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Abstract
Vision loss is a major social issue, with more than 20 million people over the age of 18 years
affected in the USA alone. Loss of vision is feared more than premature death or cardiovascular
disease, according to a recent Society for Consumer Research group survey. The annual direct cost
of medical care for the most prevalent eye disease, age-related macular degeneration, was
estimated at US$255 billion in 2010 with an additional economic impact of US$88 billion due to
lost productivity and the burden of family and community care for visual disability. With the
blossoming of human stem cell research, regenerative treatments are now being developed that
can help reduce this burden. Positive results from animal studies demonstrate that stem cell-based
transplants can preserve and potentially improve vision. This has led to new clinical trials for
several eye diseases that are yielding encouraging results. In the next few years, additional trials
and longer-term results are anticipated to further develop ocular regenerative therapies, with the
potential to revolutionize our approach to ophthalmic disease and damage.
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Due to the burden of eye disease, and its relative accessibility, the eye is a prime target for
stem cell transplantation therapies, with good surgical access and the ability to visually
monitor changes after transplantation being significant advantages [1]. Systemic
complications from intraocular agents are rare, and the risks of overgrowth and tumor
formation associated with intraocular stem cell transplantation [2–5] are mitigated by the
ability of using laser ablation and in extreme cases, evisceration or enucleation [6]. In
addition, advanced methods exist to assess the clinical meaningfulness of eye tissue
transplant outcome. Quantifiable visualization of the retina with resolution up to a few
microns is routine using computerized fundus imaging, laser scanning ophthalmoscopy and
optical coherence tomography technologies. Furthermore, visual function can be assessed
rapidly, quantitatively and accurately by visual acuity and visual field measurements.
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The key sites currently targeted for stem cell transplantation include the cornea, the clear
tissue covering the front of the eye that helps focus incoming light, the neural retina, which
contains the photoreceptor cells that transduce light into neural electrical signals sent to the
visual cortex, and the retinal pigment epithelium (RPE), a single layer of pigmented cells
that plays a key role in maintaining the photoreceptor cells and the blood– retina barrier
(Figure 1). The neural retina and RPE are CNS tissues, so studies of their replacement with
stem cell products serve as a model for stem cell approaches to less accessible areas of the
CNS. In this article we survey recent advances in stem cell-based therapies for ocular
disease.

Stem cell types for eye disease clinical trials
Human stem cells from a wide variety of sources are being explored for eye disease
transplantation therapies (summarized in Figure 2). Some of the transplants are aimed to
directly replace lost or damaged tissue, while others replace essential functions of a tissue
and/or produce beneficial growth and trophic factors to slow the disease progress.

Pluripotent stem cells
Pluripotent stem cells are, by definition, able to generate all somatic tissues, including every
cell type found in the eye. Pluripotent human embryonic stem cells (hESCs) or the recently
developed induced pluripotent stem cells (iPSCs), bring new hope for eye-replacement
therapies by producing ocular cells in essentially unlimited amounts. Moreover, iPSCs made
from a patient’s own cells could reduce the need for immunoprotective regimens post-
transplantation. An important concern in using pluripotent stem cells is unwanted cell
overgrowth or tumor formation. This concern is particularly acute for iPSCs, which are
produced from a donor somatic cell type by incorporating key genes that create a primitive,
pluripotent state [7]. iPSCs readily form tumors when produced using oncogenic,
permanently integrating gene-delivery vectors [8,9]. The use of newly developed techniques
now enables elimination of exogenous reprogramming factors [10], which is anticipated to
reduce tumor threat. In addition, efforts are being made to detect and eliminate residual
pluripotent cells contaminating the desired differentiated cell product.

Neural stem cells
Human neural stem cells (NSCs) are typically derived from donated human fetal forebrain
tissue. These cells are capable of producing neurons and glia, but have not yet been shown
to generate neural retina or retinal pigment epithelium. However, NSCs are capable of
producing cells that can substitute several key functions of these tissues and produce
specialized trophic factors that could be beneficial [11].

RPE stem cells
The recently discovered stem cell in the adult human RPE layer [12] allows the generation
of large numbers of RPE cells in tissue culture, and is being explored for production of other
ocular cell types.

Limbal stem cells
One of the earliest stem cells in ocular clinical trials, limbal stem cells produce corneal
epithelial cells, which are essential for maintaining the cornea [13].

Umbilical cord stem cells
Umbilical cord tissue is a source of valuable stem cells in the blood and mesenchymal
lineages [14]. Although umbilical cord stem cells (UCSCs) do not produce ocular tissues
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such as neural retina or RPE, UCSCs could slow degeneration through trophic factor release.
Banking umbilical cord tissue enables patient-matching.

Bone marrow stem cells
These have a similar potential to UCSCs, but can be obtained from the adult patient,
allowing both allogenic and autologous transplantation [14].

RPE & photoreceptor diseases
Several blinding diseases, including age-related macular degeneration (AMD), types of
retinitis pigmentosa (RP), Stargardt’s disease and gyrate atrophy (GA), are characterized by
dysfunction of the RPE [15], a monolayer of pigmented, polarized, cobblestone epithelium
that lies beneath the neural retina, providing essential support [16–19]. Loss or disease can
impair essential RPE functions such as the diurnal phagocytosis and replenishment of
photoreceptor outer segments, and thus secondarily produce retinal dysfunction. The most
common RPE disease, AMD, affects approximately 10 million Americans over the age of 50
years and is the leading cause of blindness in the elderly [20].

Proof of principle for RPE replacement has been shown by pioneering surgical experiments
[21–24]. Autologous surgery is challenging; alternatives using RPE from other donors is
limited by the amount of tissue available, a need that stem cells can fulfill.

Pluripotent stem cells for retinal & RPE degeneration
RPE arises spontaneously from pluripotent human stem cells, albeit slowly and at low
efficiency [25–27]. Supplementing with growth factors that stimulate anterior neural plate
fate and RPE specification during normal development [28–30] or small molecules with
similar function [31] improves the speed and efficiency of RPE production. RPE derived
from pluripotent stem cells using a variety of methods can preserve vision after
transplantation into animal models of retinal degeneration [32]. These breakthrough
discoveries have led to clinical trials to determine if such visual preservation can occur in
humans. In 2011, the US FDA allowed a Phase I/II open-label, multicenter, nonrandomized,
prospective study proposed by Advanced Cell Technology, Inc. (ACT) to determine the
safety and potential efficacy of subretinal injection of RPE cells, spontaneously produced
from hESCs, in patients with late-stage ‘dry’ AMD (the form of AMD without
neovascularization; NCT01344993), or Stargard’s disease (NCT01345006 and
NCT01469832). Stargardt’s disease is the most common early-onset macular degeneration,
a genetic disease in which proteins involved in the visual phototransduction cycle are
dysfunctional, causing accumulation of waste materials leading to RPE cell death, hence the
rationale for RPE replacement.

hESC-RPE were generated by ACT collaborators according to good manufacturing practice
(GMP) and their purity was determined by qPCR and immunostaining for RPE-specific
markers [33]. Lack of pluripotency markers and lack of teratoma formation were used to
show negligible contaminant residual hESCs. Phagocytosis of labeled beads was used to
demonstrate functionality of the GMP-compliant hESC-RPE cells.

This clinical trial enrolling 12 dry AMD and 12 Stargardt’s disease patients to receive
uniocular subretinal injection of GMP-compliant hESC-RPE cells, has enrolled the first
three patients, receiving a dose of 50,000 cells. Later groups will receive doses up to
200,000 cells. At 4 months after treatment of the first two patients (one with dry AMD, one
with Stargardt’s), an early report showed no abnormal growths, teratoma, rejection or
inflammation [34]. The AMD patient did not follow the immunosuppression regimen to
completion, and no donor cells were detected, potentially indicating that
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immunosuppression is needed for donor cell survival. Nevertheless, this patient showed
visual improvement, from reading 21 letters of the Early Treatment of Diabetic Retinopathy
Study eyechart before treatment, to reading 28 letters 3 months after transplantation.
Surprisingly, mild improvement was seen also in the untreated eye. For the Stargardt’s
disease patient, visual improvement was observed (five letters of the Early Treatment of
Diabetic Retinopathy Study chart), including improved color vision and contrast/dark
adaptation.

ACT has recently enrolled additional patients in the USA and Europe [101]. It remains to be
determined if visual gains observed are due to implanted cells or to a placebo effect, and
whether immunosuppression is essential for transplant survival; while the retina has immune
privilege [35], this is often compromised in a diseased eye, especially when the RPE,
essential for the blood–retina barrier, is damaged. Nevertheless, the preliminary results are
promising and this pioneering hESC clinical trial will be widely watched.

Coming soon: transplanting a patch of hESC-derived RPE monolayer
Given that the RPE is organized in vivo as a tight, polarized monolayer, it is possible that a
transplant of pre-polarized RPE cells will integrate and function better than a cell
suspension. Several groups are working to create a suitable matrix that maintains a stable
RPE monolayer patch for transplantation. Preclinical studies in pigs using a hESC-derived
RPE polarized monolayer growing on a coated, nonbiodegradable polyester insert have been
completed by a team led by Peter Coffey at the Institute of Ophthalmology in London, UK
and UC Santa Barbara, and collaborators at the London Project to Cure Blindness, in
partnership with Pfizer [36,37], and a clinical trial is anticipated.

Patient-derived RPE
Transplantation of patient-matched RPE cells reduces the necessity of immunosuppression.
This could be accomplished using iPSCs generated from patients. At the 2012 International
Stem Cell Research meeting in Yokohama, Japan, Masayo Takahashi of the Laboratory for
Retinal Regeneration at the Riken Center in Kobe announced a clinical trial for early 2013
enrolling five AMD patients, using GMP-compliant iPSC-derived RPE cells [28,29,38]; this
is the first announced clinical trial using cells derived from iPSCs. At the same meeting,
Peter Coffey also reported production of GMP-compliant, iPSC-derived RPE. Another
approach toward immune-matching being developed in our laboratories at the Neural Stem
Cell Institute utilizes the adult human RPE stem cell that can be derived from living patients
for autologous transplantation of this tissue-specific stem cell.

NSCs for AMD
In preclinical studies by StemCells Inc. and collaborators, NSCs isolated from second
trimester brain tissue were selected and grown into a defined cell line (HuCNS-SCs). These
cells were transplanted into the subretinal space of the Royal College of Surgeons rat, which
has an RPE defect that prevents normal phagocytosis of the photoreceptor outer segments,
and is a widely used model of retinal degeneration. The implanted NSCs significantly
improved photoreceptor survival and vision [39]. Interestingly, these cells did not
differentiate into RPE or other retinal cell types, but were still beneficial, potentially by
substituting for RPE functions, such as phagocytosis and/or by producing trophic factors that
slowed the photoreceptor degeneration. In June 2012, StemCells Inc. announced the
initiation of a Phase I/II safety and preliminary efficacy trial.
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UCSCs for RP & AMD
UCSCs transplanted into the subretinal space of the Royal College of Surgeons rat were
found to slow vision loss [40]. Based on these data, in 2007, Centocor Biotech (currently
Janssen Biotech, Inc., a subsidiary of Johnson & Johnson) began a Phase I clinical trial
using their patented UCSC line, CNTO 2476, to evaluate safety and efficacy outcomes in
patients with RP (NCT00458575). In 2010, the study was terminated citing an ‘internal
business decision’. In 2010, Janssen Biotech, Inc. began a Phase I/II clinical trial
(NCT01226628) transplanting CNTO 2476 into the subretinal space of patients with AMD,
administered using a microcatheter, to determine whether UCSCs are safe and can slow
degeneration and preserve vision in this disease.

Bone marrow stem cells for photoreceptor diseases
Bone marrow-derived stem cells have been shown to rescue retinal degeneration in mouse
models [41,42]. Based on this promising work, clinical trials were started to determine the
safety and efficacy of these cells in patients with eye disease. One was conducted to evaluate
the short-term (10 months) safety of a single transplantation of 10 × 106 bone marrow-
derived mononuclear stem cells in three patients with RP and two patients with cone–rod
dystrophy, an early-onset genetic disease involving degeneration of both cones and rods
[43,44]. No detectable structural or functional toxicity was found, and further studies are
ongoing: in RP patients in Brazil (NCT01560715) and Thailand (NCT01531348); and in
Brazil in both AMD (NCT01518127) and ischemic retinopathy (NCT01518842) patients.

Corneal repair
The corneal epithelium is essential for maintaining a clear ocular surface. Corneal damage,
for example due to alkali burns, can destroy the corneal epithelium, resulting in
opacification and blindness [13]. The limbus, a ring of tissue at the edge of the cornea,
contains stem cells that divide and differentiate into the corneal epithelium over the lifetime
of an individual. In a remarkable series of studies, it was shown that limbal stem cells could
be harvested from a healthy area of the limbus in an individual with a damaged cornea and
expanded in vitro to form a stratified epithelium that stained positive for a corneal-specific
marker. Once mounted on a soft contact lens, these cells can be transplanted to regenerate
the patient’s cornea [45,46], leading in most cases to vision restoration. In a much-
anticipated recent report, Graziella Pellegrini and Michele De Luca in Modena, Italy,
presented the results of a 10-year follow-up of patients who underwent such autologous
limbal stem cell transplantation procedures [47]. They showed that permanent restoration of
a transparent, renewing corneal epithelium was observed in 76.6% of eyes and was stable at
10 years [47]. This remarkable, life-altering result demonstrates the enormous potential of
autologous stem cell therapy. For patients in which the limbus is completely destroyed,
allogeneic transplantation using limbal tissue from an allogenic donor is a suitable, although
less successful, alternative [48].

Currently, there are a number of clinical trials ongoing for corneal transplantation of limbal
stem cells from both autologous (NCT00845117, NCT01619189 and NCT01123044) and
allogeneic sources (NCT00736307, NCT01619189, NCT01237600 and NCT01562002),
transplanted alone (NCT00845117 and NCT01237600), or on amniotic membranes
(NCT00736307, NCT01619189, NCT01123044 and NCT01562002). Other stem cell types
being tested for this application include cultured oral mucosal epithelial stem cells
(NCT01489501 and NCT00491959) and bone marrow-derived mesenchymal stem cells
(NCT01562002).
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Future perspective
Increasing the ocular target cell repertoire

Vision improvement after transplantation of photoreceptors in animal models [49–52], has
spurred efforts to produce human photoreceptors from hESCs and iPSCs in sufficient purity
and quantity for transplantation [52–55]. Protocols for the generation of other neural retinal
cell types, such as ganglion cells, are also being developed to replace those lost in glaucoma
and other optic nerve disorders. In addition to CNS tissue, non-neural ocular elements, such
as trabecular tissue that regulates fluid homeostasis, are target tissues for modeling in stem
cell cultures and could be used to aid eye repair and slow or prevent disease.

Multilayered transplants
The normal 3D configuration of eye tissues should be recapitulated to ensure the best
possible outcome. In a notable series of experiments, Yoshika Sasai’s group has shown that
mouse and human pluripotent stem cells can generate differentiated, 3D structures similar to
the embryonic eye cup, containing RPE and neural retina with the appropriate layering and
orientation [56,57]. It will be exciting to see how such multicellular growths might provide a
more sophisticated 3D transplant, incorporating multiple retinal layers, which could be
especially important for patients who have lost both RPE and photoreceptor cells or who
have otherwise suffered extensive loss of neural retina.

Bioengineered eye tissues
In order to build ocular structures, such as the trabecular meshwork or the RPE monolayer,
bioengineers are incorporating biocompatible materials with stem cell products [58]. For
example, Bruch’s membrane, the thick matrix that underlies the RPE, is damaged in AMD,
leading to defective exchange of nutrients and cell products with the underlying choroidal
vasculature [59]. In approximately 10% of patients with AMD, Bruch’s membrane is
compromised such that the choroidal vasculature invades into the retina, causing extensive
loss of central vision; so-called ‘wet’ AMD. To help repair the tissue and prevent disease
progression, RPE cells can be delivered on a bioengineered Bruch’s membrane capable of
preserving and restoring the relationship between the RPE and the choriocapillaris. Several
laboratories are working toward the establishment of such matrix materials with different
properties of chemical composition, thickness, porosity, topography and biodegradation
[60–62].

Disease modeling: GA
iPSCs can be generated from patients with eye diseases to study disease etiology and
produce ‘disease in a dish’ models valuable for drug screening. For example, GA is a rare,
blinding genetic disease caused by dysfunction of a vitamin B6-dependent enzyme that
results in deterioration of retina, choroid and RPE [63]. Administration of vitamin B6 is
reported to benefit a number of patients. Recently, iPSCs were derived in David Gamm’s
laboratory from GA donor dermal fibroblasts and differentiated into RPE. Treatment of the
iPSC-derived RPE with vitamin B6 helped determine the dose needed to restore enzymatic
activity, aiding treatment of the donor [64]. Such iPSC models will be enormously valuable
assets in the fight against eye diseases.

Conclusion
Most ocular stem cell translational studies are at early stages – basic research, preclinical
and Phase I/II trials – with successful longer term results from autologous limbal cell
transplant serving as a beacon for what we might achieve with stem cell approaches.
Preserving and restoring vision are key outcomes to be gained, balanced with necessary
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caution surrounding the risks associated with transplanting living cells with the potential to
divide and undergo metaplastic changes. Progress will be swifter as these first trials yield
data, allowing the development of more sophisticated therapies that are envisioned to
combine stem cells, bioengineered products and small molecules for a new generation of
regenerative therapies.
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Key points

• Eye disease is highly prevalent worldwide, with multiple eye tissues affected.

• The eye is a prime location for transplantation therapies, with easy surgical
access and post-transplantation monitoring, as well as sensitive visual tests for
measuring outcomes and a localized safety profile.

• Stem cell-based transplantation to replace the function of lost cells is a
promising therapy for patients with eye diseases.

• Encouraging results from animal studies demonstrate stem cell-based therapies
can preserve and restore vision.

• A variety of stem cells hold promise for different ocular applications, with some
in clinical trials.

• Human embryonic stem cell-derived retinal pigment epithelium replacement is
pioneering the use of human pluripotent stem cells for stem cell-based CNS
repair.

• The future of stem cell therapy includes the use of human stem cells as disease
models, enabling a new pathway for drug discovery.
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Figure 1. Several tissues in the eye are being targeted for stem cell replacement
RPE : Retinal pigment epithelium.
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Figure 2. Human stem cell sources explored for eye tissue replacement
hESC : Human embryonic stem cell; iPSC : Induced pluripotent stem cell; RPE : Retinal
pigment epithelium.
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