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Ophthalmology
Transplanted cells can secrete numerous molecules

that may exert a beneficial effect on the host retina

and/or choroid even if they do not cure the underlying

disease. Ideally, with a single transplant operation,

many different pathways can be modified, which

may reduce the chance of ‘escape’ associated with

typical pharmacotherapy  as well as the need for

repeated drug administration. In addition, trans-

planted cells can replace dead cells (e.g. photorecep-

tors). Because of their pluripotency and unlimited

proliferative capacity, stem cells seem to be a logical

choice for starting material because they can be pro-

duced en masse safely and they can be induced to

differentiate into ocular cells with potential for repla-

cement and rescue therapy. Although preclinical stu-

dies demonstrate the feasibility of using embryonic

stem cells and induced pluripotent stem cells for treat-

ing degenerative retinal diseases associated with

abnormalities in the retinal pigment epithelium and/

or photoreceptors, some issues may limit the use of

stem cells in clinical practice. These issues include:

immunogenicity of the cells, stability of cell phenotype

(both inherent and environment-induced), the
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propensity to form tumors in situ, the abnormal micro-

environment that can accompany degenerative dis-

ease and the synaptic rewiring that accompanies

retinal degeneration. In the case of non-exudative

age-related macular degeneration, cell transplants

might prevent progression of geographic atrophy

(through replacement of dysfunctional or dead RPE)

and might even bring about some visual improvement

in selected cases (through rescue of photoreceptors

that are dying but not dead). Cell-based therapy may

one day be sight-restoring for patients who are blind

due to retinal degeneration of various etiologies. RPE

transplantation is an attractive starting point for this

sort of therapy as these cells can integrate with the

host retina easily.
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Stem cells: definitions and classes [1]

Stem cells are unspecialized cells with the capacity for unlim-

ited self-renewal, and each daughter cell has the capacity to

remain a stem cell or to differentiate into more specialized,

tissue- or organ-specific cells. Two transcription factors,
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther
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Nanog and Oct4, are associated with helping to keep the cells

in an undifferentiated state with the capacity for self-renewal.

Different types of stem cells are considered below.

Human embryonic stem cells (hESCs)

In the blastocyst (three- to five-day-old, pre-implantation-

stage embryo), the inner cell mass gives rise to the entire body

of the organism, for example, brain, heart, lung, skin, sperm,

eggs. hESCs are derived from the inner cell mass of the

blastocyst. hESCs are pluripotent, which means that they

can form all lineages of the body (ectoderm, mesoderm,

endoderm). (Totipotent stem cells can form all lineages of

the organism (including placenta).) hESCs can be obtained

without destruction of the embryo [2].

Adult (somatic) stem cells

Adult stem cells typically generate the cell types of the tissue

in which they reside. For example, corneal limbal stem cells

give rise to corneal epithelium [3,4], and adult Muller stem

cells may be a source of photoreceptors [5,6]. Adult stem cells

are multipotent, which means they can form multiple cell

types of one lineage (e.g. retinal progenitor cell). Adult stem

cells are present in many organs and tissues, for example,

brain, bone marrow, peripheral blood, blood vessels, skeletal

muscle, skin, teeth, heart, gut, liver, ovarian epithelium and

testis. Adult stem cells reside in a specific area of each tissue,

termed a ‘stem cell niche’. Some types of adult stem cells are

pericytes. Adult stem cells may remain quiescent for long

periods until activated by a normal need for more cells to

maintain tissues, or by disease or injury.

Induced pluripotent stem cells (iPSCs)

Adult (somatic) cells can be reprogrammed to an embryonic

state using somatic nuclear cell transfer [7]. Nuclear transfer

may be more effective at establishing the ground state of

pluripotency than factor-based reprogramming, which can

leave an epigenetic memory of the tissue of origin that may

influence efforts at directed differentiation for applications in

disease modeling or treatment [8]. Adult cells also can be

genetically reprogrammed to an embryonic stem cell-like

state by being forced to express transcription factors using

retroviruses or lentiviruses [9–11].

Although iPSCs are pluripotent stem cells, iPSCs and ESCs

do differ in some important ways. iPSCs have the theoretical

advantage of not being rejected by the patient from whom

they are derived (vs. ESCs, unless the ESCs were harvested

from the patient as an embryo), but abnormal gene expres-

sion in some cells differentiated from iPSCs (both via a retro-

viral and episomal approach) can induce a T-cell-dependent

immune response in a syngeneic recipient [12]. Expression of

these antigens is a reflection of epigenetic differences (e.g.

DNA methylation) between iPSCs and ESCs [8,13–17]. Some

evidence indicates that continuous passaging of iPSCs may
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help attenuate these differences [18], although iPSCs may

retain a greater risk for tumor formation (e.g. due to p53

suppression) than ESCs. Nonetheless, there may be risks

associated with using either ESCs or iPSCs that have been

extensively passaged. Extensive passaging has been asso-

ciated with alterations in the X-inactivation apparatus in

ESCs and iPSCs, and these changes are linked to processes

that may induce tumor formation such as upregulation of X-

linked oncogenes, downregulation of tumor suppressor

genes, accelerated growth rate in vitro, and poorer differentia-

tion in vivo [19,20]. In preclinical models, if tumors, such as

teratomas (a tumor with tissue or organ components derived

from all three germ layers), are going to develop, they usually

do so within three to six months of transplantation.

The therapeutic potential of iPSCs has been demonstrated

in animal models of sickle cell anemia [21] and Parkinson’s

disease [22]. However, these cells contain multiple viral vec-

tor integrations that make them unsuitable for human clin-

ical trials. The use of genome-integrating viruses can cause

insertional mutagenesis and unpredictable genetic dysfunc-

tion [23,24]. The oncogenic properties of some transcription

factors (e.g. c-Myc) also create safety concerns. Some progress

to improve the safety of iPSCs has occurred. Modified proto-

cols that do not require c-Myc, Sox-2 and/or Klf4, for exam-

ple, have been described [25–29]. Also, mouse iPSCs can be

created without viral vectors using expression plasmids rather

than an integrating vector [30–33]. Other vector-free meth-

ods, using modified synthetic mRNA [34], recombinant pro-

teins that can penetrate the plasma membrane of somatic

cells [35,36], or exposing somatic cells to ESC-conditioned

media [37] have been used to reprogram cells to pluripotency,

which may be safer than using viral vectors to induce repro-

gramming [34]. Additional progress in this area may usher in

the era of truly personalized regenerative medicine.

Human iPSCs might be used to study disease pathogenesis,

for high-throughput screening to identify small molecule

therapy, as well as for cell-based therapy for regenerative

medicine [38,39]. In the case of disease models in which

the phenotype is associated with X chromosome inactivation

or genomic imprinting, however, one must verify the epige-

netic status of the PSCs because with increasing time in

culture, epigenetic and transcriptional aberrations have been

documented in genes subject to X chromosome inactivation

and genomic imprinting [20,40]. (Genomic imprinting is a

phenomenon in which monoallelic gene expression occurs

in a parent-of-origin-specific manner and can occur in the

germline (‘gametic’) or in the post-implantation embryo

(‘somatic’) in association with spreading of gametic imprints

[41].) This phenomenon can result in gradual derepression of

genes normally subjected to X chromosome inactivation

[40].

Several ocular tissues have been derived from stem cells

(Table 1).
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther
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Table 1. Stem cells as sources of ocular tissue

Stem cell Stem cell-derived ocular tissue

Limbal stem cell Corneal epithelium [4,42]

Trabecular meshwork

progenitor cell

Trabecular meshwork cells [43]

Embryonic and/or induced

pluripotent stem cells

Retinal ganglion cells [44–46]

Retinal pigment epithelial cells [47–54]

Photoreceptors [50–52,55–57]
Embryonic vs. adult vs. induced pluripotent stem cells

for cell-based therapy

Embryonic, adult and reprogrammed (including nuclear

transfer, cell fusion, or genetic manipulation to create a

pluripotent cell) stem cells each have advantages and dis-

advantages as therapeutic modalities (Table 2). Although

each of these donor cell lines, unless manipulated, harbors

disease-causing genes of the donor, this fact may not have

practical significance. In the case of diseases such as age-

related macular degeneration (AMD), for example, the time

needed to redevelop retinal pigment epithelium (RPE) and

photoreceptor damage after cell transplantation might

exceed the expected life span of the recipient, who might

be in the eighth or ninth decade of life. As tissues derived

from ESCs can be rejected even if there is only a single minor

histocompatibility antigen mismatch between donor and

recipient [58], control of the immune response may be an

important aspect of stem cell therapy even if iPSCs are used

[59]. Detailed consideration of the immunology of stem cell

transplants is beyond the scope of this review, but differ-

entiated progeny of ESCs express MHC class I antigens

[60,61]. Several different strategies to circumvent immune

rejection of transplanted stem cells have been explored

[58,59,62–73]. The role of the immune suppressive nature

of the subretinal space as well as the inherent immunological

properties of the transplanted tissue (e.g. photoreceptors or

RPE cells) in mitigating this requirement is not clear at this

time [74].
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Table 2. Embryonic vs. adult vs. induced pluripotent stem cells

Cell type Advantages 

Embryonic stem cell Pluripotent (can form all lineages of the body: 

mesoderm, endoderm)

Grown relatively easily 

Adult stem cell Multipotent (can form multiple cell types of 1 l

e.g. retinal progenitor cell)

Not rejected if transplanted into donor 

Induced pluripotent

stem cell

Pluripotent 

Grown relatively easily 

Probably not rejected if transplanted into dono
Therapeutic strategies for cell-based therapy:

replacement vs. rescue

Replacement

Replacement therapy is an approach to regenerative medi-

cine in which cells that have died or are dysfunctional are

replaced by healthy cells. For example, in retinitis pigmen-

tosa (RP), photoreceptors die. Replacement therapy for RP

could involve transplantation of cells that can integrate with

the host retina and function as photoreceptors. Replacement

retinal therapy is sight-restoring.

To be useful for cell replacement therapy, stem cells must

proliferate extensively to generate sufficient quantities of

material to serve as a ‘universal donor’. In addition, they

must differentiate into the desired cell type(s). hESC-derived

RPE can spontaneously dedifferentiate to non-RPE-like cells

and spontaneously redifferentiate into RPE-like cells, indicat-

ing phenotypic instability [47]. The cultures may not retain a

stable phenotype after 5–8 passages. ESCs and iPSCs vary in

their tendency to differentiate into cells of a given lineage

[8,75].

What defines a ‘differentiated’ RPE cell? Bharti et al. [76]

have summarized several potentially important features of

differentiated RPE cells such as proper expression of signature

genes, microRNA and appropriate physiology (e.g. transe-

pithelial resistance) and anatomy (e.g. proper distribution

of ion channels).

What defines a photoreceptor cell? Gene expression profil-

ing has been used to determine how closely ESC-derived

retinal cells resemble normal retina, the developmental stage

of the ESC-derived cells (relative to fetal retinal cells), and

whether there are significant contaminating non-retinal cells

[77]. These studies indicate that some minimal contamina-

tion with non-retinal cells (e.g. RPE, ciliary epithelium) can

occur, but that undifferentiated, pluripotent cells decline

with time in culture, which may mean that a longer duration

differentiation protocol may minimize the risk of teratoma

formation. Some features of photoreceptor differentiation

rely on interactions with surrounding cells. Interaction of

photoreceptors with RPE is crucial for foveal development
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther
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Disadvantages

ectoderm, Likely to be rejected (if donor is allogeneic, unmatched)

Harbors disease-causing genes of donor

ineage, Relatively hard to harvest

Harbors disease-causing genes of donor

May retain epigenetic features of cell type of origin

Harbors disease-causing genes of donor

r
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[78]. Interaction with Muller cells via zonula adherens

(crumbs homolog 1 protein) is important for normal outer

retinal organization [79].

The retinal and subretinal microenvironment can influ-

ence the differentiation and functionality of transplanted

cells, including expression of developmental markers and

markers of proliferation [48,55,80,81]. The recipient’s micro-

environment can also influence transplanted cell survival.

For example, although human iPSC-derived RPE survive 4

months in RCS rats (xenograft) [53,54], abnormalities in

Bruch’s membrane may prevent transplanted hESC-derived

RPE from surviving and differentiating long-term in AMD

eyes [82]. Because Bruch’s membrane is derived from meso-

derm, there is no expectation that hESC- or iPSC-derived RPE

will manufacture Bruch’s membrane. Abnormalities in RPE of

AMD eyes might prevent transplanted ESC-derived photo-

receptor transplants from surviving. Also, cone survival

depends on rod survival [83–85]. Typical RP is characterized

by early rod photoreceptor death. Therefore, it might be best

to transplant a mixture of rods and cones to achieve improve-

ment in cone-mediated visual function.

In addition to differentiation and survival, replacement

therapy requires that the transplanted cells integrate into the

surrounding tissue after transplantation. Targeted disruption

of glial reactivity and disruption of the outer limiting mem-

brane may improve integration of transplanted cells with the

inner retina [86–88]. The developmental age of the donor

cells may be crucial for successful integration with host retina

[89], but it is not clear that this is the case [90]. Synaptic

reorganization of the retina occurs in association with photo-

receptor degeneration in RP [91]. This reorganization might

limit the extent of functional photoreceptor integration with

the host. Presumably, if the transplanted cells have differ-

entiated and integrated appropriately, they also will function

physiologically in the host tissue.

Rescue

The term rescue refers to the preservation and, in some cases,

restoration of function of host tissue that is destined to die or

malfunction due to an underlying disease. Effective retinal

rescue therapy is sight-preserving, and it also may be sight-

restoring to the degree that dying cells, which cannot support

vision, can return to normal physiological function as a result

of the transplant. For example, degenerating photoreceptors

may first lose their outer segments, and thus become ineffi-

cient transducers of light energy. Rescue therapy might

restore photoreceptor physiology with elaboration of outer

segments and corresponding recovery of lost vision.

To be useful for cell-based rescue therapy, transplanted

cells must elaborate needed trophic factors and not prolifer-

ate in an uncontrolled manner. Stem cells can be used for

rescue therapy. In a preclinical model of glaucoma, for exam-

ple, intravitreal somatic neural stem cells [92] and bone
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marrow-derived mesenchymal stem cells [93] can substan-

tially reduce retinal ganglion cell death. In preclinical models

of degenerative retinal diseases such as RP, bone marrow-

derived mesenchymal stem cells and hESC-derived RPE res-

cue photoreceptors [94–96].

Combined replacement and rescue

RPE cell transplants are an attractive starting point for cell-

based combination replacement and rescue therapy in the

eye because hESCs and iPSCs can be induced to differentiate

into RPE relatively easily, and one can generate large quan-

tities of cells with a stable and appropriate genotype and

phenotype [47,53,97–101]. In addition to the relative ease of

producing differentiated RPE from stem cell progenitors, RPE

cells integrate easily with host photoreceptors, and RPE cells

elaborate trophic substances that support photoreceptors

[82,102,103]. There is abundant evidence for RPE transplant

efficacy in preclinical models [74]. Diseases in which RPE cells

appear to be targeted primarily include Best disease [104,105]

and some forms of RP [106,107], and secondarily include

Stargardt macular dystrophy [108,109] and age-related macu-

lar degeneration (AMD) [110,111]. However, in the case of

AMD eyes, survival and proper differentiation on submacular

Bruch’s membrane may be problematic [82].

Stem cell treatment of retinal degenerative disease

Stem cell therapy has been effective in preclinical models of

retinal degenerative disease, including models of RP and

Stargardt macular dystrophy (Table 3).

Stem cells are being used in human clinical trials to treat

degenerative retinal diseases, including Stargardt macular dys-

trophy, AMD and RP (Table 4). These studies represent early

efforts in this area, and there are no phase III studies underway

at this time. Two of the studies have published preliminary

results, and these studies are considered in greater detail below.

Stargardt macular dystrophy

Stargardt macular dystrophy is the most common macular

dystrophy of childhood [122]. Currently, there is no proven

treatment for this condition although gene therapy (Clini-

calTrials.gov identifier: NCT01367444; Sponsor: Oxford Bio-

Medica) and nutritional supplementation (NCT01278277;

Sponsor: Catholic University of the Sacred Heart (Rome))

are under study. Experiments in an animal model of Stargardt

disease indicated that hES-derived RPE could rescue photo-

receptors [99]. Schwartz et al. [123] reported that four months

after subretinal transplantation of hESC-derived RPE into a

patient with advanced Stargardt macular dystrophy, visual

acuity improved from hand motions before surgery to 20/800

(Table 4). There was no improvement in the unoperated

fellow eye. Clinical exam disclosed the presence of pigmented

cells at the transplant site, and these cells seemed to prolif-

erate during the four-month period of observation. Optical
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther
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Table 4. Human stem cell trials for retinal disease

Disease Phase No. patients

(no. cells transplanted)

Center (PI) Sponsor

Stargardt macular dystrophy

(NCT01345006)a
I/II 3 (5 � 104 hES-RPE)

3 (105 hES-RPE)

3 (1.5 � 105 hES-RPE)

3 (2 � 105 hES-RPE)

Jules Stein-UCLA (Schwartz)

Wills Eye Hospital (Regillo)

Moorfields Eye Hospital (Bainbridge)

Advanced Cell

Technology

AMD-GA (NCT01344993)a I/II 3 (5 � 104 hES-RPE)

3 (105 hES-RPE)

3 (1.5 � 105 hES-RPE)

3 (2 � 105 hES-RPE)

Jules Stein-UCLA (Schwartz)

Wills Eye Hospital (Regillo)

Advanced Cell

Technology

AMD-GA or CNV (NCT01518127) I/II 10 (107 autologous bone

marrow-derived SCs)

University of Sao Paulo,

Brazil (Siqueira)

University of

Sao Paulo

RP and cone-rod dystrophy

(NCT01068561)

I/II 5 (104 autologous bone

marrow-derived SCs)

University of Sao Paulo, Brazil

(Siqueira et al. [121])

University of

Sao Paulo

AMD, age-related macular degeneration; GA, geographic atrophy; CNV, choroidal neovascularization; RP, retinitis pigmentosa; hES-RPE, human embryonic stem cell-derived retinal pigment

epithelium; SCs, stem cells.
a Allogeneic cell transplant.

Table 3. Retinal stem cell therapy: preclinical models

Disease Cell type Delivery route Effect

Rd1 and rd10 mouse [112] BM-derived lineage-negative

hematopoietic SCs

Intravitreal Rescue photoreceptors (primarily cones)

Rhodopsin knockout mouse [94] BM-derived MSCs Subretinal Rescue photoreceptors

Ischemic retinopathy [113] Endothelial progenitor cells Intravitreal Vascular repair and reversal of ischemic injury

Rd1 [114], mnd [115] and

CRX�/� [116] mouse

Human ESCs Intravitreal

Subretinal

Replace photoreceptors

RPE 65�/� mouse ESC-derived RPE Subretinal Rescue photoreceptorsa

RCS rat [95] BM-derived MSCs Intravenous Rescue photoreceptors and preserved retinal function

RCS rat [47,49,81,99,117] Human ESC-derived RPE Subretinal Rescue photoreceptors and improved visual function

RCS rat [118] Human neural progenitor cells Subretinal Rescue photoreceptors and improved visual function

RCS rat [54] Human iPSC-derived RPE Subretinal Rescue photoreceptors and improved visual function

RCS rat [119] Human umbilical

cord-derived SCs

Subretinal Rescued photoreceptors and improved visual function

Elov14 mouse [99] Human ESC-derived RPE Subretinal Rescued photoreceptors

Ush2a mouse [120] Forebrain-derived

progenitor cells

Subretinal Reversed mislocalization of cone pigment and

prevented functional deterioration

SCs, stem cells; BM, bone marrow; MSCs, mesenchymal stem cells; ESCs, embryonic stem cells; iPSC, induced pluripotent stem cell.
a Teratomas formed in this study.
coherence tomography (OCT) indicated that the pigmented

cells were organized in a monolayer. OCT images of the retina

overlying these cells did not demonstrate improved photo-

receptor anatomy, and the subjacent choroid seemed

unchanged also (Figure 1). There was no evidence of teratoma

formation or immune rejection of the transplanted cells. This

work is part of a Phase I/II open-label, prospective, multi-

center study to determine the safety and tolerability of sub-

retinal transplantation of hESC-derived RPE cells in patients

with Stargardt macular dystrophy and AMD. As part of the

treatment protocol, the patient received a seven-week course

of tacrolimus and mycophenolate mofetil starting one week
Please cite this article in press as: Zarbin, M. The promise of stem cells for age-related mac
before surgery. Per protocol, at week 6 after surgery, tacroli-

mus was discontinued and mycophenolate mofetil was con-

tinued for an additional six weeks. Although the subretinal

space is an immune privileged environment, this privilege is

not absolute [74]. Furthermore, RPE cells express HLA Class II

antigens. Thus, a period of immune suppressive therapy was

prescribed to reduce the likelihood of immune rejection of

the transplanted allogeneic hESC-derived RPE.

Age-related macular degeneration

Age-related macular degeneration (AMD) is the leading cause

of blindness in persons older than 55 years in the United States
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther
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(a) (b) (c)

(e)

(g)(f)

(d)
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Figure 1. Images of the hESC-RPE transplantation site in the patient with Stargardt macular dystrophy. Color fundus photographs of the patient’s left

macula preoperatively and postoperatively (A–C). The region inside the rectangle bisects the border of the surgical transplantation site and corresponds to

macular atrophy not included in the surgical injection. (A) Baseline macular color image with widespread RPE and neurosensory macular atrophy. (B) Color

macular Image 1 week after hESC-RPE transplantation. Note the mild pigmentation most evident in the region of baseline RPE atrophy. This pigmentation

increased at week 6 (C). (D–G) Color fundus photographs and SD-OCT images at baseline (D) and month 3 after transplant (F). Color images show

increasing pigmentation at the level of the RPE from baseline to month 3. Registered SD-OCT images (E, G) show that increasing pigmentation is at the level

of the RPE, normal monolayer RPE engraftment, and survival at month 3 (arrow) adjacent to region of bare Bruch’s membrane devoid of native RPE. hESC,

human embryonic stem cells; RPE, retinal pigment epithelium; SD-OCT, spectral domain optical coherence tomography.

Reproduced with permission from Schwartz et al. [123].
[124]. Patients can experience profound visual loss due to the

growth of choroidal new vessels (CNVs) under the fovea or due

to geographic atrophy (GA) involving the fovea. The latter

probably is due to AMD-induced RPE death. Although there are

effective treatments for CNVs [125], there is no proven therapy

for GA currently. Several novel treatments are under study

[125] as described in greater detail elsewhere in this issue.
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Schwartz et al. [123] reported that four months after sub-

retinal transplantation of hESC-derived RPE into a patient

with GA, vision improved from 20/500 at entry to 20/200 by

week 2 after surgery (Table 4). Visual acuity was 20/320 by

week 6 and remained stable at the three-month follow-up

visit. Of note, mild visual improvement was also noted in the

unoperated fellow eye after surgery. This patient received
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther
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tacrolimus and mycophenolate mofetil as described above for

the patient with Stargardt disease.

Retinitis pigmentosa

Siqueira et al. [121] reported the results of a prospective phase

I, nonrandomized open-label study of RP patients with best-

corrected ETDRS visual acuity worse than 20/200 (Table 4).

Three patients with RP and two with cone-rod dystrophy

underwent intravitreal injection of autologous bone marrow-

derived mononuclear cells with no adverse effects (and no

documented benefit at 10-months follow-up).

Summary

Why should one develop cell-based therapy in the current

era of pathway-based pharmacological therapy for retinal

disease? Transplanted cells can secrete numerous molecules

that may exert a beneficial effect on the host retina and/or

choroid even if they do not cure the underlying disease

[83,99,102,103,126]. Ideally, with a single transplant opera-

tion, many different pathways can be modified, which may

reduce the chance of ‘escape’ associated with monotherapy as

well as the need for repeated drug administration. In addi-

tion, transplanted cells can replace dead cells (e.g. photore-

ceptors). Because of their pluripotency and unlimited

proliferative capacity, stem cells seem to be a logical choice

for starting material because they can be produced en masse

safely and they can be induced to differentiate into ocular

cells with potential for replacement and rescue therapy.

Although preclinical studies demonstrate the feasibility of

using ESCs and iPSCs for treating degenerative retinal diseases

associated with abnormalities in the RPE and/or photorecep-

tors, some issues may limit the use of stem cells in clinical

practice. These issues include: immunogenicity of the cells,

stability of cell phenotype (both inherent and environment-

induced), the propensity to form tumors in situ, the abnormal

microenvironment that can accompany degenerative disease

and the synaptic rewiring that accompanies retinal degen-

eration. In the case of non-exudative AMD, cell transplants

might prevent progression of geographic atrophy (through

replacement of dysfunctional or dead RPE) and might even

bring about some visual improvement in selected cases

(through rescue of photoreceptors that are dying but not

dead). Cell-based therapy may one day be sight-restoring

for patients who are blind due to retinal degeneration of

various etiologies. RPE transplantation is an attractive start-

ing point for this sort of therapy because these cells can

integrate with the host retina easily.

Conflicts of interest

Dr Zarbin has served as a paid consultant for Advanced Cell

Technology, Alimera Sciences, Allergan, Celgene, Eli Lilly,

Genetech, Iridex, Novartis and Pfizer. Together with the

University of Medicine and Dentistry of New Jersey and his
Please cite this article in press as: Zarbin, M. The promise of stem cells for age-related mac
co-inventors, Dr Zarbin has patents pending regarding meth-

ods to improve cell-based therapy for retinal degenerative

disease.

Acknowledgements

This study is supported in part by Research to Prevent Blind-

ness, Inc. and the Joseph DiSepio AMD Research Fund.

References
1 Jaenisch, R. and Young, R. (2008) Stem cells, the molecular circuitry of

pluripotency and nuclear reprogramming. Cell 132, 567–582

2 Chung, Y. et al. (2008) Human embryonic stem cell lines generated

without embryo destruction. Cell Stem Cell 2, 113–117

3 Schermer, A. et al. (1986) Differentiation-related expression of a major

64 K corneal keratin in vivo and in culture suggests limbal location of

corneal epithelial stem cells. J. Cell Biol. 103, 49–62

4 Rama, P. et al. (2010) Limbal stem-cell therapy and long-term corneal

regeneration. N. Engl. J. Med. 363, 147–155

5 Takeda, M. et al. (2008) alpha-aminoadipate induces progenitor cell properties

of Muller glia in adult mice. Invest. Ophthalmol. Vis. Sci. 49, 1142–1150

6 Del Debbio, C.B. et al. (2010) Wnt signaling mediated rod photoreceptor

regeneration by Muller cells in adult mammalian retina. PLoS One 5, e12425

7 Wilmut, I. et al. (1997) Viable offspring derived from fetal and adult

mammalian cells. Nature 385, 810–813

8 Kim, K. et al. (2010) Epigenetic memory in induced pluripotent stem cells.

Nature 467, 285–290

9 Takahashi, K. and Yamanaka, S. (2006) Induction of pluripotent stem

cells from mouse embryonic and adult fibroblast cultures by defined

factors. Cell 126, 663–676

10 Takahashi, K. et al. (2007) Induction of pluripotent stem cells from adult

human fibroblasts by defined factors. Cell 131, 861–872

11 Yu, J. et al. (2007) Induced pluripotent stem cell lines derived from

human somatic cells. Science 318, 1917–1920

12 Zhao, T. et al. (2011) Immunogenicity of induced pluripotent stem cells.

Nature 474, 212–215

13 Chin, M.H. et al. (2009) Induced pluripotent stem cells and embryonic

stem cells are distinguished by gene expression signatures. Cell Stem Cell

5, 111–123

14 Stadtfeld, M. et al. (2010) Aberrant silencing of imprinted genes on

chromosome 12qF1 in mouse induced pluripotent stem cells. Nature 465,

175–181

15 Doi, A. et al. (2009) Differential methylation of tissue- and cancer-specific

CpG island shores distinguishes human induced pluripotent stem cells,

embryonic stem cells and fibroblasts. Nat. Genet. 41, 1350–1353

16 Lister, R. et al. (2011) Hotspots of aberrant epigenomic reprogramming in

human induced pluripotent stem cells. Nature 471, 68–73

17 Zhao, T. and Xu, Y. (2010) p53 and stem cells: new developments and

new concerns. Trends Cell Biol. 20, 170–175

18 Polo, J.M. et al. (2010) Cell type of origin influences the molecular and

functional properties of mouse induced pluripotent stem cells. Nat.

Biotechnol. 28, 848–855

19 Anguera, M.C. et al. (2012) Molecular signatures of human induced

pluripotent stem cells highlight sex differences and cancer genes. Cell

Stem Cell 11, 75–90

20 Nazor, K.L. et al. (2012) Recurrent variations in DNA methylation in

human pluripotent stem cells and their differentiated derivatives. Cell

Stem Cell 10, 620–634

21 Hanna, J. et al. (2007) Treatment of sickle cell anemia mouse model with

iPS cells generated from autologous skin. Science 318, 1920–1923

22 Wernig, M. et al. (2008) Neurons derived from reprogrammed fibroblasts

functionally integrate into the fetal brain and improve symptoms of rats

with Parkinson’s disease. Proc. Natl. Acad. Sci. U. S. A. 105, 5856–5861

23 Okita, K. et al. (2007) Generation of germline-competent induced

pluripotent stem cells. Nature 448, 313–317

24 Yamanaka, S. (2007) Strategies and new developments in the generation

of patient-specific pluripotent stem cells. Cell Stem Cell 1, 39–49
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther

www.drugdiscoverytoday.com e7



Drug Discovery Today: Therapeutic Strategies | Ophthalmology Vol. xxx, No. xx 2012

DDSTR-378; No of Pages 9
25 Nakagawa, M. et al. (2008) Generation of induced pluripotent stem cells

without Myc from mouse and human fibroblasts. Nat. Biotechnol. 26,

101–106

26 Li, W. et al. (2009) Generation of human-induced pluripotent stem cells

in the absence of exogenous Sox2. Stem Cells 27, 2992–3000

27 Zhu, S. et al. (2010) Reprogramming of human primary somatic cells by

OCT4 and chemical compounds. Cell Stem Cell 7, 651–655

28 Huangfu, D. et al. (2008) Induction of pluripotent stem cells from primary

human fibroblasts with only Oct4 and Sox2. Nat. Biotechnol. 26, 1269–1275

29 Shi, Y. et al. (2008) Induction of pluripotent stem cells from mouse

embryonic fibroblasts by Oct4 and Klf4 with small-molecule compounds.

Cell Stem Cell 3, 568–574

30 Okita, K. et al. (2008) Generation of mouse induced pluripotent stem cells

without viral vectors. Science 322, 949–953

31 Yu, J. et al. (2009) Human induced pluripotent stem cells free of vector

and transgene sequences. Science 324, 797–801

32 Woltjen, K. et al. (2009) piggyBac transposition reprograms fibroblasts to

induced pluripotent stem cells. Nature 458, 766–770

33 Kaji, K. et al. (2009) Virus-free induction of pluripotency and subsequent

excision of reprogramming factors. Nature 458, 771–775

34 Warren, L. et al. (2010) Highly efficient reprogramming to pluripotency

and directed differentiation of human cells with synthetic modified

mRNA. Cell Stem Cell 7, 618–630

35 Zhou, H. et al. (2009) Generation of induced pluripotent stem cells using

recombinant proteins. Cell Stem Cell 4, 381–384

36 Kim, D. et al. (2009) Generation of human induced pluripotent stem cells

by direct delivery of reprogramming proteins. Cell Stem Cell 4, 472–476

37 Balasubramanian, S. et al. (2009) Non cell-autonomous reprogramming

of adult ocular progenitors: generation of pluripotent stem cells without

exogenous transcription factors. Stem Cells 27, 3053–3062

38 Wu, S.M. and Hochedlinger, K. (2011) Harnessing the potential of

induced pluripotent stem cells for regenerative medicine. Nat. Cell Biol.

13, 497–505

39 Jin, Z.B. et al. (2011) Modeling retinal degeneration using patient-specific

induced pluripotent stem cells. PLoS One 6, e17084

40 Mekhoubad, S. et al. (2012) Erosion of dosage compensation impacts

human iPSC disease modeling. Cell Stem Cell 10, 595–609

41 John, R.M. and Lefebvre, L. (2011) Developmental regulation of somatic

imprints. Differentiation 81, 270–280

42 Li, W. et al. (2007) Niche regulation of corneal epithelial stem cells at the

limbus. Cell Res. 17, 26–36

43 Kelley, M.J. et al. (2009) Stem cells in the trabecular meshwork: present

and future promises. Exp. Eye Res. 88, 747–751

44 Chen, M. et al. (2010) Generation of retinal ganglion-like cells from

reprogrammed mouse fibroblasts. Invest. Ophthalmol. Vis. Sci. 51, 5970–5978

45 Parameswaran, S. et al. (2010) Induced pluripotent stem cells generate

both retinal ganglion cells and photoreceptors: therapeutic implications

in degenerative changes in glaucoma and age-related macular

degeneration. Stem Cells 28, 695–703

46 Jagatha, B. et al. (2009) In vitro differentiation of retinal ganglion-like

cells from embryonic stem cell derived neural progenitors. Biochem.

Biophys. Res. Commun. 380, 230–235

47 Klimanskaya, I. et al. (2004) comparative assessment of retinal pigment

epithelium from human embryonic stem cells using transcriptomics.

Cloning Stem Cells 6, 217–245

48 Gong, J. et al. (2008) Effects of extracellular matrix and neighboring cells

on induction of human embryonic stem cells into retinal or retinal

pigment epithelial progenitors. Exp. Eye Res. 86, 957–965

49 Idelson, M. et al. (2009) Directed differentiation of human embryonic

stem cells into functional retinal pigment epithelium cells. Cell Stem Cell

5, 396–408

50 Osakada, F. et al. (2009) Stepwise differentiation of pluripotent stem cells

into retinal cells. Nat. Protoc. 4, 811–824

51 Hirami, Y. et al. (2009) Generation of retinal cells from mouse and human

induced pluripotent stem cells. Neurosci. Lett. 458, 126–131

52 Meyer, J.S. et al. (2009) Modeling early retinal development with human

embryonic and induced pluripotent stem cells. Proc. Natl. Acad. Sci. U. S.

A. 106, 16698–16703
Please cite this article in press as: Zarbin, M. The promise of stem cells for age-related mac

e8 www.drugdiscoverytoday.com
53 Buchholz, D.E. et al. (2009) Derivation of functional retinal pigmented

epithelium from induced pluripotent stem cells. Stem Cells 27, 2427–2434

54 Carr, A.J. et al. (2009) Protective effects of human iPS-derived retinal

pigment epithelium cell transplantation in the retinal dystrophic rat.

PLoS One 4, e8152

55 Banin, E. et al. (2006) Retinal incorporation and differentiation of neural

precursors derived from human embryonic stem cells.Stem Cells 24, 246–257

56 Osakada, F. et al. (2008) Toward the generation of rod and cone

photoreceptors from mouse, monkey and human embryonic stem cells.

Nat. Biotechnol. 26, 215–224

57 Osakada, F. et al. (2009) In vitro differentiation of retinal cells from

human pluripotent stem cells by small-molecule induction. J. Cell Sci.

122, 3169–3179

58 Robertson, N.J. et al. (2007) Embryonic stem cell-derived tissues are

immunogenic but their inherent immune privilege promotes the

induction of tolerance. Proc. Natl. Acad. Sci. U. S. A. 104, 20920–20925

59 Fairchild, P.J. (2010) The challenge of immunogenicity in the quest for

induced pluripotency. Nat. Rev. Immunol. 10, 868–875

60 Boyd, A.S. and Wood, K.J. (2009) Variation in MHC expression between

undifferentiated mouse ES cells and ES cell-derived insulin-producing

cell clusters. Transplantation 87, 1300–1304

61 Tian, L. et al. (1997) Expression of immunoglobulin superfamily cell

adhesion molecules on murine embryonic stem cells. Biol. Reprod. 57,

561–568

62 Boyd, A.S. and Fairchild, P.J. (2010) Approaches for immunological

tolerance induction to stem cell-derived cell replacement therapies.

Expert Rev. Clin. Immunol. 6, 435–448

63 Nakatsuji, N. et al. (2008) HLA-haplotype banking and iPS cells. Nat.

Biotechnol. 26, 739–740

64 Lui, K.O. et al. (2010) A role for regulatory T cells in acceptance of ESC-

derived tissues transplanted across an major histocompatibility complex

barrier. Stem Cells 28, 1905–1914

65 Choi, K.D. et al. (2009) Generation of mature human myelomonocytic cells

through expansion and differentiation of pluripotent stem cell-derived lin-

CD34+ CD43+ CD45+ progenitors. J. Clin. Invest. 119, 2818–2829

66 Silk, K.M. and Fairchild, P.J. (2009) Harnessing dendritic cells for the

induction of transplantation tolerance. Curr. Opin. Organ Transplant. 14,

344–350

67 Fairchild, P.J. et al. (2005) Embryonic stem cells: a novel source of

dendritic cells for clinical applications. Int. Immunopharmacol. 5, 13–21

68 Turnquist, H.R. et al. (2007) Rapamycin-conditioned dendritic cells are

poor stimulators of allogeneic CD4+ T cells, but enrich for antigen-

specific Foxp3+ T regulatory cells and promote organ transplant

tolerance. J. Immunol. 178, 7018–7031

69 Horibe, E.K. et al. (2008) Rapamycin-conditioned, alloantigen-pulsed

dendritic cells promote indefinite survival of vascularized skin allografts in

association with T regulatory cell expansion. Transpl. Immunol. 18, 307–318

70 Leishman, A.J. et al. (2011) Pharmacological manipulation of dendritic

cells in the pursuit of transplantation tolerance. Curr. Opin. Organ

Transplant. 16, 372–378

71 Ge, W. et al. (2009) Infusion of mesenchymal stem cells and rapamycin

synergize to attenuate alloimmune responses and promote cardiac

allograft tolerance. Am. J. Transplant. 9, 1760–1772

72 Casiraghi, F. et al. (2008) Pretransplant infusion of mesenchymal stem

cells prolongs the survival of a semiallogeneic heart transplant through

the generation of regulatory T cells. J. Immunol. 181, 3933–3946

73 Bartholomew, A. et al. (2002) Mesenchymal stem cells suppress

lymphocyte proliferation in vitro and prolong skin graft survival in vivo.

Exp. Hematol. 30, 42–48

74 Gullapalli, V.K. et al. (2006) Retinal pigment epithelium and

photoreceptor transplantation frontiers. In Retina (4th edn) (Hinton,

D.R. and Schachat, A.P., eds), pp. 2597–2613, Mosby, Inc.

75 Feng, Q. et al. (2010) Hemangioblastic derivatives from human induced

pluripotent stem cells exhibit limited expansion and early senescence.

Stem Cells 28, 704–712

76 Bharti, K. et al. (2011) The new paradigm: retinal pigment epithelium

cells generated from embryonic or induced pluripotent stem cells.

Pigment Cell Melanoma Res. 24, 21–34
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther



Vol. xxx, No. xx 2012 Drug Discovery Today: Therapeutic Strategies | Ophthalmology

DDSTR-378; No of Pages 9
77 Lamba, D.A. and Reh, T.A. (2011) Microarray characterization of human

embryonic stem cell-derived retinal cultures. Invest. Ophthalmol. Vis. Sci.

52, 4897–4906

78 Jeffery, G. (1997) The albino retina: an abnormality that provides insight

into normal retinal development. Trends Neurosci. 20, 165–169

79 Gosens, I. et al. (2008) Composition and function of the Crumbs protein

complex in the mammalian retina. Exp. Eye Res. 86, 713–726

80 Kustermann, S. et al. (2010) Genesis of rods in the zebrafish retina occurs

in a microenvironment provided by polysialic acid-expressing Muller

glia. J. Comp. Neurol. 518, 636–646

81 Vugler, A. et al. (2008) Elucidating the phenomenon of HESC-derived

RPE: anatomy of cell genesis, expansion and retinal transplantation. Exp.

Neurol. 214, 347–361

82 Sugino, I.K. et al. (2011) Comparison of FRPE and human embryonic stem

cell-derived RPE behavior on aged human Bruch’s membrane. Invest.

Ophthalmol. Vis. Sci. 52, 4979–4997

83 Chalmel, F. et al. (2007) Rod-derived cone viability factor-2 is a novel

bifunctional-thioredoxin-like protein with therapeutic potential. BMC

Mol Biol. 8, 74

84 Leveillard, T. et al. (2004) Identification and characterization of rod-

derived cone viability factor. Nat. Genet. 36, 755–759

85 Yang, Y. et al. (2009) Functional cone rescue by RdCVF protein in a

dominant model of retinitis pigmentosa. Mol. Ther. 17, 787–795

86 Johnson, T.V. et al. (2010) Identification of barriers to retinal engraftment

of transplanted stem cells. Invest. Ophthalmol. Vis. Sci. 51, 960–970

87 West, E.L. et al. (2008) Pharmacological disruption of the outer limiting

membrane leads to increased retinal integration of transplanted

photoreceptor precursors. Exp. Eye Res. 86, 601–611

88 Pearson, R.A. et al. (2010) Targeted disruption of outer limiting

membrane junctional proteins (Crb1 and ZO-1) increases integration of

transplanted photoreceptor precursors into the adult wild-type and

degenerating retina. Cell Transplant. 19, 487–503

89 MacLaren, R.E. et al. (2006) Retinal repair by transplantation of

photoreceptor precursors. Nature 444, 203–207

90 Gust, J. and Reh, T.A. (2011) Adult donor rod photoreceptors integrate

into the mature mouse retina. Invest. Ophthalmol. Vis. Sci. 52, 5266–5272

91 Jones, B.W. et al. (2003) Retinal remodeling triggered by photoreceptor

degenerations. J. Comp. Neurol. 464, 1–16

92 Bull, N.D. et al. (2009) Transplanted oligodendrocyte precursor cells

reduce neurodegeneration in a model of glaucoma. Invest. Ophthalmol.

Vis. Sci. 50, 4244–4253

93 Johnson, T.V. et al. (2010) Neuroprotective effects of intravitreal

mesenchymal stem cell transplantation in experimental glaucoma.

Invest. Ophthalmol. Vis. Sci. 51, 2051–2059

94 Arnhold, S. et al. (2007) Transplantation of bone marrow-derived

mesenchymal stem cells rescue photoreceptor cells in the dystrophic

retina of the rhodopsin knockout mouse. Graefes Arch. Clin. Exp.

Ophthalmol. 245, 414–422

95 Inoue, Y. et al. (2007) Subretinal transplantation of bone marrow

mesenchymal stem cells delays retinal degeneration in the RCS rat model

of retinal degeneration. Exp. Eye Res. 85, 234–241

96 Sugino, I.K. et al. (2011) Comparison of fetal RPE and human embryonic

stem cell derived-RPE (hES-RPE) behavior on aged human Bruch’s

membrane. Invest. Ophthalmol. Vis. Sci. 52, 4979–4997

97 Klimanskaya, I. (2006) Retinal pigment epithelium. Methods Enzymol.

418, 169–194

98 Klimanskaya, I. et al. (2008) Derive and conquer: sourcing and

differentiating stem cells for therapeutic applications. Nat. Rev. Drug

Discov. 7, 131–142

99 Lu, B. et al. (2009) Long-term safety and function of RPE from human

embryonic stem cells in preclinical models of macular degeneration. Stem

Cells 27, 2126–2135

100 Carr, A.J. et al. (2009) Molecular characterization and functional analysis

of phagocytosis by human embryonic stem cell-derived RPE cells using a

novel human retinal assay. Mol. Vis. 15, 283–295

101 Liao, J.L. et al. (2010) Molecular signature of primary retinal pigment

epithelium and stem-cell-derived RPE cells. Hum. Mol. Genet. 19, 4229–

4238
Please cite this article in press as: Zarbin, M. The promise of stem cells for age-related mac
102 Kolomeyer, A.M. et al. (2011) Characterization of conditioned media

collected from cultured adult versus fetal retinal pigment epithelial cells.

Invest. Ophthalmol. Vis. Sci. 52, 5973–5986

103 Lund, R.D. et al. (2001) Subretinal transplantation of genetically

modified human cell lines attenuates loss of visual function in dystrophic

rats. Proc. Natl. Acad. Sci. U. S. A. 98, 9942–9947

104 Marmorstein, A.D. et al. (2000) Bestrophin, the product of the Best

vitelliform macular dystrophy gene (VMD2), localizes to the basolateral

plasma membrane of the retinal pigment epithelium. Proc. Natl. Acad. Sci.

U. S. A. 97, 12758–12763

105 Bakall, B. et al. (2007) Enhanced accumulation of A2E in individuals

homozygous or heterozygous for mutations in BEST1 (VMD2). Exp. Eye

Res. 85, 34–43

106 Morimura, H.f.G. et al. (1998) Mutations in the RPE65 gene in patients

with autosomal recessive retinitis pigmentosa or leber congenital

amaurosis. Proc. Natl. Acad. Sci. U. S. A. 95, 3088–3093

107 Maw, M.A. et al. (1997) Mutation of the gene encoding cellular

retinaldehyde-binding protein in autosomal recessive retinitis

pigmentosa. Nat. Genet. 17, 198–200

108 Allikmets, R. et al. (1997) A photoreceptor cell-specific ATP-binding

transporter gene (ABCR) is mutated in recessive Stargardt macular

dystrophy. Nat. Genet. 15, 236–246

109 Mata, N.L. et al. (2000) Biosynthesis of a major lipofuscin fluorophore in

mice and humans with ABCR-mediated retinal and macular

degeneration. Proc. Natl. Acad. Sci. U. S. A. 97, 7154–7159

110 Zarbin, M.A. (2004) Current concepts in the pathogenesis of age-related

macular degeneration. Arch. Ophthalmol. 122, 598–614

111 Anderson, D.H. et al. (2010) The pivotal role of the complement system

in aging and age-related macular degeneration: hypothesis re-visited.

Prog. Retin. Eye Res. 29, 95–112

112 Otani, A. et al. (2004) Rescue of retinal degeneration by intravitreally

injected adult bone marrow-derived lineage-negative hematopoietic

stem cells. J. Clin. Invest. 114, 765–774

113 Stitt, A.W. et al. (2011) Vascular stem cells and ischaemic retinopathies.

Prog. Retin. Eye Res. 30, 149–166

114 Meyer, J.S. et al. (2004) Neural differentiation of mouse embryonic stem

cells in vitro and after transplantation into eyes of mutant mice with

rapid retinal degeneration. Brain Res. 1014, 131–144

115 Meyer, J.S. et al. (2006) Embryonic stem cell-derived neural progenitors

incorporate into degenerating retina and enhance survival of host

photoreceptors. Stem Cells 24, 274–283

116 Lamba, D.A. et al. (2009) Transplantation of human embryonic stem cell-

derived photoreceptors restores some visual function in Crx-deficient

mice. Cell Stem Cell 4, 73–79

117 Lund, R.D. et al. (2006) Human embryonic stem cell-derived cells rescue

visual function in dystrophic RCS rats. Cloning Stem Cells 8, 189–199

118 Gamm, D.M. et al. (2007) Protection of visual functions by human neural

progenitors in a rat model of retinal disease. PLoS One 2, e338

119 Lund, R.D. et al. (2007) Cells isolated from umbilical cord tissue rescue

photoreceptors and visual functions in a rodent model of retinal disease.

Stem Cells 25, 602–611

120 Lu, B. et al. (2010) Cell transplantation to arrest early changes in an ush2a

animal model. Invest. Ophthalmol. Vis. Sci. 51, 2269–2276

121 Siqueira, R.C. et al. (2011) Intravitreal injection of autologous bone

marrow-derived mononuclear cells for hereditary retinal dystrophy: a

phase I trial. Retina 31, 1207–1214

122 Walia, S. and Fishman, G.A. (2009) Natural history of phenotypic

changes in Stargardt macular dystrophy. Ophthalmic Genet. 30, 63–68

123 Schwartz, S.D. et al. (2012) Embryonic stem cell trials for macular

degeneration: a preliminary report. Lancet 379, 713–720

124 Friedman, D.S. et al. (2004) Prevalence of age-related macular

degeneration in the United States. Arch. Ophthalmol. 122, 564–572

125 Zarbin, M.A. and Rosenfeld, P.J. (2010) Pathway-based therapies for age-

related macular degeneration: an integrated survey of emerging

treatment alternatives. Retina 30, 1350–1367

126 Kolomeyer, A.M. et al. (2011) Characterization of conditioned media

collected from aged versus young human eye cups. Invest. Ophthalmol.

Vis. Sci. 52, 5963–5972
ular degeneration and other retinal degenerative diseases, Drug Discov Today: Ther

www.drugdiscoverytoday.com e9


	The promise of stem cells for age-related macular degeneration and other retinal degenerative diseases
	Stem cells: definitions and classes [1]
	Human embryonic stem cells (hESCs)
	Adult (somatic) stem cells
	Induced pluripotent stem cells (iPSCs)

	Embryonic vs. adult vs. induced pluripotent stem cells for cell-based therapy
	Therapeutic strategies for cell-based therapy: replacement vs. rescue
	Replacement
	Rescue
	Combined replacement and rescue

	Stem cell treatment of retinal degenerative disease
	Stargardt macular dystrophy
	Age-related macular degeneration
	Retinitis pigmentosa

	Summary
	Conflicts of interest
	Acknowledgements
	References


