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Corneal wound involves a series of complex and coordinated physiological processes, leading to persistent epithelial defects and opacification. An obstacle in the treatment of ocular diseases is poor drug delivery and maintenance. In this study, we constructed a Wnt/β-catenin pathway inhibitor, XAV939-loaded liposome (XAV939 NPs), and revealed its anti-inflammatory and antiangiogenic effects. The XAV939 NPs possessed excellent biocompatibility in corneal epithelial cells and mouse corneas. In vitro corneal wound healing assays demonstrated their antiangiogenic effect, and LPS-induced expressions of pro-inflammatory genes of IL-1β, IL-6, and IL-17α were significantly suppressed by XAV939 NPs. In addition, the XAV939 NPs significantly ameliorated alkali-burned corneas with slight corneal opacity, reduced neovascularization, and faster recovery, which were attributed to the decreased gene expressions of angiogenic and inflammatory cytokines. The findings supported the potential of XAV939 NPs in ameliorating corneal wound and suppressing neovascularization, providing evidence for their clinical application in ocular vascular diseases.
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INTRODUCTION
As one of the most vulnerable parts of the eye that is exposed to the external environment, the cornea is consistently susceptible to potential infectious and traumatic damages (Mobaraki et al., 2019; Chen F. et al., 2020; Han et al., 2020a). In addition, the constantly increasing number of refractive surgeries has prompted corneal wound healing an important clinical problem. Corneal wound involves a series of complex and dynamic pathological processes, including cell death, inflammatory and immune response, corneal neovascularization (CNV), and limbal stem cell deficiency, which compromise corneal transparency and lead to decreased vision (Roshandel et al., 2018; Ziaei et al., 2018). Previous studies have illustrated the effectiveness of inhibiting inflammatory responses and blocking angiogenic signaling pathways in accelerating corneal wound healing, providing potential therapeutic options that target multiple processes in treating corneal wounds (Ellenberg et al., 2010; Chandler et al., 2019; Yang J. et al., 2020, Yang et al., 2020 S.; Rebibo et al., 2021).
The evolutionarily highly conserved Wnt signaling pathway regulates various processes, including proliferation, polarization, migration, apoptosis, and stem cell maintenance and differentiation, which are related to systemic development and various congenital and developmental diseases (Reya and Clevers, 2005; Klaus and Birchmeier, 2008; Clevers and Nusse, 2012; Feng et al., 2020). In addition, previous studies have implicated the indispensable role of the Wnt pathway in developmental and pathological ocular angiogenesis (Ouyang et al., 2014; Wang Z. et al., 2019). In the canonical Wnt signaling pathway, Wnt ligands bind to the receptor complex of frizzled receptors and low-density lipoprotein receptor–related protein 5/6, which results in the stabilization of β-catenin and the degradation of Axin (Huang et al., 2009; Clevers and Nusse, 2012). Without phosphorylation, β-catenin is translocated into the nucleus and binds to the transcription factors to activate Wnt target genes (Huang et al., 2009; Clevers and Nusse, 2012). Consequently, various inhibitors along the Wnt signaling pathway have been identified to regulate abnormal gene activation, among which XAV939, a small molecule that stabilizes Axin and stimulates β-catenin degradation, exhibits therapeutic promise in treating Wnt pathway–dependent diseases (Huang et al., 2009). Further studies have identified the anti-inflammatory and antitumor activities of XAV939, yet its potential in treating ocular vascular diseases has not been reported (Li et al., 2018; Almasoud et al., 2020; Zhang et al., 2020).
One obstacle to the treatment of ocular diseases is poor drug delivery and maintenance (Fan et al., 2021; Zhang et al., 2021). The topical eye drop solution, which is one of the most common and preferred methods of drug administration to the eye, is readily excreted through tear drainage and peribulbar blood flow. For instance, it is estimated that 60% of the drug is eliminated within 2 min and is completely discharged within 15 min, resulting in low drug absorption (Jumelle et al., 2020). Moreover, eye drops are unlikely to deliver drugs with insoluble properties. As such, the liposome delivery system, one of the first polymeric nanoparticles approved by the FDA, allows the delivery of hydrophobic and hydrophilic compounds with varying sizes and properties (Kompella et al., 2013; Anselmo and Mitragotri, 2019; Chen X. et al., 2020; Chang et al., 2021; Shi et al., 2021). As biodegradable and biocompatible lipid assemblies, liposomes can achieve sustained drug release to the ocular surface and high penetration into the inner structure (Kompella et al., 2013; Peng et al., 2020; Tavakoli et al., 2020; Yuba, 2020). Various studies have reported prolonged release, improved efficacy, and reduced toxicity of liposome-capsulated drugs, thereby providing substantial potentials for clinical applications (Eriksen et al., 2018; Jin et al., 2019; Ma et al., 2020).
In this study, we constructed a Wnt/β-catenin pathway inhibitor, XAV939-loaded liposomes (XAV939 NPs), and investigated its anti-inflammatory and antiangiogenic effects. The effects of corneal wound healing and CNV suppression were investigated in an alkali-burned mouse model to explore its therapeutic potential in treating ocular vascular diseases.
MATERIALS AND METHODS
Preparation of XAV939 NPs
The liposomes loaded with XAV939 were prepared using a thin-film hydration method as described in previous studies (Alfaifi et al., 2020; Ye et al., 2020). In brief, 3 mg of XAV939 (MedChemExpress, China), 8 mg of L-α-phosphatidylcholine (soybean lecithin, J&K Scientific, China), 3 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] [DSPE-PEG (2000), AVT Pharmaceutical Technology Co., Ltd, China], and 2 mg of cholesterol (J&K Scientific, China) were dissolved in 10.0 ml chloroform in a round-bottom flask. The mixture was evaporated under reduced pressure in a rotary evaporator for 3 h, and a homogeneous phospholipid film was formed. Then, 10 ml of double-distilled water was added into the round-bottom flask to hydrate the phospholipid film for 1 h, and the liposomes were ultrasonicated for 1 min to form a uniform suspension. The final concentration of XAV939 in the liposomes was 1 mM.
Characterization of XAV939 NPs
The hydrodynamic size and polydispersity index of the XAV939 NPs were measured by dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern, United Kingdom). The samples were filtered through a 0.22-μm Millipore filter before taking the measurements, and their morphologies were characterized by cryo-electron microscopy (Cryo-EM) on a 200 kV Talos F200C microscope (FEI, Holland).
Cell Culture
Human corneal epithelial cells (HCEs) were purchased from the American Type Culture Collection (United States). Human umbilical vein endothelial cells (HUVECs) were purchased from Beyotime Biotechnology (China). The HCEs were cultured with DMEM/F12 (Corning, United States) with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin. The HUVECs were cultured with DMEM (Corning, United States) with 10% FBS and 1% penicillin–streptomycin. All cells were incubated in a 37°C/5% CO2 humidified chamber.
Cytotoxicity Assays
Cell Counting Kit-8 Assay
Cytotoxicity was measured with a cell counting kit-8 (CCK-8) assay (Dojindo, Japan) (Han et al., 2017; Han et al., 2020b). Briefly, the HCE cells were seeded in a 96-well plate to reach the density of 1 × 104 per well. The cells were incubated with a 100 μl DMEM/F12 medium and treated with 10% phosphate buffered saline (PBS) or XAV939 NPs of different XAV939 equivalent concentrations: 0, 0.1, 1, 10, 25, and 50 μM. After 24 h of incubation, 10 μl CCK-8 solution was added to each well and maintained for 2 h at 37°C according to the manufacturer’s instructions. The optical density at 450 nm (OD450nm) was measured using an absorbance microplate reader (Bio-rad iMark, United States).
Calcein-AM/Propidium Iodide Assay
For Calcein-AM/propidium iodide (PI) assay (Yeasen, China), the HCE cells were seeded in a 12-well plate with a density of 1 × 105 cells per well. The cells were incubated with 1 ml DMEM/F12 medium and treated with 10% PBS or XAV939 NPs of different XAV939 equivalent concentrations: 0, 0.1, 1, 10, 25, and 50 μM. After 24 h of incubation, the medium was removed, and the cells were rinsed with PBS three times. Subsequently, the cells were treated with 0.67 μM Calcein AM and 1.5 μM PI and were incubated for 15 min at 37°C. The cells were then observed under a fluorescence microscope (Leica, Germany), and images of live (green) and dead (red) cells were obtained.
Quantitative Reverse Transcription-Polymerase Chain Reaction
The HCEs were seeded in a 12-well plate until they reached a density of 1 × 105 cells per well. The cells were first incubated with a fresh DMEM/F12 medium containing 1% FBS, and 10% PBS, XAV939 (10 μM), or XAV939 NPs (10 μM XAV939 equivalent) for 24 h. To induce an inflammatory response, the cells were treated with 1 μg/ml lipopolysaccharides (LPS, Sigma Aldrich, United States) for 2 h. The total RNA of the HCEs was extracted using TRIzol reagent (Invitrogen, Carlsbad, United States) and reverse-transcribed using the PrimeScript™ RT Master Mix (Takara Bio Inc., Japan). Reverse transcription–polymerase chain reaction (RT-PCR) was performed using the ChamQTM SYBR Color qPCR Master Mix (Vazyme Biotech Co., Ltd., China) on a 7500 Fast Real-Time PCR System (Thermo Scientific, United States). The relative gene expressions of inflammatory cytokines, including interleukin (IL)-1β, IL-6, and IL-17α, were analyzed and normalized to the GAPDH level. The relative quantitation was calculated with the comparative cycle threshold Ct (∆∆Ct) method.
Cell Migration Assay
Vascular endothelial cells proliferation has been validated as an initial step in angiogenesis, followed by migration, adhesion, and differentiation (Lamalice et al., 2007). Therefore, for the cell migration assay, we adopted HUVECs, which have been abundantly used (Lamalice et al., 2007; Wang M. et al., 2019). These cells were seeded in a 6-well plate until they reached a density of 2 × 105 cells per well. After a confluent monolayer was formed, a wound was generated in each well by a sterilized 200 μl peptide tip, and the cells were washed three times with PBS. The cells were then treated with 1 μg/ml recombinant human vascular endothelial growth factor-165 (rhVEGF165, PeproTech Inc., United States) and combined with 10% PBS, XAV939 (10 μM) or XAV939 NPs (10 μM XAV939 equivalent) and incubated with a fresh DMEM medium containing 1% FBS. Cell migration and wound closure were observed at 0, 12, and 24 h with an Olympus inverted light microscope, and microphotographs were taken at 10× magnification with an Oplenic digital camera. The scratch widths and the percentage of wound closure were quantified using ImageJ software (National Institutes of Health, Bethesda, United States).
Immunoblotting
The HUVECs were seeded in a 6-well plate with a density of 2 × 105 cells per well. These cells were then treated with 1 μg/ml rhVEGF165 and combined with the previously indicated treatments. After 24 h of incubation, the cells were rinsed three times with PBS. The cell lysates were harvested with a lysis buffer with protease and phosphatase inhibitors (Sangon Biotech, China). After lysing on ice for 30 min, the cell lysates were centrifuged at 14,000 × g for 15 min at 4°C. The protein concentration was calculated using a bicinchoninic acid protein assay kit (Thermo Scientific, United States) and normalized. Thirty micrograms of protein were resolved with 6–10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electro-transferred to polyvinylidene fluoride membranes. The membranes were then blocked with a protein-free rapid blocking buffer (Epizyme, China) and immunoblotted with the following antibodies: rabbit monoclonal anti–β-catenin (Cell Signaling Technology, United States, 1:1000), rabbit monoclonal anti-Axin 1 (Cell Signaling Technology, United States, 1:1000), and rabbit monoclonal anti–β-actin (Cell Signaling Technology, United States, 1:1000). All quantitative data were normalized to β-actin as an endogenous control. ImageJ software was used to analyze the band intensity.
Animals
Female C57BL/6 mice aged 6–8 weeks were purchased from Shanghai SLAC Laboratory Animal Co., Ltd, China. All animal experiments strictly abided by the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of Zhejiang University Administration on Laboratory Animal Care.
In Vivo Biocompatibility Assessment
To assess the biocompatibility of the liposomes, 10 μl of XAV939 NPs (10 μM XAV939 equivalent) was topically administered to the eyes of the healthy mice in the experimental group. The control group received 10 μl of saline solution. On days 3, 7, and 14, the mice were anesthetized, and the ocular surface was observed with a slit lamp microscope. After 14 days of treatment, the mice were sacrificed, and the eyeballs and major visceral organs, including the heart, liver, spleen, lung, and kidney, were fixed to perform hematoxylin and eosin (H&E) staining for histological observation.
Alkali-Burned Injury Mouse Model
The alkali-burned injury mouse model was developed to generate corneal wound and CNV, as previously described (Anderson et al., 2014). A mouse was first anesthetized through a peritoneal injection of sodium pentobarbital (100 mg/kg) and topical administration of 0.5% proparacaine solution to the corneal surface of the right eye. Then, a 2-mm-diameter filter paper was soaked in 1 N sodium hydroxide (NaOH) solution and tapped on a dry filter paper for 5 s to absorb the excess alkali. The NaOH-soaked filter paper was placed on the center of the mouse’s right cornea for 30 s and then rinsed with 10 ml of PBS for 60 s. All alkali-burned injury procedures were performed by the same investigators to minimize variability, and the mice were randomly divided into three groups: saline, XAV939 (10 μM, dissolved in 0.1% v/v DMSO/saline), and XAV939 NPs (10 μM XAV939 equivalent). All alkali-burned eyes were treated with 10 μl of the abovementioned eye drop solution twice daily for 14 consecutive days.
Clinical Examination
On days 3, 7, and 14, all mice were weighed and observed with a slit lamp microscope, and representative images were taken. Two examiners independently performed clinical evaluations and reported a final score according to the established methods (Anderson et al., 2014):
1) Corneal opacity (0–4): 0 = completely clear; 1 = slightly hazy, iris and pupil easily visible; 2 = slightly opaque, iris and pupil detectable; 3 = opaque, pupils hardly detectable; and 4 = completely opaque, pupil undetectable.
2) CNV (0–3): 0 = no CNV, 1 = CNV at the corneal limbus, 2 = CNV spanning over the corneal limbus to the corneal center, and 3 = CNV invading the corneal center.
3) Neovessels (0–3): 0 = no neovessels; 1 = neovessels detectable under a surgical microscope; 2 = neovessels easily visible under a surgical microscope; and 3 = neovessels visible to the naked eye.
CNV was calculated based on the range of clock hours of corneal neovessels. The CNV size was calculated as follows:
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where S = CNV size, C = clock hours of CNV, r = radius of the mouse cornea, and l = length of the longest neovessel from the limbus.
Immunohistochemistry
After 14 days of treatment, the mice were sacrificed, and the right eyes were enucleated under a stereomicroscope (Leica, Germany), followed by fixation with 4% paraformaldehyde (PFA, Biosharp, China) overnight. The eyeballs were then embedded in paraffin, sectioned, and stained with H&E. The sections were then observed under a microscope (Leica, Germany), and representative photographs were taken. The central corneal thickness was measured and analyzed independently by two examiners using ImageJ software. To assess the biosafety and toxicity of XAV939 and XAV939 NPs, the alkali-burned mice were sacrificed and major visceral organs were enucleated to perform H&E staining.
Immunofluorescence
On day 15, the mice were sacrificed, and the eyeballs were harvested for corneal flat mount staining. After being fixed in 4% PFA overnight, the corneas with the limbal area were carefully dissected under a stereomicroscope. To make the cornea lie flat, four incisions were made from the periphery toward the center cornea. After being rinsed with PBS with Tween-20 (PBST) three times, the corneas were blocked with 1% bovine serum albumin, 2% goat serum, and 0.2% Triton X-100 in PBS for 2 h and incubated with rabbit anti–mouse CD31 antibody (Abcam, United Kingdom, 1:50) prepared in a blocking buffer at 4°C overnight. The corneas were then rinsed with PBST six times and incubated with Alexa-Fluor 555-conjugated goat anti-rabbit secondary antibody (Invitrogen Life Technologies, United States, 1:1000) for 2 h at room temperature, followed by rinsing with PBST six times. Immunofluorescent images of the corneas were obtained using a fluorescence microscope. The neovessels length and the ratio between the CNV area and whole cornea area were calculated with ImageJ software.
qRT-PCR
After 14 days of treatment, the mice were sacrificed, and the right corneas were excised. The total RNA of the corneas was extracted using TRIzol reagent. Two corneas were pooled as one biological replica, and three samples were conducted for each group. The methods used for qRT-PCR have been described in the previous section. The relative gene expression quantification included the following: Vegfs, Vegfrs, Mmps, α-Sma, Cd31, and Il-6. The gene expressions were normalized to the GAPDH level, and the relative quantitation was calculated with the ∆∆Ct method.
Statistical Analyses
All statistical analyses were performed using SPSS 26.0 (IBM Corp., United States). The data were presented as the mean with its standard error of mean (SEM). Comparisons among three or more groups were performed for statistical significance using one-way analysis of variance (ANOVA). The statistical significance was defined as p < 0.05.
RESULTS AND DISCUSSION
Preparation and Characterization of XAV939 NPs
As illustrated in Figure 1, the hydrophobic drug XAV939 was loaded into liposomes formed of L-α-phosphatidylcholine, DSPE-PEG (2000), and cholesterol to obtain biocompatible XAV939 NPs. The encapsulation efficiency of the XAV939 NPs was calculated to be 91.2%. The XAV939 NPs exhibited a low polydispersity index (PDI = 0.216) with a hydrodynamic diameter of approximately 100.2 nm using DLS measurements (Figure 1). The cryo-EM images show that XAV939 NPs are spherical and well-dispersed round-shaped vesicles and are predominantly unilamellar (Figure 1), similar to the previously reported liposomes (Cong et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic diagram depicting the XAV939 NPs with corneal wound healing and anti-CNV effect.
In Vitro Cytotoxicity Assessment
To assess the cytotoxicity of XAV939 NPs, HCE cells incubated with different concentrations of XAV939 NPs were evaluated by the CCK-8 assay and Calcein-AM/PI assay. After incubation for 24 h, cytotoxicity was assessed with the Calcein-AM/PI assay, where green fluorescence represents live cells and red fluorescence represents dead cells. As shown in Figure 2A, few red cells were observed over the concentrations ranging from 0.1 to 50 μM. The results were confirmed by the CCK-8 assay, which indicated the relatively low cytotoxicity of XAV939 NPs with equivalent drug concentrations (Figure 2B). The cell viability treated with XAV939 NPs over a range of concentrations was not significantly different. Even at the highest equivalent concentration of 50 μM, the cell viability treated with XAV939 NPs was 96.9%. Taken together, the in vitro cytotoxicity assays confirmed good cytocompatibility of the XAV939 NPs, and the equivalent concentration of 10 μM XAV939 was chosen for further experiments.
[image: Figure 2]FIGURE 2 | In vitro and in vivo biocompatibility assessments. Calcein-AM/PI assay (A) and CCK-8 assay (B) of HCEs following exposure of different concentrations of XAV939 NPs. Results are presented as the mean ± SEM. n = 5. Scale bar: 200 μm. (C) Representative images of slit lamp examination following 14 days treatment of saline and XAV939 NPs (10 μM XAV939 equivalent). Scale bar: 1 mm. (D) Representative images of H&E staining of the cornea, heart, liver, spleen, lung, and kidney following 14 days treatment of saline and XAV939 NPs (10 μM XAV939 equivalent) in healthy mice. Scale bar: 100 μm.
In Vivo Biocompatibility Assessment in Healthy Mice
The in vivo biocompatibility evaluation of XAV939 NPs was assessed with a corneal stimulation test conducted on healthy mice eyes. As shown in Figure 2C, topical XAV939 NPs (10 μM XAV939 equivalent) or saline were administered to healthy mouse eyes twice daily and observed consecutively for 14 days. Clinical examination exhibited no visible signs of corneal opacity, inflammation, conjunctival congestion, CNV, or hemalopia in the mice’s eyes in both groups. After 14 days of examination, the mice were sacrificed to conduct corneal and systemic anatomical morphology assessments by H&E staining. Anatomical segments of the cornea and major visceral organs of the XAV939 NPs group showed a comparable morphology to the control group (Figure 2D). No signs of inflammatory infiltration, cellular lesions, or acute or chronic physiological toxicity were observed in either group, indicating good biocompatibility of XAV939 NPs in vivo. Previous studies have reported the in vivo biocompatibility of 10 µM of XAV939 in mouse models of dermal fibrosis and cutaneous and cartilage injury (Distler et al., 2013; Bastakoty et al., 2015). Based on these preliminary results, it can be hypothesized that XAV939 NPs embrace satisfactory ocular tolerance and can act as secure theranostic agents for further ocular drug delivery applications.
In Vitro Antiangiogenesis Effect
Previous studies have verified the vital roles of the vascular endothelium in wound healing and angiogenesis, which are indicated by excessive cellular proliferation and migration (Wilson et al., 2001; Dorrell et al., 2007). Here, the antiangiogenesis effect of XAV939 NPs (10 μM XAV939 equivalent) was assessed with a HUVEC cell migration assay. The average scratch width and percentage of wound closure observed after 24 h of indicated incubation at each time point are presented in Figure 3A. The average initial scratch wound of the HUVECs was 736 μm in each group. Following induction by 1 μg/ml rhVEGF165, significantly increased proliferation and migration of the HUVECs were observed in the control group, with 320 μm scratch width at 12 h and 157 μm scratch width at 24 h (Figure 3B). Nevertheless, pretreatment with XAV939 and XAV939 NPs remarkably attenuated the stimulation of rhVEGF165. Previous evidence has also suggested that XAV939 significantly inhibited the proliferation and migration of vascular smooth muscle cells after stimulation with platelet-derived growth factor-BB, which is attributable to the regulatory role of XAV939 in the Wnt signaling pathway (Chen et al., 2016). In particular, HUVECs pretreated with XAV939 NPs presented significantly wider scratch wounds (396 vs. 291 μm, p < 0.01) and delayed wound closure (45 vs. 61%, p < 0.001) than the XAV939 group, suggesting an enhanced antimigration effect of XAV939 NPs (Figures 3B,C). This is attributable to the high affinity and similarity of the liposomes delivery system with the cell membrane, which in turn facilitates an effective internalization and cellular uptake of the nanoparticles (Skotland et al., 2017; Patel et al., 2020).
[image: Figure 3]FIGURE 3 | In vitro antiangiogenesis and anti-inflammatory effects through Wnt/β-catenin signaling pathway regulation. (A) Scratch wound migration assay of HUVECs stimulated with rhVEGF165 (1 μg/ml) following exposure of PBS, XAV939 (10 μM), and XAV939 NPs (10 μM XAV939 equivalent). Scale bar: 200 μm. Quantification of the scratch widths (B) and the percentage of wound closure (C). Results are presented as the mean ± SEM. n = 10. (D) Relative expression of mRNA levels of IL-1β, IL-6, and IL-17α of HCEs stimulated with LPS (1 μg/ml) following exposure of PBS, XAV939 (10 μM), and XAV939 NPs (10 μM XAV939 equivalent). Results are presented as the mean ± SEM. n = 3. Western blot analysis (E) and quantification of the relative protein levels (F) of Wnt pathway components Axin 1 and β-catenin following pretreatment of PBS, XAV939 (10 μM), and XAV939 NPs (10 μM XAV939 equivalent). Results are presented as the mean ± SEM. n = 3. (One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant).
In Vitro Anti-Inflammatory Effect
As one of the initial pathological processes of corneal injury, inflammation can be ascribed as a precursor to the development and deterioration of CNV (Lee et al., 2014; Huang et al., 2017). To evaluate the potential anti-inflammatory effect of XAV939 NPs, HCEs were stimulated with 1 μg/ml of LPS for 2 h, and the expressions of the pro-inflammatory genes, including IL-1β, IL-6, and IL-17α, were examined. A significantly upregulated pro-inflammatory gene expression was found in the control group. For instance, the relative expression of IL-6 achieved more than a five-fold elevation after LPS stimulation. However, cells pretreated with 10 μM of XAV939 and XAV939 NPs exhibited significantly suppressed pro-inflammatory gene expressions (Figure 3D). The XAV939 NPs group showed the lowest levels of IL-1β (p < 0.01 vs. control and p < 0.01 vs. XAV939), IL-6 (p < 0.01 vs. control and p < 0.05 vs. XAV939), and IL-17α (p < 0.01 vs. control and p < 0.05 vs. XAV939). Our results are in accord with those obtained in a previous study that identified the anti-inflammatory activity of XAV939 in both human bronchial epithelial cells and HUVECs (Jang et al., 2019). During the inflammatory process, the Wnt signaling pathway was activated, and XAV939 was found to dose-dependently suppress LPS-induced pro-inflammatory signaling (Koopmans et al., 2017). Therefore, with the liposome delivery system, XAV939 NPs mediated substantial and sustained drug release and exhibited a greater anti-inflammatory effect.
In Vitro Wnt/β-Catenin Signaling Pathway Regulation
The Wnt/β-catenin signaling pathway controls various biological processes, and abnormal activation of the Wnt pathway has been observed in various ocular congenital and developmental vascular diseases (Huang et al., 2009; Chen et al., 2011; Lee et al., 2012; Wang et al., 2015). Previous studies have identified that XAV939 can stimulate β-catenin degradation by stabilizing Axin and selectively inhibiting abnormal β-catenin–mediated transcription (Huang et al., 2009). To evaluate the mechanism of XAV939 NPs and the modulation of the Wnt/β-catenin signaling pathway, the protein levels of the key modulators of the pathway were investigated (Figure 3E). The pretreatment of 10 μM of XAV939 significantly increased the protein levels of Axin 1 and that of XAV939 NPs exhibited the effect to a greater extent (p < 0.01 vs. control and p < 0.05 vs. XAV939). Additionally, XAV939 and XAV939 NPs decreased the abundance of β-catenin (p < 0.01 vs. control and p < 0.05 vs. XAV939), which is the key regulator of the transcription of Wnt pathway-responsive genes (Figure 3F). Our results showed that XAV939 displayed a significant inhibitory effect on the abnormally activated Wnt signaling pathway, and the XAV939 NPs group exhibited better performance. Consistent with previous evidence, the inhibitors of the Wnt signaling pathway exhibit therapeutic potential for ocular neovascularization diseases (Chen et al., 2007; Hu et al., 2013).
In Vivo Anti-CNV and Corneal Wound Healing Effects
As one of the most severe causes of corneal wound, alkali-burned corneas suffer from immediate epithelial defects, followed by opacification, CNV, and fibrosis in the later stage (Kubota et al., 2011). Based on the above findings, the efficacy of XAV939 NPs in promoting corneal wound healing and inhibiting CNV was further assessed using an alkali-burned injury mouse model. Briefly, alkali-burned mice were topically administered with the indicated treatments twice daily for 14 days, and clinical examination was conducted with a slit lamp microscope, after which the mice were sacrificed for histological assessments (Figure 4A). During the 14 days of observation, the body weights of the mice in each group were steady and comparable (Figure 4B). Figure 4C presents the representative front and side photographs of morphological differences induced by different treatments. Generally, corneal opacity and edema were observed on day 3 after the alkali burn, reached their peak on day 7, and gradually weakened afterward in all treatment groups. After the injury, the corneas underwent rapid and dynamic regeneration and repairment (Chandler et al., 2019). Specifically, mice treated with XAV939 NPs had significantly reduced opacification and edema compared to that of the XAV939 group and the saline group during the observation, suggesting an ameliorated inflammatory response.
[image: Figure 4]FIGURE 4 | In vivo anti-CNV and corneal wound healing effects. (A) Schematic timeline of the experimental process. (B) Representative front and side images of slit lamp examination on day 3, day 7, and day 14 of the indicated treatments. Yellow dot lines indicate the range of CNV. Scale bar: 1 mm. (C) Mice’s weights during the clinical observation of 14 days treatment. Results are presented as the mean ± SEM. n = 6. Quantification of the neovessel length (D), CNV size (E), and clinical scores (F) on day 14 with indicated treatments. Results are presented as the mean ± SEM. n = 6. (One-way ANOVA, *p < 0.05, ***p < 0.001, ****p < 0.0001).
With respect to CNV, the neovessels were found to expand over the limbal vascular plexus on day 7 and reached the peak on day 14 in all groups. The mice treated with saline presented with the most apparent neovessels, which expanded over the corneal limbus on day 7 and gradually invaded the corneal center. During the corneal healing process, mice treated with XAV939 NPs consistently showed slower development and growth of neovessels than the XAV939 group and the saline group. Notably, a slight intraocular lens opacity was observed in all treatment groups, which indicated the development of cataract. According to previous studies, such phenomena are attributable to repeated anesthetization, the stimulus of strong light from the slit lamp, low body temperature, and eye dryness after an alkali burn (Ridder et al., 2002; Lee et al., 2020). Therefore, avoiding unnecessary anesthetics use and light exposure, keeping the ocular surface moisturized, and maintaining body temperature may prevent the formation of lens opacity.
Additional quantifications of CNV size, neovessel length, and clinical scores were calculated and compared among the groups on day 14 (Figures 4D–F). In the control group, the CNV size was 4.25 mm2 with a neovessel length of 1.32 mm. The XAV939 group had an average CNV size of 2.81 mm2 and a neovessel length of 1.03 mm. Mice treated with XAV939 NPs presented with a significantly smaller CNV size of 1.25 mm2 and neovessel length of 0.66 mm (p < 0.001 for the control group; p < 0.001 for the XAV939 group). Furthermore, the evaluation of the clinical scores indicated significantly better corneal wound healing in the XAV939 NPs group (4.57 points) than in the XAV939 group (6.60 points, p < 0.001) and the control group (7.91 points, p < 0.001). As expected, XAV939 NPs treatment had better suppression of the ocular inflammatory response and CNV than XAV939 alone. It is speculated that hydrophobic XAV939 was relatively insoluble in the mice’s eyes and was therefore readily cleared away, which may hamper the treatment effect. On the other hand, the XAV939 NPs with a liposomal delivery system achieved better bioavailability and longer retention on the ocular surface, thereby providing better therapeutic efficacy. With further consideration on the price, consecutive administration of the XAV939 NPs (10 μM XAV939 equivalent) for 14 consecutive days is estimated to cost $ 0.86, which is fairly affordable compared to $ 1.3 of 0.1% sodium hyaluronate eye drops.
Histological and Immunofluorescent Analyses In Vivo
Histological morphology of healthy and alkali-burned mice eyes in all treatment groups was observed with H&E staining (Figure 5A). After the alkali burn, the corneas became generally loosened and frangible. Consistent with the clinical examination, the control group was marked with severely destroyed and exfoliated laminal squamous epithelium, edematous stromal layers, disordered collagen fibers, and more CNV. In addition, more inflammatory infiltration, edema, and epithelial layer detachment were observed. The average central corneal thickness in the control group was 368.3 μm, compared to the values of 231.1 μm noted for the XAV939 group (p < 0.001) and 174.5 μm for the XAV939 NPs group (p < 0.001) (Figure 5C). The corneal thickness was thinner and more regularly arranged in the XAV939 and XAV939 NPs groups. In the XAV939 group, better morphology and less edema were found, but still presented with slight CNV. In contrast, owing to prolonged retention on the cornea surface, XAV939 NPs-treated corneas showed apparent repairment and inhibition of CNV compared to the other groups.
[image: Figure 5]FIGURE 5 | Immunohistochemistry and immunofluorescence assessments of the corneal sections. (A) H&E staining of the corneal sections following 14 days of the indicated treatment. The black arrows mark the CNV sites. Scale bar: 50 μm. (B) CD31 corneal flat mount staining of the corneal sections following 14 days of the indicated treatment. Scale bar: 500 μm. Quantification of the central corneal thickness (C), neovessel length (D), and CNV area (%) (E). Results are presented as the mean ± SEM. n = 3. (One-way ANOVA, *p < 0.05, **p < 0.01, ****p < 0.0001, ns, not significant).
To better visualize the CNV of the cornea in all groups, corneal flat mount immunofluorescent staining of the vascular endothelial cell marker CD31 was conducted. The CD31 molecule not only facilitated the formation of intercellular junctions between endothelial cells but also signaled the leukocytes to the vasculature (Mansouri et al., 2006). As displayed in Figure 5B, excessive growth of neovessels was found to expand to the cornea center in the saline group. Significant suppression of CNV was observed in the XAV939 and XAV939 NPs groups. CNV areas and neovessel lengths were quantified and compared between the groups. In the saline group, the neovessels expanded over half of the whole corneas with an area percentage of 54% and a length of 924.5 μm (Figures 5D,E). CNV in mice treated with XAV939 was slightly ameliorated, with the CNV size observed to be 38% (p < 0.0001 vs. saline group) and a neovessel length of 680.7 μm (ns. vs. saline). The XAV939 NPs group almost recovered from injury, with a CNV area of 29% (p < 0.0001 vs. saline; p < 0.01 vs. XAV939) and a length of 435.5 μm (p < 0.01 vs. saline; p < 0.05 vs. XAV939). Therefore, the corneal wound healing and therapeutic efficacy of XAV939 NPs might be related to the downregulation of CD31. Taken together, these results indicate that the XAV939 NPs demonstrated a significant advantage over free XAV939 in attenuating corneal wound and CNV after alkali burns.
Angiogenic and Inflammatory Gene Expression Assessment
Alkali-burn injury to the cornea involves a complex and dynamic inflammatory and immune response which consequently leads to inevitable CNV and fibrosis in the later stage (Sakimoto et al., 2012; Huang et al., 2017; Sun et al., 2018). In the angiogenesis cascade, VEGFs and their receptors have been identified as the main critical regulating factors (Ellenberg et al., 2010; Apte et al., 2019). According to previous evidence, the Wnt signaling pathway is an upstream pathway regulating VEGFs, and its inhibitors have displayed satisfactory efficacy in inhibiting retinal neovascularization formation (Lee et al., 2012; Hu et al., 2013; Yu et al., 2019). To assess the potential effect of XAV939 NPs on the pathogenesis of CNV, the relative gene expression levels of mice corneas were measured for angiogenic factors (Figure 6). In our study, the relative expressions of angiogenic genes were significantly reduced following the XAV939 NPs treatment. The XAV939 NPs group displayed significantly lower levels of Vegfa (p < 0.001 vs. saline; p < 0.01 vs. XAV939), Vegfb (p < 0.001 vs. saline; p < 0.05 vs. XAV939), Vegfc (p < 0.001 vs. saline; p < 0.05 vs. XAV939), and Vegfd (p < 0.0001 vs. saline; p < 0.05 vs. XAV939). Significantly decreased expressions of Vegfr2 and Vegfr3 were also found in the XAV939 NPs group. Treatment with XAV939 also significantly reduced the elevation of Vegfs and Vegfrs compared to that of the saline group, but was not comparable to the effect of XAV939 NPs.
[image: Figure 6]FIGURE 6 | Relative gene expression analyses of Vegfa, Vegfb, Vegfc, Vegfd, Vegfr2, Vegfr3, α-Sma, Cd31, IL-6, Mmp3, and Mmp9 for each group following 14 days of the indicated treatment. Results are presented as the mean ± SEM. n = 3 (two corneas served as one biological replica). (One-way ANOVA, *p < 0.05, **p < 0.01, ****p < 0.0001, ns, not significant).
During the process of corneal wound healing and CNV, the keratocytes in the corneal stroma begin with the transition to fibroblast and myofibroblast to repair the corneal wound edge, which indicates corneal scarring and fibrosis (Maltseva et al., 2001; Ziaei et al., 2018). Therefore, the relative gene expressions of α-Sma, a typical marker for myofibroblasts, and Cd31, a typical marker for endothelial cells, were further analyzed. As shown in Figure 6, α-Sma was significantly suppressed by XAV939 NPs treatment (p < 0.001 vs. saline; p < 0.01 vs. XAV939). The expression of Cd31 was also inhibited in the XAV939 NPs group (p < 0.001 vs. saline; p < 0.01 vs. XAV939). The results also implied inhibited fibrosis and CNV in mice treated with XAV939 NPs.
During the progress of chemical burn–induced corneal injury, inflammatory signaling has been identified as an initial response. Previous studies have deduced the vital role of Il-6 trans-signaling in ocular surface inflammation after the alkali burn (Sakimoto et al., 2012; Han et al., 2020c). In addition, overexpressed inflammation-associated target genes, such as Mmps, have also been reported, and the inhibition of inflammatory signaling pathways could alleviate the corneal wound and accelerate the healing process (Vandooren et al., 2013; Lee et al., 2014). Further analyses were conducted for inflammatory-related genes. Up to 10-fold upregulated expressions of Il-6, Mmp3, and Mmp9 were observed for the control group. Mice treated with XAV939 and XAV939 NPs showed suppressed expressions of the pro-inflammatory genes. However, better efficacy was observed for the XAV939 NPs group, with inhibited genes of Il-6 (p < 0.001 vs. saline; p < 0.05 vs. XAV939), Mmp3 (p < 0.0001 vs. saline; p < 0.05 vs. XAV939), and Mmp9 (p < 0.001 vs. saline; p < 0.05 vs. XAV939). Altogether, these results reconfirm the therapeutic effect of XAV939 NPs through the regulation of angiogenic, inflammatory-related, and fibrotic-related gene expressions.
Biosafety Assessments of Alkali-Burned Mice
Further biosafety assessments were conducted to investigate the toxicity of XAV939 and XAV939 NPs by H&E staining of major visceral organs, including the heart, liver, spleen, lung, and kidney, in the alkali-burned mice. As presented in Figure 7, treatment with XAV939 and XAV939 NPs did not exhibit significant morphological or histological differences from the control group. The results indicated the reliable systemic biosafety of topical treatment of XAV939 and XAV939 NPs, thus further proving the superiority and biocompatibility of XAV939 NPs in treating alkali-burned corneal wounds.
[image: Figure 7]FIGURE 7 | Main visceral organs biosafety assessments in alkali-burned mice. Representative images of H&E staining of the heart, liver, spleen, lung, and kidney following 14 days treatment of saline, 10 μM XAV939, and XAV939 NPs (10 μM XAV939 equivalent). Scale bar: 200 μm.
CONCLUSION
In this study, the therapeutic potential of the Wnt/β-catenin pathway inhibitor XAV939 in treating ocular vascular disease was reported for the first time. In addition, biocompatible liposomes were used to enhance the water solubility and bioavailability of hydrophobic XAV939, enabling ocular application. In vitro studies indicated XAV939 NPs’ anti-inflammatory and antiangiogenic efficacy through the regulation of the Wnt signaling pathway, which exhibited an advantage over XAV939 treatment. When topically administered to alkali-burned corneas, XAV939 NPs demonstrated enhanced corneal wound healing and suppressed CNV, and the expressions of angiogenic and inflammatory-related genes were inhibited by XAV939 NPs, further confirming their anti-inflammatory and antiangiogenic effects. Taken together, our results illustrate the therapeutic potential of the ocular liposomes of XAV939, thus providing a promising alternative therapy for corneal wound repair and CNV inhibition.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.
ETHICS STATEMENT
The animal study was reviewed and approved by The Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
AUTHOR CONTRIBUTIONS
YuZ, HH, and KY conceived and designed the research process; YuZ and KW performed the experiments; YuZ, YiZ, and QY performed data curation; YuZ, SL, JW, and XZ performed analyses; YuZ and KW drafted the manuscript; and HH and KY revised the manuscript and had primary responsibility for the final content. All authors approved the final version to be published and agreed to be accountable for all aspects of the work.
FUNDING
This research was supported by the National Natural Science Foundation of China (Grant Nos. 82070939 and 81870641), the National Key R&D Program of China (No. 2018YFC1106104), the Key Research and Development Project of Zhejiang Province (No. 2020C03035), and the Natural Science Foundation of Zhejiang Province of China (No. LQ20E030011).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed or endorsed by the publisher.
REFERENCES
 Alfaifi, A. A., Heyder, R. S., Bielski, E. R., Almuqbil, R. M., Kavdia, M., Gerk, P. M., et al. (2020). Megalin-targeting Liposomes for Placental Drug Delivery. J. Controlled Release 324, 366–378. doi:10.1016/j.jconrel.2020.05.033
 Almasoud, N., Binhamdan, S., Younis, G., Alaskar, H., Alotaibi, A., Manikandan, M., et al. (2020). Tankyrase Inhibitor XAV-939 Enhances Osteoblastogenesis and Mineralization of Human Skeletal (Mesenchymal) Stem Cells. Sci. Rep. 10, 16746. doi:10.1038/s41598-020-73439-9
 Anderson, C., Zhou, Q., and Wang, S. (2014). An Alkali-Burn Injury Model of Corneal Neovascularization in the Mouse. JoVE 86, 51159. doi:10.3791/51159
 Anselmo, A. C., and Mitragotri, S. (2019). Nanoparticles in the Clinic: An Update. Bioeng. Transl Med. 4, e10143. doi:10.1002/btm2.10143
 Apte, R. S., Chen, D. S., and Ferrara, N. (2019). VEGF in Signaling and Disease: Beyond Discovery and Development. Cell 176, 1248–1264. doi:10.1016/j.cell.2019.01.021
 Bastakoty, D., Saraswati, S., Cates, J., Lee, E., Nanney, L. B., and Young, P. P. (2015). Inhibition of Wnt/β‐catenin Pathway Promotes Regenerative Repair of Cutaneous and Cartilage Injury. FASEB j. 29, 4881–4892. doi:10.1096/fj.15-275941
 Chandler, H. L., Tan, T., Yang, C., Gemensky-Metzler, A. J., Wehrman, R. F., Jiang, Q., et al. (2019). MG53 Promotes Corneal Wound Healing and Mitigates Fibrotic Remodeling in Rodents. Commun. Biol. 2, 71. doi:10.1038/s42003-019-0316-7
 Chang, D., Ma, Y., Xu, X., Xie, J., and Ju, S. (2021). Stimuli-Responsive Polymeric Nanoplatforms for Cancer Therapy. Front. Bioeng. Biotechnol. 9, 707319. doi:10.3389/fbioe.2021.707319
 Chen, Y., Hu, Y., Lu, K., Flannery, J. G., and Ma, J.-X. (2007). Very Low Density Lipoprotein Receptor, a Negative Regulator of the Wnt Signaling Pathway and Choroidal Neovascularization. J. Biol. Chem. 282, 34420–34428. doi:10.1074/jbc.M611289200
 Chen, J., Stahl, A., Krah, N. M., Seaward, M. R., Dennison, R. J., Sapieha, P., et al. (2011). Wnt Signaling Mediates Pathological Vascular Growth in Proliferative Retinopathy. Circulation 124, 1871–1881. doi:10.1161/CIRCULATIONAHA.111.040337
 Chen, L., Zhuang, J., Singh, S., Wang, K., Xiong, M., Xu, D., et al. (2016). XAV939 Inhibits Intima Formation by Decreasing Vascular Smooth Muscle Cell Proliferation and Migration through Blocking Wnt Signaling. J. Cardiovasc. Pharmacol. 68, 414–424. doi:10.1097/FJC.0000000000000427
 Chen, F., Le, P., Fernandes-Cunha, G. M., Heilshorn, S. C., and Myung, D. (2020a). Bio-orthogonally Crosslinked Hyaluronate-Collagen Hydrogel for Suture-free Corneal Defect Repair. Biomaterials 255, 120176. doi:10.1016/j.biomaterials.2020.120176
 Chen, X., Jia, F., Li, Y., Deng, Y., Huang, Y., Liu, W., et al. (2020b). Nitric Oxide-Induced Stromal Depletion for Improved Nanoparticle Penetration in Pancreatic Cancer Treatment. Biomaterials 246, 119999. doi:10.1016/j.biomaterials.2020.119999
 Clevers, H., and Nusse, R. (2012). Wnt/β-Catenin Signaling and Disease. Cell 149, 1192–1205. doi:10.1016/j.cell.2012.05.012
 Cong, X., Chen, J., and Xu, R. (2021). Tumor-Acidity Responsive Polymeric Nanoparticles for Targeting Delivery of Angiogenesis Inhibitor for Enhanced Antitumor Efficacy with Decreased Toxicity. Front. Bioeng. Biotechnol. 9, 664051. doi:10.3389/fbioe.2021.664051
 Distler, A., Deloch, L., Huang, J., Dees, C., Lin, N.-Y., Palumbo-Zerr, K., et al. (2013). Inactivation of Tankyrases Reduces Experimental Fibrosis by Inhibiting Canonical Wnt Signalling. Ann. Rheum. Dis. 72, 1575–1580. doi:10.1136/annrheumdis-2012-202275
 Dorrell, M., Uusitalo-Jarvinen, H., Aguilar, E., and Friedlander, M. (2007). Ocular Neovascularization: Basic Mechanisms and Therapeutic Advances. Surv. Ophthalmol. 52, S3–S19. doi:10.1016/j.survophthal.2006.10.017
 Ellenberg, D., Azar, D. T., Hallak, J. A., Tobaigy, F., Han, K. Y., Jain, S., et al. (2010). Novel Aspects of Corneal Angiogenic and Lymphangiogenic Privilege. Prog. Retin. Eye Res. 29, 208–248. doi:10.1016/j.preteyeres.2010.01.002
 Eriksen, A. Z., Eliasen, R., Oswald, J., Kempen, P. J., Melander, F., Andresen, T. L., et al. (2018). Multifarious Biologic Loaded Liposomes that Stimulate the Mammalian Target of Rapamycin Signaling Pathway Show Retina Neuroprotection after Retina Damage. ACS Nano 12, 7497–7508. doi:10.1021/acsnano.8b00596
 Fan, W., Han, H., Chen, Y., Zhang, X., Gao, Y., Li, S., et al. (2021). Antimicrobial Nanomedicine for Ocular Bacterial and Fungal Infection. Drug Deliv. Transl. Res. 11, 1352–1375. doi:10.1007/s13346-021-00966-x
 Feng, T., Zhou, L., Wang, Z., Li, C., Zhang, Y., Lin, J., et al. (2020). Dual-stimuli Responsive Nanotheranostics for Mild Hyperthermia Enhanced Inhibition of Wnt/β-Catenin Signaling. Biomaterials 232, 119709. doi:10.1016/j.biomaterials.2019.119709
 Han, H., Valdepérez, D., Jin, Q., Yang, B., Li, Z., Wu, Y., et al. (2017). Dual Enzymatic Reaction-Assisted Gemcitabine Delivery Systems for Programmed Pancreatic Cancer Therapy. ACS Nano 11, 1281–1291. doi:10.1021/acsnano.6b05541
 Han, H., Gao, Y., Chai, M., Zhang, X., Liu, S., Huang, Y., et al. (2020a). Biofilm Microenvironment Activated Supramolecular Nanoparticles for Enhanced Photodynamic Therapy of Bacterial Keratitis. J. Controlled Release 327, 676–687. doi:10.1016/j.jconrel.2020.09.014
 Han, H., Hou, Y., Chen, X., Zhang, P., Kang, M., Jin, Q., et al. (2020b). Metformin-Induced Stromal Depletion to Enhance the Penetration of Gemcitabine-Loaded Magnetic Nanoparticles for Pancreatic Cancer Targeted Therapy. J. Am. Chem. Soc. 142, 4944–4954. doi:10.1021/jacs.0c00650
 Han, H., Yin, Q., Tang, X., Yu, X., Gao, Q., Tang, Y., et al. (2020c). Development of Mucoadhesive Cationic Polypeptide Micelles for Sustained Cabozantinib Release and Inhibition of Corneal Neovascularization. J. Mater. Chem. B 8, 5143–5154. doi:10.1039/D0TB00874E
 Hu, Y., Chen, Y., Lin, M., Lee, K., Mott, R. A., and Ma, J.-x. (2013). Pathogenic Role of the Wnt Signaling Pathway Activation in Laser-Induced Choroidal Neovascularization. Invest. Ophthalmol. Vis. Sci. 54, 141–154. doi:10.1167/iovs.12-10281
 Huang, S.-M. A., Mishina, Y. M., Liu, S., Cheung, A., Stegmeier, F., Michaud, G. A., et al. (2009). Tankyrase Inhibition Stabilizes Axin and Antagonizes Wnt Signalling. Nature 461, 614–620. doi:10.1038/nature08356
 Huang, J., Wang, W., Yu, J., Yu, X., Zheng, Q., Peng, F., et al. (2017). Combination of Dexamethasone and Avastin by Supramolecular Hydrogel Attenuates the Inflammatory Corneal Neovascularization in Rat Alkali Burn Model. Colloids Surf. B: Biointerf. 159, 241–250. doi:10.1016/j.colsurfb.2017.07.057
 Jang, J., Jung, Y., Chae, S., Bae, T., Kim, S.-M., Shim, Y. J., et al. (2019). XAV939, a Wnt/β-Catenin Pathway Modulator, Has Inhibitory Effects on LPS-Induced Inflammatory Response. Immunopharmacol. Immunotoxicol. 41, 394–402. doi:10.1080/08923973.2018.1536984
 Jin, Q., Deng, Y., Chen, X., and Ji, J. (2019). Rational Design of Cancer Nanomedicine for Simultaneous Stealth Surface and Enhanced Cellular Uptake. ACS Nano 13, 954–977. doi:10.1021/acsnano.8b07746
 Jumelle, C., Gholizadeh, S., Annabi, N., and Dana, R. (2020). Advances and Limitations of Drug Delivery Systems Formulated as Eye Drops. J. Controlled Release 321, 1–22. doi:10.1016/j.jconrel.2020.01.057
 Klaus, A., and Birchmeier, W. (2008). Wnt Signalling and its Impact on Development and Cancer. Nat. Rev. Cancer 8, 387–398. doi:10.1038/nrc2389
 Kompella, U. B., Amrite, A. C., Pacha Ravi, R., and Durazo, S. A. (2013). Nanomedicines for Back of the Eye Drug Delivery, Gene Delivery, and Imaging. Prog. Retin. Eye Res. 36, 172–198. doi:10.1016/j.preteyeres.2013.04.001
 Koopmans, T., Eilers, R., Menzen, M., Halayko, A., and Gosens, R. (2017). β-Catenin Directs Nuclear Factor-κB P65 Output via CREB-Binding Protein/p300 in Human Airway Smooth Muscle. Front. Immunol. 8, 1086. doi:10.3389/fimmu.2017.01086
 Kubota, M., Shimmura, S., Kubota, S., Miyashita, H., Kato, N., Noda, K., et al. (2011). Hydrogen andN-Acetyl-L-Cysteine Rescue Oxidative Stress-Induced Angiogenesis in a Mouse CornealAlkali-Burn Model. Invest. Ophthalmol. Vis. Sci. 52, 427–433. doi:10.1167/iovs.10-6167
 Lamalice, L., Le Boeuf, F., and Huot, J. (2007). Endothelial Cell Migration during Angiogenesis. Circ. Res. 100, 782–794. doi:10.1161/01.RES.0000259593.07661.1e
 Lee, K., Hu, Y., Ding, L., Chen, Y., Takahashi, Y., Mott, R., et al. (2012). Therapeutic Potential of a Monoclonal Antibody Blocking the Wnt Pathway in Diabetic Retinopathy. Diabetes 61, 2948–2957. doi:10.2337/db11-0300
 Lee, H., Jun, J.-H., Jung, E.-H., Koo, B., and Kim, Y. (2014). Epigalloccatechin-3-gallate Inhibits Ocular Neovascularization and Vascular Permeability in Human Retinal Pigment Epithelial and Human Retinal Microvascular Endothelial Cells via Suppression of MMP-9 and VEGF Activation. Molecules 19, 12150–12172. doi:10.3390/molecules190812150
 Lee, H., Kim, H. K., Shin, H. S., Han, S. J., Yoon, S., Seong, J. K., et al. (2020). Evaluation of Factors Related to Anaesthesia-Induced Lens Opacity in Experimental Mice. Lab. Anim. Res. 36, 1. doi:10.1186/s42826-019-0031-z
 Li, C., Zheng, X., Han, Y., Lv, Y., Lan, F., and Zhao, J. (2018). XAV939 Inhibits the Proliferation and Migration of Lung Adenocarcinoma A549 Cells through the WNT Pathway. Oncol. Lett. 15, 8973–8982. doi:10.3892/ol.2018.8491
 Ma, Y., Cai, F., Li, Y., Chen, J., Han, F., and Lin, W. (2020). A Review of the Application of Nanoparticles in the Diagnosis and Treatment of Chronic Kidney Disease. Bioact. Mater. 5, 732–743. doi:10.1016/j.bioactmat.2020.05.002
 Maltseva, O., Folger, P., Zekaria, D., Petridou, S., and Masur, S. K. (2001). Fibroblast Growth Factor Reversal of the Corneal Myofibroblast Phenotype. Invest. Ophthalmol. Vis. Sci. 42, 2490–2495.
 Mansouri, M., Douglas, J., Rose, P. P., Gouveia, K., Thomas, G., Means, R. E., et al. (2006). Kaposi Sarcoma Herpesvirus K5 Removes CD31/PECAM from Endothelial Cells. Blood 108, 1932–1940. doi:10.1182/blood-2005-11-4404
 Mobaraki, M., Abbasi, R., Omidian Vandchali, S., Ghaffari, M., Moztarzadeh, F., and Mozafari, M. (2019). Corneal Repair and Regeneration: Current Concepts and Future Directions. Front. Bioeng. Biotechnol. 7, 135. doi:10.3389/fbioe.2019.00135
 Ouyang, H., Xue, Y., Lin, Y., Zhang, X., Xi, L., Patel, S., et al. (2014). WNT7A and PAX6 Define Corneal Epithelium Homeostasis and Pathogenesis. Nature 511, 358–361. doi:10.1038/nature13465
 Patel, G., Thakur, N. S., Kushwah, V., Patil, M. D., Nile, S. H., Jain, S., et al. (2020). Liposomal Delivery of Mycophenolic Acid with Quercetin for Improved Breast Cancer Therapy in SD Rats. Front. Bioeng. Biotechnol. 8, 631. doi:10.3389/fbioe.2020.00631
 Peng, Y., Chen, L., Ye, S., Kang, Y., Liu, J., Zeng, S., et al. (2020). Research and Development of Drug Delivery Systems Based on Drug Transporter and Nano-Formulation. Asian J. Pharm. Sci. 15, 220–236. doi:10.1016/j.ajps.2020.02.004
 Rebibo, L., Tam, C., Sun, Y., Shoshani, E., Badihi, A., Nassar, T., et al. (2021). Topical Tacrolimus Nanocapsules Eye Drops for Therapeutic Effect Enhancement in Both Anterior and Posterior Ocular Inflammation Models. J. Controlled Release 333, 283–297. doi:10.1016/j.jconrel.2021.03.035
 Reya, T., and Clevers, H. (2005). Wnt Signalling in Stem Cells and Cancer. Nature 434, 843–850. doi:10.1038/nature03319
 Ridder III, W. H., Nusinowitz, S., and Heckenlively, J. R. (2002). Causes of Cataract Development in Anesthetized Mice. Exp. Eye Res. 75, 365–370. doi:10.1006/exer.2002.2007
 Roshandel, D., Eslani, M., Baradaran-Rafii, A., Cheung, A. Y., Kurji, K., Jabbehdari, S., et al. (2018). Current and Emerging Therapies for Corneal Neovascularization. Ocul. Surf. 16, 398–414. doi:10.1016/j.jtos.2018.06.004
 Sakimoto, T., Sugaya, S., Ishimori, A., and Sawa, M. (2012). Anti-inflammatory Effect of IL-6 Receptor Blockade in Corneal Alkali Burn. Exp. Eye Res. 97, 98–104. doi:10.1016/j.exer.2012.02.015
 Shi, Y., Feng, X., Lin, L., Wang, J., Chi, J., Wu, B., et al. (2021). Virus-inspired Surface-Nanoengineered Antimicrobial Liposome: A Potential System to Simultaneously Achieve High Activity and Selectivity. Bioactive Mater. 6, 3207–3217. doi:10.1016/j.bioactmat.2021.02.038
 Skotland, T., Sandvig, K., and Llorente, A. (2017). Lipids in Exosomes: Current Knowledge and the Way Forward. Prog. Lipid Res. 66, 30–41. doi:10.1016/j.plipres.2017.03.001
 Sun, J., Huang, W., Yang, S.-F., Zhang, X.-P., Yu, Q., Zhang, Z.-Q., et al. (2018). Gαi1 and Gαi3mediate VEGF-Induced VEGFR2 Endocytosis, Signaling and Angiogenesis. Theranostics 8, 4695–4709. doi:10.7150/thno.26203
 Tavakoli, S., Peynshaert, K., Lajunen, T., Devoldere, J., del Amo, E. M., Ruponen, M., et al. (2020). Ocular Barriers to Retinal Delivery of Intravitreal Liposomes: Impact of Vitreoretinal Interface. J. Controlled Release 328, 952–961. doi:10.1016/j.jconrel.2020.10.028
 Vandooren, J., Van den Steen, P. E., and Opdenakker, G. (2013). Biochemistry and Molecular Biology of Gelatinase B or Matrix Metalloproteinase-9 (MMP-9): The Next Decade. Crit. Rev. Biochem. Mol. Biol. 48, 222–272. doi:10.3109/10409238.2013.770819
 Wang, Z., Cheng, R., Lee, K., Tyagi, P., Ding, L., Kompella, U. B., et al. (2015). Nanoparticle-Mediated Expression of a Wnt Pathway Inhibitor Ameliorates Ocular Neovascularization. Arterioscler Thromb. Vasc. Biol. 35, 855–864. doi:10.1161/ATVBAHA.114.304627
 Wang, Z., Liu, C.-H., Huang, S., and Chen, J. (2019a). Wnt Signaling in Vascular Eye Diseases. Prog. Retin. Eye Res. 70, 110–133. doi:10.1016/j.preteyeres.2018.11.008
 Wang, M., Wang, C., Chen, M., Xi, Y., Cheng, W., Mao, C., et al. (2019b). Efficient Angiogenesis-Based Diabetic Wound Healing/Skin Reconstruction through Bioactive Antibacterial Adhesive Ultraviolet Shielding Nanodressing with Exosome Release. ACS Nano 13, 10279–10293. doi:10.1021/acsnano.9b03656
 Wilson, S. E., Mohan, R. R., Mohan, R. R., Ambrósio, R., Hong, J., and Lee, J. (2001). The Corneal Wound Healing Response:. Prog. Retin. Eye Res. 20, 625–637. doi:10.1016/S1350-9462(01)00008-8
 Yang, J., Luo, L., Oh, Y., Meng, T., Chai, G., Xia, S., et al. (2020a). Sunitinib Malate-Loaded Biodegradable Microspheres for the Prevention of Corneal Neovascularization in Rats. J. Controlled Release 327, 456–466. doi:10.1016/j.jconrel.2020.08.019
 Yang, S., Zhang, Y., Zhang, Z., Dan, J., Zhou, Q., Wang, X., et al. (2020b). Insulin Promotes Corneal Nerve Repair and Wound Healing in Type 1 Diabetic Mice by Enhancing Wnt/β-Catenin Signaling. Am. J. Pathol. 190 (11), 2237–2250. doi:10.1016/j.ajpath.2020.08.006
 Ye, J., Yang, Y., Jin, J., Ji, M., Gao, Y., Feng, Y., et al. (2020). Targeted Delivery of Chlorogenic Acid by Mannosylated Liposomes to Effectively Promote the Polarization of TAMs for the Treatment of Glioblastoma. Bioact. Mater. 5, 694–708. doi:10.1016/j.bioactmat.2020.05.001
 Yu, Y., Lin, X., Wang, Q., He, M., and Chau, Y. (2019). Long‐term Therapeutic Effect in Nonhuman Primate Eye from a Single Injection of anti‐VEGF Controlled Release Hydrogel. Bioeng. Transl. Med. 4, e10128. doi:10.1002/btm2.10128
 Yuba, E. (2020). Development of Functional Liposomes by Modification of Stimuli-Responsive Materials and Their Biomedical Applications. J. Mater. Chem. B 8, 1093–1107. doi:10.1039/c9tb02470k
 Zhang, J., Si, J., Gan, L., Guo, M., Yan, J., Chen, Y., et al. (2020). Inhibition of Wnt Signalling Pathway by XAV939 Enhances Radiosensitivity in Human Cervical Cancer HeLa Cells. Artif. Cell Nanomed. Biotechnol. 48, 479–487. doi:10.1080/21691401.2020.1716779
 Zhang, X., Lai, K., Li, S., Wang, J., Li, J., Wang, W., et al. (2021). Drug-eluting Intraocular Lens with Sustained Bromfenac Release for Conquering Posterior Capsular Opacification. Bioact. Mater. doi:10.1016/j.bioactmat.2021.07.015
 Ziaei, M., Greene, C., and Green, C. R. (2018). Wound Healing in the Eye: Therapeutic Prospects. Adv. Drug Deliv. Rev. 126, 162–176. doi:10.1016/j.addr.2018.01.006
Conflict of Interest: The authors declare that the research study was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Zhong, Wang, Zhang, Yin, Li, Wang, Zhang, Han and Yao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-09-753879-g005.gif





OPS/images/fbioe-09-753879-g006.gif





OPS/images/fbioe-09-753879-g003.gif





OPS/images/fbioe-09-753879-g004.gif





OPS/images/fbioe-09-753879-g007.gif





OPS/images/math_qu1.gif
b/ 2]
~33.1416%[P - (r- 1]






OPS/xhtml/nav.xhtml
Contents

		Cover

		Ocular Wnt/β-Catenin Pathway Inhibitor XAV939-Loaded Liposomes for Treating Alkali-Burned Corneal Wound and Neovascularization		Introduction

		Materials and Methods		Preparation of XAV939 NPs

		Characterization of XAV939 NPs

		Cell Culture

		Cytotoxicity Assays

		Quantitative Reverse Transcription-Polymerase Chain Reaction

		Cell Migration Assay

		Immunoblotting

		Animals

		In Vivo Biocompatibility Assessment

		Alkali-Burned Injury Mouse Model

		Clinical Examination

		Immunohistochemistry

		Immunofluorescence

		qRT-PCR

		Statistical Analyses





		Results and Discussion		Preparation and Characterization of XAV939 NPs

		In Vitro Cytotoxicity Assessment

		In Vivo Biocompatibility Assessment in Healthy Mice

		In Vitro Antiangiogenesis Effect

		In Vitro Anti-Inflammatory Effect

		In Vitro Wnt/β-Catenin Signaling Pathway Regulation

		In Vivo Anti-CNV and Corneal Wound Healing Effects

		Histological and Immunofluorescent Analyses In Vivo

		Angiogenic and Inflammatory Gene Expression Assessment

		Biosafety Assessments of Alkali-Burned Mice





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Ocular Wnt/B-Catenin Pathway
Inhibitor XAV939-Loaded
Liposomes for Treating Alkali-
Burned Corneal Wound and
Neovascularization





OPS/images/fbioe-09-753879-g001.gif





OPS/images/fbioe-09-753879-g002.gif
_ EERRCAEEL.
iy










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





