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Vascular regeneration for ischemic retinopathies: Hope from cell 

therapies 

Retinal vascular diseases, such as diabetic retinopathy, retinopathy of prematurity, 

retinal vein occlusion, ocular ischemic syndrome and ischemic optic neuropathy, 

are leading causes of vision impairment and blindness. Whilst drug, laser or 

surgery-based treatments for the late stage complications of many of these diseases 

are available, interventions that target the early vasodegenerative stages are 

lacking. Progressive vasculopathy and ensuing ischemia is an underpinning 

pathology in many of these diseases, leading to hypoperfusion, hypoxia, and 

ultimately pathological neovascularization and/or edema in the retina and other 

ocular tissues, such as the optic nerve and iris. Therefore, repairing the retinal 

vasculature may prevent progression of ischemic retinopathies into late stage 

vascular complications. Various cell types have been explored for their vascular 

repair potential.  Endothelial progenitor cells, mesenchymal stem cells and induced 

pluripotent stem cells are studied for their potential to integrate with the damaged 

retinal vasculature and limit ischemic injury. Clinical trials for some of these cell 

types have confirmed safety and feasibility in the treatment of ischemic diseases, 

including some retinopathies. Another promising avenue is mobilization of 

endogenous endothelial progenitors, whereby reparative cells are moved from their 

niche to circulating blood to target and home into ischemic tissues. Several aspects 

and properties of these cell types have yet to be elucidated. Nevertheless, we 

foresee that cell therapy, whether through delivery of exogenous or enhancement 

of endogenous reparative cells, will become a valuable and beneficial treatment for 

ischemic retinopathies. 

Keywords: retina, retinal ischemia, cell therapy, endothelial progenitors, 

mesenchymal stem cells, induced pluripotent stem cells  

1. Introduction 

Retinal ischemia, due to impaired blood perfusion caused by closure or obstruction of 

capillaries, plays a key pathogenic role in many eye diseases, and leads to visual 

impairment, blindness, and disability. When focusing on ischemic retinopathies, research 

efforts mainly target diabetic retinopathy and retinal vein/artery occlusions. Interestingly, 



diabetic retinopathy research represented 25% of PubMed research papers on retinal 

ischemia (Figure 1). This PubMed search, performed in June 2019, retrieved 5,647 papers 

on retinal ischemia: 125 clinical trials and 5522 pre-clinical studies. An additional search 

on the clinical trials database ClinicalTrials.gov, which only focused on diabetic 

retinopathy, retrieved 409 clinical studies (275 interventional and 134 observational). 

Further analysis of these clinical trials on diabetic retinopathy showed that 21% (86 

studies) were on proliferative diabetic retinopathy, whereas only 6.4% (26 studies) were 

on non-proliferative diabetic retinopathy. The remainder of studies did not specify the 

retinopathy type. These findings are in agreement with the significant advances made to 

treat late-stage complications in ischemic retinopathies, while treatments to promote 

vascular reperfusion in the retina at an early stage are lacking. Hence, this review 

discusses the potential of cell therapies to reverse vascular ischemia in the retina.  

2. Retinal ischemic diseases 

2.1. Diabetic Retinopathy 

Diabetic retinopathy (DR) is a frequent microvascular complication of diabetes and it is 

one of the leading cause of vision impairment and blindness in the working age population 

worldwide 1. 2.6 million cases of visual impairment were attributed to DR, and if this 

trend continues, there will be 3.2 million cases by 2020 2.  

The overall risk of developing DR has been attributed to duration of diabetes, 

severity of hyperglycemia and hypertension. Interestingly, clinical studies have 

demonstrated that, despite achieving relatively tight glycemic control, DR still develops 

in some patients. For those in which there were previous periods of poor control followed 

by tight control, there is a continued risk of DR progression, a phenomenon known as 

glycemic memory 3. While DR is now known to incorporate neuronal dysfunction 



coupled to the so-called neurovascular unit, clinically the condition is still classified by 

the degree of capillary damage, associated ischemia and ensuing neovascular response, 

namely non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic 

retinopathy (PDR), respectively. Classical features of NPDR are occurrence of retinal 

hemorrhages, alteration of retinal blood flow, capillary non-perfusion, microaneurysms 

and appearance of cotton wool spots. Such abnormalities are usually accompanied by 

basement membrane thickening and pericyte loss. Capillary non-perfusion results in 

ischemia, triggering the release of pro-angiogenic factors, such as vascular endothelial 

growth factor (VEGF). The latter is known to play a central role in the increase of vascular 

permeability, leading to diabetic macular edema (DME), and the progression to pre-

retinal neovascularization 4.  

Current treatment modalities for DR include laser photocoagulation, corticosteroids, and 

surgery 5. Laser photocoagulation is often the main line of treatment for PDR and has 

been successfully shown to reduce the risk of severe vision loss in patients, although it is 

associated with a number of side effects, including reduced peripheral vision and reduced 

dark adaption 6. The use of corticosteroids as a therapy is also associated with side effects, 

such as elevated intraocular pressure, cataract, endophthalmitis, vitreous hemorrhage and 

retinal detachment 7. Similarly, vitreoretinal surgery is also associated with a number of 

possible side effects, including cataract, vitreous hemorrhage, edema in the cornea and 

retinal detachment post-surgery 8. Furthermore, these therapies are targeted to end-stage 

DR and do not address early vasodegeneration. The success of anti-VEGF therapies for 

treating neovascular age-related macular degeneration (AMD) have resulted in the 

emergence of Ranibizumab and Aflibercept as first line therapy for DME 5, although there 

is accruing clinical evidence that VEGF blockade is also a viable treatment for PDR 9.  

VEGF blockade is not effective in all patients, especially in the context of DME, where 



delayed or even non-responsiveness to the drugs has been recognized 10. Moreover, there 

are some concerns about long-term inhibition of constitutively expressed VEGF in the 

neural retina and RPE, which could have negative impact on neuronal function, retinal 

vascular and choriocapillaris integrity 5. 

In order to address the retinal ischemia and associated pathology preceding PDR, 

reparative angiogenesis has been suggested as a potential approach as for the treatment 

of DR. In this regard, the angiogenic and reparative potential of a cell therapy using 

endothelial colony forming cells (ECFCs) have been explored in  preclinical models of 

retinal ischemia 11,12. Nevertheless, further investigations are warranted to facilitate the 

implementation of vascular stem cell-based approaches for the treatment of DR. 

2.2. Retinopathy of prematurity 

In humans, the retinal vasculature fully develops at the end of the gestation period 13. In 

accordance with neural differentiation and synaptogenesis, retinal vasculogenesis begins 

in the center of the retina, optic nerve, and progresses towards the periphery, ora serrata 

14. The principal cause of ROP is premature birth, following which the preterm infant has 

incomplete vascular coverage of the immature retina proportional to the degree of 

prematurity 13,14. The pathogenesis of ROP has two different phases. The first one is 

characterized by vaso-obliteration. It occurs due to treatment of the preterm infant in 

oxygen incubators 13 and exposure to levels of oxygen that are three times higher than the 

ones in the uterine environment 14. These generate hyperoxic conditions for the 

developing retina.  As a result, the normal development of the retinal vessels is impaired, 

with concomitant downregulation of vasogenic factors such as VEGF, erythropoietin 

(EPO), and insulin-like growth factor-1 (IGF-1) 15. Interestingly, IGF-1 supplementation 

in IGF-1-deficient mouse pups, was shown to increase body weight and retinal 

vasculature development 16. This is in agreement with results in human subjects, where 



low levels of IGF-1 directly correlated with the severity of ROP 17 . Other factors involved 

in ROP pathogenesis are reactive oxygen species (ROS), and inflammatory responses, 

which mostly involve interleukin-1β and tumor necrosis factor-α 18,19.  

Impairment in vessel growth leads to retinal ischemia. After treatment in the 

oxygen incubator and the newborn returns to normal levels of oxygen, several growth 

factors, such as VEGF, are upregulated, to restore oxygen balance. This leads to abnormal 

neovascularization, which characterizes the second phase of the disease 20. This 

pathological neovascularization into the vitreous can cause retinal detachment and, 

ultimately, blindness 19.   

The majority of the currently available treatments in ROP have been developed for the 

phase two of the disease. Two of the most common are cryocoagulation and laser 

photocoagulation. Despite their effectiveness in destroying the avascular retina and 

preventing neovascularization, these treatments can also lead to additional visual 

impairment 18. The use of anti-VEGF drugs, such as Bevacizumab, is considered more 

efficient in eliminating neovascularization in the ROP retina 21. However, there are some 

disadvantages with anti-VEGFs, since this approach does not completely ablate 

pathological neovascularization, and it also slows down physiological angiogenesis. 

Moreover, it may negatively impact on the functionality of other cells within the retina, 

such as neurons and photoreceptors 14,18. 

Vessel loss in phase one of ROP is critical in the development of the disease. 

Hence, the need for novel interventions at an early stage to repair the retinal vasculature. 

Supplementation of IGF-1 was suggested as an effective vasoprotective treatment in 

premature infants 22. 



2.3. Retinal vein occlusion 

Retinal vein occlusion (RVO) is considered one of the most common cause of blindness 

in the working age population worldwide. The major risk factors for RVO are increase in 

age, atherosclerosis, hypertension and diabetes 23.  RVO can be classified into branch 

retinal vein occlusion (BRVO) and central retinal vein occlusion (CRVO) 24. 

BRVO is characterized by occlusion at the level of only one branch of the central 

retinal vein, either at the level of the macula or the peripheral retina 25. The occlusion 

occurs at the crossing point of the artery with a vein, leading to the formation of a 

thrombus, with damage to endothelial cells and vessel wall 23,25,26. CRVO, on the other 

hand, is observed when occlusion affects the entire central retinal vein, involving the 

central retinal artery, the central retinal vein and the optic nerve 23,25. As a consequence, 

a thrombus forms at the proximity of the optic nerve head and the lamina cribrosa, 

generating more complex and severe complications. These include increased vascular 

turbulence with consequent narrowing of the venous lumen and damage to the 

endothelium. 23,25,26. 

The presence of vascular complications allows a further categorization of RVOs 

into edematous, ischemic, and miscellaneous 27. The development of a thrombus in the 

retinal vasculature is associated with decreased blood flow, damage of the endothelium 

leading to vascular leakage and edema 26. Additionally, the poor retinal perfusion in RVO 

is also associated with neuronal cell death and photoreceptor apoptosis. In accordance 

with that, thinning of the macula, retinal nerve fiber, ganglion cell and inner plexiform 

layers was reported in RVO 28. Long-term ischemic environment leads to secretion of 

inflammatory and angiogenic factors, such as VEGF. These molecules cause worsening 

of the pathology in RVO and play a central role in the initialization of retinal 

neovascularization 24. Neovascularization is directly correlated to the level of occlusion 



and can be the starting point of further complications, such as neovascular glaucoma, 

hemorrhage in the vitreous and also retinal detachment 24,26.  

Therapeutic strategies for RVOs have focused on the resolution of the disease, by 

targeting the complications that occur during the late stage of the disease more than 

focusing on promoting revascularization of the ischemic retina at an early stage. Laser 

photocoagulation and anti-VEGF drugs are the standard treatments for RVOs at the 

present date. Laser photocoagulation can be macular grid photocoagulation or panretinal 

laser photocoagulation. They are used for treatment of macular edema and retinal 

neovascularization, respectively 29. Anti-VEGF drugs, such as Bevacizumab and 

Ranibizumab, are injected intravitreally and are known to decrease neovascularization 30. 

As stated in the NICE (The National Institute for Health and Care Excellence) guidelines, 

anti-VEGF drugs are chosen in case of ineffectiveness of laser photocoagulation 

treatments.   

Alternatively, neuroprotective agents have also been tested for the treatment of 

ischemic RVOs. For instance, the antibiotic minocycline was reported to protect retinal 

ganglion cells from apoptosis thus preserving retinal function 31.  

2.4. Ocular ischemic syndrome 

Ocular ischemic syndrome (OIS) is an eye disease caused by the occlusion of the carotid 

artery, either common or internal 32,33. OIS is more prevalent in men than women and it 

is correlated to the incidence of atherosclerosis 33. The number of people affected by OIS 

is underestimated, due to inaccurate diagnosis, because of similarities with DR and RVO 

33. The main hallmark of the disease is decreased blood flow in the ophthalmic artery. As 

a consequence, low perfusion in the retina leads to ocular ischemia 32. Due to OIS, patients 

present pathology in both anterior and posterior segment of the eye, with the former being 



more common than the latter. When the anterior segment is affected, signs of ischemia 

include fixed and dilated pupil, and at a later stage corneal edema and neovascularization 

of the iris 33,34. The posterior segment shows decrease in venous and arterial size, with 

vessel leakage, hemorrhages and macular edema 32,34. Neovascularization in OIS is 

caused by increased VEGF, which occurs more at the level of the optic disc than in the 

retina 34. Accordingly, OIS was often correlated to ischemic optic neuropathy 32–34.  

Since OIS is associated with carotid artery occlusion, carotid surgery has been shown to 

be a beneficial intervention for iris neovascularization 34. Despite that, most of the 

available treatments for OIS target the posterior segment. Ablation of peripheral retina 

and panretinal photocoagulation are used to treat neovascularization. Other strategies 

include intravitreal injection of steroids and VEGF inhibitors, used mainly against 

macular edema 32,33.  

OIS is a rare ocular complication but, as discussed above, can lead to severe visual 

impairment and vision loss. With regard to that, novel treatment approaches are required 

for both therapy and prevention. Targeting endogenous vascular stem cells to prevent the 

original carotid artery occlusion by diminishing endothelial damage or stabilizing the 

plaque may play potential prophylactic strategies for OIS.  

2.5. Ischemic optic neuropathy  

Ischemic optic neuropathy (ION) is one of the main causes of vision impairment and 

vision loss, predominantly in the elderly 35. It is associated with a number of systemic 

diseases, such as diabetes, atherosclerosis and cardiovascular disorders 36. Two types of 

the disease can be identified: anterior and posterior ION. The former is characterized by 

ischemic pathology at the level of the optic nerve head and the posterior ciliary artery 

(PCA). The latter shows ischemic complications at the pial vascular plexus, which is 



perfused by other branches, such as the central retinal artery 35,37.   

Anterior ischemic optic neuropathy (AION) can be arteric and non-arteric. Whilst the first 

is caused by giant cell arteritis (GCA), the second, more common, occurs due to different 

causes such as defective optic nerve head perfusion and increased ocular pressure35,37.  

In the arteric AION, GCA causes occlusion of the optic nerve head leading to 

several ocular vascular impairments. These include occlusion of the central retinal artery 

but, also, ischemia at the level of the choroidal vasculature 35.  

Non-arteric AION is due to acute ischemia of the optic nerve head or of the vessels 

that are responsible for its perfusion 35. Hypoperfusion of the anterior part of the optic 

nerve determines formation of edema and vision loss 35,36.  

Posterior ischemic optic neuropathy (PION) can also be subdivided into an arteric and 

non-arteric complication. The first one is less common and involves GCA, whereas the 

second is triggered by different factors including a number of systemic diseases, such as 

diabetes, carotid artery and cerebrovascular disease.35,37. There is also a surgical PION, 

which occurs due to long lasting surgeries and can lead to severe vision loss 37.  

Similar to arteric AION, GCA is the principal cause of arteric PION. It occurs less 

frequently than arteric AION and it is described by the occlusion of the arteric branches 

that perfuse the posterior part of the optic nerve 38.  

In the non-arteric PION the ischemic complications appear very different from 

the ones that occur in non-arteric AION. This is due to the organization of the vasculature 

and its arrangement in the posterior part of the optic nerve. In addition, as discussed 

above, the central retinal artery could also be involved in the pathology, causing damage 

in the central retina 38.   

High dose of corticosteroids has beneficial effects in patients affected by AION and PION 



39. Additionally, intravitreal injection of VEGF inhibitors was shown to effectively reduce 

edema in AION 40. 

IONs are very complex and can affect not only the optic nerve but, also, the retina. 

Recent development of animal models 36 and tissue engineering 41 will facilitate the 

investigation towards new targets and novel therapeutic strategies. 

3. Vascular regeneration in retinal ischemic disease 

Vascular regeneration and reparative angiogenesis can be considered a valuable 

therapeutic approach in the treatment of retinal ischemic diseases. As investigated and 

reviewed by our laboratory, several studies showed the positive outcome of reparative 

angiogenesis to vascularize the retina, by preventing or delaying the development of 

sight-threatening complications 42. The idea of retinal vasculature remodeling subsequent 

to ischemic insults is supported by a case reported in 1986 by Mohan and Kohner. 

Revascularization of ischemic areas were seen in diabetic patients who underwent 

repeated photocoagulation treatments 43. This report showed that retinal ischemia can be 

reversed. Moreover, it highlighted reparative angiogenesis as beneficial when 

appropriately driven towards reperfusion and reversal of retinal ischemia during the early 

stage of the pathology. The potential of cell therapies for treating cardiovascular diseases 

is becoming widely recognized, reflected in the degree of research activity in this area. 

However, our literature search indicated that ocular diseases, and specifically ischemic 

retinopathies, are emerging as new targets for stem cell therapies (Figure 2), which 

reflects a need to address the underlying pathology that drives pathological 

neovascularization and macular edema at the end stages of the disease. A vasoreparative 

cell therapy strategy to replace or restore damaged vasculature has been suggested as a 

novel treatment for the early stages of ischemic retinopathies to prevent progression into 

late stage complications. Importantly, reparative angiogenesis in the retina has to be 



controlled tightly to occur in the right place and at the right time; therefore, caution should 

be taken when designing clinical trials to define the therapeutic window of opportunity at 

an early stage when there is no pathological neovascularization. 

 Here, we describe the cell types that have been pre-clinically or clinically tested 

for their therapeutic potential in relation to ischemic retinopathies.  

3.1. Endothelial progenitor cells: definition and therapeutic potential 

The definition of endothelial progenitor cells (EPCs) has generated significant debate. 

The original definition of EPCs as cells circulating in blood that promoted new blood 

vessel formation was too broad and it encompasses a multitude of very different cell 

types. Therefore, a recent consensus on nomenclature suggested to avoid using the term 

EPCs and encouraged to immunophenotypically define the cells of interest 44. EPCs have 

been isolated from cord blood 45, peripheral blood 46, bone marrow 47, placenta 48, lungs 

49 and adipose tissue 50. The so called “putative” EPCs were derived from the 

mononuclear cell fraction of blood 51  and from sorted CD34+ cells cultured on fibronectin 

52. These ‘EPCs’ were found to express CD31 and vascular endothelial growth factor 

receptor 2 (VEGFR2) 52. However, this was also reported to be caused by direct protein 

transfer from platelets 53. This ‘first-generation’ of EPCs was useful in establishing the 

foundation for vascular stem cell therapies. However, with current technological 

advances, the field needs to move into ‘next-generation’ cell therapies were detailed cell 

definition at the molecular level is critical to ensure reproducibility.  

3.1.1. CD34+ cells 

CD34+ cells are classically considered as the stem/progenitor cells found in bone marrow 

that get mobilized into the circulation following hypoxic stimuli. While CD34 remains 

the most commonly used marker to identify endothelial progenitors, it is also highly 



expressed by hematopoietic stem/progenitor cells, differentiated endothelial cells and 

mesenchymal stem cells. Bone marrow contains a population of Lin- hematopoietic stem 

cells (HSCs) that can differentiate into endothelial cells 54 and 1-5% of those express 

CD34 55. CD34+ cells have also been isolated from adipose tissue, umbilical cord blood 

and fetal liver 56.  

Intramuscular injection of CD34+ cells induced amelioration of blood flow in a 

hindlimb diabetic ischemic mouse model 57. Similarly, CD34+ cells have been used to 

treat myocardial and cerebral ischemia. In both murine and non-human primate 

experimental models, CD34+ cells were found to promote neovascularization and to 

restore blood flow 58. Based on these, several clinical trials have showed better cardiac 

disease outcomes and recovery in patients injected with CD34+ cells 59,60. 

CD34+ cells have been investigated as a therapy for retinal ischemic diseases. 

Human CD34+ cells were able to home and repair the damaged retina in both diabetic and 

retinal ischemia mouse models 61,62. These studies highlighted the positive short-time 

effects of this cell type, which suggests a paracrine effect, as there is limited evidence to 

demonstrate long-standing presence nor engraftment of these cells in the retinal 

vasculature 63. Nevertheless, bone marrow-derived CD34+ cells were detected in the 

retina of an ischemia-reperfusion mouse model at 4 months post-injection with normal 

retinal function still present after 8 months 64.  

Based on these promising results, a phase I clinical trial was conducted in 

autologous, bone marrow-derived CD34+ cells.  Six individuals that presented irreversible 

vision loss due to retinal ischemia and degeneration were recruited. This trial used a range 

of 1 to 7 million CD34+ cells injected intravitreally per eye. Importantly, all individuals 

showed absence of ocular complications and improved visual functions 65. 



3.1.2. Endothelial colony-forming cells 

Endothelial colony-forming cells (ECFCs) are also known as late EPCs and outgrowth 

endothelial cells (OECs). ECFCs appear in culture 3 to 5 weeks after blood mononuclear 

cells (MNCs) plating on collagen-coated dishes. These cells are cobblestone-shaped, 

positive for endothelial markers CD31, VEGFR2, CD105, CD146, and negative for CD14 

and CD45 11,45. ECFCs are characterized by high proliferative properties and a phenotypic 

commitment to endothelial lineage. ECFCs were shown to interact with mature 

endothelial cells in vitro, both as cell monolayers and tube-like structures.  

Emerging pre-clinical evidence underscores the therapeutic potential for ECFCs 

in ischemic diseases, such as brain stroke, peripheral artery disease, ischemic heart 

disease and ischemic retinopathies 66. Different studies were performed using the oxygen-

induced retinopathy model (OIR), a mouse model that mimics the retinal ischemic 

complications that occur in ROP infants. ECFCs were shown to effectively integrate into 

the ischemic retinal vasculature while promoting vascular repair in the OIR mouse model 

11,67,68. Furthermore, ECFCs delivered via carotid artery in the same model of ischemic 

retinopathy, showed similar therapeutic benefit. Importantly, progressive cell death of 

delivered cells and absence of retinal damage after injection in the vitreous of healthy 

retinas highlighted the safety of ECFCs 12.  Interestingly, the combination of ECFCs with 

recombinant angiopoietin 1 (Ang1) in a diabetic mouse model has been reported as a 

potential treatment for DR ischemic complications 69. Indeed, ECFCs showed enhanced 

capability to integrate in the ischemic vasculature and form new vessels.  

3.1.3. Myeloid angiogenic cells 

Myeloid angiogenic cells (MACs) are also referred in the literature as early endothelial 

progenitor cells (early EPCs) or circulating angiogenic cells (CACs). Although MACs do 



not become a part of endothelium, they are known to support angiogenesis. The 

immunophenotype of MACs is positive for CD45, CD14 and CD31, while negative for 

CD146 42,70. In culture, MACs do not have significant proliferative capacity, and are 

known to promote angiogenesis through paracrine mechanisms 70. Transcriptome and 

proteomic analysis have revealed that MACs, unlike ECFCs, are myeloid in origin and 

express markers of M2 activated macrophages 71.  

In the murine model of hind-limb ischemia, infusion of CD14+ MNC-derived 

EPCs (akin to MACs)  induced neovascularization of ischemic muscle within 24 hours 

72. The emerging promise have led to trials investigating the therapeutic efficacy of 

autologous MAC-like cells for treating ischemic pathologies in patients with critical limb 

ischemia 73, myocardial infarction 74 and pulmonary arterial hypertension 75. Similar 

observations were found in retinal ischemia. Using the OIR model, intravitreal injection 

of MACs at P12 induced retinal angiogenesis, reperfusion and significantly diminished 

ischemic areas in the retina. Further analysis also revealed that MACs secrete IL8 

inducing transactivation of VEGFR2 and release other angiogenic factors including 

TIMP metallopeptidase 1 (TIMP-1), endothelin-1, monocyte chemotactic protein 1 

(MCP-1) and matrix metallopeptidase 9 (MMP-9), which can promote retinal 

angiogenesis in a paracrine manner 71. It should be noted that the pro-angiogenic capacity 

of MACs is negatively affected in diseased states, including both type 1 76 and type 2 

diabetes 77. In addition, studies carried out with isolated MAC-like cells from obese 

diabetic rodents have demonstrated significantly reduced vasoreparative efficiency, most 

likely due to phenotypic switch from proangiogenic to antiangiogenic state 78
. 

Furthermore, MACS cultured under in vitro diabetes-like conditions and isolated from 

type 1 diabetic patients have been shown to increase the gene expression of IL-1β, IL-6, 

IL-1α, ICAM-1 and IL-8, which is akin to M1 macrophages 79. Therefore, the phenotypic 



plasticity and altered functionality of MACs under diabetes pathology needs to be fully 

investigated prior to successful implementation of an autologous MACs therapy for 

retinal ischemic diseases.   

3.2. Mesenchymal stem cells and adipose tissue stem cells  

Mesenchymal stem cells (MSCs) have been isolated from various tissue sources, most 

commonly bone marrow, adipose tissue, placenta and umbilical cord 80. MSCs are 

characterized by adherence to plastic and by the expression of specific cell surface 

markers, such as CD105, CD73 and CD90. By definition MSCs lack expression of  CD45, 

CD34, CD14, CD11b, CD79α and HLA-DR 81,82. MSCs are multipotent stem cells with 

the capability to differentiate into tissues of mesodermal origin, mainly fat, bone, and 

cartilage. 82. The main mode of therapeutic action of MSCs appears to be paracrine, via 

secretion of trophic factors and cytokines that play neuroprotective, angiogenic, anti-

inflammatory and immune modulatory roles 83. Interestingly, MSCs, in particular those 

derived from adipose tissue (ASCs), have also been shown to adopt pericyte-like 

phenotypes and support retinal vasculature 84,85. 

Several studies have investigated ASCs and their potential for the treatment of retinal 

vascular diseases.  Administration of human ASCs through caudal vein in streptozotocin 

induced diabetic rats reduced blood glucose levels and improved blood–retinal barrier. 

This study also reported the presence of human donor cells positive for rhodopsin and 

glial fibrillary acidic protein (GFAP) in the injected rat retinas 86.  However, it has been 

suggested that this may be the result of cell fusion rather than retinal differentiation of 

MSCs 56. Intravitreal injection of human ASCs into the murine ischemic retina augmented 

retinal revascularization. Interestingly, these cells assumed perivascular position and 

pericyte-like phenotypes in vitro and led to a decrease in retinal capillary loss in vivo, in 

the Akimba mouse model for DR 84. Intravitreal transplantation of human ASCs in the 



diabetic athymic nude rats in the early stage of diabetic retinopathy improved retinal 

function and decreased vascular leakage. Treated animals also had reduced apoptosis of 

perivascular cells and lower gene expression of inflammatory markers in the retina. 

Injected ASCs were found to preferentially co-localize with blood vessels 87. When 

mouse adipose derived MSCs were injected into diabetic mice 12 weeks post induction 

of diabetes, they were able to prevent ganglion cell loss, despite not improving retinal 

function.  As regards, analysis at 16 weeks post-induction of diabetes suggested paracrine 

action of injected cells, due to marginal presence of differentiation into ganglion cells or 

perivascular cells and absence of differences in the electroretinograms from non-injected 

diabetic animals 88. A recent study confirmed that ASCs are able to improve retinal 

angiogenesis and stabilize capillaries assuming a pericyte-like phenotype, when injected 

intravitreally in the OIR mouse model 85,89. In the ASC-treated retinas expression 

of Ang1 and fibroblast growth factor 2 (FGF2) showed an increase, with the concomitant 

reduction of Ang2 and VEGFA as characteristic of induction of vascular quiescence. 

Furthermore, conditioned media from ASCs chronically exposed to high glucose showed 

immunomodulatory effects and reduced ROS production and proinflammatory activation 

of bovine retinal endothelial cells cultured under high glucose conditions.  Therefore, this 

study demonstrated that ASCs show beneficial effect on dysfunctional retinal 

endothelium through suppression of inflammation and oxidative stress, and via 

stabilization of retinal vasculature when assuming the pericytic function 88.  

3.3. Induced pluripotent stem cells-derived ECs 

Induced pluripotent stem cells (iPSCs) have emerged as a potentially unlimited source of 

cells for regenerative medicine. The possibility of generating patient specific cells offers 

an advantage of autologous therapies that would circumvent immune rejection. However, 

the issues of low reprogramming efficiency, unstable differentiated cell phenotypes and 



tumorigenic potential remain hurdles to iPSC translation to clinic.  

The potential of iPSCs for the treatment of ocular diseases has been explored in 

relation to RPE replacement for AMD 90. This underscores the feasibility for using cell 

therapies in eye diseases, and here we review current pre-clinical and clinical studies 

targeting ischemic retinopathy. iPSCs generated  without exogenous c-Myc were 

transplanted subretinally into the rat eyes with acute ischemia reperfusion injury  91.   c-

Myc was eliminated from the reprograming protocol in an effort to diminish 

teratogenicity of iPSCs. Since the formation of teratomas is the most important concern 

of the iPSCs in vivo transplantation, the downregulation of tumor-specific embryonic 

genes, such as Oct-4 and c-Myc, is an effective differentiation approach for increasing 

the therapeutic potential of iPSCs 91,92. Transplanted iPSCs significantly improved retinal 

function, decreased oxidative stress and prevented retinal ganglion cell loss, although 

cells remained in the subretinal space and did not integrate in the retina. Surviving cells 

were found 28 days after injection and some were positive for neurofilament M staining, 

suggestive neuronal differentiation. However, no expression of the early photoreceptor 

marker Crx was detected in these cells and the beneficial effect was found to be due to 

paracrine action, mainly the secretion of brain-derived neurotrophic factor (BDNF) and 

ciliary neurotrophic factor (CNTF) by iPSCs. Importantly, no tumor formation was 

detected in the grafts six months after transplantation 91. 

Vascular progenitors generated from human iPSCs hold great potential for 

treatment of ischemic retinopathies. In a recent study vascular progenitors were 

differentiated from iPSCs generated using optimized system and non-integrated episomal 

vectors 93. These iPSCs were obtained via reprograming of fibroblasts or cord blood cells.  

Vascular progenitors positive for  CD31 and CD146  generated from cord blood derived 

iPSCs displayed reduced senescence in vitro and superior engraftment and vascular repair 



in the retina when compared to the same cells generated from fibroblast-iPSCs 93. 

Interestingly, these vascular progenitors were able to differentiate into endothelium when 

administered intravenously but, assumed pericytic positions when injected intravitreally.  

The cells remained engrafted long-term, for up to 45 days post injection. 

Methodology has been established to reproducibly derive and isolate a 

homogenous and stable population of iPSC–derived endothelial cells co-expressing 

CD31 and CD144 that display functional properties similar to umbilical cord blood-

derived ECFCs. It was reported that activation of KDR signaling mediated by VEGF165 

and Neuropilin-1 (NRP-1) is critical mechanism for derivation of human iPSC-ECFCs 

and for enhancing their survival and proliferative potential. Human iPSC-ECFCs 

significantly contributed to the vascular repair in mouse models of hindlimb ischemia and 

oxygen induced retinopathy, similar to cord blood derived ECFCs. Therefore, human 

iPSC-ECFCs were proposed as a viable source of endothelial cells for vascular repair 

strategies 68.    

3.4. Combination approaches 

Therapeutic cells previously described differ in their mechanisms of action, which can be 

summarized in two: a) endothelial differentiation and direct cell replacement (ECFCs and 

iPS-ECs) and b) paracrine stimulation of angiogenesis by the release of pro-angiogenic 

factors (MACs, MSCs and ASCs). Vascular repair and angiogenesis are very complex 

and dynamic mechanisms that involve a mixture of different cell types. For example, 

migration of hematopoietic cells towards the injured endothelium is important to 

stimulate ECFCs to form new vessels after the ischemic insult 51. Furthermore, pericytes 

and glial cells have also been highlighted, for their supportive functions, as essential in 

the revascularization process 94.  

ECFCs and MSCs together increase re-establishment of blood flow in the 



ischemic skeletal muscle 95. Moreover, when ECFCs and early EPCs are injected in a 

mouse model of hindlimb ischemia, vascular recovery was augmented when compared to 

the injection of single cell types alone 96. In relation to retinal ischemic disorders, injection 

of both CD34+ cells and MSCs, instead of the former alone, increased two times the 

capacity of the CD34+ cells to incorporate the retinal vasculature 61. CD34+ cells secrete 

factors that enhance homing efficacy of other cell types, such as ECFCs. The two cell 

types together are able to repair retinal ischemic damages more effectively than when 

delivered alone 94.  

3.5. Risk and benefit assessment for cell therapies in the ischemic retina 

Despite promising results in preclinical trials, cell therapies for myocardial ischemia and 

critical limb ischemia have not translated into successful clinical trials. We believe that 

an important reason for the failure in efficacy was the rapid move into clinical trials 

without detailed characterization of reparative cells and their mechanisms of action. 

Research has steadily progressed and currently we have a better definition and 

understanding of various therapeutic cells. Furthermore, cell therapies in the ischemic 

retina are more challenging than trials in ischemic hearts or limbs because the latter are 

usually associated with high mortality or leading to amputation, while many cases of 

ischemic retinopathy present with no or minimal visual impairment. Therefore, careful 

selection of target patient population for first-in-man trials is critical. 

It is also important to acknowledge that there is need to perform risk-benefit assessments 

when designing clinical trials, because cases have been reported to highlight the lack of 

safety and effectiveness presented by  some stem cell therapies 97–99, where patients 

underwent sub-retinal injection of adipose tissue-derived stem cells and ultimately 

developed progressive vision loss and retinal detachment. This could have been caused 



by poor surgical procedures or by poor quality regarding preparation and composition of 

stem cell populations injected. Indeed, accurate definition, characterization and purity are 

critical aspects to facilitate successful translation into clinic. Furthermore, all clinical 

trials must fulfill regulatory requirements to ensure patients safety and risk management. 

4. Mobilization of endogenous progenitor cells  

Mobilization of tissue resident or remote progenitors that then contribute to vascular 

repair is an important and growing area of interest.  In the therapeutic context, this offers 

to the option of using certain drugs with the potential to evoke movement of stem cells 

from their niche within the blood vessel or into the peripheral circulating blood 100. Many 

molecules, including granulocyte-colony stimulating factor (G-CSF) and stem cell factor 

(SCF), have been shown to regulate the release of hematopoietic stem cells, their 

migration, and homing to the site of interest 101.  

As described previously, definition of EPCs lacks precision; nevertheless, the 

enumeration of EPCs circulating in blood is traditionally based on double expression for 

CD34 and VEGFR2. Clinical studies have reported an inverse correlation between 

numbers of circulating EPCs and cardiovascular risk 102. Therefore, EPCs mobilization 

was suggested as a strategy to enhance the repair capacity of damaged vascular 

endothelial in response to tissue trauma or ischemia 103. In this context, a non-invasive 

approach, based on G-CSF-induced mobilization of hematopoietic precursor cells 104 was 

proposed as an alternative to the more time consuming and technically challenging 

autologous transplants of circulating EPCs. Stimulation with G-CSF increases the 

abundance of circulating mononuclear cells expressing the endothelial lineage phenotype. 

In addition, G-CSF pre-treatment accelerates the rate of re-endothelialization (90% 

coverage in G-CSF treated vs. 20% for the control, two weeks after injury). Given those 

results, mobilization of progenitor cells was suggested as a therapeutic intervention for 



repair and regeneration processes. Importantly, the authors emphasize the simplicity and 

cost-effectiveness of this approach compared to the stent and drug-based therapies 

currently in use. More recently, exogenous Hydrogen sulfide (H2S) was reported to affect 

the mobilization of bone marrow-derived EPCs 105. H2S has already been reported to 

regulate the pathogenesis of various vascular disorders and this novel gasotransmitter was 

shown to contribute to re-endothelialization in the injured artery 106. The authors 

confirmed the effective mobilization of EPCs from the bone marrow by H2S. Increased 

nitric oxide (NO) bioavailability and upregulation of endothelial NO synthase (eNOS) 

phosphorylation following the treatment was suggested as the mechanism of action. Other 

studies have also reported the importance of eNOS/NO signaling in enhancing the 

vascular protective properties of EPCs and this further corroborates the observed 

improved functional capabilities of the cells in term of migration, adhesion and colony 

formation in vitro 107.  

Statins have also been tested and demonstrated to promote revascularization of 

ischemic tissues by enhancing migration, incorporation and proliferation of EPCs. A 

clinical trial showed that statin treatment for 5 days augmented EPC numbers by 2.7 fold 

when compared to the placebo group 108. The combined effect of statins and SDF-1 was 

investigated in a mouse model of hind limb ischemia. Whilst the former is known to 

induce mobilization of EPCs from bone marrow, the latter facilitates homing towards the 

ischemic area. Their use together was shown to significantly ameliorate reperfusion 109. 

In addition to the above mentioned, hypoxia and exercise, as well as ex-vivo priming, 

were also reported to increase mobilization and proangiogenic capabilities of EPCs. In 

the first case, increased expression of chemokine receptor 4 (CXCR4) was demonstrated 

under exposure to hypoxic conditions, with a consequent enhancement of EPC 

chemotaxis 110. Interestingly, the number of EPCs was also shown to increase after 



aerobic exercise in older healthy individuals. The same study highlighted impairment of 

EPC mobilization in diabetic patients in response to aerobic physical activity, reinforcing 

the link in between diabetic complications and vascular loss 111. Pre-treatment with SDF-

1 was reported to induce a proangiogenic phenotype in EPCs, accompanied by enhanced 

regenerative potential in a model of hind limb ischemia 112.    

To our knowledge, the mobilization of EPCs, in the context of DR, has not been 

investigated in detail. Nevertheless, it was suggested that EPC numbers quantified as 

CD34+ VEGFR2+ cells circulating in blood significantly decreased with DR but, 

interestingly, increased with PDR 113. A study on the KK mouse, a model of obesity-

associated diabetes, showed that the combined use of SCF and G-CSF for five days 

significantly increases the number of circulating HSCs, which can differentiate into 

EPCs. Despite demonstrating that EPCs can effectively reach the site of injury and 

reconstitute a functional vessel in the retina, a direct role of the same cells in the formation 

of abnormal vessels in the context of DR could not be excluded 114. Similarly, in 

streptozotocin-treated rats, administration of simvastatin was associated with a lower rate 

of progression of DR and enhancement of retinal blood vessel repair. Importantly, 

simvastatin treatment was correlated to increased number of circulating EPCs, increased 

expression of NO in the plasma and reduced expression of inducible NOS (iNOS), Ang-

1 and Ang-2 in the retina. Therefore, simvastatin was proposed as an EPC mobilizing 

agent with therapeutic potential for DR  115.  

An additional cell-free approach can be seen in the use of EPC-derived 

extracellular vesicles (EVs). This idea comes from the capacity of these cells to act via 

secretion of paracrine factors 116,117. Extracellular vesicles from ECFCs are characterized 

by acting as carriers of miRNAs involved in angiogenesis and extracellular matrix 

remodeling. EVs promote migration of mature endothelial cells in vitro and, when 



injected intravitreally in the OIR mouse model, facilitate vascular repair in the ischemic 

retina 118. Furthermore, MSC-derived EVs as well as conditioned medium decreased cell 

death when retinal cells were exposed to ischemic conditions in vitro, by oxygen  and 

glucose deprivation 119. The same study demonstrated that intravitreal injection of MSC-

EVs in a rat model of ischemia improved retinal vasculature recovery. Importantly, EVs 

were shown in the vitreous for up to 4 weeks, with distribution towards other retinal 

cellular components and absence of adverse effects. Based on these results, EVs may be 

a potential alternative therapy for retinal ischemia. 

5. Conclusion  

The current scientific and medical literature underscore the pressing need of a therapeutic 

strategy that addresses the underlying ischemia that is a feature of many retinopathies. 

We give an overview regarding eye diseases, such as DR, ROP, RVO, OIS and ION, 

which are driven by vascular ischemia. In order to address such disease pathogenesis, we 

have highlighted the range of cells with therapeutic potential to promote vascular repair 

and re-perfusion of the ischemic retina (see Figure 3). As discussed, these cells have very 

distinctive modes of action, which dictate their value in the clinical context.  While there 

has been some reported efficacy in the pre-clinical arena, there is still a need to improve 

our understanding of basic biology of these cells and thereby enable their clinical 

translation as therapies for ischemic retinopathies in the near future.  
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Figure 1. Retinal diseases associated to ischemia. Pubmed search was performed in 

June 2019, using “retinal ischemia” as query. Papers were downloaded and the tool 

pubtator utilized to text-mine abstracts and classify them based on MeSH terms. The 

diseases of interest were then selected from the list obtained and shown in the above chart.  

 

Figure 2. Frequency of reported ischemic diseases associated with cell therapy. “Stem 

cell therapy” was used as a query for Pubmed search on June 2019. Papers were 

downloaded and the tool pubtator used to text-mine the abstracts. Subsequently, abstracts 

have been classified based on MeSH terms. Diseases of relevance were selected and 

shown in the graph above. The higher percentage of cell therapy is reported to be used 

for cancer treatments (not shown) and cardiovascular diseases. Ocular diseases represent 

only a small proportion of the complications associated with stem cell therapy. Further 

investigations have yet to be performed to explore stem cell-based treatments as a 

therapeutic strategy to revert vision impairments due to ocular ischemic diseases. 

 

Figure 3. Graphical summary of retinal ischemic diseases, current and novel 

therapeutic strategies. Retinal ischemic diseases are characterized by an ischemic and 

a later proliferative stage. Endothelial loss causes hypoperfusion of the retinal 

vasculature with formation of hypoxic environment. Hypoxia causes more endothelial 

loss and vascular dysfunction. This stage can be defined as the ischemic phase of the 

disease. Hypoxia determines increase in growth factors, such as VEGF. In the retina, 

this leads to pathological neovascularization and macular edema. These features 

characterize the proliferative stage of the disease. As described in the text, current 

treatments target the later stage of ocular diseases. Cell therapy and mobilization of 

progenitor cells are being tested as potential strategies to resolve retinal ischemia. DR: 



Diabetic Retinopathy; ROP: Retinopathy of Prematurity; RVO: Retinal Vascular 

Occlusion; OIS: Ocular Ischemic syndrome; ION: Ischemic Optic Neuropathy; VEGF: 

Vascular Endothelial Growth Factor; NV: neovascularization; MACs: Myeloid 

Angiogenic Cells; ECFCs: Endothelial Colony Forming Cells; MSCs: Mesenchymal 

Stem Cells; ASCS: Adipose tissue Stem Cells; iPSCs: induced Pluripotent Stem Cells; 

G-CSF: Granulocyte-Colony Stimulating Factor; SCF: stem Cell Factor; SDF-1: 

Stromal cell-derived Factor-1 


