
55© Springer Nature Switzerland AG 2019 
K. Bharti (ed.), Pluripotent Stem Cells in Eye Disease Therapy,  
Advances in Experimental Medicine and Biology 1186, 
https://doi.org/10.1007/978-3-030-28471-8_3

Chapter 3
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Associated Degenerative Eye Diseases
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and Christelle Monville

Abstract  In developed countries, blindness and visual impairment are caused 
mainly by diseases affecting the retina. These retinal degenerative diseases, includ-
ing age-related macular dystrophy (AMD) and inherited retinal diseases such as 
retinitis pigmentosa (RP), are the predominant causes of human blindness world-
wide and are responsible for more than 1.5 million cases in France and more than 
30 million cases worldwide. Global prevalence and disease burden projections for 
next 20 years are alarming (Wong et al., Lancet Glob Health 2(2):e106–e116, 2014) 
and strongly argue toward designing innovative eye-care strategies. At present, 
despite the scientific advances achieved in the last years, there is no cure for such 
diseases, making retinal degenerative diseases an unmet medical need.

The majority of the inherited retinal disease (IRD) genes codes for proteins act-
ing directly in photoreceptors. Yet, a few of them are expressed in the retinal pig-
ment epithelium (RPE), the supporting tissue necessary for proper functioning of 
the photoreceptors. Among retinal degenerative diseases, impairment of some RPE 
genes engenders a spectrum of conditions ranging from stationary visual defects to 
very severe forms of retinal dystrophies in which the RPE dysfunction leads to 
photoreceptors cell death and consecutive irreversible vision loss. The accessibility 
of the eye and the immune privilege of the retina, together with the availability 
of noninvasive imaging technologies, make such inherited retinal dystrophies a 
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particularly attractive disease model for innovative cell therapy approaches to 
replace, regenerate, and/or repair the injured RPE tissue. Proof-of-concept studies 
in animal models have demonstrated the safety and efficacy of the engraftment of 
therapeutic cells either to support RPE cell functions or to provide a trophic support 
to photoreceptors. These different approaches are now in the pipeline of drug devel-
opment with objective to provide first cell-based treatments by 2020.

This chapter will focus on the different cell-based strategies developed in the 
past and current approaches to prevent photoreceptor death in RPE-associated 
degenerative eye diseases.

Keywords  RPE · Human pluripotent stem cells · Cell therapy · Clinical trials · 
Inherited retinal diseases

3.1  �Retinopathies Induced by a Primary RPE Defect

The retina is a 500 μm-thick light-sensitive tissue lining the inner surface of the eye. 
It is formed by multiple layers of interconnected neurons and is in charge of the first 
steps of visual processing (Fig.  3.1). The photoreceptors (rods and cones) are, 
together with the ganglion cells, the photosensitive cells of the retina. Rods and 
cones initiate the conversion of light energy into electrical signals through a process 
called phototransduction. Retinal interneurons (amacrine, bipolar, and horizontal 
cells) further codify the electrical signals into optic nerve impulses (through gan-
glion cells), which are subsequently interpreted by the brain as visual images [2]. 
Underlying the photoreceptors layer, we could find the RPE, constituted by a polar-
ized monolayer of epithelial cells, which are real babysitters for photoreceptors. 
The RPE cells display a hexagonal shape and form a pigmented epithelium that lies 
between the choroid and the neural retina (Fig. 3.1). It is flanked by the Bruch’s 
membrane on its basal surface and by the outer segments of the photoreceptors on 
its apical portion. The cells in this layer are connected by tight junctions and consti-
tute the outer components of the blood–retinal barrier [3, 4]. In the subretinal space 
(SRS) filled with the interphotoreceptor matrix, microvilli from RPE cells appose to 
the photoreceptor outer segments, forming the physical components that can con-
tribute to the maintenance of retinal adhesion [5].

RPE cells perform a number of functions that are critical for the survival and 
proper functioning of the photoreceptors [6]. RPE cells, among other functions, are 
involved in the recycling of the vitamin A, buffer ion composition in the SRS, 
secrete growth factors, regulate T-cell activation in the eye, and phagocytize shed 
outer segment of photoreceptors [7, 8]. All these functions are essential, and a 
failure of any of them can lead to photoreceptors death, degeneration of the retina, 
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loss of visual function, and ultimately blindness. Several disease conditions specifi-
cally alter RPE cells with major consequences in vision.

3.1.1  �Retinitis Pigmentosa

RP is a highly heterogeneous group of retinal diseases affecting either photorecep-
tors or RPE or both [4, 9, 10] with incidence of 1/3500–4000 [11]. These diseases 
are rare monogenic dystrophies. Some mutations specifically affect RPE genes 
(https://sph.uth.edu/retnet/disease.htm) such as lecithin retinol transferase (LRAT), 
retinal pigment epithelium-specific 65-kDa protein (RPE65), the MER tyrosine 
kinase proto-oncogene (MERTK) and bestrophin (BEST1) [4]. They are mainly 
inherited autosomal recessive, except for some dominant mutations on the bestro-
phin gene [12]. Though RP has a highly variable clinical presentation and progres-
sion, the majority of patients initially experience problems in night vision, since the 
rod photoreceptors are typically damaged first (Fig. 3.1). Then the peripheral vision 
is progressively lost leading to tunnel vision. In many cases, this can progress to 
include the central visual field and blindness [11].

Impairment of some RPE genes involved in the visual cycle leads to a spectrum 
of conditions ranging from stationary visual defects to very severe forms of retinal 
dystrophies. Additionally, in RPE disorders, pigment deposits in retina are scarce, 
even at late disease stages. This feature could reflect impaired RPE migration and 
proliferation, while with primary defects in photoreceptor cells, the RPE could be 

Fig. 3.1  Structure of normal retina (a) and after RPE and photoreceptor degeneration (b, c)
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healthier. RPE65 was the first RPE gene reported to be involved in human retinal 
dystrophy. Mutations in RPE65 are responsible for 5–10% of the cases of Leber 
congenital amaurosis (LCA) [13] and a few cases (1–2%) of recessive RP [14–17]. 
The condition is usually severe and congenital. However, milder phenotypes could 
be encountered and reported as RP or retinal dystrophy [17, 18]. In contrast to 
RPE65, LRAT mutations are a very rare cause of severe retinal dystrophy. The phe-
notypes of CRALBP (RLBP1) and RDH5 mutations are quite similar, although with 
some differences. For both genes, night blindness is present from the first years of 
life and dark adaptation thresholds are elevated [19, 20].

One of the most important functions of the RPE is to participate actively in the 
photoreceptor membrane turnover. It has been calculated that each rod regenerates 
its outer segment (ROS) within 7–12 days [21]. Photoreceptor membrane turnover 
is composed of two phases, necessarily balanced in order to preserve cellular integ-
rity: an anabolic aspect involving RNA transcription, protein synthesis, transport, 
and generation of new membranes; and a catabolic aspect consisting of exhausted 
membrane removal, digestion by RPE cells (phagocytosis), and recycling of some 
components to the photoreceptors [22]. Different receptors were identified to have 
a role in photoreceptor membrane phagocytosis by RPE cells: a mannose-6-
phosphate receptor [23], CD36 [24, 25], αVβ5 integrin [26], and a number of 
glycoproteins expressed on the RPE surface [27]. A real breakthrough was the 
identification of the c-mer transmembrane tyrosine kinase (MERTK) receptor as 
responsible for photoreceptor outer segment (POS) internalization [28, 29]. 
Mutations in the MERTK gene have been linked to subgroups of patients with inher-
ited retinal degeneration [30, 31].

Macular dystrophies are inherited retinal dystrophies in which various forms 
of deposits; pigmentary changes and atrophic lesions are observed in the macula 
lutea, the cone-rich region of the human central retina. Mutations in several 
genes, expressed in RPE cells (BEST1, CDH3, TIMP3), are associated with these 
conditions [14].

3.1.2  �Age-Related Macular Degeneration

AMD is the leading cause of visual impairment in western countries in patients over 
50 years of age. The prevalence of 0.05% before the age of 50 years increases to 
about 12% in population older than 80 years old. While the disease is particularly 
prevalent in developed countries, it is becoming a global health concern due to the 
worldwide increase in life expectancies [1]. Besides age, family history has become 
the second largest risk factor, and smoking, diet, obesity, hypertension, and chronic 
inflammation have been reported as other environmental risk factors. Although the 
primary site of the pathologic insult in AMD is not completely determined, different 
observations support the involvement of oxidative damages, inflammatory changes, 
and the gradual accumulation of deposits within the RPE cells [32].
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Early AMD is characterized by the thickening of Bruch’s membrane, deposits 
under the RPE layer, and by pigmentation changes in the macula. More advanced 
stages of the disease demonstrate either subretinal neovascularization or atrophy of 
the retina and RPE. Based on the absence or presence of abnormal choroidal blood 
vessels’ growth below the RPE layer, two different forms of AMD can be distin-
guished; (1) the ‘dry’ or geographic atrophy form, the most frequent one (around 
90% of AMD patients), resulting from RPE dysfunction leading to accumulation of 
pigment debris and drusen (deposits of proteins and lipids) and slowly progressing 
photoreceptor cell death, and (2) the ‘wet’ or choroidal neovascular form arising 
from a more rapid and destructive process of choroidal neovascularization through 
the Bruch’s membrane and the RPE in the SRS accompanied by exudation and 
hemorrhage [33]. The resulting damage to the macular region leads to a loss of 
vision in the central visual field.

With age, the eye undergoes several changes, some of which affect the RPE. 
The accumulation of lipofuscin, a reduction in melanin, diminished antioxidant 
capacity, and the progressive accumulation of deposits underlying Bruch’s mem-
brane are hallmarks of aging eyes [3, 34]. Acute and chronic progressive dysfunc-
tions of RPE cells and the age-related deterioration of this tissue have been shown to 
play a relevant role in AMD [5]. The inflammatory responses observed in AMD retinas 
are similar but more severe than those observed in normal aging [35]. Moreover, 
different lifestyle factors, environmental conditions, and gene alterations are likely to 
explain why certain individuals develop AMD with age, while others do not [36].

In both the atrophic and neovascular forms of AMD, the mutualistic and symbi-
otic relationship between the photoreceptors, RPE, Bruch’s membrane, and chorio-
capillaris is lost, which results in the death and dysfunction of all the components in 
the complex [37, 38]. Emerging evidences show that both “dry” AMD and “wet” 
AMD involve a common pathophysiological background and share similar initiat-
ing molecular and cellular alterations [39]. However, the differentiation of dry AMD 
and wet AMD is clinically relevant because of their distinct clinical presentation 
and therapeutic options.

3.1.3  �Global Burden and Treatments

Altogether, diseases caused by RPE malfunction affect at least 30 millions of people 
worldwide, a figure that will triple with the increase in the aging population in the 
next 30–40 years [1]. In addition, as the population is growing older and higher 
expectations of better quality of life including ability of driving and reading are 
being asked by patients, morbidity resulting from AMD is becoming increasingly 
significant. A recent systematic review and meta-analysis has shown that 8.7% of 
the worldwide population has age-related macular degeneration, and the projected 
number of people with the disease is around 196 million in 2020, increasing to 288 
million in 2040 [1].
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Despite a crucial need for therapies, there is no treatment approved for RP. For 
AMD, due to the complex multifactorial nature of the disease, therapeutic options 
have evolved slowly. Lifestyle modifications, including smoking cessation and 
high-dose antioxidant supplements, were shown to decrease disease progression 
rate. Photocoagulation ablation of extrafoveal new vessels was the first treatment 
proposed by clinicians for wet AMD and is still in used in selected cases [40]. 
Photodynamic therapy with systemic administration of a photosensitizing agent and 
more selective ablation of abnormal vessels were also tested, but recovery was not 
complete and high rate of recurrence was observed [41]. Anti-VEGF (Vascular 
Epithelial Growth Factor) agents, which can prevent new vessel development, have 
significantly improved the prognosis of wet AMD.  Repeated injections of these 
agents formulated by different companies, such as Pegaptanib (Macugen; Eyetech/
Pfizer) [42], Ranibizumab (Lucentis; Genentech) [43–45], Aflibercept (Eylea; 
Regeneron) [46], or Bevacizumab (Avastin; Genentech) [47–49] show the capacity 
to slow the rate of vision loss but have no more than a 30% rate of effectiveness in 
all AMD cases.

Emerging treatment modalities include RNA interferences and attempt to block 
pathways down- or upstream of VEGF to prevent new vessel growth. Anti-PDGF 
(Platelet-Derived Growth Factor) agents (FovistaTM; Ophthotech, USA) that block 
pericytes’ recruitment were tried in combination with anti-VEGF medications [50].

While promising, gene therapy aiming at restoring gene defects in the RPE 
(like RPE65) shows limitations. Indeed, the prerequisite to this type of gene therapy 
is to know precisely the defective gene, and a second limitation is to develop a gene 
delivery candidate drug for each one of the defective genes. Moreover, recent data 
from preclinical and clinical studies show that, despite stabilization of vision during 
the follow-up period, patients treated by RPE65 gene therapy still undergo photore-
ceptor degeneration [51].

Although prognosis of wet AMD has been improved during the last decade, 
many patients may lose their sight because of late diagnosis or inadequate treat-
ment. For dry AMD, no treatments are available. Different treatment strategies for 
both AMD could be envisioned: (1) preventing RPE dysfunction or death [52, 53], 
(2) providing support to stressed RPE [10], and finally (3) replacing RPE and even-
tually photoreceptors [54].

3.2  �Therapeutics Based on Fetal or Adult Cells

The treatment of RPE-associated degenerative eye diseases by cell therapy was first 
proposed by Gouras and collaborators in early 1980s [55, 56]. This group success-
fully transplanted RPE cells in a monkey model, demonstrating the feasibility of 
such approach. By the end of the 1980s, it was well established that RPE cells can 
not only be transplanted in degenerated retina but also can delay photoreceptor 
degeneration in a rat model of retinal degeneration [57], opening the path to the 
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development of therapeutic cell-based strategies. Laboratories from all over the 
world developed and tested methods to produce cells that can replace defective or 
degenerated endogenous RPE cells.

3.2.1  �Use of Fetal-Derived Cells to Replace RPE Cells

One of the first sources identified was the fetal RPE cells. However, the use of such 
cells required ethical agreement from the civil society and is legally regulated in 
each country. Researchers and physicians agree to the ethical tenets that regulate 
experimentation requiring human material including informed consent, no incentive 
for abortion, procurement of human material that, if not used for research, would be 
discarded, and review of the protocol from ethical committees. In addition, in case 
of a clinical use of fetal cells, a detailed medical history of the donor and a complete 
separation of donor and recipient are required. This set of principles was adopted by 
the World Medical Association in the declaration of Helsinki (now in its seventh 
revision) [58].

Human fetal RPE cells from eyes of 10–21 weeks gestational age are sepa-
rated from the anterior segment and the neural retina by dissection [59–61]. Then 
RPE cells can be either mechanically dissected or enzymatically separated in 
order to have an enriched cell culture [60, 61]. After 1 week, a mean of 1.4 × 106 
RPE cells can be obtained and passaged for up to ten times [61]. Another proto-
col from the National Eye Institute (NIH, Bethesda, MA) allows obtaining 
between 160 and 250 millions of fetal RPE at Passage 1 (P1) per eye, increasing 
thus the yield [60].

To test the potential for cell therapy of fetal cells, the most useful model is the 
Royal College of Surgeons (RCS) rat. This model is characterized by a mutation in 
the MERTK gene coding for the transmembrane receptor tyrosine kinase MERTK 
[62]. In RCS rats, RPE are not able to phagocytosis photoreceptor outer segments 
[63]. This dysfunction leads to an accumulation of debris between RPE and photo-
receptors. As the mutation affects primarily RPE cells, the RCS rat is a good model 
for both AMD and RP in which the mutation affects RPE cell functions [28, 30]. 
The photoreceptors begin to die from the third postnatal week. The degeneration 
progresses quickly, and by 2 months of age, the electroretinogram (ERG) is almost 
flat in response to light. It indicates that the retina is no more sensitive to light due 
to the photoreceptors’ degeneration. In addition, the decline in vision of RCS rats is 
also measured in the optokinetic paradigm. In that test, the animal is placed in a 
platform and exposed to moving stripes. When the rat detects the stimulus, a reflex 
movement of the head is observed. By modulating the size of stripes, a visual acuity 
is measured corresponding to the limit of the stimulus detection. In RCS rat, the 
visual acuity decreases drastically by 2 months of age.

In 1996, Little and collaborators have clearly demonstrated in RCS rats that 
human fetal RPE cells harvested from enucleated eyes of 10–16 weeks gestational 
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age fetuses have a rescue effect [64]. Indeed 24-day-old rats were grafted with these 
fetal RPE cells and were sacrificed 1 month later. They reported, after histological 
examination, that photoreceptors were preserved in the areas surrounding the 
grafting site compared to sham injected site. They confirmed the presence of the 
cells by analysis of pigmented cells in the nonpigmented rat eye. RCS rats were 
immunocompromised by a daily injection of cyclosporine. This treatment was 
sufficient to prevent rejection during the follow-up.

Another strategy consisted of grafting small patches of fetal RPE still organized 
as a monolayer (1–5 mm2) [65]. Transplanted fetal RPE was rejected within 1 month 
into the rabbit eye but survived at 3 months in the monkey retina without immuno-
suppression. Moreover grafted RPE is able to phagocytosis outer segments as dem-
onstrated by the presence of phagosomes in electron micrographies of rabbit retinas 
[65]. Berglin and collaborators had grafted human fetal retinas in six monkeys with-
out immunosuppression. Integrity of local photoreceptors and survival of RPE patch 
transplants were effective for at least 6 months [66]. Interestingly rejections occur 
more frequently around fovea (60%) than at the periphery (30%). Prevention of 
rejection can be managed by Cyclosporin A treatment into the vitreous [67]. Lai’s 
report compared intravitreal release of Cyclosporine A from a capsule sutured in the 
vitreous or through weekly injections in rabbits transplanted with fetal RPE cell 
suspensions. The mean survival of the human fetal RPE xenograft was about 
10 weeks with local immunosuppression compared to 4 weeks without Cyclosporin 
A [67]. In order to evaluate long-term effect of the transplant into the retina, Aramant 
and Seiler grafted a fetal sheet containing both RPE and neural retina into an 
immunocompromised model, the nude rat [68]. In that context, all xenografts 
survived an average of 40 weeks, indicating that the transplant can achieve long 
survival periods.

Fetal allogenic RPE transplantation showed no visual improvement and signs 
of rejection in nonimmunosuppressed AMD patients [69, 70]. Another group 
grafted a suspension of healthy fetal RPE in a 65-year-old legally blind women 
without systemic immunosuppressant. The patient did not show any visual 
improvement [71]. In that case, signs of immune rejection were also observed. 
Radtke and collaborators used intact sheets of fetal neural retina with RPE for 
grafting into five patients with RP without immune suppression [72]. There was 
no sign of rejection at 6 months despite HLA mismatch of the patient with the 
fetal tissue. However, no visual improvement was reported using multifocal ERG, 
probably due to advanced retinal degeneration. Following these results, a phase II 
clinical trial was conducted in ten patients (six RP and four AMD) between 2002 
and 2005 [73]. Despite no immune suppression, investigators did not report any 
signs of rejection at 1 year post surgery. However, the pigmentation had decreased 
over time and was lost in eight out of ten patients at 3 months post operation, and 
there was no control group. They reported improvement in seven out of ten 
patients in the ETDRS scale but no improvement using other measures like mul-
tifocal ERG [73].
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3.2.2  �RPE Cells from Adult Eyes as a Source for Cell Therapy

Several cell sources were evoked for RPE cell therapy rising from the adult eye: 
autologous RPE cells harvested from the peripheral retinal, allogenic RPE graft 
harvested from cadavers, and recently a new potential source has been identified 
with the discovery of human RPE stem cells (RPESC).

The group of Suzanne Binder has proposed autologous RPE cell sources. Indeed 
they demonstrated in 14 human eye cadavers that RPE can be gently harvested and 
aspirated from the nasal area with a constant efficacy and a sufficient number [74]. 
The functionality of such cells was previously demonstrated in the RCS rat [75]. 
A research group of the University of Rochester has used human eye cadavers of 
10- and 49-year-old for the isolation of adult RPE cells. Then these cells were 
grafted in 4-week-old immune-suppressed RCS rats (a time where photoreceptors 
are still present) [75]. After 1 month, rats were sacrificed and histological evaluation 
revealed that photoreceptors were preserved. Interestingly RPE from a 49-year-old 
donor was as effective as the one from a 10-year-old donor in rescuing rat photore-
ceptors [75]. Phillips and collaborators demonstrated in rabbit the feasibility of har-
vesting RPE in a subretinal nasal localization and graft the harvested RPE cells to 
another localization where the RPE cells were previously mechanically debrided 
[76]. At 30 days post surgery, debrided area grafted with autologous RPE decreases 
choriocapillaris atrophy and photoreceptors loss compared to debrided areas with 
no graft. In a prospective pilot study, 13 patients with AMD and foveal choroidal 
neovascularization (CNV) were operated in order to remove this foveal CNV and 
were grafted at the same time with autologous adult RPE freshly harvested from the 
nasal subretinal area [77]. Visual outcomes were encouraging after 17 months with 
visual acuity improvement in eight eyes without major adverse effects, and a pro-
spective trial with a larger cohort was analyzed. Over a 36 months period, visual 
gain remained limited, probably due to the poor prognosis expected from these 
patients [74].

The human adult RPE cell line ARPE-19 was derived from a 19-year-old man 
who died from a head trauma following motor vehicle accident in 1986. This cell 
line is easy to grow and retains characteristics of RPE cells through the expression 
of specific markers and the ability to form cobblestone monolayers [78]. These 
cells were extensively used to characterize human RPE functions and were used 
for proof of concept of the cell transplantation approach in the RCS rat. Indeed 
Pinilla and collaborators had grafted ARPE-19 cells at postnatal day 22 (P22) 
[79]. Retinas had a preserved connectivity, and photoreceptors were preserved by 
the treatment. Moreover, ERG recording later during the follow-up (at P90 and 
P120) demonstrated that transplanted rats maintain their ERG responses com-
pared to control condition, indicating that photoreceptors were still functional 
[79]. In addition Coffey and collaborators have developed a system to analyze 
cortically mediated vision following ARPE-19 cell transplantation in RCS rats 
[80]. In this study, they demonstrated that the primary visual cortex of trans-
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planted rats was responsive to visual stimulation while the one of nonoperated rats 
was not at 6 months of age.

These different studies demonstrated the feasibility of the use of human adult 
RPE cells harvested from cadavers to prevent photoreceptors from death. The major 
limitation for the use of allogeneic RPE from cadavers and autologous RPE is the 
yield of cells obtained, limiting thus large-scale use due to low amplification poten-
tial. For the millions of patients to be treated, a more industrialized manufacturing 
process is required. To achieve this aim, other cell sources should be investigated.

Recently a new potential source of human RPE came from the discovery of 
human RPE stem cells (RPESCs) [81]. It was known that RPE cells retain some 
plasticity like in amphibians where RPE can regenerate retinal cells in vivo upon 
injury [82]. However, this is not the case in vivo for human RPE cells. In 2012, 
Salero and collaborators identified a subpopulation of human RPE cells (about 
2–3%) that have the potential to be activated upon culture in vitro, acquiring self-
renewing properties that they named RPESCs [81]. These cells were harvested from 
human eyes of 22- to 99-year-old cadavers. They highly express c-Myc and Klf4 
indicating stem cell-like properties. RPESC multipotentiality was illustrated 
through the ability to differentiate into neural or mesenchymal lineages but not into 
the endoderm lineage. RPESCs are cultured clonally at low density and form non-
adherent spheres in a medium containing knockout serum replacement (KSR) sup-
plemented with FGF2 (Fibroblast Growth Factor). Finally, these cells, if they are 
proven to rescue classical animal models of RPE pathology, might be another poten-
tial source of RPE cells for cell therapy. In 2014, Stanzel and collaborators brought 
the first evidence that these RPE cells obtained from human RPESCs retain funda-
mental characteristics of RPE when grafted as a monolayer into the rabbit eye [83]. 
Moreover, these cells survive (95%) for at least 1 month in this model and maintain 
their monolayer and polarity (ezrin protein localized at the apical side). However, 
their isolation and amplification remain difficult, and alternative cell types might be 
better choices.

3.2.3  �Alternative Cell Types

The use of functional RPE cells to replace the defective ones is the best treatment to 
give to patients. However, the sources for RPE cells (essentially fetal or adult RPE 
sources) were still limited at the beginning of the twenty-first century. The cell 
transplantation, independently of the cell type, produces a trophic effect that is ben-
eficial for photoreceptor survival. Moreover, some RPE functions like phagocytosis 
are not restricted to RPE cells. That is why, it is not surprising that several laborato-
ries have developed cell-based therapeutics with different cell types.
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3.2.3.1  �Iris Pigment Epithelium

RPE and Iris pigment epithelium (IPE) share a common embryonic origin. IPE cells 
possess phagocytic properties, as demonstrated by the ability of porcine IPE cells to 
phagocytize rod outer segments [84]. IPE cells form a monolayer with tight junc-
tions suitable to form a de novo blood–retinal barrier. Rat IPE cells were isolated 
from 20- to 26-day-old and grafted into RCS rats through a transcleral route [85]. At 
2 months post surgery, rat IPE was localized between host RPE and retina. They 
contained phagosomes from rod outer segment uptake. Photoreceptors were found 
preserved near IPE cells and at some distance from them in transplanted eyes. This 
indicates that phagocytosis uptake is not the only rescuing mechanism, and trophic 
factors are probably also released [85]. Another study by Thumann et al. confirmed 
these results with both transplantation of human and rat IPE in RCS rats [86]. 
Photoreceptors were preserved at 3 months post surgery to a similar level of ARPE-19 
cell-transplanted eyes.

A strategy of autologous human IPE transplantation was tested in 2000 [87]. 
Human IPE are relatively easy to obtain from patients with a local anesthesia in the 
same eye than the one to be transplanted. IPE were dissociated and cultured with 
15% of autologous serum for 1–2 months. Seven AMD patients with neovascular 
membranes from 49 to 85 years old were transplanted subretinally. Neovascular 
membranes were removed through retinotomy just before the transplantation of an 
IPE cell suspension. Fifteen control patients underwent only neovascularization 
removal [87]. The majority of operated patients improved their best-corrected visual 
acuity by two lines or more; however, no statistical difference was found between 
control and IPE-transplanted patients at up to 13 months of follow-up. The same 
group followed 56 consecutive patients for at least 2 years using the same procedure 
[88]. They reported also a statistically improved visual acuity until at least 48 months 
compared to pretransplantation.

Semkova and collaborators proposed to engraft IPE genetically modified to over-
express the PEDF. The idea was that PEDF would act as an antiangiogenic and a 
neuroprotective agent to potentiate the effect of transplanted IPE [89]. Indeed, rat 
IPE was transduced with a high-capacity adenovirus vector having both low toxicity 
and low immunogenicity. Thereafter RCS rats were transplanted with these IPE 
cells. The authors found that, at 2  months post surgery, photoreceptors in IPE 
expressing PEDF-transplanted eyes were better preserved when compared to IPE-
transplanted and nonoperated eyes. In addition in a rat model of laser-induced CNV, 
IPE overexpressing PEDF prevented the formation of new vessels within the laser 
burns [89]. Another strategy of growth factor overexpression was proposed based on 
the effect of Brain-Derived Neurotrophic Factor (BDNF) [90]. IPE was transduced 
with an adeno-associated virus 2 (AAV2) containing the BDNF gene and grafted in 
a model of phototoxicity. Rats were exposed to constant light for 3 months after the 
transplantation. The measurement of the outer nuclear layer thickness demonstrated 
that photoreceptors were preserved in eyes transplanted with IPE overexpressing 
BDNF compared to normal IPE [90].
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The concern with this approach, beside no proven efficacy in human, is the 
comparability with different batches of IPE from different donors. This strategy is 
not compatible with the industrial process required to treat at large-scale the millions 
of patients.

3.2.3.2  �Schwann Cells

The Schwann cells produce trophic factors necessary for the survival of photorecep-
tors, including basic fibroblast growth factor (bFGF), ciliary neurotrophic factor 
(CNTF), and BDNF. Lawrence and collaborators proposed to graft Schwann cells 
into the SRS of RCS rats in order to compensate for defective RPE cells. These 
grafted cells are supposed to provide support for both RPE and photoreceptors 
improving thus their functionality and their survival [91]. In this study, the supply 
of the Schwann cells came from the sciatic nerves of congenic neonatal rats. When 
transplanted in RCS rats, the Schwann cells allowed photoreceptors to survive 
around the site of injection. Transplanted animals were then analyzed 2 and 3 months 
after surgery for their visual performances. Using the optokinetic paradigm, the 
authors demonstrated that transplanted rats were more prone to detect moving 
stripes compared to control animals up to 3 months post surgery. Keegan and col-
laborators showed that Schwann cells transplanted in the SRS of rhodopsin knock-
out (rho−/−) mice; another model of acute retinal degeneration preserved the 
photoreceptor survival until 1 month [92]. They addressed the release of specific 
factors using reverse transcriptase polymerase chain reaction (RT-PCR) assay for 
precise measurement of RNA production. BDNF, CNTF, and glial-derived neuro-
trophic factor (GDNF) transcripts were found, but there was no evidence of NGF 
and bFGF in Schwann cell culture. The same group demonstrated later that 
Schwann cells engineered to express GNDF or BNDF improve the survival and 
function of photoreceptors, when transplanted into the SRS of RCS rat, compared 
to the same cells not transfected [93]. This highlights the role of these two trophic 
factors secreted by Schwann cells. For a cell therapy strategy, the supply of 
Schwann cells could originate directly from the recipient’s own cells (e.g., from 
the sural nerve). This approach might reduce the risk of disease transfer and of 
immune response.

3.2.3.3  �Fetal Brain-Derived Neural Progenitors

Human cortical progenitor cells were proposed and tested in vivo in animal models 
of RP [94, 95]. Here the idea was not to replace defective RPE or even photorecep-
tors. Human cortical progenitors are rather expected to produce trophic factors that 
might preserve photoreceptors. This is the mode of action of such cells when grafted 
in neurodegenerative disease models [94]. The human fetal cortex could be obtained 
from a brain tissue at 21 weeks of gestation and cultured as neurospheres for several 
passages [95]. When such cells were grafted into the SRS of RCS rats, they showed 
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the potential to sustain the vision of RCS rats for a long period of time (280 days) 
as evaluated by the optokinetic paradigm. Interestingly, histological analysis 
revealed that grafted cells formed an “RPE-like layer” into the SRS, with some cells 
being pigmented [94]. However, they did not express typical RPE markers, and the 
cells were still proliferating into the SRS until at least P150 [95]. The human corti-
cal progenitors cells were also injected into the SRS of six normal rhesus monkeys 
[96]. In that context, cells were transduced with Green Fluorescent Protein (GFP) to 
follow them. Monkeys recovered well from the surgical procedure, and there was no 
disturbance in multifocal ERG. Cells survived as a monolayer at 39 days post opera-
tion even if treated only with 5 days of topical steroids [96]. The authors concluded 
that the surgery might be safe for human, and that the cells should survive without 
need of systemic immunosuppression.

Human central nervous system stem cells (HuCNS-SCs) were purified by 
StemCells, Inc. in 2000 [97]. A single fetal brain tissue (16–20 weeks of gestation) 
was exposed to monoclonal antibodies for cell-surface markers and cell sorted. The 
HuCNS-SC express high levels of CD133 and low levels of CD24. In addition, they 
do not express antigens of the hematopoietic lineage CD45 or CD34. These cells can 
self-renew, form neurospheres, and can be banked. They are developed for the treat-
ment of central nervous system diseases and were tested for retinal protection also in 
AMD. When HuCNS-SCs were transplanted into the SRS of the RCS rat, photore-
ceptors were protected and the vision was preserved [98]. Donor cells remain imma-
ture and do not express retinal markers during at least 7 months. In addition, the 
authors reported limited proliferation. StemCells, Inc. launched an ongoing phase 
I/II clinical trial in US in 16 patients with geographic atrophy secondary to AMD in 
order to investigate safety and preliminary efficacy [99].

3.2.3.4  �Bone Marrow Mesenchymal Stem Cells

Bone marrow mesenchymal stem cells (MSCs) are precursors of bone, cartilage, 
and adipocytes in vivo, and they provide a suitable environment for the hemato-
poietic stem cell niche [100]. These cells have the major advantage to be har-
vested from bone marrow and expanded, thus allowing autologous transplantation. 
They are also poorly immunogenic, and it was demonstrated that MSCs secrete 
trophic factors that promote neuronal survival, like BDNF or bFGF [101]. Arnhold 
and collaborators tested the potential of MSCs for the rescue of retinal degenera-
tion in RCS rats [102]. The authors used rat MSCs transduced with GFP in order 
to follow their fate in the rat eye. Transplanted MSCs adopted, in that context, an 
RPE-like morphology at 2  months post surgery. This was also demonstrated 
in vitro by cocultures of MSCs and RPE, where MSCs adopted a typical RPE 
morphology (intracellular pigment granules, hexagonal morphology, and cyto-
keratin expression). Photoreceptors of transplanted retinas were still numerous 
compared to the control ones at 2 months post operation [102]. Inoue and collabo-
rators transplanted mouse MSCs into the SRS of RCS rats. It resulted in the 
slowdown of retinal degeneration with a drastic reduction of photoreceptor loss at 
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8 weeks after surgery [103]. In addition, the authors analyzed retinal functions 
and found that transplanted animals had a better ERG preservation compared to 
SHAM-treated eyes at both 4 and 8 weeks post operation. As a conditioned MSCs 
medium is able to promote survival of mouse retinal cultures, the authors sug-
gested that the rescue effect observed in RCS rats might be mediated by the 
release of trophic factors that improve the environment [103]. In this study, MSCs 
remained in the SRS without any migration to the retinal layers. By contrast to 
Arnhold and collaborators, the authors did not report any signs of transdifferentia-
tion of MSCs into RPE-like cells. Human adult bone marrow-derived somatic 
cells (derived using a proprietary process) were finally tested in RCS rats in 2010 
[104]. The authors showed that transplanted RCS rats had a better visual acuity in 
the optokinetic test up to 3 months postnatal despite the absence of cell at that 
time. The survival of cells was not improved with a cyclosporine A treatment. 
Another report stated that human bone marrow MSCs grafted into the SRS of 
RCS rats did not survive more than 2 weeks [105]. They demonstrated also that 
the effects were sustained for 20 weeks, and that a second transplantation did not 
improve the phenotype.

3.2.3.5  �Retinal Neurospheres

In the adult mammalian eye, neural progenitors are located in the pigment ciliary 
bodies [106]. These cells are rare, quiescent but can be stimulated to proliferate 
in vitro with bFGF. They can be amplified as neurospheres, and they are named reti-
nal neurospheres (RNS) [107]. RNS retain their pigmentation and express markers 
like the neuroectodermal marker nestin. They are multipotent as they give rise to 
neurons, astrocytes, and oligodendrocytes. Rat or mouse RNS express also Chx10, 
a homeobox gene that is a retinal progenitor marker [106, 108]. In human, RNS 
were derived from the pars plicata and pars plana of the retinal ciliary margin [109]. 
These cells were isolated from early postnatal to 70-year-old postmortem donors. 
When cultured under specific differentiation media, they are able to give rise to dif-
ferent retinal cell types and to RPE. Human RNS were transplanted into immunode-
ficient NOD/SCID mice of 1-day-old. The authors showed that the cells survived at 
28  days and gave rise to retinal progeny. RNS stem cell nature is controversial; 
some scientists stated that the pigmented ciliary epithelium contains differentiated 
cells that ectopically express markers upon specific culture conditions [110, 111]. 
Finally, RNS cells should be tested into animal models of retinal degeneration to 
demonstrate their therapeutic potential.

3.2.3.6  �Umbilical-Cord Stem Cells

Human umbilical tissue-derived cells (hUTCs) are a promising cell source as it can 
be amplified to at least 1 × 1017 cells from a single donor without genetic abnormali-
ties or changes in phenotype [112]. Cells are obtained by a simple enzymatic 
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digestion of the human umbilical cord following normal births. When grafted into 
the SRS of RCS rats, hUTCs improved ERG responses to light compared to SHAM-
treated animals. In addition, visual acuity evaluated by the optokinetic response to 
moving stripes was preserved in hUTCs-treated rats at 2.5  months post surgery 
[112]. Neurotrophins secreted by hUTCs, like BNDF, are suggested to mediate the 
preservation of photoreceptors.

3.3  �RPE Derived from Pluripotent Stem Cells

Human embryonic stem cells (hESCs) and human-induced pluripotent stem cells 
(hiPSCs) represent the two principal types of pluripotent cells. These unspecialized 
cells are able to self-renew and could give rise to all somatic cell types. Compared 
to the other cell sources described earlier, banking of these cells might be up scaled 
at an industrial level to treat millions of AMD and RP patients.

In 1998, the first hESC lines were derived from the blastocyst inner cell mass of 
human embryos produced by in vitro fertilization. These hESC lines showed unlim-
ited proliferation ability in vitro and maintained the potential to form derivatives of 
the three embryonic germ layers: endoderm, mesoderm, and ectoderm [113].

The reprogramming of adult somatic cells, into artificial pluripotent stem cells, 
called induced pluripotent stem cells (iPSCs) by Yamanaka lab allowed to overcome 
ethical constraints associated to the use of human embryos [114]. Indeed human 
adult somatic cells, typically human fibroblasts, were forced to express pluripotency 
genes by retroviral transduction of four transcription factors: Oct3/4, Klf4, Sox2, 
and c-Myc [114]. This was reproduced by Thomson’s lab using a different cocktail 
of factors [115].

The hiPSCs are comparable to hESCs in terms of morphology, cell growth, 
surface markers, gene expression, in vitro differentiation, and teratoma formation 
when transplanted into immunocompromised animals [114]. The potential to generate 
autologous cell sources from reprogrammed patient’s somatic cells make hiPSCs 
very attractive for clinical applications [116]. These two cell sources (hESCs and 
hIPSCs) were used to produce RPE cells that might treat RPE-associated degen-
erative eye diseases.

3.3.1  �Clinically Compatible Protocols to Obtain and Bank 
RPE Cells

Significant research efforts have focused on finding the ideal method for efficiently 
deriving RPE from embryonic and induced pluripotent stem cells. It has been well 
demonstrated that hPSCs have the potency to “spontaneously” differentiate into RPE 
using the continuous adherent culture method or the embryoid body method [117]. 
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Protocols published in the literature could be gathered in three main methods: spon-
taneous differentiation, intermediate embryoid body (EB) formation, and 3-D cellu-
lar aggregates. In recent clinical trials, the first two types were used in order to 
generate GMP (Good Manufacturing Process)-compatible RPE cells. In 2004, 
Klimanskaya and collaborators reported the first spontaneous differentiation of 
hESCs into RPE cells [118]. To achieve this differentiation, the hESCs were cultured 
on mouse feeder cells in absence of FGF2. After 6–8 weeks, the authors observed the 
presence of brown-pigmented regions in over-confluent cultures. Pigmented regions 
were isolated and subcultured to generate the RPE cell population. The limitation 
with this protocol was the low efficiency regarding the number of cells obtained and 
the requirement of the manual selection of pigmented areas.

To improve the efficacy of RPE differentiation protocols, several teams developed 
protocols based on developmental studies made in xenopus, zebrafish, and mouse. 
This approach has led to the use of an increasing number of growth factor and small-
molecule supplements in the culture media [117]. The pathways targeted vary from 
protocol to protocol, but the inhibition of TGF-ß pathway using noggin, LDN-
193189, and/or SB-431542 is commonly used to engage neuroectodermal differen-
tiation [119]. Neuroectodermal progenitors are then specified toward an anterior fate 
using inhibitors of the WNT signaling pathway (Dkk1/Nodal and Lefty A) to obtain 
eye field progenitors [120]. Using this method, Lamba’s team showed that it was 
possible to obtain nearly 80% of retinal progenitors [121]. For now, one of the 
quicker and the more efficient protocol was published by Buchholz and collaborators 
[122]. This team combined Lamba’s protocol with already described RPE-inducing 
factors such as nicotinamide and activin A in order to obtain 78% of RPE cells at day 
14 [122]. One year later, the same team published that the RPE differentiation is even 
better with the use of activator of the WNT pathway such as CHIR99021 at the end 
of the differentiation process [123]. RPE cells could be obtained without these 
cytokines, but the efficiency is much lower [124]. Whatever the protocol used, the 
RPE obtained from pluripotent stem cells are similar to primary human fetal RPE 
[125]. Recently, a quantitative real-time PCR-based high-throughput screen was 
used to establish a new differentiation protocol with small-molecule treatment and 
that is suitable for a clinical application. Using this strategy, Chetomin, an inhibitor 
of hypoxia-inducible factors, was found to strongly increase RPE differentiation. 
The combination with nicotinamide resulted in conversion of over one-half of the 
differentiating cells into RPE. Single passage of the whole culture yielded a highly 
pure hPSC-RPE cell population that displayed many of the morphological, molecu-
lar, and functional characteristics of native RPE [126].

The second strategy to generate RPE cells involves an intermediate step: the 
embryoid body (EB) formation. The pluripotent stem cells, when cultured onto non-
adherent culture dishes form aggregated structures that resemble early postimplan-
tation embryos and that are therefore called EBs [127]. Pluripotent stem cells 
derived in EB structures acquire markers specific to the three embryonic germ lay-
ers [128] and could differentiate into multiple cell lineages. To induce the neuroec-
todermal lineage, the EBs obtained are then cultured in adherence, and after 4 
additional weeks, pigmentation starts rising. These pigmented regions are expanded 

K. Ben M’Barek et al.



71

and ultimately form a monolayer of hexagonal pigmented cells [129]. This kind of 
differentiation can also be improved by the sequential use of nicotinamide and 
activin A, although the mechanism by which nicotinamide improves neural and eye 
field differentiation remains elusive [130].

In the last years, many research teams have explored new approaches to increase 
further the efficacy of RPE differentiation protocols. The most innovating approaches 
are represented by the generation of RPE cells from tridimensional structures. 
Gamm and collaborators developed a protocol where the pluripotent stem cells are 
differentiated into neural rosette, a primitive anterior neuroepithelium structure 
[131]. The neural rosette structures were isolated and cultured in suspension. After 
20 days of culture, 3-D cell aggregates appeared and formed an optical vesicle-like 
(OV) shape. These tridimensional structures contained photoreceptors and RPE cell 
progenitors. To generate RPE cells, OV-like structures were cultured in presence of 
activin A for 20 days. Pigmented OV-like structures were plated onto coated dishes 
in order to promote RPE cell proliferation. This protocol was used to generate RPE 
cells from hESCs and hiPSCs in a reproducible manner [131]. Recently, Goureau 
and collaborators developed a new protocol of self-forming neural retina structures 
containing RPE and retinal progenitor cells including precursors of photoreceptors, 
without addition of exogenous molecules [132, 133]. In this study, hiPSCs were 
cultured in a serum-free medium containing N2 supplement. To generate RPE cells, 
the FGF was removed from culture medium to promote the neuroectoderm induc-
tion. After 14  days, neuroepithelial-like structures with pigmented areas were 
observed. These pigmented patches were mechanically isolated and cultured on 
gelatin-coated dishes. The pigmented patches proliferated and formed the typical 
cobblestone epithelial structure of RPE [133].

Recently, automated retinal differentiation including RPE differentiation was 
reported by Duncan E. Crombie and collaborators [134]. They showed the ability to 
maintain and subculture pluripotent stem cells using a customized automated platform. 
Then, they differentiated these cells into RPE cells using a directed protocol and 
reported the apparition of pigmented areas at day 35. Although, this is a promising 
step toward the scale up of the RPE differentiation that will be required for future 
applications; further works are necessary to obtain a pure population of cells with 
this method [134].

For the clinical translation step of RPE cell differentiation protocols, all parameters 
need to be evaluated with utmost rigor. According to European and US regulatory 
guidelines, the production of RPE cells requires to be reproducible and to use a fully 
defined medium. Thus, the constituents of differentiation and culture medium, 
cytokines and the matrix used to coat cell dishes, are selected based on their origin; 
their certificates indicating that they are pathogen-free and produced in a sterile envi-
ronment. Moreover, the manufacturer should provide a full traceability of their start-
ing and raw materials. All this selection increases the translation from the initial 
research protocol to the first clinical trial. This optimization process faces challenges 
due to the risk of inconsistency between the non-GMP starting/raw material and the 
GMP one and due to the batch to batch variability of a same product.
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In 2012, Astellas Pharma (previously named OCATA Therapeutics) announced 
the first preliminary data of the clinical application of RPE derived from hESCs 
[135]. In this phase I/II clinical trial, a hESC line derived from in vitro fertilization 
embryo named MA09 was used. The MA09 cell line was cultured and amplified on 
Mitomycin C-treated mouse embryonic fibroblast (MEF) in GMP facility to gener-
ate a clinical Master Cell Bank. This manufacturing process used the EB formation 
process to generate RPE cells. hESCs were treated with 0.05% trypsin-EDTA to 
detach from feeder cells and subsequently plated into low-attachment cell dishes to 
promote the EB formation in MEM medium containing the B27 supplement. The 
EBs were maintained in culture for 1 week and seeded on gelatin-coated plates until 
the pigmented colonies appeared. Using enzymatic and mechanical methods, the 
pigmented RPE cells were isolated and cultured in Endothelial Growth Basal 
Medium on gelatin-coated cell dishes. The RPE cells were amplified for two pas-
sages, before being frozen to create the RPE clinical bank. The hESC-derived RPE 
cells were thawed and injected as a cell suspension into the SRS of patients suffer-
ing from dry AMD and Stargardt’s disease. The RPE cryovials could be sent frozen 
to different hospitals without the requirement of specific cell culture materials at the 
site of surgery. This allows a large-scale use of such cell product.

A second clinical trial using hPSCs-derived RPE for retinal degenerative dis-
eases started in September 2014 in Japan. This study represents the first clinical 
assay using autologous iPSC therapy for the exudative form of AMD.  In their 
study, Dr. Takahashi and her team have transplanted sheets of hiPSCs-derived RPE 
cells without any artificial matrix or scaffold ([116, 136]; Press Release, RIKEN 
July 30, 2013). hiPSCs were cultured and amplified on mouse embryonic fibroblast 
(MEF) feeder cells. To generate RPE cells from hiPSCs in xeno-free conditions, a 
direct differentiation protocol was used, in which there was no intermediate stage 
of EB formation. That process used two differentiation media and two different 
coatings. The undifferentiated hiPSCs were cultured in feeder-free conditions 
using gelatin-coated plates. During the differentiation process, the cells were cultured 
with Glasgow Minimum Essential Medium (GMEM) in presence of decreasing 
percentage of Knockout Serum Replacement (KSR) (from 20% to 10% during 
20 days of culture). To induce RPE differentiation, some molecules were added in 
the culture medium during the first 18  days like ROCK inhibitor (Y-27632), a 
TGFβ inhibitor (SB 431542), and a protein kinase inhibitor (CK17) [137]. After 
3 weeks of culture, pigmented cells appeared and the differentiation media was 
replaced with DMEM/F12 supplemented with B27 [116].

Our lab, in collaboration with the Institut de La Vision (Paris, France) is develop-
ing another protocol based on hESCs using a spontaneous differentiation protocol 
without growth factors or small molecules [138, 139]. The clinical grade hESC line, 
named RC-09 (Roslin Cell Laboratory, Edinburgh), was amplified in feeder-free 
conditions, in a GMP facility, to create a clinical hESC Master Bank. To differenti-
ate the hESCs into RPE cells, the RC-09 are cultured in DMEM medium supple-
mented with 10% of KSR in the absence of FGF2. After 4–5 weeks of cultures, the 
presence of pigmented regions in the overgrowth colonies of RC-9 could be 
observed. These pigmented cluster cells are then mechanical isolated and cultured 
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in culture dishes in presence of 4% of KSR (Passage P0). The RPE cells are ampli-
fied and frozen at passage P1, to create the RPE Bank.

All these culture methods will be useful for the demonstration of the safety and 
efficacy of hPSCs-derived RPE in ongoing and future clinical trials. The next 
challenges will be the development of commercially viable sources of RPE that are 
low cost, reliable, and robust.

3.3.2  �Quality Controls of Differentiated RPE Cells

In most countries, the use of cellular products for medical use is regulated by gov-
ernmental agencies to ensure the protection of patients, so that novel therapies will 
be the most widely beneficial for the population.

Many technical and regulatory breakthroughs in the last few years have made 
stem cell-based treatment for retinal degeneration more plausible. During the manu-
facturing process of hPSCs-derived RPE cells, several important limiting key points 
need to be carefully evaluated according to regulatory guidelines. It includes safety, 
purity, identity, potency, and stability of differentiated cells [135, 140]. Even mini-
mal manipulation of the cells outside the human body introduces a risk of contami-
nation with pathogens, and prolonged passages in cell culture carries the potential 
for genomic and epigenetic instabilities that could lead to cell dysfunctions or frank 
malignancy.

The purpose of preclinical studies is to (1) provide evidence of product safety 
and (2) establish proof of principle for therapeutic effects. International research 
ethic policies, such as the Declaration of Helsinki and the Nuremberg Code, strongly 
encourage the performance of animal studies prior to clinical trials. Before initiating 
clinical studies with stem cells in humans, researchers should have persuasive 
evidence of clinical promise in appropriate in vitro and/or animal models.

3.3.2.1  �Safety of Therapeutic Cells

All reagents should be subjected to quality control systems to ensure the quality 
of the reagents (raw and starting materials) prior to introduction into the manu-
facturing process. For extensively manipulated stem cells intended for clinical 
application, GMP procedures should be strictly followed [141].

The RPE cells should be checked for safety, RPE identity, potency, and functional 
activity at various steps of the manufacturing process (in-process testing during 
the manufacturing, after RPE thawing and in the final clinical product) [135]. 
The absence of bacterial and mycoplasma contamination all along the process and in 
the final product in its final formulation should also be tested. Components of animal 
origin may present a risk of transferring pathogens or unwanted biological material. 
For example, when cultured onto MEF (Mouse embryonic Fibroblasts), the cells 
should also be monitored for the absence of residual murine viruses. In some circum-
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stances, it may not be possible or optimal to substitute these components. Researchers 
need to demonstrate that the risk to use such product is mitigated by the different 
additional safety tests of these animal-based components.

hPSCs, regardless of particular cell type, carry additional risks due to their pluri-
potency. These include the ability to acquire mutations when maintained for pro-
longed periods in culture, to grow and differentiate into inappropriate cellular 
phenotypes, to form benign teratomas or malignant outgrowths, and to fail to mature 
in the cell type of interest. Teratomas are tumors of multiple lineages, containing 
tissues derived from the three germ layers [142]. It confers additional risk to patients, 
and appropriate tests must be planned to ensure safety of stem cell-derived products 
[143]. When undifferentiated, hPSCs are transplanted into immunocompromised 
animals; they might give rise to these teratomas. For hPSCs-derived products, a 
quantification strategy needs to be developed to evaluate the risk of remaining 
undifferentiated cells in the final product. The level of impurities in the final product 
should be enough low to prevent teratoma formation in long-term animal studies 
(over 6 months). Tumorigenicity assays should actually include groups of animals 
transplanted with undifferentiated hPSCs and other groups injected with serial dilu-
tions (spiking studies) of undifferentiated hPSCs with hPSCs-derived RPE cells to 
set a contamination limit that is susceptible to induce a teratoma and that should not 
be reached in the cell therapy product. The cells used in tumorigenic test (regulatory 
toxicity studies) should be produced with a manufacturing process similar to the one 
used for the clinical application [143]. Several immunodeficient animal models are 
now available for such studies: NOD/SCID (NOG) mice, and NOD/SCID/IL-2rg 
KO (NSG) mice, Rag2-yC double-knockout (DKO) mice. These animal models are 
T-cell, B-cell, and NK-cell-deficient and show very high engraftment potential of 
human cells compared to nude mice (T-cell-defective) [142].

Other important issues to consider in safety assays are related to the biodistribu-
tion of grafted cells. The stem cells and their differentiation derivatives may have 
the potential to migrate from the injection site to other organs. Careful evaluation 
of biodistribution, assisted by sensitive techniques of imaging and monitoring of 
homing, retention, and subsequent migration of transplanted cell populations, is 
crucial for measuring cell dispersion. While rodents or other small animal models 
are typically a necessary step in the development of stem cell-based therapies, they 
are likely to reveal only major toxic events [142]. Biodistribution tests are per-
formed in injured or healthy animals using the route of administration of the cell 
therapy product. The proximity of many physiological functions between large 
mammals and humans may favor testing the biodistribution and toxicity of a novel 
cell therapy in at least one large animal model. Additional histological analyses or 
banking of organs for such analysis at late time points is recommended. Depending 
on the laws and regulations of the specific country, biodistribution and toxicity 
studies often need to be performed in a GLP (Good Laboratory Practice)-certified 
animal facility.

In Astellas Pharma preclinical toxicity studies, the hESC-derived RPE was 
injected in the SRS of NIH III mice, a typical nude mice characterized by the 
absence of thymus and T-cell function and by complications in the maturation of 
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T-independent B cells. The absence of human cells in the eyes and others organs of 
these mice was determined by RT-qPCR and immunostaining at 4, 12, and 40 weeks 
after grafting. All tests showed no safety issues in any animal even if hESCs-derived 
RPE cells were spiked with 0.01% of undifferentiated cells [135].

Similar results were obtained with hiPSCs-derived RPE cell sheets transplanted 
into the SRS. Kamao and collaborators did not observe any tumor formation in vari-
ous animal models (RCS rat, immunodeficient mouse and monkey) [116, 136].

Simplified culture conditions are essential for large-scale drug screening and 
medical applications of hPSCs. However, hPSCs are prone to genomic instability, 
a phenomenon that is highly influenced by the culture conditions (various culture 
media, passaging techniques, and culture feeders/matrices) that may differently 
affect genetic stability or impart different selective pressure on cells [144, 145]. 
For example, enzymatic dissociation, a cornerstone of large-scale hPSCs culture 
systems, is deleterious, but the extent and the timeline of the genomic alterations 
induced by this passaging technique are still unclear [144]. For the karyotype anal-
ysis of undifferentiated hPSCs and their derivatives, the G-banding and FISH 
methods are used. In the protocol developed by Astellas Pharma, the chromosomal 
integrity of hESC Master Cell Bank was evaluated by FISH and G-Banding meth-
ods [135]. The reprogramming process of somatic cells into pluripotent stem cells 
can induce chromosomal abnormalities, as highlighted recently. The Japanese 
clinical trial team has identified the presence of mutation in the hiPSCs generated 
from the second patient [136]. Three single-nucleotide variations and three copy-
number variants were detectable in the hiPSCs while were absent in the original 
patient fibroblasts. For this reason, it was decided not to treat the second patient 
with autologous hiPSCs-derived RPE [146].

3.3.2.2  �Purity of the Differentiation Process

To evaluate the purity of hPSCs-derived cells, a panel of RPE-specific markers 
should be used, like ZO-1 (tight junction marker), MITF, and PAX-6 (eye field speci-
fication), RPE-65 and CRALBP (retinoid cycle), Bestrophin (chloride channels), 
and MERTK (phagocytosis function) [116, 138].

In the protocol developed by Astellas Pharma, the hESC-derived RPE was 
characterized by immunofluorescence. hESCs-derived RPE cells should coexpress 
more than 95% of PAX-6 and MITF, 95% of PAX-6 and Bestrophin and express 
more than 95% of ZO-1 [135]. The purity of RPE cells generated from autologous 
hiPSCs, in the Takahashi’s protocol, was characterized by the quantification of 
PAX-6 or Bestrophin-positive cells [116, 136].

Gene expression of pluripotency and RPE-specific genes could be monitored by 
quantitative PCR.  The absence of contaminating hPSCs in the RPE population 
might be evaluated by the downregulation of OCT-4, NANOG, and SOX-2 mRNA 
expression compared to undifferentiated pluripotent stem cells. The monitoring of 
the upregulation of some specific RPE markers, like RPE-65, PAX-6, CRALBP, and 
BEST1, indicates the RPE identity [116, 136, 138].
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3.3.2.3  �Functionality of the RPE Obtained from Differentiation

The functional assessment is based on typical characteristics of RPE cells as the 
phagocytosis activity, the polarized secretion of growth factors, and the barrier func-
tion of epithelial cells. To maintain the excitability of photoreceptors, POS undergo 
a constant renewal process [6, 31]. In the protocol developed by Astellas Pharma, 
the phagocytosis activity of hESCs-derived RPE, was monitored through the uptake 
of fluorescent bioparticles. The internalization of bioparticles is measured in this 
approach by flow cytometry [135]. Other systems use porcine POS labeled with 
fluorescent markers. When RPE cells are exposed to such POS, they are able to 
phagocyte them [133, 139].

Maintaining the polarized secretion of growth factors is a crucial parameter for 
restoring some RPE functions after the graft. Two growth factors are particularly 
important: PEDF (apical secretion) essential for the structural integrity of the retina, 
and the VEGF (basal secretion) essential for the integrity of choriocapillaries. The 
concentrations of PEDF and VEGF in a conditioned RPE medium could be mea-
sured by ELISA assays and reflect functional properties of RPE cells [116].

The measure of RPE epithelial resistance is an additional method to evaluate the 
potency of hPSCs-derived RPE cells. Tight junctions are a type of cell–cell adhesion 
that has a fundamental role in the functionality of the RPE layer [147]. Tight junctions 
form a partially occluding seal that retards diffusion of solutes across the paracellular 
space. This barrier permits the RPE layer to establish and maintain concentration gra-
dients between its apical and basal environments [148]. The strength of this barrier may 
be measured by the transepithelial electrical resistance in vitro [136].

3.3.3  �Injection Strategy of the Cell Therapy Product

Significant research efforts are focusing on finding the ideal method for transplant-
ing hPSCs-derived RPE cells into the subretinal space. Optimizing RPE transplan-
tation procedures resulted in the development of two different therapeutic strategies: 
(1) introducing a cell suspension of nonpolarized RPE cells into the subretinal space 
and allowing the donor cells to integrate within the host retina, and (2) transplanting 
polarized sheets of RPE to allow for improved safety and better clinical outcomes, 
since normal RPE functions are dependent on specific cellular features of its apical 
and basal domains [125, 149].

In phase I/II clinical trials sponsored by Astellas Pharma, the RPE cells derived 
from hESCs were delivered as a cell suspension into SRS of dry AMD and 
Stargardt’s patients [135]. 5 × 104 hESCs-derived RPE cells in 150 μL were injected 
into a preselected region of the pericentral macula that was not completely damaged 
[125]. Three cell doses were initially proposed for injections: 5 × 104, 1 × 105, and 
1.5 × 105 RPE cells in 150 μL in order to evaluate the safety of the cell therapy. To 
avoid the dispersion of donor RPE cells in other site than the retina, the injection site 
was carefully chosen based on the presence of native RPE layer albeit damaged, to 
improve the transplant integration [140].
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The most important point of success for cell transplantation into SRS region is 
the integrity of the implanted region. Retinal degenerative diseases, like AMD may 
lead to the destruction of RPE-Brüch’s membrane, compromising the integrity of 
the blood–retinal barrier. Thus, if RPE cells are transplanted as a cell suspension, 
their chance to survive and integrate correctly might be compromised. To overcome 
this problem, a RPE monolayer that exhibits the physiology of its natural counter-
part represents a favorable alternative to RPE cell suspension [83].

Takahashi and collaborators developed a strategy based on RPE sheets transplan-
tation without any matrix or scaffold using an ingenious system [116]. Indeed, 
hiPSCs-derived RPE are cultured onto Transwell inserts coated with collagen type 
I. When the RPE cells reach confluency and form a typical cobblestone pigmented 
epithelium, the RPE sheet is removed from the insert by a collagenase treatment 
[116, 136]. The size of the RPE sheet is then adjusted to 1.3 × 3 mm using a laser 
microdissection system.

We developed an alternative approach based on a natural scaffold to graft an RPE 
sheet. Our cell therapy product is constituted of a three dimensional (3D) patch of 
hESCs-derived RPE cultured on a human amniotic membrane (hAM) [138]. hAMs 
are obtained from cesarean sections of normal births [150]. The hAM consists of an 
epithelial monolayer, a thick basement membrane, and a multilayer of collagen. The 
components of the hAM create an interesting native scaffold for cell seeding in tis-
sue engineering. Moreover, the hAM presents significant biological advantages like 
anti-inflammatory, healing, and antimicrobial properties [151]. For all these rea-
sons, the hAM is commonly used in clinical applications for ocular surface recon-
struction [152]. In this approach, the hAM is treated in order to remove the native 
epithelia cell layer, and the denuded hAM is attached to a culture insert, which 
allows the culture of RPE cells. The hESCs-derived RPE cultured on this natural 
scaffold, form a typical cobblestone pigmented epithelial layer, with polarized 
secretion of VEGF (Fig. 3.2).

Fig. 3.2  Macroscopic (a) and microscopic (b) observation of hESCs-derived RPE cultured for 
4  weeks on human amniotic membrane. The RPE cells exhibit typical pigmented cobblestone 
morphology. Scale bar 1 cm (a) and 100 μm (b)
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Synthetic scaffolds may also be used to transplant RPE cells. Several parameters 
must be taken into consideration, as thickness, mechanical properties, and biodeg-
radation, to prevent additional damage of the retina, and improve the interactions 
between the retina and RPE [153]. The transplantation of such polarized RPE 
monolayer on ultrathin parylene substrates has proven its safety and efficacy [154].

Coffey and collaborators developed a porous polyester scaffold who serves as a 
matrix for the transplantation of the hESCs-derived RPE. The targeted patients for 
this cell therapy suffer from wet AMD (Press Release UCL, Sept 29, 2015; 
ClinicalTrials.gov NCT01691261) [155].

3.4  �Clinical Trials for the Treatment of AMD and RP

3.4.1  �Adult and Fetal RPE

Use of adult and fetal RPE cells demonstrated the potential of the cell therapy 
approach for treating RPE-associated diseases [74, 156]. However, their reduced 
availability has limited their potential for large-scale use in clinic. One of the last 
strategies taking advantage of adult RPE cells is the one of the group of Sally 
Temple (Neural Stem Cell Institute, NY) who had discovered and isolated RPESCs 
from adult RPE cell culture [81]. They are now developing cGMP optimization of 
allogeneic cells from adult RPE in order to target AMD patients with geographic 
atrophy [157].

3.4.2  �hiPSCs/hESCs-Based Clinical Trials

Several phase I/II clinical trials were launched by Astellas Pharma (Table 3.1) using 
allogeneic hESCs-derived RPE as cell suspension both in USA and UK for 
Stargardt’s macular dystrophy (SMD) and AMD. The same cells were also used by 
CHABiotech CO., Ltd. in the Republic of Korea to treat patients with AMD. 
Preliminary reported data indicated no major safety issue [135, 140, 158]. Astellas 
Pharma is moving forward with a phase II clinical trial, which is about to be 
launched (NCT02563782). Recently, the London Project to Cure Blindness and 
Pfizer has started a phase I/II clinical trial with the first wet AMD patient being 
treated in 2015. Here the transplant is composed of RPE derived from allogeneic 
hESCs cultured over a polyester membrane [159]. Other clinical trials based on 
allogeneic hESCs-derived RPE are currently recruiting AMD patients in California 
(NCT02590692) and Israel (NCT02286089). In France, a consortium composed 
of I-Stem and Institut de la Vision is currently optimizing a cell therapy with alloge-
neic hESCs-derived RPE over a biological substrate in order to launch a phase I/II 
clinical trial targeting RP in 2019 [138].
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As an alternative to allogeneic cells, other laboratories develop clinical trials 
based on autologous hiPSCs. The Riken Center for developmental biology in Japan 
has initiated in the end of 2014 the first phase I/II clinical trial based on autologous 
hiPSCs derived into RPE. The first patient had a wet AMD with CNV, and five other 
patients were planned. However, due to genetic defects found in the cells from the 
second patient, this first-in-man clinical trial was suspended [136, 146]. A Japan’s 
new law facilitates now the commercialization of hiPSCs. Indeed, regenerative ther-
apy will be conditionally approved if they are demonstrated safe. Then they have up 

Table 3.1  Clinical trial planned or ongoing based on hESCs or iPSCs in order to treat RP and/or 
AMD

Stage of 
development Targeted disease Sponsor/company Therapy

Phase II 
NCT02563782

AMD Astellas Pharma Allogeneic hESC-RPE, cell 
suspension injection

Phase I/II 
NCT01469832

SMD Astellas Pharma Allogeneic hESC-RPE, cell 
suspension injection

Phase I/II 
NCT01344993

Dry AMD Astellas Pharma Allogeneic hESC-RPE, cell 
suspension injection

Phase I/II 
NCT02122159

MMD Astellas Pharma Allogeneic hESC-RPE, cell 
suspension injection

Phase I/II 
NCT01345006

SMD Astellas Pharma Allogeneic hESC-RPE, cell 
suspension injection

Phase I/II 
NCT01674829

Dry AMD CHABiotech CO., Ltd Allogeneic hESC-RPE, cell 
suspension injection

Phase I/II 
NCT02286089

AMD Cell Cure Neurosciences 
Ltd.

Allogeneic hESC-RPE, cell 
suspension injection

Phase I/II 
NCT02590692

Dry AMD, GA Regenerative Patch 
Technologies, LLC

Allogeneic hESC-RPE, 
epithelium on a parylene 
membrane

Phase I/II AMD RIKEN Centre for 
Developpmental Biology

Autologous hiPSC-RPE, 
epithelium without substrate

Phase I 
NCT01691261

Wet AMD Pfizer/London Project to 
Cure Blindness

Allogeneic hESC-RPE, 
epithelium on polyester 
membrane

cGMP 
optimisation

AMD, SMD, RP Cellular Dynamics 
International/NEI

Autologous hiPSC-RPE, 
epithelium on biodegradable 
scaffold

cGMP 
optimisation

Dry AMD, RP I-Stem/Institut de la 
Vision, France

Allogeneic hESC-RPE, 
epithelium on amniotic 
membrane

Preclinical AMD, Best 
disease, LC A

H MC, Israel Allogeneic hESC-RPE, cell 
suspension injection

When registered in clinicaltrial.gov website, the reference number of the clinical trial is indicated
SMD Stargardt’s macular dystrophy, AMD age-related macular degeneration, GA geographic 
atrophy, RP retinitis pigmentosa, LCA Leber’s congenital amaurosis, MMD myopic macular 
degeneration
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to 7 years of commercialization to demonstrate efficacy. New strategies have been 
adopted, and Riken now pushes toward the use of allogeneic hiPSCs to reach ear-
lier the market. The National Eye Institute (NIH) and Cellular Dynamics 
International are developing autologous hiPSCs-derived RPE cultured on a biode-
gradable scaffold [157]. They are currently optimizing the cGMP process and 
expect to treat the first patient in 2018.

3.4.3  �Other Stem Cell Trials

Autologous BM-derived stem cells, delivered intravitreally, are developed by many 
laboratories around the world (Table 3.2). The surgery is easier as a trophic effect is 
expected; the cells do not need to be located in the SRS like RPE cells.

Human central nervous system stem cells derived from fetal brain are under 
investigation for dry AMD patients. The phase I/II clinical trial was started in 2012, 
and preliminary results in 15 patients indicate no safety issues (Table  3.3). The 
Phase II study is currently recruiting patients. Other companies use human retinal 
progenitors injected either through an intravitreal (jCyte, Inc.) or subretinal route 
(ReNeuron Limited). jCyte, Inc. had currently treated 4 out of 16 patients at the 
2015 summer in California. They will be followed for 12  months to report any 
safety issue. The effect of the cells is expected to be trophic.

An ongoing phase I/II clinical trial sponsored by Janssen Research & 
Development, LLC is based on a subretinal delivery of human umbilical tissue-
derived stem cells. The cells are delivered through a catheter delivery system [159]. 
Finally, a clinical trial was launched based on autologous adipose-derived stem 
cells (NCT02024269) by the Hollywood Eye Institute in Florida and US Stem 
Cell, Inc. The cells are obtained via liposuction. After isolation of adipose-derived 
stem cells, they are injected into the vitreous [160]. However, recent results 
observed in three patients treated in a stem cell clinic with such cells raised con-
cerns about their safety. Loss of vision acuity was reported, one patient been blind 
due to the treatment [161].

3.5  �Management of the Graft Rejection

The eye is a prototypic immune-privileged tissue that resists immunogenic inflam-
mation through multiple mechanisms [162, 163]. Inside the eye, the SRS is even a 
better transplantation site than the vitreous cavity. Indeed, cells grafted into the SRS 
demonstrated better survival than the ones transplanted into the vitreous cavity 
[105, 164]. Moreover, stem cells have low immunogenic capacities [165–167], 
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Table 3.2  Clinical trial planned or ongoing based on bone marrow (BM) stem cells in order to 
treat RP and/or AMD

Stage of 
development Targeted disease

Sponsor/
company Therapy

Phase I 
NCT01531348

RP Mahidol 
University

Intravitreal injection of 
BM-derived MSCs

Phase I/II 
NCT02016508

AMD Al-Azhar 
University

Intravitreal injection of 
autologous BM derived 
stem cells

Phase I/II 
NCT01518127

AMD and SMD University of 
Sao Paulo

Intravitreal injection of 
autologous BM stem cells

Phase II 
NCT01560715

RP University of 
Sao Paulo

Intravitreal injection of 
autologous BM stem cells

Phase I 
NCT01068561

RP University of 
Sao Paulo

Intravitreal injection of 
autologous BM stem cells

Phase I/II 
NCT01914913

RP Chaitanya 
Hospital, Pune

Autologous BM derived 
Mono Nuclear Stem Cell 
(BMMNCs)

Phase I 
NCT01736059

Non-exudative AMD, diabetic 
retinopathy, retina vein 
occlusion, RP, hereditary 
macular degeneration

University of 
California, 
Davis

Autologous CD34+ bone 
marrow stem cells, 
intravitreal injection

Phase I 
NCT02280135

RP Red de Terapia 
Celular

Intravitreal injection of 
autologous BM stem cell

When registered in clinicaltrial.gov website, the reference number of the clinical trial is indicated
SMD Stargardt’s macular dystrophy, AMD age-related macular degeneration, RP retinitis pigmentosa

Table 3.3  Clinical trial planned or on-going based on fetal cell types in order to treat RP and/or 
AMD

Stage of 
development

Targeted 
disease

Sponsor/
company Therapy

Phase I/II 
NCT02320812

RP jCyte, Inc. Human retinal progenitor cells as an 
intravitreal cell suspension injection

Phase I/II 
NCT02464436

RP ReNeuron 
Limited

Human retinal progenitor cells, as a subretinal 
cell suspension injection

Phase II 
NCT02467634

AMD StemCells, 
Inc.

Human Central Nervous System Stem Cells 
(HuCNS-SC), as a subretinal cell suspension 
injection

Phase I/II 
NCT01632527

AMD StemCells, 
Inc.

Human Central Nervous System Stem Cells 
(HuCNS-SC), as a subretinal cell suspension 
injection

When registered in clinicaltrial.gov website, the reference number of the clinical trial is indicated
AMD age-related macular degeneration, RP retinitis pigmentosa
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reducing their chances of rejection. Thus, the eye appears as a good candidate organ 
for stem cell therapy. Despite these characteristics, most studies using stem cells for 
SRS transplantation faced poor survival rate of the graft [168, 169]. The potential 
for the stem cell-derived RPE cells to replace degenerated endogenous cells in reti-
nal diseases is challenged by this threat of immune rejection. Although immunosup-
pressive agents were used to address the rejection, significant morbidity is associated 
with such treatments, especially in the elderly. More knowledge is then necessary 
about the immune characteristics of the SRS and RPE cells [149].

3.5.1  �Immune Privilege of the Eye

The SRS, area between the RPE layer and the outer limiting membrane of the retina, 
is considered as an immune-privileged site within the eye [170] and thus a logical 
target for cell transplantation. The integrity of the RPE layer appears to be critical 
for the immune-privileged status of the SRS [171]. Some studies found that RPE 
cells in vitro can suppress T-cell activation by direct cell-to-cell contact [172] and 
by using supernatant of RPE eyecups; others demonstrated that RPE could secrete 
factors that suppress T-cell activation and production of interferon [173]. RPE pos-
sesses characteristics that promote its own survival even when transplanted to 
nonimmune-privileged site [174]. Indeed CD95-deficient RPE cells (cells lacking 
Fas Ligand) promote immune reaction leading to the rejection [174]. Transplantation 
of fetal retina/RPE tissue under the retina of patients suffering from RP or AMD 
was not associated with significant immune rejection reactions [73]. One explana-
tion proposed by the authors is that the absence of detectable graft rejection, even in 
patients with donor-specific antibodies before implantation, may indicate that the 
blood–retinal barrier is restricting antibody access into the SRS. This mechanism 
could be parallel to the Anterior Chamber-Associated Immune Deviation (ACAID) 
process existing in the anterior chamber of the eye [73, 163]. Other studies pro-
posed a regulation of T-cell differentiation through TGF-β secretion by RPE cells 
[175, 176] and/or Interleukin-10 (IL-10) secretion by macrophages [177]. Evidence 
suggests that innate and adaptive components of the immune system could be regu-
lated through surface expression of molecules on RPE cells, as well as through 
autocrine and paracrine effects of cytokines and growth factors secreted from the 
basal and apical sides of the cells [172, 178–181]. The most important molecules 
secreted by RPE cells and identified to have a role in the regulation of the immune 
system are (1) TGF-β and thrombospondin (acting on adaptive immune system) and 
(2) PEDF (Pigment epithelium-derived growth factor) and somatostatin (for innate 
immune system) [173, 176].

Even if, RPE cells could secrete anti-inflammatory molecules, there are also 
some evidences that RPE cells could behave as antigen presenting cells to the T 
cells, stimulating their activation [182]. Regulatory T cells (Tregs) are part of intra-
ocular immunosuppressive mechanisms [183], and their activation depends on 
TGF-β signaling. To the best of our knowledge, MHC-class II molecules (e.g., 
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HLA-DR antigens) are not expressed on RPE cells [181], and there is little or no 
expression of positive costimulatory molecules (e.g., CD40, CD80, and CD86) by 
RPE cells under normal conditions [181, 184]. Moreover, RPE cells express nega-
tive costimulatory molecules such as B7-H1 (PD-L1), [181] suggesting that T cells 
infiltrating the graft site after transplantation might interact with these molecules 
and be inactivated.

Recent studies specifically addressed the capacities of hPSCs-derived RPE cells 
to regulate subretinal and retinal immune environments. These studies observed that 
hPSCs-derived RPE cells injected into the SRS survived short-term without evident 
immune inflammation [116, 185–187]. hiPSCs-derived RPE cell sheets exhibit the 
morphological properties, in vitro and in vivo function, gene expression, and immu-
nogenicity of authentic RPE cells [116]. In addition, recent clinical trials presumed 
that hESCs-derived RPE transplants in patients with dry AMD and Stargardt’s dis-
eases were not rejected [135, 140]. hiPSCs express low levels of MHC-class I (MHC-
I) and β2-microglobulin (β2-MG) proteins, which increase upon differentiation [116]. 
Based on the findings that hiPSCs-derived RPE cells exclusively suppress T-cell acti-
vation (e.g., production of IFN-γ) through immunosuppressive factor(s), recent stud-
ies showed that cultured hiPSCs-derived RPE cells significantly inhibited cell 
proliferation and IFN-γ production by T cells when the target T cells were stimulated 
with anti-human CD3/CD28 antibodies, PHA-P, and recombinant IL-2. The hiPSCs-
derived RPE cells constitutively expressed and secreted TGFβ, and TGFβ siRNA-
transfected hiPSCs-derived RPE cells did not inhibit T-cell activation. Thus, cultured 
hiPSCs-derived RPE cells fully suppress T-cell activation in  vitro, and hESCs-
derived RPE does not stimulate Peripheral Blood Monocytes Cell (PBMC) prolifera-
tion (as shown by BrdU assay) nor cytotoxicity (as shown by Mixed Lymphocyte 
Reaction assay) [116, 188]. However, this is mitigated by a recent study that detected 
antibody-mediated rejection generated by B cells in allogeneic RPE transplantation 
in a monkey model [189]. Finally, the maturation status of RPE cells and their orga-
nization as polarized cells have effects on the immunosuppressive potential of these 
cells. Sonoda and collaborators demonstrated that the polarity is associated with a 
significant shift in growth factors and other cytokines production capacity of the cells 
[190]. In addition, RPE cells in suspension have a lower tolerance to oxidative stress 
than those in monolayers [191]. Whether hPSCs-derived RPE cells in suspension 
culture differ from sheets attached is not clearly determined, but polarized hPSCs-
derived RPE might differ in the rate of secretion of molecules involved in immune 
suppression [116]. Many nonbiodegradable and biodegradable substrates are being 
tested as scaffold for hPSCs-derived RPE as an alternative to cell suspension. Cons 
and pros arise from these two strategies as cell suspension confers less surgical 
trauma but shows a lower tolerance to oxidative stress and a lower survival than 
epithelial RPE sheets [191].

Even if the SRS is largely an immune-privileged site, attention should be drawn 
toward the fact that surgical trauma during cell transplantation compromises the 
blood–ocular barrier and subjects surrounding cells to an increased level of recogni-
tion and reactions. Moreover, in the case of diseased patients and particularly in 
AMD patients where the deregulation of the complement system appears to be a 
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major pathogenesis contributor, promoting the long-term survival of grafted cells in 
a proinflammatory microenvironment could be a real challenge [149].

In conclusion, the mechanisms conferring immune privilege to the SRS may 
include (1) suppression of T-cell activation by the release of cytokines from RPE or 
hPSCs-derived RPE [172, 179, 183, 184, 192–194]; (2) production of other immu-
nosuppressive factors by RPE cells that suppress innate immune activity [173, 194]; 
(3) surface expression of program death-1 (PD-L1) and Fas ligand [179, 195, 196] 
by RPE cells; (4) conversion of CD8+ and CD4+ T cells into regulatory T cells 
[193]; and (5) the intact physical barrier of the RPE layer [171].

3.5.2  �Current Immunosuppressive Treatment and Global 
Haplotype Cell Banking Initiative

Occurrence of chronic loss of transplanted RPE cells in the SRS indicates that the 
immune privilege is not perfect despite these immunosuppressive mechanisms 
[163, 197]. Several laboratories demonstrated that even with robust anti-
inflammatory regimen, gradual loss of allogeneic or xenografted RPE could occur 
and starts 1–2 months after grafting into the SRS [83, 198, 199]. Local inflamma-
tion can be induced by numerous factors among which any artificial scaffold asso-
ciated to the transplanted cells.

In order to obtain long-term survival and function of the transplanted cells, we 
might provide some protection against the inflammatory response that could be trig-
gered at the time of surgery by using robust immunosuppressive regimen (mycophe-
nolate mofetil and tacrolimus, [135, 140]) or intraocular corticosteroid capsules 
(intravitreal dexamethasone or fluocinolone acetonide implants [200, 201]).

Matching MHC, ABO blood groups and minor antigens improve the survival of 
hiPSCs-derived RPE grafts [116]. However, allofactors other than MHC antigens of 
the transplanted cells are recognized as a heterogeneous group of targets for immune 
recognition and the importance of such molecules is illustrated by the observation 
of transplant rejection in HLA identical siblings [202].

Generation of hPSCs-derived RPE with known HLA genotypes may reduce risks 
of rejection [141, 203]. This concept already exists for cord blood [204]. HLA genes 
are located on chromosome 6 and represent the most polymorphic system in the 
human genome. They are divided into two groups of antigens, HLA class I or HLA-I 
(HLA-A, HLA-B, and HLA-C) expressed by nearly all nucleated cells and HLA 
class II or HLA-II (HLA-DR, HLA-DP, and HLA-DQ), which are expressed by 
some specific cells, such as dendritic or B cells [205]. Studies are now conducted to 
determine whether allogeneic T cells can recognize hiPSCs-derived RPE cells from 
HLA-3 locus homozygote donors [206]. In solid organ transplantation, many stud-
ies have demonstrated the importance of HLA-A, HLA-B, and HLA-DR for the 
long-term graft survival in addition to immunosuppressive drugs. Matching for 
these loci not only reduces the allograft rejection but also diminishes the use of 
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immunosuppressive drugs [207]. Sugita and collaborators demonstrated that 
hiPSCs-derived RPE from HLA homozygous did not elicit a T-cell response in vitro 
[208]. This group also demonstrated that MHC homozygous donor of iPSCs-derived 
RPE transplanted to a compatible recipient monkey did not induced the infiltration 
of inflammatory cells to the graft. By contrast, MHC mismatched donor and recipi-
ent monkeys had inflammatory cell infiltration into the transplanted RPE sheet 
[209]. Due to HLA diversity, the best possibility is a bank of HLA homozygous cell 
lines. Nakajima et al. calculated that if a bank possesses hPSC lines from 100 ran-
domly healthy selected donated embryo, 19% of patients were expected to find at 
least one hiPS cell line with a complete matching for HLA-A, HLA-B, and HLA-DR 
in the Japanese population [210]. Taylor and collaborators showed that, in the UK, 
150 donors would cover 18.5% of the population with a full match. Interestingly, 
using this number of 150 donors would also cover 21% of the Japanese population 
with a full match [203]. Gourraud and collaborators developed a probabilistic model 
and demonstrated that using a bank comprising the 100 iPSC lines with the most 
frequent HLA in each population would leave out only 22% of the European 
Americans, but 37% of the Asians, 48% of the Hispanics, and 55% of the African 
Americans [211]. International strategies started now in order to create such banks, 
which might be useful as a source of allografts in retinal disorders [141].

3.6  �Conclusions

Human retinal degenerative diseases are currently incurable, and retinal degenera-
tion, once initiated, is irreversible. As RPE cell defects are involved in some RP and 
AMD pathogenesis, reestablishment of a healthy RPE layer through implantation of 
hPSCs-derived RPE has created hope for preventing blindness of millions of patients. 
Recent US clinical trials demonstrated the safety of nonpolarized hESCs-derived 
RPE approaches, and other ongoing clinical trials are promising in evaluating func-
tional outcomes for nonpolarized and polarized hPSCs-derived RPE transplantation. 
As pointed out by the NEI, technical and logistical roadblocks remain to be identi-
fied, and potential solutions will come from collaboration between academic labs 
and private companies [157]. We are now entering a very exciting era leading to 
different treatment options for patients.
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