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A B S T R A C T   

The present study focuses on investigating the expression of thrombospondin-1 (TSP-1), a natural 
inhibitor of neovascularization. Immunofluorescent staining was used to detect the expression of 
TSP-1 in rabbit corneal tissue with vascularization induced by limbectomy. TSP-1 was detected in 
healthy and Cultured Autologous Oral Mucosal Epithelial Cell Sheet (CAOMECS) grafted rabbit 
corneas. TSP-1 was not detected in diseased corneas. Rabbit and human primary oral mucosal and 
corneal epithelial cells were cultured and treated with proteasome inhibitor (PI) in vitro. Changes 
in the expression of TSP-1, HIF-1 alpha and 2 alpha, VEGF-A, and VEGF receptor were analyzed 
by Western blotting. Neovascularization developed in rabbits’ corneas as early as 1 month after 
limbectomy and was stable for at least 3 months. HIF-1 alpha and VEGF-A expression was reduced 
in CAOMECS grafted corneas, as compared to sham corneas. While TSP-1 expression was 
decreased in injured corneas, it was expressed in CAOMECS grafted corneas, but still less 
expressed compared to healthy corneas. PI treatment, of human oral mucosal and corneal 
epithelial cells increased TSP-1 expression and reduced VEGF-A expression. The results showed 
that TSP-1 expression was lost in injured corneal surface and that CAOMECS grafting restored 
TSP-1 expression to certain extent. Proteasome inhibition treatment increased TSP-1 and 
decreased VEGF-A expression in human oral mucosal and corneal epithelial cells. The result 
suggests that corneal neovascularization could be managed with the inhibition of the proteasome 
after CAOMECS grafting and increase corneal transparency.   

1. Introduction 

The cornea is free of blood vessels and completely transparent. It refracts light onto the lens, which then refocuses the light onto the 
retina, allowing signal transmission and visual sense [1]. Corneal neovascularization occurs as the result of damage to the limbal stem 
cell niche, which causes the conjunctival epithelial cells to invade the corneal surface and promote angiogenic and inflammatory 
process. Without a clear and unobstructed cornea, as is the case with corneal neovascularization, a person’s ability to refract light is 
severely impaired. Thus, visual acuity is drastically impacted and often results in corneal blindness [2]. 

Pro-angiogenic and anti-angiogenic factors are off-balance in vascularized cornea, with pro-angiogenic factors being amplified in 
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what is known as an “angiogenic cascade” [3,4]. Corneal epithelial and endothelial cells in conjunction with macrophages are 
responsible for the production of pro-angiogenic factors such as fibroblast growth factors and vascular endothelial growth factor 
(VEGF) [5,6]. Increased production of VEGF leads to the endothelial cell-driven upregulation of matrix metalloproteinases (MMPs) in 
the vascular plexus of the limbus, ultimately forming immature blood vessels [5–7]. New blood vessel formation has been demon
strated to lead to chronic inflammation and scarring, which yields poor corneal transparency and visual acuity [1,8]. Correcting the 
balance of pro-angiogenic and anti-angiogenic factors is an essential process to inhibit corneal neovascularization. There is a growing 
interest in studying key pro-angiogenic factors such as TNF-α, MMP-2 & MMP-3, VEGF, and bFGF, as well as some significant 
anti-angiogenic factors such as TIMP-1 & TIMP-3, MMP-7 & MMP-13, COL8A-1, and endostatin [9–11]. Many other cytokines, in
terleukins and other metalloproteinases act as important angiogenic factors [12]. 

TSP-1 has been shown to be a potent anti-angiogenic factor. TSP-1 up regulation has been shown to be a potential candidate for 
alleviating corneal neovascularization as it functions to limit vessel density in normal tissues [13]. The thrombospondin protein family 
consists of five glycoproteins consisting of TSP-1 through TSP-5, which are derived from the thrombospondin genes [3,5]. TSP-1 has 
been found in corneal and conjunctival tissues, as well as within activated endothelium, within the spinal cord, and in healing wounds 
[5]. Functionally, TSP-1 possesses characteristics that allow it to play a role in angiogenic, immune, and lymphangiogenic functions [5, 
13–15]. TSP-1 is an all-encompassing extracellular matrix protein that is expressed mainly by the corneal and conjunctival epithelium 
[5,13]. It is known to mainly interact with integrins, glycosaminoglycans, CD36/47, and other receptor proteins [5,13]. 

TSP-1 anti-angiogenic properties are believed to stem from its unique peptide sequence that activates the cytokine known as latent 
Transforming Growth Factor beta (TGF-b), which has supportive-immunomodulatory [13,16]. TGF-b not only modulates immune 
responses, but also aids in wound healing and cell proliferation [5,16]. We stipulated that the inhibition of TSP-1 would thus ultimately 
affect TGF-b activity as well. The authors [3] demonstrated the significance of TSP-1 in mice when comparing it to TSP-2 mouse 
models. The experiment showed how modulation of TSP-1 had a greater significance than TSP-2 in terms of corneal angiogenesis [3]. 

Understanding the balance between pro-angiogenic and anti-angiogenic factors is essential in managing corneal neo
vascularization. This study seeks to understand the expression of TSP-1 in healthy, diseased, and grafted corneas and the modulation of 
TSP-1 expression in oral mucosa and corneal epithelial cells. 

2. Material & methods 

2.1. Animal 

New Zealand white rabbits male and female weighing 2.5–3 kg and 3–4 month old were used. They were maintained according to 
the Guidelines of Animal Care, as described by the National Academy of Sciences published by the Institute of Laboratory Animal 
Resources Commission on Life Sciences National Research Council. The experimental protocol was approved by the IACUC and 
performed as previously reported [9]. The rabbits were briefly sedated, subjected to lamellar limbectomy, and followed for 3 months. 
A small biopsy of rabbit buccal tissue was then performed to produce CAOMECS. After 2–4 weeks, CAOMECS was fully grown as a 
multilayered cell sheet and was grafted back onto cornea. The ophthalmologist surgeon removed diseased corneal epithelia [9] that 
were used for Western blot analysis in comparison to healthy corneal epithelium. CAOMECS was then grafted back onto cornea. The 
control or sham group did not receive CAOMECS graft. CAOMECS grafted rabbits were then followed for 6 months to examine the 
therapeutic effects of CAOMECS grafting [9]. Corneas were then harvested, fixed, and examined with fluorescent immunostaining. 
Therefore, Western blot experiments were conducted on diseased corneal epithelia at 3 months. Fluorescent immunostaining ex
periments were conducted on sham corneas and CAOMECS grafted corneas at 9 months. 

2.2. Oral mucosal epithelial cells isolation and CAOMECS engineering 

Rabbit’s buccal mucosa biopsies were dissociated using Dispase I (Roche Diagnostics GmbH, Mannheim, Germany), (as described 
in Ref. [9]. The epithelium was then peeled off from the lamina propria and subjected to trypsin digestion to isolate epithelial cells. The 
isolated epithelial cells were seeded on UpCell, a temperature-responsive culture ware (CellSeed Inc., Tokyo, Japan), in co-culture with 
Mitomycin C (MMC)-treated NIH/3T3 feeder cells [9]. After 2–4 weeks of cell culture, the cell sheet grew as a multilayered epithelial 
tissue-like and was grafted back onto cornea. 

2.3. Fluorescent immunostaining 

Paraffin-embedded tissue sections of rabbit corneas were used to conduct fluorescent Immunostaining analysis. Tissue sections 
were stained using HIF-1 alpha antibody (Abcam, Cambridge MA), HIF-2 alpha antibody (Novus Biological, Centennial CO), VEGF-A 
and VEGF receptor (Santa Cruz Biotechnology, Santa Cruz CA). TSP-1 antibody was purchased from Cell Signaling Technology, 
Danvers, MA). Alexa Fluor® 488 donkey anti-mouse fluorophore conjugated secondary antibodies was used. Cell nuclei staining was 
performed using propidium iodide (Invitrogen, Eugene, OR). Slides were analyzed using a Nikon 400 fluorescent microscope. 

2.4. Proteasome inhibition experiments 

Rabbit oral mucosa epithelial cells (5 × 105) were isolated and cultured as reported previously [9]. Cells were treated with pro
teasome inhibitor (PS341, MedChem Express LLC) was diluted in cell culture medium at 10 or 50 nM and incubated with the cell sheets 
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for 24 h and for 72 h. Control cells were treated with DMSO that was used to dissolve PI. Less than 0.1% of DMSO was used as the 
control for treated cells. Cell sheets were then washed and harvested to measure proteasome chymotrypsin-like activity and the 
expression levels of TSP-1. 

Commercially available human primary oral epithelial cells (PCS-200-014) and corneal epithelial cells (PCS-700-010) were 
cultured as instructed by the supplier ATCC (using 5 × 105 at passage 4 and cell culture media provided by the supplier). Cells were 
treated with proteasome inhibitor at 50 nM for 24 h. Cells were then washed with cell culture medium and harvested for further 
biochemical analysis. 

2.5. Western blot analysis 

Two μg of total protein from sample homogenates were separated by SDS-PAGE gels and transferred to a PVDF membrane (Bio-Rad, 
Hercules, CA) for 1 h in 25 mM Tris-HCl (pH = 8.3), 192 mM Glycine and 20% methanol. Membranes were probed with primary 
antibody against TSP-1, HIF-1 alpha, HIF-2 alpha, VEGF-A, VEGF receptor and Beta Actin (Millipore – Sigma). HRP-conjugated sec
ondary antibody was used. Membranes were subjected to Chemiluminescence detection using Luminal according to the manufac
turer’s instructions (Amersham Pharmacia Biotech, Piscataway, NJ). 

2.6. Statistics 

Data were obtained from at least three different biological samples. Bars represent mean values ± SEM. P values were determined 
by one-way ANOVA and Student–Newman Keuls for multiple group comparisons (Sigma-Stat softdish, San Francisco, CA). Statistical 
significance was set at p = or < to 0.05. Bar graphs were shown as Mean ± SEM, n = 3–5. 

3. Results 

3.1. Expression of HIF-1 and VEGF factor 

Lamellar limbectomy created corneal neovascularization (NV). NV developed in rabbits corneas as early as 1 month after lim
bectomy, and was stable for at least 3 months (Fig. 1A) as compared to the control healthy cornea (Fig. 1B) [9]. 

Diseased corneal epithelia were harvested and compared to healthy normal corneal epithelia that were collected from corneal 
surface before limbectomy. Fig. 2A–D showed that HIF-1 alpha, HIF-2 alpha, VEGF-A and VEGF receptor were up regulated in corneal 
epithelial cells harvested from the vascularized corneal surface. We found a significant difference for HIF-2 alpha. 

Immunofluorescent staining showed that the expression of HIF-1 alpha and VEGF-A was up regulated in the diseased sham eye and 
down regulated in CAOMECS grafted corneas (Fig. 3A–F). This confirmed previously reported results from experiments made in our 
LSCD rabbit model that showed that CAOMECS grafting significantly reduces corneal vascularization [9]. HIF-1 alpha and VEGF-A 
expression was also reduced in CAOMECS grafted corneas, as compared to sham corneas, but still less expressed when compared to 
the healthy corneas. 

3.2. Expression of TSP-1 

The expression of TSP-1 in corneal epithelium and its role in maintaining corneal vascular homeostasis remains unknown. In the 
present study, we investigated the expression of TSP-1 in rabbit corneal surface with NV induced by surgical limbectomy. We also 
examined the effects of CAOMECS grafting in restoring a healthy expression of TSP-1 and preventing NV of corneal surface. TSP-1 was 
expressed in corneal epithelial cells (Fig. 4A), and had a much lower expression in conjunctival epithelial and limbal cells (Fig. 4B). In 
opposite to HIF-1 alpha expression, TSP-1 expression was decreased in corneal surface of injured and untreated corneas. While TSP-1 
expression was decreased in injured corneas (Fig. 4C), it was expressed in CAOMECS grafted corneas (Fig. 4D), but still less expressed 
when compared to the healthy corneas (Fig. 4). 

Fig. 1. A is a picture of rabbit corneas 3 months after limbectomy. Neovascularization is shown by the high number of blood vessels extending from 
conjunctiva toward central cornea. B is a healthy normal rabbit cornea. 
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3.3. TSP-1 induction and VEGF reduction by proteasome inhibition 

To investigate the expression of TSP-1 cultured rabbit oral mucosal epithelial cells were treated with proteasome inhibitor at 10 nM 
and 50 nm concentrations for 24 and 72 h (Fig. 5A and B). Results showed that proteasome chymotrypsin-like activity was significantly 
decreased at both concentration and even more inhibited with 50 nM at 24hrs, reflecting the high specific potency of the drug toward 
its proteasome substrate (Fig. 5A and B). When proteasome activity was inhibited, the expression of TSP-1 was up regulated at both 
concentrations (Fig. 5C). Treatment with 50 nM concentration of proteasome inhibitor showed a greater induction of TSP-1. Exper
iments were then conducted with 50 nM of proteasome inhibitor for 24 and 72 h. Proteasome chymotrypsin-like activity was 
significantly inhibited at 24 h and recovered at 72 h (Fig. 5B). Results also showed a significant induction in the expression of TSP-1 at 
24 h and a significant decrease at 72 h (Fig. 5D). Proteasome inhibitor is a reversible inhibitor that significantly inhibit chymotrypsin- 
like activity for only 24–48 h [17]. The results indicated that TSP-1 is up regulated when proteasome activity is inhibited. Fig. 5 E 
showed the levels of beta-actin as a loading control for Fig. 5C. F-actin in Figure E is the loading control for the results of Fig. 5D. 

To further investigate the role of proteasome inhibition in up regulating the expression of TSP-1, human primary oral mucosa 
epithelial cells were cultured and treated with proteasome inhibitor at a concentration of 50 nM for 24 h. Fig. 6A and B showed that 50 
nM proteasome inhibitor concentration did not affect the morphology of the cells. Results showed a significant decrease in the 
chymotrypsin-like proteasome activity (78% of inhibition (Fig. 6C). Proteasome inhibition increased in the expression of TSP-1, but 
without a significant difference (Fig. 6D). Results also showed that the proteasome inhibition significantly reduced VEGF-A expression 

Fig. 2. Western blot analysis of HIF-1A, HIF2A, VEGF-A and VEGF receptor (respectively A to D). E showed the expression Beta Actin as a loading 
control. Corneal epithelial cells were sampled from the vascularized corneal surface of rabbits (diseased corneal epithelia (D) and healthy normal 
corneal epithelia (N). (Mean = /- SEM, n = 3). 
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levels (Fig. 6E). 
Corneal epithelial cells (CEC) were also cultured and treated with proteasome inhibitor. Fig. 7A and B showed that proteasome 

inhibitor 50 nM concentration did not affect the morphology of the cells. Proteasome chymotrypsin-like activity was significantly 
decreased (70% of inhibition) (Fig. 7C) and the expression of TSP-1 was slightly increased without a significant difference (Fig. 7D). 
VEGF-A expression was also significantly reduced in CEC (Fig. 7E). 

To summarize the main findings and results of the present study, Fig. 8 illustrates the potential beneficial effects of proteasome 
inhibition treatment in blocking corneal neovascularization. Proteasome inhibition up regulates TSP-1 levels, which consequently 
down regulates VEGF levels and may subsequently reduce corneal neovascularization. 

4. Discussion 

The first objective of this research was to investigate the expression of TSP-1 in rabbit vascularized corneas and in CAOMECS 
grafted corneas. Immunofluorescent staining of corneal tissue sections revealed different results between control, diseased, and 
CAOMECS grafted corneas. Staining of the normal eye (NE) tissue sample revealed that TSP-1 was greatly expressed in the corneal 
epithelium and had a limited expression in the limbus/conjunctiva. The expression of TSP-1 in central cornea is vital for an avascular 
and transparent cornea. However, since the limbus and conjunctiva are vascularized tissue, TSP-1 expression is consequently reduced. 
The a-vascularization of central cornea is required for transparency and a good visual acuity, hence high levels of TSP-1 expression. 

Research on TSP-1 throughout the scientific community corroborates these results. At a foundational level, TSP-1 has been shown 
to be most expressed within the Bowman’s layer, Descemet’s membrane, and endothelium, but not within the stroma [5]. We observed 
a dominant expression of TSP-1 in corneal basal cells and some relatively minor expression in supra-basal cells. Previous research 
showed a positive staining for TSP-1 in human corneal epithelial basal cells [18]. 

Promoting the expression of anti-angiogenic biomolecules should ideally cause a limitation on vessel density and growth, especially 
in the case of a potent anti-angiogenic factor such as TSP-1 [12]. Evidenced by previous research and data, our results encompassing 
TSP-1 expression would indicate that increasing the expression levels should yield decreased neovascularization of the corneal 
epithelium. The vascularized corneas of the sham eye (SE) showed a marked decrease in overall TSP-1 expression in the corneal 
epithelium. Regarding angiogenic elements, the SE corneas showed a great increase in the relative amount of neovascularization that 
was taking place in the corneal tissues, as compared to the NE cornea. Another striking observation was the vast quantitative increase 
in goblet cells in the SE cornea of the cornea as compared to both NE corneas for the cornea and conjunctiva. 

Our results also showed that TSP-1 expression was recovered within the epithelium of CAOMECS grafted cornea versus the non- 
grafted cornea. Not only does the result of CAOMECS grafting show the restoration of TSP-1 expression as compared to the non- 
grafted cornea, but electron microscopy imaging also showed a decreased count of goblet cells and decreased vascularization. As 
seen in the NE corneal tissue section, epithelial cells are essentially layered or stacked squamous cells. This layering disappears almost 
entirely in the SE tissue cornea as the corneal epithelium is experiencing erosion. When looking back at the CAOMECS grafted cornea, 

Fig. 3. Immunofluorescent staining (in green) of HIF- 1 alpha (A–C) and VEGF-A (D–F) in rabbit corneal tissue sections. Red is nuclear staining with 
propidium Iodide. (Mag. 40x). A and D: healthy cornea. B and E: Sham cornea (untreated). C and F: CAOMECS grafted cornea. Note that the 
expression of HIF-1 alpha and VEGF-A was reduced in CAOMECS grafted corneas as compared to sham or untreated cornea. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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there is in fact a measure of restoration regarding the layered nature of these squamous corneal epithelial cells. A previous study [9] 
showed that the number of blood vessels invading central cornea was significantly decreased after CAOMECS grafting. In 
CAOMECS-grafted corneal tissue section, TSP-1 expression was recovered to a certain extent. 

Activating the expression of TSP-1 may be enough to limit or even fend off the angiogenic effects seen in vascularized corneas. We 
hypothesized that proteasome activities may play a major role in corneal vascularization and that modulating its activities may 
alleviate corneal NV especially by increasing the expression of TSP-1 and decreasing the expression of VEGF-A. In an in vitro study, we 
tested our hypothesis by treating cultured cells with proteasome inhibitor in a dose and time response study. The expression of TSP-1 
was increased in both type of cells – oral mucosa and corneal epithelial cells treated with proteasome inhibitor. How does proteasome 
inhibition modulate the expression of TSP-1 remains obscure. 

During inflammatory conditions showing high levels of cytokines resulting from the injury caused to corneal tissue, Hif-1 alpha is 
activated. Proteasome inhibitor Velcade or Bortezomib has been reported to inactivate Hif-1 alpha by inhibiting the PI3K/Akt/mTOR 
pathway [19]. In addition, Bortezomib treatment suppresses HIF-1 transcriptional activity by inhibiting the interaction of HIF-1α with 
the acetyltransferase p300 required for Hif-1 alpha transcriptional activities [20,21]. Consequently, if Hif-1 alpha is inactivated, VEGF 
is also inactivated and inhibition of pro-angiogenic factors is accomplished [22–24]. Logically, proteasome inhibition would result in 
the accumulation of Hif-1 alpha and thus the accumulation of VEGF. Our results showed that VEGF was significantly down regulated 
after treating the cells with proteasome inhibitor. It is possible that another molecular mechanism than Hif-1 alpha signaling takes 
place linking the down regulation of VEGF to proteasome inhibitor. TSP-1 has potent anti-angiogenic effects via multiple mechanisms. 

Downstream signaling by TSP-1 demonstrates that TSP-1-induced inhibition of various metalloproteinases results in the sup
pression of VEGF release [5,13]. Previous work in the field has highlighted a down regulation of MMP3, a proangiogenic factor and an 
up regulation of TIMP3, an anti-angiogenic factor in CAOMECS grafted rabbit corneas. The expression of these factors reflected a 
preventive characteristic of CAOMECS grafting for the further progression of corneal neovascularization [9]. Semi-quantitative 
measurements of TIMP-1 & TIMP-3 showed a higher expression in engineered oral mucosal cell sheets compared to control oral 

Fig. 4. Rabbit cornea TSP-1 immunofluorescent staining in green. Nucleus is stained in red. TSP-1 expression for normal corneal tissue section (A), 
conjunctival tissue section (B), diseased corneal tissue section (C), and CAOMECS grafted corneal tissue section (D). Note that TSP-1 expression was 
predominantly expressed in the healthy corneal epithelium (A), and was decreased in the limbus and conjunctival epithelium (B). In the injured and 
untreated cornea, there was a marked decrease in TSP-1 expression along with corneal epithelium erosion. CAOMECS grafted cornea showed a 
recovery in TSP-1 expression as compared to the diseased cornea. Magnification is x40. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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epithelial cells [25]. With the verification of these MMPs and TIMPs as being anti-angiogenic, promoting TSP-1 expression is then 
thought to have an effect on these biomolecules. As noted previously, TSP-1 has a unique signaling role on many biomolecules 
associated within the scope of angiogenesis and lymphangiogenesis. Thereby signaling an increase in its expression levels will also 
increase other anti-angiogenic factors to an extent. Another example of TSP-1 impeding on the angiogenic pathway is by altering or 
inhibiting protein-receptor activity such as VEGF receptor 2 [5]. Evidently, TSP-1 has potent downstream effects on various pathways, 
mechanisms, and biomolecules, which need further investigated. TSP-1 is known to be degraded through Low-density lipoprotein 
receptor–related protein-1 (LRP1) endocytosis and lysosomal degradation [26]. Our results showed that TSP-1 is stabilized by pro
teasome inhibition, which indicates that proteasome activity is also involved in the degradation of TSP-1. The specific mechanism by 
which proteasome clear out TSP-1 is not known and needs further investigation. The effects of proteasome inhibitor Bortezomib in 
preventing angiogenesis by repressing the release of VEGF and thus angiogenesis has been reported [27]. It is possible that proteasome 
inhibition suppresses VEGF release through TSP-1 stabilization as TSP-1 is also involved in the suppression of VEGF release via various 
mechanisms [28–30]. 

Blockade of VEGF has been investigated for decades in cancer treatment [31,32]. The combinatory treatment utilizing VEGF 
antibody (bevacizumab) and immune checkpoint inhibitors (atezolizumab) is currently the treatment for hepatocellular carcinoma 

Fig. 5. Rabbit cultured oral mucosal epithelial cells treated with proteasome inhibitor to activate the expression of TSP-1. A and C showed the 
measurements of proteasome chymotrypsin-like activity. B and D showed the expression levels of TSP-1 in the dose and time response studies. E and 
F respectively showed the expression of Beta Actin and F-Actin as a loading controls. (Mean ± SEM, n = 3). 
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[33]. When used to treat corneal neovascularization, bevacizumab caused significant corneal thinning [34]. Other antibodies against 
different forms of VEGF seemed to be effective in inhibiting corneal neovascularization in rat model of corneal neovascularization 
[35]. Anti-VEGF were found to be efficient in reducing immune reactions during corneal transplantation [36]. However, in attempt to 
achieve complete regression of neovascularization, successful corneal transplantations or allograft survival, and to increase visual 
acuity, more potent anti-angiogenic factors are needed. TSP-1 is a potent anti-angiogenic factors that need further investigations to 
alleviation of corneal neovascularization. 

5. Conclusion 

In conclusion, the results showed that TSP-1 expression was lost in the injured and vascularized corneal surface and that CAOMECS 

Fig. 6. TSP-1 expression levels in human cultured oral mucosal epithelial cells after treatment with 50 nM proteasome inhibitor. A showed control 
untreated cells. B showed treated cells with proteasome inhibitor (Magnification is x20). C showed proteasome chymotrypsin-like activity and D 
showed the expression levels of TSP-1. E showed the expression levels of VEGF-A and F showed the expression of Beta Actin as a loading control 
(Mean = /- SEM, n = 3). 

F. Bardag-Gorce et al.                                                                                                                                                                                                



Heliyon 9 (2023) e13397

9

grafting restored TSP-1 expression to certain extent. Proteasome inhibitor treatment of cultured oral mucosal epithelial cells stabilized 
TSP-1 expression, which could be used to induce TSP-1 expression after CAOMECS grafting to manage corneal vascularization. By 
understanding the molecular mechanisms that control neovascularization, it may be possible to design therapeutic strategies to 
selectively prevent or halt pathologic vascular growth. The anti-angiogenic thrombospondin-1 (TSP-1) has been shown to be a natural 
inhibitor of neovascularization. An increase in TSP-1 expression might decrease corneal vascularization. 

Author contribution statement 

Fawzia Bardag-Gorce: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; 
Contributed reagents, materials, analysis tools or data; Wrote the paper. 

Carter Hoffman: Performed the experiments; Contributed reagents, materials, analysis tools or data; Wrote the paper. 
Imara Meepe: Performed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or 

Fig. 7. TSP-1 expression levels in human cultured corneal epithelial cells (CEC) after treatment with 50 nM proteasome inhibitor. A showed control 
untreated cells. B showed cells treated with proteasome inhibitor (Magnification is x20). C showed proteasome chymotrypsin-like activity and D 
showed the expression levels of TSP-1. E showed the expression levels of VEGF-A and F showed the expression of F-Actin as a loading control (Mean 
= /- SEM, n = 3). 

F. Bardag-Gorce et al.                                                                                                                                                                                                



Heliyon 9 (2023) e13397

10

data. 
Monica Ferrini, Yutaka Niihara: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data. 
Richard H. Hoft, Joan Oliva: Performed the experiments; Analyzed and interpreted the data. 

Funding statement 

Dr Fawzia Bardag-Gorce was supported by Emmaus Medical Inc [ELS-002]. 

Data availability statement 

No data was used for the research described in the article. 

Declaration of interest’s statement 

The authors declare the following conflict of interests: Research is fully supported by Emmaus Medical Inc. The salaries of Dr. 
Fawzia Bardag Gorce and Dr. Joan Oliva are fully supported by Emmaus Medical Inc. Dr. Yutaka Niihara is the CEO and the Chairman 
of Emmaus Medical, Inc. The rest of the authors has no support from Emmaus Medical, Inc. and no conflict of interest. 

References 

[1] A. Di Zazzo, D. Gaudenzi, J. Yin, M. Coassin, M. Fernandes, R. Dana, S. Bonini, Corneal angiogenic privilege and its failure, Exp. Eye Res. 204 (2021), 108457, 
https://doi.org/10.1016/j.exer.2021.108457. 

[2] Michel Haagdorens, Sara Ilse Van Acker, Veerle Van Gerwen, Sorcha Ní Dhubhghail, Carina Koppen, , Marie-José Tassignon, Nadia Zakaria, Limbal stem cell 
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