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Abstract: Objective: This study aimed to investigate the potential of human umbilical cord mesenchymal stem cell (hucMSC)-derived exosomes (hucMSC-Exos) in inhibiting hypoxia-induced cell hyper proliferation and overexpression of vascular endothelial growth factor A (VEGF-A) in immature human fetal retinal microvascular endothelial cells (hfRMECs). Methods: Exosomes were isolated from hucMSCs using cryogenic ultracentrifugation and characterized through various techniques, including transmission electron microscopy, nanoparticle tracking analysis, bicinchoninic acid assays, and western blotting. The hfRMECs were identified using von Willebrand factor (vWF) co-staining and divided into four groups: a control group cultured under normoxic condition, a hypoxic model group, a hypoxic group treated with low-concentration hucMSC-Exos (75 μg/mL) and a hypoxic group treated with high-concentration hucMSC-Exos (100 μg/mL). Cell viability and proliferation were assessed using Cell Counting Kit-8 (CCK-8) assay and EdU (5-ethynyl-2′-deoxyuridine) assay respectively. Expression levels of VEGF-A were evaluated using RT-PCR, western blotting and immunofluorescence. Results: Hypoxia significantly increased hfRMECs’ viability and proliferation by upregulating VEGF-A levels. The administration of hucMSC-Exos effectively reversed this response, with the high-concentration group exhibiting greater efficacy compared to the low-concentration group. Conclusion: In conclusion, hucMSC-Exos can dose-dependently inhibit hypoxia-induced hyperproliferation and VEGF-A overexpression in immature fetal retinal microvascular endothelial cells.
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Abbreviations



	hucMSC
	human umbilical cord mesenchymal stem cell



	hucMSC-Exos
	hucMSCs-derived exosomes



	VEGF-A
	vascular endothelial growth factor A



	hfRMEC
	human fetal retinal microvascular endothelial cell



	vWF
	von Willebrand factor



	ROP
	retinopathy of prematurity



	EC
	vascular endothelial cell



	OIR
	oxygen-induced retinopathy



	HIF-1
	hypoxia-inducible factor-1



	HIMF
	hypoxia-induced mitogenic factor





Introduction

Retinopathy of prematurity (ROP) is a vaso-proliferative retinal disease that leads to visual impairment and blindness in premature infants and low birth weight babies. In normally developing human fetus, retinal vascular development begins around gestational week 16 and progresses from the center towards the peripheral retina until full-term. Consequently, premature infants exhibit areas of incomplete peripheral retinal vascularization. The elevated levels of oxygen tension (hyperoxia) experienced after birth, in comparison to their prenatal exposure, hinder the production and secretion of proangiogenic factors. Consequently, this exacerbates the apoptosis of vascular endothelial cells (ECs) during the initial vaso-obliteration phase of ROP. Subsequently, the retina encounters hypoxic due to its heightened oxygen demand for maturation, thus initiating the second vaso-proliferative phase. Hypoxia triggers a compensatory release of extensive angiogenic factors promoting neovascularization. Ultimately, these leaky vessels lead to intravitreal hemorrhages, fibrovascular membranes, retinal detachment and eventual blindness (Dai et al., 2021).

Among all angiogenic factors, VEGF emerges as a key player in the pathogenesis of ROP. Thus, targeting VEGF has garnered considerable attention as a therapeutic approach for ROP. Experimental evidence indicates that the downregulation of VEGF can lead to a significant reduction in the neovascular response while facilitating the development of normal retinal vessels, thereby improving the peripheral avascular retina. Several subsequent multicenter trials have unveiled numerous advantages associated with anti-VEGF intravitreal injections compared to traditional laser therapy for ROP treatment. These benefits include a shorter treatment administration time, more rapid disease improvement and ROP regression, reduced visual field defects and a lower risk of refractive errors (Mintz-Hittner et al., 2016; Stahl et al., 2019). Currently, ranibizumab and bevacizumab (the latter being used off-label) represent the most frequently employed anti-VEGF medications. It has been reported that due to the limited half-life of these medications (2.5 to 3 days), ROP frequently experiences recurrences, requiring repeated injections, and consequently, demanding frequent and prolonged ocular surveillance (Lyu et al., 2017). Another concern arises from the potential systemic adverse effects on the physiological process of normal angiogenesis in the developing organs of preterm infants due to the decrease in serum VEGF levels following the administration of intravitreal anti-VEGF agents (Fidler et al., 2020; Sato et al., 2012).

Over the past decade, there has been rapid advancement in cell-based therapeutics. These treatments offer two significant advantages compared with traditional drug therapy: long-term efficacy and excellent biocompatibility. In the oxygen-induced retinopathy (OIR) mice model, a well-established animal model of ROP, intravitreally injected mesenchymal stem cells (MSCs) derived from bone marrow and human placental amniotic membrane demonstrated beneficial vascular effects by reducing the avascular area and neovascularization (Kim et al., 2016; Xu et al., 2020). MSCs, characterized as multipotent progenitor cells, can be obtained from various tissue sources, including bone marrow, adipose tissue, dental-origin samples, placenta, peripheral blood, umbilical cord tissue and umbilical cord blood. Human umbilical cord mesenchymal stem cells (hucMSCs) emerge as a preferable choice for clinical applications when compared to MSCs from other sources. This preference arises from their inherent advantages, including easier and noninvasive collection methods, reduced ethical concerns, enhanced differentiation capacity, accelerated self-renewal capabilities and lower immunogenicity (Chia et al., 2021; Li et al., 2015).

Paracrine mechanisms, mainly mediated by cell-free exosomes derived from MSCs, cell-free exosomes, underlie the therapeutic effects of MSCs (Mosquera et al., 2021). Exosomes, nano-sized extracellular vesicles secreted by cells, possess the same functions as their parental cells (Desrochers et al., 2016). Exosome-based therapies can address safety concerns associated with MSC transplantation, including issues such as integration deficiency, vitreous opacification, retinal detachment, allogeneic immunological rejection, vascular occlusion, reactive gliosis and retinal degeneration (Li et al., 2016; Tassoni et al., 2015). Both ranibizumab and bevacizumab have been reported to inhibit the retinal vascularization of ROP infants, primarily because they lack of precise cellular targeting (Sukgen et al., 2016). Exosomes selectively transfer crucial bioactive cargos to specific cells by virtue of their surface molecules, thereby presenting the possibility of preventing avascular areas (Wu et al., 2023).

According to previous studies, the intravitreal injection of hucMSCs and hucMSC-Exos appears to represent a viable therapeutic strategy for various retinal diseases, including macular holes, age-related macular degeneration, diabetic retinopathy and retinal laser damage (Fu et al., 2021; Yu et al., 2016; Zhang et al., 2018). However, to date, no experiments have been conducted in either in vitro or in vivo ROP models. VEGF, which is the major pathogenic factor in ROP, has been reported to be suppressed by hucMSC-Exos in blue light-injured human retinal pigment epithelial cells and laser-induced choroidal neovascularization. This suggests that hucMSC-Exos exert their protective effects through the regulation of VEGF (He et al., 2018). Additionally, in breast tumors, Lee et al. (2013) demonstrated that hucMSC-Exos could inhibit angiogenesis by suppressing the expression of VEGF.

In the current study, we established a hypoxic model using hfRMECs and hypothesized that hucMSC-Exos could effectively target VEGF-A. To test this hypothesis, we conducted a series of experiments, including cell viability and proliferation assays, western blotting, quantitative polymerase chain reaction and immunofluorescence analysis.

Materials and Methods

The group designs and schematic experiment protocol are presented as Fig. 1.
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Figure 1: Schematic protocol (by Figdraw). Schematic representation of the isolation process of hucMSC-Exos and in vitro experiments involve in hfRMECs.

Isolation and identification of hucMSC-Exos

Fresh umbilical cord tissues were obtained from a puerpera at Guangdong Women and Children Hospital after obtaining informed consent. Primary hucMSCs were isolated as previously described (Qiao et al., 2008). Briefly, penicillin–streptomycin (Leagene, Beijing, China) was added to phosphate-buffered solution (PBS) for a 15 min wash of the umbilical cord tissues. After removing the arteries and veins, the umbilical cord tissues were cut into small approximately 3 mm ∗ 3 mm blocks. Subsequently, these small tissue blocks were affixed to the bottom of a petri dish and incubated for 60 min in a cell culture incubator. The culture medium, which contained α-MEM (Invitrogen, Cal, USA), 20% FBS (Bovogen, Melbourne, Australia) and penicillin–streptomycin, was replaced every 3 days. Fibroblastic colonies developed around the tissue 12–14 days later. The flow cytometric characteristic of hucMSCs was assessed by labelling with standard surface markers, including CD 90, CD 105, CD 73, CD 34 and CD 45 (San Jose, CA, USA) and fluorescence was detected using Cytoflex flow cytometry (BD, San Jose, USA).

hucMSCs from passage 4 were used for exosome collection. The conditioned medium was collected and centrifuged at 2,000 × g for 30 min and 10,000 × g for 45 min to remove cells and debris when hucMSCs reached 50% confluence. Subsequently, the samples were purified with a 0.45 μm fiber membrane and clarified supernatant liquid was centrifuged twice at 100,000 × g for 70 min each time and immediately diluted with PBS. Finally, the hucMSC-Exos were stored at −80°C. Their morphology, size and protein concentration were determined using transmission electron microscopy (TEM; Tecnai G2 Spirit, FEI, Hillsboro, United USA), nanoparticle tracking analysis (NTA; NS300, Malvern, UK) and BCA assay (Pierce, Rockford, USA). Surface marker antibodies CD 9 (ImmunoWay, Texas, USA), CD 63 (ImmunoWay, Texas, USA) and Alix (Santa Cruz, CA, USA) were identified by western blotting.

Isolation, culture and treatment of hfRMECs

ECs were derived from the eyes of a spontaneously aborted fetus donated by a puerpera after obtaining informed consent at Guangdong Women and Children Hospital. The procedures for harvesting ECs have been previously described (Li et al., 2008). Briefly, we anatomically separated the neural retina through cutting the eyes circumferentially posterior to the limbus, and removing other segments including cornea, lens, vitreous, sclera and retinal pigment epithelium. The neural retinas were then further sectioned into smaller fragments and subjected to a 2.5% trypsin (HyClone, Logan, USA) digestion at 37°C for 30 min. The homogenate was concentrated by centrifugation at 1,000 × g for 10 min and subjected to an additional 30-min digestion in 1.33% collagenase. After another round of centrifugation at 1,000 × g for 10 min, the pellet was resuspended in conditioned medium, which consisted of human serum-free endothelial-basal growth medium (Invitrogen, Carlsbad, USA) with 50 U/mL endothelial cell growth factor and 20% fetal bovine serum (Sigma‒Aldrich, St. Louis, USA). Following seeding in fibronectin-coated dishes, the cells were incubated in a humidified atmosphere containing 5% CO2 at 37°C. The cultured cells were characterized for endothelial homogeneity by detecting intracellular expression of von Willebrand factor (vWF, Abcam, Cambridge, UK) by immunofluorescence analysis.

hfRMECs in passages 3 to 6 were utilized in this study and were randomly allocated to four groups as follows: 1. hfRMECs cultured under normoxia (20% O2, 5% CO2) with no treatment (marked as Ctrl); 2. hfRMECs exposed to hypoxia (1% O2, 5% CO2) with no treatment (marked as Hypoxia); 3. Hypoxic hfRMECs pretreated with 75 µg/mL hucMSC-Exos for 24 h (marked as Hypoxia+L-Exo); 4. Hypoxic hfRMECs pretreated with 100 µg/mL hucMSC-Exos for 24 h (marked as Hypoxia+H-Exo). The hypoxic condition was applied in a humidified incubation chamber at 37°C.

Exosome labeling and internalization

PKH67, a lipophilic dye, was used to label hucMSC-Exos (BBoxiProbe, Nanjing, China). In brief, hucMSC-Exos were incubated with a mixture of PKH67 and Diluent C for 12 h at 4°C. Following removal of the medium and resuspension in PBS, exosomes were concentrated via ultracentrifugation in the dark at 100,000 × g for 90 min twice at 4°C.

For the cell uptake assay, hfRMECs were seeded in 24-well plates and incubated with 20 ug/mL PKH67 labeled exosomes at 37°C for 24 h. Then, the cells were washed with PBS and fixed in 4% paraformaldehyde (Beyotime, Shanghai, China) for 15 min. The nucleis were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Solarbio, Beijing, China). Images were sequentially acquired with an inverted fluorescence microscope (Mshot#MF52, Guangzhou, China).

CCK-8 assay and proliferation assay

Cell viability was assessed using a Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China). Briefly, hfRMECs from different groups were seeded in 96-well plates (5 × 103 per well) and cultured overnight. After subjecting hucMSC-Exos to either normoxia or hypoxia for 24 h, we introduced a mixture consisting of CCK-8 reagent and DMEM (1:10) into the cell culture medium (100 µl per well) and incubated it for 1.5 h at 37°C. Subsequently, the absorbance was measured at 450 nm using a microplate reader (Tecan F50, Mannedorf, Switzerland).

To evaluate cell proliferation capacity of different groups, BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 488 (Beyotime, Shanghai, China) was used. Briefly, hfRMECs were inoculated into 48-well plates overnight and incubated with EdU solution (10 μM) for 4 h. Following fixation with 4% paraformaldehyde, cells underwent a 30-min incubation with the click reaction solution in the absence of light. Finally, the nucleis were counterstained with Hoechst 33342 (Beyotime, Shanghai, China). Images were captured using an inverted fluorescence microscope. The percentage of EdU-positive cells, defined as the number of EdU-positive cells (green) divided by the total cell count (blue), was calculated in nine random microscopic fields.

Immunofluorescence analysis

For immunofluorescence staining, hfRMECs plated in chamber slides were initially fixed with cold acetone for 10 min and subsequently permeabilized with PBS containing 0.1% Triton X-100 (BioFroxx, Einhausen, German) and 1% BSA for 5 min. Afterward, they were blocked with PBS containing 1% BSA for 1 h at RT, the samples were incubated with VEGF-A primary antibody (rabbit polyclonal, 1:200, Proteintech, Wuhan, China) at 4°C overnight, followed by secondary antibodies (Goat anti-Rabbit IgG/FITC, 1:200, Solarbio, Beijing, China) for 1.5 h at RT. Following thorough washing, the samples were incubated with DAPI (Solarbio, Beijing, China) for 5 min at RT. The samples were shielded from light and examined using an inverted fluorescence microscope.

Quantitative reverse transcription polymerase chain reaction

Total RNA was isolated from hfRMECs using TRIzol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer’s instructions. A DNase I Kit (Sigma‒Aldrich, St. Louis, USA) was used to remove any genomic DNA and the treated RNA was then converted to cDNA using PrimeScript® RT Master Mix (TaKaRa, Shiga, Japan). The oligonucleotide primers used for PCR were VEGF-A, 5′-GAGGGCAGAATCATCACGAAG-3′ (sense) and 5′-TGTGCTGTAGGAAGCTCATCTCTC-3′ (antisense); β-actin, 5′-CGTCACCAACTGGGACGA-3′ (sense) and 5′-ATGGGGGAGGGCATACC-3' (antisense). The target genes were amplified on a LightCycler®96 Real-Time PCR System (Roche, Basel, Switzerland) with SYBR® Premix Ex TaqTM (Beyotime, Shanghai, China). Relative expression of mRNA was calculated using the comparative 2−ΔΔCt method as described (Livak and Schmittgen, 2001). The copy numbers of VEGF-A were first normalized to those of 18S mRNA and then to those of the control group.

Western blotting analysis

For Western blotting analysis, hfRMECs were collected, washed and lysed with RIPA cell lysis buffer (Beyotime, Shanghai, China). The lysates were homogenized on ice for 20 min and centrifuged at 12,000 × g for 10 min. Protein concentration in the supernatant was determined using a BCA protein assay kit (Beyotime, Shanghai, China) and adjusted to a final concentration of 2 μg/μl. Following the addition of 5× loading buffer, the protein samples were boiled at 98°C for 5 min.

Protein samples (20 μg) were separated by 12% sodium-dodecyl sulfate-PAGE and then transferred to a polyvinylidene fluoride membrane (Roche, Basel, Switzerland). The membranes were blocked with 5% nonfat milk at RT for 1 h and then incubated at 4°C overnight with primary antibodies (VEGF-A, Rabbit polyclonal, 1:1,000, Proteintech, Wuhan, China; β-actin, Rabbit polyclonal, 1:10,000, Abcam, Cambridge, UK). After being washed with PBST for three times (10 min per time), the membranes were incubated with horseradish peroxidase–conjugated goat anti-rabbit IgG (1:20,000, HuaAn, Hangzhou, China) for 1 h. Visualization was performed using an ultrasensitive ECL chemiluminescence kit (BeyoECL Star, Beyotime, Shanghai, China). For quantitative comparison, band intensities were analyzed using Image J software, first normalized to β-actin, and then further normalized to the control group.

Statistical analysis

All the results presented are representative of at least three separate experiments. Data are presented as the mean ± SD. All parameters were compared by ANOVA followed by post hoc Newman‒Keuls analysis with significance defined at p < 0.05.

Results

Identification of hucMSCs and hucMSC-Exos

Typical spindle shapes were displayed by the P4 passage hucMSCs (Fig. 2A). Flow cytometric analysis confirmed the positive staining of hucMSCs for CD 90, CD 105 and CD 73, while negative for CD 34 and CD 45, as illustrated in Fig. 2B. hucMSC-Exos were successfully isolated using the ultracentrifugation method. As shown in Fig. 2C, the exosomes were cup-shaped with a visible bilayer membrane structure on the periphery and low electron density components in the interior of the cavity. The western blotting results showed that hucMSC-Exos expressed typical exosomal markers CD 9, CD 63 and Alix, indicating successful isolation of exosomes (Fig. 2D). NTA technology showed that the particle size of the hucMSC-Exos ranged from 120 to 160 nm with an average of 148.1 ± 11.8 nm (Fig. 2E). The BCA method showed that the protein concentration of hucMSC-Exos was 12.38 ± 0.86 mg/mL (Fig. 2F).
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Figure 2: Identification and characterization of hucMSC-Exos. (A) The morphology of P4 hucMSCs under a microscope. Scale bar: 100 μm. (B) Flow cytometry results for expression of stem cell surface markers CD 90, CD 105, CD 73, CD 34 and CD 45. (C) The ultrastructure of hucMSC-Exos under TEM. Scale bar: 200 nm. (D) The expression of CD 9, CD 63 and Alix in hucMSC-Exos identified by Western blotting with the lysates of hucMSCs serving as control. (E) NTA of hucMSC-Exos. (F) The standard curve of BCA assay.

hfRMECs identification and hucMSC-Exos internalization

hfRMECs were identified by immunofluorescence staining with the EC-specific marker vWF (Fig. 3A). Previous study showed that MSCs derived extracellular vesicles were detected 2 h after treatment in ECs and accumulated over time. Oxidative stress has no effect on the capacity of ECs to uptake the vesicles (Xiao et al., 2021). In the present study, we added PKH67-labeled hucMSC-Exos (green) to hfRMECs culture medium at a final concentration of 20 ug/mL, and green fluorescence was widely distributed in the cytoplasm of most hfRMECs 24 h later (Fig. 3B).
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Figure 3: (A) Immunofluorescence staining of hfRMECs with vWF (green). Scale bar: 100 μm. (B) PKH67 (green)-labeled hucMSC-Exos were taken up by hfRMECs. Scale bar: 100 μm.

hucMSC-Exos suppressed the viability and proliferation of hfRMECs

The viability and proliferation rate of the hfRMECs exposed to hypoxia significantly increased compared to those cultured in normoxic condition. However, this trend was effectively reversed by hucMSC-Exos. After co-culture with hucMSC-Exos for 24 h, the viability and proliferation rate of hfRMECs decreased significantly compared to the hypoxic hfRMECs without intervention (Figs. 4A–4C). The higher concentration of hucMSC-Exos at 100 μg/mL exhibited a more pronounced inhibitory effect on proliferation than the lower concentration of 75 μg/mL (Fig. 4C).
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Figure 4: Effects of hucMSC-Exos in the hfRMECs under hypoxic conditions. (A) CCK-8 assay for cell viability of hfRMECs. (B) The EdU assay for cell proliferation of hfRMECs showed positive cells in green fluorescence. Scale bar: 100 μm. (C) The percentage of EdU-positive cells. Data are shown as mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: no significance (Ctrl: hfRMECs under normoxia, Hypoxia: hfRMECs under hypoxia, Hypoxia+L-Exo: Hypoxic hfRMECs pretreated with 75 µg/mL hucMSC-Exos, Hypoxia+H-Exo: Hypoxic hfRMECs pretreated with 100 µg/mL hucMSC-Exos).

hucMSC-Exos downregulated VEGF-A in hypoxic hfRMECs

Immunofluorescence results demonstrated that after a 24 h co-culture with hucMSC-Exos, hypoxic hfRMECs showed reduced intracellular VEGF-A levels. The degree of downregulation appeared to be somewhat proportional to the intervention concentrations (Fig. 5A). The relative levels among each group were significantly different (Fig. 5B). The level of VEGF-A mRNA substantially increased in the hypoxic group and markedly decreased upon the addition of hucMSC-Exos. Notably, the extent of downregulation of VEGF-A mRNA levels appeared to correlate with the concentration of hucMSC-Exos administered (Fig. 5C). To further quantify this reaction, we measured VEGF-A protein by using western blotting. Under hypoxic conditions, VEGF-A protein level increased up to nearly twofold compared to those of the normoxic group and were decreased by the intervention of hucMSC-Exos. After coculture with hucMSC-Exos at a concentration of 100 μg/mL, the levels returned to basal values. However, the high concentration group showed no greater effect in downregulating VEGF-A protein level compared to the low concentration group (Figs. 5D and 5E).
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Figure 5: The levels of VEGF-A decreased consistently with increasing concentrations of hucMSC-Exos. (A) Immunofluorescence staining showed positive staining of VEGF-A (green) in hfRMECs. DAPI was used to stain the nucleis (blue). Scale bar: 100 μm. (B) The relative immunofluorescence densities were quantified using bar graphs. (C) RT‒PCR results for VEGF-A mRNA levels. (D) The expression of VEGF-A protein in hfRMECs was determined using western blotting. (E) Relative band densities of VEGF-A. Data are shown as mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: no significance (Ctrl: hfRMECs under normoxia, Hypoxia: hfRMECs under hypoxia, Hypoxia+L-Exo: Hypoxic hfRMECs pretreated with 75 µg/mL hucMSC-Exos, Hypoxia+H-Exo: Hypoxic hfRMECs pretreated with 100 µg/mL hucMSC-Exos).

Discussion

It is recognized that MSCs secrete extracellular vesicles to facilitate intercellular communication. Regarding their biogenesis, extracellular vesicles can be categorized into three main types: microvesicles (200–2,000 nm), apoptotic bodies (500–2,000 nm) and exosomes (40–200 nm) (Shao et al., 2018). The process of exosome formation involves several stages, including the initiation of endosome formation through inward budding of the cell membrane, subsequent endosome maturation, and the incorporation of transmembrane proteins, cytosolic contents, and peripheral proteins. Different types of surface proteins can be found on exosomes generated from varied sources, along with RNA, DNA, intracellular proteins, amino acids and metabolites. Previous studies have indicated the enrichment of transmembrane lipid-bound proteins such as CD 9, CD 63 and Alix in hucMSC-Exos (Xiao et al., 2021).

Human fetal tissue provides a practical alternative source of retinal microvascular endothelial cells from multiple donors. In this study, we successfully cultured retinal microvascular endothelial cells from a spontaneously aborted fetus and the cells stained positive for the endothelial marker vWF. Subsequently, we used a hypoxic hfRMECs model to investigate the impact of hucMSC-Exos. Given the inherent heterogeneity of immature fetal endothelial cells in both physiological and pathological contexts compared to their mature adult counterparts (Andrews et al., 2018), our study has established a validated in vitro model that more accurately replicates the pathogenesis of ROP in preterm infants. Biochemical hypoxia and atmospheric hypoxia are major methods to generate hypoxic conditions. In the former approach, oxygen deprivation conditions induced by chemical compounds can modulate hypoxia-related signaling but are unable to replicate the hypoxia-mediated mitochondrial ROS signaling (Stenger et al., 2011). Therefore, we selected the latter method, in which hypoxia is induced by replacing oxygen molecules with nitrogen in a controlled gas mixture within an airtight chamber.

In the present study, hfRMECs exhibited obvious hyperproliferation and increased expression levels of the key angiogenesis-related protein VEGF in response to hypoxia, consistent with the findings reported by Mammadzada et al. (2016). Subsequent investigations confirmed the inhibitory effect of hucMSC-Exos on hypoxic hfRMECs, aligning with the outcomes of a study by Guang-Hui He, which demonstrated significant reduction of VEGF-A expression in human retinal vascular endothelial cells exposed to high glucose in a time- and concentration-dependent manner (He et al., 2021). However, the molecular mechanism by which hucMSC-Exos prevent VEGF production remains unclear.

Hypoxia-inducible factor-1 (HIF-1), a nuclear transcription factor directly governing the release of various growth factors, including VEGF, angiopoietin, and erythropoietin, is crucial for neovascularization and cell proliferation. Growing evidence implicated HIF-1 as a significant participant in the pathological process of ROP (Swan et al., 2018). Recently studies have suggested that hucMSC-Exos may inhibit cell proliferation and vascular remodeling via suppression of hypoxia-induced mitogenic factor (HIMF), a critical upstream mediator of HIF-1 signaling (Lee et al., 2012). Consequently, we hypothesized that anti-VEGF effect of hucMSC-Exos observed in this study may be mediated through the inhibition of HIMF-HIF-1-VEGF signaling pathway. However, future research is warranted to provide concrete evidence of hucMSC-Exos directly inhibit expression of HIF-1α and alleviate retinal neovascularization in vitro and in vivo.

Exosomes are known to transport a substantial cargo of active messenger RNAs (mRNAs), microRNAs (miRNAs) and proteins, influencing cell and organ functions in a targeted manner. It is recognized that miRNAs encapsulated in MSC-Exos are key functional molecules responsible for certain beneficial effects. miRNAs are nonprotein coding RNA molecules that can influence gene expression by affecting transcription, translation and epigenetics. Multiple miRNAs have been identified and confirmed to regulate angiogenesis by recent studies. Several experimental and clinical studies have investigated the relationship between miRNAs, VEGF and ROP. Some miRNAs could target mRNAs regulating VEGF expression, and some could directly target VEGF through receptors and signaling pathways. Zhao et al. (2014) analyzed the expression change of retinal miRNAs in an OIR rat model and found that a total of 66 miRNAs, of which VEGF was listed among the target genes, were affected during the process of oxygen-induced retinal neovascularization. van et al. (2012) identified an increase in retinal vascularization and VEGF levels as miR-214 expression decreased, indicating that miRNA-214 targets the mRNA of VEGF at the gene level. In RMECs exposed to high glucose, miR-146 was identified to suppress VEGF levels via the STAT3 pathway and inhibit apoptosis via IL-6 signaling (Ye and Steinle, 2017). Nunes et al. (2015) showed a decrease in a series of microRNAs, including miR-17, miR-20, miR-93 and miR-106 in the in vivo ROP mouse model of angiogenesis and identified miR-17 family members as the key molecules in early steps of neovascularization. Metin et al. (2018) performed the first clinical study. These researchers detected a significant decrease in miR-27b, miR-214 and miR-29a expression in premature infants with ROP compared with controls. Since miR-27b is known to suppress angiogenesis via inhibition of VEGF-C in cancer tissue, its upregulation in the retina may also inhibit retinal neovascularization by downregulating VEGF, suggesting a potential therapeutic effect for ROP. Jothimani et al. (2022) confirmed that the miRNAs mentioned above, including miR-146, miR-27, miR-17, miR-214, miR-20 and miR-106, were abundantly found in hucMSC-Exos. It has been revealed that miR-20 can directly target the 3’UTR region of VEGF-A mRNA and that miR-17 can regulate VEGF by targeting HIF-1 (Zhang et al., 2022). Consequently, the addition of hucMSC-Exos to hypoxic hfRMECs led to the downregulation of VEGF in our present study.

Conclusion

Considerable interest has been sparked in exosome-based therapies. In this study we isolated and identified exosomes from hucMSCs. Given the early onset of ROP in infants, the use of human fetal retinas allowed us to work with primary endothelial cells that better recapitulate the pathogenesis of the disease.

Our findings conclusively demonstrated the capacity of hucMSC-Exos to effectively attenuate hypoxia-induced cell hyperproliferation and VEGF-A overexpression in hfRMECs. Although the precise mechanism remains elusive, the observed anti-VEGF biological activity of hucMSC-Exos may offer a promising and innovative approach for the treatment of ROP.
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