
Review Article
Induced Pluripotent Stem Cells: Development in
the Ophthalmologic Field

Nan Wu,1,2 Marianne Doorenbos,2,3 and Dong Feng Chen2

1Department of Ophthalmology, Southwest Eye Hospital, Southwest Hospital, Third Military Medical University,
Chongqing 400038, China
2Schepens Eye Research Institute, Massachusetts Eye and Ear, Department of Ophthalmology, Harvard Medical School,
Boston, MA 02114, USA
3Department of Ophthalmology, University of Groningen, University Medical Center Groningen, 9713 GZ Groningen, Netherlands

Correspondence should be addressed to Dong Feng Chen; dongfeng chen@meei.harvard.edu

Received 25 March 2016; Accepted 30 June 2016

Academic Editor: Gerald A. Colvin

Copyright © 2016 Nan Wu et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Human induced pluripotent stem cells (iPSCs) are a type of stem cells that can be derived from human somatic cells by introducing
certain transcription factors. Induced pluripotent stem cells can divide indefinitely and are able to differentiate into every cell type,
which make them viable for transplantation and individual disease modeling. Recently, various ocular cells, including corneal
epithelial-like cells, retinal pigment epithelium (RPE) cells displaying functions similar to native RPE, photoreceptors, and retinal
ganglion cells, have all been successfully derived from iPSCs. Transplantation of these cells in animal models showed great promise
for reversing blindness, and the first clinical trial on humans started in 2013. Despite these promising results, more research is in
demand for preventing inadvertent tumor growth, developing precise functionality of the cells, and promoting integration into the
host tissue.

1. Introduction: Potential of Stem Cell
Therapy for Untreatable Ocular Diseases

Retinal degenerative diseases, such as age-related macular
degeneration, retinitis pigmentosa, and glaucoma, are major
causes of irreversible blindness worldwide. The retina is a
complex multilayered neural tissue that converts light energy
to electrical signals, which are relayed through the optic nerve
to the occipital lobe of the brain to undergo visual processing.
To date, damage to, or degeneration of, any part of the retina is
permanent. Currently there is increasing interest in repairing
damaged tissues with pluripotent stem cells which can divide
indefinitely and have the potential to generate multiple types
of cells. These characteristics of stem cells offer the opportu-
nity to repair virtually all types of tissues, including the retina,
through cell replacement or transplantation or to model the
disease process.

Human embryonic stem cells (hESCs) are the first char-
acterized pluripotent stem cells that could be induced to

generate all types of cells including retinal neurons, for exam-
ple, retinal pigment epithelium (RPE) cells [1, 2]. Another
viable alternative is to induce stem cells from autologous
somatic cells. Built on top of John Gurdon’s earlier work in
Xenopus, Takahashi and Yamanaka showed that pluripotent
stem cells could be generated from mouse fibroblast cultures
by adding four transcription factors: Oct3/4, Sox2, c-Myc,
and Klf4 [3]. In 2012, Yamanaka and Gurdon won the Nobel
Prize for their combined efforts in reprogramming mature
cells into embryonic cells (Figure 1). As iPSCs can be derived
from patient’s own somatic cells, it eliminates the problems
of posttransplantation rejection and ethical concerns sur-
rounding the use of embryonic cells. These cells also offer an
opportunity to access patient’s genetics and allow identifica-
tion of the disease-initiating events. Nowadays, the technol-
ogy has been applied to investigate the physiology, disease
pathogenesis, and therapeutic potential of drugs through
tissue modeling, which includes cardiomyocytes [4], hepato-
cytes [5], and bone and cartilage cells [6]. iPSCs thus are of
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Figure 1: Schematic illustration of iPSC induction and reprogramming into ocular cells. iPS cells are generated by reprogramming adult
somatic cells. In the ophthalmic field, iPSCs have been successfully differentiated into a variety of the ocular cells, including corneal epithelial
cells, RPE, photoreceptors, and RGCs.

promise for both novel patient-specific treatments and dis-
ease modeling.

Application of iPSCs or the derived cells to disease ther-
apy depends on the studies to understand the integrity of the
iPSCs, their potential for tumor formation, immunogenicity,
and epigenetic aberrations which may occur during the
reprogramming process. Miura et al. reported that the type of
tissue from which iPSCs are originated is the most important
determinant for teratoma formation after transplantation
in brains of immunodeficient mice [7]. When iPSCs were
transplanted into murine models of contusional spinal cord
trauma, iPSC clones originated from mouse embryonic
fibroblasts were considered safe, while those from adult tail-
tip fibroblasts were unsafe due to severe teratoma formation
[8]. To date, despite the safety and integrity concerns, studies
demonstrating the treatment efficacy in various disease mod-
els havemade the further research into iPSCs very interesting
and worthwhile.

In the ophthalmic field, iPSCs or derivatives of iPSCs
present a promising treatment modality. Degenerative dis-
eases, such as age-related macular degeneration and glau-
coma, are common but incurable. Utilization of iPSCs as a
low immunogenic and patient-specific source for stem cells
to replace damaged or diseased ocular cells, including corneal
epithelial cells, RPE, photoreceptors, and RGCs, could be an
excellent way to restore visual function in otherwise untreat-
able conditions (Figure 1). In this review, we describe recent
developments of stem cell therapy in the ocular field, partic-
ularly the progress made in using iPSCs toward the treatment
for corneal dystrophy, age-related macular degeneration
(RPE or photoreceptors), and optic nerve (RGCs) diseases.

2. iPSCs in Ocular Therapy: Deriving Corneal
Epithelial-Like Cells from iPSCs

A healthy and transparent cornea is a prerequisite for visual
activity, so corneal ulceration and scarring have been amatter
of interest in the ocular field. Although superficial corneal

abrasions are self-limited [9, 10], complications like corneal
ulcers and scarring can be difficult to treat. The idea of
treating injuries of the ocular surface with derivatives of
iPSCs is appealing.

The ocular surface is made up of corneal and conjunctival
epithelial cells. Limbal cells have been identified as a source of
adult stem cells [11], which enable corneal wound healing in a
centripetal way [12]. In patients suffering chemical or thermal
injury to the corneal epithelium in one eye, autologous trans-
plantation of limbal cells taken from the healthy eye allows
epithelium cytologically consistent with corneal epithelium
[13]. Because autologous transplantation requires donor tis-
sue from the healthy eye, which is not possible in patientswith
bilateral injury, Pellegrini et al. searched for an alternative by
culturing limbal cells from full-thickness biopsy [14]. They
were able to grow a sheet of corneal epithelial cells from
the biopsy, which was then transplanted successfully into the
patient’s injured eye and resulted in significant improvement
of visual acuity.

Although patient’s own limbal stem cells have proven to
be a successful source for transplantation therapy to treat
corneal epithelium deficiency, the need for an alternative
source of stem cells is apparent as bilateral disease can
only be treated with allogeneic grafts. Homma et al. thus
studied growth and transplantation of ESC-derived epithelial
progenitors into the injured cornea [15]. Corneal epithelium-
like cells were first differentiated from human iPSCs in 2012
[16]. A more efficient method, in which two small-molecule
inhibitors were applied to stimulate the early development of
iPSC-derived cells, was recently developed by Mikhailova et
al. [17]. Modulation of intracellular signaling pathways could
generate neuroectoderm lineage or desirable cell types and
partly overcome innate differentiation propensity. Figure 2
recapitulates the process used to differentiate ESCs/iPSCs
toward the neuroectoderm [18] or surface ectoderm (corneal
epithelium). Although no clinical trials have yet been per-
formed, these studies showed great promise for autologous
treatment of corneal disease with iPSC-derived cells that
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Figure 2: Schematic illustration of corneal epithelial cell differen-
tiation from ESCs or iPSCs. Cultured human iPSCs treated with
competitors of BMP, Activin, and Nodal pathways that result in the
inhibition of Smad signaling become neuroectodermal progenitors
due to activation of earlier neuronal genes (i.e., Zic and Fox
family members). In contrast, OVOL2, repressed mesenchymal
genes, together with PAX6 and Klf4, activate corneal epithelium
differentiation. BMP, bone morphogenetic proteins; OVOL2, ovo-
like zinc finger 2; Pax6, paired box protein Pax-6; Klf4, Kruppel-like
factor 4; Zic, zinc finger; Fox, forkhead/winged-helix.

enables elimination of the use of immunosuppressive ther-
apies necessary for allogeneic grafts.

3. iPSC-Derived RPE for Photoreceptor
Degeneration Therapy

Retinal degeneration is a serious disease that occurs in
patients of all ages, such as Stargardt’s disease in younger
patients and age-related macular degeneration in the eldery.
Despite the differences in time of onset, any damage to the
retina is untreatable and irreversible to this day. The idea
of repairing the degenerated cells with “fresh” iPSC-derived
cells has been very appealing.

The retina is a multilayered tissue that lies posteriorly in
the eye alongside the choroid and is responsible for the blood
supply of the outer retina. The rod and cone photoreceptors
that absorb and sense the light work closely together with the
RPEs. The main functions of the RPE are to transport nutri-
ents and waste products to and from the photoreceptor layer,
participate in vitamin A-rhodopsin conversion cycle, phago-
cyte outer segments of photoreceptors, and absorb scattered
light to improve visual acuity. Visual information detected by
photoreceptors is conveyed to the brain via retinal ganglion
cells (RGCs), which connect to photoreceptors through bipo-
lar cells, whose nuclei reside in the inner nuclear layer. The
cell bodies of RGCs from the ganglion cell layer and their
axons meet in the optic nerve head and form the optic nerve.

As mentioned above, the RPE layer is crucial to the
survival and function of photoreceptors; thus, dysfunction of

the RPE can be a disease-initiating event and is thought to
associate with age-related macular degeneration [19] and
retinitis pigmentosa [20]. The therapeutic potential of RPE
cell transplantation has thus been investigated both in animal
models and in humans for a long time [21]. Two strategies are
being used for RPE cell transplantation, injected as a cell sus-
pension or a monolayer cell sheet. Just a few years ago,highly
homogenous RPE cells were generated from iPSCs following
procedures similar to those used in the differentiation of RPE
cells from ESCs [22]. Buchholz et al. used another set of fac-
tors, the factors developed by Jamie Thomson’s group, Oct4,
Sox2, Nanog, and Lin28, to derive RPE cells from iPSCs [23].
These derived cells were similar to native RPE cells in protein
expression, gene expression, and phagocytosis of shedded
photoreceptor outer segments. Further studies showed that
the membrane potential, ion transport, and secretion of
vascular endothelial growth factor in RPE cells derived from
iPSCs are all similar to native RPE [24]. However, telomere
shortening and rapid senescence were observed after several
cell cycles, which lead to impaired function [25]. As suggested
by Kokkinaki and colleagues [24], properly functioned RPE
cells could be preserved if only cells from the first few
passages are used. Through genetic profiling of RPE, the dif-
ferentiation status of the iPSC-derived RPE can now be deter-
mined by molecular markers [26]. Recently, simplified differ-
entiation protocols that enable acquisition of a larger quantity
of cells without the use of feeder-cells or xenogenic material
have been developed, thereby paving theway for clinical trials
[27].

4. iPSC Strategy for Replacing
Photoreceptor Cells

When there is extensive loss of photoreceptors with or with-
out RPE involvement, a source of photoreceptor cells will be
needed. In contrast to protocols aimed at RPE transplanta-
tion, neural retina replacement is far more challenging. This
is not only because generation of photoreceptors from iPSCs
tends to require greater manipulation of the culture envi-
ronment, but also because transplanted neurons must also
develop appropriate neuronal connectivities with the host.
Nowadays, donor precursor photoreceptor cells acquired
from developing mouse retinas have been shown to survive,
integrate, and improve visual function after subretinal trans-
plantation in both wildtype and degenerative mouse models
[28]. Multiple studies reported that human ESCs can be
differentiated into photoreceptor and other retinal neuron
progenitors, which further differentiate into cells with char-
acteristics similar to naı̈ve photoreceptors and RGCs (Fig-
ure 3) [29–31]. Animal studies with subretinal transplantation
of human ESC-derived photoreceptors, however, obtained
mixed results.West and colleagues experienced tumor forma-
tion after the transplantation of early stage retinal progenitors
but observed no robust integration into the retina when later
stage photoreceptors were used [30]. Lamba et al., however,
reported integration of a small amount of injected cells in
the outer nuclear layer (ONL) of the retina, expression of
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Figure 3: Schematic illustration of photoreceptor (rod and cone) or RGC production from ESCs or iPSCs. Pax6, paired box protein Pax-6;
Sox2, SRY- (sex determining regionY-) box 2; Ikaros, Ikaros transcription factor; Otx2, orthodenticle homeobox 2; CRX, cone-rod homeobox;
NRL, neural retina leucine zipper gene; PNR, photoreceptor cell-specific nuclear receptor; Hes1, hes family BHLH transcription factor 1; SHH,
sonic hedgehog; DII, the drosophila distal-less; VEGF, vascular endothelial growth factor; Atoh7, atonal BHLH transcription factor 7; Pou4f2,
POU domain, class 4, transcription factor 2.

photoreceptor markers, and the formation of outer segments
[29]. Some improvement in light response was seen when
they transplanted the cells in a mouse model of Leber’s
congenital amaurosis. Nevertheless, the small amount of inte-
grated cells should be taken into account when interpreting
these results.

While it has been shown that it is possible to generate
photoreceptors from iPSCs with characteristics of developing
photoreceptors, including membrane current, gene expres-
sion, and intermembrane channels [32], many challenges lie
ahead in the quest to optimize a therapy.These issues include
production of a highly homogenous population of donor
photoreceptors from human iPSCs with inherent variabilities
in the cell production process, manipulation of the virable
host environment to allow optimized grafted cell survival
and integration, and immune suppression. The groundwork
for iPSC-based retinal therapy has already begun. Lamba’s
group reported injection of iPSC-derived photoreceptors in
wildtype mice [33]. Three weeks after the subretinal trans-
plantation, they found that a small amount of subretinally
transplanted cells had migrated to the ONL, expressing
photoreceptor-specific markers similar to those which were
seen in human ESC-derived photoreceptors. Integration into
the ONL, with some outer segment formation, was also
observed in a degenerative swine model after transplantation
of swine iPSC-derived rods [33]. Nevertheless, no improve-
ment of retinal functionwas found using electroretinography,
but this could be explained by the small amount of injected
cells in comparison with the size of the swine retina. In any
case, these studies offer guarded hope to individuals suffering
from presently untreatable blinding diseases.

5. RGC Replacement Therapy and
Optic Nerve Repair

Retinal ganglion cells are the major cell type affected in glau-
coma and optic nerve injury conditions. Although there is
substantial interest in RGC replacement, this approach likely
faces the most formidable hurdles compared to the replace-
ment of any other retinal cell types, considering that new
RGCs must extend long nerve fibers, navigating through the
optic nerve and chiasm into the brain and connecting with
appropriate visual centers. RGC-like cells have been derived
in vitro from mouse ESC-derived progenitors (Figure 3), as
confirmed by the expression of RGCmarkers, such as Brn3b,
Islet-1, andThy-1 [34, 35]. Injection of ESC-derived RGC pro-
genitors into the intravitreal cavity of rats showed migration
and integration into different layers of the retina by a small
number of cells. Mouse iPSCs have also been reported to
be able to differentiate into RGC-like cells by overexpressing
Math5 [36], which drove the expression of RGC markers
similar to that seen in ESC-derived RGC-like cells but they
showed limited integration in the mouse retina (Figure 3).
In a different effort that aimed to protect and regenerate the
optic nerve, noggin-induced neural progenitors derived from
human iPSCs were injected into the rats with optic nerve
crush injury [37]. In this model, some cells were seen inte-
grating into the retina, and a higher number of surviving optic
nerve axons as well as a significant increase in visual evoked
potential were observed.

Recently, generation of three-dimensional (3D) self-
organized optic vesicle-like structures with layered retinal
neurons has been reported, using both mouse embryonic
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Table 1: Clinical trials of ESC/iPSC-based studies in ocular therapy.

Cell type Disease Institute/location Phase Status of trial References/sources

ESC-derived RPE Dry AMD Astellas Institute for
Regenerative Medicine, USA

Phase I
Phase II Completed NCT01344993

ESC-derived RPE Stargardt’s macular
dystrophy

Astellas Institute for
Regenerative Medicine, USA

Phase I
Phase II Completed NCT01345006

ESC-derived RPE Stargardt’s macular
dystrophy

Astellas Institute for
Regenerative Medicine, UK

Phase I
Phase II Completed NCT01469832

iPSC-derived RPE Wet AMD Rikagaku Kenkyûsho
(RIKEN) Institute, Japan Phase I Halted [42]

hESC-derived RPE Wet AMD Pfizer and University College,
London, UK Phase I Ongoing NCT01691261

hESC-derived RPE Myopic macular
degeneration

University of California and
Ocata Therapeutics, USA

Phase I
Phase II Withdrawn NCT02122159

hESC-derived RPE Dry AMD Cell Cure Neurosciences Ltd.,
Israel

Phase I
Phase II Recruiting NCT02286089

AMD, age-related macular degeneration; hESC, human embryonic stem cell; iPSC, induced pluripotent stem cell; MMD, myopic macular degeneration; RPE,
retinal pigment epithelium.

stem cells and human iPSCs [38, 39]. Over the course of 28
weeks, development of RGCs, horizontal cells, amacrine cells,
Müller cells, bipolar cells, and light-responsive photorecep-
tors was observed. Despite the fact that optic nerve structure
was not found in the ESC- or iPSC-derived eye cups, this
culture system at least provides an enriched opportunity for
studying the factors that control RGC development, pathol-
ogy, and regeneration or repair.The ongoing developments in
the iPSC field have takenmany different forms that offer great
prospects for disease modeling and the development of ther-
apies for diseases that never had treatment options before.

6. Safety and Integrity of iPSC-Derived
Cell Transplantation

Even though the inherent characteristic of iPSCs to divide
indefinitely is particularly helpful in obtaining sufficient cells
for transplantation, it could prove antagonistic by form-
ing tumors through uncontrolled cell divisions. Elaborative
research on the tumorigenicity of human stem cells in animal
models is thus crucial before clinical studies can be started.
Promising results were obtained by Kanemura et al., who
detected no tumor growth after injection of suspensions of
human iPSC-derived RPE cells into the subcutaneous tissue
of immunodeficientmice [40].Moreover, subretinal injection
of human iPSC-derivedRPE cell sheets also showed no tumor
growth up to 15 months after transplantation. Accordingly,
no tumor formation was seen in another study where RPE
dystrophic rats were injected with iPSC-derived RPE cell
suspensions subretinally [41].The iPSC trial conducted by the
Riken Institute, Japan, which focused on treating wet AMD
with autologous iPSC-derived RPE cells, was recently put on
hold due to the finding that the patient-specific iPSCs showed
chromosomal abnormalities. Riken is now considering using
a single iPSC line for the treatment of multiple patients in
an allogeneic fashion [42]. Recent completion of two phase
I/II clinical trials for subretinal transplantation of human
ESC-derived RPE suspension in patients with AMD or

Stargardt’s diseases suggests no major adverse events or
immune reactions over a medium follow-up of 22 months
[43, 44]. Currently, clinical trials are ongoing for human
ESC or iPSC-based RPEs for ocular diseases (Table 1). These
studies provide a hope for stem cell-based therapies for
possible visual improvement without tumor growth and/or
other adverse effects.

At current efforts to develop an autologous cell replace-
ment for AMD using iPSC-derived RPE, injection of cell
suspensions is thought not to provide long-term survival or
proper RPE functions. In one report, after initial formation
of a cell layer, the transplanted cells were no longer detectable
after 3 months [41]; nevertheless, an improved visual head-
tracking response was still observed in the transplanted eye,
suggesting a possible protective effect on the host tissue. In
another study, suspensionof iPSC-derived RPE was trans-
planted intomicewith dysfunctional RPE, amodel of retinitis
pigmentosa [45]. Although only small number of cells was
injected, improvement of functionwas seen in electroretinog-
raphy tests, in the absence of tumor growth. In contrast,
studies carried outwith cell sheets derived fromhuman iPSCs
that were transplanted into a rod photoreceptor-dystrophic
mouse model showed cell integration and development of
cell-cell contacts [46]. In this strategy, RPE cells may be
grown as a polarized monolayer on an artificial scaffold in
vitro before transplantation. Currently, multiple approaches
that utilize either no scaffold or an artificial scaffold to
develop an RPE monolayer from iPSCs are being tested
for increasing the survival and potential of cell replacement
therapies for retinal degenerative diseases.

7. Conclusions and Future Application

Since Yamanaka first discovered that adult mouse fibroblasts
could be induced to be reprogrammed into stem cells, much
research has been done on the integrity, tumorigenicity, and
therapeutic modalities of these cells. In the ophthalmic field,
major steps have been taken especially toward therapies for
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neurodegenerative conditions. The increasingly improved
quality of iPSC-derived RPE cells and photoreceptors has
resulted in the first clinical trial in the ocular field, and the
results are awaited with much interest. Also, encouraging
results have been reported in deriving corneal epithelium
cells, RGCs, and even 3D retinal structures from iPSCs.Key in
these developments is that they occur without the involve-
ment of human embryonic tissues, but adult somatic cells
and several transcription factors. Targeted genomic editing or
mutation repair (e.g., via CRISPR/Cas9, TALENs, and ZFNs)
in harvested somatic cells, iPSCs, or iPSC-derived cells offers
patients the opportunity to receive autologous cell therapy,
while it also enables a broad range of research and medical
applications. Cas9 nickase facilitates targeted DNA double-
strand break using two guided RNAs so this versatile strategy
enables a wide variety of genome editing applications that
require high specificity [47]. Sluch et al. have reported a
simple, adherent cell culture protocol for differentiation of
human iPSCs into RGCs using a CRISPR-engineered RGC
fluorescent reporter stem cell line. Fluorescence-activated cell
sorting yields a highly purified population of cells that express
a range of RGC-enriched markers and exhibit morphological
and physiological properties typical of RGCs [48]. Currently,
the full potential of iPSC-based therapy is yet to be realized
because of the complexity and variations in reprogramming
technology and protocols in driving specific ocular cell dif-
ferentiation.

There are still important obstacles that must be consid-
ered. Despite the intensive research on iPSC-derived cell
transplantation, the presence of remaining undifferentiated
cells in the grafts poses a potential risk of tumor formation.
Because the field is so young, long-term effects of reprogram-
ming somatic cells are yet unknown. In the end, the technol-
ogy of iPSCs is full of promise and offers modalities that were
never before available to the medical field, including individ-
ualized disease modeling and personalized autologous grafts
for transplantation purposes. More insight into the repro-
gramming process, its long-term effects, and the integrity of
the generated cells would certainly be needed to bring iPSCs
from the bench to bedside.
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