalmol 68, 940-956. 743 

10.1016/j.survophthal.2023.04.003. 744 

22. Latta, L., Figueiredo, F.C., Ashery-Padan, R., Collinson, J.M., Daniels, J., Ferrari, S., Szentmáry, 745 

N., Solá, S., Shalom-Feuerstein, R., Lako, M., Xapelli, S., et al. (2021). Pathophysiology of 746 

aniridia-associated keratopathy: Developmental aspects and unanswered questions. Ocul Surf 22, 747 

245-266. 10.1016/j.jtos.2021.09.001. 748 

23. Moustardas, P., Abbasi, M., Javidjam, D., Asamoah, C.S., Schweitzer-Chaput, A., Cisternino, S., 749 

Bremond-Gignac, D., Aberdam, D., and Lagali, N. (2024). Duloxetine enhances PAX6 expression 750 

and suppresses innate immune responses in murine LPS-induced corneal inflammation. The Ocular 751 

Surface. https://doi.org/10.1016/j.jtos.2024.08.008. 752 

24. Lagali, N., Edén, U., Utheim, T.P., Chen, X., Riise, R., Dellby, A., and Fagerholm, P. (2013). In 753 

vivo morphology of the limbal palisades of vogt correlates with progressive stem cell deficiency in 754 

aniridia-related keratopathy. Invest Ophthalmol Vis Sci 54, 5333-5342. 10.1167/iovs.13-11780. 755 

25. Lagali, N., Wowra, B., Dobrowolski, D., Utheim, T.P., Fagerholm, P., and Wylegala, E. (2018). 756 

Stage-related central corneal epithelial transformation in congenital aniridia-associated 757 

keratopathy. Ocul Surf 16, 163-172. 10.1016/j.jtos.2017.11.003. 758 

26. Abbasi, M., Amini, M., Moustardas, P., Gutsmiedl, Q., Javidjam, D., Suiwal, S., Seitz, B., Fries, 759 

F.N., Dashti, A., Rautavaara, Y., Stachon, T., et al. (2024). Effects of miR-204-5p modulation on 760 

PAX6 regulation and corneal inflammation. Sci Rep 14, 26436. 10.1038/s41598-024-76654-w. 761 

27. Rabiee, B., Anwar, K.N., Shen, X., Putra, I., Liu, M., Jung, R., Afsharkhamseh, N., Rosenblatt, 762 

M.I., Fishman, G.A., Liu, X., Ghassemi, M., et al. (2020). Gene dosage manipulation alleviates 763 

manifestations of hereditary PAX6 haploinsufficiency in mice. Sci Transl Med 12. 764 

10.1126/scitranslmed.aaz4894. 765 

28. Latta, L., Ludwig, N., Krammes, L., Stachon, T., Fries, F.N., Mukwaya, A., Szentmáry, N., Seitz, 766 

B., Wowra, B., Kahraman, M., Keller, A., et al. (2021). Abnormal neovascular and proliferative 767 

conjunctival phenotype in limbal stem cell deficiency is associated with altered microRNA and 768 

gene expression modulated by PAX6 mutational status in congenital aniridia. Ocul Surf 19, 115-769 

127. 10.1016/j.jtos.2020.04.014. 770 

29. Dorot, O., Roux, L.N., Zennaro, L., Oved, K., Bremond-Gignac, D., Pichinuk, E., and Aberdam, 771 

D. (2022). The antipsychotropic drug Duloxetine rescues PAX6 haploinsufficiency of mutant 772 

limbal stem cells through inhibition of the MEK/ERK signaling pathway. Ocul Surf 23, 140-142. 773 

10.1016/j.jtos.2021.12.003. 774 

30. Meng, J., Zhang, Q., Yang, C., Xiao, L., Xue, Z., and Zhu, J. (2019). Duloxetine, a Balanced 775 

Serotonin-Norepinephrine Reuptake Inhibitor, Improves Painful Chemotherapy-Induced 776 

Peripheral Neuropathy by Inhibiting Activation of p38 MAPK and NF-κB. Front Pharmacol 10, 777 

365. 10.3389/fphar.2019.00365. 778 

31. Traag, V.A., Waltman, L., and van Eck, N.J. (2019). From Louvain to Leiden: guaranteeing well-779 

connected communities. Sci Rep-Uk 9, 5233. 10.1038/s41598-019-41695-z. 780 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655502doi: bioRxiv preprint 

https://doi.org/10.1016/j.jtos.2024.08.008
https://doi.org/10.1101/2025.05.22.655502
http://creativecommons.org/licenses/by/4.0/


38 

 

32. Svensson, V., Gayoso, A., Yosef, N., and Pachter, L. (2020). Interpretable factor models of single-781 

cell RNA-seq via variational autoencoders. Bioinformatics 36, 3418-3421. 782 

10.1093/bioinformatics/btaa169. 783 

33. Altshuler, A., Amitai-Lange, A., Tarazi, N., Dey, S., Strinkovsky, L., Hadad-Porat, S., 784 

Bhattacharya, S., Nasser, W., Imeri, J., Ben-David, G., Abboud-Jarrous, G., et al. (2021). Discrete 785 

limbal epithelial stem cell populations mediate corneal homeostasis and wound healing. Cell Stem 786 

Cell 28, 1248-1261.e1248. 10.1016/j.stem.2021.04.003. 787 

34. Collin, J., Queen, R., Zerti, D., Bojic, S., Dorgau, B., Moyse, N., Molina, M.M., Yang, C., Dey, S., 788 

Reynolds, G., Hussain, R., et al. (2021). A single cell atlas of human cornea that defines its 789 

development, limbal progenitor cells and their interactions with the immune cells. The Ocular 790 

Surface 21, 279-298. https://doi.org/10.1016/j.jtos.2021.03.010. 791 

35. Englund, J.I., Bui, H., Dinç, D.D., Paavolainen, O., McKenna, T., Laitinen, S., Munne, P., 792 

Klefström, J., Peuhu, E., and Katajisto, P. (2022). Laminin matrix adhesion regulates basal 793 

mammary epithelial cell identity. J Cell Sci 135. 10.1242/jcs.260232. 794 

36. Xiong, G., Xie, N., Nie, M., Ling, R., Yun, B., Xie, J., Ren, L., Huang, Y., Wang, W., Yi, C., 795 

Zhang, M., et al. (2024). Single-cell transcriptomics reveals cell atlas and identifies cycling tumor 796 

cells responsible for recurrence in ameloblastoma. Int J Oral Sci 16, 21. 10.1038/s41368-024-797 

00281-4. 798 

37. Xiong, G., Xie, N., Nie, M., Ling, R., Yun, B., Xie, J., Ren, L., Huang, Y., Wang, W., Yi, C., 799 

Zhang, M., et al. (2024). Single-cell transcriptomics reveals cell atlas and identifies cycling tumor 800 

cells responsible for recurrence in ameloblastoma. International Journal of Oral Science 16, 21. 801 

10.1038/s41368-024-00281-4. 802 

38. Wang, S., Song, R., Wang, Z., Jing, Z., Wang, S., and Ma, J. (2018). S100A8/A9 in Inflammation. 803 

Front Immunol 9, 1298. 10.3389/fimmu.2018.01298. 804 

39. Pruenster, M., Vogl, T., Roth, J., and Sperandio, M. (2016). S100A8/A9: From basic science to 805 

clinical application. Pharmacol Ther 167, 120-131. 10.1016/j.pharmthera.2016.07.015. 806 

40. Sprogyte, L., Park, M., Nureen, L., Tedla, N., Richardson, A., and Di Girolamo, N. (2024). 807 

Development and characterization of a preclinical mouse model of alkali-induced limbal stem cell 808 

deficiency. Ocul Surf 34, 329-340. 10.1016/j.jtos.2024.08.015. 809 

41. Garcia, I., Etxebarria, J., Boto-de-Los-Bueis, A., Díaz-Valle, D., Rivas, L., Martínez-Soroa, I., 810 

Saenz, N., López, C., Del-Hierro-Zarzuelo, A., Méndez, R., Soria, J., et al. (2012). Comparative 811 

study of limbal stem cell deficiency diagnosis methods: detection of MUC5AC mRNA and goblet 812 

cells in corneal epithelium. Ophthalmology 119, 923-929. 10.1016/j.ophtha.2011.10.031. 813 

42. Bargagna-Mohan, P., Schultz, G., Rheaume, B., Trakhtenberg, E.F., Robson, P., Pal-Ghosh, S., 814 

Stepp, M.A., Given, K.S., Macklin, W.B., and Mohan, R. (2021). Corneal nonmyelinating 815 

Schwann cells illuminated by single-cell transcriptomics and visualized by protein biomarkers. J 816 

Neurosci Res 99, 731-749. 10.1002/jnr.24757. 817 

43. Loi, J.K., Alexandre, Y.O., Senthil, K., Schienstock, D., Sandford, S., Devi, S., Christo, S.N., 818 

Mackay, L.K., Chinnery, H.R., Osborne, P.B., Downie, L.E., et al. (2022). Corneal tissue-resident 819 

memory T cells form a unique immune compartment at the ocular surface. Cell Reports 39, 110852. 820 

https://doi.org/10.1016/j.celrep.2022.110852. 821 

44. Chen, W., Lin, H., Dong, N., Sanae, T., Liu, Z., and Yoshitomi, T. (2010). Cauterization of central 822 

cornea induces recruitment of major histocompatibility complex class II+ Langerhans cells from 823 

limbal basal epithelium. Cornea 29, 73-79. 10.1097/ICO.0b013e3181ac9f92. 824 

45. Muhl, L., Genové, G., Leptidis, S., Liu, J., He, L., Mocci, G., Sun, Y., Gustafsson, S., Buyandelger, 825 

B., Chivukula, I.V., Segerstolpe, Å., et al. (2020). Single-cell analysis uncovers fibroblast 826 

heterogeneity and criteria for fibroblast and mural cell identification and discrimination. Nature 827 

Communications 11, 3953. 10.1038/s41467-020-17740-1. 828 

46. Lee, W.S., Jain, M.K., Arkonac, B.M., Zhang, D., Shaw, S.Y., Kashiki, S., Maemura, K., Lee, S.L., 829 

Hollenberg, N.K., Lee, M.E., and Haber, E. (1998). Thy-1, a novel marker for angiogenesis 830 

upregulated by inflammatory cytokines. Circ Res 82, 845-851. 10.1161/01.res.82.8.845. 831 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655502doi: bioRxiv preprint 

https://doi.org/10.1016/j.jtos.2021.03.010
https://doi.org/10.1016/j.celrep.2022.110852
https://doi.org/10.1101/2025.05.22.655502
http://creativecommons.org/licenses/by/4.0/


39 

 

47. Corliss, B.A., Ray, H.C., Mathews, C., Fitzgerald, K., Doty, R.W., Smolko, C.M., Shariff, H., 832 

Peirce, S.M., and Yates, P.A. (2019). Myh11 Lineage Corneal Endothelial Cells and ASCs Populate 833 

Corneal Endothelium. Invest Ophthalmol Vis Sci 60, 5095-5103. 10.1167/iovs.19-27276. 834 

48. Wei, K., Korsunsky, I., Marshall, J.L., Gao, A., Watts, G.F.M., Major, T., Croft, A.P., Watts, J., 835 

Blazar, P.E., Lange, J.K., Thornhill, T.S., et al. (2020). Notch signalling drives synovial fibroblast 836 

identity and arthritis pathology. Nature 582, 259-264. 10.1038/s41586-020-2222-z. 837 

49. Lin, Y., Gil, C.H., Banno, K., Yokoyama, M., Wingo, M., Go, E., Prasain, N., Liu, Y., Hato, T., 838 

Naito, H., Wakabayashi, T., et al. (2024). ABCG2-Expressing Clonal Repopulating Endothelial 839 

Cells Serve to Form and Maintain Blood Vessels. Circulation 150, 451-465. 840 

10.1161/circulationaha.122.061833. 841 

50. Mukwaya, A., Lennikov, A., Xeroudaki, M., Mirabelli, P., Lachota, M., Jensen, L., Peebo, B., and 842 

Lagali, N. (2018). Time-dependent LXR/RXR pathway modulation characterizes capillary 843 

remodeling in inflammatory corneal neovascularization. Angiogenesis 21, 395-413. 844 

10.1007/s10456-018-9604-y. 845 

51. Mirabelli, P., Mukwaya, A., Lennikov, A., Xeroudaki, M., Peebo, B., Schaupper, M., and Lagali, 846 

N. (2017). Genome-wide expression differences in anti-Vegf and dexamethasone treatment of 847 

inflammatory angiogenesis in the rat cornea. Sci Rep-Uk 7, 7616. 10.1038/s41598-017-07129-4. 848 

52. Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic 849 

Acids Research 28, 27-30. 10.1093/nar/28.1.27. 850 

53. Lewkowicz-Moss, S.J., Shimeld, C., Lipworth, K., Hill, T.J., Blyth, W.A., and East, D.L. (1987). 851 

Quantitative studies on langerhans cells in mouse corneal epithelium following infection with 852 

herpes simplex virus. Experimental Eye Research 45, 127-140. https://doi.org/10.1016/S0014-853 

4835(87)80084-2. 854 

54. Kao, W.W.Y. (2020). Keratin expression by corneal and limbal stem cells during development. 855 

Experimental Eye Research 200, 108206. https://doi.org/10.1016/j.exer.2020.108206. 856 

55. Lee, V., and Rompolas, P. (2022). Corneal regeneration: insights in epithelial stem cell 857 

heterogeneity and dynamics. Current Opinion in Genetics & Development 77, 101981. 858 

https://doi.org/10.1016/j.gde.2022.101981. 859 

56. Soares, E., and Zhou, H. (2018). Master regulatory role of p63 in epidermal development and 860 

disease. Cell Mol Life Sci 75, 1179-1190. 10.1007/s00018-017-2701-z. 861 

57. Smits, J.G.A., Cunha, D.L., Amini, M., Bertolin, M., Laberthonnière, C., Qu, J., Owen, N., Latta, 862 

L., Seitz, B., Roux, L.N., Stachon, T., et al. (2023). Identification of the regulatory circuit governing 863 

corneal epithelial fate determination and disease. PLoS Biol 21, e3002336. 864 

10.1371/journal.pbio.3002336. 865 

58. Dhouailly, D., Pearton, D.J., and Michon, F. (2014). The vertebrate corneal epithelium: from early 866 

specification to constant renewal. Dev Dyn 243, 1226-1241. 10.1002/dvdy.24179. 867 

59. Menzel-Severing, J., Zenkel, M., Polisetti, N., Sock, E., Wegner, M., Kruse, F.E., and Schlötzer-868 

Schrehardt, U. (2018). Transcription factor profiling identifies Sox9 as regulator of proliferation 869 

and differentiation in corneal epithelial stem/progenitor cells. Sci Rep 8, 10268. 10.1038/s41598-870 

018-28596-3. 871 

60. Rice, G., Farrelly, O., Huang, S., Kuri, P., Curtis, E., Ohman, L., Li, N., Lengner, C., Lee, V., and 872 

Rompolas, P. (2024). Sox9 marks limbal stem cells and is required for asymmetric cell fate switch 873 

in the corneal epithelium. bioRxiv. 10.1101/2024.04.08.588195. 874 

61. Li, Y., Ge, L., Ren, B., Zhang, X., Yin, Z., Liu, H., Yang, Y., Liu, Y., and Xu, H. (2024). De-875 

Differentiation of Corneal Epithelial Cells Into Functional Limbal Epithelial Stem Cells After the 876 

Ablation of Innate Stem Cells. Invest Ophthalmol Vis Sci 65, 32. 10.1167/iovs.65.13.32. 877 

62. Zhang, L., Yin, J.B., Hu, W., Zhao, W.J., Fan, Q.R., Qiu, Z.C., He, M.J., Ding, T., Sun, Y., Kaye, 878 

A.D., and Wang, E.R. (2018). Analgesic Effects of Duloxetine on Formalin-Induced Hyperalgesia 879 

and Its Underlying Mechanisms in the CeA. Front Pharmacol 9, 317. 10.3389/fphar.2018.00317. 880 

63. Choi, H.S., Park, J.H., Ahn, J.H., Hong, S., Cho, J.H., Won, M.H., and Lee, C.H. (2015). The anti-881 

inflammatory activity of duloxetine, a serotonin/norepinephrine reuptake inhibitor, prevents kainic 882 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655502doi: bioRxiv preprint 

https://doi.org/10.1016/S0014-4835(87)80084-2
https://doi.org/10.1016/S0014-4835(87)80084-2
https://doi.org/10.1016/j.exer.2020.108206
https://doi.org/10.1016/j.gde.2022.101981
https://doi.org/10.1101/2025.05.22.655502
http://creativecommons.org/licenses/by/4.0/


40 

 

acid-induced hippocampal neuronal death in mice. J Neurol Sci 358, 390-397. 883 

10.1016/j.jns.2015.10.001. 884 

64. Ohgi, Y., Futamura, T., Kikuchi, T., and Hashimoto, K. (2013). Effects of antidepressants on 885 

alternations in serum cytokines and depressive-like behavior in mice after lipopolysaccharide 886 

administration. Pharmacol Biochem Behav 103, 853-859. 10.1016/j.pbb.2012.12.003. 887 

65. Park, J.A., and Lee, C.H. (2018). Neuroprotective Effect of Duloxetine on Chronic Cerebral 888 

Hypoperfusion-Induced Hippocampal Neuronal Damage. Biomol Ther (Seoul) 26, 115-120. 889 

10.4062/biomolther.2016.248. 890 

66. Liang, Q., Le, Q., Wang, L., Cordova, D., Baclagon, E., Garrido, S.G., Levin, M., Jin, Y., Tseng, 891 

C.H., Rao, J., and Deng, S.X. (2022). Cytokeratin 13 Is a New Biomarker for the Diagnosis of 892 

Limbal Stem Cell Deficiency. Cornea 41, 867-873. 10.1097/ico.0000000000002903. 893 

67. Mao, Y., Ou, S., Zhu, C., Lin, S., Liu, X., Liang, M., Yu, J., Wu, Y., He, H., Zong, R., Lin, Z., et 894 

al. (2022). Downregulation of p38 MAPK Signaling Pathway Ameliorates Tissue-Engineered 895 

Corneal Epithelium. Tissue Engineering Part A 28, 977-989. 10.1089/ten.tea.2022.0082. 896 

68. Lin, S., Cai, M., Zhang, L., Mao, Y., Wu, H., Liu, X., Li, Y., Liang, M., Cheng, X., Yu, F., He, H., 897 

et al. (2023). Limbal Stem Cell Dysfunction Induced by Severe Dry Eye via Activation of the p38 898 

MAPK Signaling Pathway. The American Journal of Pathology 193, 1863-1878. 899 

https://doi.org/10.1016/j.ajpath.2023.08.003. 900 

69. Balne, P.K., Gupta, S., Zhang, J., Bristow, D., Faubion, M., Heil, S.D., Sinha, P.R., Green, S.L., 901 

Iozzo, R.V., and Mohan, R.R. (2021). The functional role of decorin in corneal neovascularization 902 

in vivo. Exp Eye Res 207, 108610. 10.1016/j.exer.2021.108610. 903 

70. Yrigoin, K., and Davis, G.E. (2024). Selective mural cell recruitment of pericytes to networks of 904 

assembling endothelial cell-lined tubes. Front Cell Dev Biol 12, 1389607. 905 

10.3389/fcell.2024.1389607. 906 

71. Adams, R.H., and Eichmann, A. (2010). Axon guidance molecules in vascular patterning. Cold 907 

Spring Harb Perspect Biol 2, a001875. 10.1101/cshperspect.a001875. 908 

72. Acker-Palmer, A. (2024). Guiding axon regeneration: Instructions from blood vessels. Neuron 112, 909 

175-177. 10.1016/j.neuron.2023.11.017. 910 

73. Chuephanich, P., Supiyaphun, C., Aravena, C., Bozkurt, T.K., Yu, F., and Deng, S.X. (2017). 911 

Characterization of the Corneal Subbasal Nerve Plexus in Limbal Stem Cell Deficiency. Cornea 912 

36, 347-352. 10.1097/ico.0000000000001092. 913 

74. Le, Q., Xu, J., and Deng, S.X. (2018). The diagnosis of limbal stem cell deficiency. Ocul Surf 16, 914 

58-69. 10.1016/j.jtos.2017.11.002. 915 

75. Lagali, N., Wowra, B., Fries, F.N., Latta, L., Moslemani, K., Utheim, T.P., Wylegala, E., Seitz, B., 916 

and Käsmann-Kellner, B. (2020). Early phenotypic features of aniridia-associated keratopathy and 917 

association with PAX6 coding mutations. Ocul Surf 18, 130-140. 10.1016/j.jtos.2019.11.002. 918 

76. Cavalcanti, B.M., Cruzat, A., Sahin, A., Pavan-Langston, D., Samayoa, E., and Hamrah, P. (2018). 919 

In vivo confocal microscopy detects bilateral changes of corneal immune cells and nerves in 920 

unilateral herpes zoster ophthalmicus. The Ocular Surface 16, 101-111. 921 

https://doi.org/10.1016/j.jtos.2017.09.004. 922 

77. Bitirgen, G., Kayitmazbatir, E.T., Satirtav, G., Malik, R.A., and Ozkagnici, A. (2018). In vivo 923 

confocal microscopic evaluation of corneal nerve fibers and dendritic cells in patients with Behçet's 924 

Disease. Frontiers in Neurology 9, 204. 10.3389/fneur.2018.00204. 925 

78. Dongwei Lai, B.L., Linqing Xiong, Yiwei Yin, Xiaobo Xia, Wenyi Wu (2023). The Role of PI3K 926 

Isoforms in Ocular Angiogenesis. Journal of Clinical and Experimental Ophthalmology 14. 927 

10.35248/2155-9570.23  928 

79. Shen, S., and Zhang, Y. (2024). Restoration of corneal epithelial barrier function: A possible target 929 

for corneal neovascularization. Ocul Surf 34, 38-49. 10.1016/j.jtos.2024.06.003. 930 

80. Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to ImageJ: 25 years of 931 

image analysis. Nature Methods 9, 671-675. 10.1038/nmeth.2089. 932 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655502doi: bioRxiv preprint 

https://doi.org/10.1016/j.ajpath.2023.08.003
https://doi.org/10.1016/j.jtos.2017.09.004
https://doi.org/10.1101/2025.05.22.655502
http://creativecommons.org/licenses/by/4.0/


41 

 

81. Zheng, G.X.Y., Terry, J.M., Belgrader, P., Ryvkin, P., Bent, Z.W., Wilson, R., Ziraldo, S.B., 933 

Wheeler, T.D., McDermott, G.P., Zhu, J., Gregory, M.T., et al. (2017). Massively parallel digital 934 

transcriptional profiling of single cells. Nature Communications 8, 14049. 10.1038/ncomms14049. 935 

82. Wolf, F.A., Angerer, P., and Theis, F.J. (2018). SCANPY: large-scale single-cell gene expression 936 

data analysis. Genome Biology 19, 15. 10.1186/s13059-017-1382-0. 937 

83. Wolock, S.L., Lopez, R., and Klein, A.M. (2019). Scrublet: Computational Identification of Cell 938 

Doublets in Single-Cell Transcriptomic Data. Cell Systems 8, 281-291.e289. 939 

https://doi.org/10.1016/j.cels.2018.11.005. 940 

84. Zappia, L., and Oshlack, A. (2018). Clustering trees: a visualization for evaluating clusterings at 941 

multiple resolutions. Gigascience 7. 10.1093/gigascience/giy083. 942 

85. Wang, X., and Xu, Y. (2019). An improved index for clustering validation based on Silhouette 943 

index and Calinski-Harabasz index. IOP Conference Series: Materials Science and Engineering 944 

569, 052024. 10.1088/1757-899X/569/5/052024. 945 

86. Davies, D.L., and Bouldin, D.W. (1979). A Cluster Separation Measure. IEEE Transactions on 946 

Pattern Analysis and Machine Intelligence PAMI-1, 224-227. 10.1109/TPAMI.1979.4766909. 947 

87. Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M., Davis, A.P., Dolinski, 948 

K., Dwight, S.S., Eppig, J.T., Harris, M.A., et al. (2000). Gene Ontology: tool for the unification 949 

of biology. Nature Genetics 25, 25-29. 10.1038/75556. 950 

88. Badia-i-Mompel, P., Vélez Santiago, J., Braunger, J., Geiss, C., Dimitrov, D., Müller-Dott, S., 951 

Taus, P., Dugourd, A., Holland, C.H., Ramirez Flores, R.O., and Saez-Rodriguez, J. (2022). 952 

decoupleR: ensemble of computational methods to infer biological activities from omics data. 953 

Bioinformatics Advances 2. 10.1093/bioadv/vbac016. 954 

89. Mukwaya, A., Mirabelli, P., Lennikov, A., Xeroudaki, M., Schaupper, M., Peebo, B., and Lagali, 955 

N. (2017). Genome-wide expression datasets of anti-VEGF and dexamethasone treatment of 956 

angiogenesis in the rat cornea. Scientific Data 4, 170111. 10.1038/sdata.2017.111. 957 

90. Yekutieli, D., and Benjamini, Y. (1999). Resampling-based false discovery rate controlling 958 

multiple test procedures for correlated test statistics. Journal of Statistical Planning and Inference 959 

82, 171-196. https://doi.org/10.1016/S0378-3758(99)00041-5. 960 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655502doi: bioRxiv preprint 

https://doi.org/10.1016/j.cels.2018.11.005
https://doi.org/10.1016/S0378-3758(99)00041-5
https://doi.org/10.1101/2025.05.22.655502
http://creativecommons.org/licenses/by/4.0/

