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Radiation retinopathy (RR) is a common complication following radiation therapy of globe, head, and neck malignancies, and is characterized by microangiopathy, neuroretinopathy, and the irreversible loss of visual function. To date, there is no effective treatment for RR. Stem cells have been clinically used to treat retinal degeneration. CD133+CD34+ cells from human umbilical cord blood (hUCB-CD133+CD34+ cells), a subpopulation of hematopoietic stem cells, were applied to determine their protective efficacy on irradiated rat retinas. After X-ray irradiation on the retinas, rats were intravitreally injected with hUCB-CD133+CD34+ cells. Transplantation of hUCB-CD133+CD34+ cells prevented retinal dysfunction 2 weeks post-operation and lasted at least 8 weeks. CD133+CD34+ cells were distributed along the retinal vessel and migrated to the ganglion cell layer. Moreover, grafted CD133+CD34+ cells reduced the apoptosis of endothelial and ganglion cells in irradiated rats and increased the number of survived CD31+ retinal endothelial cells and Brn3a+ ganglion cells at 2 and 4 weeks, respectively, post-operation. Co-culturing of CD133+CD34+ cells or supernatants with irradiated human retinal microvascular endothelial cells (hRECs) in vitro, confirmed that CD133+CD34+ cells ameliorated hREC apoptosis caused by irradiation. Mechanistically, we found that angioprotective mediators and neurotrophic factors were secreted by CD133+CD34+ cells, which might attenuate irradiation-induced injury of retinal endothelial cells and ganglion cells. hUCB-CD133+CD34+ cell transplantation, as a novel treatment, protects retinal endothelial and ganglion cells of X-irradiated rat retinas, possibly through angioprotective and neurotrophic factors.
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INTRODUCTION
Radiotherapy has been used to treat malignancies involving the globe, orbit, head, and neck, and radiotherapy usually causes several secondary complications, including radiation keratopathy, radiation iris neovascularization, neovascular glaucoma, radiation cataracts, radiation optic neuropathy, and radiation retinopathy (RR) (Reichstein 2015; Rose et al., 2018; Ramos et al., 2019). Among them, RR is characterized by progressive ischemic and proliferative changes that are similar to the development of diabetic retinopathy and can lead to irreversible loss of visual function (Rose et al., 2018). However, the pathophysiology and cellular mechanisms contributing to RR are different. RR is a chronic and progressive condition that may result from microangiopathy of the retinal vasculature after radiation exposure (Spielberg et al., 2013; Wilkinson et al., 2017). Furthermore, large retinal vessel occlusion, extensive ischemic retinopathy and maculopathy, and consequent retinal and ocular neovascularization can lead to retinal dysfunction and degeneration (Spielberg et al., 2013). The incidence rate of RR is based on the total dose of radiation, pre-existing comorbidities (e.g., diabetes mellitus, hypertension), and radiation sensitizer exposure (e.g., chemotherapy) (Horgan et al., 2010; Ferguson et al., 2017; Wilkinson et al., 2017). X-rays are the most common type of ionizing radiation that causes RR, which has an onset typically occurring between 6 months to 3 years after exposure.
To date, there is still no curative treatment for retinal pathologies related to exposure to radiotherapy. Established treatments for RR have usually been based on those for diabetic retinopathy or other ischemic retinopathies, such as laser photocoagulation, photodynamic therapy, corticosteroids, and anti-VEGF agents (Gupta and Muecke 2008; Giuliari et al., 2011; Reichstein 2015). Although treatment trials have been successfully conducted that minimize the complications, they have failed to address the pathological events caused by radiotherapy. In recent years, stem cell therapies have been proposed as a treatment option for degenerative diseases and disorders, including myocardial infarction, vascular diseases, motor neuron diseases, and neurodegenerative diseases (Sharma et al., 2012). Our previous clinical trial showed that mesenchymal stem cells are potentially safe and effective in treating degenerated retinas (Gu et al., 2018; Zhao et al., 2020). Intriguingly, stem cell-based therapeutic approaches have also received considerable attention as potential treatments for radiation-induced central nervous system damage after radiotherapy (Soria et al., 2019; Barazzuol et al., 2020). Irradiated rats engrafted with human neural stem cells (hNSCs) showed significant improvement in cognitive function than irradiated, sham-engrafted rats and behaved indistinguishably from unirradiated controls, suggesting that hNSCs are promising for functionally restoring cognition in irradiated animals (Acharya et al., 2011). Similarly, human mesenchymal stem cells were found to promote radiation-induced brain injury repair, improving neurological function in mice (Soria et al., 2019).
Umbilical cord blood (UCB) has been identified as a good source of hematopoietic stem cells (HSCs), which are identified by their capacity to self-renew and their ability to differentiate into all blood cells types (Jaing 2014; Li et al., 2019). Numerous studies have proposed many sets of cell-surface antigens to identify HSCs, such as CD133 and CD34. Human UCB (hUCB)-derived CD34+ cells have been successfully used in cell therapies for peripheral and cardiac ischemia diseases to provide vascular regeneration and proangiogenic potential (Kanji et al., 2014; Fadini et al., 2017). More recently, preclinical studies have shown that human CD34+ cells rapidly home into the damaged retinal vasculature in diabetic retinopathy or retinal acute ischemia-reperfusion injury following intravitreal injection and can repair retinal damage (Caballero et al., 2007; Park et al., 2012; Yazdanyar et al., 2020). CD133+ has been described as a more restricted subset than the CD34+ population, containing primitive hematopoietic stem cells (Charrier et al., 2002; Rong et al., 2018). CD133+ cells possess an extensive capacity for self-renewal, proliferation, and multilinear differentiation potency. A previous study showed that human CD133+ cells can home to an injured retinal pigment epithelium (RPE) layer, differentiate into cells with significant RPE morphology, and provide therapeutic functional recovery of the visual cycle (Harris et al., 2009). Our previous study demonstrated that the transplantation of mouse bone marrow-derived CD133+ stem cells could ameliorate visual dysfunction of diabetic mice (Rong et al., 2018). In addition, a subset of transplanted CD133+ cells migrated into the inner retina and protected retinal ganglion cells (RGCs) and rod-on bipolar cells from degeneration. However, the protective effect of hUCB-derived CD133+CD34+ cells on irradiated retinas has not been investigated.
To the best of our knowledge, this is the first study to investigate the protective effects of hUCB-derived CD133+CD34+ cells on X-irradiation-induced retinal damage in a rat model. Our results demonstrated that transplanted hUCB-CD133+CD34+ cells reduced apoptosis and ameliorated the radiation-induced dysfunction of retinal endothelial and ganglion cells through angioprotective and neurotrophic factors.
MATERIALS AND METHODS
Animal X-Ray Irradiation
Eight-week-old Long Evens (LE) rats were purchased from the Experimental Animal Center of Third Military Medical University (Army Medical University) and raised in a specific pathogen-free room in the Animal Care Center of Southwest Hospital. All animal experiments in this study were carried out in strict accordance with the guidelines approved by the Laboratory Animal Welfare and Ethics Committee of Third Military Medical University (Army Medical University). Eight-week-old rats were randomly assigned. Rats were anesthetized via intraperitoneal injection of 1% pentobarbital sodium (200 μL/100 g). A total dose of 20 Gy X-ray in two fractions (2 × 10 Gy, with an interval of 7 days) was applied to restrictively irradiate the head area of rats through the beam. The irradiation parameters referred to the previous studies (Archer et al., 1991; Amoaku et al., 1992; Archambeau et al., 2000; Özer et al., 2017), and were as follows: SSD was 100, irradiation depth was 1.7 cm, irradiation width was 5 cm, the dose rate was 100 mV/min, the jump number was 1,000 mu, and X:Y was 35:5.
Cell Line and Irradiation
The human retinal microvascular endothelial cell hREC line was cultured in the RPMI 1640 (Gibco, 12633012) containing 10% FBS (Gibco, 10099133C), and passage 6 (P6)-P10 generation cells were used in the experiments. hRECs were exposed to X-ray irradiation with total doses of 0.5, 1, or 2 Gy respectively for 24 h then applied for the experiments.
Isolation and Expansion of Human Cord Blood-Derived CD133+CD34+ Stem Cells
hUCB samples (60–80 ml/unit) were obtained from healthy full-term births with parental informed consent at the Southwest Hospital, Third Military Medical University (Army Medical University). Fresh umbilical cord blood cells were separated within 12 h and used in subsequent experiments. Human mononuclear cells were isolated by density-gradient centrifugation with Ficoll-Paque PREMIUM 1.077 g/ml (GE Healthcare, Little Chalfont, United Kingdom). Red blood cells were removed with red cell lysate. According to the manufacturer’s instructions, CD133+ cells were isolated from human monocyte cells with a human-CD133 MicroBead Kit (130-100-830, Miltenyi Biotec) by magnetic bead separation. To assess the sorting, CD133+ cells were stained by primary PE-conjugated CD133 antibody (130-113-670, Miltenyi Biotec). The cell purity was 95%. CD133+ cells were seeded at 2 × 105 cells/well in 24-well plates (NEST, China) and then cultured in StemMACS™ HSC Expansion Media, human (130-100-463, Miltenyi Biotec) at 37°C in a humidified atmosphere containing 5% CO2 for 7 days, then PE-conjugated anti-human-CD133 (130-113-670, Miltenyi Biotec) and APC-conjugated anti-human-CD34 (130-113-176, Miltenyi Biotec) antibodies were used to obtain CD133+CD34+ cells by flow sorting.
CD133+CD34+ Cell Labeling and Transplantation
First, 20 μM DiI dye (Invitrogen, D3911) was configured and fully mixed. Then, the staining solution and cells of the same volume were mixed evenly and dyed at 37 °C for 30 min with oscillation. The labeled cells were washed three times with sterile HBSS (HyClone). The CD133+CD34+ cells were resuspended in sterile HBSS (HyClone) supplemented with DNase I (0.005%, Roche) for transplantation. CD133+CD34+ cell treatment was initiated the day after irradiation. Briefly, rats were given drinking water with cyclosporine A (210 mg/L, Sandoz UK, Camberley) 24 h in advance. One eye of LE rat was transplanted with CD133+CD34+cells, and the other eye was injected with HBSS (HyClone) as a sham control. A total of 2 × 105 cells in 2 μL of HBSS were slowly injected into the vitreous cavity using a 33-gauge Hamilton needle (Hamilton). All animals continued to receive cyclosporine A (210 mg/L, Sandoz Camberley) in drinking water for 14 days after transplantation.
Electroretinogram Recording
Rats were anesthetized by intraperitoneal injection of 1% pentobarbital sodium (200 μL/100 g) and Su-Mian-Xin (1 μL/100 g) after adapting to a dark environment for 12 h. Pupils were dilated with 1% tropicamide. A metal electrode was placed on each cornea as a recording electrode. The reference electrode and the grounding electrode were placed subcutaneously in the mouth and tail, respectively. According to the international electrophysiological standard, the rats were stimulated with 0.5 log (CD × s/m2) light. The wave was recorded and processed by the RETIport system (Purec, Japan). When the flash intensity was 0.5 log (CD × s/m2, 0 dB), the OP response was recorded with a 70–300 Hz band-pass filter. All the operations were carried out in a dark room with dim red safety lights. The raw data were put in Excel software to produce wave figures.
Immunofluorescence
Rats were euthanized and the eyeballs were removed and fixed in 4% paraformaldehyde for 30 min. Under a microscope, the front sections of eyeballs were moved. Next, the eyeballs were fixed at 4°C for 2 h, then transferred to 30% sucrose for dehydration overnight at 4°C. Eyeballs were then air-dried and embedded with OCT frozen embedding agent and refrigerated at -80°C for later use. OCT of frozen sections was removed with PBS and sealed with sealant containing 0.3% Trion-X and 5% BSA, and primary antibodies were incubated overnight at 4°C then washed with 0.1% Triton-X in PBS three times at room temperature for 5 min/time. Secondary antibodies were added for 1 h at 37°C, then washed three times with PBS at room temperature for 5 min/time. DAPI was added for 10 min then washed three times with PBS at room temperature for 5 min before photography. Alexa Fluor™ 568-conjugated GS-IB4 (Invitrogen, I21412) or Alexa Fluor™ 488-conjugated GS-IB4 (Invitrogen, I21411) were incubated overnight at 4°C to label vascular network, then washed in PBS three times at room temperature for 3 min/time.
Cell slides were washed twice with PBS, 5 min each time, and 4% paraformaldehyde was added for fixation at 4°C for 15 min, then incubated in 0.3% Triton-X and 5% BSA in PBS for 15 min at room temperature. Primary antibody was added and incubated overnight at 4°C, then washed with 0.1% Triton-X in PBS at room temperature for 5 min. Secondary antibody was added and incubated at 37°C for 1 h, DAPI was added, and PBS was used for three washes at room temperature, 5 min each time. Samples were then photographed.
The primary antibodies were applied including PKCα (Abcam, ab11723, 1:300), Caspase 3 (CTS, #9661, 1:500), CD31 (Abcam, ab222783, 1:500), Cone Arrestin (Millipore, AB15282, 1:500) and Brn-3a (Santa cruz, SC8429, 1:200). Tunel was detected through In Situ Cell Death Detection Kit, Fluorescein or TMR red (Roche) following the kit instructions.
Tube Formation Assay
According to previous reports, we evaluated the tube formation ability of endothelial cells. In brief, matrigel (Corning, 356277) was dissolved at 4°C 24 h in advance, and 10 μL matrigel was added to a dish (Ibidi, 81501). After being evenly spread, the matrigel was cured at 37°C for 30 min. Cells were digested and centrifuged normally. After being resuspended in a complete medium, the cells were counted. In 50 μL, 8 × 104 cells/well were added to the cured matrigel, and the mixture was mixed and placed at 37°C to observe vascular tube formation.
Western Blot Analysis
According to previous reports, proteins were detected in retinal tissue. In brief, whole retina tissues were lysed in RIPA buffer (Beyotime, P0013B) and mixed well. PMSF (Beyotime, ST505) was added before use so that the final concentration was 1 mM. After cell disruption, lysates were centrifuged at 10,000-14,000 g for 10 min. From the supernatant, protein concentration was determined using a Protein Concentration Detection Kit (Beyotime, P0006C). A total of 50 μg protein was loaded onto 6–10% SDS-PAGE gels (120 V electrophoresis for 100 min). Proteins were then transferred from gels to 0.45 μm PVDF membranes (Millipore, IPVH00010) under a constant flow of 250 mA for 2 h. PVDF membranes were sealed with 5% BSA and incubated with primary antibodies (CD31, Abcam, ab222783, 1:200; Brn-3a, Santa Cruz, SC8429, 1:100; β-Actin, CWBIO, CW0096, 1:1,000) at 4°C overnight. Then they were washed with TBST three times, and corresponding secondary antibodies were added and incubated at 37°C for 1 h, washed with TBST three times, and exposed by an ECL Chemiluminescence Kit (Thermo, 32209).
Protein Array
The protein array was detected through Proteome Profiler Human Angiogenesis Array (R&D, ARY007). A total of 2.0 ml of array buffer 7 was added to the reaction plate and the reaction film was placed in it until the blue dye on the film disappeared, then incubated on a shaker for 1 h. While the membranes are blocking, prepare samples by adding up to 1.0 ml of each sample to 0.5 ml of Array Buffer 4 in separate tubes. Adjust to a final volume of 1.5 ml with Array Buffer 5 as necessary. A recombinant detection antibody factor (15 μL) was added to each sample, mixed well, and incubated at room temperature for 1 h. Array buffer 7 was removed and the sample/antibody mixture was added. Samples were covered and incubated overnight on a shaker at 2–8°C. The membrane was removed and placed in 1× of wash buffer in a single plastic container of 20 ml for 10 min and repeated twice. A total of 2.0 ml of streptavidin-HRP diluted with buffer five was added into each well, covered with a lid, and incubated on a shaker at room temperature for 30 min. Membranes were washed for 10 min three times, then drained. A total of 1.0 ml of the prepared chemical reagent mixture was evenly dropped on each membrane and incubated for 1 min at room temperature before radiological automatic imaging of the membrane.
Statistical Analysis
Data are expressed as means ± SEM from independent experiments. For comparison between two groups, the significance of differences between groups was evaluated by independent samples t-test. For comparison between multiple groups, the significance of differences between groups was evaluated by a one-way analysis of variance. * p < 0.05 was considered significant, and ** p < 0.01 and *** p < 0.001 were considered extremely significant. Graphs were plotted and analyzed using GraphPad Prism version 6.0 (GraphPad Software, La Jolla, CA, United States).
RESULTS
Loss of Retinal Vascular Endothelial Cells and Ganglion Cells in Retinal Irradiated-Rats
To characterize the impact of radiation on rat retinas, eight-week-old LE rats were subjected to eye X-ray irradiation (total dose 20 Gy). Compared with controls, the histopathological analysis of rat retina tissue sections by fluorescence microscopy revealed the loss of CD31+ retinal vascular endothelial cells from 2 to 12 weeks post-irradiation (Figures 1A–H). The relative fluorescent intensity of CD31 expression in the retina was significantly decreased from 2 to 12 weeks post-radiation (Figure 1M). Moreover, CD31+ retinal vascular endothelial cells were also damaged in retina flat mounts with a reduction of fluorescent intensity of CD31 at 2 weeks post-irradiation (Figures1I–L,N). Western blot (WB) analysis showed that the protein level of CD31 was significantly reduced after irradiation treatment (Figures 1O,P). This observation was not in line with the CD31+ vascular endothelial cells in flat mounts of the choroid (Supplementary Figure S1), confirming the specific loss of CD31+ retinal vascular endothelial cells in irradiated retinas.
[image: Figure 1]FIGURE 1 | Spatiotemporal changes of CD31+ endothelial cells in the irradiated LE rats. (A–H): Representative images of CD31+ (Green) retinal endothelial cells in control and irradiated rat retina after 2, 4, 8, and 12 weeks radiation. Scale bar: 50 μm. (I–L): The retinal blood vessels showed by CD31 and IB4 staining in the wholemount retina. Scale bar: 50 μm. (M): The fluorescence intensity statistics of CD31 in retinal sections. (N): The fluorescence intensity statistics of CD31 of retinal blood vessels in the wholemount retina. (O): WB analysis of the protein expression of CD31 in the retina. (P): The statistics of WB grayscale of CD31 protein expression. N = 3. Data are depicted as means ± SEM. (* p < 0.05, *** p < 0.001). GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer.
RGC staining of Brn3a in irradiated retinas showed significant loss of ganglion cells after 4 weeks but not 2 weeks (Figures 2A–I). This was consistent with the TUNEL staining showing that the apoptosis of RGCs was significantly increased at 4 weeks after radiation, and particularly at 8 weeks and up to 12 weeks (Figures 2A–H,J). In addition, WB confirmed that Brn3a protein was significantly decreased in irradiated rat retinas 4 weeks later (Figures 2K,L). Moreover, fluorescence microscopy showed that the numbers of PKCα+ bipolar cells and Arrestin+ cone photoreceptors were reduced by irradiation (Supplementary Figures S2, S3). These results suggested secondary damage of retinal neurons after irradiation.
[image: Figure 2]FIGURE 2 | The apoptosis of retinal ganglion cells in irradiated LE rats. (A–H): Representative images of Brn3a+ ganglion cells (Green) and apoptotic cells (Red) in control and irradiated rat retina after 2, 4, 8, and 12 weeks radiation. Scale bar: 50 μm. (I,J): The number of Brn3a+ and Tunel positive cells in the retina. (K): WB analysis of the protein expression of Brn3a in the retina. (L): The statistics of WB grayscale of Brn3a protein expression. N = 3. Data are depicted as means ± SEM. (* p < 0.05, ** p < 0.01, *** p < 0.001). GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer.
Transplanted hUCB-CD133+CD34+ Cells Improved the Visual Function of Irradiated Rats
Fluorescent cell sorting was used to obtain CD133+CD34+ cells from hUCB (Supplementary Figure S4). CD133+CD34+ cells expressed the endothelial marker CD31 and the neuronal marker βIII-tubulin (Tuj1) (Supplementary Figure S4C,D) after inducing differentiation, demonstrating the ability of CD133+CD34+ cells to differentiate into endothelial cells and neurons. hUCB-CD133+CD34+ cells were intravitreally transplanted into irradiated rats at the next day post-irradiation (Figure 3A), and we examined whether they could ameliorate retinal injury (Figure 3B). Electroretinogram (ERG) a-, and b-waves were recorded to evaluate the retinal function (Figures 3B–D). A significant difference was observed in the a- and b-wave amplitude between the irradiation and control groups, with retinas from irradiated rats showing a decreased wave response after 20 Gy irradiation (Figures 3B–D). Transplantation of hUCB-CD133+CD34+ cells significantly increased the b-wave amplitude until 8 weeks, but not 12 weeks (Figures 3B,D). Similarly, increased amplitude of a-waves was also observed after CD133+CD34+ transplantation, with statistical significance from 2 to 8 weeks, but not 12 weeks (Figures 3B,C).
[image: Figure 3]FIGURE 3 | Transplanted CD133+CD34+ cells improved retinal dysfunction of irradiated LE rats. (A): The schematic diagram of design for irradiated rat models and cell transplantation experiment. (B): The a- and b-wave amplitude of ERG from control, irradiated, and transplanted group. (C,D): The statistics of a- and b-waves amplitude on control, irradiated, and cell transplanted group from 2 to 12 weeks. N = 3. Data are depicted as means ± SEM. (* p < 0.05, ** p < 0.01, *** p < 0.001).
Transplanted hUCB-CD133+CD34+ Cells Ameliorated the Retinal Vascular Structure and Function of Irradiated Rats
The oscillating potential (OP) is sensitive to vascular disturbances in the retina (Lovasik and Kergoat 1991). Transplantation of CD133+CD34+ cells significantly increased the ∑OPs from 2 to 8 weeks, but not at 12 weeks, post-irradiation (Figures 4A,B). Thus, we identified the effects of transplanted CD133+CD34+ cells on the retinal vessel. Before cell transplantation, CD133+CD34+ cells were labeled with DiI to better trace CD133+CD34+ cells in the retina. CD133+CD34+ cells were found mainly located in the ganglion cell layer at post-operational 4 weeks (Figure 4C) and distributed along with the retinal vessel network (Figure 4D). A significantly increased CD31 fluorescence intensity at post-operational 4 weeks was detected compared with the control (Figures 4D,E). Moreover, the protein level of CD31 significantly increased after CD133+CD34+ cell transplantation at 2 and 4 weeks (Figures 4F,G), indicating that transplanted CD133+CD34+ cells ameliorated endothelial cell injuries caused by irradiation, leading to a potential repair of retinal vascular function.
[image: Figure 4]FIGURE 4 | Transplanted CD133+CD34+ cells protect retinal vasculature injuries after radiation. (A): Representative images of OPs waves of fERG between control, irradiated, and cell transplanted group. (B): The statistics of ∑OPs wave amplitude from 2 to 12 weeks. (C): Intravitreous transplantation of CD133+CD34+ cells in X-irradiated rats. C1: The distribution of the transplanted CD133+CD34+ cells in retinal section Discussion week-transplantation later; Scale bar: 50 μm. C2: The magnification of the retinal section. C3: Individual channel of Dil labeled CD133+CD34+ cells. Scale bar: 50 μm. (D): D1-D6: The distribution of CD133+CD34+ cells in the wholemount retina and retinal section after 4-week transplantation. (E): CD31 fluorescence intensity statistics at 4 weeks. (F): WB analysis of the CD31 protein expression after transplantation at 2 and 4 weeks. (G): The statistics of the relative CD31 protein expression in the rat retina. N = 3. Data are depicted as means ± SEM. (* p < 0.05, ** p < 0.01, *** p < 0.001, ANOVA-test). GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer; CVL: choroidal vascular layer.
Transplanted hUCB-CD133+CD34+ Cells Protect Retinal Ganglion Cells in Retinal-Irradiated Rats
The photopic negative response (PHNR) was measured to provide specific information about RGC activity after transplantation (Moss et al., 2015). The PHNR-wave was significantly decreased in rat retinas at 4 weeks after irradiation (Figures 5A,B). Transplantation of cells significantly increased the light-adapted PHNR wave in irradiated rat retinas at 4 and 8 weeks after transplantation. However, there was no significant difference in PHNR waves between irradiated rat retinas and transplanted rat retinas at 12 weeks. Furthermore, the immunofluorescence staining showed that the number of Brn3a+ ganglion cells was significantly increased at 4 weeks after transplantation (Figures 5C,D). In addition, apoptosis was significantly decreased at 4 weeks after transplantation (Figures 5C–E). Moreover, increased expression of Brn3a protein in transplanted retinas was detected at 4 weeks (Figures 5F,G). Therefore, these results showed that transplanted CD133+CD34+ cells protected injured ganglion cells, improved their function from 4 weeks after transplantation.
[image: Figure 5]FIGURE 5 | Transplanted CD133+CD34+ cells rescued radiation injured RGCs of LE rats. (A): Representative images of light-adapted of PHNR-wave on control, irradiated, and transplanted group after transplantation 2, 4, 8, and 12 weeks. (B): The statistics of PHNR-wave on four timepoints. (C): Representative images of Brn3a+ ganglion cells (Gray) and Tunel (Green) staining on the retina from control, irradiated, and transplanted group at transplantation 4 weeks. Scale bar: 50 μm. (D–E): The statistics of the numbers of Brn3a and apoptotic positive cells in the retina. (F): WB analysis of the Brn3a protein expression. (G): The statistics of relative Brn3a protein expression in WB analysis. N = 3. Data are depicted as means ± SEM. (* p < 0.05, *** p < 0.01, *** p < 0.001, ANOVA-test). GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer.
hUCB-CD133+CD34+ Cells Protected hRECs from Irradiation-Induced Injury in vitro
Vascular endothelial cells have been implicated as primary targets of damage in radiotherapy. The morphological changes and apoptosis of hRECs were evaluated after X-irradiation. Immunofluorescence staining showed significantly increased apoptosis according to TUNEL staining and caspase 3 after irradiation with 0.5, 1, or 2 Gy of hRECs (Supplementary Figures S5A,B). To evaluate the response of hRECs to radiation, we performed tube formation assays. Our data showed that the capillary-like networks of hRECs on matrigel were reduced in a dose-dependent manner in irradiated cells. Compared with the control group, the numbers of nodes, vessel length, and branch length were significantly decreased in cells treated with 0.5, 1, or 2 Gy irradiation 24 h later (Supplementary Figure S5C–F), suggesting that retinal vascular endothelial cells were sensitive to irradiation.
To further delineate the effects of CD133+CD34+ cell transplantation, we performed the Transwell co-culture assays of CD133+CD34+ cells or CD133+CD34+ cell culture supernatants with irradiated hRECs. Our results showed that the apoptotic cells of 1 Gy-irradiated hRECs were decreased after co-culturing with CD133+CD34+ cells or CD133+CD34+ cell culture supernatants (Figures 6A,C). In addition, CD133+CD34+ cells or CD133+CD34+ cell culture supernatant repaired the dysfunction of hRECs caused by 1 Gy radiation as illustrated by the abnormal tube formation such as the number of nodes, vessel length, and branch length (Figures 6B,D–F). Moreover, we found that co-culturing with CD133+CD34+ cells or CD133+CD34+ cell culture supernatants also decreased 0.5 Gy X-ray-induced hRECs apoptosis and rescued the potential for tube formation (Supplementary Figure S6). These results indicated that CD133+CD34+ cell culture supernatants could ameliorate the damage caused by radiation in hRECs.
[image: Figure 6]FIGURE 6 | Co-cultured CD133+CD34+ cells or supernatant protected hRECs from radiation-induced injuries in vitro. (A): Representative images showing the expression of Tunel on hRECs with control (0 Gy), irradiated (1 Gy), coculturing with CD133+CD34+ cell and CD133+CD34+ cell supernatant 24 h later in vitro. Scale bar: 50 μm. (B): The tube formation assay of hRECs with 1 Gy X-ray irradiation or irradiation combined coculturing with CD133+CD34+ cells and CD133+CD34+ cell supernatants 24 h later. Scale bar: 100 μm. (C): The statistics of the number of Tunel positive cells. (D–F): The statistics of the number of nodes, vessel length, and branches length. N = 3. Data are depicted as means ± SEM. (** p < 0.01, *** p < 0.001, ANOVA-test).
Angioprotective Factors and Neurotrophic Factors Secreted by CD133+CD34+ Cells
As the above data showed that cell culture supernatants of CD133+CD34+ cells have a protective effect on hRECs post-radiation, we suspected that CD133+CD34+ cells exert therapeutic effects through the secretome. To further illustrate the protective mechanism of CD133+CD34+ cells, a human cytokine array was performed to profile secretory mediators in the CD133+CD34+ cell secretome (Figure 7A). It revealed that the top nine highest levels of factors in CD133+CD34+ cell supernatants were interleukin 8 (IL-8), tissue inhibitors of metalloproteinase 1 (TIPM-1), platelet factor 4 (PF4), thrombospondin-1, macrophage inflammatory protein 1α (MIP1α), interleukin 1β (IL-1β), monocyte chemoattractant protein-1 (MCP-1), granulocyte-macrophage colony-stimulating factor (GM-CSF), and Serpin E1 (Figure 7B). Among these, the most highly expressed factor, IL-8, also known as CXCL8, has anti-apoptotic properties and contributes to endothelial cell survival (Li et al., 2003; Zhang et al., 2021). Additionally, IL-8 has also been shown to promote the homing of bone marrow-derived cells to injured sites and differentiation into endothelial cells (Li et al., 2008; Hou et al., 2014). Moreover, TIMP1, which was also previously shown a role in anti-apoptosis (Lao et al., 2019; Chen et al., 2020), was the second-highest factor in CD133+CD34+ cell supernatants. Other angio-associated factors, such as matrix metalloproteinase 8 and 9 (MMP8, MMP9), fibroblast growth factor (FGF), insulin-like growth factor binding protein 1 (IGFBP-1), heparin-binding epidermal growth factor (HBEGF), glial cell line-derived neurotrophic factor (GDNF), and VEGF, were also detected with relatively lower levels of expression in CD133+CD34+ cell supernatants (Figure 7C). Enzyme-linked immunosorbent assay (ELISA) was performed to evaluate the expression of neuroprotective factors in CD133+CD34+ cell supernatants. We found the expression of brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), and neuronutrient 3 (NT3) in CD133+CD34+ cell supernatants (Figure 7D). Therefore, CD133+CD34+ cell-derived anti-apoptosis factors and neurotrophic factors could be mainly responsible for the reduction of irradiation-induced apoptosis and retinal endothelial and ganglion cell damage.
[image: Figure 7]FIGURE 7 | CD133+CD34+ cell supernatant mediated angioprotective and neurotrophic effect. (A): Human angiogenesis protein array was used to profile angio-rassociated proteins in the CD133+CD34+ cell supernatant secretome. (B): The top 9 highly expressed factors in the CD133+CD34+ cells. (C): The secretome from the CD133+CD34+ cells contained angio-associated factors. (D): ELISA revealed the concentration of neurotrophic factors in CD133+CD34+ cell supernatant.
DISCUSSION
In this study, we investigated the protective effects of hUCB-CD133+CD34+ cell transplantation on X-irradiated rat retinas, and our findings strongly suggest that CD133+CD34+ cells can meliorate the injuries caused by irradiation, which might shed light for providing a new therapeutic strategy of radiation retinopathy.
RR animal model studies performed using capuchin monkey eyes irradiated with an external beam, and the first change detected around 10 months post-irradiation was the focal loss of endothelial cells and pericytes, yielding acellular capillaries (Irvine and Wood 1987; Ramos et al., 2019). Later, Hiroshiba et al. demonstrated that irradiation reduced the leukocyte velocity in capillaries and gradually increased leukocyte entrapment in the retinal microcirculation (Hiroshiba et al., 1999). The activated leukocytes and major retinal vessels that were significantly constricted 7 days after 20 Gy irradiation may participate in the pathogenesis and exacerbation of capillary closure and subsequent microvascular dysfunction in RR. In our study, we used a retinopathy dose (20 Gy) and chose a time interval that was sufficient to observe irradiation-induced retinal impairment in rat eyes. The loss of endothelial cells was consistent with previous studies and showed that the ultimate response of the retina to irradiation is vision loss as a consequence of vascular and parenchymal damage (Amoaku and Archer 1990a, b).
In addition, we studied the effects of irradiation exposure on hRECs at doses of 0.5, 1, or 2 Gy; these doses have been found to induce primary rat retinal cell impairment (Gaddini et al., 2018). hRECs showed significantly induced apoptosis with 0.5, 1, or 2 Gy irradiation as illustrated by TUNEL assays and caspase 3 stainings. These are consistent with previous studies showing that endothelial cells are particularly sensitive to irradiation (Baselet et al., 2019; Wijerathne et al., 2021). Moreover, the tube formation of hRECs was markedly attenuated with irradiation; for instance, the number of nodes, vessel length, and branch length was significantly decreased, suggesting irradiation-induced dysfunction. Retinal vascular endothelial cell injury was detected first after irradiation in the present study, which is consistent with previous reports in which the initial pathological change was retinal vascular endothelial cell injury and loss (Archer et al., 1991; Wilkinson et al., 2017). Additionally, retinal perfusion changes were found in patients with radiation-related retinopathy (Rose et al., 2018). Like retina vessels, the choroidal circulation was profoundly affected by RR, as confirmed by choroidal vascular lesions (Takahashi et al., 1998; Spaide et al., 2002). However, no significant changes were found in irradiated rat choroids in our study. The reason could lie in that RR being closely associated with the total radiation dose and the total elapsed time in the course of radiation treatment (Wilkinson et al., 2017).
RGCs were significantly reduced by irradiation after 4 weeks rather than 2 weeks. Also, apoptotic changes of RGCs were detected after irradiation for 4 weeks. Moreover, photoreceptors and bipolar cells were also damaged after 4-week. Retinal dysfunction was illustrated by decreased a-, b-, and OPs-, and the PHNR wave amplitude also decreased after irradiation. These results suggested retinal neuron damage secondary to retinal vascular endothelial cell damage after irradiation. This cascade of events was in line with previous studies showing vasculopathy leading to retinal dysfunction and degradation (Amoaku and Archer 1990a; Wilkinson et al., 2017). The subsequent damage to RGCs and other neurons and eventually retinal dysfunction may occur via irradiation-induced vascular inflammatory responses and oxidative stress (Santiago et al., 2018). Therefore, the protection of retinal endothelial cells has always been the basis of treatment strategies for RR, and currently, vascular protection strategies are being used.
HSCs can produce endothelial progenitor cells that contribute to the repair of damaged blood vessels (Slayton et al., 2007). Previous studies have shown that in induced retinal ischemia, neovascularization is prompted after durable HSC transplantation, indicating that HSCs can differentiate into all hematopoietic cell lineages and endothelial cells that revascularize adult retinas (Grant et al., 2002). More recently, interest has grown rapidly in the use of UCB as an alternate source of HSCs for transplantation (Shahaduzzaman and Willing 2012; Yu et al., 2013; Noroozi-Aghideh and Kheirandish 2019; Papa et al., 2019). hUCB-CD34+ cells present the potential of vascular regenerative and proangiogenic, can be recruited into developing vessels where they exhibit a potent paracrine proangiogenic action (Pozzoli et al., 2011). A previous study has shown that intravitreal injection of human CD34+ cells resulted in retinal homing and integration of these human cells with preservation of the retinal vasculature in diabetic retinopathy (Yazdanyar et al., 2020). In our previous study, CD133+ stem cells ameliorated the visual dysfunction of diabetic retinopathy mice (Rong et al., 2018). Interestingly, the present study is the first to investigate the radioprotective efficacy of hUCB-CD133+CD34+ cells on irradiated mature rat retinas. We used ERG to assess the radioprotective effects of CD133+CD34+ cells on visual function after irradiation. Compared with controls, transplantation of CD133+CD34+ cells could significantly improve the a- and b-wave amplitudes at 8 weeks, but not at 12 weeks. Similarly, transplantation of CD133+CD34+ cells could significantly increase the ∑OPs at 8 weeks, but not at 12 weeks, probably because the transplanted cells cannot survive for long. Moreover, transplanted CD133+CD34+ cells increased the PHNR-wave after 4 weeks. These results suggested that transplanted CD133+CD34+ cells can ameliorate X-ray radiation-induced retinal dysfunction.
An in vitro coculturing system was applied to investigate the mechanism of the radioprotective efficacy of hUCB-CD133+CD34+ cells. hUCB-CD133+CD34+ cells or cell supernatants were found to decrease irradiated hREC apoptosis and to improve the function of hRECs. Interestingly, there was no significant difference between hUCB-CD133+CD34+ cells or cell supernatant cocultures. Therefore, the radioprotective efficacy of hUCB-CD133+CD34+ cells may be mediated by small molecules or cytokines derived from cells. Subsequently, a human angiogenesis array was applied to profile pro-angiogenesis mediators in the CD133+CD34+ cell supernatant secretome. The most highly expressed factor, IL-8, is an anti-apoptosis factor and has been shown to promote endothelial cell survival (Li et al., 2003; Zhang et al., 2021). Furthermore, IL-8 contributes to the homing of bone marrow-derived cells to injured sites and the differentiation into endothelial cells (Li et al., 2008; Hou et al., 2014). Moreover, TIMP1, which was also previously shown a role in anti-apoptosis (Lao et al., 2019; Chen et al., 2020), was the second-highest factor in CD133+CD34+ cell supernatants. Therefore, the top two highly expressed factors support the radioprotective effect of CD133+CD34+ cells demonstrated in this study. Moreover, MMP8 and MMP9 were highly expressed in CD133+CD34+ cell supernatants. MMPs regulate vascular cell proliferation and apoptosis by proteolytically cleaving and modulating bioactive molecules and relevant signaling pathways (Chen et al., 2013; Wang and Khalil 2018). MMP8 and MMP9 also have been reported to function in stem/progenitor cell mobilization and recruitment in blood vessel formation and vascular remodeling (Chen et al., 2013). Therefore, angioprotective factors from CD133+CD34+ cells could mediate the repair of injured vascular endothelial cells caused by irradiation. However, in this study, VEGF was also detected in the protein array of CD133+CD34+ cell supernatants but with a much lower expression, predicting a lower risk of neovascularization.
In addition, hUCB-CD133+CD34+ cell neuroprotective actions in retinal tissues may be mediated by a complex cascade of neurotrophins that have been classically related to damage prevention and neuroretinal tissue repair (Martinez-Moreno et al., 2018). Several neurotrophic factors, such as BDNF, NGF, and NT3 were detected in CD133+CD34+ cell supernatants. BDNF is an essential neurotrophin that supports the function and survival of RGC, and is considered a possible treatment to prevent diabetic retinopathy-induced neuroretinal damage (Mysona et al., 2018; Suzumura et al., 2020). Thus, there is a possible protective effect of CD133+CD34+ cell-derived BDNF on irradiation-induced retinal cell damage, with specific emphasis on RGC degeneration. Administration of exogenous NGF has been shown to ameliorate retinal degeneration (Garcia et al., 2017). Thus, the expression of NGF in retinal tissue after transplantation may be an attempt by CD133+CD34+ cells to protect the retina from RGC degeneration. NT3 also played important roles in neuron survival and retinal repair (Martinez-Moreno et al., 2018). Therefore, CD133+CD34+ cell-based therapy may be a promising mechanism to increase the availability of retinal neuroprotective factors with radioprotective effects.
Since both CD133+ and CD34+ cells have been successfully applied in cell therapies for retinopathy, CD133+CD34+ cells were directly applied in the present study (Kanji et al., 2014; Fadini et al., 2017; Rong et al., 2018). Further study is needed to investigate the different efficacy between CD133+CD34+ cells and CD133+ or CD34+ cells. Despite this limitation, this study suggested CD133+CD34+ cell transplantation is a promising strategy to treat RR. In our study, we demonstrated the therapeutic effect of hUCB-CD133+CD34+ cells in X-irradiated rats of early stage, in which retinal vascular endothelial cells were mainly injured. In our future studies, we will further explore the optimal therapeutic time window of hUCB-CD133+CD34+ cells at several time points after X-irradiation. Especially in a later stage with vascular leakage, the effect of hUCB-CD133+CD34+ cells on vascular leakage should be evaluated. Additionally, the protective effects of transplanted CD133+CD34+ cells might not be sufficient to attenuate irradiation-induced retinal degeneration for a longer time. As the cell fate of the grafted CD133+CD34+ cell is determined by the microenvironment, providing a proper microenvironment is essential for the survival, differentiation and integration of these cells during the retinal repair (Kim et al., 2012; Zou et al., 2019). Transplanted CD133+CD34+ cells exerted a paracrine effect probably by secreting protective factors in our study. But, whether the protective effects of CD133+CD34+ cells on irradiated retinas result from the differentiation of CD133+CD34+ cells to replace degenerated or dead neurons is still unknown.
CONCLUSION
This is the first study on the radioprotective efficacy of hUCB-CD133+CD34+ cells, a subpopulation of hemopoietic stem cells, on irradiated rat retinas. We demonstrated that intravitreal injection of CD133+CD34+ cells ameliorated retinal vasculature damage and resulted in visual functional preservation. Further studies should extend these preclinical investigations and explore clinical applications, which may prove beneficial in the near future.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Ethics Committee of the First Affiliated Hospital of Army Medical University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Laboratory Animal Welfare and Ethics Committee of Third Military Medical University (Army Medical University).
AUTHOR CONTRIBUTIONS
SC and ML performed experiments; SC, ML, JS, DW, CW, YZ, YJ, SH, XH, and SL analyzed the data; SC, ML, JS, DW, and YL prepared the manuscript; JS, DW, TZ, and HX revised the manuscript; HX provided financial support. All authors read and approved the final manuscript.
FUNDING
This study was supported by the funding from the National Key Research and Development Program of China (Grant No. 2018YFA0107302), the National Natural Science Foundation of China (Grant No. 31930068), and the Military Key Program (Grant No. 20QNPY025).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.801302/full#supplementary-material
ABBREVIATIONS
CVL, choroidal vascular layer; ERG, Electroretinogram; FGF, Fibroblast growth factor; GCL, Ganglion cell layer; GDNF, glial cell line-derived neurotrophic factor; GM-CSF, Granulocyte-macrophage colony-stimulating factor; HBEGF, heparin-binding epidermal growth factor; hUCB, human umbilical cord blood; hRECs, human retinal microvascular endothelial cells; hNSCs, human neural stem cells; HSCs, Hematopoietic stem cells; IGFBP-1, Insulin-like growth factor binding protein 1; IL-8, Interleukin 8; IL-1β, Interleukin 1β; INL, Inner nuclear layer; MCP-1, Monocyte chemoattractant protein-1; MMP8, Matrix metalloproteinase 8; MIP1α, Macrophage inflammatory protein 1α; ONL, Outer nuclear layer; OP, Oscillating potential; PF4, Platelet factor 4; PHNR, Photopic negative response; RGCs, Retinal ganglion cells; RPE, Retinal pigment epithelium; RR, Radiation retinopathy; TIPM-1, Tissue inhibitors of metalloproteinase 1; WB, Western blot.
REFERENCES
 Acharya, M. M., Christie, L.-A., Lan, M. L., Giedzinski, E., Fike, J. R., Rosi, S., et al. (2011). Human Neural Stem Cell Transplantation Ameliorates Radiation-Induced Cognitive Dysfunction. Cancer Res. 71, 4834–4845. doi:10.1158/0008-5472.CAN-11-0027
 Amoaku, W. M. K., and Archer, D. B. (1990a). Fluorescein Angiographic Features, Natural Course and Treatment of Radiation Retinopathy. Eye 4 (Pt 5), 657–667. doi:10.1038/eye.1990.93
 Amoaku, W. M. K., and Archer, D. B. (1990b). Cephalic Radiation and Retinal Vasculopathy. Eye 4 (Pt 1), 195–203. doi:10.1038/eye.1990.26
 Amoakul, W. M., Mahon, G. J., Gardiner, T. A., Frew, L., and Archer, D. B. (1992). Late Ultrastructural Changes in the Retina of the Rat Following Low-Dose X-Irradiation. Graefe's Arch. Clin. Exp. Ophthalmol. 230, 569–574. doi:10.1007/bf00181780
 Archambeau, J. O., Mao, X. W., McMillan, P. J., Gouloumet, V. L., Oeinck, S. C., Grove, R., et al. (2000). Dose Response of Rat Retinal Microvessels to Proton Dose Schedules Used Clinically: A Pilot Study. Int. J. Radiat. Oncol. Biol. Phys. 48, 1155–1166. doi:10.1016/s0360-3016(00)00754-9
 Archer, D. B., Amoaku, W. M. K., and Gardiner, T. A. (1991). Radiation Retinopathy-Clinical, Histopathological, Ultrastructural and Experimental Correlations. Eye 5 (Pt 2), 239–251. doi:10.1038/eye.1991.39
 Barazzuol, L., Coppes, R. P., and Luijk, P. (2020). Prevention and Treatment of Radiotherapy‐induced Side Effects. Mol. Oncol. 14, 1538–1554. doi:10.1002/1878-0261.12750
 Baselet, B., Sonveaux, P., Baatout, S., and Aerts, A. (2019). Pathological Effects of Ionizing Radiation: Endothelial Activation and Dysfunction. Cell. Mol. Life Sci. 76, 699–728. doi:10.1007/s00018-018-2956-z
 Caballero, S., Sengupta, N., Afzal, A., Chang, K.-H., Li Calzi, S., Guberski, D. L., et al. (2007). Ischemic Vascular Damage Can Be Repaired by Healthy, but Not Diabetic, Endothelial Progenitor Cells. Diabetes 56, 960–967. doi:10.2337/db06-1254
 Charrier, S., Boiret, N., Fouassier, M., Berger, J., Rapatel, C., Pigeon, P., et al. (2002). Normal Human Bone Marrow CD34+CD133+ Cells Contain Primitive Cells Able to Produce Different Categories of colony-forming Unit Megakaryocytes In Vitro. Exp. Hematol. 30, 1051–1060. doi:10.1016/s0301-472x(02)00882-2
 Chen, Q., Jin, M., Yang, F., Zhu, J., Xiao, Q., and Zhang, L. (2013). Matrix Metalloproteinases: Inflammatory Regulators of Cell Behaviors in Vascular Formation and Remodeling. Mediators Inflamm. 2013, 1–14. doi:10.1155/2013/928315
 Chen, C.-Y., Du, W., Rao, S.-S., Tan, Y.-J., Hu, X.-K., Luo, M.-J., et al. (2020). Extracellular Vesicles from Human Urine-Derived Stem Cells Inhibit Glucocorticoid-Induced Osteonecrosis of the Femoral Head by Transporting and Releasing Pro-angiogenic Dmbt1 and Anti-apoptotic Timp1. Acta Biomater. 111, 208–220. doi:10.1016/j.actbio.2020.05.020
 Fadini, G. P., Rigato, M., Cappellari, R., Bonora, B. M., and Avogaro, A. (2017). Long-term Prediction of Cardiovascular Outcomes by Circulating Cd34+ and Cd34+cd133+ Stem Cells in Patients with Type 2 Diabetes. Diabetes Care 40, 125–131. doi:10.2337/dc16-1755
 Ferguson, I., Huecker, J., Huang, J., McClelland, C., and Van Stavern, G. (2017). Risk Factors for Radiation-Induced Optic Neuropathy: A Case-Control Study. Clin. Exp. Ophthalmol. 45, 592–597. doi:10.1111/ceo.12927
 Gaddini, L., Balduzzi, M., Campa, A., Esposito, G., Malchiodi-Albedi, F., Patrono, C., et al. (2018). Exposing Primary Rat Retina Cell Cultures to γ-rays: An In Vitro Model for Evaluating Radiation Responses. Exp. Eye Res. 166, 21–28. doi:10.1016/j.exer.2017.09.009
 Garcia, T. B., Hollborn, M., and Bringmann, A. (2017). Expression and Signaling of Ngf in the Healthy and Injured Retina. Cytokine Growth Factor. Rev. 34, 43–57. doi:10.1016/j.cytogfr.2016.11.005
 Giuliari, G. P., Sadaka, A., Hinkle, D. M., and Simpson, E. R. (2011). Current Treatments for Radiation Retinopathy. Acta Oncol. 50, 6–13. doi:10.3109/0284186x.2010.500299
 Grant, M. B., May, W. S., Caballero, S., Brown, G. A. J., Guthrie, S. M., Mames, R. N., et al. (2002). Adult Hematopoietic Stem Cells Provide Functional Hemangioblast Activity during Retinal Neovascularization. Nat. Med. 8, 607–612. doi:10.1038/nm0602-607
 Gu, X., Yu, X., Zhao, C., Duan, P., Zhao, T., Liu, Y., et al. (2018). Efficacy and Safety of Autologous Bone Marrow Mesenchymal Stem Cell Transplantation in Patients with Diabetic Retinopathy. Cell Physiol. Biochem. 49, 40–52. doi:10.1159/000492838
 Gupta, A., and Muecke, J. S. (2008). Treatment of Radiation Maculopathy with Intravitreal Injection of Bevacizumab (Avastin). Retina 28, 964–968. doi:10.1097/IAE.0b013e3181706302
 Harris, J. R., Fisher, R., Jorgensen, M., Kaushal, S., and Scott, E. W. (2009). Cd133 Progenitor Cells from the Bone Marrow Contribute to Retinal Pigment Epithelium Repair. Stem Cel. 27, 457–466. doi:10.1634/stemcells.2008-0836
 Hiroshiba, N., Ogura, Y., Sasai, K., Nishiwaki, H., Miyamoto, K., Hamada, M., et al. (1999). Radiation-induced Leukocyte Entrapment in the Rat Retinal Microcirculation. Invest. Ophthalmol. Vis. Sci. 40, 1217–1222.
 Horgan, N., Shields, C. L., Mashayekhi, A., and Shields, J. A. (2010). Classification and Treatment of Radiation Maculopathy. Curr. Opin. Ophthalmol. 21, 233–238. doi:10.1097/ICU.0b013e3283386687
 Hou, Y., Ryu, C. H., Jun, J. A., Kim, S. M., Jeong, C. H., and Jeun, S.-S. (2014). Il-8 Enhances the Angiogenic Potential of Human Bone Marrow Mesenchymal Stem Cells by Increasing Vascular Endothelial Growth Factor. Cell Biol. Int. 38, 1050–1059. doi:10.1002/cbin.10294
 Irvine, A. R., and Wood, I. S. (1987). Radiation Retinopathy as an Experimental Model for Ischemic Proliferative Retinopathy and Rubeosis Iridis. Am. J. Ophthalmol. 103, 790–797. doi:10.1016/s0002-9394(14)74395-8
 Jaing, T.-H. (2014). Umbilical Cord Blood: A Trustworthy Source of Multipotent Stem Cells for Regenerative Medicine. Cel Transpl. 23, 493–496. doi:10.3727/096368914X678300
 Kanji, S., Das, M., Aggarwal, R., Lu, J., Joseph, M., Pompili, V. J., et al. (2014). Nanofiber‐expanded Human Umbilical Cord Blood-Derived CD34+ Cell Therapy Accelerates Cutaneous Wound Closure in NOD/SCID Mice. J. Cel. Mol. Med. 18, 685–697. doi:10.1111/jcmm.12217
 Kim, H., Cooke, M. J., and Shoichet, M. S. (2012). Creating Permissive Microenvironments for Stem Cell Transplantation into the central Nervous System. Trends Biotechnol. 30, 55–63. doi:10.1016/j.tibtech.2011.07.002
 Lao, G., Ren, M., Wang, X., Zhang, J., Huang, Y., Liu, D., et al. (2019). Human Tissue Inhibitor of Metalloproteinases‐1 Improved Wound Healing in Diabetes through its Anti‐apoptotic Effect. Exp. Dermatol. 28, 528–535. doi:10.1111/exd.13442
 Li, A., Dubey, S., Varney, M. L., Dave, B. J., and Singh, R. K. (2003). Il-8 Directly Enhanced Endothelial Cell Survival, Proliferation, and Matrix Metalloproteinases Production and Regulated Angiogenesis. J. Immunol. 170, 3369–3376. doi:10.4049/jimmunol.170.6.3369
 Li, M., Zhang, Y., Feurino, L. W., Wang, H., Fisher, W. E., Brunicardi, F. C., et al. (2008). Interleukin-8 Increases Vascular Endothelial Growth Factor and Neuropilin Expression and Stimulates Erk Activation in Human Pancreatic Cancer. Cancer Sci. 99, 733–737. doi:10.1111/j.1349-7006.2008.00740.x
 Li, Z., He, X. C., and Li, L. (2019). Hematopoietic Stem Cells: Self-Renewal and Expansion. Curr. Opin. Hematol. 26, 258–265. doi:10.1097/MOH.0000000000000506
 Lovasik, J. V., and Kergoat, H. (1991). Influence of Transiently Altered Retinal Vascular Perfusion Pressure on Rod/cone Contributions to Scotopic Oscillatory Potentials. Oph Phys. Opt. 11, 370–380. doi:10.1111/j.1475-1313.1991.tb00238.x
 Martinez-Moreno, C. G., Fleming, T., Carranza, M., Ávila-Mendoza, J., Luna, M., Harvey, S., et al. (2018). Growth Hormone Protects against Kainate Excitotoxicity and Induces Bdnf and Nt3 Expression in Chicken Neuroretinal Cells. Exp. Eye Res. 166, 1–12. doi:10.1016/j.exer.2017.10.005
 Moss, H. E., Park, J. C., and McAnany, J. J. (2015). The Photopic Negative Response in Idiopathic Intracranial Hypertension. Invest. Ophthalmol. Vis. Sci. 56, 3709–3714. doi:10.1167/iovs.15-16586
 Mysona, B. A., Zhao, J., Smith, S., and Bollinger, K. E. (2018). Relationship between Sigma-1 Receptor and Bdnf in the Visual System. Exp. Eye Res. 167, 25–30. doi:10.1016/j.exer.2017.10.012
 Noroozi-Aghideh, A., and Kheirandish, M. (2019). Human Cord Blood-Derived Viral Pathogens as the Potential Threats to the Hematopoietic Stem Cell Transplantation Safety: A Mini Review. Wjsc 11, 73–83. doi:10.4252/wjsc.v11.i2.73
 Özer, M. A., Polat, N., Özen, S., Parlakpınar, H., Ekici, K., Polat, A., et al. (2017). Effects of Molsidomine on Retinopathy and Oxidative Stress Induced by Radiotheraphy in Rat Eyes. Curr. Eye Res. 42, 803–809. doi:10.1080/02713683.2016.1238943
 Papa, L., Djedaini, M., and Hoffman, R. (2019). Ex Vivo expansion of Hematopoietic Stem Cells from Human Umbilical Cord Blood-Derived Cd34+ Cells Using Valproic Acid. JoVE 11 (146). doi:10.3791/59532
 Park, S. S., Caballero, S., Bauer, G., Shibata, B., Roth, A., Fitzgerald, P. G., et al. (2012). Long-Term Effects of Intravitreal Injection of GMP-Grade Bone-Marrow-Derived CD34+Cells in NOD-SCID Mice with Acute Ischemia-Reperfusion Injury. Invest. Ophthalmol. Vis. Sci. 53, 986–994. doi:10.1167/iovs.11-8833
 Pozzoli, O., Vella, P., Iaffaldano, G., Parente, V., Devanna, P., Lacovich, M., et al. (2011). Endothelial Fate and Angiogenic Properties of Human CD34+Progenitor Cells in Zebrafish. Arterioscler Thromb. Vasc. Biol. 31, 1589–1597. doi:10.1161/atvbaha.111.226969
 Ramos, M. S., Echegaray, J. J., Kuhn-Asif, S., Wilkinson, A., Yuan, A., Singh, A. D., et al. (2019). Animal Models of Radiation Retinopathy - from Teletherapy to Brachytherapy. Exp. Eye Res. 181, 240–251. doi:10.1016/j.exer.2019.01.019
 Reichstein, D. (2015). Current Treatments and Preventive Strategies for Radiation Retinopathy. Curr. Opin. Ophthalmol. 26, 157–166. doi:10.1097/ICU.0000000000000141
 Rong, L., Gu, X., Xie, J., Zeng, Y., Li, Q., Chen, S., et al. (2018). Bone Marrow CD133+ Stem Cells Ameliorate Visual Dysfunction in Streptozotocin-Induced Diabetic Mice with Early Diabetic Retinopathy. Cel Transpl. 27, 916–936. doi:10.1177/0963689718759463
 Rose, K., Krema, H., Durairaj, P., Dangboon, W., Chavez, Y., Kulasekara, S. I., et al. (2018). Retinal Perfusion Changes in Radiation Retinopathy. Acta Ophthalmol. 96, e727–e731. doi:10.1111/aos.13797
 Santiago, A. R., Boia, R., Aires, I. D., Ambrósio, A. F., and Fernandes, R. (2018). Sweet Stress: Coping with Vascular Dysfunction in Diabetic Retinopathy. Front. Physiol. 9, 820. doi:10.3389/fphys.2018.00820
 Shahaduzzaman, M., and Willing, A. E. (2012). “Umbilical Cord Blood (UCB) Progenitor and Stem Cell Biology and Therapy,” in Progenitor and Stem Cell Technologies and Therapies ed . Editor A. Atala ( Woodhead Publishing), 263–281. doi:10.1533/9780857096074.3.263
 Sharma, R., Voelker, D. J., Sharma, R., and Reddy, H. K. (2012). Understanding the Application of Stem Cell Therapy in Cardiovascular Diseases. Sccaa 5, 29–37. doi:10.2147/sccaa.S28500
 Slayton, W. B., Li, X. M., Butler, J., Guthrie, S. M., Jorgensen, M. L., Wingard, J. R., et al. (2007). The Role of the Donor in the Repair of the Marrow Vascular Niche Following Hematopoietic Stem Cell Transplant. Stem Cel. 25, 2945–2955. doi:10.1634/stemcells.2007-0158
 Soria, B., Martin-Montalvo, A., Aguilera, Y., Mellado-Damas, N., López-Beas, J., Herrera-Herrera, I., et al. (2019). Human Mesenchymal Stem Cells Prevent Neurological Complications of Radiotherapy. Front. Cel. Neurosci. 13, 204. doi:10.3389/fncel.2019.00204
 Spaide, R. F., Borodoker, N., and Shah, V. (2002). Atypical Choroidal Neovascularization in Radiation Retinopathy. Am. J. Ophthalmol. 133, 709–711. doi:10.1016/s0002-9394(02)01331-4
 Spielberg, L., De Potter, P., and Leys, A. (2013). “Radiation Retinopathy,” in Retina ed .Editors S. J. Ryan, S. R. Sadda, D. R. Hinton, A. P. Schachat, S. R. Sadda, C. P. Wilkinson, et al. fifth edition (London: W.B. Saunders), 1083–1090. doi:10.1016/b978-1-4557-0737-9.00058-8
 Suzumura, A., Kaneko, H., Funahashi, Y., Takayama, K., Nagaya, M., Ito, S., et al. (2020). n-3 Fatty Acid and its Metabolite 18-HEPE Ameliorate Retinal Neuronal Cell Dysfunction by Enhancing Müller BDNF in Diabetic Retinopathy. Diabetes 69, 724–735. doi:10.2337/db19-0550
 Takahashi, K., Kishi, S., Muraoka, K., Tanaka, T., and Shimizu, K. (1998). Radiation Choroidopathy with Remodeling of the Choroidal Venous System. Am. J. Ophthalmol. 125, 367–373. doi:10.1016/s0002-9394(99)80148-2
 Wang, X., and Khalil, R. A. (2018). Matrix Metalloproteinases, Vascular Remodeling, and Vascular Disease. Adv. Pharmacol. 81, 241–330. doi:10.1016/bs.apha.2017.08.002
 Wijerathne, H., Langston, J. C., Yang, Q., Sun, S., Miyamoto, C., Kilpatrick, L. E., et al. (2021). Mechanisms of Radiation-Induced Endothelium Damage: Emerging Models and Technologies. Radiother. Oncol. 158, 21–32. doi:10.1016/j.radonc.2021.02.007
 Wilkinson, C., Hinton, D., Sadda, S., and Wiedemann, P. (2017). Ryan's Retina. 6th edition United States: Elsevier. 
 Yazdanyar, A., Zhang, P., Dolf, C., Smit-McBride, Z., Cary, W., Nolta, J. A., et al. (2020). Effects of Intravitreal Injection of Human CD34+ Bone Marrow Stem Cells in a Murine Model of Diabetic Retinopathy. Exp. Eye Res. 190, 107865. doi:10.1016/j.exer.2019.107865
 Yu, X., Gu, Z., Wang, Y., and Wang, H. (2013). New Strategies in Cord Blood Cells Transplantation. Cel. Biol. Int. 37, 865–874. doi:10.1002/cbin.10114
 Zhang, S. Q., Wang, L. L., Li, Y. T., Wang, G., Li, L., Sun, S. Z., et al. (2021). Microrna-126 Attenuates the Effect of Chemokine Cxcl8 on Proliferation, Migration, Apoptosis, and Mapk-dependent Signaling Activity of Vascular Endothelial Cells Cultured in a Medium with High Glucose Concentration. Bull. Exp. Biol. Med. 171, 202–207. doi:10.1007/s10517-021-05195-3
 Zhao, T., Liang, Q., Meng, X., Duan, P., Wang, F., Li, S., et al. (2020). Intravenous Infusion of Umbilical Cord Mesenchymal Stem Cells Maintains and Partially Improves Visual Function in Patients with Advanced Retinitis Pigmentosa. Stem Cell Dev. 29, 1029–1037. doi:10.1089/scd.2020.0037
 Zou, T., Gao, L., Zeng, Y., Li, Q., Li, Y., Chen, S., et al. (2019). Organoid-derived C-Kit+/SSEA4− Human Retinal Progenitor Cells Promote a Protective Retinal Microenvironment during Transplantation in Rodents. Nat. Commun. 10, 1205. doi:10.1038/s41467-019-08961-0
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Chen, Li, Sun, Wang, Weng, Zeng, Li, Huo, Huang, Li, Zou and Xu. 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/fcell-10-801302-g005.gif
A | cow Radason conwoosw | B






OPS/images/fcell-10-801302-g006.gif





OPS/images/fcell-10-801302-g003.gif





OPS/images/fcell-10-801302-g004.gif





OPS/images/fcell-10-801302-g007.gif
CEPSESISS fonr wer

i Doty Eisa





OPS/xhtml/nav.xhtml
Contents

		Cover

		Human Umbilical Cord Blood-Derived CD133+CD34+ Cells Protect Retinal Endothelial Cells and Ganglion Cells in X-Irradiated Rats through Angioprotective and Neurotrophic Factors		Introduction

		Materials and Methods		Animal X-Ray Irradiation

		Cell Line and Irradiation

		Isolation and Expansion of Human Cord Blood-Derived CD133+CD34+ Stem Cells

		CD133+CD34+ Cell Labeling and Transplantation

		Electroretinogram Recording

		Immunofluorescence

		Tube Formation Assay

		Western Blot Analysis

		Protein Array

		Statistical Analysis





		Results		Loss of Retinal Vascular Endothelial Cells and Ganglion Cells in Retinal Irradiated-Rats

		Transplanted hUCB-CD133+CD34+ Cells Improved the Visual Function of Irradiated Rats

		Transplanted hUCB-CD133+CD34+ Cells Ameliorated the Retinal Vascular Structure and Function of Irradiated Rats

		Transplanted hUCB-CD133+CD34+ Cells Protect Retinal Ganglion Cells in Retinal-Irradiated Rats

		hUCB-CD133+CD34+ Cells Protected hRECs from Irradiation-Induced Injury in vitro

		Angioprotective Factors and Neurotrophic Factors Secreted by CD133+CD34+ Cells





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		Abbreviations

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Human Umbilical Cord Blood-
Derived CD133"CD34™ Cells
Protect Retinal Endothelial Cells
and Ganglion Cells in X-Irradiated
Rats through Angioprotective and
Neurotrophic Factors






OPS/images/fcell-10-801302-g001.gif





OPS/images/fcell-10-801302-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





