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Preface

Recent advances in the field of stem cell biology have led to a new field that has 
become known as regenerative ophthalmology. The aim of this field is to preserve, 
repair, or replace ocular cells that have been injured or lost.

We now better understand the complexity of how the eye develops, the cellular 
and regional heterogeneity that builds complex ocular tissues, and how these 
processes are disordered in disease. Ocular diseases affect the entire age spectrum, 
and loss of vision significantly affects the quality of life for those with blinding 
eye conditions. With our aging population, the burden of ocular disease is expected 
to rise over the next decades. As we enter the age of regenerative medicine, the eye 
has become the proving ground for first-in-man stem cell clinical trials. This is in 
part because of its accessibility for minimally invasive surgical approaches to deliver 
cellular therapeutics, the availability of multimodal behavioural, physiological, and 
imaging techniques, and the sheer number of patients that new treatments could 
potentially impact.

The purpose of the book is to provide those interested in the field of ocular 
regenerative medicine with a perspective on the various ways in which stem cells 
are being applied in the development of potential cures for blinding eye diseases. 
The aim is to provide a review-level understanding of the types, sources, and 
applications of stem cells in regenerating tissues in various parts of the eye, with a 
perspective on the promise of stem cell applications, as well as challenges confronting 
the field. It is intended for those with a background in the biological and/or medical 
sciences. The field will depend increasingly on multidisciplinary collaboration 
between scientists, physicians, and engineers as we develop the tools needed to 
realize the full potential of stem cells to heal the eye.

The scope of the text is broad and includes both preclinical and clinical applications, 
including stem cell-derived therapies based on endogenous tissue repair, stem cell 
transplantation/cell replacement therapy, the interface with gene therapy, and in vitro 
disease modelling. Applications in both anterior and posterior ocular disease are 
described, with a particular focus on diseases of the ocular surface/cornea/limbus, 
where stem cell transplantation has already found clinical application in patients, as 
well as diseases of the retina, where early clinical trials have begun for both RPE 
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and photoreceptor replacement. Targets of these therapies include inherited retinal 
dystrophies as well as acquired diseases, such as age-related macular degeneration.

As editors, we have had the pleasure of working with these researchers to bring 
this volume together. We extend our gratitude and thanks to all of the authors for 
their time and commitment to this volume and for providing their perspectives on 
this rapidly expanding field.

Toronto, ON, Canada� Brian G. Ballios 
Boston, MA, USA � Michael J. Young 
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Chapter 1
Photoreceptor Cell Replacement Therapy 
from Stem Cells

Gilbert Bernier

Abstract  Macular degenerations, retinitis pigmentosa, and retinal dystrophies 
affect millions of people worldwide. In most cases, loss of visual function results 
from the death of photoreceptors, the specialized cells involved in photo-
transduction. An innovative and efficient therapeutic solution for retinal degenera-
tive diseases may be photoreceptor cell transplantation. Yet, the human eye contains 
about one hundred million photoreceptors, and cell replacement therapy would 
require at least a fraction of this, raising the issue of where to find an abundant 
source of healthy human photoreceptors to treat patients. Human pluripotent stem 
cells can be expanded quasi-indefinitely and differentiate into all cell types of the 
human body. Methods to direct the differentiation of human pluripotent stem cells 
into retinal cells and photoreceptors have been developed based on developmental 
biology principles. Here, we review the history and evolution of these methods, 
looking at two-dimensional and three-dimensional cell culture systems. We also 
analyze the current outcomes of photoreceptor cell transplantation therapy and 
explore the upcoming challenges for its clinical translation.

Keywords  Photoreceptor · Rod · Cone · Embryonic development · Neural 
induction · Stem cell · Pluripotent stem cell · Human · Retinal organoid · Retinal 
sheet · Retinal degeneration · Transplantation · Cell therapy
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1.1  �Development of Photoreceptors

The distinct competence of retinal progenitor cells to generate, in a sequential order, 
the diverse class of neurons and a single glial cell type during mammalian retinal 
development is thought to be modulated by an intrinsic transcription factor’s molec-
ular program and by extrinsic cues [1–4]. Loss- and gain-of-function studies in 
model organisms revealed that the transcription factors Pax6, Rax (also called Rx), 
Lhx2, Otx2, Sox2, Six6 (also called Optx2), and Six3 are involved in early eye pat-
terning and retinal developmental processes [5–13]. Later on, specific sets of tran-
scription factors define retinal cell type identity, including photoreceptors [14]. 
Photoreceptor progenitor and precursor cells express Otx2 and Crx, and conditional 
deletion of Otx2 in the developing mouse retina impairs photoreceptor fate [15]. In 
turn, Crx is required for terminal differentiation and maintenance of photoreceptors 
and is mutated in human retinal degenerative diseases [16–21].

Photoreceptors exist in two types, rods and cones. Rods are the most abundant 
photoreceptors in the human retina and respond to dim-light. They are involved in 
night vision and important for peripheral vision. Cones respond to intense light and 
are required for color, daylight and high-resolution central vision [22, 23]. During 
development, photoreceptors follow an S-cone default pathway, which is deter-
mined by Crx and Thrß2; Crx induces the expression of Opn1sw (encoding for 
S-Opsin) by default while Thrß2 suppresses it and induces the expression of 
Opn1mw (encoding for M-Opsin) in the mouse [24, 25]. In turn, expression of Nrl, 
RORbeta and Notch1 inhibits cone formation, while both Nrl and RORbeta promote 
rods genesis at the expense of cones [26–29]. Rods and cones express CRX, 
Recoverin, ABCA4, and RPGR (Fig. 1.1). RPGR is a protein that localizes to the 
connecting cilium, a specialized ciliated structure of the photoreceptor cytoskeleton 
involved in protein transport [30, 31]. Rods and cones express distinct but structur-
ally related photosensitive opsins. Rods express Rhodopsin and cones express M/L--
Opsin and S-Opsin (Fig.  1.1). Rods and cones outer segments are structurally 
distinct, and this is best viewed when using transmission electron microscopy [32]. 
Cones and rods also have a distinct nuclear organization, with rods displaying con-
densed chromatin at the center of their nuclei, in contrast with cones having a more 
relaxed chromatin (Fig. 1.2) [33].

1.2  �Inherited Retinal Degenerative Diseases

Inherited retinal degenerative diseases are incurable eye disorders leading to 
reduced visual function and generally progressing toward complete blindness. 
Retinitis pigmentosa (RP) is one of the most common and genetically heteroge-
neous retinal degenerative diseases. Mutations in about 100 different genes can 
lead to RP, and the disease can be autosomal dominant (RHO, PRPF3, etc.), auto-
somal recessive (ABCA4, USH2A, etc.), X-linked (RPGR, RP2), or maternally 
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transmitted by mitochondria [34–36]. The disease also exists as non-syndromic and 
syndromic variants. Non-syndromic RP is the pure manifestation of the disease 
where only vision is affected (RHO, ABCA4) [23]. Syndromic RP involves addi-
tional neurologic and/or systemic manifestations such as hearing loss (e.g., Usher’s 
syndrome) [36, 37]. First symptoms of RP are decreased night vision, followed by 
progressive loss of peripheral visual field. While the disease primarily affects rods, 
it usually progresses toward legal blindness only when cones located in the center 
of the retina are lost. Although the exact mechanism remains unclear, rods may 
provide trophic support to cones by secreting trophic factors such as rod-derived 

Fig. 1.1  The adult human retina labeled with photoreceptor-specific antibodies. Postmortem fro-
zen sections of a human retina (80 years) labeled for S-Opsin (S-cone outer-segment marker), 
M-Opsin (M-cone outer-segment marker), CRX (pan-photoreceptor marker), RPGR (connecting 
cilium and outer-segment marker), Recoverin (pan-photoreceptors outer-segment and synaptic ter-
minals marker), and ABCA4 (connecting cilium and outer-segment marker). OS (outer segment), 
IS (inner segment), ONL (outer nuclear layer), INL (inner nuclear layer). Scale bars: 40 μm (cour-
tesy images from Andrea Barabino)

1  Photoreceptor Cell Replacement Therapy from Stem Cells
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cone viability factor (RdCVF) [38]. Notably, alteration of glucose metabolism 
seems to be involved since cones depend largely on the insulin/mTOR pathway and 
on aerobic glycolysis for survival [38, 39]. On the other hand, it is possible that 
rods are simply more susceptible to specific mutations than cones at early stages of 
the disease process since the mutated gene-products are frequently expressed in 
both rods and cones (Usherin, RPGR, RP2, etc.). Several other retinal degenerative 
diseases exist with pathologies involving rod and cone degeneration that leads to 
blindness. These include cone-rod dystrophy (CRX, ABCA4) and Leber congenital 
amaurosis (CRX, CRB1, RPE65, etc.), a form of infantile RP. Early loss of central 
vision is predominant in cone-specific diseases such as Stargardt’s disease, cone 
dystrophies, and age-related macular degeneration (AMD). Though AMD is not an 
inherited genetic disease, there may be significant genetic susceptibility to the 
development of the disease.

1.3  �Stem Cell Differentiation into Photoreceptors

In contrast to other mammals, the retinae of modern primates (apes, monkeys, and 
hominids) contains a unique circular structure called the macula, that is 4–5 mm 
in diameter and located near the center of the retina [40, 41]. The macula is highly 
enriched in cone photoreceptors and has a cone-only smaller region called the 
fovea, that is ~1.5 mm in diameter and involved in high-acuity vision [40, 41]. 

Fig. 1.2  Chromatin 
organization is distinct 
between rods and cones. 
The mouse retina’s 
photoreceptor outer 
nuclear layer at post-natal 
day 30 was viewed using 
transmission electron 
microscopy. The 
condensed chromatin 
(asterisk) of rods (black 
arrow) is located in the 
center of the nucleus, while 
that of cones (white arrow) 
is dispersed throughout the 
nucleus (courtesy image 
from Gilbert Bernier)

G. Bernier
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A high-acuity area somewhat comparable to the human fovea is also present in 
the retina of diurnal birds [42]. In comparison with model organisms generally 
used in experimental biology, human eyes are very large. For example, the average 
human retina contains 4.6 million cones and 92 million rods, with cone density 
reaching ~212,000 cones/mm2 at the fovea [40]. In eye diseases where cones are 
severely affected, generation of cones is of particular interest for cell transplanta-
tion therapy [23]. Although most forms of RP primary affect rods, loss of cones 
and of central vision also occurs at later stages [23, 38, 43, 44]. Considering the 
human “eye-size problem,” the efficiency of cell replacement therapy to treat reti-
nal degenerative diseases will depend on our capacity to generate large numbers of 
rod and cone photoreceptors.

At the scale that will be needed to treat thousands of patients per year, photore-
ceptor cell transplantation therapy requires in principle a source of a quasi-unlimited 
number of human photoreceptors. These numbers can only be achieved by harness-
ing the immense expansion capability of human pluripotent stem cells. Human 
embryonic stem cells (hESCs) have been isolated from the inner cell mass of early 
stage human embryos (32–128 cells). These cells can generate all cell types of the 
human body (i.e., are pluripotent) and can be expanded and maintained almost 
indefinitely through proliferative symmetrical cell division [45, 46]. Ethical issues 
associated with the isolation of new hESC lines have led to the development of a 
revolutionary method for the induction of adult somatic cells into pluripotent stem 
cells in recent years [47, 48]. These human induced pluripotent stem cells (iPSCs) 
display hallmarks of genuine hESCs and can be, in principle, differentiated into any 
cell type in the human body. After these achievements, the next challenge was to 
direct the differentiation of human pluripotent stem cells specifically into retinal 
cells and/or photoreceptors using developmental biology principles.

Work performed in amphibians and chicks suggests that primordial cells adopt a 
neural fate in the absence of alternative cues [49]. The principles behind the default 
model of neural induction were first used to induce differentiation of mouse ESCs 
into primitive neurons [50] or into hypothalamic neurons [51]. The retina and cere-
bral cortex originate from the anterior portion of the neural plate, and hESCs spon-
taneously adopt an anterior positional identity when induced to differentiate into 
neurons [52, 53]. Learning from these developmental principles, several groups 
have attempted to induce the differentiation of hESCs into retinal neurons and pho-
toreceptors. However, only a fraction of these cells actually differentiate into retinal 
neurons, possibly because active inhibition of bone morphogenic protein (BMP), 
Transforming growth factor β (TGFβ) superfamily, and Wingless (Wnt) signaling is 
required (Fig. 1.3).

This model was further supported by work performed with the highly related 
Six3 and Six6 “retinal” homeobox transcription factors, which revealed that they 
promote anterior neural and retinal fates in part through direct transcriptional inhi-
bition of WNT and BMP-encoding genes [11, 54, 55]. Experimentally, this can be 
partially achieved by expressing Noggin and Chordin, two BMP antagonists, and 
Dickkopf-1 (Dkk), a Wnt antagonist. Furthermore, retinal fate can be promoted 
using Insulin Like Growth Factor-1 (IGF-1) [56, 57]. Application of this rationale 

1  Photoreceptor Cell Replacement Therapy from Stem Cells
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has led to the differentiation of hES cells into retinal progenitor cells, where ~12% 
of cells express CRX [58]. CRX is expressed by photoreceptor progenitors, mature 
photoreceptors, and a subset of bipolar neurons [16, 17, 19]. Although ~4% of 
differentiated hESCs were reported to express Rhodopsin, a marker of rod pho-
toreceptors, less than 0.01% express S-Opsin, a marker of cone photoreceptors. 
Notably, transplanted cells could adopt rod and cone photoreceptor phenotypes 
when grafted into the retina of normal and Crx-deficient mice [59]. The differentia-
tion of hESCs into cone and rod photoreceptors at a frequency of 12–20% over a 
150–200 days period was also achieved using Dkk and LEFTY, a Nodal antagonist, 
as well as retinoic acid and taurine, two factors that can promote terminal differ-
entiation of photoreceptors [60]. In addition, directed differentiation of hESCs into 
retinal pigment epithelium was performed using nicotinamide [61]. These early suc-
cesses in lineage-specific differentiation have paved the way for more sophisticated 
approaches.

1.4  �Retinal Organoids and Retinal Sheets

When pluripotent stem cells are aggregated in three dimensions they form floating 
embryoid bodies that will rapidly differentiate to generate the three primordial germ 
layers (Fig. 1.4). Under specific cell culture conditions, embryoid bodies can gener-
ate tissue-specific organoids, which are small organ-like embryonic structures that 
can reach up to 4 mm in diameter [62–65].

Fig. 1.3  Anterior neural and retinal cell fates require active inhibition of BMP, TGFβ, and WNT 
signaling. Illustration of the primitive vertebrate embryo body axis at the neural plate stage and 
showing the eye field region, which is located at the most anterior end of the neural plate (Courtesy 
artwork by Shufeng Zhou and Gilbert Bernier). Work using model organisms suggests that active 
inhibition of BMP, TGFβ, and WNT signaling is required for the formation of the anterior portion 
of the neural plate, which will give rise to the forebrain and the retina

G. Bernier
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Using a cocktail of growth factors and matrigel—an extracellular matrix prepa-
ration containing laminin, collagen, and growth factors—for coating the embryoid 
bodies, pioneering work from Yoshiki Sasai’s laboratory in Japan demonstrated the 
differentiation of mouse ESCs into retinal organoids. These amazing structures con-
tained about all cell types present in the mammalian retina [66]. This was rapidly 
followed by the differentiation of hESCs into retinal organoids having also multiple 
retinal cell types, including rod and cone photoreceptors [67–71] (Fig. 1.4). Because 
they recapitulate organogenesis, retinal organoids follow the same temporal 
sequence of retinal cell type genesis and differentiation compared to the developing 
human retina [70]. One drawback of this recapitulation of human retinal ontogeny 
is that photoreceptor cell differentiation can take up to 140 days in these cultures.

As an alternative to retinal organoids, 2D/3D retinal sheets have been produced 
from hESCs. Multifunctional BMP, TGFβ, and WNT antagonists of the Cerberus/

Fig. 1.4  Retinal organoids obtained from the differentiation of human iPSCs. iPSC colonies were 
dissociated and aggregated to form EBs in suspension cultures. After 41 days, pigmentation was 
observed suggesting the presence of retinal pigment epithelium (RPE) and neural retina-like (NR) 
structures. Organoids were sectioned and immunolabeled for photoreceptors markers CRX and 
Recoverin, and for retinal progenitors markers SOX2 and CHX10 (courtesy images from Andrea 
Barabino)

1  Photoreceptor Cell Replacement Therapy from Stem Cells
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DAN gene family are normally secreted by the primitive mesendoderm of the 
gastrula-stage embryo, promoting neural induction. Xenopus lacking the Cerberus 
homolog are headless, while Cerberus overexpression can lead to the formation of 
tadpoles with two heads [72–75]. In contrast to other gene-family members, Coco/
Cerl2 is also expressed in the ectoderm and until the end of gastrulation [76]. In the 
mouse, COCO/CERL2 is expressed in the developing optic vesicle and forebrain, 
and its expression is maintained in the adult retina and photoreceptors [77]. When 
continually exposed to human recombinant COCO/CERL2, ~80% of hESCs dif-
ferentiated into S-cone photoreceptors expressing CRX [77]. This supported the 
hypothesis that, in humans, photoreceptor development operates through an S-cone 
default pathway [14, 24–28]. Prolonging the cell culture time to 60 days resulted in 
the formation of a 150 μm thick polarized cone sheet with evidences of connecting 
cilium (RPGR) and primitive outer segment (S-Opsin and PNA) formation (Fig. 1.5). 
Self-organization of hESCs into a cone sheet was reminiscent of self-formation of 
hESCs into an optic cup-like structure [67].

In conclusion, findings made with retinal organoids and cone sheets opened the 
possibility of generating cones and rods in large numbers for cell transplantation 
therapy applications. They also constitute amenable platforms to study photorecep-
tor disease mechanisms and perform drug-screening assays using iPSCs generated 
from disease-affected patients [78].

Fig. 1.5  hESCs can be differentiated into a cone sheet upon exposure to COCO. The cone sheet 
was obtained after exposing hESCs to COCO for 45 days. The sheet was labeled with photoreceptor-
specific antibodies. Digital tissue reconstruction was made by the aggregation of multiple confocal 
images (courtesy images from Anthony Flamier)

G. Bernier
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1.5  �Photoreceptor Cell Transplantation Therapy

Despite the major impact of vision loss on quality of life, few if any efficient treat-
ments actually exist to treat or cure retinal degenerative diseases. Several drugs 
have been developed to correct the defective phototransduction visual cycle in 
disease-affected photoreceptors or to prevent photoreceptor cell death, with some 
of these showing promising results [79]. Gene therapy and gene editing techniques 
aiming at correcting or silencing the disease-causing mutation or replacing the 
defective gene also represent promising avenues. However, they generally rely on 
the injection of viruses and have shown limited success in patients to date, with the 
exception of patients affected by retinal degeneration linked to mutations in RPE65 
[80, 81]. Gene therapy may be also limited because each therapeutic focuses on a 
single gene or mutation at a time, when the RP phenotype can be caused by muta-
tions in hundreds of different genes. As an alternative, prosthetic epi-retinal 
implants (e.g., Argus II) have been developed to transmit an electrical signal to reti-
nal neurons mediated by the input of an external digital camera. Although interest-
ing, the device is expensive and, as yet, can only provide a limited visual activity to 
patients [82–84].

One alternative to these approaches is photoreceptor cell transplantation therapy. 
However, conceptually, there have been many contradictory reports on the effi-
ciency of photoreceptor transplantation therapy in animal models. Work using neo-
natal mouse rod precursors or mouse ESC-derived rod precursors grafted in the 
sub-retinal space of wild type (WT) or RP mouse models suggested efficient inte-
gration and terminal differentiation of rods into the host retina, with an improve-
ment of some visual function in RP mice [85–87]. Comparable results were observed 
when using hESC-derived rods grafted in WT and Crx−/− mice [59]. On the other 
hand, recent work suggests that grafted rod precursors undergo rapid material trans-
fer (RNA, protein, and exosomes) with the host photoreceptors, leading to the 
expression of the graft-carrying GFP reporter in host photoreceptors, potentially 
leading to non-cell-autonomous effects and false interpretation of previous cell 
engraftment efficiencies [88, 89]. That said, grafted photoreceptor precursors in the 
sub-retinal space could be useful to partially rescue endogenous disease-affected 
photoreceptors by the transfer of missing proteins or RNAs. Also, these observa-
tions do not necessarily prove that grafted photoreceptors are nonfunctional. Work 
from another group suggests that dissociated photoreceptors derived from hESCs 
and grafted in the sub-retinal space can integrate and differentiate efficiently into 
the mouse retina photoreceptor cell layer but only when the animal is partially 
immune-deficient [90]. Visual function of the Crx−/−/IL2Rγ−/− mice (which are 
completely blind) could be also improved, and extensive analyses of grafted cells 
confirmed that material transfer or cell fusion does not occur in this context [90]. 
Notably, human iPSC-derived retinal tissue grafted into the retina of late-stage rp1 
mice (which have no more photoreceptors) could form synapses with endogenous 
bipolar neurons and improve visual function, also excluding the thesis of material 
transfer to endogenous photoreceptors as a mechanism of visual function 
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improvement in this context [91, 92]. Results from these two experiments suggested 
that even in congenitally blind mice, the central connections from the retina are still 
intact and functional. Photoreceptor-containing retinal organoids produced from 
human iPSCs have been also transplanted into the retina of cynomolgus monkeys 
(Macaca fascicularis) after photoreceptor depletion secondary to an injection of 
cobalt chloride in the sub-retinal space [93]. This method resulted in complete loss 
of peripheral rod and cone photoreceptors, while generally sparing inner retinal 
neurons and the retinal pigment epithelium, representing a preclinical model of 
RP. In these experiments, retinal organoids did not form clear synapses with the host 
bipolar neurons and accumulated as rosette-shaped structures within the host sub-
retinal space [93]. These problems may originate from the heterogeneous nature of 
retinal organoids and from their tendency to generate embryoid body-like struc-
tures. On the other hand, rod-containing mouse retinal sheets also produced using 
the organoid method could form synaptic connections with the host bipolar neurons 
when transplanted into an RP mouse model [91]. Future experiments using a human 
cone sheet as a retinal patch to replace the macula in non-human primates will be 
critical to evaluate the clinical potential of this method.

One of the historical fears of cell transplantation therapy applications using cells 
generated from the differentiation of hESCs is the possibility of tumor formation. 
This is because hESCs can generate teratomas in immune compromise animals and 
this test is normally used to validate their pluripotency in vivo [47]. However, this 
problem is apparently over-stated for cell transplantation therapy using post-mitotic 
neural precursors or differentiated neurons. Clinical trials performed in the past 
years using dissociated retinal pigment epithelium cells or retinal pigment epithe-
lium sheets derived from hESCs and iPSCs did not report a single case of benign or 
malignant cell mass formation [94–96]. Tumor formation or abnormal cell prolif-
eration was also not observed in the retina of mice grafted with mouse ESC-derived 
photoreceptor organoids [91, 93, 96]. In all cases, one possible safeguard mecha-
nism would be to stably integrate a drug-inducible “killer gene” within the genome 
of the therapeutic cell line, allowing the destruction of the grafted cells with a drug 
injection in the event of uncontrolled proliferation.

The major problem of transplantation therapy in general is the immune compat-
ibility of the donor cells with the host [97]. Despite the dogma that the retina is 
immune-privileged, recent work revealed that immune reaction of the host against 
grafted photoreceptors is the number one obstacle to graft survival and integration 
[90, 98]. Although autologous transplantation of photoreceptors derived from the 
patient own iPSCs will prevent immune reaction, the generation of GMP-grade 
iPSC lines for every patient is time consuming and would be extremely expensive 
for clinical trial approval [99]. Importantly, the cell lines will also require genetic 
correction of the disease-causing mutation for all patients with inherited diseases 
[100]. One possibility to overcome immune reaction is to generate a bank of iPSC 
lines covering most HLA haplotypes of an entire population and this project is now 
ongoing in Japan. Alternatively, new gene editing technologies may allow the engi-
neering of a “universal donor” iPSC line compatible with any patient. In addition to 
acquired immunity, microglial activation and pro-inflammatory microenvironments 
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are characteristic of retinal degenerations [101, 102]. While neuro-inflammation 
and microglia activation can be attenuated with drugs such as minocyclin, the surgi-
cal trauma of transplantation therapy may exacerbate innate immunity and lead to 
the destruction of the graft. Notably, a small protein of 18 kDa (MANF), structur-
ally related to cerebral dopamine neurotrophic factor, was shown to promote photo-
receptor survival after transplantation in the sub-retinal space of mice [98]. MANF 
is a natural immune-modulator molecule that activates positive innate immunity 
cells for tissue repair [98]. Many new options now exist to potentially overcome 
immune reactions associated with photoreceptor cell transplantation therapy.

1.6  �Conclusion

The important technological advances made in the last decade in pharmacology, 
gene therapy, gene editing, bioengineering, and stem cell biology have demon-
strated that inherited human retinal degenerative diseases may be treatable or cured. 
It is over the next decade that we shall see the application of these technologies to 
cure blindness.
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Chapter 2
Human Pluripotent Stem Cells as In Vitro 
Models for Retinal Development and Disease

Akshayalakshmi Sridhar, Kirstin B. Langer, Clarisse M. Fligor, 
Matthew Steinhart, Casey A. Miller, Kimberly T. Ho-A-Lim, 
Sarah K. Ohlemacher, and Jason S. Meyer

Abstract  Human pluripotent stem cells (hPSCs) provide unprecedented access to 
the earliest stages of retinogenesis that remain inaccessible to investigation, thereby 
serving as powerful tools for studies of retinal development. Additionally, the abil-
ity to derive hPSCs from patient sources allows for the modeling of retinal degen-
erative diseases in vitro, with the potential to facilitate cell replacement strategies in 
advanced stages of disease. For these purposes, many studies over the past several 
years have directed the differentiation of hPSCs to generate retinal cells using sto-
chastic methods of differentiation, yielding all major cell types of the retina. In 
particular, these studies have favored the derivation of RPE, photoreceptors, and 
more recently retinal ganglion cells for disease modeling, drug screening as well as 
cell replacement purposes. More recently, advances in retinal differentiation meth-
ods have led to the generation of three-dimensional retinal organoids that recapitu-
late key developmental and morphological features of the retina, including the 
stratified organization of retinal cells into a tissue-like structure. This review pro-
vides an overview of retinal differentiation from hPSCs and their potential use for 
studies of retinogenesis as well as diseases that affect the retina.
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2.1  �Introduction

The human retina is a multilayered tissue composed of an intricate network of 
several types of retinal neurons that function in an integrated manner to convert 
the incoming light stimulus into an electrical impulse, which will be propagated 
to the brain to be converted into an image. Consequently, any disease or injury 
affecting retinal neurons disrupts this visual circuit, resulting in blindness. 
Hence, a thorough understanding of the development and functions of the human 
retina will facilitate the development of successful therapies for retinal degenera-
tive diseases. However, studies of the human retina are especially challenging as 
retinogenesis occurs early in gestation and remains largely inaccessible to inves-
tigation [1]. In this regard, human pluripotent stem cells (hPSCs), including 
human embryonic stem cells [2] and human induced pluripotent stem cells [3–5], 
provide a unique in vitro model capable of recapitulating the growth and diversi-
fication of developing retinal neurons.

hPSCs are self-renewing cells analogous to the inner cell mass/blastocyst 
stage of human development, which possess the ability to generate all cell types 
of the body. Therefore, hPSCs can be used to study even the earliest events of 
retinogenesis and generate limitless numbers of retinal neurons for translational 
applications [6–15]. While advancements in hPSC-retinal differentiation proto-
cols over the last decade have led to the successful generation of all types of reti-
nal neurons [9, 16–27], these cells have traditionally been differentiated in a 
manner that lacked the ability to assemble into a multilayered retinal-like struc-
ture. This lack of cellular organization not only affects the ability to faithfully 
recapitulate the events of retinogenesis as an in vitro model, but may also impact 
the quality and functionality of retinal cells generated for future translational 
applications, including disease modeling and cell replacement.

More recently, a fundamental shift in retinal differentiation protocols has 
developed which allows for the organization of hPSC-derived retinal neurons 
into an organized, multi-layered retinal-like structure [21, 28–30]. These resul-
tant populations, known as retinal organoids, are composed of retinal neurons 
arranged in a stratified manner that recapitulates the spatial and temporal pattern-
ing of native retinal tissue [21, 23, 28–39]. Thus, such hPSC-derived retinal 
organoids will likely serve as more effective in vitro models with which to reca-
pitulate earliest events of retinogenesis. Furthermore, these retinal organoids 
may enhance the application of hPSCs for disease modeling and cell replace-
ment. To serve in these capacities, however, refinements in the differentiation of 
retinal organoids will be needed, with improvements in these protocols likely to 
be inspired by our growing understanding of the regulatory factors at play in the 
developing retina in vivo.

A. Sridhar et al.
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2.2  �Development and Organization of the Vertebrate Retina

The retina is a complex multilayered tissue that originates from the developing 
diencephalon and consists of six neuronal cell types that work in a coordinated 
fashion to perceive and interpret incoming visual information [40, 41]. Based on the 
orientation of retinal cells, the retina can be broadly classified into three layers: (1) 
the outer nuclear layer consisting of the photoreceptor cells, including the rods and 
cones, (2) the inner nuclear layer consisting of the interneurons, namely bipolar 
cells, amacrine cells, and horizontal cells, and (3) the ganglion cell layer consisting 
of the retinal ganglion cells whose axons extend to form the optic nerve [42, 43]. In 
addition to these neuronal cell types, Muller glia are the primary glial cells of the 
retina, with cell bodies in the inner nuclear layer and processes traversing the length 
of the retina, providing necessary architectural and functional support. Additionally, 
photoreceptors are supported and nourished by the retinal pigmented epithelium 
(RPE), a sheet-like layer of epithelium located below the photoreceptor layer. 
Retinal neurons are intricately connected through a network of synapses, with con-
nections between the photoreceptors, bipolar cells, and horizontal cells, referred to 
as the outer plexiform layer. Similarly, the inner plexiform layer represents the 
dense fibrils between the ganglion cells, bipolar cells, and amacrine cells.

This structure forms a highly regulated pathway for visual transduction, which is 
critical to the functioning of the retina [44]. Briefly, incoming light is focused onto 
the retina via the cornea and lens, where it first interacts with the photoreceptors in 
the outermost layers of the retinal tissue. These photoreceptors convert the visual 
light into an electrical stimulus via the phototransduction pathway, which is then 
transmitted to the retinal ganglion cells via the interneurons of the retina. Finally, 
the ganglion cells extend their long axons via the optic nerve and synapse with their 
postsynaptic targets, including the superior colliculus and the lateral geniculate 
nucleus. Relays to cortical areas responsible for signal integration enable vision. 
Overall, the function of the retina depends on all its components working in a 
sequential manner to integrate and transmit the visual information to the brain. 
Consequently, any disruption in this visual circuit due to injury or disease results in 
loss of vision or blindness. As such, the use of hPSCs provides a powerful tool with 
which to study the development of the retina, as well as disruptions to retinal func-
tion resulting in vision loss [45]. However, modeling the functions of the retina and 
its pathophysiology requires the differentiation and organization of these cells in a 
manner which closely recapitulates the native retina, necessitating a thorough 
understanding of mechanisms associated with retinal development in vivo.

Retinal development is determined by the combinatorial actions of growth fac-
tors as well as transcription factors, which not only specify retinal cell types but also 
determine their spatio-temporal location. Retinogenesis begins early in gestation 
and the first morphological evidence of the retina is seen during neurulation [46]. As 
the developing neural plate forms the neural tube, optic grooves emerge on either 
side of the diencephalon. These grooves, now known as optic vesicles, evaginate 
toward the surface ectoderm, resulting in reciprocal signaling between these struc-
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tures. This reciprocal exchange of signals leads to the induction of the retina from 
the distal optic vesicle and the formation of the lens placode from the ectoderm. 
Consequently, the proximal optic vesicle is induced by the surrounding mesen-
chyme to form the retinal pigmented epithelium (RPE). Following specification of 
the optic vesicle, these cells acquire a multipotent progenitor identity and will sub-
sequently multiply and differentiate into all cell types of the retina (Fig. 2.1). Retinal 
cell genesis is specified in an evolutionally-conserved order, which is dictated by the 
competence of retinal progenitors, and a combination of exogenous signaling gradi-
ents as well as endogenous transcriptional regulation [47–49]. Based on this model, 
studies of retinal development in model systems have demonstrated that ganglion 
cells, horizontal cells, and cone photoreceptors are the earliest-born retinal cell 
types. Amacrine cells are specified slightly later in development, followed by rod 
photoreceptors, while bipolar and muller glia cells are the last cell types to develop 
in the retina. Retinal development and maturation continues throughout gestation 
and visual synapses continue to mature after birth. Overall, the specification of the 
retina from its early diencephalic origins follows a tightly conserved order of events. 

Fig. 2.1  hPSCs generate retinal cells using stochastic methods of differentiation. hPSCs were 
directed to a retinal fate using a stepwise protocol, where retinal neurons were specified in a con-
served, temporal sequence. Within 70 days of differentiation, photoreceptors were readily identi-
fied by the expression of photoreceptor-specific markers CRX/RECOVERIN (a), while ganglion 
cells expressed BRN3 and extended MAP2 positive neurites (b). hPSCs-derived RPE demonstrate 
characteristic pigmentation and hexagonal morphology, seen via bright field microscopy (c). 
Additionally, hPSC-derived interneurons such as horizontal cells and amacrine cells could be iden-
tified via PROX1 and AP2α expression respectively. Scale bars equal 40 μm
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Likewise, to properly and reliably direct the differentiation of hPSCs to a retinal 
fate, knowledge and application of these developmental events to cellular differen-
tiation protocols is essential.

2.3  �In Vitro Studies of Retinal Development Using hPSCs

The development of the human retina is initiated at some of the earliest stages of 
gestation, making the study of these critical cell fate determination events difficult. 
Given their pluripotent nature, hPSCs may provide a unique and novel tool for the 
study of these early developmental events by serving as comprehensive models of 
the major stages of human retinogenesis, even at stages that would be otherwise 
inaccessible to investigation in the embryo. With the resultant retinal cells, the 
potential then exists for their translational application, including cell replacement 
approaches as well as the ability to model and study retinal degenerative diseases in 
a dish when derived from specific patient sources. In order to serve in this capacity, 
however, these cells must be directed to differentiate toward a retinal lineage in a 
step-wise process that faithfully recapitulates the major stages of retinogenesis 
in vivo [50]. As such, numerous efforts have been made over the last decade focused 
on the derivation of retinal cells from hPSCs, often adopting critical principles of 
developmental biology to guide the differentiation process (Table 2.1). Initial work 
in this field focused upon the differentiation of retinal cells by inhibiting BMP and 
WNT signaling in the presence of IGF-1 [9, 19, 68]. Similarly, other groups have 
been successful in achieving retinal differentiation through the inhibition of WNT 
and Nodal signaling [17, 18, 24, 25, 69]. Subsequently, efforts relying upon the 
default adoption of a rostral neural fate in the absence of specific morphogenic fac-
tors led to the development of discrete retinal progenitor cell populations, which 
would later give rise to retinal neurons in a temporally appropriate manner [21–23, 
26, 27, 63].

While these protocols provided the ability to generate all the major cell types of 
the retina, most of the early focus has favored the generation of RPE and photore-
ceptor cells as many retinal diseases primarily affect these outer retinal cells, result-
ing in their degeneration and subsequent loss of vision. Additionally, RPE and 
photoreceptors possess unique phenotypic markers and functional properties that 
enables their ease of identification in vitro, which is often lacking for other cell 
types of the retina. Among the earliest retinal differentiation studies, RPE was first 
observed to be spontaneously differentiated from hPSCs in relatively high numbers 
[51]. These cells were initially identifiable in cultures of differentiating stem cells 
due to the accumulation of melanin pigment within these cells that could be readily 
visualized. Further confirmation of RPE differentiation was provided by their char-
acteristic hexagonal shape and upon isolation of these cells, they commonly 
expressed a full complement of RPE-associated features [21, 52, 54–56, 59, 60, 
70–77]. Similarly, photoreceptors were among the first retinal neurons to be 
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Table 2.1  Summary of stochastic methods of retinal differentiation from hPSCs

Authors
Cell types 
observed Signaling factors Functional characteristics

Klimanskaya 
et al. [51]

RPE bFGF
LIF
KOSR

Lamba et al. 
[19]

Amacrine cells
Bipolar cells
Horizontal cells
Photoreceptors
Retinal ganglion 
cells

Dkk1
IGF1
Noggin

Calcium response to glutamate and 
NMDA

Banin et al. [16] Photoreceptors bFGF
EGF
Noggin

Osakada et al. 
[24]

Amacrine cells
Bipolar cells
Horizontal cells
Immature muller 
cells
Photoreceptors
RPE
Retinal ganglion 
cells

Activin-A
aFGF
bFGF
DAPT
Dkk1
FBS
Lefty
Retinoic acid
Shh
Taurine

Carr et al. [7, 
52]

RPE bFGF
Hydrocortisone
KOSR
Taurine
T3

Photoreceptor outer segment 
phagocytosis

Meyer et al. [22] Photoreceptors
RPE

Default neural 
specification

Idelson et al. 
[53]

RPE KOSR
Activin-A
TGFβ1
SB431542
bFGF

Buchholz et al. 
[54]

RPE bFGF
KOSR
FBS

Photoreceptor outer segment 
phagocytosis

Mellough et al. 
[20]

Photoreceptors
RPE

Activin A
bFGF
Dkk1
IGF1
Lefty
Noggin
Retinoic acid
Shh
T3
Taurine

(continued)
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Table 2.1  (continued)

Authors
Cell types 
observed Signaling factors Functional characteristics

Singh et al. [55, 
56]

RPE bFGF
EGF
FBS
FGF2

Photoreceptor outer segment 
phagocytosis
Polarized secretion of growth factors
Calcium responses to ATP
ATP, TER measurements

Tucker et al. 
[57]

Photoreceptors
RPE

aFGF
bFGF
DAPT
Dkk1
IGF1
Lefty
Noggin
Retinoic acid
Shh
T3
Taurine

Riazifar et al. 
[58]

Retinal ganglion 
cells

bFGF
DAPT
FBS
KOSR

Inward/outward currents
Action potential response to CNQX

Ferrer et al. [59] RPE Activin A
Hydrocortisone
KOSR
Nicotinamide
Noggin
SB431542
Taurine
Triiodothyronine

Intracellular calcium responses
Respond to changes in potassium and 
ATP concentrations

Maruotti et al. 
[60]

RPE Chetomin
Nicotinamide

Zhou et al. [61] Photoreceptors COCO
Dkk1
FGF2
IGF1
Noggin
T3

Sluch et al. [62] Retinal ganglion 
cells

FGF-A
FBS
Forskolin
Taurine

Firing of action potentials
Response to AMPA/NBQX
Mitochondrial movement through 
RGC axons

Ohlemacher 
et al. [63]

Retinal ganglion 
cells

Default neural 
specification

Firing of action potentials
Hyperpolarized resting membrane 
potential
Inward/outward ionic currents

(continued)
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identified due to the large number of photoreceptor-specific markers that have been 
previously identified in retinal development studies [9, 19, 20, 22, 24, 25, 78].

More recently, some efforts have focused upon the differentiation of retinal gan-
glion cells from hPSCs. These cells have been somewhat more difficult to definitively 
identify in differentiating cultures as they lack any truly specific markers to separate 
them from some other neuronal populations. However, the ability to identify these 
cells has been facilitated in recent years by following their differentiation through a 
retinal progenitor intermediary or via the use of fluorescent reporters [58, 62, 63, 65, 
79–82]. Additionally, some studies have demonstrated the ability to derive all the 
major neuronal cell types of the retina, including interneurons, although these cells 
have not been extensively characterized to date [21, 22, 25–27, 29, 61, 63, 68, 69, 83].

Table 2.1  (continued)

Authors
Cell types 
observed Signaling factors Functional characteristics

Barnea-Cramer 
et al. [64]

Photoreceptors BDNF
CNTF
DAPT
Insulin
Noggin
Retinoic acid

Gill et al. [65] Retinal ganglion 
cells

bFGF
Dkk1
IGF1
KOSR
Noggin

Firing of action potentials
Inward/outward currents
Axonal transport of mitochondria

Teotia et al. 
(2017)

Retinal ganglion 
cells

BDNF
cAMP
CNTF
Cyclopamine
DAPT
FGF8
Follistatin
Forskolin
NT4
Shh
Y27632

Inward/outward currents
Fire action potentials

Sluch et al. [66] Retinal ganglion 
cells

DAPT
Dorsomorphin
Forskolin
Glutamax
IDE2
LDN-193189
Nicotinamide
Noggin
SB431542

Efficient immunopurification of 
RGCs
In vitro axonal injury model

Langer et al. 
[67]

Retinal ganglion 
cells

Default neural 
specification

Identification of RGC subtypes
Use of single cell RNAseq to 
elucidate RGC subtypes and novel 
subtype markers

A. Sridhar et al.
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While the above methodologies have been highly successful for the derivation of 
all of the major types of retinal neurons, this differentiation often occurred as a 
somewhat heterogenous population of retinal cells. This differentiation allows for 
the ability to study many features within individual cells, but does not account for 
the critical interactions between neurons of the retina which are necessary for their 
proper maturation and function. Furthermore, many disorders of the retina result 
from the loss of connectivity between cells, making the study of these disorders 
more difficult in heterogeneously arranged cultures. To overcome these shortcom-
ings, efforts have been directed toward the differentiation of retinal cells from 
hPSCs in a manner which closely mimics the development and three-dimensional 
organization of the retina. Initially, studies described the ability of hPSCs to differ-
entiate toward a retinal lineage in a step-wise fashion, yielding three-dimensional 
structures closely resembling the optic vesicle and optic cup stages of retinogenesis 
[21–23, 29]. Subsequently, further efforts expanded upon these early results to gen-
erate three-dimensional structures termed retinal organoids that were found to effec-
tively recapitulate the spatial and temporal organization of the various neuronal cell 
types of the retina, resulting in a stratified, multilayered structure [28, 30, 34–38].

2.4  �Applications of Retinal Organoids for Modeling Human 
Development

With the goal of effectively recapitulating the complex organization and interplay 
between the different types of neurons of the retina, studies within the past few 
years have described the ability of hPSCs to differentiate toward a retinal lineage in 
a step-wise fashion [17, 22, 68]. The resultant populations of cells have yielded 
structures that closely resemble the developing optic cup, with enriched populations 
of retinal progenitor cells discretely arranged into a cup-like structure (Fig. 2.2). 
Subsequent efforts have expanded upon these early results to generate retinal organ-
oids that effectively recapitulate the spatial and temporal organization of the various 
neuronal cell types of the retina (Table  2.2). As a result, these retinal organoids 
provide a powerful and novel tool for studies of the earliest stages of human retinal 
development.

As compared to early methods of retinal differentiation from pluripotent cells, 
retinal organoids offer several advantages as an in  vitro model of retinogenesis. 
Importantly, these organoids can self-assemble into discrete three-dimensional 
structures with major classes of retinal neurons arranged into distinct layers similar 
to their organization within the retina [21, 28–31, 33, 35–39]. The differentiation of 
these retinal organoids progresses through all the major stages of retinogenesis, 
including stages analogous to the eye field, optic vesicle, and optic cup, thereby 
allowing for the ability to visualize some of the earliest events of human retinal 
development. Similar to embryonic retinogenesis [50], differentiation of resultant 
cells within retinal organoids has been demonstrated to follow a conserved sequence 
of events, with early-born cell types such as RGCs among the first retinal neurons 
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to be specified, while later-born cell types such as rod photoreceptors among the last 
[21, 23, 28–31, 33, 34, 37, 85].

Retinal cells occupy strategic positions within the adult retina, with ganglion cells 
residing in the innermost layers of the retina, whereas photoreceptor cells closely 
associate with RPE and form the outermost layers. The spatial arrangement of retinal 
neurons and their synaptic connections linking them together are critical to their 
proper function and as such, retinal cells derived from hPSCs should similarly reca-
pitulate this level of organization. While traditional methods of differentiation have 
allowed for the successful generation of all the major cell types of the retina, these 
approaches have lacked the ability of retinal cells to assemble into a layered struc-
ture. These shortcomings of traditional approaches have been overcome by the devel-
opment of retinal organoids, which allow for the maintenance of cell–cell contacts 
between retinal neurons [21, 23, 28–30, 32, 33, 35, 37, 38, 85]. These organoids 
formed a pseudostratified epithelium-like structure which allows the retinal cells to 

Fig. 2.2  hPSCs can be directed to generate retinal organoids using three-dimensional differentia-
tion approaches. hPSCs were directed to generate retinal organoids in a stepwise manner analo-
gous to major stages of retinogenesis. Optic vesicle-like retinal organoids expressed retinal 
progenitor markers, CHX10, PAX6, and cell proliferation marker Ki67 after 1 month of differen-
tiation (a–d) while photoreceptor marker RECOVERIN and ganglion cells marker BRN3 were 
seldom seen at this early stage of development. After 2 months of differentiation, retinal organoids 
acquired a cup-like appearance and retinal cells were arranged in a stratified manner. Photoreceptor 
markers (CRX, RECOVERIN, OTX2, and ND1) occupied apical layers of the organoids (e–i), 
horizontal and amacrine cells (PROX1, AP2α) in the middle and ganglion cells (BRN3, SV2) 
occupied basal layers within the organoids (e–j). Scale bars equal 150 μm for a–d and 100 μm for 
e–j
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mature in both a temporal and spatial fashion, with ganglion cells specified in basal 
laminae of the organoids while photoreceptors occupy apical regions.

The three-dimensional nature of organoids also likely aids in the functional mat-
uration of retinal neurons, which has been largely limited in retinal cells derived 
using traditional differentiation methods. While these retinal cells differentiated by 
traditional approaches commonly express a variety of features associated with all of 
the major cell types of the retina, these cells lacked the structural and functional 
differentiation typically associated with more mature retinal neurons. The use of 
three-dimensional retinal organoids allows for the acquisition of more advanced 
features of differentiation within these cells including enhanced outer segments and 
the ability to respond to light stimuli, presumably due to their ability to interact and 
self-organize with neighboring cells. Further refinements of these organoid cultures 
have also involved the addition of external signaling molecules in long-term cul-
tures to further guide their differentiation [28, 30, 32]. This has been particularly 
true for photoreceptors, which have been the most extensively studied cell type 
derived within retinal organoids. The experimental manipulation of critical signal-
ing pathways within retinal organoids has led to refinements in photoreceptor dif-
ferentiation, including accelerated differentiation as well as increased expression of 
phototransduction proteins. Photoreceptors derived in this fashion exhibited charac-
teristic bulb-like structures at their tips, demonstrated membranous disc-like struc-
tures in regions resembling outer segments, and occasionally displayed 
electrophysiologic responses to light stimuli [30, 38].

2.5  �Application of hPSC-Derived Cells for Retinal Disease 
Modeling

Beyond the applications of hPSCs for modeling retinal development, these cells 
also serve as powerful and unique platforms for the study of human retinal degen-
erative diseases. Due to the degeneration of specific populations of retinal neurons, 
these diseases are characterized by loss of vision and eventual blindness. Retinal 
degenerative diseases can be most readily classified into diseases that affect cells of 
the outer retina or those affecting the inner retina, most notably age-related macular 
degeneration and glaucoma, respectively [86, 87]. Traditionally, the ability to study 
the progression of these disease states has been limited to animal models. While 
these animal models have led to significant advances in our understanding of retinal 
disease progression [88–94], important differences exist between the retinas of ani-
mal models and humans, including the prevalence of rods and cones as well as the 
presence of a macula in humans. Furthermore, studies in humans have been largely 
limited to postmortem retinal tissue or to retinal imaging approaches that lack the 
resolution to examine individual cells. While these studies have been informative 
about the end-result of disease pathology, the approach necessarily limits the ability 
to better understand disease progression within individual cells.
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Table 2.3  Selected demonstrations of retinal disease modeling with hPSCs

Authors
Disease 
modeled

Cell types 
studied Disease phenotype

Therapeutic approach
Gene 
correction

Drug 
screening

Jin et al. [95] Retinitis 
Pigmentosa

Photoreceptors ER stress
Oxidative stress

✓

Meyer et al. 
[21]

Gyrate Atrophy RPE Enzymatic defect ✓ ✓

Tucker et al. 
[96]

Retinitis 
Pigmentosa

Photoreceptors Alu mutation in MAK 
gene

Singh et al. 
[55, 56]

Best disease RPE Phagocytosis defects
Oxidative stress
Altered calcium 
homeostasis

Minegishi 
et al. [97]

Glaucoma Neural cells Increased protein 
deposits and 
insolubility

✓

Lustremant 
et al. [98]

LCA RPE Gene polymorphism
Oxidative stress

Tucker et al. 
[99]

Glaucoma Retinal 
ganglion cells

Autophagy defects

Yang et al. 
[100]

AMD RPE Oxidative stress

(continued)

In order to overcome these shortcomings for studies of retinal degenerative dis-
eases, recent research has focused on the use of hPSCs to model and understand 
disease progression (Table 2.3). When generated from patients with a known genetic 
basis for retinal degeneration, hPSCs provide an infinite supply of cells for the deri-
vation of the affected cell type, and can thereby serve as powerful tools to study the 
disease phenotype [85, 110, 111]. Over the last several years, studies have utilized 
hPSCs for studies of degenerative diseases of the retina, with a particular focus on 
those diseases that affect RPE and photoreceptors [11, 15, 21, 56, 60, 70–72, 95, 96, 
98, 101, 105, 109, 112–119]. These cells are often affected in retinal degenerative 
diseases such as age-related macular degeneration, and the derivation of these cells 
has been extensively characterized through hPSC retinal differentiation protocols. 
Such approaches have helped to demonstrate the improper function and/or reduced 
survival of RPE and photoreceptors in patient-derived cells, thereby providing 
insight into potential mechanisms underlying the loss of these retinal cell types [11, 
21, 53, 56, 101, 105, 115, 116]. Furthermore, patient-derived hPSCs have also been 
utilized to identify novel genetic variants underlying retinal degeneration, highlight-
ing the potential to target this area for the development of therapies [96, 98].

While diseases affecting cells of the outer retina have been extensively studied 
with hPSCs, studies related to diseases affecting inner retinal neurons have been 
largely limited. Of the diseases affecting inner retinal neurons, the most common is 
glaucoma with a current incidence of greater than 60 million people worldwide 
[120, 121]. Glaucoma results in the degeneration of retinal ganglion cells (RGCs), 
leading to a decreased connectivity between the eye and the brain and subsequent 
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Table 2.3  (continued)

Authors
Disease 
modeled

Cell types 
studied Disease phenotype

Therapeutic approach
Gene 
correction

Drug 
screening

Cereso et al. 
[101]

Choroideremia RPE Biochemical defect
Under prenylation of 
protein

✓

Yoshida 
et al. [102]

Retinitis 
pigmentosa

Photoreceptors Increased ER stress
Increased apoptosis
Autophagy defects

✓ ✓

Burnight 
et al. [6]

LCA Photoreceptors Fewer and shorter 
cilia

✓

Li et al. 
[103]

Retinitis 
pigmentosa

RPE Disorganized RPE
Loss of apical 
microvilli
Reduced pigmentation

✓

Lukovic 
et al. [11]

Retinitis 
pigmentosa

RPE Phagocytosis defects

Schwarz 
et al. [104]

Retinitis 
pigmentosa

RPE Trafficking defects in 
cilia
Loss of protein
Disrupted golgi 
cohesion

✓

Singh et al. 
[36, 76]

Best disease RPE Increased oxidation
Phagocytosis defects

✓

Moshfegh 
et al. [105]

Best disease RPE Chloride channel 
defect

Chen at al. 
[106]

Dominant optic 
atrophy

RGCs Increased apoptosis ✓

Ohlemacher 
et al. [63]

Glaucoma Retinal 
ganglion cells

Increased apoptosis ✓

Parfitt et al. 
[84]

LCA RPE
Photoreceptors

Cilia defects
Abnormal protein 
splicing

✓

Saini et al. 
[107]

AMD RPE Upregulated 
complement and 
inflammatory markers

✓

Ramsden 
et al. [108]

Retinitis 
pigmentosa

RPE Phagocytosis defects ✓ ✓

Teotia et al. 
[82]

Glaucoma Retinal 
ganglion cells

Shortened neurites, 
immature activity, 
reduced expression of 
guidance cues

Hallam et al. 
[109]

AMD RPE Increased 
inflammation and cell 
stress, accumulation 
of liquid droplets, 
impaired autophagy
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loss of vision. The ability to derive RGCs from hPSCs has been a more recent area 
of investigation, which now allows for the application of these cells for studies of 
retinal degenerative diseases affecting the inner retina [58, 62, 63, 81, 82, 97, 99, 
122]. Recently, efforts have focused on the use of hPSCs from patients with genetic 
determinants of degenerative diseases that directly affect the RGCs, such as gene 
mutations underlying some forms of normal tension glaucoma and dominant optic 
atrophy. Interestingly, upon the differentiation of these cells, RGCs from patient 
sources exhibited increased apoptosis, thereby allowing for subsequent studies of 
disease mechanisms leading to degeneration of RGCs [63, 106].

While traditional retinal differentiation protocols have been highly successful in 
modeling certain features of some retinal degenerative diseases, the resultant retinal 
cells differentiate in a manner that lacks any three-dimensional organization that 
mimics how cells are arranged into retinal tissue. Retinal organoids may serve as an 
improved model for studies of retinal disease modeling, allowing for the interaction 
between different cell types and therefore providing the ability to assess the effects 
of degeneration on the entire tissue. While such an ability has yet to be demon-
strated for retinal organoids, the use of cerebral organoids for disease modeling has 
provided an important proof of principle and have been particularly successful for 
some of the effects of cerebral diseases, such as microcephaly and lissencephaly 
[123–125]. In the near future, it is likely that retinal organoids will be applied for the 
study of retinal degenerative diseases. As recent studies have demonstrated the suc-
cessful organization and maturation of photoreceptors within retinal organoids [21, 
29, 30, 34, 38, 76], disease-modeling approaches will most likely be applied for 
outer retinal diseases. Recent studies utilizing hPSC-derived retinal organoids have 
primarily utilized a genetic basis versus an idiopathic basis for retinal degenerative 
diseases [39, 76, 84]. Additionally, further improvements to retinal organoids will 
likely be necessary to be able to apply them to a wide variety of retinal degenerative 
diseases. For example, hPSC-derived retinal organoids do not demonstrate a 
macula-like region or a functioning RPE layer, they are currently suited to model 
diseases that affect peripheral photoreceptors [39, 76, 84]. Further improvements in 
the differentiation methods to also include the characterization and maturation of 
inner retinal neurons will enable the study of diseases to affect ganglion cells with 
retinal organoids.

2.6  �Drug Screening with hPSC-Derived Retinal Cells

When derived from individual patient populations, particularly those with a known 
genetic basis underlying retinal disease, hPSCs possess the ability to recreate cer-
tain features of the disease phenotype and model the degeneration associated with 
retinal diseases. With the resulting data accumulated from such studies, these cells 
can then be utilized for the development of therapeutic approaches for retinal degen-
erative diseases [111, 119, 126–129]. Following the directed differentiation of 
patient-derived hPSCs to a retinal fate, drug screening efforts can be targeted to an 
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affected retinal cell type, providing a platform for assessing the ability of candidate 
compounds to rescue the disease phenotype.

The use of patient-derived hPSCs for drug screening has been particularly suc-
cessful for degenerative diseases that affect the outer retina, whose cells have been 
routinely derived and extensively characterized from hPSCs [6, 11, 21, 76, 84, 102–
104, 107, 108, 116, 117, 130]. Photoreceptors and RPE are the most common cell 
types affected in many retinal degenerative diseases such as age-related macular 
degeneration (AMD), where the loss of photoreceptors combined with dysfunctions 
in RPE leads to loss of vision. As patient-derived RPE has been shown to recapitu-
late some of the hallmark features of AMD, including elevated expression of inflam-
matory factors and defective oxidative stress responses, recent studies have utilized 
hPSC-derived RPE as a platform for the screening of candidate drugs to assess the 
ability to improve their survival [56, 59, 76, 100, 131]. The results of these studies 
have enabled the identification of select compounds as potential neuroprotective 
agents that can alleviate RPE degeneration [107]. Similarly, hPSC-derived retinal 
cells have also been utilized for drug screening purposes as a means to alleviate 
photoreceptor loss due to retinitis pigmentosa, with results indicating that hPSC-
derived photoreceptors were able to recapitulate the disease phenotype and upregu-
late markers of oxidative stress, lipid oxidation, and apoptosis [11, 57, 102, 103, 
108]. Treatment of the degenerating rod photoreceptors with antioxidant vitamins 
effectively increased photoreceptor survival.

While hPSC differentiation strategies initially emphasized the cells of the 
outer retina, recent refinements in differentiation protocols have enabled the 
stepwise differentiation and identification of inner retinal neurons, particularly 
RGCs [58, 62, 63, 79, 81, 82, 106]. RGCs serve as the critical connection between 
the eye and the brain to transmit visual information, and their degeneration is 
part of a spectrum of diseases known as optic neuropathies, resulting in vision 
loss and eventual blindness. RGCs differentiated from hPSCs, particularly when 
derived from patient-specific sources, allow for the ability to screen new drug 
compounds and develop personalized treatment profiles for optic neuropathies 
[63, 106]. As a proof of principle, recent studies have successfully demonstrated 
the ability to faithfully recapitulate some of the degenerative processes associ-
ated with optic neuropathies in hPSC-derived RGCs, with subsequent drug 
screening approaches enabling the identification of neurotrophic factors capable 
of rescuing RGC degeneration [63].

While a number of studies have successfully demonstrated the ability to screen 
compounds for their neuroprotective effects on hPSC-derived retinal cells, these 
approaches have focused on isolated cells lacking any three-dimensional organiza-
tion reminiscent of retinal tissue. With the advent of retinal organoids, hPSCs can be 
directed to differentiate in a manner that recapitulates the architecture, spatial con-
nectivity and functioning of the retina, and may therefore be better suited for drug 
screening purposes. Given the more detailed demonstration to date of photoreceptor 
differentiation and organization in the outer layers of retinal organoids, these cells 
are likely better suited for drug screening applications for photoreceptor diseases. In 
contrast to outer retinal diseases, retinal organoids can also be used to test and 
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develop therapies for inner retinal neurons such as RGCs, which are primarily 
affected in optic neuropathies.

2.7  �hPSC-Derived Retinal Cells as a Vehicle for Cell 
Replacement

While early stages of retinal degenerative diseases may be effectively studied 
with hPSCs, and subsequently drug screening approaches may aid in the neuro-
protection of these degenerating cells, the irreversible loss of retinal neurons in 
later stages renders such measures ineffective, resulting in severe vision loss and 
blindness. In such cases, attempts to replace degenerated cells through trans-
plants of healthy retinal cells constitute the only remaining effective option to 
restore some visual function [129, 132]. The transplantation of cells into the 
retina represents a more feasible option for cell replacement when compared to 
other cells of the nervous system, as the relative ease of accessibility of the retina 
and its reduced immunological response will likely facilitate cell replacement 
[133, 134]. To aid in this goal, hPSCs can serve as a renewable source of stem 
cells for the differentiation of retinal cells for a variety of translational approaches 
to retinal repair. Transplants of hPSC-derived retinal cells can assist in neuropro-
tection, particularly at earlier stages of the disease process, and can lead to poten-
tial delay in disease progression. At later stages of the degenerative process, 
hPSC-derived retinal cells can serve as a source for repopulation of the retina 
following the loss of host neurons.

Several studies have examined the use of hPSC-derived photoreceptors for cell 
replacement in diseases that affect the outer retina, with the goal to replace the 
degenerating neurons with their functional equivalents [9, 39, 64, 135, 136]. Initial 
studies focused on transplantation of undifferentiated retinal stem cells into animal 
models, which could integrate into many layers of the retina and exhibit neuronal 
morphologies [137–139]. However, these cells were often limited in number and 
their ability to be expanded, and rarely exhibited any ability to give rise to photore-
ceptor cells. As an alternative, more recent efforts have focused upon the ability of 
hPSC-derived photoreceptor cells for cell replacement. Upon transplantation, sev-
eral groups have demonstrated the ability of these cells to integrate into the host 
retina and form connections with other retinal neurons, in some cases leading to 
improved visual function and restoration of light sensitivity [135, 140, 141]. Further 
investigations into the transplantation of hPSC-derived photoreceptors have demon-
strated the use of immunodeficient mouse models to improve survival of hPSC-
derived photoreceptors [136].

As the RPE provides essential support for photoreceptors, similar approaches 
for cell replacement have also been developed for RPE loss in retinal degenera-
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tive diseases, often associated with the secondary loss of photoreceptors. hPSC-
derived RPE has been utilized in the development of cell replacement strategies 
for diseases such as age-related macular degeneration [15, 21, 76, 107, 109, 114, 
131]. In this capacity, the transplant of RPE cells has been accomplished by 
either subretinal injection as a cell suspension or as RPE sheet transplantation 
[142–151]. The latter approach may offer numerous advantages, as the cells 
retain their polarization and are arranged in a discrete monolayer, allowing better 
integration within the host retina. The success of the above-named transplanta-
tion strategies has paved the way for hPSC-derived RPE in clinical trials for 
AMD and Stargardt’s disease, where transplanted cells were shown to improve 
visual acuity in patients, illustrating the ability of hPSCs to rescue visual defects 
in retinal degenerative diseases [14, 152].

Many of the cell replacement strategies developed to date have focused on the 
transplantation of RPE and/or photoreceptors due to their ease of differentiation and 
more limited need of these cells to extend neurites to form synaptic connections, 
which will likely make replacement efforts easier. However, the development of 
replacement strategies for inner retinal neurons such as RGCs is more complicated, 
largely due to their more elaborate nature and need to extend long axonal projec-
tions to form synaptic connections in the optic tectum [153–155]. As such, pharma-
cologic strategies to combat RGC degeneration have focused on early stages of the 
disease process where neuroprotection is feasible [63, 106]. The goal is both to 
improve RGC survival, as well as potentially regrow axons to reestablish central 
synaptic connections. Similar efforts have not been widely adopted yet for hPSC-
derived RGCs, although early studies have demonstrated the ability of hPSC-derived 
RGCs to survive following intravitreal transplantation [80]. Further studies into the 
use of hPSC-derived RGCs are certainly warranted, as several recent reports have 
demonstrated the differentiation and enrichment of RGCs from hPSCs in vitro [63, 
66, 67, 80, 82].

Efforts for cell replacement to date have often focused on the transplantation 
of a single type of retinal neuron. At late stages of retinal degeneration, other 
retinal neurons are often damaged and lost, leading to the need to replace multi-
ple types of cells. Retinal organoids represent an exciting option for cell replace-
ment at these late stages of retinal degeneration, as these organoids possess the 
relevant retinal cells pre-assembled into a stratified structure, and can serve as 
“mini-retinas” for replacement of retinal tissue [21, 23, 28–30, 32, 39, 63]. Early 
attempts at these strategies have recently been demonstrated in mouse models of 
retinitis pigmentosa, where retinal organoids were transplanted and retained 
transplants of retinal organoids in mice led to the retention of their three-dimen-
sional architecture and formed presumptive synaptic connections with host bipo-
lar cells [142]. Similar experiments have also been conducted in nonhuman 
primates, with the transplantation of hPSC-derived retinal organoids resulting in 
increased visual acuity [156].
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2.8  �Conclusions and Future Directions

Overall, research over the past several years has established hPSCs as a powerful 
tool for studying some of the earliest stages of human development that would 
otherwise remain inaccessible to investigation [19, 22, 23, 25, 27, 37]. This has 
encouraged the establishment of efficient differentiation protocols to generate all 
major cell types of the retina, including photoreceptors, RPE, and retinal ganglion 
cells [9, 20, 21, 30, 53, 55, 58, 61, 63, 70, 78, 81, 82, 113, 157, 158]. These hPSC-
derived retinal cells have assisted in modeling retinal degenerative diseases, espe-
cially when generated from patients with inherited retinal dystrophies. For this 
purpose, patient-derived hPSCs have helped in understanding disease progression 
and mechanisms, and have subsequently enabled the identification of candidate 
neuroprotective factors to combat the degeneration of retinal neurons [11, 21, 39, 
56, 57, 63, 76, 84, 98, 100, 103, 106, 115, 116, 128, 148]. However, these mea-
sures have limited utility at late-stage disease, where the loss of multiple retinal 
cell types is irreversible, resulting in severe loss of vision. As a source of cell 
replacement therapies, hPSC-derived retinal cells have been shown to integrate 
within the host retina, form synaptic connections as well as demonstrate func-
tional rescue. Such strategies have been extensively studied in the context of RPE 
and photoreceptor degeneration [6, 7, 10, 39, 136, 141, 142, 149, 156, 159–161], 
and is finding application in current clinical trials in AMD and Stargardt’s disease 
using hPSC-derived RPE [14, 152].

While tremendous progress has been made in the differentiation of retinal neu-
rons from hPSCs [17, 19, 20, 22, 26, 53, 63, 69, 71, 81, 162], these cells often fail 
to fully differentiate into functionally relevant phenotypes which would better 
mimic the structure and functionality of the retina. Therefore, recent advances have 
led to the development of a three-dimensional approach to retinal differentiation, 
where hPSCs are directed to yield discrete populations closely analogous to the 
developing optic cup and eventually giving rise to a pseudostratified structure 
resembling the retina [21, 28–31, 33, 35–39]. With these advances, retinal organoids 
follow predicted stages of retinal development, and have led to enhanced differen-
tiation and maturation of photoreceptors, facilitating the application of these 
approaches for studies of retinal development and pathogenesis in both normal and 
diseased states.

Patient-derived organoids may be best suited for assessing the effects of 
disease-related neurodegeneration on specific retinal cell types, as well as their 
interactions with each other. Currently, retinal organoids are likely better suited 
for studies of photoreceptor diseases, as photoreceptor development and matura-
tion has been extensively characterized in retinal organoids, leading to rod-dom-
inant retinal domains similar to peripheral regions of the retina [29, 30, 35, 38, 
39]. Therefore, rod-cone dystrophies like retinitis pigmentosa, which begins as a 
peripheral retinal degeneration, can be most effectively modeled with retinal 
organoids, with the goal of developing neuroprotective strategies. Moreover, 
future efforts to characterize inner retinal neurons within retinal organoids will 
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help to model and develop therapies for RGC degeneration in optic neuropathies. 
In addition to studies of retinal development and disease, the most exciting fea-
ture of retinal organoids may be their ability to serve as a replacement for retinal 
tissue in severely degenerated retinas. The interconnected structure composed of 
multiple retinal neurons may facilitate integration and replacement of multiple 
cell types within the degenerated retina.
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Chapter 3
Bioengineered and Regenerative Medicine 
Strategies for Retina Repair

Linyang Yu, Vianney Delplace, Samantha L. Payne, and Molly S. Shoichet

Abstract  With the development of biomedical engineering and regenerative medi-
cine, new ways of treating retinal diseases are being explored. We provide a sum-
mary of the most recent bioengineering strategies employed for the delivery of 
therapeutics and cells in the treatment of retinal diseases. We describe current chal-
lenges in the field of ocular drug and cell delivery, and the way that innovative 
materials, advanced protein therapies, and controlled release systems are being used 
as potential treatments. New implants and nanoparticles are promising for drug and 
protein delivery, while hydrogels and biomaterial scaffolds are useful for enhanced 
survival and integration of transplanted retinal cells. This chapter concludes with an 
outlook for future studies in the field of ophthalmic delivery.
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3.1  �Introduction

Millions of people worldwide suffer from retinal degenerative diseases, from partial 
vision loss to complete blindness. Age-related macular degeneration (AMD) and 
diabetic retinopathy (DR) are the leading causes of retinal degeneration [1]. AMD 
affects more than 11 million individuals in the United States (U.S.), and the global 
prevalence is 170 million [2–4]. With the aging population, the number of patients 
with AMD is expected to continue to increase. In addition, individuals diagnosed 
with diabetes represent approximately 8.5% of the world adult population, and one 
in three diabetics has some degree of DR [5]. With more than six million people 
affected, glaucoma is another leading cause of irreversible blindness; however, the 
pathophysiology of glaucoma, which results in optic nerve damage due to increased 
intraocular pressure, differs significantly from that of AMD and DR. The lack of 
inherent regenerative capacity of the retina, along with limited treatment options for 
millions of patients, has led to research into innovative repair strategies.

Biomedical engineering strategies have advanced over the past several decades, 
resulting in new ways to deliver both biomolecules and cells to the retina. For exam-
ple, drugs such as ranibizumab and aflibercept have been developed and approved 
by the FDA to treat AMD, while liposomes and other nanoparticles have been 
designed to achieve more efficacious drug delivery to the eye. Moreover, with the 
advances in stem cell biology, their delivery and that of their progenitors have been 
pursued with the goal of reversing blindness [6]. Biomaterials have been shown to 
promote cell survival and integration [7, 8]. Here, we focus on both biomolecule 
delivery to slow the progression of retinal degeneration, and cell delivery to pro-
mote retinal regeneration.

3.2  �Drug Delivery to the Posterior Segment of the Eye

The eye is considered an immunoprivileged site due to the blood retinal barrier 
(BRB)  and the absence of a lymphatic system [9]. Penetration into the retina by 
systemically administered drugs is limited by the BRB, necessitating local delivery. 
The eye has a number of properties that make it well suited for local delivery strate-
gies, including its relative accessibility, its size, and the inner barriers, which limit 
drug clearance [10]. However, topical drug delivery to the posterior segment of the 
eye is limited by pre-corneal drainage, the lipoidal nature of the corneal epithelium, 
and systemic circulation absorption, which leads to low drug bioavailability in the 
retina—typically less than 5% [11–13]. Therefore, subconjunctival/subtenon injec-
tions (between the conjunctiva/tenon and the sclera) or intravitreal injections (into 
the vitreous humor) are the most common routes of administration for drug delivery 
to the posterior segment of the eye [14]. Routes of administration, barriers, and 
transporters have been extensively reviewed elsewhere [15–17] and will not be fur-
ther discussed here.
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3.2.1  �Drugs and Growth Factors for Ocular Treatment

3.2.1.1  �Neurotrophic Factors

Various neurotrophic factors have been studied as potential candidates to treat reti-
nal degeneration by supporting endogenous cell survival and growth (Table 3.1), 
including: brain-derived neurotrophic factor (BDNF) [18–20], pigment epithelium-
derived factor (PEDF) [21], nerve growth factor (NGF) [22], glial cell line-derived 
neurotrophic factor (GDNF) [19, 20, 23–26], and ciliary neurotrophic factor (CNTF) 
[23, 27–29].

BDNF has attracted much attention as it has been shown to limit the progression 
of retinal dysfunction in a variety of animal models [19, 30, 31]. In rats with light-
induced retinal degeneration, intravitreal administration of BDNF significantly 
slows down the apoptosis of photoreceptors [30]. Another study showed that BDNF 
increases pERK and c-fos immunoreactivity in Müller glia and ganglion cells, and 
not in photoreceptors, supporting photoreceptor protection via a secondary mecha-
nism [32]. BDNF was also demonstrated to be effective in treating glaucoma. In a 
chronic glaucoma model developed from DBA/2J mice, intravitreal injections of 
BDNF showed improvement in retinal ganglion cell (RGC) survival after 2 weeks 
[18, 33]; and visual function rescue was observed in the early stage of the degenera-
tion [18].

GDNF, the first member of the GDNF family discovered, has both morphologi-
cal and functional protective effects on rod photoreceptors, and was shown to be 
more potent than BDNF for the treatment of irreversible rod degeneration in early 
stages of retinitis pigmentosa (RP) [34]. Naturally secreted by retinal glial cells 
(e.g., Müller glia), GDNF has been shown to: significantly attenuate the degenera-
tion of adult rat RGCs [26]; protect the retina from degeneration induced by light 
damage [35]; and prevent cell death of rod photoreceptors in a RP mouse model 
[34]. In an in vitro study using dissociated rat rod photoreceptors, high concentra-
tions of GDNF, but not BDNF, resulted in better cell survival and light-responsive-
ness [23]. In a retinal degeneration (rd) mouse model, subretinal injection of GDNF 
preserved the normal structure and function of photoreceptors [34]. In addition, 
increased outer nuclear layer (ONL) thickness, rod photoreceptor survival, and 
improved ERG signals were observed in transgenic S334ter rhodopsin (Rho) rat 
(line 4) after recombinant adeno-associated virus (rAAV)-mediated GDNF delivery 
[36]. GDNF also exhibits a protective effect on RGCs. For example, in D2 mice 
with spontaneous glaucoma, a single-intravitreal injection of GDNF-loaded PLGA 
microspheres protected the RGCs from chronic glaucoma effectively for at least 
10 weeks [24]. Compared with BDNF, intravitreal injection of GDNF has superior 
protective effects on RGCs; and a combined delivery of BDNF and GDNF further 
enhanced RGC survival [26].

Other trophic factors have attracted attention for the treatment of retinal disor-
ders, including: ciliary neurotrophic factor (CNTF), pigment epithelium-derived 
factor (PEDF), epidermal growth factor (EGF), fibroblast growth factor (FGF2), 
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Table 3.1  Neurotrophic/trophic factors for the treatment of retinal degenerations

Neurotrophic 
factor

Delivery 
method Disease model Outcome Reference

BDNF Intravitreal 
injection

Light damage rats Increase the ONL thickness [40]

Intravitreal 
injections

Mutant mouse/rat 
with inherited retinal 
degeneration

Slowing down the 
degeneration of 
photoreceptors

[41]

Subretinal 
injection

S334ter line 3 
rhodopsin retinal 
degenerate rat

Neurotrophic effect was not 
significant

[42]

Intravitreal 
injection

Normal rat Improved retinal function [18]

Subretinal 
injection

S334ter line 3 
rhodopsin retinal 
degenerate rat

Better response to optokinetic 
and visual electrophysiological 
responses

[43]

GDNF In vitro 
explant

rd/rd mouse Twofold increase in the 
number of viable 
photoreceptors

[44]

Subretinal 
injection

rd/rd mouse Improvement of rod 
photoreceptor survival

[34]

Subretinal 
injection

S334ter line 3 
rhodopsin retinal 
degenerate rat

Enhanced responsiveness of 
retina in both rosette and 
laminated transplants

[45]

CNTF Intravitreal 
injection

Light damage rat Increase the ONL thickness [30]

Intravitreal 
injection

Mutant mouse/rat 
with inherited retinal 
degeneration

Improved cell survival [23]

Intravitreal 
injection

Normal rat CNTF impaired retinal 
function

[29]

Axokine 
(rhCNTF)

Intravitreal 
injection

Light damage rat No photoreceptor rescue [40]

Subretinal 
injection

Q344ter mouse Prolonged photoreceptor 
survival

[46]

Intravitreal 
injection

AD rod-cone feline 
dystrophy

Prolonged photoreceptor 
survival

[47]

PEDF Intravitreal 
injection

rd/rd mouse Prolonged photoreceptor 
survival

[48]

Intravitreal 
injection

Mutant mouse/rat 
with inherited retinal 
degeneration

Improved retinal function [21]

Intravitreal 
injection

PDT Brown-Norway 
rat

Increased photoreceptor 
survival and function

[49]

Subretinal 
injection

Ischemia Wistar rat Increased IRL, improved RGC 
survival

[50]

(continued)
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insulin-like growth factor (IGF), and transforming growth factor (TGF-β) 
(Table 3.1). For example, in damaged rat retinas, increased CNTF expression in 
Müller glia directly activates the JAK/STAT and MAPK pathways [37], and medi-
ates photoreceptor cell survival in both light-induced [38] and neurodegenerative 
disease models [39]. However, the short half-life of CNTF and the resulting con-
cerns of repeated intraocular injections have limited its translation to the clinic. The 
mechanism of action and side effects associated with many of these factors remain 
unclear.

3.2.1.2  �Angiogenesis Inhibitors

Both diabetic retinopathy and wet AMD stem from abnormal neovasculature due to 
vascular endothelial growth factor (VEGF) overexpression. Different categories of 
drugs have been studied as potential anti-VEGF candidates for intravitreal injec-
tions, which decrease either vascular permeability or neovascularization [57].

Table 3.1  (continued)

Neurotrophic 
factor

Delivery 
method Disease model Outcome Reference

Intravitreal 
injection

Light damage SD rat Preserved photoreceptor 
morphology, improved ERG 
response

[51]

Intravitreal 
injection

RCS rat Photoreceptor rescue, better 
retinal light sensitivity

[52]

RdCVF In vitro 
explant

Chicken embryos Improved cone survival [53]

Subretinal 
injection

P23H rat Increase in cone number and 
ERG

[54]

NGF Intravitreal 
injection

Light damage rat Low degree photoreceptor 
rescue

[40]

Intravitreal 
injection

RCS rat Enhanced photoreceptor 
survival

[22]

NT-3 Intravitreal 
injection

SD rat with nitric 
oxide damage

INL rescue [55]

Intravitreal 
injection

SD rat with light 
damage

Low degree photoreceptor 
rescue

[40]

Intravitreal 
injection

Light damage 
mouse; rd/rd, rds/+, 
q334ter mutant 
mouse

No retina protection [46]

FGF2 Intravitreal 
injection

Light damage rat Increase the ONL thickness [40]

aFGF Intravitreal 
injection

Light damage rat High degree photoreceptor 
rescue

[40]

IGF-1 Intravitreal 
injection

Light damage rat Low degree photoreceptor 
rescue

[40]

Subretinal 
injection

Rd10 rat Low degree photoreceptor 
rescue

[56]
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Intraocular injections of corticosteroids (such as dexamethasone and fluocino-
lone acetonide) have been shown to inhibit both VEGF and VEGF gene expression, 
resulting in improved vision in patients with diabetic macular edema (DME) com-
pared to traditional laser photocoagulation. Unfortunately, corticosteroid use is lim-
ited by adverse side effects, such as elevated intraocular pressure leading to 
glaucoma and cataract-related adverse effects [58].

Recent innovations in anti-angiogenic antibodies and nucleotides have generated 
new opportunities for ocular treatments of age-related diseases. Three monoclonal 
antibodies, aflibercept (Eylea™) [59], bevacizumab (Avastin™) [60], and ranibi-
zumab (Lucentis™) [61], have shown reduced macular edema and improved vision 
in the treatment of AMD, with significantly better results than macular laser therapy. 
Pegaptanib (Macugen™), a PEGylated RNA aptamer designed to treat neovascular 
ophthalmic diseases, was the first aptamer therapeutic approved for use in humans 
[62]. Although potentially safer than the two antibodies due to a more selective 
inhibition, it was ultimately shown to be less effective [63]. Ranibizumab and 
aflibercept remain the only two FDA-approved VEGF inhibitors for the treatment of 
wet AMD and DME [59], despite similar results with off-label use of bevacizumab 
[58, 64]. Aside from the previously mentioned angiogenic inhibitors, a variety of 
alternative mechanisms of action and gene transfer therapies are currently under 
investigation, such as targeting vascular endothelial receptor tyrosine kinase [65], 
overexpressed integrins [66], hypoxia-induced activator [67], or metalloproteinases 
[68], among others [69]. Notwithstanding the potential of these strategies, only pre-
liminary studies have been conducted and the possible adverse effects on normal 
choroidal vessels and retinal neurons need to be evaluated [70]. Pursuing the iden-
tification of genes involved in neovascular AMD also holds great promise for future 
treatments [71].

Although rates of adverse ocular effects are generally low, anti-angiogenic treat-
ments require repeated intravitreal injections over prolonged periods of time 
(months to years), which can result in complications such as ocular inflammation, 
endophthalmitis (in 1% of patients), subconjunctival hemorrhage, increased intra-
ocular pressure, and retinal detachment [58]. Topical administration via eye drops 
avoids these complications, yet suffers from low bioavailability, which has restricted 
this route mainly to the treatment of anterior segment and corneal diseases. These 
observations underscore the need for innovative delivery strategies.

3.2.2  �Limitations of Protein Delivery to the Retina

Conventional ocular administration of therapeutic factors in saline has numerous 
limitations: rapid inactivation of factors prior to reaching their targets, toxicity from 
overdose caused by burst release, patient compliance, and convenience. Various 
ocular barriers also pose more significant challenges compared with drug delivery 
to other parts of the body, including both static and dynamic barriers. Sclera, 
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choroid and retinal pigment epithelium (RPE) are typical static barriers, while con-
junctival blood and lymphatic circulation are the main dynamic barriers [11].

3.2.3  �Delivery Strategy

The ideal ocular delivery system for age-related diseases should meet the following 
criteria: (1) sustained and controlled drug release, with the rate and duration opti-
mized to the clinical condition (usually months to years); (2) limited number of 
surgical interventions (and fewer is better); (3) high specificity to the targeted tissue; 
(4) limited side effects; and (5) fast clinical translation. While viral vectors for ocu-
lar gene therapy are promising [72, 73], they will not be discussed here. Instead, we 
will focus on implants, nanocarriers, and innovative delivery strategies.

3.2.3.1  �Implants

To avoid frequent intravitreal injections, intravitreal rod-shaped implants containing 
corticosteroids for prolonged drug release were developed [74]. The recently FDA-
approved Iluvien™ offers 36-month delivery of fluocinolone acetonide from an 
injectable silicone adhesive tube, with the drug diffusing through a poly(vinyl alco-
hol) membrane [75]. The choice to use a nondegradable material is questionable, as 
it requires surgical removal. This problem has been overcome in Ozurdex™, a simi-
lar material that delivers dexamethasone from a degradable matrix of poly(lactic-
co-glycolic acid) (PLGA) [76]. Most recently, the safety and efficacy of the 
Ozurdex™ implant was confirmed in a clinical trial. However, in the previous study, 
the efficacious duration is shorter than 6 months and consequently, reinjection of 
Ozurdex™ at 6 months may be suggested for maximum benefit [77].

Implants reduce the risk of vision loss and improve the speed of visual recovery 
while avoiding side effects associated with multiple injections. However, the use of 
implants can increase intraocular pressure and cataract progression due to both trac-
tion exerted on the vitreous [78] and the side effects of corticosteroid therapy. As an 
example, the results of a 3-year randomized phase II/III clinical trial on another 
implant containing fluocinolone acetonide, Retisert™, showed reduced recurrence 
rate of noninfectious posterior uveitis, but also an overall elevated intraocular pres-
sure (IOP) incidence of 68–71% (vs. 19–24% for non-implanted eyes). Moreover, 
nearly all (94%) of the patients with a phakic-implanted eye—that is an eye with a 
native crystalline lens implanted with Retisert™—required subsequent cataract sur-
gery (vs. 30% for phakic non-implanted eyes) [79, 80].

Another remarkable implant-based strategy consists of transplanting a capsule 
that contains genetically engineered mammalian cells able to sustainably produce 
therapeutic proteins [81]. The NT-501 implant contains a human RPE cell line 
transfected to release CNTF and encapsulated in a poly(ethylene terephthalate) 
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scaffold (see Fig. 3.1) [82]. Encouraging results, such as long-term photoreceptor 
protection, were obtained using several animal models (rats, rabbits, and dogs) [39, 
83], and led to advanced clinical trials [84]. The NT-501 is currently undergoing a 
Phase 2 trial as a 12-month treatment for patients with macular telangiectasia and 
glaucoma [85]. It should be emphasized that no significant improvement over con-
trols has been observed in retinitis pigmentosa patients necessitating further exami-
nation to definitively assess implant efficacy [86]. While encapsulated cell therapy 
has been investigated for over two decades, and this approach shows some promise, 
it also underscores the complex interactions of the disease and cell therapy, even 
when the cells are physically isolated from the system to deliver bioactive proteins. 
Nevertheless, this approach may inspire future innovations in therapeutic delivery.

3.2.3.2  �Ocular Nanotherapy

Drug encapsulation in nanoparticles has been widely investigated for ocular deliv-
ery, as described in numerous review articles. For example, Kompella et al. [88] 
extensively reviewed the field of ocular nanotherapies, Bochot et al. [89] presented 
a complete review of state of the art liposomes for intravitreal drug delivery, and 
Kang-Mieler et al. [90] summarized the delivery systems currently in clinical trials. 
Here, we highlight the most recent developments in nanomedicine concerning age-
related ocular diseases and discuss the emerging use of transscleral administration 
and peptide-targeted therapies.

Nanotherapy requires high drug loading, a defined size between 30 and 200 nm, 
stability of the delivered biomolecules in the intraocular space, material biocompat-

Fig. 3.1  Encapsulated cell therapy (ECT) for ocular drug delivery. Reproduced with permission 
[87]
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ibility, and bioresorbability. A variety of systems have been proposed, based on 
solid lipid nanoparticles [91, 92], polymeric nanoparticles [93, 94], liposomes [95], 
micelles [96], and dendrimers [97, 98]. When injected in the vitreous, these nano-
therapies allow prolonged drug release [99, 100], which reduces the number of 
injections required. However, although reduced, similar potential complications to 
traditional intravitreal drug delivery may be expected, including ocular inflamma-
tion and elevated intraocular pressure. Therefore, transscleral delivery for topical 
applications has attracted attention because it constitutes a noninvasive route of 
administration to deliver drugs to the posterior segment of the eye. For example, 
polymeric micelles of dexamethasone applied topically provide a promising alter-
native to intravitreal injections. Using materials such as poly(hydroxyethyl-
aspartamide) or crosslinked poly(N-isopropylacrylamide-co-vinyl pyrrolidone) 
result in greater drug bioavailability and significantly reduced inflammation in ani-
mal models [101, 102], Furthermore, eye drops containing dexamethasone-
cyclodextrin microparticles have demonstrated some clinical success for the 
treatment of diabetic macular edema [103, 104] and cystoid macular edema [105, 
106]. Thus, despite a lingering skepticism about the appropriateness of topical treat-
ments for the posterior segment, these results suggest that this administration route 
is promising for retinal disease.

Liposomes, which are the most studied system for any ocular treatment [107], 
have recently been advanced by grafting specific binding peptides for active tissue 
targeting. For example, PEGylated 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-PEG) has been modified with a series of cell-adhe-
sive peptides to promote binding to receptors expressed in neovascular tissue: the 
integrin binding RGD tripeptide [108, 109], the angiogenic vessel-specific APRPG 
pentapeptide [110], and an ephrin mimetic dodecapeptide (YSAYPDSVPMMS) 
[111]. In animal models, these studies showed enhanced drug delivery, downregu-
lated VEGF expression, and/or reduced choroidal neovascularization. Despite the 
appeal of such advanced strategies and more than 20 years of research on liposomes 
for ocular delivery [112], no liposomal formulation for intravitreal or topical treat-
ment of retinal disorders has reached the market to date [89]. This highlights the 
major limitations of the two main routes of administration—side effects after intra-
vitreal injections and low bioavailability after transscleral administration. 
Conversely, systemic administration of liposomes has been successful in the treat-
ment of other diseases [113]. Interestingly, the only marketed liposomal treatment 
for age-related retinopathy, Visudyne®, uses systemic administration to deliver a 
photosensitizing agent (Verteporfin) for photodynamic therapy of neovascularized 
retina [114]. Systemic administration also prevents some blurring effects induced 
by the presence of particles in the humor, which is a well-known side effect of intra-
vitreal micro/nanotherapies and a source of visual discomfort [89]. An inspiring 
alternative is intravenous delivery of RGD-functionalized PLGA nanoparticles that 
are designed to deliver a recombinant Flt23k intracellular receptor, an antagonist of 
VEGF, and have been shown to restore 40% of vision loss in a monkey choroidal 
neovascularization model [115, 116].
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The benefits of anti-angiogenic therapy have already resulted in the translation of 
antibodies to the market for ocular therapies: bevacizumab (Avastin™) and ranibi-
zumab (Lucentis™). However, advanced delivery strategies have been ineffective at 
increasing their efficacy, suggesting opportunities for further innovation. For exam-
ple, bevacizumab-loaded, peptide-conjugated liposomes showed enhanced drug 
delivery and prolonged intravitreal residency in animal models, yet efficacy was not 
demonstrated [99]. Similarly, bevacizumab delivery from a thermosensitive, biode-
gradable, and biocompatible intravitreal hydrogel revealed no significant improve-
ment over controls [117]. This emphasizes the challenge and the opportunity: local, 
sustained delivery of anti-angiogenic factors remains a fertile area for strategic 
investment. In that regard, inspiration may be found from the recent development of 
“VEGF sticky-traps”, where VEGF-receptors binding domains (similar to afliber-
cept) are recombinantly synthesized together with heparin-binding domains to 
allow prolonged, local binding of the drug to the heparin sulfate proteoglycans of 
the ECM, therefore improving VEGF inhibition and reducing side effects [118].

3.2.3.3  �Advanced Synthetic Materials

Advanced materials play an increasingly important role in ocular drug delivery and 
are one of the key features to versatile, tunable, and controlled delivery systems. For 
example, crosslinked hydrogels allow sustained, controlled release by tuning the 
crosslinking and functionalization. A crosslinked PNIPAAm-based hydrogel was 
injected into the vitreous with no indication of unwanted side effects [119] while a 
thiolated poly(aspartic acid) demonstrated in situ gelation for use as a potential 
ocular mucoadhesive drug delivery system, with a sustained, 24 h drug bioavail-
ability [120]. Nanoparticle-hydrogel composite systems have the potential to fur-
ther reduce burst and sustain release for local delivery. For example, the encapsulation 
of ranibizumab or aflibercept in PLGA nanoparticles prior to entrapment in a 
PNIPAAm hydrogel resulted in an extended drug release for up to ~200 days [121]. 
When this treatment was applied in vivo, using a laser-induced model of choroidal 
neovascularization, it showed significantly reduced lesion areas in the treated ani-
mals compared with the non-treated group. However, no significant functional 
improvement was observed by ERG [122].

Triggered release from stimuli-responsive materials is an interesting strategy for 
ocular treatment as it offers on-demand, spatiotemporally controlled drug bioactiv-
ity. Using the unique characteristic of transparency of the eye, a light-degradable 
polymeric nanocarrier has been used for minimally invasive release of a tyrosine-
kinase inhibitor, nintedanib, under low-power UV exposure. Although UV irradia-
tion may damage retinal cells and should be used carefully [123, 124], this system 
demonstrated release upon irradiation up to 30 weeks after intravitreal injection and 
long-term suppression of choroidal neovasculature in rats.

Advanced materials have begun to be pursued to provide new solutions to the 
challenge of targeted delivery to the eye. For example, while there is considerable 
enthusiasm for gene therapy, an appropriate delivery vehicle is needed to effectively 
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target the tissue of interest. Recently, cationic lipid-based systems, which are known 
to facilitate endocytosis and endolysosomal escape, were applied to ocular delivery 
and resulted in higher gene transfection efficiency, underlining the importance of 
understanding cell trafficking in the field of drug delivery [125, 126]. This should, 
however, be carefully considered, as cationic surface charge may induce a strong 
inflammatory cell response [127]. Finally, as a proof-of-concept study for ocular 
imaging, an amphiphilic vinyl block copolymer modified with a single-strand col-
lagen mimetic peptide (CMP) was co-nanoprecipitated with a semiconducting poly-
mer with good fluorescent properties. Stable nanoparticles of 40 nm were obtained 
and demonstrated selective binding to collagen in histology sections of mouse cor-
nea tissue. This paves the way toward ocular “theranostic” approaches where the 
diagnostic and therapeutic agents can be combined into one system to better target 
and image the cells [128–130].

3.2.3.4  �Innovative Delivery Concepts

Among the new mechanisms of action that have been explored as treatment strate-
gies for age-related retinal degeneration, the prevention of excessive reactive oxy-
gen species (ROS) formation should be highlighted. ROS formation is known to 
trigger oxidative stress which in turn damages retinal tissue and is thus a good thera-
peutic target [131]. Two systems have been designed to overcome the tissue damage 
associated with ROS by intravitreal injection of either human serum albumin 
nanoparticles containing a plasmid encoding a superoxide dismutase (SOD1) gene 
[132], and nanoceria crystallites composed of cerium oxide. Human serum albumin 
nanoparticles coated with hyaluronic acid were administered intravitreally, fol-
lowed by ultrasound treatment via the transscleral route, leading to higher nanopar-
ticle motility and increased retinal tissue penetration. This method caused minimum 
damage to the retinal tissue and demonstrated a better delivery profile [133]. The 
latter strategy is particularly exciting because no excipients are required for delivery 
and it was efficacious in a rat model; angiogenesis-associated pathologies were pre-
vented, including reduced levels of retinal ROS and VEGF, vascular lesions, sub-
retinal neovascular tufts, light damage, and blindness [134, 135]. In a separate study, 
a peptide was delivered via a modified chitosan nanocarrier with the goal of regulat-
ing RPE phagocytosis, which is known to be a key factor in photoreceptor survival 
[136]. Another study reports the inhibitory effect of gold nanoparticles on retinal 
neovascularization in a mouse model of retinopathy of prematurity (ROP) [137].

Beyond improved traditional implants and nanotherapies, novel concepts have 
been developed. Contact lenses as drug carriers for sustained release have been 
evaluated for the delivery of anti-glaucoma treatments. This complex system, in 
which coated nano-diamond clusters were successively embedded in chitosan 
spheres and a poly(hydroxyethylmethacrylate) (PHEMA) hydrogel matrix, showed 
controlled and sustained release of encapsulated timolol maleate and prolonged 
drug activity on primary human trabecular meshwork cells from the cornea (see 
Fig. 3.2) [138]. Another interesting study for glaucoma treatment used a molecular-
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imprinting technique to combine the PHEMA contact lens with carbonic anhydrase 
inhibitors [139]. This study demonstrated a better-controlled release profile. 
However, the long-term biocompatibility and physical properties of this delivery 
system after drug encapsulation need further investigation [140]. Similarly, the 
development of microfabrication techniques now allows the design of unusual 
delivery systems, such as micropatterned planar microdevices for drug delivery 
across the RPE [141] or hollow microneedles for suprachoroidal particle injection 
[142, 143]. For example, when nanoparticle-stabilized emulsion droplets were 
injected in the suprachoroidal space using hollow micro-needles, at least 50% of the 
nanoparticles were found at the back of rabbit eyes [144]. A recent study demon-
strated the use of an electroforming cobalt-nickel microtube designed to be loaded 
with drugs by capillary action before minimally invasive intravitreal injection and 
wireless magnetic positioning within the eye. The so-called swiveling tubular mag-

Polyethylenimine
coating

Modified
nanodiamonds

Enzyme activity

N-acetylated chitosan
crosslinking

Timolol maleate encapsulated in
enzyme-degradable nanogel

Timolol maleate

Enzyme-triggered, sustained
release of the drug

Drug-encapsulated nanogels in
polyHEMA contact lens

a

b

Fig. 3.2  Contact lenses as drug carriers for sustained delivery of anti-glaucoma treatment. (a) 
Chemically modified nano-diamonds are successively coated with polyethylenimine (PEI) and 
co-encapsulated with an anti-glaucoma drug (timolol maleate) in crosslinked chitosan nanogels. 
(b) Drug-encapsulated nanogels are then embedded in poly(hydroxyethylmethacrylate) (poly-
HEMA) hydrogel matrix and cast into contact lenses for enzyme-triggered delivery to the eye. 
Reproduced with permission [87] 
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netic microrobot is a good example of what could be the future of ocular delivery 
[145].

Despite major discoveries and progress in the treatment of age-related ocular 
diseases, ocular drug delivery systems remain somewhat invasive with limited dura-
tion of drug bioavailability in the posterior segment of the eye. Moreover, current 
therapies only slow the progression of vision loss rather than reversing the disease. 
Current regenerative strategies require cell delivery and here, innovative combina-
tions of cells, biomaterials, and delivery vehicles are being pursued.

3.3  �Cell Delivery Strategies

3.3.1  �Introduction

Cell therapy promises to limit and reverse retinal degeneration. There are two 
approaches being pursued for cell therapy: (1) transplantation of cells to replace 
damaged tissue; and (2) transplantation of cells to locally produce therapeutic mol-
ecules to promote endogenous repair [147]. Endogenous stem cell stimulation is a 
third option; however, this approach is rendered more difficult by the quiescent 
nature of the endogenous retinal stem cells [148]. For successful transplantation and 
replacement of endogenous tissue, cells must survive and integrate into the host 
system. This requires migration to the target tissue, differentiation into the correct 
cell type for integration into the existing circuitry, and restoration of long-term func-
tion, all while being exposed to the hostile conditions of the aging or degenerating 
retina. Although age-related degenerative diseases have different origins, they all 
culminate in the death of specific cell types of the retina, whether photoreceptors, 
RPE cells, or retinal ganglion cells (RGCs) [149]. To address this, cell delivery 
strategies include the transplantation of healthy photoreceptors [150], photoreceptor 
precursor cells [151], RGCs [6, 152, 153], RPE cells [154, 155], or somatic cell 
types that secrete trophic factors [156, 157].

3.3.2  �Challenges with Cell Transplantation

Despite encouraging results with retinal transplantation, there remain a number of 
challenges that must be overcome for long-term functional recovery. The method of 
delivery must be carefully considered as the degree of trauma caused by the delivery 
of cells can affect the inflammatory response and thus the success of the transplanta-
tion [158, 159]. Currently there are two locations in the eye used for delivery: the 
subretinal space, which is more technically challenging and potentially disruptive, 
but is the location where the photoreceptors and/or RPE cells are lost; and the vitre-
ous, which is less invasive and not as technically challenging, but requires cells to 
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survive in the vitreous and then migrate to the retina. Ideally, cells injected as a 
suspension into the subretinal space should migrate and distribute along the retina 
as a monolayer. However, following a bolus injection of cells in saline, aggregation 
is often observed, resulting in cell death and limited (if any) host tissue integration 
[160, 161]. Introducing the use of materials to support cells and provide proper 
distribution in the subretinal space increases cell survival following transplantation 
[7, 162, 163].

Another major concern for cell transplantation is the survival and integration of 
cells. It is unclear how many cells survive in many cases, as quantification of cell 
survival is not often reported, but it appears that the majority of cells undergo apop-
tosis [160, 164, 165]. One reason for this is the problem of anoikis, an apoptotic 
cascade initiated by lack of cell anchorage to an extracellular matrix [165, 166]. 
This is supported by the observation that RPE cells transplanted as a whole sheet 
survive better than as a suspension [167, 168]. An additional contributing factor to 
cell death is the hostility of the microenvironment, which includes the presence of 
apoptotic signals, inflammatory cells, and damage to the surrounding architecture 
[153, 169, 170]. To compound this issue, cells that fail to integrate and undergo 
apoptosis secrete pro-apoptotic signals and create debris, causing further damage to 
the surrounding tissue [158, 170]. Beside survival, integration, and functional 
recovery, another challenge comes from the method used to assess cell migration 
and integration. Previously, transplantation of GFP+ donor cells was considered 
convenient for imaging [171]. However, in recent studies, an unexpected mismatch 
in nuclear morphology between donor and integrated photoreceptors was reported, 
indicating that reporter-positive cells in the recipient retina may not reflect the inte-
gration of donor photoreceptors. Researchers have reported cellular material, 
including RNA and/or proteins transfer between donor cells and host photorecep-
tors, which results in the presence of a variety of donor-derived proteins in the host 
photoreceptors. The results also indicate that this material transfer process occurs in 
a majority of host cells; however, the cellular mechanisms of this process remain to 
be determined [172, 173].

3.3.3  �Biomaterials for Cell Transplantation

3.3.3.1  �Biomaterial Scaffolds

Scaffolds for cell delivery have been designed to promote cell survival and integra-
tion (see Table 3.2) [8, 174], and protect cells from the hostile degenerating environ-
ment [175, 176]. Scaffolds can support uniform cell distribution and direct the 
differentiation of transplanted stem cell progeny [177], and be designed to mimic 
natural ECM properties (e.g., stiffness, composition) [178, 179]. To rescue aging 
ocular tissues, RPE cells have been transplanted on synthetic polymer sheets meant 
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to mimic the Bruch’s membrane, which naturally support the RPE cells in the eye; 
and injectable hydrogels can be used to deliver photoreceptors to the subretinal 
space [180].

Table 3.2  In vivo studies of biomaterial-supported cell/stem-cell delivery to the posterior segment 
of the eye

Cell type Material Disease model Outcome Reference

Retinal pigmented epithelium (RPE) cells

Adult and 
fetal human 
RPE stem 
cells

Polyester matrix 
membrane

Wild-type rabbit Cell survival up to 4 weeks 
with polarity markers 
maintained; no retinal scarring

[181]

Human 
ESCa-
derived RPE 
cells

Parylene plate Royal college of 
surgeons rat

Successful implantation of 
intact synthetic monolayer 
seeded with cells; loss of less 
than 2 % of cells after 7 days

[182]

Human 
ESCa-
derived RPE 
cells

PETb or 
P(LA-co-CL)c

Wild-type rabbit Subretinal biocompatibility 
over 14 days, some migration 
of native RPE cells into 
scaffold

[181]

Retinal progenitor cells (RPCs)

Primary 
mouse 
RPCs

Nanowire PCLd 
scaffold

rhodopsin null 
mouse

Supported cell growth in vitro, 
some migration and 
differentiation in vivo after 
30 days

[183]

Primary 
mouse 
RPCs

Thin-film PCLd 
scaffold

Rhodopsin-null 
C57Bl6 mouse

Localized to ONL and 
expressed photoreceptor 
markers in vivo

[184]

Primary 
mouse 
RPCs

PGSe scaffold Rhodopsin-null 
and wild-type 
C57Bl6 mice

Transplanted cell migration 
into retina and maturation, 
cells survived for 1 month

[185]

Mouse 
RPCs

Hyaluronic acid 
hydrogel

Rhodopsin-null 
mice

No damage during injection; 
cell distributed evenly in 
subretinal space; cell survival 
up to 3 weeks

[186]

Retinal stem 
cell-derived 
rods

Hyaluronic acid/
methylcellulose 
hydrogel

Adult albino 
CD10 and TKOf 
mice

Cell survival and migration 
significantly greater in gel than 
saline; improvement in 
pupillary light response

[162]

Retinal stem 
cells

Hyaluronic acid/
methylcellulose 
hydrogel

CD10/
Gnat2−/− mice

Cell survival for 4 weeks 
in vivo, superior cell 
distribution in subretinal space

[7]

aEmbryonic stem cell
bPolyethylene terephthalate
cPoly(l-lactide-co-ε-caprolactone)
dPolycaprolactone
ePoly(glycerol sebacate)
fTriple knock-out
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3.3.3.1.1  Synthetic Bruch’s Membrane for RPE Delivery

As the RPE lacks the capacity to regenerate, age-related diseases such as AMD and 
diabetic retinopathy result in degeneration of the RPE and blindness. RPE degen-
eration is accompanied by pathological changes to Bruch’s membrane, such as 
thickening, collagen crosslinking, calcification, and drusen deposition [187, 188]. 
Transplantation of RPE cells to the aging posterior segment aims to reverse disease 
progression and rescue damaged tissues. Success is measured by tissue repair where 
transplanted RPE cells express mature markers, such as CRALBP, RPE65 and 
bestrophin, and functional repair with regained vision.

Direct RPE transplantation onto aged Bruch’s membrane results in poor cell sur-
vival, adhesion, and organization [169, 189, 190]. Given the highly organized cell 
structure of the RPE, successful RPE cell implantation appears to require replace-
ment of the damaged Bruch’s membrane as well [187]. For this reason, RPE cells 
are transplanted as a pre-cultured sheet on a support membrane and transplanted as 
a monolayer. This necessitates a complicated surgery and poses a biomaterial chal-
lenge in the design of an optimal artificial Bruch’s membrane onto which RPE cells 
are cultured and then transplanted. To overcome the difficulty in transplantation of 
an ultra-thin membrane, a platform device made of parylene, which has a “U” shape 
with barriers along the edge, can be loaded with a graft containing the desired cells 
for transplantation; the space inside the barriers works as the loading chamber 
[182].

Recognizing the importance of the porous nature of Bruch’s membrane, various 
materials have been studied for the culture and delivery of RPE cells. For example, 
a porous polycaprolactone (PCL) thin-film (vs. polyester transwell and a nonporous 
PCL thin-film) enhanced maturation of fetal human RPE (fhRPE) monolayers as 
demonstrated by improved tight junction localization and cellular density, and 
expression of RPE-associated genes such as RPE65, RLBP1, and BEST1 [191]. 
Interestingly, a porous polyimide membrane coated with cell-adhesive proteins, 
such as laminin and collagen I, promoted the adhesion of hESC-derived RPE [192]. 
By simply using porous collagen membranes [193], a functional RPE was created 
as demonstrated by the RPE phagocytosing the outer segments of photoreceptors 
in vitro [194]. Preliminary tests for potential subconjunctival or subretinal trans-
plantation of a similar collagen-based scaffold were performed in rabbits and 
showed no inflammatory or immune response [195]. Post-transplantation cell sur-
vival has also been demonstrated with the use of a polyester membrane that has 
properties similar to the native Bruch’s membrane to transplant human RPE stem 
cells into the rabbit retina [181].

Recently, materials have been developed that closely mimic the native mem-
brane. Although the Bruch’s membrane has a complex pentalaminar structure, it is 
the inner collagenous layer that is targeted for mimicry. It consists of a porous, 
mesh-like architecture made of collagen fibers with diameters of 60 nm and a pack-
ing density of 48%, which allows nutrient and oxygen transfer [187]. Using electro-
spinning, various nanofibrillar delivery systems have been designed to mimic 
Bruch’s membrane for RPE delivery. Different materials have been investigated: 
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silk and PCL [196], polyimide [197], a combination of silk and poly(ethylene gly-
col) (PEG) [198], and an RGD-functionalized poly(methyl methacrylate-co-
poly(ethylene glycol) methacrylate) (P(MMA-co-PEGMA)) [199]. RPE cells 
seeded on 200–300 nm nanofibrous scaffolds formed the expected poly(hexagonal) 
structure with a striking resemblance to native RPE, and expressed typical RPE 
markers [187]. Surprisingly, the key distinguishing material property was the nano-
fibrous property regardless of the material used. This was demonstrated indepen-
dently in two studies comparing different nanofibrillar supports, one comparing 
PLGA and collagen, and the other polyethylene terephthalate and poly(l-lactide-
co-ε-caprolactone) [181, 187]. While the nanofiber structure enables RPE survival 
and organization, implantation requires the use of a relatively rigid backing [181]. 
Notwithstanding the complex material design and consequent surgery, the nanofi-
brous strategy holds great promise, yet the influence of restored RPE on aging ocu-
lar tissues remains to be evaluated in these strategies.

3.3.3.1.2  Photoreceptor and Retinal Progenitor Cell Delivery

Regenerative strategies that include photoreceptor replacement aim to overcome 
vision loss due to RPE degradation and photoreceptor death. Successful transplan-
tation of photoreceptors relies on their integration into the neural circuitry of the 
retina. Biomaterial scaffolds designed for photoreceptor delivery must enhance both 
their survival and migration out of the scaffold to enable cell integration. 
Biodegradable (or bioresorbable) scaffolds with high porosity (permeability) con-
tribute to photoreceptor survival by regulating nutrient and oxygen diffusion [181] 
and have shown the most success to date [184, 200].

The first generation of degradable scaffolds for RPC delivery consisted of porous 
membranes of PLA/PLGA blends, the porosity of which was adjusted using differ-
ent PLA/PLGA ratios and phase inversion/separation techniques [201]. In vitro, 
cells migrated into the porous scaffolds, attached therein, and showed downregula-
tion of immature markers and upregulation of differentiation markers [202]. Cell 
attachment to the material was correlated with cell differentiation. In vivo, RPCs 
transplanted on these degradable scaffolds into the mouse subretinal space showed 
greater survival than RPCs transplanted as a single-cell suspension. Importantly, 
grafted RPCs migrated into the host retina and expressed several mature markers 
(neurofilament 200, glial fibrillary acidic protein, protein kinase C-α, recoverin, and 
rhodopsin), demonstrating in vivo differentiation [160]. A similar observation was 
made when RPCs were transplanted into a porcine retina [203].

Notwithstanding the positive results attained with the transplantation of cells on 
these PLA/PLGA scaffolds, there is a mismatch in modulus and flexibility between 
the scaffold and the subretinal space, resulting in tissue damage [180]. Moreover, 
the acidic degradation products of PLA- and PLGA-based supports may lead to a 
chronic inflammatory response in the confined subretinal space [181, 204]. 
Consequently, both slow-degrading porous membranes [183] and more flexible sys-
tems [185] were developed.
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Bioresorbable/biodegradable hydrogels facilitate cell injection into the subreti-
nal space. The tunability of injectable hydrogels, which allows the viscosity, com-
position, and degradation rate to be adjusted, enables minimally invasive surgery 
and results in limited tissue damage [7, 162]. Hydrogels provide a protective envi-
ronment and an even distribution of RPCs within the retinal tissue [186]. An inject-
able hydrogel composed of hyaluronan/methylcellulose (HAMC) promoted greater 
survival and distribution of both transplanted RPCs and retinal stem cell (RSC)-
derived photoreceptor rods than the identical cells delivered in conventional saline 
to the subretinal space of mice (see Fig. 3.3) [7, 8, 162]. The HAMC hydrogel is 
particularly well suited for delivery into the subretinal space as it is minimally 
swelling, bioresorbed within 1 week and gels rapidly on injection [177, 205, 206]. 
Interestingly, hyaluronan also promotes the survival of primary rod photoreceptors 
in vitro by an mTOR-mediated pathway [207]. Fibrin has also been shown to be 
useful for cell delivery as it promotes cell adhesion, via an integrin-RGD-mediated 
mechanism [208]. These pioneering studies on hydrogel-based systems pave the 
way for future ocular regenerative therapies.

3.3.3.1.3  Retinal Ganglion Cell Delivery

Unlike RPE and photoreceptor transplantation, retinal ganglion cell (RGC) trans-
plantation has had limited attention to date [209, 210] because regeneration of optic 
nerve cells likely requires a more complicated strategy. For example, the arrange-
ment of the transplant should recapitulate the radial organization of the native nerve 
fibers in order to facilitate proper impulse conduction. An electrospun scaffold 

Cells encapsulated
in HAMC hydrogel

34-gauge needle

Subretinal injection

Greater cell survival and distribution
along the RPE

20µm

Fig. 3.3  Delivery of retinal progenitor cells (RPCs) to the subretinal space of a damaged retina, 
using hyaluronan/methylcellulose (HAMC) hydrogel as biomaterial support. HAMC allows in situ 
rapid gelation and results in greater cell survival and distribution. Reproduced with permission 
[87]
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composed of densely packed, radially aligned PLA nanofibers was coated with lam-
inin, and resulted in enhanced in vitro cell adhesion, survival, and preserved RGC 
electrical properties within a radial pattern of RGC axons [209]. After in vivo trans-
plantation, RGCs survived in the recipient retina, and integrated into the ganglion 
cell layer [211].

3.3.3.2  �Co-delivery of Growth Factors and Retinal Cells

In previous studies, transplantation of a variety of cell types to the adult retina 
showed limited donor cell integration [212] or functional recovery [164]. In order to 
improve the survival and integration of transplanted cells and encourage functional 
recovery after transplantation, co-delivery of neurotrophic factors with transplanted 
cells has been investigated. For example, BDNF was co-delivered with RPCs by 
encapsulating it in microspheres embedded in sheets of RPCs, and tested in rat 
models of blindness. Functional repair was tested by measuring the response to low 
light stimuli, and it was reported that 80% of rats treated with both BDNF and RPCs 
showed some functional repair whereas only 50% of rats treated with RPCs alone 
showed repair [42]. The effect of co-delivering GDNF or BDNF with retinal sheet 
transplants to restore vision in a RP mouse model was investigated by Yang et al. 
[20]. In this study, pre-cultured E19 retinal cell sheets were transplanted with no 
neurotrophic factor, GDNF microparticles, or BDNF microparticles. The neuro-
trophic factor-treated cell sheets were transplanted in three rat models of rapid 
degeneration. The histology of the transplanted retinal cell sheets was analyzed and 
classified into two groups: laminate and rosette (more disordered form). BDNF 
improved the integration of cell sheets when they were in the laminated form. 
GDNF enhanced integration and functional recovery in both laminated and rosetted 
cell sheets, suggesting that GDNF and BDNF may act through different pro-sur-
vival pathways. Overall, both GDNF and BDNF improved the integration and func-
tion of the recipient retina, highlighting the benefit of co-delivering trophic factors 
and cells [20].

While nanoparticles have been used to deliver proteins for decades, protein 
encapsulation is inherently limited by the formulation process, resulting in typically 
< 0.1% of protein encapsulated per polymeric nanoparticle by mass. This has led to 
affinity release systems where proteins are incorporated into scaffolds designed to 
weakly bind the proteins and prolong their release without further encapsulation. 
For example, the native interaction between Src Homology 3 (SH3) and its binding 
peptides has been incorporated into injectable hydrogels where the protein of inter-
est is expressed as a fusion protein with SH3 and the binding peptide is covalently 
bound to the injectable hydrogel [213–216]. Recently, RPE cells cultured in the 
presence of affinity released IGF-1 showed greater cell viability in an injectable 
hyaluronan-methylcellulose (HAMC) hydrogel than controls without IGF-1 [217]. 
The combined delivery of trophic factors and retinal cells is promising, yet mostly 
unexplored to date, opening opportunities for future research.
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3.4  �Outlook

Despite the promising results of anti-angiogenic (anti-VEGF) therapies, such as 
bevacizumab (Avastin™) and ranibizumab (Lucentis™), the progression of vision 
loss is slowed, but not reversed. Given the safety concerns of current repeated intra-
vitreal injections, there is great opportunity for local delivery strategies to be devel-
oped to achieve sustained release. Nanoparticulate systems, which have been long 
studied for cancer therapies and diagnosis, may be a rich source of inspiration [218–
220]. As a promising example, nanocarriers loaded with common anticancer drugs, 
such as paclitaxel [221, 222] or doxorubicin [111, 223], have been recently reported 
for the treatment of choroidal neovasculature. However, the BRB may limit the use 
of intravenous delivery of nanocarriers, and intravitreal injections may result in 
undesirable complications. Thus, topical administration of eye drops for drug deliv-
ery to the posterior segment of the eye constitutes a noninvasive approach that may 
provide significant benefit, but remains challenging due to multiple drainage and 
biological barriers, including blinking and rapid dispersion of eye drops. To coun-
teract the fast clearing of eye drops, nanoparticles have been modified on the surface 
with phenylboronic acid and shown to sustain the release of cyclosporin-A for up to 
5 days [224]. Solutions might also come from annexin-functionalized nanocarriers 
which have demonstrated significant uptake and transcytosis of liposomal drug car-
riers across corneal epithelial barriers [117]. In addition, emerging techniques are 
currently being evaluated for better penetration of the nanoparticles through the 
sclera and to the retina. For example, transscleral delivery can be enhanced with 
either iontophoresis where penetration is enhanced with a low electric current [225, 
226] or ultrasound [227, 228]. Implants are an interesting alternative to nanoparti-
cles for prolonged drug release. Currently under investigation, transscleral, refill-
able implants may provide an innovative strategy for sustained drug release [229, 
230].

Cell delivery constitutes a more ambitious, yet still emerging, approach for ocu-
lar treatments. The need for artificial Bruch’s membranes to support RPE cell trans-
plantation has prompted the development of novel nanofiber-based, degradable 
scaffolds, which have already demonstrated beneficial properties in vitro and a good 
biocompatibility in vivo [187, 196]. However, the nanofibrillar system necessitates 
the use of an additional support material with appropriate permeability, flexibility, 
bioresorption, and biocompatibility. A micropatterned porous thin-film co-carrier 
[191] coated with nanofibers may meet the requirements; however, in vivo efficacy 
of transplanted RPE has yet to be demonstrated clinically. RPC transplantation is an 
alternate strategy, which obviates the need for a supportive membrane yet requires 
injection into the subretinal space, followed by in situ differentiation and tissue 
integration.

Injectable, bioresorbable hydrogel delivery vehicles are useful for cell delivery 
to the retina, as the surgical strategy is less invasive than implantation of a solid 
scaffold. Moreover, the hydrogel can be designed to have a modulus that matches 
that of the retina, and biochemical properties that enhance cell survival/integration 
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after transplantation [8, 175, 231] and direct stem-cell fate in situ [176, 177]. While 
side effects and complications from subretinal injection need to be assessed, 
advanced hydrogel design for RPC or precursor cell delivery provides tremendous 
opportunity for successful ocular cell delivery.

Whether for drug or cell delivery, the choice of material constitutes one of the 
major challenges for the future. Since regulatory approval is a long, laborious pro-
cess, most of the materials presented herein have a long regulatory history, includ-
ing natural lipids (mainly for liposomes), polysaccharides (such as chitosan, 
hyaluronan, and cyclodextrins), or synthetic polymers (typically PLA, PLGA, 
PCL). The confined space in which ocular delivery systems are administered may 
complicate biocompatibility as the acidic degradation products of synthetic polyes-
ters may be harmful to the tissue [6, 181, 183]. The tremendous progress in syn-
thetic materials should provide advanced properties to these delivery systems. In 
particular, functional polymers for drug/peptide grafting and delivery may lead to 
innovations in controlled and targeted drug release to the posterior segment of the 
eye. Well-documented strategies and advanced designs of stimuli-responsive and 
functional polymer-based nanocarriers for other biomedical applications may serve 
as examples [232, 233]. However, for these materials to be useful, they (and their 
degradation products) must be biocompatible and bioresorbable [146]. Therefore, 
intraocular toxicity of any innovative material should be investigated early.

Another exciting potential strategy to explore for vision repair is the combination 
of delivery techniques, such as nanoparticle-encapsulated hydrogels, for sustained 
release of multiple therapeutics, co-delivery of cells and drugs, or multifunctional 
delivery systems [161, 234]. For example, PLGA particles are often used in the 
study of controlled release of therapeutic proteins. However, organic solvents and 
high shear forces used during the formulation process can denature the proteins, 
resulting in low bioavailability [235]. To overcome encapsulation, two new strate-
gies have been developed for bioactive protein delivery: affinity-controlled release 
and electrostatic-controlled release.

Affinity release has been achieved typically with a heparin-based biomaterial 
and heparin-binding factors [236]. The biomaterial can also mimic natural interac-
tions between delivered proteins and their natural extracellular matrix, and have a 
sequential multi-therapeutic delivery, which may improve ocular drug delivery 
[237]. There is a balance between the extracellular matrix and the protein that regu-
lates the concentration and activity of the protein in the microenvironment. Proteins 
can also interact with other glycosaminoglycans (GAGs), and a recent study showed 
that the release profile of a protein released from GAG-modified hydrogels can be 
controlled by the GAG concentration, binding affinity, and the crosslinking density 
of the matrix [238]. The use of fusion proteins of SH3 with the growth factor of 
interest and the biomaterial modified with an SH3-binding peptide provides a more 
controlled strategy for protein release. In electrostatic release, negatively charged 
PLGA nanoparticles were shown to interact with positively charged growth factors 
and to demonstrate the same release profile and bioactivity of encapsulated proteins 
[2]. This overcomes the low loading and bioavailability of encapsulated proteins. 
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With these studies, sustaining the therapeutic release in a mild condition becomes 
possible for ocular drug delivery.

Improvements of in vitro and in vivo models will be required for better transla-
tion to the clinic. Indeed, creating an accurate animal model of retinal degeneration 
is challenging. Diseases such as AMD and diabetic retinopathy are the culmination 
of complex genetic and environmental factors and, while current models can mimic 
several pathological characteristics of degeneration, none of these fully recapitulate 
all anatomical features. Furthermore, because of this variation in models, it is diffi-
cult to translate results from one study to another; an investigation of six different 
genetic mouse models of degeneration found that photoreceptor transplantation 
success varied widely depending on the model used [153]. This underlines the 
importance of testing strategies in different animal models of disease and ideally in 
different laboratories, similar to the way a clinical trial would be executed at mul-
tiple sites.

Ultimately, to overcome the challenges associated with age-related or degenera-
tive ocular diseases, collaboration between scientists, engineers, and clinicians in 
academia and industry is required for successful translation of innovative strategies 
to the clinic. Advances in each discipline—cell biology, drug discovery and deliv-
ery, and surgical strategies—are required to overcome these daunting challenges to 
repair and restore vision.

Glossary

AMD	 Age-related macular degeneration.
BDNF	 Brain-derived neurotrophic factor.
BRB	 Blood retinal barrier.
CMP	 Collagen mimetic peptide.
CNTF	 Ciliary neurotrophic factor.
DME	 Diabetic macular edema.
DR	 Diabetic retinopathy.
EGF	 Epidermal growth factor.
ERG	 Electroretinography.
FDA	 US Food and Drug Administration.
FGF2	 Fibroblast growth factor.
GAG	 Glycosaminoglycan.
GDNF	 Glial cell line-derived neurotrophic factor.
IGF	 Insulin-like growth factor.
NGF	 Nerve growth factor.
NT-3	 Neurotrophin-3.
PCL	 Polycaprolactone.
PEDF	 Pigment epithelium-derived factor.
PEG	 Poly(ethylene glycol).
PLGA	 Poly(lactic-co-glycolic acid).
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rAAV	 Recombinant adeno-associated virus.
RGC	 Retinal ganglion cells.
ROP	 Retinopathy of prematurity.
ROS	 Reactive oxygen species.
RPE	 Retinal pigment epithelium.
RSC	 Retinal stem cell.
SH3	 Src homology 3.
SOD1	 Superoxide dismutase.
TGF-β	 Transforming growth factor beta.
VEGF	 Vascular endothelial growth factor.
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Abstract  There are at least 100 million photoreceptors in the human retina and 
many more cells relaying visual information and providing metabolic support. The 
pathophysiology of degenerative diseases of the retina such as age-related macular 
degeneration (AMD), retinitis pigmentosa (RP), and glaucoma involves progressive 
loss of cell types necessary for vision (photoreceptors, ganglion cells) as well as 
inadequate trophic support from neighbor cell types (retinal pigmented epithelial 
cells (RPE), endothelial cells). A cell delivery approach has promise for restoring 
vision in patients who otherwise have a poor prognosis. Recent strides in the field 
allowed retinal cell differentiation from a multitude of sources, including but not 
limited to embryonic stem cells (ESC), adult tissue-derived stem cells (SC), induced 
pluripotent stem cells (iPSC) [1], retinal progenitor cells (RPC), and Muller cells 
[2], with excitement for gene-edited autologous stem cell therapy in the near future 
[3]. Mature RPE cells, photoreceptors, and ganglion cells have also been used in 
both animals and humans with very promising results. This chapter will provide a 
brief overview on the types of cells used in retinal cell therapy research and a sum-
mary of recent accomplishments.
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4.1  �Overview of Retinal Cells for Transplant  
in Animal Models

There are at least 100 million photoreceptors in the human retina and many more cells 
relaying visual information and providing metabolic support. The pathophysiology of 
degenerative diseases of the retina such as age-related macular degeneration (AMD), 
retinitis pigmentosa (RP), and glaucoma involves progressive loss of cell types neces-
sary for vision (photoreceptors, ganglion cells) as well as inadequate trophic support 
from neighbor cell types (retinal pigmented epithelial cells (RPE), endothelial cells). 
A cell delivery approach has promise for restoring vision in patients who otherwise 
have a poor prognosis. Recent strides in the field allowed retinal cell differentiation 
from a multitude of sources, including but not limited to embryonic stem cells (ESC), 
adult tissue-derived stem cells (SC), induced pluripotent stem cells (iPSC) [1], retinal 
progenitor cells (RPC), and Muller cells [2], with excitement for gene-edited autolo-
gous stem cell therapy in the near future [3]. Mature RPE cells, photoreceptors, and 
ganglion cells have also been used in both animals and humans with very promising 
results. This chapter will provide a brief overview on the types of cells used in retinal 
cell therapy research and a summary of recent accomplishments.

4.1.1  �RPE: A Critical Regulator of Retina Function

One of the earliest work with retinal cell transplantation on animal models was done 
by Li and Turner [4] with exogenous RPE rat cells. Cell showed survival of graft of 
up to 3 months post-transplant. The RPE is a crucial supporter of normal photore-
ceptor function by forming the blood-retinal barrier and phagocytosing photorecep-
tor debris, and plays a central role in the pathogenesis of both dry and wet forms of 
AMD.  Recent studies have proven that grafted RPE layers derived from human 
ESCs [5] and iPSCs [6] are able to perform such critical functions in model animals. 
RPE is also the earliest of retinal cell types to be involved in clinical trials leading 
to promising results with improved visual acuity and comparable results to anti-
VEGF therapy, as well as evidence of safety [7].

4.1.2  �Photoreceptor Cells and Their Precursors

Neural cells derived from the retinal progenitor cell line such as photoreceptors and 
ganglion cells are directly responsible for vision, culminating in the optic nerve. Given 
that damage to photoreceptors is the direct cause of decreased vision in most degenera-
tive retinal disorders regardless of underlying etiology, more recent efforts have focused 
on creating suspensions or grafts of photoreceptor cells for transplantation. While results 
from early clinical trials with mature rod photoreceptors left much to be desired [8], it 
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was soon discovered that precursor rod photoreceptors have been shown to have vastly 
superior integration into the outer nuclear layer (ONL) to their mature counterparts, 
successfully differentiate into mature receptors [9], and form triad synaptic connections 
with bipolar/horizontal cells [10], with positive visual improvements in animal models 
[11]. In contrast to rods, one of the biggest challenges of cone transplantation is procur-
ing a pure and large enough sample of cones for transplantation. Some of these issues 
have been mitigated by cone-enriched mouse lines [12], and fluorescence [13] or mag-
netism-associated cell sorting [14], with very promising results.

4.1.3  �Retinal Ganglion Cells

Retinal ganglion cells (RGC) form the innermost layer of the retina as well as the 
optic nerve and send signals into brain areas such as the lateral geniculate nucleus 
(LGN) and superior colliculus (SC) for visual processing. These cells are not only 
implicated in late stages of degenerative diseases but also are the first to be damaged 
in acute and chronic forms of glaucoma. Previously thought as difficult targets for 
cell transplantation given complex structure and connections with other cells, the 
last few years of research have been characterized by important breakthroughs. 
Intravitreal transplant of RPCs [15] or RGC precursors [16], into mouse models 
with RGC depletion leads to partial restoration of RGC function despite modest 
efficiency of invasion around 10%, and a suboptimal axonal growth into the inner 
nuclear layer (INL). A later study with polymer-based scaffold designed to have 
radial extensions to resemble the optic nerve head showed that axonal growth can 
be promoted in vivo [17], which can be combined with embedded neurotrophic fac-
tors [18] or 3d-printing [19]. Most recently, mature RGCs from GFP mice have been 
successfully transplanted intravitreally into uninjured mature rats, which fused to 
the optic nerve layer with extensions to the LGN and SC in one subject [20].

4.2  �Differences in Ocular Anatomy Among Animal Species

Retinal cell transplantation studies have been conducted in a wide variety of model 
animal species worldwide. The most common animal models are that of rodents and 
nonhuman primates, as well as larger mammals such as cats, dogs, sheep, and cow 
who comprise the non-primate, non-rodent mammal group. Zebrafish models [21, 
22] and avian models [23] are rather rare in cell transplantation research, and will 
not be the main focus in subsequent chapters.

As it is well known, key ocular anatomic differences exist between rodents and 
primates. First, rodent retina is largely devoid of cone photoreceptors as well as a 
macula, which brings to question whether rodent models of diseases such as age-
related macular degeneration and Stargardt’s disease are truly models of macular 
damage. Primates, who have a fovea, or certain mammals with a high concentration 
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of cones such as canines and pigs, may suit better as models of macular disorders 
[24]. Second, rodents lack a lamina cribosa, which is critically implicated in devel-
opment of POAG [25]. Surgical and transgenic methods have still shown to be able 
to create rodent models with a POAG phenotype, but whether subsequent pressure-
induced retinal damage is equivalent to that of humans can be of question. Lastly, 
blood supply to the retina differs greatly between rodents and other species [26]. For 
example, in primates, the retina receives a secondary main blood supply via the 
posterior ciliary arteries (the primary supply being the central retinal artery) [27]; 
however, in rodents, the central retinal artery is one of the branches of the posterior 
ciliary artery itself [28]. Therefore, an insult to the retinal artery will cause a larger 
defect in the retina compared to primates.

Interestingly, there is not always a correlation between time and severity of ocu-
lar symptoms versus the size of animals, despite rodents experiencing a much 
shorter life span with rapid development compared to other mammals. The various 
different methods of model creation as well as underlying disease condition are 
therefore important considerations for choosing model animal species.

4.3  �Overview of Methods for Animal Model Creation

The first in vivo step in retinal stem cell research is transplantation of stem cells into 
animal models. Different options of model creation provide researchers a careful 
trade-off between faithful emulation of pathogenesis and quick generation of results. 
Current methods of model creation can be roughly categorized to transgenic/genetic 
and non-transgenic methods.

4.3.1  �Non-transgenic Methods

Non-transgenic methods of animal model creation can be divided into surgical and 
chemical methods. A few examples of surgical methods are laser-induced choroidal 
neovascularization (CNV) [29], optic nerve crush [30], and episcleral vein occlu-
sion for glaucoma [31]. Many of these surgical methods have been verified in a 
variety of animal species. However, results can vary depending on the skill of the 
surgeon, and smaller animals such as rodents demand greater surgical finesse while 
consuming more time to create.

Examples of chemical methods include intravenous sodium iodate injection for 
RPE and photoreceptor injury [32], intravitreal NMDA injection for RGC ablation 
[33], subretinal matrigel injection for experimental CNV [34], and steroid-induced 
intraocular elevation [35]. Ischemic methods such as IOP-induced ischemia/reper-
fusion for optic nerve damage [36], and autoimmune models such as experimental 
autoimmune encephalomyelitis (EAE) [37] can also be considered special subtypes 
of chemical methods. Chemical methods are both easy to perform and can be used 
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in various animal species. In addition, many of these chemical agents cause damage 
to specific types of retinal cells. However, one should be aware of any systemic side 
effects when using potentially dangerous chemicals.

4.3.2  �Transgenic/Genetic Methods

Transgenic/genetic methods include identification of phenotype in an established 
inbred strain, or genetic engineering of animals via pronuclear injection [38], 
somatic cell nuclear transfer [39], Cre/lox [40], or adenovirus-associated viral vec-
tors (AAV) [41]. Quintessential inbred strains for retinal research include Royal 
College of Science (RCS) rats [42] and rd1 mice [43] for photoreceptor degenera-
tion, as well as DBA/2J mice for glaucoma [44]. These inbred strains are commonly 
used due to low cost and high availability, but often have various symptoms outside 
the retina, which can be undesirable. In contrast, genetically engineered animals 
often show very specific ocular pathology that resembles its human counterpart. 
The downsides of transgenic animal models include ocular anatomic differences 
between model species and humans, as well as shorter lifespan and higher cost 
compared to inbred strains.

4.4  �Models of Outer Retina Diseases

In this section, focus will be on animal models showing abnormal retinal angiogen-
esis or damage to the retinal pigment epithelium (RPE), which are two main patho-
logical findings commonly seen in outer retinal diseases such as age-related macular 
degeneration (AMD) and diabetic retinopathy (DR), two of the most common 
causes of blindness in the developed world (Table 4.1). Models of retinitis pigmen-
tosa (RP), whose pathogenesis depends on RPE as well as rod photoreceptor dys-
function, will be discussed in Sect. 4.5.

4.4.1  �Models of Abnormal Angiogenesis

Pathological angiogenesis in the retina is associated with diverse retinal conditions, 
such as wet-type AMD, DR, retinopathy of prematurity (ROP), von Hippel-Lindau 
disease (vHL), and many more. In these diseases, the abnormal vasculature causes 
dysfunctional nutrient delivery as well as exudative fluid leakage, which results in 
damage to a variety of neuronal and non-neuronal retinal cells. Various animal mod-
els have greatly advanced our knowledge of these diseases [45]. Transplantation 
research has repeatedly shown possible visual improvement in animal models that 
represent these diseases.
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4.4.1.1  �Laser-Induced Choroidal Neovascularization (CNV) Models

CNV is a severe and common complication of many different retinopathies. 
Development of CNV typically starts from a break in Bruch’s membrane, leading to 
detachment and atrophy of RPE, neovascularization, and eventual degradation of 
vision. As early as the 1960s [46] it has been known that laser-induced damage in 
retinal vessels leads to Bruch’s membrane breaks in model animals, as it does in 
humans, and has since been characterized in various animals [29, 47, 48]. Typically, 
the eye of the animal is dilated, and then argon or krypton laser is applied through a 
cover glass acting as a contact lens. The laser is typically focused on several points 
near the posterior pole of the globe, more than 1–2 optic disc diameters from the 
disc margin. The retina is then examined for the formation of a central bubble in the 

Table 4.1  Common animal models of outer retinal diseases for stem cell research

Method
Commonly 
used species Category Characteristics

Previous stem 
cell research

Models of abnormal angiogenesis

Laser-induced CNV 
model

Cat [46]
Monkey [29]
Rat [47]
Mouse [48]

Surgical Acute damage to Bruch’s 
membrane, current 
standard of CNV model

RPE, [55]
MSC [56]

Subretinal matrigel 
injection

Mouse [34]
Rabbit [59]
Rat [60]

Chemical Gradual and prolonged 
development of CNV

N/A

Adenovirus-delivered 
VEGF expression

Rats [41] Transgenic Gradual and prolonged 
development of CNV

N/A

VLDR germline 
knockout

Mouse [90] Transgenic Model of mixed dry- and 
wet-AMD forms with 
dense angiogenesis

N/A

Oxygen-induced 
retinopathy model

Rat [67]
Mouse [68]
Dog [69] 
Monkey [70]
Zebrafish [71]

Ischemic Easy to produce; 
neovascularization 
develops in few 
days-weeks

N/A

Streptozocin-induced 
pancreatic ablation

Mouse [72, 
113]
Pig [76]
Zebrafish [77]

Chemical Model of Type I 
diabetes; not all animals 
develop retinopathy. 
Shows long-term disease 
process

ESC-derived 
perivascular 
stem cell 
[114]
BMSC [115]

Sub-RPE accumulation models

Carboxyethylpyrrole-
modified mouse 
albumin model

Mouse [112] Autoimmune Induced autoimmunity to 
oxidized RPE protein

N/A

Complement factor H 
point mutation

Mouse [38] Transgenic Slow development of 
drusen-like deposits

N/A

Human APOEe4 
substitution

Mouse [87] Transgenic Copious drusen as well 
as neovascularization

N/A
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laser site, which indicates Bruch’s membrane separation. Neovascularization 
typically occurs 1–2 weeks posttreatment [48, 49].

The laser-induced model causes minimal distress to the animals and is relatively 
easy to create. Therefore, it has served as the definitive model of CNV for the 
elucidation of angiogenesis pathways [50, 51] and identification of new therapeutic 
targets and interventions [52, 53]. Results created by using these CNV models 
should be interpreted with a caveat that the model does not necessarily recapitulate 
the aging aspect of the AMD.

Cell transplantation research using CNV models has focused on mature RPEs, 
because the RPE is the central secretor of vascular endothelial growth factor (VEGF) 
[54]. Exogenous reprogrammed RPEs have been transplanted to rescue CNV pro-
cess after laser treatment in rats [55], which may be extended to autologous RPE 
reprogramming in the future. A neuroprotective approach of cell therapy rather than 
replacement of damaged cells has been studied for CNV as well—for example, 
mesenchymal stem cells have been investigated as a slow-releasing vehicle for anti-
angiogenic factor delivery [56].

4.4.1.2  �Growth Factor-Induced Models of CNV

After key components of CNV pathogenesis have been identified from the laser 
model, injection of said components has been discovered to induce the CNV pro-
cess in animals, allowing creation of models closer to the natural progression of 
disease. VEGF was one of the first factors identified. Because simple intravitreal 
injections of VEGF lead to neovascularization outside the retina [57], delivery 
methods such as VEGF-eluting scleral beads for rabbits [58] and subretinal co-
injection with Matrigel in mice [34] and rabbits [59] have been explored.

Matrigel is a mixture of various extracellular matrix (ECM) components and 
growth factors, and it alone has been shown to induce CNV in rats [60]. The subreti-
nal Matrigel injection model is easy to perform and can be customized to elute dif-
ferent angiogenic factors in a controlled fashion. It is an interesting option for stem 
cell research, especially given that Matrigel itself is commonly used for culture of 
numerous types of retinal cell lines including RPEs [61].

Transgenic methods have been developed as well: adenoviral vectors of VEGF 
for rats [41] have allowed a gradual development of CNV from 5  weeks up to 
10 months, unlike many other models of CNV that cause an acute insult. Transgenic 
mice with photoreceptor-specific (rhodopsin) [62, 63] and RPE-specific (VMD2) 
[64] promoters attached to the VEGF gene have also been created. In both of these 
models, the reverse tetracycline transactivator (rtTA) promoter can be inserted to 
install a doxycycline trigger to VEGF expression. This prevents activation of neo-
vascularization too early in the mouse life cycle. It should be noted that in the 
VMD2/VEGF model, a secondary insult to the RPE [64, 65] or even injection of 
cultured RPE [66] itself often worsens neovascularization due to physical trauma, 
which has interesting implications to cell therapy for patients with CNV who have 
a sensitized RPE layer.
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4.4.1.3  �Oxygen-Induced Retinopathy (OIR) Model

This particular model is faithful to the pathogenesis of retinopathy of prematurity 
(ROP), a common complication of oxygen therapy in premature infants. Namely, 
young animals are exposed to alternating hypoxic and hyperoxic conditions of vari-
ous durations, and subsequently assessed for neovascularization. Rat [67] models 
are among the most commonly used, but other models include mice [68], dogs [69], 
monkeys [70], and zebrafish [71]. Most models use room air control, but the mon-
key model uses transient occlusion of all branch retinal veins, while zebrafish mod-
els use water tanks of varying oxygen concentration. Because of the ease of 
induction, this model has played an essential role for development of anti-VEGF 
therapy [68, 70]. In addition, the OIR model is commonly used as a substitute for 
models of diabetic retinopathy (DR), because it shares similar retinal findings such 
as microaneurysms with severe forms of DR while being easy to create at the same 
time [45].

4.4.1.4  �Models of Diabetic Retinopathy

Experimental diabetic retinopathy is typically induced in two major ways: ablation 
of pancreatic beta cells by chemicals such as streptozocin [72] and alloxan [73], or 
development of various transgenic mice such as Ins2Akita [74] and nonobese diabetic 
(NOD) [75] mice. Chemical models are the current standard for experimental DR 
and can be induced in a variety of animals, including pig [76] and even zebrafish 
[77]. The dosage regimen of streptozocin varies greatly depending on animal spe-
cies, but all develop hyperglycemia in a few days. Retinopathy then follows in a few 
weeks for rodents, and months to years in larger mammals [78]. Chemical methods 
are currently limited to Type 1 diabetic (T1DM) forms; a type 2 diabetes (T2DM)-
like presentation can be seen with high-calorie diet animals [79], but they are not 
favored in retina research due to arduous maintenance and follow-up until they 
become symptomatic.

Transgenic models can be either T1DM or T2DM like, and T2DM models can be 
further subdivided into obese and nonobese. The Ins2Akita [74] mouse is a T1DM 
model based on a point mutation on the Insulin 2 gene, and it considered a model of 
early and mild DR. It can be used to create even more abnormal angiogenesis by 
crossing with VEGF-overexpressing mice [62, 80]. The Zucker Diabetic Fatty rat 
[81] is an obese T2DM model with a relatively fast induction of retinopathy at 
approximately 6 months. These models allow study of survival and integration of 
transplanted cells inside host retina under an ongoing disease process, but a selec-
tion process among a batch of animals for development of ample neovascularization 
may be required.
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4.4.2  �Models of Sub-RPE Accumulation

Dry-type AMD is characterized by drusen, which are sub-RPE depositions of lipids 
and macrophages causing oxidative stress. Disruption of RPE by drusen leads to focal 
and geographic forms of atrophy, which involves irreversible loss of surrounding RPE 
and photoreceptor cells. Ever since the main risk factors and components of drusen 
formation have been characterized, animal models based on each of these factors have 
been developed. In this chapter, focus will be on the numerous transgenic rodent mod-
els that emulate pathogenesis of AMD via mutation of putative contributory genes. 
Nonhuman primate models are very useful in terms of anatomy because their retinas 
contain a macula, and recently a model created by inbreeding has been characterized 
[82], but these models only represent a minority among animal models for AMD.

4.4.2.1  �Models of Lipid Accumulation

As early as the 1990s it has been known that drusen consist largely of lipids and 
lipoproteins, which gives their distinct color in retina exam and fluorescence angi-
ography [83]. Some of the most notable contributors of lipid accumulation in the 
retina are Apolipoprotein E (ApoE). Originally developed as a model of hypercho-
lesterolemia and atherosclerosis [84], ApoE-deficient mice have been brought to 
spotlight in retinal research since discovery of a genetic association between ApoE 
and AMD [85]. The ApoE knockout mice develop particle accumulations in Bruch’s 
membrane, without needing to trigger a higher blood cholesterol level with a high-
fat rodent diet [86]. Subsequent models were created by substituting mouse ApoE 
genes with human ApoE subtypes. These models show various levels lipid accumu-
lation—among the ApoE subtypes, APOEe4 models develop most severe forms of 
RPE/photoreceptor damage as well as neovascularization [87]. With a similar 
approach, mouse models expressing human ApoB-100 were likewise developed 
with findings of lipid accumulation on electron microscopy [88, 89].

While the apolipoprotein models show a dry-type presentation, knockout of lipo-
protein receptors such as in Very-low density lipoprotein receptor knockout 
(Vldlr−/−) mice [90] show a wet-type AMD presentation. Copious neovasculariza-
tion develops by day 15–18, without high levels of cholesterol. The Vldlr knockout 
mice are useful for the understanding of molecular pathways of AMD development 
[91, 92], but they are not as commonly used as a model of neovascularization due to 
the prevalence of laser-induced models.

4.4.2.2  �Models of Complement Pathway Activation and Immune Cell 
Recruitment

Genetic studies of AMD have also found a correlation of disease and complement 
protein mutations [93], and drusen have been discovered to have a high immunore-
activity against complement protein 3 (C3) and other associated enzymes [94]. C3 
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is central to complement pathway activation, whose end result is recruitment of 
leukocytes and triggering of an immune response. Therefore, mutations on inhibi-
tory factors of C3 such as complement factor H (CFH) [93, 95] that are associated 
with AMD presumably allow a stronger inflammatory response and result in worse 
disease presentation. Indeed, aged Cfh knockout mice at 2 years of life show depo-
sition of C3 protein in the retina, with decreased visual function and ERG signals 
compared to age-matched controls [96]. The model captures the aging aspect of 
AMD as well as RPE dysfunction in the form of rod outer segment disarrangement, 
but the animals’ Bruch membrane thins rather than thickening as seen in typical 
cases of AMD. On the other hand, Cfh point mutation (Y402H) mice were reported 
to have drusen-like deposits and a thicker Bruch’s membrane [38].

A related group of animal models focuses on the role of macrophages in 
AMD. The retina is typically devoid of any immune cells due to its immunoprivi-
leged status, but drusen has been shown to contain macrophages [97, 98], and mod-
els with deficient mobilization of macrophages due to knockout of chemokines such 
as Ccl2 [99] show drusenoid deposits. A genetic association between another che-
mokine, CX3CR1, and human AMD has been established [100], and subsequent 
knockout mouse models have been developed [101, 102]. So far, the chemokine 
models with Ccl2 and Cx3cr1 knockout have demonstrated choroidal neovascular-
ization, unlike the complement models that have a drier presentation [103]. CX3CR1 
knockout models have a faster development of drusen and neovascularization com-
pared to Ccl2 models, but this sacrifices the aging aspect of AMD at the same time.

Although these mice are mainly used for confirmation of findings from genetic 
studies, they can potentially serve as a model of long-term AMD development—
specifically, to characterize integration of transplanted stem cells under ongoing 
inflammatory damage.

4.4.2.3  �Models of Oxidative Stress in the Retina

The deposition of lipid as well as recruitment of immune cells contributes to oxida-
tive stress that is critically involved with pathogenesis of AMD. Decreasing oxida-
tive stress via antioxidant vitamins (A, C, and E) is a highly recommended 
component of dry-type AMD management today [104], and its importance has been 
proven by animal models of oxidative stress in the retina. Transgenic models of this 
category include superoxide dismutase (SOD) 1 knockout [105], SOD2 knockdown 
[106], and DJ-1 knockout [107, 108]. The antioxidant effects of SOD can be 
knocked out specifically in the RPE as well by using RPE-specific cre recombinases 
[109], but this model did not show drusenoid deposits, only autofluorescent 
material.

Oxidation can be induced without the use of genetic techniques. One important 
example is a group of animal models focusing on oxidized proteins that are natu-
rally found in drusen. Proteomic analysis has revealed that carboxyethylpyrrole 
(CEP)-mediated modification of proteins is highly specific to the RPE [110], and 
CEP-modified albumin can be found abundantly in patients with AMD [111]. 
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Hollyfield et al. created a model by injecting CEP-modified mouse albumin in mice 
[112], in order to cause an inflammatory process against any oxidative process 
occurring in the RPE. Injected mice developed autoantibodies against CEP-albumin, 
sub-RPE deposits of complement protein, and geographic atrophy-like lesions, but 
no evidence of choroidal neovascularization was seen [112]. This model is created 
with 2–3 intravenous injections over a 2–3 month period, which is simpler than 
many other surgical approaches to the retina.

4.5  �Models of Photoreceptor Damage

This chapter will focus on animal models of retinitis pigmentosa (RP) and various 
inherited central vision disorders. The debilitating nature of these diseases has 
sparked a critical interest in photoreceptor transplantation therapy. It should be 
noted that these animal models are a target for transplantation of early photorecep-
tors or RPE cells, given that the RPE is responsible for protection of photoreceptor 
function.

4.5.1  �Royal College of Science (RCS) Rats

The RCS rat is one of the oldest and most commonly used animal models of retinal 
dystrophy [42]. Previously thought to be an inbred rat with an unknown mechanism 
of retinal degeneration, later evidence has shown a failure of rod outer segment 
phagocytosis by RPE [116, 117] due to mutation in the Mertk gene in the rdy (reti-
nal dystrophy) locus, which codes for a receptor tyrosine kinase [118]. The patho-
genesis is therefore remarkably similar to retinitis pigmentosa in humans. Typically, 
damage to the photoreceptors can be seen by 14–16 days of life with a layer of outer 
segment debris being detected by 20 days [119], and degree of photoreceptor degen-
eration can be exacerbated by continuous light exposure [120]. RCS rats are the 
current standard for retinal progenitor cell (RPC) transplantation [121, 122] in 
rodent models.

RCS rats develop a multitude of ocular symptoms outside of retinal dystrophy. 
The degeneration of photoreceptors eventually leads to abnormal angiogenesis 
[123], as evidenced by fluorescin angiography [124]. Due to its early development 
of ample neovascularization, it has been used as a substitute model for models of 
abnormal retina angiogenesis, for diseases such as AMD and DR. Although no sig-
nificant underlying RPE pathology is typically seen [125], human RPEs [126] and 
ESC-derived RPE cells [127, 128] have been transplanted with positive results of 
integration and restoration of visual function. Other symptoms that RCS rats show 
include cataracts and increased IOP [129], but other inbred lines such as DBA/2J 
[44] are typically used for this purpose.
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4.5.2  �Chemical Models of Photoreceptor Damage

Chemical-induced models can deplete photoreceptors very quickly, faster than the 
standard RCS rat. Commonly used cytotoxic molecules in the retina include sodium 
iodate (NaIO3) and N-methyl-N-nitrosurea (MNU). NaIO3 treated mice cause non-
specific damage of both RPE and photoreceptor cells via oxidative stress [130], but 
there are definitive advantages over other models of photoreceptor damage. First, 
induction time is almost instantaneous with RPE damage [32] observed within 1 h 
post-injection. Second, the extent of damage can be readily customized—photore-
ceptor loss is dose-dependent [131, 132], with damage to cells seen only after 
20 mg/kg of injection [133]. Third, different methods of administration have been 
explored—traditionally, NaIO3 is injected intravenously, but intraperitoneal [130] 
and retrobulbar venous injection [134] has been studied as well. Lastly, NaIO3 
injection can be combined with genetic models with increased photoreceptor sus-
ceptibility to induce great ablation of outer retinal cells [126].

MNU causes cell damage via cell cycle inhibition, unlike NaIO3, which causes 
oxidative stress. MNU injection has all the advantages of NaIO3, but damage is 
more specific to photoreceptor cells [135]. MNU can be injected intraperitoneally 
[136] and intravitreally (to avoid systemic effects) [135], and has been characterized 
in many different mammalian species [137]. As with many other chemical models 
of retinal diseases in general, NaIO3 and MNU-induced retinal damage represents 
acute loss of cells, rather than following pathogenesis of underlying disease.

4.5.3  �Genetic Models of Retinitis Pigmentosa

Retinitis pigentosa (RP) is a heterogeneous disease entity with more than 60 genes 
currently identified, and can be associated with multi-organ disorders such as Usher 
syndrome and Bardet-Biedl syndrome [138]. The Pde6brd1 mouse (rd1 mouse) is a 
commonly studied model of rod degeneration, related to autosomal recessive vari-
ants of RP [139]. The loss of photoreceptors develops quickly within 3 weeks for 
rods [43], followed by progressive loss of the entire photoreceptor layer throughout 
the life of the mouse [140]. Rd1 mutations are very common in mice, and many 
experimental mouse strains carry the allele. Due to cheaper cost and fast induction 
of photoreceptor-specific blindness, rd1 has been the standard model for transplan-
tation studies for various stages of differentiated photoreceptors [141–143].

Another commonly studied RP mutation is that of Rhodopsin (Rho), which is 
believed to account for most cases of autosomal dominant RP. Minipig models with 
Rho mutation at P23H [39] show a severe decline in function of rods in 30 days of 
age with an absent scotopic response. Cone populations develop normally until day 
60 of life, but decrease in viability afterward, likely due to absence of trophic sup-
port from rods and choroid [144]. Cell replacement therapy has yet to be actively 
researched with this particular model.
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4.5.4  �Genetic Models of Other Photoreceptor Anomalies

The most commonly used models of photoreceptor damage such as RCS and RD1 
rat often do not represent pathogenesis of other photoreceptor diseases to its full 
extent. Numerous transgenic models for congenital impairments such as Leber’s 
congenital amaurosis (LCA) [145–147], maculopathies such as Stargardt’s disease 
[148, 149], and various cone-rod dystrophies [146, 150, 151] are currently avail-
able. Many of these diseases share common causative genes, all involved in the 
visual cycle, and thus different mutations of the same gene can account for different 
phenotypes.

Traditionally, human mutations associated with these disorders have been trans-
duced in larger mammals such as pig and dogs, which have a higher density of 
cones at their central streak and fovea-like regions, respectively [152]. More 
recently, however, established mouse models are often bred with Nrl−/− mice [12], 
which lack a crucial protein that determines cone vs. rod photoreceptor fate. This 
results in a cone-enriched mouse with the cone genetic defect of choice [153, 154]. 
This breakthrough has led to easier creation of cone disorder models for cone pho-
toreceptor transplantation (Table 4.2).

Table 4.2  Common animal models of photoreceptor diseases for stem cell research

Method
Commonly 
used species Category Characteristics

Previous stem cell 
research

Royal College 
of Science Rats

Rats [42] Inbred 
mouse 
strain

Model of RP and 
neovascularization

hRPCs [121], 
hMSCs and hRPCs 
[122]
RPEs [126–128]

Sodium 
iodate-induced 
model

Rat [32]
Rabbit [155]

Chemical Acute model of RPE and 
photoreceptor injury

ESCs [156]

N-methyl-N-
nitrosurea-
induced model

Mouse [135]
Rabbit [157]
Monkey [137]

Chemical Moe specific photoreceptor 
damage, acute model of 
injury

N/A

Pde6brd1 mouse Mouse [43] Inbred 
mouse 
strain

Model of RP; fast 
degradation of rod, and 
then cone. Very common 
mutation in experimental 
mice

mESC/iPSC 
derived retinal sheet 
[141]
hESC/PSC derived 
PhRP [142]
Precursor and 
mature rods [143]

Nrl−/− mouse Mouse [12] Transgenic Model of enhanced S-cone 
syndrome; often bred with 
models of cone dystrophies

Often a source of 
cone photoreceptors 
for retinal research
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4.6  �Models of Inner Retina Diseases

4.6.1  �Models of RGC Apoptosis and Optic Nerve Injury

The inner retina diseases such as glaucoma and various forms of optic neuropathy 
(ischemic, traumatic, compressive) have common characteristics of retinal ganglion 
cell (RGC) loss. Animal models that directly focus on RGC damage do not neces-
sarily replicate the pathogenesis of individual conditions, but have been used exten-
sively due to their ability to show a drastic change in RGC function in many different 
types of animals.

4.6.1.1  �Axotomy and Optic Nerve Crush

RGCs have long axonal connections that extend through the optic nerve toward the 
lateral geniculate and superior colliculi of the brain, which can be directly manipu-
lated via axotomy or crush. This method has been used as early as in the 1980s [158] 
as a model for optic nerve axonal degeneration. Both axotomy and crush is typically 
done via intraorbital approach than intracranial due to easier approach [159]. Once 
the optic nerve is approached, it is incised while maintaining blood supply and men-
ingeal continuity for axotomy [160], or injury is inflicted by a forceps or balloon 
[161] for a few seconds for optic nerve crush.

Any animal with an optic nerve-like structure can have their optic nerves manip-
ulated; however, this approach has most extensively been in use in rats. Rats are less 
expensive compared to primates but easier to surgically manipulate compared to 
mice. Moreover, in rats, RGC cell population drops abruptly in 1–2 weeks post-
axotomy [30], whereas in monkeys, significant loss takes 1–2  months [162]. It 
should be noted that in certain non-mammalian models such as goldfish RGCs 
regenerate after initial injury [163], which makes them less of an ideal candidate for 
intervention.

The fast and marked degeneration of RGCs in optic nerve-crushed rats provides 
reproducible results for researchers interested in RGC regeneration. Recent work 
has also shown that RGC loss in optic nerve crush and axotomy is largely mediated 
by apoptosis via activation of various initiator [164] and effector caspases [165], 
which recapitulates RGC loss in inner retinal diseases. Therefore, recent research 
has focused on using neurotropic factors such as BDNF [166], antiexcitotoxic mol-
ecules such as brimonidine [167], immune modulators [168], and many more poten-
tial drugs [169] to delay or salvage RGC damage after optic nerve crush. Because 
the effect of these molecules is transitory, neuroprotective cell therapy has the 
promise of allowing long-term neurotrophic benefits via growth factor production 
and immunomodulation. Optic nerve-crush was also one of the earliest models of 
cell replacement therapy experiments with RGCs, with positive results of vision 
restoration in mice [170].
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It should be noted that an incomplete transection/crush of the optic nerve can 
yield false positive results of optic nerve regeneration [171], which may require 
more stringent survey of RGCs and their axons before and after treatment. Like 
many other models of RGC damage, optic nerve crush does not capitulate the dis-
ease process that causes the RGC damage, i.e., glaucoma, and results using optic 
nerve crush models should be considered with this caveat.

4.6.1.2  �N-Methyl-d-Aspartate (NMDA) Receptor-Induced Injury

Glutamate excitotoxicity is a critical component of the selective death of neuronal 
cells in ischemic retinopathy [172, 173] as well as glaucoma. This has classically 
been associated with overstimulation of NMDA receptors [174] in retinal ganglion 
cells, which leads to intracellular influx of calcium ions, leading to activation of 
downstream apoptotic cascade. Thus animal models utilizing glutamate excitotox-
icity have focused on stimulation of NMDA receptors, over other types of glumate 
receptors such as AMPA/kainate channels.

There are several advantages of using NMDA-induced models for RGC injury: 
first, intravitreal injection of NMDA results in dose-dependent RGC loss, ranging 
from no effect to more than 50% loss in 5 days in mice [33]. This implies that the 
model can be customized to represent “mild” and “severe” stages of inner retina 
diseases. Second, intravitreous injection of a single compound is an easier method 
to administer in small animals such as mice, compared to a more complex surgical 
method. Last and most importantly, damage via NMDA injection is very specific to 
RGC cells—recent studies showed that bipolar cells and rhodopsin-positive photo-
receptors have remained largely intact after 2 weeks since injection, whereas RGCs 
took the largest hit, followed by some amacrine cells [175]. Because of this specific-
ity the model has been used extensively for stem cell therapy approaches that 
attempt to replace lost RGCs, examples include RGCs differentiated from embry-
onic stem cells (ESCs) [176, 177] and Muller cells [178].

It should be noted that newer evidence suggests desensitization of AMPA recep-
tors via kainate [179], or preconditioning AMPA stimulation with glucose or oxy-
gen deprivation [180]. As of current, AMPA stimulated mouse models have not been 
extensively used for stem cell research.

4.6.1.3  �Transient Ischemia Models

The transient ischemia models are a group of models that induce RGC loss via 
occlusion or functional inhibition of blood vessels supporting the optic nerve and 
retina, often followed by reperfusion of said vessels—thus the name “transient” 
ischemia. These models can be grouped into arterial models and venous models.

Different strategies are used for direct ligation of arteries in large and small ani-
mals. Because the central retinal artery (CRA) is a narrower continuation of the 
ophthalmic artery stemming from the internal cartorid, ligation of the CRA is more 
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feasible in larger animals such as monkeys [181]. On the other hand, larger vessel 
operations such as filamentous middle cerebral artery occlusion (fMCAO) [182] are 
more commonly used in small animals such as rodents. Because the outsprouting of 
the posterior ciliary artery from the internal carotid is close to where the internal 
carotid becomes the MCA, occlusion via intraluminal suture at this point has been 
shown to result in retinal ischemia, as evidenced by suppressed ERG and increased 
GFAP induction in Muller cells [182]. With fMCAO, the duration and severity of 
the ischemia can be directly controlled by the duration of occlusion. However, RGC 
loss typically occurs when there is severe insult to the brain as well [183], and it can 
be debatable whether fMCAO is a primary retinal model.

Other methods of inhibiting blood flow in the central retinal artery of small ani-
mals such as rodents include (1) intraocular pressure (IOP) elevation and (2) induc-
tion of thrombosis. IOP elevation typically involves connecting the animal’s eyes to 
a sterile saline container, and then artificially increasing intraocular pressure (IOP) 
above the systolic pressure of the CRA [36, 184, 185]. In this method, reperfusion 
is commonly accomplished by detaching the saline container and then performing a 
fundus exam for blood flow. Extensive loss of RGCs is typically seen within 60 min 
[36]. IOP elevation has been widely used for neuroprotective pharmacologic inter-
ventional studies [186, 187] and as well as stem cell research [188, 189], due to its 
relatively easy procedure and ability to be induced in many different animals. The 
IOP-induced model causes mechanical damage as well as ischemic damage in 
RGCs, and so whether it is a specific model for ischemic retinal disease can be 
debatable.

Thrombotic ischemia/reperfusion often involves a light-sensitive dye (such as 
the Rose Bengal dye) that induces thrombosis via laser irradiation, followed by tPA 
administration [190, 191]. The major strength of this method is that it is minimally 
invasive compared to other methods of transient ischemia. However, while the 
extent of damage can be controlled by concentration of the dye and the intensity of 
laser, occlusion occurs end-arterially, which can cause high variability in regards to 
restoration of blood flow by tPA [192].

Similar strategies are used for retinal venous occlusion as in arterial ischemic 
models. Some examples include thermal coagulation [193] and photochemical-
induced thrombosis [194, 195]. Although central venous-occluded models are not 
as commonly used compared to episcleral venous occlusion for RGC regenerative 
stem cell therapy research, it is important to note that they model two different dis-
eases—namely central/branch venous occlusion and primary open-angle glaucoma, 
respectively.

4.6.1.4  �Transgenic Models of RGC Loss

Although more difficult to maintain and breed compared to traditional models, 
transgenic mouse models using the Cre-Lox system can provide a purely RGC-
depleted animal for stem cell research. One example is the Pou4f2 (Brn3b) knock-
out mouse, which utilizes a fused Cre recombinase to the estrogen receptor 
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(CAGG-Cre-ER transgene) [40]. Pou4f2 is a crucial gene for RGC differentiation 
and is expressed throughout life. Because the Cre recombinase is triggered by 
tamoxifen injection in these mice, the timing of Pou4f2 knockout can be precisely 
controlled in the animal’s life cycle. RPCs isolated from embryonic retinas have 
been shown to be able to integrate into the depleted RGC layer in this model [15].

4.6.1.5  �Experimental Autoimmune Encephalopathy (EAE) Model

The EAE model is primarily a model for diseases causing autoimmune demyelin-
ation in the central nervous system, namely multiple sclerosis (MS). Autoimmunity 
to the myelin protein can be accomplished with a wide variety of proteins, such as 
myelin basic protein (MBP) which often shows a relapsing/remitting presentation 
[196, 197], and myelin oligodendrocyte glycoprotein (MOG) [198] which shows a 
chronic and progressive form of MS in rodents. Likewise, severity and time of RGC 
involvement varies depending on type of induction and type of animal treated for 
EAE. For example, RGC loss precedes optic nerve inflammation in rat chronic EAE 
models [37], whereas in mice optic neuritis comes first, and RGC loss follows after-
ward [199]. Typical induction time is 1–2 weeks. Current stem cell research regard-
ing EAE models has been focused toward neuroprotection via NSCs [200] or MSCs 
[201], rather than direct replacement of RGCs or its precursors.

4.6.1.6  �Models of Hereditary Diseases that Involve Optic Nerve Damage

Retinal degeneration from hereditary diseases such as Leber’s hereditary optic neu-
ropathy (LHON) and neurofibromatosis type I (NF1) does not have a definitive cure 
as of today. In these diseases, stem cell therapy has the promise of supplementing 
lost RGCs and/or protecting from further RGC damage. A number of animal models 
exist for LHON, including germline transfer of mutant human mitochondrial DNA 
[202], and rotenone-induced mitochondrial complex I inhibition [203]. Of note, the 
rotenone model causes immediate reduction in RGC layer thickness after 1 h post-
injection, which is strikingly similar to the acute and abrupt onset of LHON. Recent 
work with retinal progenitor cells (RPCs) has shown that cultured cells are able to 
integrate into the RGC layer with positive activity evidenced by manganese-
enhanced MRI [204].

Neurofibromatosis type I causes RGC loss mainly by the development of optic 
pathway gliomas (OPGs), whose mainstay treatment is currently limited to chemo-
therapy. Transgenic models of NF1 made via the Cre-lox system are able to target 
specific cell-lines, such as progential glial cells, to express mutant NF1. Currently 
the Nf1flox/mut; GFAP-Cre mice [205] capture the pathogenesis of OPGs, including 
biallelic loss of NF1 gene in embryonic development, as well as microglial recruit-
ment by CCL5/CXCR12. As with many transgenic models, creation of these mice 
requires careful breeding and can be difficult to use for larger studies (Table 4.3).

4  Cell and Animal Models used for Retinal Stem Cell Research



104

4.6.2  �Models of Glaucomatous Disease Conditions

Glaucoma is a heterogeneous disease entity with a multitude of causes and risk fac-
tors, sharing common characteristics of RGC loss and subsequent vision impair-
ment. In terms of pathogenesis, glaucoma can be classified into open-angle and 
closed-angle forms. Animals with open-angle glaucoma have higher resistance to 
aqueous humor outflow, whereas animals with closed-angle glaucoma have a direct 
obstruction to outflow tracts via angle closure. The open- and closed-angle forms 
can again be subclassified as primary or secondary, depending on whether there is 
an identifiable cause for elevation of intraocular pressure (IOP). Rare congenital 
forms of glaucoma that fit into neither category exist as well. Animal models for 
these glaucoma subtypes have been discussed extensively in literature [211], and 
newer models are in development with recent advances in genetic engineering.

4.6.2.1  �Animal Models of Primary Open-Angle Glaucoma (POAG) 
and Its Variants

Open-angle glaucoma is the most common subtype of glaucoma. It is characterized 
by a disruption of balance between aqueous production from the ciliary body and 
aqueous outflow via the trabecular meshwork and uveoscleral pathways. This 

Table 4.3  Common animal models of RGC and optic nerve damage for stem cell research

Method
Commonly 
used species Category Characteristics

Previous stem 
cell research

Optic nerve crush/
axotomy

Rat [30]
Monkey 
[162] Cat 
[206]

Surgical 1–2 week induction 
time, typically 
irreversible

RGC, [170], 
MSC [207, 
208]

NMDA injection Mouse [33] Chemical Damage more specific 
to RGCs

ESC [176, 177], 
Muller-derived 
RGC [178]

IOP-induced ischemia/
reperfusion model

Rat [36]
Mouse [209]
Rabbit [210]

Ischemic Fast induction time, 
rapidly reversible

BMSC [188], 
RPC [189]

Venous occlusion Rat [194]
Cat [193]

Surgical or 
chemical

Similar technique 
used for arterial 
occlusion

N/A

Brn3b knockout via 
Cre-ER

Mouse [40] Transgenic Uses tamoxifen 
trigger; specific RGC 
ablation

RPC [15]

Experimental 
autoimmune 
encephalomyelitis

Rat [37]
Mouse [199]

Chemical Model of MS; 
Variable induction 
time and severity

MSC [201],
NSC [200]

Rotenone-induced optic 
neuropathy

Mouse [203] Chemical Model of LHON; very 
fast and abrupt loss of 
RGC

RPC [204]

Nf1flox/mut; GFAP-Cre Mouse [205] Transgenic Model of OPG 
associated with NF1

N/A
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mismatch may or may not lead to an elevation in IOP, as seen in the case with 
normal-tension glaucoma (NTG). Nonetheless, damage occurs to RGCs evidenced 
by pathologic changes.

4.6.2.1.1  Trabecular Meshwork (TM) and Episcleral Vein Occlusion Models

The trabecular meshwork accounts for most of aqueous humor outflow from the 
anterior chamber, draining into the Schlemn’s canal and then episcleral veins. 
Dysfunction of this system is closely associated with the pathogenesis of POAG; 
however, depending on the degree of obstruction and time course, animal models 
created by occluding this system can be seen more of an angle closure-like model. 
(PACG is defined clinically by more than 270° of occlusion at the angle [212].)

TM is most commonly occluded with (1) laser photocoagulation [213], (2) injec-
tion of particles such as latex microbeads [31], or (3) injection with viscous materi-
als such as methylcellulose [214] and hyaluronic acid [215] in the anterior chamber 
(intracameral). Laser photocoagulation has been initially introduced in monkeys 
[216], which has the benefit of human-like ocular anatomy, but more recently in 
rodents as well which showed stable IOP increase for 24 weeks [217]. With micro-
bead models, the duration of IOP increase and extent of RGC damage is highly 
variable, ranging from a few weeks to a few months, and 10–70%, depending on the 
species and volume/size of microbeads [218]. One way to ensure a more prolonged 
response is by using multiple consecutive injections [219], or adding viscous mate-
rials. For example, methylcellulose can be added to further occlude the vein, and 
recent evidence with RGC-fluorescent (Thy1-CFP) reporter mice may suggest that 
addition of methylcellulose causes higher elevation in IOP and more severe RGC 
loss in mice [214].

The episcleral vein is typically occluded by either cauterization or saline injec-
tion [220]. Thermo- or electro-cauterization of the episcleral vein had been used in 
rodent [221, 222] and non-rodent species [223], and leads to a stable increase in IOP 
and subsequent RGC loss [224]. In fact, in pig models, episcleral vein cauterization 
is one of the most reliable methods of episcleral vein occlusion, with prolonged reti-
nal damage [223]. On the other hand, early studies in rats have shown little differ-
ence in degree of RGC damage between episcleral cauterization or microbead 
occlusion of TM [225]. Although episcleral vein occlusion causes definitive 
glaucoma-like damage to the retina, interventions on the episcleral vein typically 
require more surgical precision than those on the trabecular meshwork, which can 
lead to high variability in symptoms.

4.6.2.1.2  Steroid-Induced IOP Elevation

Glucocorticoids are thought to increase IOP mainly via increased extracellular 
matrix deposition at the trabecular meshwork [226, 227]. Although best used as a 
model of steroid-induced glaucoma, it can be used as a substitute for subtypes of 
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POAG that are caused by various depositions at the Schlemm’s canal. To induce 
ganglion cell depletion, steroid is preferably applied topical onto the animal: in 
mice, topical application of dexamethasone on the orbit leads to INL thinning [228], 
whereas systemic application does not lead to appreciable loss [229]. This model is 
easy to induce and to maintain; however, animals are at high risk of side effects, 
such as corneal damage and cataracts, with topical steroids.

4.6.2.1.3  Genetic Models of POAG in Rodents

Natural mutations with a POAG-like presentation have been discovered in monkeys 
[230] and dogs [231], but these models are rare and difficult to work with. Genetic 
models have been developed in rodents, with the knowledge of genes identified in 
these natural animal models [232] as well as in humans. One such example is the 
Tyr437His myocilin point mutation models. Myocilin (MYOC) is a gene that is 
implicated in 3–5% of POAG cases [233], and has been extensively studied since its 
discovery. There are multiple ways to introduce the mutant human gene into rodents, 
including pronuclear injection (Tg-MYOCY437H) [234, 235] and adenovirus-
associated viral vectors [236, 237]. As discussed in Sect. 4.3, pronuclear injection 
of BAC DNA shows nonspecific integration of target gene, and extensive breeding/
selecting is required to establish a model. On the other hand, injection of viral vec-
tors is much easier to perform, but gene expression can be transient and often immu-
nosuppression is needed to bolster mutant gene expression [238]. If viral vectors are 
used, intravitreal injection has been reported to yield better results due to a slow 
release of viral particles from the vitreous body [238, 239], and species differences 
among mice should be taken into account [236]. Other POAG genes transduced 
with this method include TGF-beta2 [240] and secreted frizzled-related protein-1 
(sFRP-1) [241].

Unfortunately, many of viral vector models have not been able to demonstrate 
measurable RGC loss or damage to the superior colliculus [236], whereas models 
allowing transfer of mutant gene at germline stage such as pronuclear injection 
showed peripheral loss of RGCs but not robust IOP elevation [235]. Recently, 
Crispr/Cas9-mediated editing of MYOC was found to be able to reverse IOP 
changes and improve ERG results [242]. Because genetic models of POAG are 
faithful to the pathogenesis and progression of disease, successful cell therapy 
results in these models would be the most translatable to future clinical results. 
However, much work needs to be done in regards to cost and reliability of RGC 
damage until these models are used more often for cell therapy.

4.6.2.1.4  Genetic Models of Normal Tension Glaucoma (NTG) in Rodents

Normal tension glaucoma is a disease entity of ambiguous pathophysiology, associated 
with a number of risk factors such as systemic hypotension, migraine, Raynaud’s phe-
nomenon, etc. [243] Currently, transgenic mice that show RGC damage without IOP 
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elevation are available. As discussed in Sect. 4.1, glutamate excitotoxicity in the retina 
is very specific to RGCs. Therefore, knockout models of glutamate transporters such as 
the GLAST mutant mice [244] have been revisited and were confirmed to show posi-
tive RGC and optic nerve damage [245]. It should be noted that the debilitating effects 
of GLAST knockout pervade over the entire CNS—therefore the shorter life span and 
neurological defects of these mice have to be considered in experimental design.

4.6.2.2  �Animal Models of Primary Angle–Closure Glaucoma (PACG) 
and Its Variant

PACG in most cases is a chronic disease with gradual onset of visual symptoms, only 
distinguished from POAG by degree of angle closure. Only in select cases acute angle 
closure occurs, characterized by acute increase in IOP and conjunctival injection. 
Therefore, many of the occlusive models of the TM or episcleral vein listed in Sect. 4.1 
can also represent damage from PACG, depending on the extent of outflow obstruction. 
Models listed below are those that primarily show only a PACG-like presentation.

4.6.2.2.1  Vav2/Vav3 Deficient Mice

The Vav proteins are a group of guanine exchange factors (GEFs) whose down-
stream effect includes alteration of cell behavior via actin regulation [246]. Although 
primarily used in immunological research, Fujikawa et  al. have discovered that 
Vav2/vav3 knockout mice develop variable amounts of angle closure, IOP increase, 
and subsequent RGC loss [247]. The main strength of this model lies in the early 
onset of ocular symptoms (6 weeks for IOP increase), which is ideal for a mouse 
model. Furthermore, the Vav2/vav3 is a very well-characterized and common model, 
and no further surgical or chemical intervention is required in the orbit to develop 
symptoms. So far, this model has yet to be used for stem cell therapy research.

4.6.2.2.2  DBA/2J Mouse Line for Pigmentary Glaucoma

The DBA/2J mouse line is an inbred strain that has been discovered to develop 
pigmentary dispersion in the anterior chamber [44]. The human condition of 
pigmentary dispersion syndrome is a secondary POAG-like disease, but the 
DBA/2J mice show more of a PACG-like presentation with large accumulations 
of pigment-filled cells and synechia in the anterior chamber. The mice become 
symptomatic by 9 months of age, and RGC layer thinning and optic nerve dam-
age is evident by 11–15 months. The DBA/2J mouse line is responsible for the 
discovery of major genes associated with pigmentary glaucoma such as Tyrpl 
[248] and Gpnmb [249]. On the other hand, stem cell therapy for this model is 
still at its early stage. Divya et  al. [177] recently reported transplantation of 
ES-cell-derived neural progenitors (NP) in NMDA-ablated mice and DBA/2J 
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mice, whereas NPs were able to differentiate into RGCs and integrate into host 
retina resulting in vision improvement in NMDA-ablated mice, no such phenom-
ena was seen in DBA/2J mice. As discussed in Sect. 4.1, NMDA-mediated abla-
tion causes a very specific damage to RGCs and no IOP change is present, 
whereas DBA/2J mice are primarily IOP increasing models and RGC loss is 
secondary. Based on these findings, Divya et al. suggest that it may be crucial to 
control the underlying glaucomatous process (including IOP changes) in order to 
make stem cell therapy more fruitful, which is especially relevant for the models 
of PACG-like presentation listed in this chapter (Table 4.4).

Table 4.4  Common animal models of glaucomatous disease for stem cell research

Method
Commonly 
used species Category Characteristics

Previous stem 
cell research

POAG phenotype

Laser photo-
coagulation of 
trabecular meshwork

Monkey 
[250, 251]
Mouse [217]
Rat [252]
Pig [253]

Surgical Easy to induce and 
manage in any animal, 
stable IOP increase

Muller-derived 
RGC [254]
BMSC [255], 
RSC [256]

Episcleral vein 
cauterization

Mouse [221]
Rat [222]
Pig [223]

Surgical Reliable method of 
inducing stable IOP 
increase, high degree of 
surgical finesse needed

MSC [257, 
258]

Microbead/
methylcellulose/
hyaluronic acid 
injection

Mouse [31]
Rat [31]
Rabbit [219]
Pig [223]

Surgical Variable RGC damage MSC [259]

Steroid-induced IOP Rabbit [35]
Mouse [229]
Rat [260]
Monkey 
[261]
Cow [262]
Sheep [263]

Chemical Easy to induce and 
manage in almost any 
animal; various side 
effects

N/A

Viral vector-mediated 
mutant MYOC gene 
transfection

Mouse [237]
Rat [240]
Cat [264]

Transgenic Inconsistent RGC damage N/A

Glutamate transporter 
KO models

Mouse [245] Transgenic RGC damage without IOP 
increase; a model of NTG

N/A

PACG phenotype

Vav2/vav3 deficient 
mice

Mouse [247] Transgenic Early onset N/A

DBA/2J mice Mouse [44] Inbred 
mouse 
strain

Late onet; severe anterior 
chamber synechiae, unlike 
human counterpart

ES-derived 
neural 
progenitor 
[177]
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Chapter 5
Limbal Stem Cells and the Treatment 
of Limbal Stem Cell Deficiency

Bruce R. Ksander, Markus H. Frank, and Natasha Y. Frank

Abstract  Many organs (skin, stomach, intestines, colon, and eye) possess an epi-
thelial layer that is short-lived and rapidly lost, requiring a source of adult stem cells 
that produces a continual supply of epithelial cells to replenish the lost cells. 
Maintaining these rapidly self-renewing epithelial surfaces during normal homeo-
stasis is therefore dependent upon the health of the adult stem cell population. One 
important challenge in regenerative medicine is replacing these adult stem cells 
when they are eliminated following an injury or disease. The eye contains two 
highly specialized stratified squamous epithelia, the conjunctival epithelium and the 
corneal epithelium, which are separated by the limbal epithelium (Fig.  5.1). A 
healthy corneal epithelium is essential for maintaining a clear cornea and normal 
vision. The limbus contains a small subpopulation of rare LSC (Limbal Stem Cells) 
that continually repopulates the corneal epithelium. Patients with a LSCD (Limbal 
Stem Cell Deficiency) are unable to regenerate the corneal epithelium, resulting in 
migration of the conjunctival epithelium over the corneal stroma, called “conjuncti-
valization,” that triggers neovascularization, chronic inflammation, and corneal 
opacity. A complete LSCD results in the total loss of the corneal epithelium and 
blindness due to an irreversibly opaque cornea. The extent of LSC loss can range 
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from partial to complete and can be either unilateral or bilateral with a correspond-
ing range in the loss of vision. LSCD can be caused by a variety of injuries or dis-
eases: chemical or thermal burns [1], Stevens-Johnson syndrome [2, 3], aniridia [3], 
contact lens-induced keratopathy [4], multiple surgeries [5], cryotherapy of the lim-
bus [5], chronic peripheral corneal inflammation [6], and lysosomal storage disease. 
However, corneal burns are by far the most frequent cause of a LSCD [5].

Keywords  Limbal stem cells · Limbal stem cell deficiency · Cultured limbal epi-
thelial transplantation · Allogeneic transplantation · Transplant immunology

5.1  �Introduction

Many organs (skin, stomach, intestines, colon, and eye) possess an epithelial 
layer that is short-lived and rapidly lost, requiring a source of adult stem cells 
that produces a continual supply of epithelial cells to replenish the lost cells. 
Maintaining these rapidly self-renewing epithelial surfaces during normal 
homeostasis is therefore dependent upon the health of the adult stem cell popula-
tion. One important challenge in regenerative medicine is replacing these adult 
stem cells when they are eliminated following an injury or disease. The eye con-
tains two highly specialized stratified squamous epithelia, the conjunctival epi-
thelium and the corneal epithelium, which are separated by the limbal epithelium 
(Fig.  5.1). A healthy corneal epithelium is essential for maintaining a clear 

Fig. 5.1  Anatomy of the limbus. The limbus separates the conjunctiva from the cornea. The limbal 
blood vessels in the stroma can be used to identify where the corneal epithelium ends, and the 
limbal epithelium begins
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cornea and normal vision. The limbus contains a small subpopulation of rare LSC 
(Limbal Stem Cells) that continually repopulates the corneal epithelium. Patients 
with a LSCD (Limbal Stem Cell Deficiency) are unable to regenerate the corneal 
epithelium, resulting in migration of the conjunctival epithelium over the corneal 
stroma, called “conjunctivalization,” that triggers neovascularization, chronic 
inflammation, and corneal opacity. A complete LSCD results in the total loss of 
the corneal epithelium and blindness due to an irreversibly opaque cornea. The 
extent of LSC loss can range from partial to complete and can be either unilateral 
or bilateral with a corresponding range in the loss of vision. LSCD can be caused 
by a variety of injuries or diseases: chemical or thermal burns [1], Stevens-
Johnson syndrome [2, 3], aniridia [3], contact lens-induced keratopathy [4], mul-
tiple surgeries [5], cryotherapy of the limbus [5], chronic peripheral corneal 
inflammation [6], and lysosomal storage disease. However, corneal burns are by 
far the most frequent cause of a LSCD [5].

There has been remarkable clinical success in regenerating the corneal epithe-
lium in patients with a unilateral LSCD, which dates back to the first successful 
report 28 years ago by Kenyon and Tseng [7] and continues to the present with 
the recent announcement of Holoclar® as the first advanced therapy medicinal 
product containing stem cells approved by the EMA (European Medical Agency) 
for treating unilateral LSCD due to ocular burns. Importantly, Holoclar® is the 
first such approval for any cell therapy treating an ocular or non-ocular disease 
[8]. Although, currently there is considerable interest in the development of 
novel stem cell therapies to treat retinal disease, these exciting retinal studies are 
in the beginning stages and have yet to provide any significant clinical success. 
For this reason, it could be argued that the long-standing achievements in corneal 
regeneration are underappreciated by both the field of regenerative medicine in 
general and even within the ophthalmologic community. Notwithstanding this 
clinical success, there is still room for improvement of the clinical LSCD treat-
ments and still much to be learned about the molecular mechanisms by which 
LSC maintain and restore the ocular surface. In many respects, the knowledge of 
the molecular mechanisms that control adult stem cells that maintain the hair 
follicle, intestines, and colon are considerably more advanced even though there 
has yet to be any clinical success in regenerating these tissues [9]. The advances 
in these other tissues are mainly due to the relatively recent lineage tracing stud-
ies used to identify and track the stem cells in these target tissues which are only 
beginning to be conducted in the limbus [10–13]. In summary, while successful 
long-term regeneration of the corneal epithelium has been achieved in some uni-
lateral LSCD patients, there are still many unmet clinical challenges, such as the 
treatment of complete bilateral LSCD and patients with a LSCD due to chronic 
ocular surface inflammation. Recently, there have been a number of research 
advances in identifying LSC and reprograming cells which may lead to new clin-
ical approaches that will in turn lead to advances in our ability to regenerate the 
ocular surface in patients that are afflicted with the most severe and difficult to 
treat forms of ocular surface diseases.

5  Limbal Stem Cells and the Treatment of Limbal Stem Cell Deficiency



126

5.2  �Historical Perspective

5.2.1  �Tissue Transplants

In 1983, Thoft and Friend proposed the X, Y, Z hypothesis, which was one of the first 
proposals that identified the limbus as the source of corneal epithelial stem cells [14]. 
However, the first experimental evidence that stem cells were contained within the 
limbus was reported in 1989 by Cotsarelis and Lavker who observed that label-
retaining cells, a marker of quiescent stem cells, were present within the limbus but 
not present within the central cornea of mice [15]. These label-retaining cells were 
located within a subpopulation of basal limbal epithelial cells, providing the first 
evidence of the location of limbal stem cells within this tissue. This initial experi-
mental evidence was followed within the same year by the first report of a clinical 
success in restoring the corneal epithelium in unilateral LSCD burn patients by 
Kenyon and Tseng [7], who based their surgical approach, in part, on the then recent 
discoveries of Cotsarelis and Lavker (K.K. personal communication). They removed 
a small biopsy of normal limbus from the unaffected eye of a patient with unilateral 
LSCD caused by an alkali burn and transplanted this tissue directly onto the limbal 
area of the effected eye, resulting in the long-term sustained regeneration of the cor-
neal epithelium and improved vision in the affected eye. The sustained regeneration 
and continued maintenance of a clear cornea in some of these early patients treated 
by Kenyon and Tseng is demonstrated by fact that the patient’s corneas still remain 
clear now, almost three decades after their surgery (K.K. personal communication). 
Subsequently, this procedure was used by a variety of ophthalmologists and, although 
the procedure was successful in some patients, it became apparent that the procedure 
had several drawbacks. We now know that LSC are not evenly distributed around the 
limbus [16], which caused the biopsies to not always contain sufficient numbers of 
LSC and, if larger limbal biopsies were removed, there was an increased risk of trig-
gering a partial LSCD and reduced vision in the one remaining normal eye of the 
patient. Therefore, the low frequency and uneven distribution of LSC made the suc-
cess of this approach difficult to predict. One solution to this problem was to develop 
a method that would increase the number of limbal stem cells obtained from the 
biopsy tissue, which lead to the next series of studies in the 1990s on culturing and 
expanding limbal epithelial cells in vitro.

5.2.2  �In Vitro Expanded Cell Transplants

In an effort to increase the success of autologous limbal transplants by increasing 
the number of LSC obtained from the original small biopsy tissue, Pellegrini and 
co-workers worked to develop techniques to expand LSC by culturing biopsy-
derived limbal epithelial cells in vitro [17]. They reported that the limbus, but not 
the central cornea, contained cells with the proliferative capacity to form holoclone 
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colonies in  vitro, suggesting these colonies contained cells with extensive self-
renewing capacity, a benchmark for identifying stem cells. Additional studies indi-
cated that a subpopulation of basal limbal epithelial cells expressed the ΔNp63α 
transcription factor and that holoclone cultures contained a subpopulation of 
ΔNp63α+ cells [18, 19], leading to the proposal by Pellegrini et al. that ΔNp63α was 
a marker for limbal stem cells. p63 is a multi-isoform family of transcription factors 
that are required for epidermal development and also required for maintaining the 
adult epidermis. The majority of the described activity of p63 is contained within 
the ΔNp63 isoforms α, β, and γ [20, 21]. Therefore, it is logical that limbal stem 
cells would express ΔNp63α, but experimental proof for this was ultimately pro-
vided by Paolo Rama and co-workers who correlated limbal cell transplant success 
and corneal regeneration with the frequency of ΔNp63α positive cells within the 
donor graft, as described next.

The in vitro expansion of limbal stem cells led to the first report in 1997 of treat-
ing unilateral LSCD patients, not with a limbal biopsy tissue transplant, but with a 
form of autologous cell therapy in which the biopsy tissue was digested, the epithe-
lial cells recovered and expanded within in vitro cultures, and then the expanded 
cells were transplanted back to the patient on a fibrin gel or amnionic membrane. 
During the last two decades, this approach has been used in experimental clinical 
studies at a number of different institutions with considerable success [3, 22–24]. 
However, the most extensive study was reported in 2010 by Paolo Rama et al. who 
described the results of 112 burn patients with a unilateral LSCD [25]. Seventy-
seven percent of the patients displayed regeneration of the corneal epithelium with 
a median follow-up time of approximately 2 years and a maximum follow-up time 
of 10 years. Successful regeneration of the cornea led to loss of corneal neovascu-
larization and opacity and a significant increase in the patient’s visual acuity. 
Importantly, the success of these autologous transplants coincided with the fre-
quency of p63 positive cells within companion samples of the in vitro expanded 
cultures. If the cultures contained <3% p63 positive cells, the transplants failed to 
regenerate the cornea. Cultures that contained >3% p63 positive cells successfully 
regenerated the corneal epithelium in 77% of the patients. It is interesting to note 
that the maximum in vitro expansion of p63 positive cells in these cultures was lim-
ited to only 10% with a median frequency of 5.5% positive cells, indicating that, 
although the overall number of LSC was increased in these cultures, the ability to 
expand LSC was not unlimited and restricted to a relatively small percentage of the 
overall cells in the donor graft. It is tempting to speculate that increasing the number 
of LSC within the donor graft so that it is over this 10% limit would result in even 
more effective regeneration of the ocular surface. Another important and surprising 
aspect of this study was that transplant success and regeneration of the cornea did 
not coincide with the frequency of holoclones, or clonogenic cells, within the cul-
tures. This is important because a change in the holoclone frequency is used by 
many laboratories to indicate they have achieved an effect on the frequency of func-
tional LSC, even though this transplantation study indicates there is no direct cor-
relation between holoclone frequency and the regenerative capacity of the cultured 
LSC. This is clearly a topic that needs to be investigated and studied further.
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While this in vitro culture technique increased the frequency of LSC in the 
autologous transplants and also increased the clinical success of this procedure 
as compared with the whole-tissue limbal biopsy transplant used originally by 
Kenyon and Tseng, this approach also had several potential drawbacks. Currently, 
there is no agreement on the optimal culture conditions needed to expand func-
tionally active LSC, making it difficult to compare the clinical data obtained 
from different institutions [26]. Moreover, the original limbal biopsies recovered 
from the patients are heterogeneous and contain many different cell subpopula-
tions, in addition to LSC. When these heterogeneous cells are cultured in vitro, 
there is variable expansion of the different cell types. In addition, since p63 is an 
intracellular transcription factor that can only be identified by permeabilizing 
and killing the cell, the frequency of p63 positive cells with the cultures can only 
be determined in companion cultures and not within the cells that are trans-
planted to the recipient eye. Therefore, it is unclear: (1) how many LSC are pres-
ent originally prior to expansion, (2) what degree of stem cell expansion is 
achieved, (3) what other populations of cells are present and what effect these 
cells might have, if any, on corneal regeneration, and (4) whether the in vitro 
expanded LSC are functionally the same as the original stem cells? Therefore, 
the variability in the success of this approach reported in the literature between 
different institutions is likely due to the variations between techniques used to 
harvest, digest, and culture limbal epithelial cells. In spite of these potential 
issues, it is important to remember this is the first example of a cell therapy using 
laboratory cultured and expanded stem cells to successfully produce the long-
term regeneration of the corneal epithelium in patients with a unilateral LSCD, 
resulting in restoration of vision.

5.3  �Current Status and Future Treatment of LSCD Patients

5.3.1  �Regeneration of the Corneal Epithelium in Unilateral 
LSCD Patients

5.3.1.1  �Tissue Transplants

While significant advances have been made in the treatment of LSCD patients, 
treatment of unilateral LSCD patients is still more successful than treatment of 
patients with bilateral disease and this success is also limited mainly to burn patients. 
Autologous limbal biopsy tissue transplants from the unaffected eye are still the 
standard of care in the United States, since no in vitro expanded cell therapy has 
been approved by the FDA. Conjunctival limbal grafts and keratolimbal grafts are 
used with success rates of approximately 73% [27].
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5.3.1.2  �Simple Limbal Epithelial Transplant, SLET

One of the newest advances in treating unilateral burn LSCD patients has been the 
development of a procedure called SLET (Simple Limbal Epithelial Transplant) by 
Sayon Basu and colleagues [28] which was developed in India as an alternative to 
the in vitro expansion of LSC that requires extensive GMP laboratory facilities in 
order to culture the cells under the new guidelines for cell therapies (European 
Medicines Agency, Doc. Ref. EMEA/CHMP/410869/2006) SLET is a modification 
of the autologous limbal biopsy transplant procedure originally developed by 
Kenyon and Tseng in which the small biopsy from the patient’s normal contralateral 
eye is dissected into small pieces that are then glued onto the central corneal stroma 
of the affected eye after the pannus is removed, instead of placing the whole tissue 
over the limbal area as was done previously. Another modification used by the 
SLET technique appears to be that a deeper biopsy is taken so that it includes more 
of the limbal stroma. The effects of these modifications are significant with success 
rates reported to be at 80% which are as good as those obtained with in  vitro 
expanded cell therapies. The improved success of the SLET technique may be 
related to the transplantation of more limbal stroma, resulting in establishment of 
multiple small stem cell niches around the separate dissected biopsy transplants 
placed in the central cornea. This idea is supported by the observation of “swirls” of 
epithelium emanating from the pieces of transplanted tissue. The mechanism of 
regeneration via this technique is incompletely understood and whether this is a 
temporary niche that is maintained until the limbus is re-established or is a perma-
nent new niche is unknown. It seems unlikely that a permanent stem cell niche could 
be established in the central cornea, since a normal cornea is avascular and most 
stem cell niches are found within close proximity to a rich vascular supply [29]. If 
more widespread use of the SLET technique confirms the high success rate of this 
technique over the whole-tissue transplants (conjunctival limbal grafts and kerato-
limbal grafts), then it will be important to determine the scientific basis for this 
increased regenerative capacity, which may provide important insights into how the 
donor stem cells are engrafted into the recipient graft bed and how the supporting 
stem cell niche is re-established.

5.3.1.3  �In Vitro Expanded Cultured Cells, Holoclar®

As mentioned in the beginning of this article, in 2015 Holoclar® was the first 
advanced therapy medicinal product containing stem cells approved by the EMA 
(European Medical Agency) for treating unilateral limbal stem cell deficiency due 
to ocular burns and this was the first approval granted for any type of cell therapy by 
the EMA since the new guidelines for cell therapies were implemented. Holoclar® 
is not available in the United States and has not yet been approved by the FDA, so 
there is currently no in  vitro expanded cell therapy available for patients in the 
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USA. However, there is a new clinical trial that will compare autologous whole tis-
sue transplants with in  vitro cultured limbal cells using a modification of the 
approach used by Holoclar® to treat unilateral LSCD patients (ClinicalTrials.gov; 
identifier: NCT02592330). In addition, Sophie Deng and co-workers have reported 
the development of a feeder-cell-free and xenobiotic-free culture system to expand 
limbal epithelial cells in vitro, as well as, a novel Wnt activator with the potential to 
stimulate LSC [30–32]. These new developments may lead to improved methods to 
expand LSC in vitro for autologous transplants in unilateral LSCD burn patients.

5.3.1.4  �In Vitro Expanded Oral Mucosal Epithelium

Transplants containing in  vitro cultured autologous oral mucosal epithelial cells 
were originally developed and used primarily in patients with bilateral LSCD that 
have no source of autologous LSC. However, the rationale for using this approach 
in unilateral LSCD patients is that it eliminates the risk associated with removing 
normal limbus from the only remaining normal eye of the patient [6]. While this 
approach has been used with some level of success, one of the main complications 
is corneal neovascularization.

5.3.2  �Regeneration of the Corneal Epithelium in Bilateral 
LSCD Patients Using Allogeneic Tissue

Patients with bilateral LSCD have no source of autologous LSC, since the reservoir 
of stem cells within the limbus of both eyes has been depleted, and therefore inves-
tigators have attempted to treat these patients with transplants using allogeneic lim-
bal tissue or in  vitro cultured limbal epithelial cells that were obtained from 
cadaveric donor corneas. In general, allogeneic limbal transplants in bilateral LSCD 
patients have a worse outcome as compared with the success observed with autolo-
gous limbal transplants in unilateral LSCD patients. This is most likely of result of 
allograft rejection due to the activation of donor alloantigen-specific immunity.

5.3.2.1  �In Vitro Expanded Cells, Holoclar®

Paolo Rama and colleagues have attempted to use allogeneic in vitro expanded lim-
bal cells (Holoclar®) to treat bilateral LSCD patients without success. However, 
they have reported some success with a limited number of bilateral LSCD patients 
in which they recovered a few remaining autologous LSC from a limbal biopsy 
recovered from one of the damaged eyes. These autologous cells were then cultured 
and expanded in vitro and transplanted back to the patient [25]. It is unclear how 
successful this approach will be in treating bilateral LSCD patients, since it will 
depend upon the frequency of bilateral LSCD patients that have residual LSC that 
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can be recovered and successfully cultured in vitro. This approach will also depend 
upon whether these residual LSC retain their regenerative capacity. However, these 
results indicate the interesting possibility that nonfunctional LSC that have lost their 
ability to maintain the corneal epithelium may still be found within the damaged 
limbal tissue of patients with the diagnosis of a “complete” bilateral LSCD and that 
these LSC can be “resuscitated” into fully functional stem cells with regenerative 
capacity. This also highlights the current problems with diagnosing patients with a 
LSCD. By definition, a patient with a complete LSCD has lost all LSC. However, 
this diagnosis is subjective and based completely upon the ophthalmologist’s visual 
evaluation of the ocular surface and whether conjunctivalization has occurred. The 
presence of conjunctival epithelium covering the cornea identifies a loss of LSC 
function but does not prove a complete loss of all stem cells, which may still be 
present with either reduced or no functional activity. This also highlights the need to 
develop methods to identify LSC in situ which would greatly enhance the ability to 
diagnose partial and complete LSCD patients and also identify potential autologous 
LSC that are present but nonfunctional that could be recovered and revived in vitro. 
A more complete review of the problems associated with diagnosis of LSCD has 
been provided by Sophie Deng et al. [33, 34], who has also found evidence of LSC 
“crypts” that remain protected in patients diagnosed with a complete LSCD and 
may therefore be another valuable source of residual LSC in patients diagnosed 
with a complete LSCD [35].

5.3.2.2  �Tissue Transplants

5.3.2.2.1  SLET: Simple Limbal Epithelial Transplants

Allogeneic SLET is not primarily used as a long-term treatment for patients with 
bilateral LSCD because of the need for long-term immunosuppressive therapy and 
the potential for allograft rejection but has been used as a short-term treatment of 
bilateral ocular burn patients to stabilize the ocular surface while a more permanent 
second treatment is arranged [28]. This second treatment is either an in  vitro 
expanded autologous oral mucosal epithelial cell transplant or Boston KPro. The 
fact that allogeneic SLET can stabilize the ocular surface of these patients suggests 
the potential pro-wound-healing properties of limbal epithelial cells even though 
this tissue contains numerous highly immunogenic cells capable of inducing alloim-
munity. While the mechanism of this protective/stabilizing effect of allogeneic 
SLET in bilateral burn patients is unknown, it is tempting to speculate this could be 
due to the immunosuppressive properties of LSC.

5.3.2.2.2  Keratolimbal Allografts (KLAL)

Ed Holland is a leader in the field of allogeneic tissue transplantation for patients 
with LSCD and has treated patients with keratolimbal allografts (KLAL) and con-
junctival limbal allografts (CLAL) in which the limbal tissue is attached to the 
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corneoscleral carrier tissue [27, 36]. Since allogeneic tissue from cadaveric donors 
is used, it is possible to transplant large grafts covering the entire limbus, providing 
the opportunity to transplant more LSC as compared with the relatively small num-
ber of LSC transplanted onto unilateral LSCD patients that receive a small autolo-
gous biopsy graft. Although the larger allografts deliver a considerably higher 
number of potential LSC, they also provide a potent stimulus of anti-donor alloim-
munity that can result in allograft rejection and destruction of all donor tissue. For 
this reason, preservation of the donor tissue and prevention of allograft immune-
mediated rejection requires long-term systemic immunosuppression similar to the 
treatment used to prevent kidney allograft rejection. Using this approach, Ed 
Holland and colleagues have reported a 73% success rate in treating LSCD patients 
with KLAL (94 eyes at 4.7  years) [27, 36]. While other investigators, such as 
Baradaran-Rafii et al. have reported 73% of patients with a stable ocular surface 
after repeated KLAL surgeries due to a dry ocular surface [37]. Han et al. reported 
a stable corneal epithelium in 33% of 46 KLAL surgeries on 24 eyes at 2 years [38]. 
While this treatment approach can allow long-term allograft survival in bilateral 
LSCD patients, there is a significant risk of toxicity from the systemic immune sup-
pression regimen.

5.4  �Activation of Anti-donor Alloimmunity to Limbal 
Allografts

As will be discussed in more detail in the subsequent section, the central cornea is 
an immune privileged tissue that does not trigger destructive allograft immunity and 
therefore corneal allograft recipients do not need prolonged immunosuppressive 
treatment. By contrast, the limbus and conjunctiva are not immune privileged tissues 
and contain the normal array of immune cells found within the skin: macrophages, 
dendritic cells, and Langerhans cells, which all express MHC class I and class II 
that can trigger donor alloantigen-specific immunity via either the Direct and/or 
Indirect Pathways (Fig. 5.2). The Direct Pathway is activated when donor MHC-
peptide complexes are recognized directly by recipient T cells [39]. Typically, the 
MHC-peptide complexes are presented on the surface of the donor cells, which in 
the case of limbal transplants would be when “passenger” donor dendritic cells 
migrate out of the limbal graft and travel to secondary lymphoid organs, where 
recipient allospecific precursor CD4+ T cells and CD8+ T cells recognize the for-
eign MHC-peptide complexes and are activated and clonally expanded. It is well 
known that within the general population there is a high-precursor frequency of T 
cells with direct MHC allospecificity.

The Indirect Pathway is activated when donor MHC proteins are broken down 
into peptides and presented via recipient antigen presenting cells [39]. This occurs 
when recipient dendritic cells migrate into the donor limbal transplant, resulting in 
phagocytosis of dead donor cells and reprocessing of the foreign donor class I and/or 
class II proteins into peptide fragments that are presented on the cell surface of the 
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recipient macrophages via self MHC. These recipient macrophages cells carry the 
alloantigen from the graft site to the draining secondary lymphoid organs where they 
activate self-MHC restricted CD4+ and CD8+ T cells that are specific for the alloan-
tigenic peptides. Therefore, two populations of effector T cells can be activated in the 
lymphoid organs against the donor tissue, T cells that can recognize either (1) foreign 
donor MHC-peptide complexes directly, and/or (2) foreign donor MHC peptides pre-
sented indirectly in the context of self MHC. Once these effector T cells are activated 
and expanded within the lymph nodes, they migrate systemically throughout the host 
via the blood vasculature in search of the targeted foreign cells.

The targets of the direct allospecific T cells would be donor class I and/or class 
II positive cells, which would include all limbal epithelial cells (class I positive) and 
passenger immune cells (class I and II positive) within the transplant. In addition, 
direct allospecific T cells would also target the fully differentiated mature class I 
positive corneal epithelial cells that are produced by donor LSC and migrate from 
the limbal transplant onto the recipient corneal surface (Fig. 5.3). Activated indirect 
allospecific T cells have a more restricted group of target cells and would only rec-
ognize recipient macrophages within the donor graft that express reprocessed donor 
allogeneic peptides. Importantly, stem cells, in general, do not express either MHC 
class I or class II and would therefore not be recognized by recipient alloreactive T 
cells activated via either the Direct or Indirect Pathways. Moreover, they would also 
not be capable of inducing alloimmunity, unless it was via expression of minor his-
tocompatibility alloantigens [40]. Therefore, the only possible way that immune 
destruction of donor LSC within the limbal transplant is possible would be via the 

Fig. 5.2  Direct and indirect pathways of alloimmunity. Major Histocompatibility Complex 
(MHC) incompatible donor transplants are recognized as foreign by the recipient’s immune sys-
tem, which responds through two pathways. In the Direct Pathway, recipient T cell receptors 
directly recognize the foreign donor MHC. By contrast, the Indirect Pathway is activated when 
recipient antigen presenting cells (APC) migrate into the donor graft and phagocytize dead donor 
cells and/or debris, which is then reprocessed into small peptide fragments that are ultimately 
presented via the recipient’s MHC to T cells
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“collateral damage” effect when inflammatory CD4+ allospecific T cells release 
cytokines that nonspecifically damage and/or kill nearby cells, such as LSC.  As 
discussed in the following section, this has important implications for the transplan-
tation of purified allogeneic LSC.

Undisputed circumstantial evidence that rejection of allogeneic limbal trans-
plants is due to anti-donor immunity is provided by the requirement of systemic 
immunosuppression and the loss of donor grafts when this suppressive therapy is 

Fig. 5.3  Targets of direct and indirect alloimmunity. Once the recipient’s immune system has 
activated T cells via either the Direct and/or Indirect pathways, the activated T cells recirculate 
through the blood vasculature in search of the foreign donor cells. T cells activated via the Direct 
Pathway can recognize a variety of donor target cells (a), whereas T cells activated via the Indirect 
Pathway have a very limited range of target cells and only respond to recipient APC that have 
migrated into the donor transplant and are presenting reprocessed donor MHC peptides (b)
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either too short or stopped prematurely [37, 41]. However, conclusive proof of 
allograft rejection, such as studies that detect expanded frequencies of donor-
specific alloreactive T cells in the peripheral blood of these patients has yet to be 
conducted. A study that identified the donor cells that trigger anti-graft alloimmu-
nity and the contribution of effector T cells activated via the Direct versus Indirect 
pathways would provide important information that could lead to more targeted 
forms of immune suppression that would result in a higher frequency of allograft 
acceptance and lower toxicity from the immunosuppressive treatment. This could 
reduce the difficulty in managing the current long-term systemic immunosuppres-
sive therapy and potential toxicity associated with KLAL.

There are at least two potential solutions to the problem of allograft rejection and 
treatment of bilateral LSCD patients: (1) overcoming the allogeneic immune 
barriers that prevent successful engraftment of allogeneic donor limbal stem cells, 
or (2) use an alternative source of autologous adult stem cells that are either repro-
gramed or redirected into becoming limbal stem cells that successfully regenerate 
and maintain the corneal epithelium.

5.5  �Overcoming Allogeneic Immune Barriers to LSC 
Allografts

5.5.1  �Immune Privilege

While the central cornea is an immune privileged tissue that escapes from allograft 
immunity, the limbus is not immune privileged and can induce allograft immunity. 
Therefore, an important question is whether it is possible to extend immune privi-
lege to allow the engraftment of allogeneic limbal stem cells? This may be possible, 
if the limbal stem cells display immunosuppressive/immune privilege properties 
and these cells can be separated from the cells within the limbus that are potent 
inducers of alloimmunity; the donor passenger macrophages, dendritic cells, and 
Langerhans cells. In other words, although the limbal tissue in aggregate does not 
display immune privilege, it may contain within this tissue a few rare cells, such as 
LSC, that possess immune privilege. Therefore, if the allogeneic donor immune 
privileged LSC are purified and separated from the surrounding donor immuno-
genic cells, then these purified donor LSC allografts would engraft and escape 
immune destruction. This possibility will be discussed below, but first, the basis for 
immune privilege in the central cornea will be briefly summarized.

Peter Medawar first proposed the concept of “immune privilege” over 50 years 
ago which was based upon the idea that certain anatomical sites allowed transplanted 
allografts to survive for an extended period of time, as compared with the survival of 
the same allograft transplanted into a non-privileged site [42–44]. The extent of 
immune privilege was determined by how long the allograft survived, which varied 
from “limited” immune privilege where allograft survival was only extended for a 
brief time, to “absolute” immune privilege where the allograft was completely 
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accepted and survived indefinitely within the host. In general, the level of immune 
privilege is inversely related to the immunogenicity of the allograft. Highly immuno-
genic allografts display more limited survival within privileged sites, as compared 
with weakly immunogenic allografts that survive longer within the same privileged 
site. Historically, the most well-known and studied immune privileged anatomical 
sites are the eye, brain, testis, and in the maternal/fetal interface [45–47].

The best known and most dramatic clinical example of immune privilege is the 
long-term survival of allogeneic full-thickness corneal transplants. However, even 
with these transplants the extent of immune privilege varies and depends upon 
whether the recipient is “low-risk” or “high-risk.” Low-risk recipients that lack cor-
neal inflammation and neovascularization in the graft bed display high levels of 
immune privilege and accept 90–95% of corneal allografts with only transient ste-
roid treatment. By contrast, high-risk recipients with an inflamed and/or vascular-
ized graft bed, reject approximately 70–75% of corneal allografts within the first 
year, in spite of local or systemic corticosteroid treatment (reviewed in [48]). Thus, 
the important factor that determines allograft survival in the cornea is the status of 
the recipient graft bed.

Extensive experimental studies revealed that a variety of overlapping mecha-
nisms contribute to immune privilege that allows the survival of corneal allografts 
in low-risk recipients [43, 44, 49, 50]. Adaptive immunity is inhibited by activation 
of regulatory T cells (Treg) and innate immunity is inhibited by local factors 
within the aqueous humor and tear film. In addition, the delivery of corneal alloan-
tigens to the local lymph nodes and spleen is diminished because the central cornea 
lacks: (1) vascular and lymphatic drainage, and (2) mature antigen presenting cells. 
Finally, corneal epithelial cells display low levels of MHC class I and no class II, 
reducing their immunogenic potential. Together, these mechanisms contribute to 
the long-term survival of corneal allografts in low-risk recipients.

LSCD patients have lost the immune-privileged environment of the central cor-
nea. The limbus forms the barrier between the immune-privileged cornea and the 
surrounding non-privileged conjunctiva, which is highly vascularized and contains 
numerous resident pro-inflammatory cells. When the limbus is damaged or 
destroyed, the LSC are lost and, equally important, the barrier function of the limbal 
tissue is also lost. Without the limbal barrier, the conjunctival epithelium migrates 
over the cornea, resulting in conjunctivalization and a highly vascularized and 
inflamed cornea that no longer possesses immune privilege. Restoration of a normal 
clear avascular corneal epithelium in treated LSCD patients requires that the barrier 
between the cornea and conjunctiva is reestablished, as well as, the immune privi-
leged environment of the central cornea.

5.5.2  �Stem Cells and Immune Privilege

Since adult stem cells are quiescent long-lived cells that are essential to maintaining 
normal cell homeostasis and wound repair in a variety of organs, there is a strong 
rationale supporting the idea that adult stem cells should be protected by immune 
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privilege so they cannot be inadvertently destroyed by nonspecific local inflamma-
tion. In support of this, there is considerable evidence indicating that adult stem 
cells and their supporting niche are immune privileged. Mesenchymal stem cells are 
well known to suppress inflammation via a variety of mechanisms and in some 
instances are reported to induce tolerance to alloantigens [51, 52]. However, results 
that are highly relevant to LSC transplantation were recently reported indicating 
that bone marrow (BM) is an immune privileged tissue. These studies were origi-
nally based upon the finding that BM contains a higher frequency of CD4+ CD25+ 
FoxP3+ Treg cells, as compared with other lymphoid organs [53]. Based on this 
observation, Fujisaki et al. [54] tested whether hematopoietic stem cell/progenitor 
cells (HSPC) established an immune privilege niche within the bone marrow, in 
which allogeneic donor HSPC could survive. They demonstrated that allogeneic 
HSPC injected into the BM of recipient mice survived equally as well as syngeneic 
HSPC without the benefit of any immunosuppressive therapy. The immune privi-
lege environment within the BM was maintained by Treg cells that colocalize with 
the donor HSPC within the bone marrow niche. The Treg cells created a localized 
immune privileged “zone” where the allogeneic HSPC survived and, if the Treg 
cells were depleted, immune privilege was lost, resulting in rejection of the donor 
HSPC. Further studies indicated the unique niche-associated Treg cells blocked 
allograft rejection via adenosine [55]. Therefore, this is an example of how a local-
ized “immune privileged zone” can be established within a tissue that protects a 
valuable adult stem cell population. Is it possible that a similar mechanism is pres-
ent within the limbus that protects the equally valuable LSC, in which a localized 
immune privileged zone is established that protects the LSC and their surrounding 
niche? This possibility can now be tested directly, since LSC can be purified and 
separated from the surrounding immunogenic cells using antibodies specific for 
ABCB5.

5.5.3  �ABCB5+ Limbal Stem Cells

Our studies demonstrated that the ABCB5 gene, a relatively new member of the 
ATP-binding cassette (ABC) superfamily of active transporters, is expressed by 
LSC in both mouse and human limbus [56]. The normal function of ABCB5+ LSC 
is required for proper corneal development and wound repair via its essential roles 
in LSC maintenance and survival, as demonstrated by the fact that knockout mice 
that lack ABCB5 do not develop a fully differentiated mature corneal epithelium 
and are unable to properly repair epithelial wounds. Importantly, ABCB5 is a cell 
surface protein and specific monoclonal antibodies are capable of isolating pure 
ABCB5-positive cells from the limbus. Transplantation of the purified ABCB5positive 
(but not ABCB5negative) limbal epithelial cells onto the corneal stroma of mice with 
an induced LSCD resulted in long-term regeneration of the corneal epithelium 
(Fig. 5.4). Therefore, not only do these data demonstrate the regenerative capacity 
of limbal epithelial cells is contained within the cells that express ABCB5, but they 
also demonstrate that anti-ABCB5 antibodies can be used to purify ABCB5+ LSC 
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and separate LSC from the other immunogenic cells contained within the limbus. 
Using this approach in the murine model system, it is now possible to determine 
whether purified allogeneic ABCB5+ LSC can establish immune privilege and 
long-term engraftment in recipients without inducing destructive alloimmunity and 
without receiving any immunosuppressive therapy.

The possibility that the limbus contains immunosuppressive/immunoregulatory 
ABCB5+ LSC is supported by the observation that mouse and human dermal skin 
contains a small subpopulation of previously unrecognized ABCB5+ immunoregu-
latory cells that are CD45 negative and therefore distinct from the known immuno-
regulatory hematopoietic-linage cells within the skin [57]. These ABCB5+ cells 
express the programmed cell death protein 1 receptor (PD-1) which is an immune 
checkpoint molecule that is primarily expressed on T cells and, when PD-1 on T 
cells is triggered by its ligand PD-L1, inhibits immunity by suppressing inflamma-
tory T cells and promotes immune tolerance by enhancing the survival of immuno-
suppressive regulatory T cells [58]. Unexpectedly, PD-1 expressed on purified 
ABCB5+ skin cells also triggered potent inhibition of primary immune responses 
in vivo, inhibiting both mitogen-driven and alloantigen-driven T cell activity. As a 
result of this inhibitory activity, allogeneic donor ABCB5+ skin cells were success-
fully engrafted into fully MHC-mismatched recipient mice in the absence of any 
immunosuppressive therapy, demonstrating the immune privilege capacity of 
ABCB5+ skin cells. This data supports the possibility that ABCB5+ LSC may also 

Fig. 5.4  Purification and transplantation of ABCB5 positive limbal stem cells. Evidence of the 
regenerative capacity of purified ABCB5 positive limbal stem cells was provided by xenogeneic 
transplantation experiments in which human donor grafts containing either purified ABCB5 posi-
tive or ABCB5 negative cells were transplanted onto immunodeficient mice with an induced limbal 
stem cell deficiency. Mice receiving grafts containing ABCB5 positive LSC, but not ABCB5 nega-
tive cells, were capable of regenerating Krt12 positive corneal epithelial cells (green staining). 
Dapi stained nuclei (red)
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display immunosuppressive/immune privilege capabilities and, in following with 
this prediction, we recently detected the PD-1 receptor on ABCB5+ LSC.

However, even if allogeneic ABCB5+ LSC are capable of establishing a local 
immune privileged niche within the limbus, an important remaining issue is whether 
this immune privilege would also be extended outside the limbus and protect the 
progeny of LSC, the differentiated mature corneal epithelial cells that migrate onto 
the corneal stroma. There are at least two possible reasons why mature corneal epi-
thelial cells may also be protected and experience immune privilege. First, if 
ABCB5+ LSC are similar to ABCB5+ skin stem cells, they may be capable of 
inducing systemic immune tolerance that protects allogeneic cells throughout the 
host. Second, allogeneic corneal epithelial cells may be protected by their own 
immune privilege properties which are an established component of the overall 
immune privilege environment within the central cornea. These two possibilities are 
discussed below.

First, the possibility that ABCB5+ LSC can induce immune tolerance is based 
on the recent discovery that treatment of recipient mice with an intravenous injec-
tion of purified allogeneic ABCB5+ skin cells induced immune tolerance that pro-
longed the survival of a subsequent heterotopic cardiac allograft [57]. Immune 
tolerance was mediated by CD4+ CD25+ Foxp3+ Treg cells that were activated 
via the PD-1 receptor on ABCB5+ skin cells, which was demonstrated by experi-
ments in which recipient mice were treated with allogeneic ABCB5+ skin cells that 
were harvested from donor PD-1 knockout mice. These donor PD-1 receptor nega-
tive ABCB5 skin cells were unable to induce: Treg cell activity, allogeneic T cell 
tolerance, and prolonged allograft survival. Thus, PD-1 on allogeneic PD-1+ 
ABCB5+ skin cells was capable of inducing systemic tolerance that provided 
immune privilege to fully differentiated mature allogeneic cardiac myocytes that 
were transplanted into the recipient at a distant anatomical site. Therefore, it is pos-
sible that allogeneic PD-1+ ABCB5+ LSC may also trigger systemic tolerance via 
a similar mechanism that protects the allogeneic donor corneal epithelial cells. 
Important to the current discussion of the immune privilege within the limbus and 
cornea, we detected PD-1 on ABCB5+ LSC and previous studies from another 
laboratory indicated that PDL-1 was also expressed on corneal epithelial cells [59]. 
Evidence the PD-1/PDL-1 pathway was required for corneal immune privilege was 
provided by experiments from Shen et al. [60] in which treatment of recipient mice 
with anti-PDL-1 antibodies that blocked activation of PD-1 resulted in termination 
of immune privilege and accelerated corneal allograft rejection. Thus, the PD-1/
PDL-1 pathway is involved in maintaining corneal immune privilege and the 
possibility exists that PD-1+ ABCB5+ LSC contribute to the overall immune privi-
lege environment in the central cornea.

A second possible reason that allogeneic corneal epithelial cells may be pro-
tected by immune privilege is based upon data indicating that corneal epithelial 
cells themselves contribute to establishing and maintaining the immune privilege 
environment of the central cornea. This was demonstrated in experiments that were 
designed to determine the relative allogenicity of the donor corneal epithelium ver-
sus the donor corneal stroma [61–63]. The survival of two types of donor corneal 
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allografts was compared using a mouse model system: (1) full-thickness allografts 
(epithelium, stroma, and endothelium), and (2) epithelial-cell-deficient allografts 
(containing only stroma and endothelium). If the corneal epithelium did not contrib-
ute to immune privilege and/or was immunogenic, then you would expect the 
epithelium-deficient transplants to survive better than transplants with an intact epi-
thelium. However, the exact opposite result was observed. Epithelium-deficient 
allografts triggered accelerated rejection, as compared with epithelium-intact full-
thickness allografts, indicating that the corneal epithelium contributed to immune 
privilege and allograft survival. The corneal epithelium has been shown to contrib-
ute to immune privilege via multiple mechanisms: (1) expressing sFlt (a soluble 
form of the VEGF receptor 1) that is anti-angiogenic and prevents neovasculariza-
tion of the cornea, an important property of immune privilege [64], (2) expressing 
Fas Ligand that maintains immune privilege by depletion of infiltrating Fas + immune 
cells [65, 66], (3) upregulating PD-L1 on corneal epithelial cells exposed to inflam-
matory cytokines, which inhibits or induces apoptosis of PD-1+ infiltrating T cells 
[60], and (4) secretion of anti-inflammatory cytokines [50]. In summary, there are 
several possible scenarios in which allogeneic purified ABCB5+ LSC may establish 
immune privilege within the limbal stem cell niche that also extends protection to 
the progeny of these LSC, the allogeneic corneal epithelial cells that migrate onto 
the corneal surface.

5.6  �Alternative Sources of Non-limbus-Derived Autologous 
Stem Cells

5.6.1  �Reprograming Autologous Stem Cells

The generation and use of iPS cells in regeneration of the retina is discussed at 
length in other chapters of this book. However, it is important to briefly discuss here 
the unique problems associated with using iPS cells to treat patients with bilateral 
LSCD and to highlight how this approach is different from the use of iPS cells to 
treat retinal diseases. An important advance in regenerative medicine was the dis-
covery of the “Yamanaka factors,” a group of four genes (Oct4, Sox2, cMyc, and 
Klf4) that, when transfected into adult somatic cells, triggered dedifferentiation of 
the cells into an “induced” pluripotent stem (iPS) cell with the potential to produce 
differentiated cells from all three developmental lineages (ectoderm, mesoderm, 
endoderm) [67]. Subsequently, the in  vitro culture conditions and differentiation 
protocols were developed for driving the differentiation of iPS cells into specific 
cell types, which included a variety of ocular cells, such as RGCs [68–71], photore-
ceptors [72, 73], retinal pigment epithelial cells (RPE) [74–77], and more recently 
corneal epithelial cells [78]. Moreover, the large in vitro proliferative capacity of 
iPS cells meant that an essentially unlimited source of autologous iPS cells could be 
produced for any specific donor. In other words, adult cells such as skin fibroblasts 
could be harvested, transfected, and expanded to produce large numbers of iPS cells 
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which could then be differentiated in vitro to produce any mature cell type. It was 
initially believed this approach would solve the problems associated with rejection 
of transplanted allogeneic donor cells, since patient-specific autologous iPS-derived 
cells could be produced. However, it remains unclear if the iPS-derived autologous 
cells are truly non-immunogenic. Researchers reported that mouse iPS-derived car-
diomyocytes were immunogenic and eliminated when transplanted into syngeneic 
recipients [79], while other researchers reported mouse iPS-derived vascular endo-
thelial cells were not immunogenic [80, 81], suggesting the immunogenicity of iPS-
derived differentiated cells may depend upon the type of cell produced. Data 
supporting this for human iPS-derived cells was provided by Zhao et al. [82] who 
demonstrated that iPS-derived cardiomyocytes, but not iPS-derived retinal pigment 
epithelial cells (RPE), were immunogenic in mice engrafted with an autologous 
human immune system. The gene expression profiles of iPS-derived cardiomyo-
cytes and normal human cardiomyocytes indicated the immunogenicity of the iPS-
derived cells was due to a higher expression of specific antigens. Interestingly, this 
study also confirmed that the subretinal space of the eye has the advantage of being 
an immune privilege site that permits the survival of iPS-derived cells, even the iPS-
derived cardiomyocytes that were rejected when transplanted outside the eye. 
Therefore, the immunogenicity of iPS-derived differentiated cells and whether they 
can be transplanted into autologous recipients without immune suppressive therapy 
depends upon the type of cell produced and where the cells are transplanted.

The best clinical example of using iPS-derived cells to replace damaged tissue is 
the transplantation of iPS-produced RPE cells into the subretinal space of patients 
with age-related macular degeneration (AMD), a topic discussed at length in other 
chapters of this book. The initial clinical trials using this approach have highlighted 
the safety of this technique, as well as, some of the difficulties that include the 
extensive genetic testing required to ensure that transfection of cells does not alter 
normal gene function, and the long culture period required to produce enough fully 
differentiated RPE cells for safety studies, genetic analysis, and the transplant for 
the patient. However, it is important to note that these studies use iPS-derived dif-
ferentiated cells to replace damaged tissue in the recipient that does not turnover, 
which is not the case for replacing the damage cornea in bilateral LSCD patients. 
The RPE cell layer in the retina is believed to survive for the life of the organism and 
has little or no cell turnover. Therefore, the transplanted mature RPE cells essen-
tially survive indefinitely. Importantly, the current rules for using iPS cell-derived 
cell transplants, such as RPE cells, require that all undifferentiated cells are removed 
from the transplanted cells. In other words, all stem cells must be removed and only 
fully differentiate RPE cells can be grafted into the patient. This is due to the danger 
of tumor formation from undifferentiated pluripotent iPS cells that have a high 
capacity to trigger growth of teratomas.

Some investigators have proposed to use iPS-derived cells to treat bilateral LSCD 
patients. Transplanting iPS-derived differentiated mature corneal epithelial cells 
would be futile, since these cells turnover rapidly and the transplanted cells would 
quickly sluff off and not be replaced. What is needed for this approach to be 
successful is to produce something novel that has yet to be reported, turning 
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multipotent iPS cells into unipotent adult stem cells, such as LSC, that: (1) remain 
in an undifferentiated state, (2) are long-lived cells, (3) can be induced into asym-
metrical proliferation that produces mature corneal epithelial cells without deplet-
ing the undifferentiated stem cell population, and (4) most importantly, completely 
lack any tumorigenic potential. Several articles in the literature report using iPS 
cells to produce mature corneal epithelial cells but provide no evidence they have 
produced LSC with the properties described above. They fail to show the cells pos-
sess long-term regenerative potential which is used to define functional adult stem 
cells. However, the study by Hayashi et  al. [83] demonstrated the production of 
iPS-derived corneal “organoid-like” structures that possessed LSC-like cells capa-
ble of generating mature corneal epithelial cells in vitro. Moreover, the potential 
regenerative capacity of these LSC-like cells was demonstrated in short-term trans-
plantation studies, suggesting future studies may demonstrate the long-term corneal 
regenerative capacity of these cells and their significant clinical potential. However, 
it is important to note that, if this approach is successful and adult stem cells are 
produced from iPS cells, then new regulatory guidelines will have to be developed 
before they can be translated into the clinic, since there are currently no guidelines 
on how to produce iPS-derived stem cells that remain undifferentiated. The current 
guidelines require that transplants contain only mature fully differentiated cells and 
no undifferentiated stem cells.

A second possible route to reprograming autologous stem cells was provided by 
Hong Ouyang et al. [84] who reported a method to reprogram skin stem cells into 
LSC-like cells with the capacity to produce and maintain the corneal epithelium. By 
comparing differences between corneal epithelial cells (K3+ K12+ K1− K10−) and 
keratinizing skin epithelial cells (K3− K12− K1+ K10+) they determined that 
WNT7A/FZD5 and PAX6 were critical genes that controlled the differentiation of 
LSC into corneal epithelial cells. In the absence of WNT7A and PAX6, LSC dif-
ferentiation pathway led to skin-like K3− K12− K1+ K10+ corneal epithelial cells. 
Furthermore, expression of either PAX6a or PAX6b in skin stem cells changed the 
cell fate of progeny cells into corneal epithelial-like cells that expressed K3 and 
K12. Transplantation of PAX6+ skin epithelial cells onto the cornea of rabbits with 
an induced LSCD resulted in short-term restoration and maintenance of a clear 
corneal epithelium, indicating this may be a therapeutic approach for patients with 
bilateral LSCD. Therefore, there are at least two potential routes to reprograming 
autologous stem cells into LSC, either via reprograming iPS cells or transfecting 
skin stem cells with PAX6. Further studies of the feasibility and safety will be 
needed to determine whether either or both of these approaches will be viable clini-
cal options. The most important safety issue arises from the genetic manipulation—
either insertion of the four Yamanaka genes into somatic cells or insertion of the 
PAX6 gene into skin stem cells. While the initial safety data of iPS-derived RPE 
cells is encouraging, the feasibility of this approach for individual patient-specific 
autologous RPE transplants remains a challenge due to the time and expense 
required to develop safe clinical grade RPE cells.
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5.6.2  �Non-reprogramed Autologous Stem Cells

Because of the potential issues associated with genetic manipulation, researchers 
have also attempted to use non-reprogramed autologous stem cells from peripheral 
blood mesenchymal stem cells or oral mucosal epithelial stem cells to treat patients 
with bilateral LSCD [6, 85]. The rationale is that these adult stem cells may have 
some degree of plasticity so that when they are transplanted into the ocular environ-
ment the cell fate of progeny cells will become more like corneal epithelial cells 
than skin or oral mucosal epithelium. There is considerable clinical data from 
patients receiving autologous mucosal epithelial transplants that indicate some level 
of success using this approach, however, corneal neovascularization appears to be 
an important complication.

The recent discovery of ABCB5+ dermal skin cells also raises the possibility that 
these cells are a potential alternative source of autologous adult stem cells for 
patients with bilateral LSCD [57]. Since ABCB5 is expressed on a restricted num-
ber of adult stem cells in the limbus, skin, hair follicle, intestines, and stomach, it is 
possible that these ABCB5+ cells display shared cell fate determining pathways that 
might lead to increased plasticity when these cells are transplanted into the ocular 
environment, resulting in the reprograming of these ABCB5+ skin stem cells into 
stem cells that produce progeny that are similar to corneal epithelial cells. However, 
whether these ABCB5+ skin stem cells are capable of restoring and maintaining the 
corneal epithelium has yet to be determined.

5.7  �Summary and Conclusions

A shining example of a successful sight-saving stem cell treatment is the long-term 
regeneration and maintenance of a clear avascular cornea in burn patients with a unilat-
eral LSCD. From the first successful limbal tissue transplants in 1989 by Ken Kenyon 
and Shaffer Tseng to Holoclar®, the first cell therapy approved by the EMA in 2014, 
these clinical studies have been leading the field of regenerative medicine. However, 
significant barriers still remain to expand this success to patients with the more com-
mon bilateral LSCD where all autologous LSC are lost and allogeneic LSC transplants 
require long-term immunosuppressive therapy. In addition, there are also significant 
barriers to using this approach to treat patients with LSCD caused by chronic inflam-
matory disease and severe autoimmune ocular surface diseases such as Steven-
Johnson’s syndrome. New research advances may provide solutions to overcoming 
these barriers via the production of new sources of autologous LSC through iPS cells 
or reprograming skin stem cells that would restore patient-specific LSC transplants that 
are not subject to immune-mediated rejection. In addition, it may also be possible to 
overcome the allogeneic immune barriers to using third-party purified LSC that display 
immunosuppressive properties. The clinical translation of these more recent research 
studies should provide additional hope for developing new treatments that will regener-
ate the cornea in patients with even the most severe ocular surface diseases.

5  Limbal Stem Cells and the Treatment of Limbal Stem Cell Deficiency



144

References

	 1.	Shanbhag, S. S., Saeed, H. N., Paschalis, E. I., & Chodosh, J. (2017). Keratolimbal allograft 
for limbal stem cell deficiency after severe corneal chemical injury: A systematic review. The 
British Journal of Ophthalmology, pii, bjophthalmol–2017–311249. https://doi.org/10.1136/
bjophthalmol-2017-311249

	 2.	Kim, Y. H., Kim, D. H., Shin, E. J., Lee, H. J., Wee, W. R., Jeon, S., et al. (2016). Comparative 
analysis of substrate-free cultured oral mucosal epithelial cell sheets from cells of subjects 
with and without Stevens- Johnson syndrome for use in ocular surface reconstruction. PLoS 
One, 11, e0147548. https://doi.org/10.1371/journal.pone.0147548

	 3.	Shortt, A. J., Bunce, C., Levis, H. J., Blows, P., Dore, C. J., Vernon, A., et al. (2014). Three-
year outcomes of cultured limbal epithelial allografts in aniridia and Stevens-Johnson syn-
drome evaluated using the clinical outcome assessment in surgical trials assessment tool. Stem 
Cells Translational Medicine, 3, 265–275. https://doi.org/10.5966/sctm.2013-0025

	 4.	Rossen, J., Amram, A., Milani, B., Park, D., Harthan, J., Joslin, C., et  al. (2016). Contact 
lens-induced limbal stem cell deficiency. The Ocular Surface, 14, 419–434. https://doi.
org/10.1016/j.jtos.2016.06.003

	 5.	Vazirani, J., Nair, D., Shanbhag, S., Wurity, S., Ranjan, A., & Sangwan, V. (2018). Limbal stem 
cell deficiency-demography and underlying causes. American Journal of Ophthalmology, 188, 
99–103. https://doi.org/10.1016/j.ajo.2018.01.020

	 6.	Sotozono, C., Inatomi, T., Nakamura, T., Koizumi, N., Yokoi, N., Ueta, M., et  al. (2014). 
Cultivated oral mucosal epithelial transplantation for persistent epithelial defect in severe ocu-
lar surface diseases with acute inflammatory activity. Acta Ophthalmologica, 92, e447–e453. 
https://doi.org/10.1111/aos.12397

	 7.	Kenyon, K. R., & Tseng, S. C. (1989). Limbal autograft transplantation for ocular surface 
disorders. Ophthalmology. https://doi.org/10.1016/S0161-6420(89)32833-8

	 8.	Pellegrini, G., Ardigò, D., Milazzo, G., Iotti, G., Guatelli, P., Pelosi, D., et al. (2018). Navigating 
market authorization: The path holoclar took to become the first stem cell product approved in 
the European Union. Stem Cells Translational Medicine, 7, 146–154. https://doi.org/10.1002/
sctm.17-0003

	 9.	Barker, N., Bartfeld, S., & Clevers, H. (2010). Tissue-resident adult stem cell popula-
tions of rapidly self-renewing organs. Cell Stem Cell, 7, 15–15. https://doi.org/10.1016/j.
stem.2010.11.016

	10.	Richardson, A., Lobo, E. P., Delic, N. C., Myerscough, M. R., Lyons, J. G., Wakefield, D., 
et al. (2017). Keratin-14-positive precursor cells spawn a population of migratory corneal epi-
thelia that maintain tissue mass throughout life. Stem Cell Reports, 9, 1081–1096. https://doi.
org/10.1016/j.stemcr.2017.08.015

	11.	Kasetti, R. B., Gaddipati, S., Tian, S., Xue, L., Kao, W. W., Lu, Q., et al. (2016). Study of 
corneal epithelial progenitor origin and the Yap1 requirement using keratin 12 lineage tracing 
transgenic mice. Scientific Reports, 6, 35202. https://doi.org/10.1038/srep35202

	12.	Dora, N. J., Hill, R. E., Collinson, J. M., & West, J. D. (2015). Lineage tracing in the adult 
mouse corneal epithelium supports the limbal epithelial stem cell hypothesis with intermittent 
periods of stem cell quiescence. Stem Cell Research, 15(3), 665–677. https://doi.org/10.1016/j.
scr.2015.10.016

	13.	Gonzalez, G., Sasamoto, Y., Ksander, B. R., Frank, M. H., & Frank, N. Y. (2018). Limbal 
stem cells: Identity, developmental origin, and therapeutic potential. Wiley Interdisciplinary 
Reviews: Developmental Biology, 7, e303. https://doi.org/10.1002/wdev.303

	14.	Thoft, R. A. R., & Friend, J. J. (1983). The X, Y, Z hypothesis of corneal epithelial mainte-
nance. Investigative Ophthalmology & Visual Science, 24, 1442–1443.

	15.	Cotsarelis, G., Cheng, S.-Z., Dong, G., Sun, T.  T., & Lavker, R.  M. (1989). Existence 
of slow-cycling limbal epithelial basal cells that can be preferentially stimulated 
to proliferate: Implications on epithelial stem cells. Cell, 57, 201–209. https://doi.
org/10.1016/0092-8674(89)90958-6

B. R. Ksander et al.

https://doi.org/10.1136/bjophthalmol-2017-311249
https://doi.org/10.1136/bjophthalmol-2017-311249
https://doi.org/10.1371/journal.pone.0147548
https://doi.org/10.5966/sctm.2013-0025
https://doi.org/10.1016/j.jtos.2016.06.003
https://doi.org/10.1016/j.jtos.2016.06.003
https://doi.org/10.1016/j.ajo.2018.01.020
https://doi.org/10.1111/aos.12397
https://doi.org/10.1016/S0161-6420(89)32833-8
https://doi.org/10.1002/sctm.17-0003
https://doi.org/10.1002/sctm.17-0003
https://doi.org/10.1016/j.stem.2010.11.016
https://doi.org/10.1016/j.stem.2010.11.016
https://doi.org/10.1016/j.stemcr.2017.08.015
https://doi.org/10.1016/j.stemcr.2017.08.015
https://doi.org/10.1038/srep35202
https://doi.org/10.1016/j.scr.2015.10.016
https://doi.org/10.1016/j.scr.2015.10.016
https://doi.org/10.1002/wdev.303
https://doi.org/10.1016/0092-8674(89)90958-6
https://doi.org/10.1016/0092-8674(89)90958-6


145

	16.	Pellegrini, G., Golisano, O., Paterna, P., Lambiase, A., Bonini, S., Rama, P., et  al. (1999). 
Location and clonal analysis of stem cells and their differentiated progeny in the human ocular 
surface. The Journal of Cell Biology, 145, 769–782. https://doi.org/10.1083/jcb.145.4.769

	17.	Pellegrini, G., Traverso, C. E., Franzi, A. T., Zingirian, M., Cancedda, R., & De Luca, M. 
(1997). Long-term restoration of damaged corneal surfaces with autologous cultivated corneal 
epithelium. Lancet, 349, 990–993. https://doi.org/10.1016/S0140-6736(96)11188-0

	18.	Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I., Bondanza, S., et al. 
(2001). p63 identifies keratinocyte stem cells. Proceedings of the National Academy of Sciences 
of the United States of America, 98, 3156–3161. https://doi.org/10.1073/pnas.061032098

	19.	Di Iorio, E., Barbaro, V., Ruzza, A., Ponzin, D., Pellegrini, G., & De Luca, M. (2005). 
Isoforms of DeltaNp63 and the migration of ocular limbal cells in human corneal regenera-
tion. Proceedings of the National Academy of Sciences of the United States of America, 102, 
9523–9528. https://doi.org/10.1073/pnas.0503437102

	20.	Melino, G., Memmi, E. M., Pelicci, P. G., & Bernassola, F. (2015). Maintaining epithelial 
stemness with p63. Science Signaling, 8, re9–re9. https://doi.org/10.1126/scisignal.aaa1033

	21.	Truong, A. B., Kretz, M., Ridky, T. W., Kimmel, R., & Khavari, P. A. (2006). p63 regulates pro-
liferation and differentiation of developmentally mature keratinocytes. Genes & Development, 
20, 3185–3197. https://doi.org/10.1101/gad.1463206

	22.	Liang, L., Sheha, H., Li, J., & Tseng, S. C. G. (2009). Limbal stem cell transplantation: New 
progresses and challenges. Eye (London, England), 23, 1946–1953. https://doi.org/10.1038/
eye.2008.379

	23.	Pellegrini, G., Rama, P., Matuska, S., Lambiase, A., Bonini, S., Pocobelli, A., et al. (2013). 
Biological parameters determining the clinical outcome of autologous cultures of limbal stem 
cells. Regenerative Medicine, 8, 553–567. https://doi.org/10.2217/rme.13.43

	24.	Shortt, A. J., Tuft, S. J., & Daniels, J. T. (2010). Ex vivo cultured limbal epithelial transplanta-
tion. A clinical perspective. The Ocular Surface, 8, 80–90.

	25.	Rama, P., Matuska, S., Paganoni, G., Spinelli, A., De Luca, M., & Pellegrini, G. (2010). Limbal 
stem-cell therapy and long-term corneal regeneration. The New England Journal of Medicine, 
363, 147–155. https://doi.org/10.1056/NEJMoa0905955

	26.	Szabó, D. J., Noer, A., Nagymihály, R., Josifovska, N., Andjelic, S., Vereb, Z., et al. (2015). 
Long-term cultures of human cornea limbal explants form 3D structures ex  vivo–implica-
tions for tissue engineering and clinical applications. PLoS One, 10, e0143053. https://doi.
org/10.1371/journal.pone.0143053

	27.	Cheung, A.  Y., & Holland, E.  J. (2017). Keratolimbal allograft. Current Opinion in 
Ophthalmology, 28, 377–381. https://doi.org/10.1097/ICU.0000000000000374

	28.	Basu, S., Sureka, S. P., Shanbhag, S. S., Kethiri, A. R., Singh, V., & Sangwan, V. S. (2016). 
Simple limbal epithelial transplantation: Long-term clinical outcomes in 125 cases of unilat-
eral chronic ocular surface burns. Ophthalmology, 123, 1000–1010. https://doi.org/10.1016/j.
ophtha.2015.12.042

	29.	Sasine, J. P., Yeo, K. T., & Chute, J. P. (2017). Concise review: Paracrine functions of vascular 
niche cells in regulating hematopoietic stem cell fate. Stem Cells Translational Medicine, 6, 
482–489. https://doi.org/10.5966/sctm.2016-0254

	30.	González, S., Chen, L., & Deng, S. X. (2017). Comparative study of xenobiotic-free media for 
the cultivation of human limbal epithelial stem/progenitor cells. Tissue Engineering. Part C, 
Methods, 23, 219–227. https://doi.org/10.1089/ten.tec.2016.0388

	31.	Mei, H., Nakatsu, M. N., Baclagon, E. R., & Deng, S. X. (2014). Frizzled 7 maintains the 
undifferentiated state of human limbal stem/progenitor cells. Stem Cells, 32, 938–945. https://
doi.org/10.1002/stem.1582

	32.	Nakatsu, M. N., Ding, Z., Ng, M. Y., Truong, T. T., Yu, F., & Deng, S. X. (2011). Wnt/β-catenin 
signaling regulates proliferation of human cornea epithelial stem/progenitor cells. Investigative 
Ophthalmology & Visual Science, 52, 4734–4741. https://doi.org/10.1167/iovs.10-6486

	33.	Chan, E., Le, Q., Codriansky, A., Hong, J., Xu, J., & Deng, S. X. (2016). Existence of normal 
limbal epithelium in eyes with clinical signs of total limbal stem cell deficiency. Cornea, 35, 
1483–1487. https://doi.org/10.1097/ICO.0000000000000914

5  Limbal Stem Cells and the Treatment of Limbal Stem Cell Deficiency

https://doi.org/10.1083/jcb.145.4.769
https://doi.org/10.1016/S0140-6736(96)11188-0
https://doi.org/10.1073/pnas.061032098
https://doi.org/10.1073/pnas.0503437102
https://doi.org/10.1126/scisignal.aaa1033
https://doi.org/10.1101/gad.1463206
https://doi.org/10.1038/eye.2008.379
https://doi.org/10.1038/eye.2008.379
https://doi.org/10.2217/rme.13.43
https://doi.org/10.1056/NEJMoa0905955
https://doi.org/10.1371/journal.pone.0143053
https://doi.org/10.1371/journal.pone.0143053
https://doi.org/10.1097/ICU.0000000000000374
https://doi.org/10.1016/j.ophtha.2015.12.042
https://doi.org/10.1016/j.ophtha.2015.12.042
https://doi.org/10.5966/sctm.2016-0254
https://doi.org/10.1089/ten.tec.2016.0388
https://doi.org/10.1002/stem.1582
https://doi.org/10.1002/stem.1582
https://doi.org/10.1167/iovs.10-6486
https://doi.org/10.1097/ICO.0000000000000914


146

	34.	Le, Q., Xu, J., & Deng, S. X. (2018). The diagnosis of limbal stem cell deficiency. The Ocular 
Surface, 16, 58–69. https://doi.org/10.1016/j.jtos.2017.11.002

	35.	Zarei-Ghanavati, S., Ramirez-Miranda, A., & Deng, S.  X. (2011). Limbal lacuna: A novel 
limbal structure detected by in vivo laser scanning confocal microscopy. Ophthalmic Surgery, 
Lasers & Imaging, 42, e129–e131. https://doi.org/10.3928/15428877-20111201-07

	36.	Holland, E. J., Mogilishetty, G., Skeens, H. M., Hair, D. B., Neff, K. D., Biber, J. M., et al. 
(2012). Systemic immunosuppression in ocular surface stem cell transplantation: Results of a 
10-year experience. Cornea, 31, 655–661. https://doi.org/10.1097/ICO.0b013e31823f8b0c

	37.	Eslani, M., Haq, Z., Movahedan, A., Moss, A., Baradaran-Rafii, A., Mogilishetty, G., et al. 
(2017). Late acute rejection after allograft limbal stem cell transplantation: Evidence for long-
term donor survival. Cornea, 36, 26–31. https://doi.org/10.1097/ICO.0000000000000970

	38.	Han, E. S., Wee, W. R., Lee, J. H., & Kim, M. K. (2011). Long-term outcome and prognostic 
factor analysis for keratolimbal allografts. Graefe’s Archive for Clinical and Experimental 
Ophthalmology, 249, 1697–1704. https://doi.org/10.1007/s00417-011-1760-3

	39.	Lin, C. M., & Gill, R. G. (2016). Direct and indirect allograft recognition: Pathways dictating 
graft rejection mechanisms. Current Opinion in Organ Transplantation, 21, 40–44. https://doi.
org/10.1097/MOT.0000000000000263

	40.	Almoguera, B., Shaked, A., & Keating, B. J. (2014). Transplantation genetics: Current status 
and prospects. American Journal of Transplantation, 14, 764–778. https://doi.org/10.1111/
ajt.12653

	41.	Djalilian, A. R., Mahesh, S. P., Koch, C. A., Nussenblatt, R. B., Shen, D., Zhuang, Z., et al. 
(2005). Survival of donor epithelial cells after limbal stem cell transplantation. Investigative 
Ophthalmology & Visual Science, 46, 803–807. https://doi.org/10.1167/iovs.04-0575

	42.	Medawar, P. B. (1948). Immunity to homologous grafted skin; the fate of skin homografts 
transplanted to the brain, to subcutaneous tissue, and to the anterior chamber of the eye. British 
Journal of Experimental Pathology, 29, 58–69.

	43.	Streilein, J. W. (2003). Ocular immune privilege: Therapeutic opportunities from an experi-
ment of nature. Nature Reviews. Immunology, 3, 879–889. https://doi.org/10.1038/nri1224

	44.	Niederkorn, J. Y. (2006). See no evil, hear no evil, do no evil: The lessons of immune privilege. 
Nature Immunology, 7, 354–359. https://doi.org/10.1038/ni1328

	45.	Louveau, A., Harris, T. H., & Kipnis, J. (2015). Revisiting the mechanisms of CNS immune 
privilege. Trends in Immunology, 36, 569–577. https://doi.org/10.1016/j.it.2015.08.006

	46.	Engelhardt, B., Vajkoczy, P., & Weller, R. O. (2017). The movers and shapers in immune privi-
lege of the CNS. Nature Immunology, 18, 123–131. https://doi.org/10.1038/ni.3666

	47.	Spadoni, I., Fornasa, G., & Rescigno, M. (2017). Organ-specific protection mediated by coop-
eration between vascular and epithelial barriers. Nature Reviews. Immunology, 17, 761–773. 
https://doi.org/10.1038/nri.2017.100

	48.	Tan, D. T. H., Dart, J. K. G., Holland, E. J., & Kinoshita, S. (2012). Corneal transplantation. 
Lancet, 379, 1749–1761. https://doi.org/10.1016/S0140-6736(12)60437-1

	49.	Amouzegar, A., Chauhan, S.  K., & Dana, R. (2016). Alloimmunity and tolerance in cor-
neal transplantation. Journal of Immunology, 196, 3983–3991. https://doi.org/10.4049/
jimmunol.1600251

	50.	Niederkorn, J. Y. (2013). Corneal transplantation and immune privilege. International Reviews 
of Immunology, 32, 57–67. https://doi.org/10.3109/08830185.2012.737877

	51.	Casiraghi, F., Perico, N., & Remuzzi, G. (2017). Mesenchymal stromal cells for toler-
ance induction in organ transplantation. Human Immunology. https://doi.org/10.1016/j.
humimm.2017.12.008

	52.	Hua, F., Chen, Y., Yang, Z., Teng, X., Huang, H., & Shen, Z. (2018). Protective action of 
bone marrow mesenchymal stem cells in immune tolerance of allogeneic heart transplanta-
tion by regulating CD45RB+ dendritic cells. Clinical Transplantation, 6, e13231. https://doi.
org/10.1111/ctr.13231

	53.	Zou, L., Barnett, B., Safah, H., Larussa, V. F., Evdemon-Hogan, M., Mottram, P., et al. (2004). 
Bone marrow is a reservoir for CD4 +CD25 +regulatory T cells that traffic through CXCL12/

B. R. Ksander et al.

https://doi.org/10.1016/j.jtos.2017.11.002
https://doi.org/10.3928/15428877-20111201-07
https://doi.org/10.1097/ICO.0b013e31823f8b0c
https://doi.org/10.1097/ICO.0000000000000970
https://doi.org/10.1007/s00417-011-1760-3
https://doi.org/10.1097/MOT.0000000000000263
https://doi.org/10.1097/MOT.0000000000000263
https://doi.org/10.1111/ajt.12653
https://doi.org/10.1111/ajt.12653
https://doi.org/10.1167/iovs.04-0575
https://doi.org/10.1038/nri1224
https://doi.org/10.1038/ni1328
https://doi.org/10.1016/j.it.2015.08.006
https://doi.org/10.1038/ni.3666
https://doi.org/10.1038/nri.2017.100
https://doi.org/10.1016/S0140-6736(12)60437-1
https://doi.org/10.4049/jimmunol.1600251
https://doi.org/10.4049/jimmunol.1600251
https://doi.org/10.3109/08830185.2012.737877
https://doi.org/10.1016/j.humimm.2017.12.008
https://doi.org/10.1016/j.humimm.2017.12.008
https://doi.org/10.1111/ctr.13231
https://doi.org/10.1111/ctr.13231


147

CXCR4 signals. Cancer Research, 64, 8451–8455. https://doi.org/10.1158/0008-5472.
CAN-04-1987

	54.	Fujisaki, J., Wu, J., Carlson, A. L., Silberstein, L., Putheti, P., Larocca, R., et al. (2011). In vivo 
imaging of Treg cells providing 888 immune privilege to the haematopoietic stem-cell niche. 
Nature, 474, 216–219. https://doi.org/10.1038/nature10160

	55.	Hirata, Y., Furuhashi, K., Ishii, H., Li, H.  W., Pinho, S., Ding, L., et  al. (2018). 
CD150highbone marrow tregs maintain hematopoietic stem cell quiescence and immune 
privilege via adenosine. Cell Stem Cell, 22, 445–453.e5. https://doi.org/10.1016/j.
stem.2018.01.017

	56.	Ksander, B.  R., Kolovou, P.  E., Wilson, B.  J., Saab, K.  R., Guo, Q., Ma, J., et  al. (2014). 
ABCB5 is a limbal stem cell gene required for corneal development and repair. Nature, 511, 
353–357. https://doi.org/10.1038/nature13426

	57.	Schatton, T., Yang, J., Kleffel, S., Uehara, M., Barthel, S. R., Schlapbach, C., et al. (2015). 
ABCB5 identifies immunoregulatory dermal cells. Cell Reports, 12, 1564–1574. https://doi.
org/10.1016/j.celrep.2015.08.010

	58.	Sharpe, A. H., & Pauken, K. E. (2018). The diverse functions of the PD1 inhibitory pathway. 
Nature Reviews. Immunology, 18, 153–167. https://doi.org/10.1038/nri.2017.108

	59.	Hori, J., Wang, M., Miyashita, M., Tanemoto, K., Takahashi, H., Takemori, T., et al. (2006). 
B7-H1-induced apoptosis as a mechanism of immune privilege of corneal allografts. Journal 
of Immunology, 177, 5928–5935.

	60.	Shen, L., Jin, Y., Freeman, G.  J., Sharpe, A.  H., & Dana, M.  R. (2007). The function of 
donor versus recipient programmed death-ligand 1  in corneal allograft survival. Journal of 
Immunology, 179, 3672–3679.

	61.	Hori, J., & Streilein, J.  W. (2001). Dynamics of donor cell persistence and recipient cell 
replacement in orthotopic corneal allografts in mice. Investigative Ophthalmology & Visual 
Science, 42, 1820–1828.

	62.	Hori, J., & Streilein, J. W. (2003). Survival in high-risk eyes of epithelium-deprived ortho-
topic corneal allografts reconstituted in  vitro with syngeneic epithelium. Investigative 
Ophthalmology & Visual Science, 44, 658–664.

	63.	Hori, J. (2008). Mechanisms of immune privilege in the anterior segment of the eye: What we 
learn from corneal transplantation. Journal of Ocular Biology, Diseases, and Informatics, 1, 
94–100. https://doi.org/10.1007/s12177-008-9010-6

	64.	Ambati, B. K., Nozaki, M., Singh, N., Takeda, A., Jani, P. D., Suthar, T., et al. (2006). Corneal 
avascularity is due to soluble VEGF receptor-1. Nature, 443, 993–997. https://doi.org/10.1038/
nature05249

	65.	Griffith, T. S., Brunner, T., Fletcher, S. M., Green, D. R., & Ferguson, T. A. (1995). Fas ligand-
induced apoptosis as a mechanism of immune privilege. Science, 270, 1189–1192.

	66.	Stuart, P. M., Griffith, T. S., Usui, N., Pepose, J., Yu, X., & Ferguson, T. A. (1997). CD95 
ligand (FasL)-induced apoptosis is necessary for corneal allograft survival. The Journal of 
Clinical Investigation, 99, 396–402. https://doi.org/10.1172/JCI119173

	67.	Takahashi, K., & Yamanaka, S. (2016). A decade of transcription factor-mediated reprogram-
ming to pluripotency. Nature Reviews. Molecular Cell Biology, 17, 183–193. https://doi.
org/10.1038/nrm.2016.8

	68.	Huang, L., Chen, M., Zhang, W., Sun, X., Liu, B., & Ge, J. (2018). Retinoid acid and tau-
rine promote NeuroD1-induced differentiation of induced pluripotent stem cells into retinal 
ganglion cells. Molecular and Cellular Biochemistry, 438, 67–76. https://doi.org/10.1007/
s11010-017-3114-x

	69.	Teotia, P., Van Hook, M. J., Wichman, C. S., Allingham, R. R., Hauser, M. A., & Ahmad, I. 
(2017). Modeling glaucoma: Retinal ganglion cells generated from induced pluripotent stem 
cells of patients with SIX6 risk allele show developmental abnormalities. Stem Cells, 35, 
2239–2252. https://doi.org/10.1002/stem.2675

	70.	Kobayashi, W., Onishi, A., Tu, H. Y., Takihara, Y., Matsumura, M., Tsujimoto, K., et al. (2018). 
Culture systems of dissociated mouse and human pluripotent stem cell-derived retinal ganglion 

5  Limbal Stem Cells and the Treatment of Limbal Stem Cell Deficiency

https://doi.org/10.1158/0008-5472.CAN-04-1987
https://doi.org/10.1158/0008-5472.CAN-04-1987
https://doi.org/10.1038/nature10160
https://doi.org/10.1016/j.stem.2018.01.017
https://doi.org/10.1016/j.stem.2018.01.017
https://doi.org/10.1038/nature13426
https://doi.org/10.1016/j.celrep.2015.08.010
https://doi.org/10.1016/j.celrep.2015.08.010
https://doi.org/10.1038/nri.2017.108
https://doi.org/10.1007/s12177-008-9010-6
https://doi.org/10.1038/nature05249
https://doi.org/10.1038/nature05249
https://doi.org/10.1172/JCI119173
https://doi.org/10.1038/nrm.2016.8
https://doi.org/10.1038/nrm.2016.8
https://doi.org/10.1007/s11010-017-3114-x
https://doi.org/10.1007/s11010-017-3114-x
https://doi.org/10.1002/stem.2675


148

cells purified by two-step immunopanning. Investigative Ophthalmology & Visual Science, 59, 
776–787. https://doi.org/10.1167/iovs.17-22406

	71.	Yokoi, T., Tanaka, T., Matsuzaka, E., Tamalu, F., Watanabe, S. I., Nishina, S., et al. (2017). 
Effects of neuroactive agents on axonal growth and pathfinding of retinal ganglion cells 
generated from human stem cells. Scientific Reports, 7, 16757. https://doi.org/10.1038/
s41598-017-16727-1

	72.	Ramsden, C. M., Powner, M. B., Carr, A.-J. F., Smart, M. J., da Cruz, L., & Coffey, P. J. (2014). 
Neural retinal regeneration with pluripotent stem cells. Developments in Ophthalmology, 53, 
97–110. https://doi.org/10.1159/000357363

	73.	Boucherie, C., Sowden, J. C., & Ali, R. R. (2011). Induced pluripotent stem cell technology 
for generating photoreceptors. Regenerative Medicine, 6, 469–479. https://doi.org/10.2217/
rme.11.37

	74.	Kamao, H., Mandai, M., Okamoto, S., Sakai, N., Suga, A., Sugita, S., et  al. (2014). 
Characterization of human induced pluripotent stem cell-derived retinal pigment epithe-
lium cell sheets aiming for clinical application. Stem Cell Reports, 2, 205–218. https://doi.
org/10.1016/j.stemcr.2013.12.007

	75.	Leach, L. L., & Clegg, D. O. (2015). Concise review: Making stem cells retinal: Methods for 
deriving retinal pigment epithelium and implications for patients with ocular disease. Stem 
Cells, 33, 2363–2373. https://doi.org/10.1002/stem.2010

	76.	Croze, R.  H., & Clegg, D.  O. (2014). Differentiation of pluripotent stem cells into reti-
nal pigmented epithelium. Developments in Ophthalmology, 53, 81–96. https://doi.
org/10.1159/000357361

	77.	Westenskow, P. D., Kurihara, T., & Friedlander, M. (2014). Utilizing stem cell-derived RPE cells 
as a therapeutic intervention for age-related macular degeneration. Advances in Experimental 
Medicine and Biology, 801, 323–329. https://doi.org/10.1007/978-1-4614-3209-8_41

	78.	Kamarudin, T. A., Bojic, S., Collin, J., Yu, M., Alharthi, S., Buck, H., et al. (2018). Differences 
in the activity of endogenous bone morphogenetic protein signaling impact on the ability of 
induced pluripotent stem cells to differentiate to corneal epithelial-like cells. Stem Cells, 36, 
337–348. https://doi.org/10.1002/stem.2750

	79.	Zhao, T., Zhang, Z.-N., Rong, Z., & Xu, Y. (2011). Immunogenicity of induced pluripotent 
stem cells. Nature, 474, 212–215. https://doi.org/10.1038/nature10135

	80.	de Almeida, P. E., Meyer, E. H., Kooreman, N. G., Diecke, S., Dey, D., Sanchez-Freire, V., et al. 
(2014). Transplanted terminally differentiated induced pluripotent stem cells are accepted by 
immune mechanisms similar to self-tolerance. Nature Communications, 5, 3903. https://doi.
org/10.1038/ncomms4903

	81.	Araki, R., Uda, M., Hoki, Y., Sunayama, M., Nakamura, M., Ando, S., et al. (2013). Negligible 
immunogenicity of terminally differentiated cells derived from induced pluripotent or embry-
onic stem cells. Nature, 494, 100–104. https://doi.org/10.1038/nature11807

	82.	Zhao, T., Zhang, Z.-N., Westenskow, P.  D., Todorova, D., Hu, Z., Lin, T., et  al. (2015). 
Humanized mice reveal differential immunogenicity of cells derived from autologous induced 
pluripotent stem cells. Cell Stem Cell, 17, 353–359. https://doi.org/10.1016/j.stem.2015.07.021

	83.	Hayashi, R., Ishikawa, Y., Sasamoto, Y., Katori, R., Nomura, N., Ichikawa, T., et al. (2016). 
Co-ordinated ocular development from human iPS cells and recovery of corneal function. 
Nature, 531, 376–380. https://doi.org/10.1038/nature17000

	84.	Ouyang, H., Xue, Y., Lin, Y., Zhang, X., Xi, L., Patel, S., et al. (2014). WNT7A and PAX6 
define corneal epithelium homeostasis and pathogenesis. Nature, 511, 358–361. https://doi.
org/10.1038/nature13465

	85.	Galindo, S., Herreras, J. M., Lopez-Paniagua, M., Rey, E., de la Mata, A., Plata-Cordero, M., 
et al. (2017). Therapeutic effect of human adipose tissue-derived mesenchymal stem cells in 
experimental corneal failure due to limbal stem cell niche damage. Stem Cells, 35, 2160–2174. 
https://doi.org/10.1002/stem.2672

B. R. Ksander et al.

https://doi.org/10.1167/iovs.17-22406
https://doi.org/10.1038/s41598-017-16727-1
https://doi.org/10.1038/s41598-017-16727-1
https://doi.org/10.1159/000357363
https://doi.org/10.2217/rme.11.37
https://doi.org/10.2217/rme.11.37
https://doi.org/10.1016/j.stemcr.2013.12.007
https://doi.org/10.1016/j.stemcr.2013.12.007
https://doi.org/10.1002/stem.2010
https://doi.org/10.1159/000357361
https://doi.org/10.1159/000357361
https://doi.org/10.1007/978-1-4614-3209-8_41
https://doi.org/10.1002/stem.2750
https://doi.org/10.1038/nature10135
https://doi.org/10.1038/ncomms4903
https://doi.org/10.1038/ncomms4903
https://doi.org/10.1038/nature11807
https://doi.org/10.1016/j.stem.2015.07.021
https://doi.org/10.1038/nature17000
https://doi.org/10.1038/nature13465
https://doi.org/10.1038/nature13465
https://doi.org/10.1002/stem.2672


149© Springer Nature Switzerland AG 2018 
B. G. Ballios, M. J. Young (eds.), Regenerative Medicine and Stem Cell Therapy 
for the Eye, Fundamental Biomedical Technologies, 
https://doi.org/10.1007/978-3-319-98080-5_6

Chapter 6
Stem Cell Therapy and Regenerative  
Medicine in the Cornea

Christopher D. McTiernan, Isabelle Brunette, and May Griffith

Abstract  Currently, full-thickness transplantation with human donor corneas is the 
most widely accepted treatment for corneal blindness. However, due to a severe 
shortage of human donor corneas as well as problems associated with the storage, 
screening, and immune response to allogeneic tissues, there has been a push to 
develop alternative therapies and materials for corneal tissue repair. Here, we review 
a range of stem cell-based therapies, prosthetics, and extracellular matrix-derived 
scaffolds, which have been utilized or are being developed for corneal regeneration 
in vitro, animal models, and human clinical trials.

Keywords  Cornea · Regenerative medicine · Stem cell · Biomaterial · Implant

6.1  �Introduction

The cornea, which is the transparent front covering of the human eye, plays a vital 
role in vision. Not only does it serve as the lens that transmits and focuses light into 
the eye to generate vision, it also acts as a mechanical barrier to protect the inner 
contents of the eye [1]. The human cornea measures 11.5–12.5 mm horizontally, it 
is thinnest in its center (approximately 550 μm), thickest at its periphery (approxi-
mately 750 μm) [2], and is comprised of three distinct cellular layers, an outermost 
epithelium, a middle stroma, and an innermost endothelial layer [3].

The epithelium is the primary protective barrier of the eye against foreign materi-
als such as water, dust, and micro-organisms. This layer is composed of stratified 
non-keratinized epithelial cells. The protective function of the epithelium also 
involves the secretion of anti-inflammatory and anti-microbial peptides [4]. As sur-
face cells are shed, new layers of epithelium are generated from the corneal stem 
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cells located at the basal layer of the corneal-scleral junction, referred to as the 
limbus [5].

The stroma is a hydrophilic structure, consisting of a mostly collagenous extra-
cellular matrix (ECM) containing an interpenetrating network of fibroblast-like 
cells called keratocytes. The shape, elasticity, and strength exhibited by the cornea 
is derived from the collagenous ECM from which this layer is shaped [6]. The trans-
parency of this avascular layer is dictated by the unique spacing and arrangement 
afforded by the lamellar type organization of collagenous fibrils. The keratocytes 
are responsible for synthesizing and organizing this optically transparent collage-
nous matrix of the stroma. Keratocytes are quite sensitive, undergoing apoptosis at 
the site of injury.

Finally, the innermost endothelial monolayer is responsible for osmoregulation 
of the cornea. It does this by pumping out the excess liquid that leaks from the ante-
rior chamber of the eye into the stromal layer of the cornea [7]. This regulation is 
important as excessive stromal swelling results in corneal opacification and vision 
loss. The endothelial cells do not normally regenerate in vivo and any damage to 
this layer results in irreversible endothelial cell loss.

Due to its external location, the cornea is prone to both injury and infection that 
can cause irreversible loss of transparency and lead to vision loss or blindness. In 
fact, corneal diseases are one of the main causes of vision loss worldwide. There are 
an estimated five million people suffering from bilateral blindness and another 23 
million unilaterally blind from corneal disease or damage. The current widely 
accepted treatment for corneal blindness is transplantation with donor tissue, but 
there is a drastic shortage of human donor corneas [8]. For example, it is estimated 
that approximately 12.7 million patients are waiting for a corneal transplantation 
worldwide, with a high percentage of these cases located primarily in low to middle 
income countries [9]. The need for donated tissue outpaces the rate of tissue dona-
tion in almost all regions of the world, which highlights the need for new therapeutic 
alternatives. Stem cell therapy, regenerative medicine, and advanced biomaterials 
technology hold the promise of a major evolution in the concept of corneal healing 
and regeneration, as they offer an entirely new spectrum of opportunities for solving 
current limitations with corneal transplantation.

6.2  �Traditional Treatment

The current gold standard in treating diseased corneas in the clinical setting is trans-
plantation, where the pathological tissue is excised and replaced by a donated 
human cornea. While the procedure does have an overall high success rate of 
approximately 85–90%, corneal transplantation is not devoid of side effects [10]. A 
full-thickness corneal transplantation, for instance, usually involves a prolonged 
rehabilitation period, with wound healing being delayed by the 360° denervation of 
the graft and by the suboptimal apposition of the wound. The sutures, which typi-
cally induce severe surface distortion, are rarely removed before 1 year, further 
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delaying prescription of glasses and functional rehabilitation of the patient. Sutures 
also increase the risk for infection, inflammation, and vascularization, all of which 
are associated with an increased risk for immune rejection and irreversible graft 
failure. And finally, the new grafts also suffer from gradual decreases in endothelial 
cell population, with a large percentage of cells lost during the first 10 years [11].

Success rate significantly decreases in high-risk patients [10]. These patients pre-
senting with inflammation or vascularization from severe pathologies such as chem-
ical burns, autoimmune diseases, or rejected grafts are at a much higher risk of 
experiencing complications and graft failure. Additional surgeries are often needed 
and the overall prognosis decreases with each subsequent graft.

Lamellar transplantation instead of full-thickness replacement is gaining in pop-
ularity [12]. The idea here is to replace only the damaged and/or diseased tissue, 
leaving the healthy layers untouched. There are two types of lamellar transplanta-
tion, anterior (aimed at the replacement of the stroma) and posterior (essentially 
aimed at the replacement of the corneal endothelium).

Anterior lamellar transplantation offers the significant advantage of preserving 
the patient’s endothelium, thus eliminating the risk for corneal endothelial immune 
rejection, minimizing postoperative endothelial cell loss, and avoiding entering the 
eye at the time of surgery, which in turn minimizes the risk for postoperative intra-
ocular infection. Anterior lamellar transplantation, however, shares several disad-
vantages with full-thickness corneal transplantation, namely, the need for sutures 
leading to corneal astigmatism, delayed and incomplete functional rehabilitation, 
infection, inflammation, vascularization, and stromal rejection.

As for posterior lamellar transplantation, the idea is to replace the endothelium 
while keeping the majority or all the rest of the cornea intact. The advantage of this 
technique is that it does not involve the corneal surface. The need for sutures is thus 
eliminated, induced astigmatism is minimal, healing time is reduced, and the result-
ing visual acuity is significantly enhanced.

However, all of the above techniques require donor corneas, which implies 
expensive eyebanking procedures for tissue quality assessment and screening for 
diseases potentially transmitted by donors such as syphilis, HIV, or Creutzfeldt-
Jacob disease. Transplantation of an allogeneic human cornea also implies the risk 
of immune rejection [13], which requires long-term immunosuppressing therapy 
and regular ophthalmology follow-ups for the patient. And finally, as discussed 
above, wait time for a donor cornea constitutes a growing concern [14].

6.3  �Stem Cell Graft

The stem cells of the corneal epithelium are located within limbus [5]. Normal turn-
over of the epithelium, as well as healing from injury, occurs through the regenera-
tive proliferation of the corneal limbal stem cells. These cells repopulate the 
non-keratinized corneal epithelium in a centripetal fashion and further serve to halt 
the encroachment of conjunctival epithelium which would obscure vision should it 
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cover the cornea. There are many causes of ocular limbal stem cell deficiency, 
including chemical burns, radiation therapy, use of contact lenses, infections, neo-
plasia, Stevens-Johnson syndrome, mucous membrane pemphigoid, chronic limbi-
tis, chronic bullous keratopathy, diabetic keratopathy, aniridia, and epidermal 
dysplasia [15]. Limbal stem cell deficiency results in a nonhealing corneal epithe-
lium with subsequent conjunctivalization, vascularization, opacification, and vision 
loss. It must be noted that the prognosis of traditional corneal transplantation in 
patients with limbal stem cell deficiency is very poor, which explains why penetrat-
ing keratoplasty is avoided in these patients until preliminary rehabilitation of the 
corneal surface has been achieved. Depending on the degree of damage to the cor-
neal and limbal tissues, in some cases it is sufficient to simply remove some of the 
invading conjunctival epithelium to allow limbal stem cells from adjacent regions to 
migrate to the site of damage [16]. Coupling the removal of conjunctival tissue with 
the laying down of amniotic membrane also increases healing [17]. For more severe 
cases of limbal stem cell deficiency, a number of viable clinical solutions have also 
been developed, involving techniques of autologous or allogeneic conjunctival and 
conjunctival-limbal grafts [18–22].

6.3.1  �Conjunctival and Conjunctival-Limbal Autografts

The use of autologous conjunctival tissue as a source of stem cells in patients suf-
fering from unilateral eye injuries was first suggested in the 1960s and then fol-
lowed up by Richard Thoft in the late 1970s [23]. The major drawback of conjunctival 
transplantation is the absence of corneal epithelial stem cells. As it became clearer 
that the limbal tissues played a key role in the regeneration of the corneal surface, 
Kenyon and Tseng adapted the conjunctival autografts to include limbal tissue in 
1989 [24]. Since this time, conjunctival limbal autografts have become one of the 
standard treatments for unilateral eye injuries, with success rates reported to reach 
94% [24–26]. Typically, a large graft (approximately 7 mm large) comprising both 
epithelial and limbal tissues is harvested and transplanted into the diseased area. 
The key to the technique is harvesting enough limbal tissue in the graft to promote 
regeneration in the damaged eye without destabilizing surface homeostasis in the 
healthy eye. Autografts offer the benefit of not requiring immunosuppressive ther-
apy since the stem cells and tissue are derived from the patient.

6.3.2  �Conjunctival–Limbal Allografts

Bilateral limbal stem cell deficiency is more challenging to address because of 
the lack of available autologous stem cells and tissue. Two types of transplantation 
are used in these patients, based on the origin of the stem cells and limbal tissue 
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transplanted (Holland and Schwartz classification) [27]: the cadaveric ketarolimbal 
allograft (KLAL) and the living-related conjunctival-limbal allograft (IrCLAL) [28, 
29] The Cincinnati procedure was developed to treat bilateral limbal stem cell defi-
ciency with combined living-related CLAL and cadaveric KLAL.  The modified 
Cincinnati procedure for unilateral limbal stem cell deficiency uses a conjunctival-
limbal autograft and KLAL. The goal of adding conjunctival-limbal autograft to 
KLAL was to introduce more conjunctival stem cells than KLAL alone which is 
important in patients with severe inflammation [30, 31].

Of the two methods cadaveric KLAL has the advantage that a complete limbus 
can be transplanted, allowing for a higher concentration of progenitor stem cells to 
be introduced into diseased eye. However, there are major drawbacks to the KLAL 
technique: In many cases it can be difficult or impossible to find immune histocom-
patible tissue for transplantation. It is important that these tissues be histocompati-
ble as the limbus is a highly vascularized site, thus increasing the risk of graft 
rejection. These grafts mandate patients undergo prolonged systemic immunosup-
pressive therapy in the postoperative period and often indefinitely. Other challenges 
to the use of cadaveric tissue include quality of preservation method and time 
between death and transplantation. In many cases by the time the tissue has been 
implanted and allowed to vascularize, a large percentage of the transplanted stem 
cells have died. While the amount of tissue that can be transplanted in the case of 
IrCAL is limited, just as in the case of conjunctival-limbal autografts, it offers many 
advantages over cadaveric tissues. Due to the higher likelihood of histocompatibil-
ity, the prolonged need for high dosages of systemic immunosuppressive agents is 
reduced. In addition, a higher proportion of healthy stem cells is theoretically trans-
planted as the time between excision, transplantation, and revascularization is typi-
cally shorter allowing for greater survival rates [32].

6.3.3  �Simple Limbal Epithelial Transplantation

Recently, it has been found that only small amounts of tissue are needed to restore 
the ocular surface in a procedure called simple limbal epithelial transplantation 
(SLET). In SLET, a 2 × 2 mm donor graft is taken and sectioned into small pieces 
which are then placed over a prepared corneal bed using human amniotic membrane 
and fibrin glue, which precludes the need for sutures. This acts as an in-vivo incuba-
tor for the stem cells to grow. Mid-term durability of this procedure shows success 
as high as 84% in a number of studies with only minor variations in technique 
[33–35]. Perez’s group has also demonstrated that one can further improve this 
technique by sandwiching the sectioned limbal tissue between two sheets of amni-
otic membrane to allow more protection for the explant [36].
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6.4  �Cell Culture Techniques

6.4.1  �Ex Vivo Cultivated Limbal Epithelial Transplantation

Cultured epithelial stem cell therapies have been available since the 1970s [37], but 
it was not until 1997 that Pellegrini and co-workers first applied the technique to 
corneal regeneration [38]. Cultured limbal epithelial transplantation (CLET) is now 
among the most common procedures for the treatment of unilateral limbal stem cell 
deficiency. The use of stem cells from allogeneic sources, such as living-related or 
deceased donors, has not obtained as much success, mainly because of the long-
term immunosuppressing drugs required after surgery to prevent rejection of the 
implanted cells [39].

Small amounts of limbal tissue are taken from the contralateral healthy eye. Cells 
can either be isolated by enzymatic digestion and expanded in culture prior to seed-
ing on the carrier (suspension technique) or they can be expanded directly on the 
carrier (explant techniques). The graft is then transplanted onto the prepared corneal 
bed of the diseased eye. Several carriers have been proposed, including fibrin, 
human amniotic membranes, layers of cultured 3T3 fibroblasts, silk fibroin, colla-
gen membranes, and electrospun biopolymer mats (e.g., poly d,l-lactide-co-
glycolide, PLGA) [38, 40]. Cryopreservation of some of the expanded cells for 
potential future use (in case regrafting is needed) is an interesting advantage of 
CLET, while high cost of production under good manufacturing practices remains 
the main drawback. In comparison to the CLAL technique, the CLET technique 
tends to result in less inflammation and quicker epithelialization. It also requires a 
significantly smaller amount of tissue (2 × 2 mm) and as such, is less likely to dis-
rupt the homeostasis in the healthy donor eye [18]. Long-term success of this 
method ranges from 71% to 85% in a number of studies which employ differing 
substrates such as fibrin/3T3, and denuded or intact hAM [39, 41–44].

6.4.2  �Cultivated Oral Mucosal Epithelial Transplantation

A variety of stem cell therapies have been developed based on the trans-differentiation 
of progenitor cells derived from oral mucosa or other mucous membranes, or from 
the conversion of fibroblasts or mesenchymal stromal cells into autologous corneal 
lineages through induced pluripotency [45]. Cultivated oral mucosal epithelium 
transplantation (COMET) is a viable option for patients suffering from bilateral 
limbal stem cell deficiency. The first successful cases were described in 2004 by 
Nishida and co-workers. Four patients with total limbal stem cell deficiency caused 
by Stevens-Johnson Syndrome or autoimmune blistering were grafted with cell 
sheets of autologous oral mucosal epithelial cells cultured on temperature respon-
sive cell-culture surfaces with 3T3 feeder cells. Complete reepithelialization of the 
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corneal surfaces occurred within one week in all four eyes and all corneas remained 
transparent during the 14 month study period [46].

In 2008, Nakamura and co-workers set out to improve the technique by culturing 
the oral mucosa on human amniotic membrane, which could then be used as carrier 
to stabilize the ocular surface [47]. Rapid reepithelialization was observed in the six 
human eyes suffering from severe limbal stem cell deficiency due to either chemical 
burns or Stevens-Johnson Syndrome. The corneal surface was still stable 14 months 
after transplantation with only mild peripheral neovascularization, likely due to the 
angiogenic potential of oral mucosa cells (see Fig. 6.1).

Overall, COMET has shown success rates as high as 79% [46, 48–50] and it is 
now used for a variety of conditions such as temperature-related burns and aniridia. 
It has been suggested that the minor neovascularization could be treated through the 
use of anti-angiogenic factors or drugs [51, 52]. Long-term stability of these grafts 
might be limited by the inability of the transplanted cells to undergo full transdif-
ferentiation from oral into the limbal phenotype [53].

Fig. 6.1  Transplantation of autologous oral epithelial cells cultivated on amniotic membrane to a 
patient with SJS. Representative slit lamp photographs taken before transplantation without (a) 
and with fluorescein (b). The photographs in (c, d) were taken at the last follow-up visit without 
(c) and with fluorescein (d). Before transplantation, the eye manifested inflammatory subconjunc-
tival fibrosis with neovascularization, conjuntivalization, and severe symblepharon. At the last 
follow-up visit, the corneal surface was stable without defects. Reproduced with permission from 
Nakamura et al. [47]
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6.4.3  �Other Sources of Therapeutic Stem Cells

The success of COMET has inspired the development of new strategies that utilize 
autologous mesenchymal stem cells from a variety of different adult tissues, such as 
stromal cells derived from adipose or bone marrow [54, 55]. While these autologous 
sources have great promise as translatable technologies, there are very few exam-
ples of these cell types being employed in the clinical setting [55]. Other interesting 
sources of pluripotent stems cells include hair follicles and dental pulp from decidu-
ous teeth [56, 57].

Induced pluripotent stem cells can also be isolated and differentiated into limbal 
stem cells [58, 59]. Again the autologous nature of the cells reduces the risk of 
immune rejection. Typically, the cultured cells are induced into pluripotency and 
reprogrammed to a variety of different cell fates through the introduction of tran-
scription factors. Unlike embryonic stem cells, which can be difficult to isolate, 
induced pluripotent stem cells are typically derived from differentiated fibroblasts 
and keratinocytes obtained through minimally invasive techniques and then repro-
gramed into pluripotency.

A final approach involves the direct reprogramming of cells into a somatic state 
of a different cell lineage without going through the classical pluripotent state [60]. 
This is accomplished through the induction of a short partial pluripotency state, 
which is brought on by the transient overexpression of transcriptional factors [61]. 
A combination of environmental factors such as growth factors, cytokines, and 
other inducing agents can then be introduced to direct reprogramming to the desired 
cell type. Avoiding the potentially carcinogenic pluripotency stage is a major advan-
tage. Furthermore, the resulting limbal stem cells are much easier to produce and 
characterize in comparison to a number of pluripotent stem cell lines [61]. 
Considering that repair of the cornea does not require a large number of cells or cell 
types, it would appear as though the limited expansion ability of reprogrammed 
cells would not make this technique prohibitive.

6.4.4  �Stromal and Endothelial Stem Cells

Up to this point, we have focused primarily on limbal stem cells, which are respon-
sible for the regeneration of the corneal epithelium. The other two cellular layers of 
the cornea, the stroma and endothelium, do not contain well-defined sources of stem 
cells for regeneration as does the epithelium. Stromal keratocytes are responsible 
for generating and maintaining the extracellular matrix of the stroma and thus its 
transparency [62]. The problem with keratocytes is their tendency under in vitro 
conditions to undergo phenotypic differentiation into fibroblasts, which are not 
capable of constructing the organized ECM framework required for stromal tissue 
[63, 64]. In addition, when expanded in vivo, keratocytes eventually undergo mor-
phological changes and lack expression of certain genes, which ultimately results in 
a hazy stroma [65].

C. D. McTiernan et al.



157

Du and coworkers have demonstrated the presence of a population of cells in the 
human corneal stroma expressing stem cell markers and exhibiting multipotent dif-
ferentiation potential [66]. They also found that when cultured as free floating cells 
(no carrier or rigid matrix) in serum-free media, these human corneal stromal stem 
cells can differentiate into a cell type that resembles human keratocytes in both gene 
expression and ability to secrete a highly organized ECM network with orthogo-
nally arranged collagen fibrils [67]. Interestingly, when injected into mouse corneal 
wounds, these human corneal stromal stem cells prevented formation of scar tissue 
and induced regeneration of ablated stroma with lamellar structure and collagen 
organization similar to that of native tissue [68].

The endothelial layer of the cornea is comprised of a singular layer of corneal 
endothelial cells (CECs) that do not regenerate [69]. As lost CECs are not replaced, 
the neighboring cells migrate and increase their size to cover the deficit and main-
tain the monolayer. The normal slow attrition of CECs with age typically does not 
interfere with the endothelial pump function. However, any excessive cell loss due 
to a trauma or a disease and resulting in endothelial cell counts below an approxi-
mate threshold of 500 cells/mm2 is susceptible to jeopardize endothelial cell func-
tion and lead to corneal edema, decreased vision, and eventually, painful blindness. 
The only current treatment for these eyes is transplantation of a healthy endothelium 
from a human donor. While younger donors are preferred, as they typically will 
contain a larger population of CECs, selecting only corneas from younger donors is 
not affordable, especially in the context of donor shortage currently experienced 
worldwide. This, once more, reiterates the need for alternatives to donor corneas.

The rapidly evolving surgical techniques currently used for corneal endothelial 
transplantation (see above) now allow restitution of an anatomy and a functionality 
very close to normal [70]. Allogeneic endothelial grafts, however, remain at risk of 
detachment (during the early postoperative period), immune rejection, and endothe-
lial failure. And in all cases, they necessitate a human donor cornea.

Tissue engineering now allows for the in vitro production of a corneal endothe-
lium that remains functional during and one week after transplantation in the living 
animal [71]. Several challenges are still to be met prior to the transfer of this tech-
nology to the clinic, including long-term follow-up of the transplanted animal and 
optimization of the carrier on which the CECs are cultured and transplanted. Limited 
proliferation ability, cellular senescence, and fibroblastic transformation during cul-
ture [72] are also problems associated with the cultivation of CECs. A detailed 
review of reported methods being developed for the preparation, delivery, and trans-
plantation of a tissue-engineered corneal endothelium, as well as the optimization 
steps that are still required, is available in Proulx et al. [73].

Cultured CECs can also be seeded in the anterior chamber of the eye without a 
carrier [74]. The first clinical results in 11 patients were recently reported by 
Kinoshita’s group in Japan. The main challenge with this technique is preventing 
the mesenchymal transition of these cells [75]. Rho-associated kinase inhibitor eye 
drops have been proposed as an adjuvant modality to modulate endothelial cell 
adhesion and migration in corneal endothelial diseases and/or surgery [74, 76, 77]. 
Safety and efficacy, however, remain to be confirmed.
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Another possible source of CECs involves differentiation from human Embryonic 
Stem Cells (hESCs). Both McCabe and co-workers as well as Song and co-workers 
have developed independent methods of deriving CECs from the neural crest phase 
of hESCs [78, 79]. Additionally, Zhang and co-workers have demonstrated that 
CECs can be derived from the periocular mesenchymal phase of hESCs. In all cases 
the hESC-derived CECs show morphology and endothelial cell marker expression 
similar to those of adult human CECs. In this study, the resulting CEC-like cells, 
transplanted into rabbits using a DSEK technique, allowed gradual restoration of 
transparency [80].

6.5  �Keratoprostheses

6.5.1  �Clinical Use of Keratoprostheses

In the clinical setting, the first generation of artificial corneas to be developed were 
keratoprostheses (KPros) [81]. They were developed as an alternative to donor tis-
sue, which as we have already mentioned can be in severe shortage in many coun-
tries, and as an alternative for patients in which the use of an allogeneic graft is of 
too high risk.

While there are some differences between the available KPros, for the most part 
these devices are based on a core and skirt model. The central core is composed of 
an optically transparent material such as poly methyl methacrylate (PMMA), to 
allow transmission of light, while the skirt, typically porous or perforated, allows 
for the in-growth of cells and anchoring of the prosthetic to the corneal surface.

The two most popular keratoprostheses in the clinical setting are the Boston 
KPro [82] and the osteodonto-keratoprostheses (OOKP) [83]. Interestingly, both of 
these prosthetics contain a biological interface. In the case of the Boston KPro a 
corneal rim is employed, whereas in the OOKP oral mucosal tissue is employed. 
While the OOKP and BostonKPro are the more popular devices, there are a number 
of variants that have been tested clinically, including devices from the Filatov insti-
tute [84]. One of the more recent devices consists of a fused core and skirt, which is 
comprised entirely of poly hydroxyethyl methacrylate (pHEMA) [85, 86].

At present, keratoprostheses are mostly indicated for patients with multiple 
failed corneal grafts, stem cell deficiencies, aniridic patients and patients with cica-
trizing disease Steven-Johnson syndrome and ocular cicatricial pemphigoid [87, 
88]. While KPros are in general safe and efficient, they are typically employed in 
end-stage eyes due to the irreversible nature of the surgery, the inability of the 
implant to promote regeneration, and the risks of complications relating to glau-
coma, infection, necrosis, and extrusion. Patients must be treated with sustained 
antibiotics and immunosuppressive drugs for the life of the device. While the 
devices have achieved much success, there continues to be significant progress in 
their design, for example, through the addition of holes in the backplate, replace-
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ment of the threads with a lock ring (click-on-model), and the use of titanium back-
plates in the Boston KPro [89, 90].

6.5.2  �Regenerative Keratoprostheses

Recently, there has been a push to develop Kpros that promote or allow for regen-
eration of the corneal surface, the idea being that reepithelialization of the implanted 
device would allow for a better coverage by the tear film, which will prevent infec-
tion, commonly incurred in classical Kpros, as well as extrusion of the implant 
itself. Typically, the regenerative properties of these next generation KPros are 
brought about through either lithographic patterning or surface modification chem-
istries. For example, it has been demonstrated that when the PMMA surface of the 
Boston KPro is modified through covalent attachment of ECM-derived components 
such as fibronectin, epidermal growth factors, collagen, laminin, or other cell adhe-
sion promoting peptides (e.g., RGD, YIGSR, and IKVAV), the growth of epithelial 
cells over the KPro is enhanced [91–96]. Interestingly, the ECM components need 
to be covalently attached to the surface of the KPro as non-covalent attachment of 
either laminin or fibronectin was shown incapable of promoting the regeneration of 
host tissues. Furthermore, it has been demonstrated that using flexible polyethylene 
glycol (PEG) linkers between the surface of the device and the ECM components 
can significantly enhance epithelial cell attachment and growth in comparison to 
direct attachment in vitro [97, 98]. The enhancement observed when the factors are 
tethered via a linker may be due to a decrease in steric constraints, which allows the 
tethered motifs to orient themselves in such a way that produces an optimal micro-
environment for the attachment and proliferation of epithelial cells. It has also been 
demonstrated that collagen-based peptides, such as Gly-Pro-NLeu as well as a com-
bination of growth factors tethered to poly 2-hydroxyethyl methacrylate (PHEMA), 
can enhance both epithelial growth and attachment in vitro [99].

A series of lithographically patterned KPros have been developed by Myung and 
co-workers. Through patterning of the KPro surface they have been able to enhance 
epithelial attachment to the device. In the first generation of these KPros, photo-
lithographic techniques were utilized to pattern the surface of the PEG/PAA central 
core, which was then coupled to a poly hydroxyethyl acrylate (PHEA) micro-
perforated skirt [100]. From here they then coupled type I collagen to the hydrogel 
and found that the resulting material was capable of promoting epithelial growth 
both in vitro and in vivo in rabbits [101]. The newest iteration of the device consists 
of a single-piece KPro. Through photolithographic polymerization techniques they 
were able to generate a core-skirt form of cross-linked PEG.  This PEG-derived 
core-skirt mold was then utilized as template for the polymerization and cross-
linking of acrylic acid [102]. It has also been demonstrated that polyelectrolytes 
such as chitosan and heparin can be layered onto the skirt of KPros to create a layer 
that is ideal for the adsorption of small peptides, which can improve the ingrowth of 
epithelial cells [102].
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6.6  �ECM-Derived Materials

6.6.1  �Decellularized Implants

The use of decellularized corneas in regenerative methods relies on the ability of the 
various components of the extracellular matrix (ECM) to promote regeneration. In 
the decellularization process, the cells of the donor tissue are eliminated through a 
variety of different techniques [103]. In general most procedures utilize a combina-
tion of detergents; however, there exist protocols that utilize enzymes, chelating 
agents, acid/base treatments, alcohols, as well as physical manipulations such as 
hydrostatic pressure to kill the cell populations [103]. While the implanted ECM 
can itself induce the regeneration of tissue from endogenous cell populations, it is 
also possible to seed the decellularized ECM with autologous cells prior to trans-
plantation. In any case, the use of decellularized corneas in regenerative medicine 
remains limited by the availability of donor tissue, as well as by stringent screening 
protocols that are in place to prevent the transmission of disease through allogeneic 
tissue transplantation. It should also be mentioned that due to the varying efficacies 
of the decellularization protocols, it is possible in some instances that certain popu-
lations of cells remain trapped with the ECM or that key components of the ECM 
be removed.

In a short-term noncontrolled retrospective clinical study, Daoud and co-workers 
described the use of gamma-irradiated decellularized corneas (no donor keratocytes 
or endothelial cells) as patch graft (79%), in anterior lamellar keratoplasty (11%) or 
in keratoprostheses (10%) for cases where a viable endothelium was not necessary. 
Reported advantages included sterilization of donor corneas and longer shelf life, 
which can be especially helpful in emergency situations or in remote areas [104].

More recently, Zhang and co-workers reported on 47 patients who received a 
xenogeneic decellularized porcine anterior lamellar stromal graft to treat a fungal 
infection. In 41 of the 47 patients the implant became transparent, with no immuno-
genic response or recurrence of fungal infection observed after 6 months [105].

Another decellularized xeno-derived corneal implant that has found use in the 
clinical setting is fish scale. Being comprised of a high percentage of connective tissue 
proteins and collagens, fish scales offer an interesting alternative as ECM scaffolds in 
corneal repair [106–108]. Currently, decellularized fish scale implants marketed as 
ologen™ BioCornea are being employed to temporarily seal corneal perforations and 
in trabeculectomy procedures for patients suffering from glaucoma [109].

6.6.2  �Cell-Derived Self-Assembling ECM Implants

ECM corneal constructs can also be derived through the self-assembly of proteins 
secreted by corneal or skin fibroblasts. Through the culture of fibroblast in the pres-
ence of ascorbic acid or ascorbic acid derivatives, one can induce the fibroblasts to 
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secrete ECM macromolecules [110]. After weeks in culture the resulting ECM tis-
sue layers can be stacked together to form a lamellar stromal-like tissue. Epithelial 
and endothelial cells can then be seeded onto the artificial stroma and allowed to 
expand in culture to give rise to both endothelium and epithelium layers [110, 111] 
(see Fig. 6.2).

It has also been demonstrated that human umbilical cord mesenchymal stem cells 
can be induced to secrete stroma-like ECM components in the presence of ascorbic 
acid. The addition of transforming growth factor-beta (TGF-β) to the culture media 
increased ECM secretion resulting in thicker sheets of tissue. Interestingly, the cord 
stem cells used to generate the stroma-like material, differentiated themselves into 
cells resembling stromal fibroblasts [112]. The influence of macromolecular crowd-
ing has also been employed to induce and enhance the secretion of ECM compo-
nents by human corneal fibroblasts [113]. The addition of carrageenan, a negatively 
charged galactose derivative, to the culture media, induced a 12-fold increase in 
ECM deposition without changes in the cellular morphology phenotype [114].

These types of self-assembled ECM-based corneal constructs have now been 
tested in animal models. For example, self-assembled corneal-stromal constructs 
derived from both feline and human donor corneal cells have been implanted into 
the eyes of cats through an intra-stromal pocket [115]. The corneas grafted with the 
allogeneic and xenogeneic tissue-engineered stromas were transparent and inner-
vated within 1 month of implantation, without vascularization [115].

Fig. 6.2  Tissue-engineered human cornea. (a) Histology (Masson’s Trichrome staining) of the 
tissue-engineered cornea, showing a well-differentiated epithelium on top, and a monolayer of 
endothelial cells underneath, both adhered to the self-assembled stromal matrix. (b) Transmission 
electron microscopy of the epithelial basal membrane showing many hemidesmosomes (arrows). 
(c) Transmission electron microscopy of the corneal endothelium, showing a monolayer of flat-
tened cells. The bar in (a) equals 50 μm, in (b) equals 1 μm, and in (c) equals 0.5 μm. Reproduced 
with permission from Proulx et al. [111]
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Considering that there is a population of progenitor cells in the stromal layer, it 
seems plausible that stromal ECM and corneal constructs could be prepared in vitro 
from autologous cells and then implanted into the patient eye. However, one needs 
to take into consideration the time-scale of self-assembly (several weeks), the need 
for the patient to undergo surgery for tissue isolation, and the high costs associated 
with manufacturing the constructs under Good Manufacturing Practice (GMP) 
guidelines for Advanced Medical Therapy Products.

6.6.3  �Collagen Derived and Other Cell-Free Implants

As collagen is the main structural component of the corneal ECM, the wide inter-
est in its use for the design of artificial corneas and as scaffolds for the promotion 
of tissue regeneration is understandable. Wray and Orwin first demonstrated that 
type I collagen could be electrospun and crosslinked with gluteraldehyde to pro-
duce highly aligned fibers that give rise to a lamellae type structure similar to that 
found in the stroma of native corneas [116]. They further showed that corneal 
fibroblasts seeded on the top of this material tended to elongate along the long axis 
of the fibers and respond to changes in both the structure and organization of the 
matrix. It has also been demonstrated that hydrogels prepared with a relatively 
high concentration (18% w/w) of recombinant human collagen (RHC) type III, 
self-assemble into highly aligned fibers [117]. Hybrid corneal implants consisting 
of a blend of chitosan and collagen have been manufactured and tested in animal 
models [118]. The chitosan filler is believed to promote regeneration and pos-
sesses anti-microbial properties [119]. Fibrin-agarose scaffolds seeded with stro-
mal fibroblasts and epithelial cells have also shown success in animal models 
[120–122].

The first collagen-based artificial cornea, which was designed to both regenerate 
and reinnervate corneal tissue, was evaluated in ten patients presenting with signifi-
cant vision impairment due to keratoconus and scarring. These biomimetic corneas 
were prepared through the crosslinking of RHC type III with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 
[123]. Once implanted into the pathologic eyes, the cell-free construct served as a 
template for the regeneration of the damaged corneal epithelium, stroma, and nerves. 
At the 4 year postoperative follow-up, it was found that the artificial corneas were 
capable of promoting the proliferation and differentiation of endogenous corneal cell 
populations. As these cells migrated into the artificial scaffold, they generated a 
highly integrated neo-cornea that resembled the normal and healthy tissue [124].

Preclinical studies in the rabbit model have shown that the RHC type III 
implants were not as effective in corneas that were highly inflamed or vascularized 
due to alkali chemical burns [125]. Interestingly, the addition of a synthetic phos-
pholipid, 2-methacryloyloxyethyl phosphorylcholine (MPC), was shown to 
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decrease inflammation and inhibit corneal vascularization when crosslinked into 
the matrix through a PEG diacrylate (PEGDA) polymer using ammonium persul-
fate and tetramethylethylenediamine [126]. A full-thickness graft of the RHC type 
III-MPC corneal construct was capable of promoting the regeneration of corneal 
tissue and nerves in a guinea pig study [127]. It was also capable of inhibiting the 
vascularization of rabbit corneas damaged by alkali burns [125].

RHC type III-MPC implants have now been grafted in patients with severe 
pathologies, to relieve the symptoms of pain and discomfort resulting from cor-
neal ulceration after  severe infection, chemical burns, failed grafts and neuro-
trophic keratitis. Within 1–2  weeks after implantation, the discomfort had 
subsided. The epithelium and stroma of all patients has stably regenerated, and 
nerve regeneration was documented in the patients in the lamellar graft study 
[128, 140]. More recently, the RHC Type III-MPC implant has been modified 
through microcontact printing to bear 30 μm stripes of fibronectin, which have 
been shown to enhance cell adhesion and should allow for faster integration of the 
implant at the host-site [129].

6.6.4  �Self-Assembling ECM Implants

As is evidenced by the previous sections, ECM-derived implants have had much 
success in the regeneration of corneal tissue. Their use, however, remains limited by 
the difficulty of isolating ECM components, batch-to-batch variability, and the risk 
of immune response [130]. Recombinantly generated components, such as RHC, 
eliminate much of the batch-to-batch variability, but even then, the large size of 
many of these macromolecules makes them difficult to process. Hence, there has 
been a recent push to develop small analogues as mimics of these ECM compo-
nents, which can self-assemble to give rise to three-dimensional structures that 
mimic their native tissues. Some of the more successful molecules at assembling 
corneal scaffolds have been short peptide mimics.

For example, a variety of peptide amphiphiles bearing the RGD motif of fibro-
nectin have proven to be capable of promoting corneal regeneration by enhancing 
the adhesion, proliferation, and alignment of fibroblasts within the mimetic three-
dimensional stroma [131, 132]. Furthermore, laminin-derived amphiphiles have 
also been used in rabbit models, to heal surgical wounds through the promotion of 
keratocyte in-growth [133, 134].

More recently, a collagen-like peptide (CLP) [135] was conjugated to a multi-
arm PEG through thiol-maleimide cross-coupling reaction to create a CLP-PEG 
conjugate [136]. The resulting conjugate was then cross-linked through EDC-NHS 
coupling to give rise to hydrogels, which have been tested in animal models for their 
ability to promote epithelial and stromal regeneration (see Fig. 6.3).
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6.7  �Conclusions

While we have covered a variety of methods and materials for regenerating corneal 
tissues, there is not a single method that is suitable for treating all corneal patholo-
gies. Instead, treatment should be tailored to the specific pathology. Through 
advancements in stem cell based therapies, novel ECM-derived scaffolds, drug 
delivery systems [137, 138], and nanomaterial hybrids [139], it should be possible 
to develop a variety of regenerative approaches that either limit or eliminate the 
need for human donor corneas in treating corneal pathologies. As the field moves 
forward, it is likely that many of these technologies will evolve in such a way that 
the best aspects of the various techniques become merged to develop hybrid-
composite materials, which can both promote regeneration and prevent infection 
that typically undermine the effectiveness of many corneal therapies.
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Chapter 7
Clinical Applications of Limbal Stem Cells 
for Regenerative Medicine

Brian G. Ballios and Allan R. Slomovic

Abstract  Damage or loss of corneal and/or limbal cells from injury or infection 
can lead to irreversible loss of corneal transparency and blindness. A population of 
active limbal stem cells has been identified in the limbal epithelial crypts that pro-
vide a continuous supply of progenitors and mature epithelial cells, and participate 
in wound healing. With our growing knowledge of this stem cell population, our 
understanding of the homeostatic mechanisms regulating corneal epithelial homeo-
stasis has expanded dramatically. Loss of these limbal stem cells leads to the range 
of conditions representing limbal stem cell deficiency. Here, we review the biology 
and cellular characterization of the limbal stem cell in health and disease. We also 
review clinical approaches to ocular surface stem cell transplantation that have been 
developed over the last 30 years, including autograft and allograft techniques cur-
rently in clinical practice, and the challenges associated with systemic immunosup-
pression when required. Emerging therapies in cultivated limbal epithelial 
transplantation are described, which may provide an unlimited source of cells for 
ocular surface restoration.
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7.1  �Introduction

The cornea is a transparent tissue which transmits and refracts light, to allow a focus 
image to be projected onto the retina. The average human cornea is about 500 μm 
thick centrally and near 1000 μm thick peripherally [1]. It consists of five cellular 
layers: an outer epithelial layer, Bowman’s layer, a middle stroma composed of 
hydrated collagenous extracellular matrix, Descemet’s layer of basement mem-
brane, and an inner endothelial monolayer. The surface epithelium is composed of 
stratified non-keratinized cells, with a thickness of approximately 50 μm. A number 
of antimicrobial and anti-inflammatory factors are secreted by the epithelium within 
an insoluble mucous layer that aids in maintaining a stable ocular surface tear film 
[2]. The corneal stroma is composed of over 300 lamellae of type I collagen inter-
spersed with glycosaminoglycans; it resembles a hydrogel, with 80% water by 
weight. The stoma is maintained by the resident population of fibroblast-like kera-
tocytes. This network gives the cornea its strength, and the lamellation provides 
transparency. The endothelial monolayer is the functional layer essential for main-
taining appropriate water balance in the corneal stroma, and hence transparency. It 
contains sodium/potassium ATPase membrane pumps that maintain an osmotic bal-
ance to drive aqueous humor between the stroma and anterior chamber. Regarding 
the surface epithelium, as cells are lost, the basal layer proliferates to replace these 
superficial cells [3]. These basal cells are replaced by a population of stem cells that 
reside within the limbus, found at the corneoscleral junction. These limbal stem 
cells (LSCs) are important for the proper maintenance and regeneration of the cor-
neal epithelium [4, 5].

Any irreversible damage or loss of corneal and/or limbal cells, from injury or 
infection, can lead to loss of corneal transparency and blindness. A World Health 
Organization study shows that corneal disease is second only to cataracts as the 
leading cause of blindness worldwide [6]. Corneal ulcers and ocular surface trauma 
are estimated to account for an incidence of 1.5–2 million case of blindness annu-
ally, with a prevalence of 10 million.

The management of corneal disease has changed dramatically in the last 40 years. 
In the 1970s, all patients with corneal disease had a poor visual prognosis. The only 
available techniques included penetrating and lamellar keratoplasty to replace the 
corneal tissue, and tarsorrhaphy and artificial tears to maintain surface hydration.

A full-thickness corneal transplantation with a cadaveric allograft, known as a 
penetrating keratoplasty (PKP), can be used to replace the entire cornea. While PKP 
is successful in the short term, varying rates of rejection have been reported up to 
15% in some studies [7]. This can lead to graft failure, with loss of the endothelial 
cells and subsequent loss of corneal transparency from edema. Graft failure rates 
are greater in high-risk transplantation populations. These include those patients 
with autoimmune disease, chemical alkali burns, severe dry eye, Stevens-Johnson 
syndrome (SJS), ocular cicatricial pemphigoid (OCP), neurotrophic cornea from 
herpetic eye disease (zoster and/or simplex), and in those who have had recurrent 
grafts [8]. This often results in the eye not being able to support a corneal transplant. 
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Deep anterior lamellar keratoplasty (DALK) is an alternative procedure, involving 
removal of only the epithelium and stroma, leaving the endothelium intact. This 
reduces the rates of rejection and postoperative complications such as leakage, and 
improves graft stability [9]. It also results in reduced loss of endothelial cells post-
operatively compared to PKP.

Importantly, there is also a severe shortage of donor corneal tissue worldwide, as 
is the case in other solid organ transplantations. With an aging population, wait 
times for donor tissue are expected to increase. As well, suitable donor tissue may 
be more limited with the increased incidence of infectious diseases including HIV 
and hepatitis. The development of artificial corneal replacements, or keratoprosthe-
ses (KPro), has helped to decrease our dependence on donor tissue [10]. In the 
developing and under-developed world, the skills and resources to perform these 
surgeries are extremely limited [11].

Modern-day treatment has evolved significantly. In this chapter, we will focus on 
the surgical methods that ophthalmologists have developed to restore the ocular 
surface, in the context of diseases of limbal stem cell deficiency. Special note will 
be made to the importance of immunomodulatory therapy in the context of limbal 
tissue allografts. We will also provide perspective on new and emerging methods of 
ocular surface stem cell therapy.

7.2  �Limbal Stem Cells and the Niche

The corneal epithelium is constantly being sloughed and renewed by a regular 
homeostatic mechanism. The renewal process involves centripetal and circumferen-
tial migration from the limbus in addition to vertical migration from basal layers 
[12, 13]. Davanger and Evensen [4] were first to recognize that pigmented limbal 
cells seemed to move centrally in the cornea, suggesting centripetal migration. 
From this observation, they hypothesized that limbal cells were likely involved in 
normal corneal epithelial renewal. They postulated that these source-cells were resi-
dent in the limbal crypts of the palisades of Vogt, a series of radially oriented fibro-
vascular ridges that are observed in the human limbus [14, 15], and can be imaged 
by optical coherence tomography with sub-micrometer resolution [16].

It was Schermer and colleagues [5] who postulated that corneal epithelial stem 
cells were located in the limbus. They based their theory on the pattern of expres-
sion of cornea-specific 64K keratin present in all corneal epithelial cells except the 
limbal basal cells, suggesting that the limbal basal cells were less differentiated than 
those found in other areas of the corneal epithelium. This is true of basal cells in 
skin epidermis [17], as well as mucosal epithelium in the intestine [18].

Stem cells are characterized by two cardinal properties: self-renewal and multi-
potentiality. In self-renewal by asymmetric division, one daughter cell remains a 
stem cell while the other becomes a more differentiated progenitor. Multipotentiality 
refers to the potential for tissue-specific stem cell progeny to differentiate into any 
of the mature cell types that make up that adult tissue. Cell kinetic studies in intestine 
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and epidermis have shown that stem cells and their early progeny, the transit ampli-
fying cells (TACs), make up the proliferating cells of epithelium [19, 20]. Schermer 
and colleagues [5] proposed the cell proliferation scheme for the cornea as proceed-
ing to limbal basal stem cells, to basal corneal epithelial TACs, to differentiating 
suprabasal corneal epithelium (Fig. 7.1). In 2005, based on histological examination 
of the human limbus, Dua et al. reported the presence of limbal epithelial crypts 
(LECs) and proposed that they also harbor LSCs [21]. LECs are more frequently 
detected in the superior or inferior limbus compared to temporal or nasal limbus 
[22, 23]. In nonhuman species, only porcine limbus has been reported to share the 
structure of the human limbus regarding the topography of the palisades of Vogt and 
LEC, while no evidence of palisades of Vogt has been found in other animals [22].

Fig. 7.1  (a) Location of the limbus, at the junction of the conjunctival and corneal epithelium. (b) 
LSCs resident in the epithelial crypts of the palisades of Vogt give rise to transit amplifying cells 
(TACs), which migrate towards the center of the cornea, before differentiating and migrating 
towards the superficial layers of the epithelium as terminally differentiated suprabasal epithelial 
cells (Reproduced with permission, Notara and colleagues, 2008)
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In mice, LSCs were first identified as slow-cycling label-retaining cells in the 
basal layer of the limbal epithelium [24]. Despite lacking palisade of Vogt struc-
tures, lineage-tracing studies clearly show that murine corneal stem cells exist in the 
limbus and are capable of producing daughter cells with centripetal migration pat-
terns during corneal epithelial regeneration [25–28].

As a result of their high proliferative potential and their absence of markers, a 
decades-long search has been underway for a bona fide LSC marker that would 
enable prospective isolation for therapeutic applications. Numerous potential LSC 
markers have been proposed [29], but for most, evidence for successful prospective 
enrichment of cells capable of long-term corneal restoration is currently lacking. 
Pellegrini and colleagues proposed that transcription factor p63 identifies human 
LSCs [30], and Rama and colleagues [31] evaluated the effectiveness of autologous 
limbal cell transplants grafted onto patients with unilateral limbal stem cell defi-
ciency. The success of the transplants seemed to depend on the number of p63+ 
cells in the graft. Several additional potential human LSC markers have been identi-
fied, including Lgr5 [32], Tcf4 [33], CD157 [34], CD71low/Integrin-alpha6high 
[35], TrkA [36], N-cadherin [35], ABCG2 [37, 38], Cytokeratin15 [39], and ABCB5 
[40]. In the case of ABCB5, prospectively isolated human ABCB5+ LSC possessed 
the capacity to fully restore corneal epithelium after grafting onto LSC-deficient 
mice. ABCB5 was found to be preferentially expressed on label-retaining cells at 
the limbus in mice. Furthermore, ABCB5+ cells were significantly depleted in 
patients with LSC deficiency. ABCB5 loss-of-function mutant mice showed defec-
tive corneal differentiation and wound healing, demonstrating that ABCB5 is both a 
marker and also of functional significance in maintaining LSCs.

Of note, due to the complexity of the LSC niche and the elusiveness of definitive 
LSC identification, the developmental origin of the LSC has remained elusive. Our 
current understanding of the developmental origins and formation of the corneo-
limbal-scleral junction is reviewed in detail elsewhere [29].

7.3  �Limbal Stem Cell Deficiency

Limbal stem cell deficiency (LSCD), caused by inherited, or acquired disruption of 
this stem cell niche, results in poor corneal epithelialization and epithelial defects, 
secondary vascularization of the cornea, stromal scarring, and/or corneal conjuncti-
valization [41]. Etiologies include chemical or thermal burns; ocular cicatricial 
pemphigoid (OCP) and pseudo-OCP; aniridia; various forms of ectodermal dyspla-
sia; Stevens-Johnson syndrome; contact lens wear-related; or iatrogenic injury dur-
ing ocular surface surgery. These conditions may result in partial or total limbal 
stem cell deficiency in the affected eye because of the degree of destruction of the 
limbus, conjunctival scarring, decreased tear film production, and the high risk of 
corneal keratinization. The patient will experience a number of distressing symp-
toms including ocular pain, photophobia, and decreased vision (Fig. 7.2).
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When a significant number of limbal stem cells are lost, conjunctival epithelial 
cells invade and populate the corneal surface. This process of conjunctivalization 
results in a thickened, irregular, unstable epithelium, often with secondary neovas-
cularization, inflammatory cell infiltration and disruption of the basement mem-
brane [42]. Impression cytology typically demonstrates the presence of goblet cells 
and conjunctival epithelial cells on the corneal surface [41]. Punctate corneal epi-
thelial defects and larger confluent defects are common and can lead to corneal 
scarring. Debridement of the conjunctivalized pannus results in a reinvasion of the 

Fig. 7.2  Eyes with severe LSC resulting from (a) acid burn; (b) Stevens–Johnson syndrome; (c) 
alkali burn; (d) Contact lens wear-related severe LSCD. Total conjunctivalized corneal surface 
with stromal haze, and large infiltrating vessels from the conjunctiva are seen. (e) Fluorescein 
staining of the cornea, viewed under cobalt-blue illumination, reveals the classic late-staining 
pattern with a whorl-like epitheliopathy pattern, demonstrating severe LSCD (a–c, Reproduced 
with permission, Lavker and colleagues, 2004; d, e, Reproduced with permission, Chan and 
Holland, 2013)
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abnormal epithelium. A PKP or lamellar keratoplasty with normal epithelium 
results in a stable ocular surface as long as the donor epithelium is present. However, 
with eventual epithelial sloughing, the surface often fails, resulting in re-
conjunctivalization owing to continued LSCD [43]. Donor epithelium in routine 
PKP may survive for several months without the need for re-epithelialization from 
the limbus. This survival time is known, from studies that observed epithelial rejec-
tion as late as 13 months postoperatively [44]. The observation that stable corneal 
re-epithelialization was not possible without a healthy limbal zone led ophthalmolo-
gist to begin investigating approaches to epithelial transplantation.

7.4  �Clinical Approaches to Ocular Surface Stem Cell 
Transplantation

Over the last three decades, the field has seen a remarkable proliferation and varia-
tion in the techniques of ocular surface stem cell transplantation (OSST) [45], often 
combined with PK or deep lamellar keratoplasty (DLK). In unilateral LSCD, tissue 
harvested from the contralateral eye may be used in an autograft [46–48]. In bilat-
eral disease, which is more common, allogeneic donor material must be used [49–
53]. Holland and Schwartz proposed a nomenclature and classification system [54] 
for ocular surface stem cell transplantation; we will use this system here (Table 7.1).

7.4.1  �Autografts

Epithelial transplantation can be divided into autografts and allografts. In traditional 
autografts, the donor tissue is obtained from the fellow eye, thereby avoiding the 
major problem of immunologic rejection that faces allograft procedures. Some 
newer techniques involve harvesting autograft tissue from an area of healthy limbus 
in the same eye. Epithelial transplantation for severe ocular surface disease was first 
described by Thoft in 1977 [56], when he described conjunctival transplantation for 
monocular chemical burns. This was an autograft procedure using several pieces of 
bulbar donor conjunctiva harvested from a normal fellow eye. In 3/5 eyes, the 

Table 7.1  Classification system for limbal allografts/autografts

Procedure Abbreviation Donor site Transplanted tissue

Keratolimbal allograft KLAL Cadaver Limbus/cornea
Conjunctival limbal autograft CLAU Contralateral 

eye
Limbus/
conjunctiva

Living related conjunctival limbal 
allograft

lr-CLAL Living relative Limbus/
conjunctiva

Adapted from Holland and Schwartz [54] and Daya et al. [55]
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cornea was successfully re-epithelialized, and this procedure was based on the con-
cept of conjunctival transdifferentiation [20, 57, 58]. Studies have subsequently 
shown that the conjunctiva cannot transdifferentiate into epithelium that is truly 
phenotypical corneal epithelium [59].

Kenyon and Tseng [47] were the first to specifically transplant limbal stem cells 
in a conjunctival-limbal autograft (CLAU) from the contralateral eye. In this proce-
dure, conjunctiva and limbus from a normal fellow eye were used to manage diffuse 
LSCD in unilateral disease, or focal limbal deficiency in unilateral or bilateral dis-
ease. The harvest of bulbar conjunctiva extended 0.5  mm onto the clear corneal 
surface, thus containing limbal cells. The preoperative diagnoses included chemical 
and thermal injuries, contact lens-induced keratopathy, and surface disease second-
ary to multiple ocular surface surgeries. This resulted in rapid surface healing, 
improved ocular surface, and improved visual acuity.

Jenkins and colleagues [60] reported on CLAU in five patients with epitheliopa-
thy secondary to chronic contact lens overuse. Two of five procedures failed, and 
one of the fellow donor eyes developed LSCD post-harvest. These results stress the 
importance of careful selection of donor tissue for autografting only from a fellow 
eye that is otherwise normal. It is likely that these fellow donor eyes were not nor-
mal given their exposure to chronic contact lens wear, even though they did not 
show overt LSCD. CLAU should only be obtained from eyes with normal, func-
tional epithelial surfaces.

7.4.2  �Allografts

While autografting is a very successful procedure used today for unilateral LSCD, 
it does not provide a therapeutic approach to severe bilateral LSCD. Thoft described 
the first allograft procedure in 1984 [61] which he named keratoepithelioplasty. His 
procedure involved the use of “lenticules” of peripheral cornea from a cadaveric 
donor eye. These lenticules were harvested from the midperipheral cornea and con-
sisted of cornea and a thin layer of stroma. They were placed evenly around the 
corneoscleral limbus of the host eye and sutured to the sclera. The limbus was not 
harvested from donor eyes in this procedure. The donor epithelium spread from the 
lenticules and covered the host cornea. Three of four patients transplanted in his 
study maintained a stable ocular surface and improved vision. Turgeon and col-
leagues [62] expanded on this procedure to include limbal tissue with the peripheral 
cornea in order to capture LSCs in the allografts.

It was not until the mid-1990s that groups described the first keratolimbal 
allograft (KLAL) transplantations [63, 64]. They utilized a whole globe to make a 
360° scleral incision approximately 1 mm from the limbus at the same depth as a 
midperipheral corneal incision. Lamellar dissection of the keratolimbal tissue was 
performed, the keratolimbal ring was divided into three pieces, and transferred to 
the recipient eye. All patients were placed on systemic cyclosporine A (CsA) in 
addition to topical corticosteroid drops. Systemic CsA was tapered as possible. Of 
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six patients with LSCD, five of six had improved vision resulting from the proce-
dure. Tsubota and colleagues [64] showed that the corneolimbal tissue could be kept 
in storage media for 5 days prior to transplantation.

Given the concern regarding immunologic rejection in the context of limbal 
allografts, and the growing understanding from other fields of solid organ transplan-
tation (e.g., kidney) of the importance of donor-host immunomatching, various 
groups began to explore the use of living-related donors as a source of allograft 
tissue. The first report of a living-related epithelial transplantation was by Kwitko 
and colleagues in 1995 [65], which they called “allograft conjunctival transplanta-
tion.” Limbal tissue was not transplanted in this study. Donor conjunctiva was 
obtained from siblings or parents. Human leukocyte antigen (HLA) typing and 
crossmatching was performed retrospectively in recipients/donors. Three of 12 eyes 
experienced epithelial rejection episodes, with no disturbance of the corneal surface 
in two patients. Two of these three cases had 100% incompatible HLA matching. 
Patients with identical or haplo-identical matching were less likely to undergo epi-
thelial rejection. It is interesting to note that while 5/11 eyes had improved visual 
acuity and 10/11 eyes had improved ocular surface (transparency, decreased neo-
vascularization, stable epithelium), these results were obtained with only transplan-
tation of conjunctival tissue, without limbal tissue.

Kenyon and Rapoza [66] were the first to describe living-related limbal allograft-
ing with a conjunctival carrier from a living-donor (living-related conjunctival lim-
bal allograft, lr-CLAL). This was similar to the technique of limbal autografting 
(CLAU), except that the donor tissue was derived from a living relative. Most 
patients also went simultaneous lateral tarsorrhaphy. Topical steroid drops were 
included in all cases, with topical and/or systemic CsA for HLA haplo-identical or 
incompatible cases. No episodes of rejection were observed in eight cases. The 
ocular surface remained stable in six of eight cases. Visual acuity also improved in 
six of eight cases.

Since this time, there have been numerous modifications and combinations of the 
techniques described above. For example, a “Cincinnati procedure” has been 
described, which uses a combined lr-CLAL and KLAL in patients with bilateral 
severe LSCD and conjunctival deficiency [67]. A modified Cincinnati procedure 
involves a combined CLAU and KLAL for patients with severe unilateral LSCD 
[68] (Fig. 7.3).

7.4.3  �Rejection and Systemic Immunosuppression in Limbal 
Allografts

Systemic immunosuppression is critical for graft integration and survival following 
allograft transplantation [69]. Limbal allografts are at significantly higher risk of 
rejection than other more “central” corneal procedures involving the avascular 
stroma. In corneal transplantation, an avascular tissue is being transplanted into an 
avascular host site. In contrast, the limbus has a high concentration of tissue antigen 
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Fig. 7.3  The Cincinnati procedure for combined lr-CLAL/KLAL: (a) The conjunctival graft is 
harvested from the living-related donor eye in the 12- and 6-o’clock meridians. (b) The recipient 
eye is prepared by performing a 360° limbal peritomy and undermining/retracting conjunctival 
tissue, followed by (c) removal of abnormal corneal epithelium and fibrovascular pannus. (d) The 
harvested living-related tissue is sutured in the same anatomical orientation, with the (e) cadav-
eric donor segments placed at the 3- and 9-o’clock meridians also in the same anatomical orienta-
tion with the limbal edge at the recipient limbus. The modified Cincinnati procedure for combined 
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presenting cells (Langerhans’ cells), which can trigger immunologic rejection [70] 
by T-cells [71]. This may present as either acute allograft rejection with injection at 
the graft-host junction and conjunctivalization of the ocular surface, or a chronic 
rejection characterized by slowly progressive conjunctivalization without evidence 
of acute inflammation [72]. It should be noted that the role of humoral immunity is 
not well defined in the context of the limbal allografts. The graft-host state in limbal 
transplantation must therefore be treated similarly to most cases of vascular solid 
organ transplants.

Thoft and Sugar [73] gave us the description of the typical features of patients 
with acute rejection following KLAL.  However, with chronic features (irregular 
epithelium, recurrent LSCD, epithelial failure) it can be difficult to differentiate 
between chronic low-grade disease or failure of the transplanted graft. In the case of 
limbal allografts, there is perpetuation of donor epithelial cells and antigen present-
ing cells beyond the first year [71], and thus the threat of graft rejection persists. 
Therefore, long-term systemic immunosuppression is extremely important.

The options to treat bilateral LSCD include KLAL, lr-CLAL, and ex-vivo cul-
tured stem cell transplantation. The early allograft protocols used systemic CsA 
almost exclusively for long-term immunosuppression [52, 53, 74–79], occasionally 
with the addition of azathioprine [80]. Long-term CsA therapy can have a number 
of systemic side effects, including nephrotoxicity [81], hypertension [82, 83], and 
hyperlipidemia [84]. Patient monitoring on CsA includes regular blood trough lev-
els, as well as trends in blood pressure and creatinine. After 2000, these studies 
often used short-term courses of high-dose steroids in the postoperative phase, and 
also in induction protocols preoperatively [16, 25, 27–31, 33–35]. Early corticoste-
roid withdrawal has been shown to decrease corticosteroid-related morbidity in 
patients receiving solid organ transplants [85]. Steroid-sparing immunosuppression 
protocols in kidney transplantation, with discontinuation of steroids as early as 
1 week postoperatively, have been studied in prospective trials [86].

The modern immunosuppressive protocols target stages of the immune response 
to tailor postoperative medical therapy [45]. Both MMF and azathioprine can affect 
bone marrow functioning, and require regular monitoring. However, in other organs, 
MMF has been shown to decrease the incidence of acute transplant rejection over 
azathioprine, in patients also on steroids and CsA [87]. Due to these reasons, the use 
of MMF has generally replaced azathioprine in OSST post-transplantation immu-
nosuppression. It should be noted that MMF can be teratogenic, and thus all women 
of childbearing age should be discouraged from pregnancy during therapy.

One example of the progression from CsA-based long-term immunosuppression 
to next-generation immunosuppressive protocols is the OSST program at The 

Fig. 7.3 (continued)  CLAU/KLAL: (f) CLAUs are harvested from the fellow eye while (g) 
KLAL segments are prepared from a cadaveric donor corneoscleral rim. (h) 360° conjunctival 
peritomy and removal of abnormal epithelium and fibrovascular pannus is performed. (i) CLAU 
and (j) KLAL segments are secured at the limbus of the recipient eye (a–e, Reproduced with 
permission, Biber and colleagues, 2011 [67]; f–j, Reproduced with permission, Chan and col-
leagues [68])
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Cincinnati Eye Institute. Their program began with the use of CsA, azathioprine, 
and prednisone [80], but in the last 10 years, has moved to a regime including long-
term tacrolimus and MMF, in addition to a short-term oral prednisone taper [69]. 
This protocol is based on the success achieved by the ELITE-Symphony random-
ized control study in renal transplantation [88] showing an ability to reduce expo-
sure to calcineurin inhibitors using low-dose tacrolimus. Tacrolimus and MMF 
together has been shown to be more effective and safer than CsA in renal transplan-
tation by reducing acute rejection [89], and decreased risk in high-risk PK [90]. 
While tacrolimus, like CsA, is a calcineurin inhibitor, the adverse effects of hirsuit-
ism and gingival hyperplasia are eliminated [91], increasing patient tolerance and 
adherence to therapy. Some groups taper tacrolimus beginning 1–2 years postopera-
tively if the ocular surface has been stable [69]. Morbidity in OSST patients is much 
lower than that seen in renal transplantation patients [92], likely because of the 
increased preponderance of comorbidities in patients with end-stage renal disease.

For allografts, important preoperative assessment of risk includes blood group 
type (ABO), donor type (KLAL vs. lr-CLAL), tissue HLA type, panel reactive anti-
body (PRA), and donor-specific HLA antibody (DSA) identification. ABO blood 
group antigens have been detected on human corneal epithelial cells, and may con-
tribute to allograft rejection once the rejection response has begun [93]. HLA-A/
B/C antigens can be found on corneal epithelium and stromal keratinocytes, while 
HLA-DR/DQ/DP are present on Langerhans and other antigen presenting cells 
[94]. The protocols for preoperative risk assessment are generally based on experi-
ence with solid organ transplantation and our understanding of transplant rejection 
immunobiology. Drugs have been developed which target the cell-mediated immune 
responses specifically that can contribute to graft rejection, including IL-2 receptor 
blockers such as basiliximab. Holland and colleagues [69] have used preoperative 
induction with basiliximab in patients receiving lr-CLAL without a perfect HLA 
match and a nonzero PRA. In addition, they use basiliximab in patients receiving 
KLAL with a nonzero PRA. In high-risk patients, undergoing KLAL, lr-CLAL with 
non-HLA identical, HLA-identical/PRA >50%, or any patient undergoing repeat 
OSST, initiation of maintenance therapy (MMF/tacrolimus) occurs 2 weeks prior to 
surgery. Overall, the absence of comprehensive histocompatibility data in limbal 
transplants represents a significant gap in the understanding of rejection processes.

Given the concerns around donor-host matching and long-term systemic immu-
nosuppression, the opportunity to avoid these issues by performing an autograft in 
the case of unilateral disease is tempting [95]. As mentioned previously, a very care-
ful evaluation must be undertaken as, in many cases, the “normal” fellow eye may 
have subclinical LSCD. In this case, the host eye may fail to re-epithelialize because 
of deficiency inherent in the graft, and the donor eye would be left without sufficient 
limbal stem cell capacity to maintain surface integrity [60].

The balance of evidence suggests that long-term immunosuppression may be 
important to graft success, but more prospective and/or randomized trials are 
required to determine the optimal therapeutic approach and to compare 
immunosuppressive practices. There is currently no consensus on which regimen is 
most efficacious for various pathologies or grafts. It would also be advantageous to 
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assess the results of larger numbers of patients with a common approach across 
multiple centers.

7.5  �Cultivated Limbal Epithelial Transplantation

In the mid-1990s, Pellegrini and colleagues [96] described a procedure using autol-
ogous cultivated corneal epithelium to restore the ocular surface. Sheets of corneal 
epithelial cells were cultured in  vitro, and these sheets were transplanted to the 
injured eye. This procedure was particularly effective for patients who are resistant 
to the idea of using six clock hours of limbal tissue from their healthy eye as a donor 
source for CLAU grafting into their blind eye [45]. The patients retained a stable 
ocular surface without systemic immunosuppression for >2 years after the proce-
dure. In the interim, multiple studies have investigated the molecular genetic mech-
anisms regulating limbal stem cell self-renewal and differentiation potential in vivo 
[30, 40, 97], and their ability to be grown as holoclones in vitro [98]. For success in 
this approach, adequate numbers of autologous stem cells will need to be generated 
prior to transplantation [31]. However, this approach is still limited: it cannot be 
applied to patients suffering from total bilateral LSCD, because these patients lack 
the autologous limbal stem cells necessary for culture. As well, the cost of establish-
ing and maintaining a stem cell laboratory for cGMP cell therapy production is very 
high [99], and may result in CLET only being available in a handful of advanced 
centers worldwide. Some regional CLET facilities are being established in Europe, 
which may serve multiple transplant sites across the region. The reader is directed 
to an excellent review of cultivated epithelial sources for transplant provided in 
Chap. 6.

With the advent of induced pluripotent stem (iPS) cells [100–102] with the same 
properties as bona fide embryonic stem (ES) cells, it may be possible to use a 
patient’s autologous somatic cells (e.g., fibroblasts from a skin biopsy) to generate 
epithelial stem cells. Early studies have already shown the potential of iPS cells to 
generate corneal epithelium [103]. These findings could result in autologous limbal 
grafts event for patients with bilateral total LSCD, once safety and proper regulation 
of iPS cell generation has been established.

7.6  �Simple Limbal Epithelial Transplantation

It had been recognized that CLAU proposed some perceived risk to the donor eye of 
limbal decompensation. Tseng and colleagues, who pioneered the original CLAU 
technique [47], even developed a smaller single two-clock-hour donor tissue har-
vest, aimed at minimizing the amount of donor tissue used to treat total LSCD in the 
fellow eye: they termed this technique mini-CLAU [104].
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Another technique aimed at reducing the amount of tissue harvested from donors 
is the simple limbal epithelial transplantation (SLET) technique. This involves a 
resection of one clock hour of limbal tissue from the donor eye, division into small 
pieces, and transplantation of these autografts on an amniotic membrane placed 
over the recipient cornea [105] (Fig. 7.4). This technique does not require the cell 
culture facilities required for ex vivo donor cell expansion that is necessary for cul-
tivated limbal epithelial transplantation (CLET). SLET incorporates the advantages 
of CLAU by being a single-stage autograft procedure. Like CLET, it also minimizes 
the risk of precipitating LSCD in the donor eye as only one clock hour is harvested., 
but minimizes donor tissue.

7.7  �Conclusions and Outlook

Important clinical advances have been made in the techniques used to treat patients 
suffering from partial and total limbal stem cell deficiency. Our growing under-
standing of the role of the limbal stem cell in normal corneal epithelial homeostasis 
and disease has led to the refinement of procedures for limbal allografting and auto-
grafting, as well as important discoveries that may lead to the widespread use of 
cultivated limbal epithelial transplants. The use of in vitro cultivated cells may even-
tually supplant our need for donor corneal tissue in the treatment of LSCD. The 
possibility of targeted stimulation of endogenous stem cell stimulation to effect 
repair of diseased ocular tissue, without the need for cell transplantation, constitutes 
the ultimate goal of regenerative medicine in the eye. The ability to unlock this 
potential with LSCs in the context of ocular surface disease will depend on a deeper 
understanding of the stem cell biology underlying the regulation of LSC 

Fig. 7.4  Simple limbal epithelial transplantation (SLET): (a) 2 × 2 mm area of limbus is marked 
in the donor eye; (b) a subconjunctival dissection 1 mm into clear cornea allows (c) excision of the 
donor tissue; (d, e) a peritomy is performed and fibrovascular pannus and irregular epithelium is 
removed from the recipient corneal surface; (f) a human amniotic membrane graft is placed on the 
bare ocular surface and secured with fibrin glue; (g, h) the donor limbal tissue is cut into 8–10 
small pieces and secured to the surface of the amniotic membrane with fibrin glue (Reproduced 
with permission, Sangwan and colleagues [105])
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proliferation and differentiation under physiologic and pathophysiologic condi-
tions. Advances in drug delivery and bioengineering may contribute to spatial and 
temporal control of LSC kinetics and dynamics in situ. Notwithstanding these chal-
lenges, the promise of regenerative medicine for ocular surface therapy can build on 
the success recognized in other tissues, to further advance future clinical 
application.
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Abstract  An estimated 3% of the global population over 40 years of age currently 
has glaucoma. The early onset of retinal ganglion cells (RGC) loss (before signifi-
cant changes in vision occur) and the lack of regenerative capacity in the mamma-
lian retina (Samuel et al., J Neurosci 31(44):16033–16044, 2011) limit potential 
therapeutic options. For a long time the replacement of RGCs as a therapy for glau-
coma and other optic neuropathies was not considered as a potential strategy 
because of the perceived inability of mature RGCs to regrow full-length axons and 
reach relevant targets in the brain. However, recent optic nerve (Bei et al., Cell 
164(1–2):219–232, 2016; Lim et al., Nat Neurosci 19(8):1073–1084, 2016) and 
spinal cord regeneration studies, together with developments in pluripotent and reti-
nal cell biology, as well as pilot RGC transplantation experiments (Hertz et al., Cell 
Transplant 23(7):855–872, 2013; Venugopalan et al., Nat Commun 7:10472, 2016), 
demonstrate that it may be possible to restore the RGC population in the retina and 
regrow the optic nerve.

Keywords  Retinal ganglion cells · Axon growth · Regeneration · Glaucoma · Cell 
transplantation

8.1  �Introduction

An estimated 3% of the global population over 40 years of age currently has glaucoma. 
The early onset of retinal ganglion cells (RGC) loss (before significant changes in vision 
occur) and the lack of regenerative capacity in the mammalian retina [1] limit potential 
therapeutic options. For a long time the replacement of RGCs as a therapy for glaucoma 
and other optic neuropathies was not considered as a potential strategy because of the 
perceived inability of mature RGCs to regrow full-length axons and reach relevant 
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targets in the brain. However, recent optic nerve [2, 3] and spinal cord regeneration stud-
ies, together with developments in pluripotent and retinal cell biology, as well as pilot 
RGC transplantation experiments [4, 5], demonstrate that it may be possible to restore 
the RGC population in the retina and regrow the optic nerve. For the successful imple-
mentation of such therapy, several components need to be addressed:

	(a)	 Cell survival—this remains significantly low (<1%).
	(b)	 Structural cell integration—the inner limiting membrane and activated glial 

cells prevent full integration of donor neurons.
	(c)	 Axon growth—processes must extend all the way to brain targets [6].
	(d)	 Axonal guidance and glial barriers—in the disease state, scarring and micro-

environmental changes obscure the target [7].
	(e)	 Functional cell integration—the formation of afferent and efferent synapses 

within the retina and the brain is required to restore vision.
	(f)	 Donor cell type—a renewable and well characterized cell product is needed.
	(g)	 The immune aspect of the transplantation.

Here we will attempt to summarize the studies that form the premise for RGC 
transplantation.

8.2  �RGC Development

The development of structurally and functionally organized tissues, like the retina, 
requires a high degree of spatiotemporal regulation and synchronization across vari-
ous developmental processes, including proliferation, cell cycle exit, and cell migra-
tion. Starting from a single multipotent progenitor pool, retinal neurons are born in 
a conserved birth order, with retinal ganglion cells becoming postmitotic first. Next, 
cone photoreceptors are born, followed shortly by amacrine and horizontal cells. 
Rod photoreceptors and bipolar cells are the last neurons to differentiate within the 
retina, followed only by the birth of Mueller glial cells, which originate from the 
same progenitor population. While the overall histogenic fate progression is con-
served across species and is faithfully recapitulated within single retinal progenitor 
cells (RPC) clones, the actual cellular composition of each clone can be highly vari-
able. Ranging from a few cells up to 100, a single RPC clone can contain and omit 
a variety of fates. Apart from illustrating the relative temporal overlap in the histo-
genesis of distinct retinal fates, clonal analysis has also uncovered the importance of 
cell-to-cell signaling in the determination of sister cell fate. Owing to these pro-
cesses, neighboring clones can be highly diverse, even though, on a cell-autonomous 
level, fate determination is shaped by highly stereotypic gene cascades, dominated 
by the expression of various bHLH transcription factors.

One of the first of these fate-specific transcription factors to be expressed within 
RPCs, starting at embryonic day (E) 11 in mice, is Ath5/Atoh7 [8, 9]. Ath5 leads to 
both the inhibition of Notch signaling—thereby committing the progenitor toward 
differentiation—and the upregulation of further RGC-specific genes, including 
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Brn3b; Ath5 is also necessary for RGC fate commitment. While not all Ath5-
expressing cells ultimately become RGCs, Ath5 loss mainly leads to the absence of 
RGCs within the retina. Nevertheless, the expression of Ath5 is only transient dur-
ing development and is absent within terminally differentiated RGCs, underlining 
the finding that, while Ath5 is necessary to establish RGC fate, it is not sufficient by 
itself to drive RGC differentiation [10]. Following the activation of Brn3b by Ath5, 
further downstream genes, essential for RGC fate commitment, are activated, 
including Isl1, Dlx1, and Brn3a. In contrast to the loss of Ath5, the individual loss 
of Brn3b, Isl1, or Dlx2 does not affect RGC birth; however, these losses have been 
observed to cause an increase of RGC death later in development, underlining the 
finding that, while these factors are required in combination to drive cell fate assign-
ment, they are each essential for RGC survival [11].

Once born, RGCs extend a long basally directed process that will mature into the 
axon of the cell, often prior to the complete translocation of the RGC nucleus away 
from the apical surface of the retinal epithelium. Following a diverse set of guidance 
cues, RGC axons eventually reach their defined targets within the brain, a process that 
is completed before dendritic connections are established. This apparent delay occurs 
because bipolar cells, the main synaptic partners of RGCs, aside from amacrine cells, 
are born last during retinogenesis, which leads to a temporal delay in synaptogenesis 
within the inner plexiform layer (IPL), compared with other more apical parts of the 
retina. Once they are fully differentiated, RGCs form the most diverse group of neu-
rons within the retina, distinct with respect to structural as well as functional features. 
While this final diversification of RGCs is linked to the expression of many subtype-
specific genes, their regulation and the timing of subtype-specific diversification 
within the overall context of development remains unknown.

8.3  �RGC Differentiation

Future clinical application of RGCs requires a reproducible and accessible cell 
source, such as differentiated induced pluripotent stem cells. Other approaches, 
such as direct transdifferentiation, have demonstrated potential for in vivo repro-
gramming in the undeveloped retina [12], but cannot provide the quantities needed 
for functional recovery. Several adherent and three-dimensional (3D) differentiation 
protocols published to date have demonstrated that RGCs may be derived from 
embryonic stem cells and induced pluripotent stem cells with high efficiency 
(2–10%) [13–15]. Moreover, 3D protocols result in almost complete differentiation 
of RGCs, as evidenced by subtype specification [16]. The unique morphological 
features of the neuroepithelium, and the presence of the Thy1 surface marker on 
mature RGCs, allow for the isolation of cells prior to transplantation. Moreover, the 
evolutionarily conserved nature of retinal development in mammals allows us to 
readily translate the protocols established for mouse pluripotent stems cells into the 
human culture setting.

8  Retinal Ganglion Cell Replacement: A Bridge to the Brain



196

8.4  �RGC Subtypes

Originally documented by Golgi staining and immunohistochemistry, RGC diver-
sity used to be mainly categorized by morphological features, i.e., cell body size, 
dendritic branching patterns, and IPL lamination. Later on, during the 1950s and 
1960s, the first electrophysiological recordings from the mammalian retina indi-
cated the difference between cells that were depolarized by light (ON-RGCs) vs. 
cells that were hyperpolarized (OFF-RGCs) [17, 18]. These observations enabled 
researchers to distinguish cellular diversity based on functional properties, which 
today has become a well described feature of RGCs. Now that we are able to geneti-
cally label RGCs within animal models and to generate whole transcriptome and 
proteasome datasets, it is possible to further explore RGC subtypes on a molecular 
level [19, 20], allowing for a comprehensive description of RGC diversity, integrat-
ing previously described features. To date, with the combination of morphological, 
functional, and molecular features to define each subtype, RGCs have been grouped 
into about 30 distinct cell types, elucidating both distinct and common features, 
such as the preferential IPL stratification pattern of ON vs. OFF RGCs across 
subclasses.

Most work describing these subtypes has been performed in small mammals like 
rodents, but data for cats, pigs, or primates is sparse. Likewise, human data is largely 
absent, making it difficult to compare subtype diversity among species. Aside from 
the limited knowledge of cross-species differences in RGC diversity, the broader 
functional significance of these differences in regard to the overall diversification of 
RGCs has not yet been fully elucidated. While certain subtypes, such as intrinsically 
photosensitive or direction-sensitive RGCs, serve a clearly defined functional pur-
pose, the overall contribution of each subtype toward vision is unclear.

Nevertheless, when considering the effects of neurodegeneration on vision and 
exploring the potential for intrinsic regeneration, as well as RGC replacement, it is 
essential to consider RGC subtype diversity, for a variety of reasons. First, different 
RGC subtypes display varied susceptibility to stress/damage, a feature that can 
define which RGCs are lost first following injury or disease. Second, studies focused 
on optic nerve regeneration have shown differing cell-autonomous potential for 
each RGC subtype to regenerate, and this may be instructive in the design of neuro-
protective treatments. Finally, owing to the described functional diversity of RGCs, 
replacement of these cells might one day be targeted at addressing the recovery of 
specific functional aspects, potentially interlinked to defined subtypes.

In general, RGCs are highly susceptible to elevated intraocular pressure (IOP) 
and axonal damage caused by axotomy or optic nerve crush, and they have very 
limited intrinsic capacity to regenerate following any of these insults, with about 
80–90% of all RGCs undergoing apoptosis within the first 2 weeks following axot-
omy [21]. Nevertheless, following various treatments, such as genetic modification 
of Pten, Pcaf, Stat3, Socs3, Sox11, c-Myc, dcxl, or Kruppel-like factor 4 (Klf4); or 
treatment with cytokines or antiapoptotic drugs, axonal regeneration can be stimu-
lated in RGCs, generating sufficient axonal outgrowth to bridge the distance to the 
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brain [3, 22–27]. More detailed studies assessing the subtype-specific susceptibility 
of RGCs to stress/damage have started to address morphological changes in den-
dritic arborization and field extension, as well as the presence of cell bodies and 
axons following elevated IOP [28–30], optic nerve crush, or axotomy [31].

Following axotomy, Duan et al. [31] observed that α-RGCs survived preferen-
tially, this being attributed to their uniquely high levels of mammalian target of 
rapamycin (mTOR) signaling and receptiveness to insulin-like growth factor (IGF-
1). Furthermore, α-RGCs were observed to express osteopontin, which previously 
had been shown to promote axonal outgrowth/regeneration upon injury. Interestingly, 
in their study, Duan et al. [31] reported that combined treatment with osteopontin 
and IGF-1 was as potent as the downregulation/knockout of PTEN, described by 
other studies. When dendritic field remodeling upon injury (IOP elevation) was 
assessed, RGCs stratifying within the OFF lamina of the IPL were found to be more 
susceptible to damage than ON-RGCs, undergoing changes in dendritic field size 
and arborization upon insult [32, 33].

Following the ability to record functional data from single RGCs [29, 34, 35], 
subtype-specific responses in models of optic nerve crush were assessed, confirm-
ing OFF-RGCs to be the most susceptible to damage—as measured by the decline 
in functional reactiveness—followed by ON-OFF RGCs, for which the OFF 
response component was found to be impaired first [36]. Among ON RGCs, which 
were found to be the most resistant to damage, transient ON cells were the most 
resistant, responding longer than sustained ON RGCs, indicating further nuanced 
susceptibility within single RGC classes [36].

Notably, though overall α-RGCs were the most resistant to apoptosis and sur-
vived preferentially over other RGC subtypes, the enhanced susceptibility of OFF 
stratified cells over ON stratified cells remained valid [28]. Attempts to explain the 
laminar-specific degeneration of RGC dendrites have been made by referring to the 
differential expression of TRPV channels, which could mediate pressure sensitivity 
[37]. While this could indeed contribute to subtype-specific damage susceptibility 
in models of elevated IOP, non-IOP-mediated models of RGC death show a similar 
preferential susceptibility for OFF lamina dendrites, arguing for a broader 
mechanism.

Morphologically, the IPL can be divided into five distinct sub-laminas, contain-
ing highly specified synaptic connections between RGCs and bipolar cells, as well 
as amacrine cells. Within the IPL, OFF RGCs stratify in relative proximity to the 
inner nuclear layer, whereas ON RGCs stratify immediately above the RGC cell 
bodies; hence, with respect to the origin of the physical pressure created by IOP 
elevation, OFF RGC dendrites are actually the furthest away. The answer to the 
question of why RGCs stratifying within the outermost lamina of the IPL might be 
the most susceptible to damage may lie in the metabolic demands of the IPL itself 
and the distance of the outer lamina from the oxygen/nutrient supply of the underly-
ing vasculature. In contrast to the photoreceptor layer, which, though having high 
metabolic demands, is unable to increase its oxygen consumption upon an external 
increase of oxygen pressure, the IPL steadily increases its oxygen consumption 
upon increased availability. Hence, RGCs are able to metabolize under both aerobic 
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and anaerobic conditions, but they can be assumed to function normally at the low 
end of their metabolic spectrum. Consequently, changes in vascular flow or vessel 
integrity underneath the RGC layer will readily disrupt metabolic activity, espe-
cially within the dendrites stratified the furthest away from the basal surface. 
Following this assumption, studies are now addressing the interplay between the 
retinal vasculature and RGC health to further elucidate the metabolic requirements 
of RGC homeostasis.

8.5  �Axon Outgrowth and Optic Nerve Regeneration

Retinal ganglion cells in the adult mammalian retina lose their capacity to regener-
ate axons during development. This is not a unique feature—a pioneering study by 
Ramon y Cajal [38] has shown that axons in the white matter of the central nervous 
system (CNS) failed to regrow following damage. Since that study was performed, 
multiple intrinsic and extrinsic factors that control axon outgrowth have been identi-
fied. This work has been done primarily by studying axon growth in the developing 
CNS, and regeneration in the peripheral nervous system of mammals and in the 
CNS in lower vertebrates.

Cell-extrinsic factors controlling axon growth in the retina, optic nerve head, and 
optic nerve are primarily inhibitory. The RGC axons are enclosed in a myelin sheath 
produced by oligodendrocytes. While this sheath significantly improves the propa-
gation of action potentials, it also inhibits axon regeneration through myelin-
associated inhibitors, including Nogo, myelin-associated glycoprotein, and 
oligodendrocyte myelin glycoprotein, which collapse axonal growth cones and 
inhibit growth [39–41]; reviewed in [42]. It is possible to reverse the effect by using 
ligands that would bind to the Nogo receptor and prevent the formation of growth 
inhibition complex with p75NTR, LINGO1, or TROY [43, 44]. Monoclonal anti-
bodies [45] against myelin-associated inhibitors and soluble NgR decoy receptor 
[46] have also been tested, with reported functional and structural recovery after 
spinal cord injury in rodents. Another significant barrier to axon regeneration is the 
deposition of chondroitin sulfate proteoglycans (CSPGs) by reactive astrocytes 
residing in the retina and optic nerve head. CSPGs repel or arrest growth cones and 
bind to a set of receptors on neurons, including NgR, protein tyrosine phosphatase 
sigma (PTPsigma), and leukocyte common antigen-related phosphatase (LAR) 
[47–49]. The modulating strategy  to improve cell integration  includes the use of 
enzymes that target glycosaminoglycans, such as chondroitinase ABC [50], which 
can mediate significant recovery after spinal cord injury, either as a stand-alone 
treatment or in combination with cell-intrinsic drivers of regeneration [51–53]. It is 
also possible to target CSPG receptors on neurons to rescue growth cones. The 
advantage of this approach is that the small molecules can be administered systemi-
cally, and can effectively target LAR [48] or PTPsigma [54], leading to recovery 
after spinal cord injury. Although most of the above-mentioned modulators have 
been tested in spinal cord injury models, their mechanism of action suggests similar 
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activity in the optic nerve. In humans, another potential significant barrier to axon 
outgrowth by donor RGCs is the collagenous lamina cribrosa in the optic nerve 
head. However, since mice and rats have glial lamina instead, the actual effect of 
connective tissue remodeling on optic nerve regeneration has not been studied.

Cell-intrinsic modulators include transcription factors that are active in the 
developing RGC, such as Klf and cMyc, and suppressors of axon growth (PTEN, 
SOCS3), which are highly expressed in mature RGCs. Developmentally active Klfs 
are of particular interest for cell replacement therapy, since it is possible to isolate 
donor RGCs at a specific stage of development. The timing of axon outgrowth is 
tightly correlated with the expression of Klfs [55] and is probably controlled extrin-
sically through the formation of synapses with amacrine cells. Klf-4 and -9 overex-
pression suppresses neurons’ capacity for axon growth [25], while Klf-6 and -7 are 
positive regulators of axon growth in neuron culture in vitro, as well as being posi-
tive regulators of optic nerve regeneration in vivo in zebrafish [56]. Two major cell-
intrinsic inhibitory pathways for axon regeneration include PTEN and SOCS3. 
SOCS3 suppresses the ability of RGCs to activate the Jak-STAT pathway [57, 58]. 
PTEN inhibits protein translation by repressing the activation of PI3 kinase and 
repressing downstream signaling via Akt and mTOR kinase. While PTEN deletion 
results in striking axon regeneration by α-RGCs [31], the effect can be amplified by 
co-treatment with ciliary neurotrophic factor (CNTF). However, CNTF alone has a 
very weak effect on RGC axon regeneration [59, 60], owing to the upregulation of 
SOCS3. Insulin-like growth factor (IGF-1), in combination with osteopontin, 
greatly enhances axon regeneration in α-RGCs [31], though it has no effect in other 
RGC subtypes. Brain-derived neurotrophic factor (BDNF) and leukemia inhibitory 
factor (LIF) play a role in RGC survival after damage, though they do not possess 
specific pro-regenerative effects. Oncomodulin, first identified as a mediator of a 
pro-regenerative response following inflammation, upregulates GAP43 and 
SPRR1 in RGCs, driving axon regeneration.

8.6  �Reaching the Target: Targeting the Brain Regions. 
Retinal and Brain Plasticity

Considering the mounting evidence that axonal regeneration may be induced to an 
extent that allows axons to reach the brain in animal models of optic nerve crush or 
axotomy, the question arises whether these regenerated axons can rewire the visual 
cortex in a target-specific fashion. In addition, with the rising hope that cell replace-
ment therapies can be applied, this question can be extended to enquire whether 
newly integrated RGCs can functionally integrate into existing brain circuits to 
recover vision.

To approach these questions, three basic directions can be explored:

	1.	 Whether synaptic targeting is driven cell-autonomously or whether it is driven 
by the environment.
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	2.	 Whether synaptic targeting differs in young and old individuals or within disease 
conditions.

	3.	 Whether the brain itself can remodel to an extent that would allow the integration 
of new synaptic input into existing cortical networks.

While the list of examples that illustrate brain plasticity across various insults 
and disease-mediated alterations is near endless, evidence elucidating any of the 
above three points is highly limited. In conditions such as glaucoma, patients are 
often diagnosed only after substantial RGC loss, since clinically detectable defects 
within the visual field are masked for a long time by compensatory mechanisms 
within the brain. Not only can the brain compensate for aberrant signaling input, but 
it is also able to selectively re-enforce, prune, or rewire synaptic connections daily, 
driving complex processes like learning and memory formation. Hence, most 
research on axonal regeneration and cell replacement assumes that the brain itself 
would not pose any significant barrier to the functional rewiring of regenerating or 
replaced RGCs.

Another often-employed assumption in the field is that RGCs are intrinsically 
able to rewire in a target-specific fashion. While this assumption is enticing, owing 
to its mere mechanistic simplicity, years of work on axonal guidance during devel-
opment, as well as many studies on axonal regeneration, negate this assumption, as 
alluded to in the previous section. During development, the synaptic targeting of 
RGCs, as well as their cortical targets [61], appears to be subtype specific and highly 
interlinked to the timing of RGC birth and axonal outgrowth [62]. While early-born 
RGCs tend to reach the visual cortex prior to late-born RGCs, they are much more 
likely to initially overshoot their targets or to form aberrant, later pruned, synapses. 
In contrast, late-born RGCs, which often connect only postnatally, have been 
observed to form highly accurate connections. In detail, when different RGC 
subtype-specific mouse lines, including the cadherin-3-EGFP (Cdh3-GFP) line, 
homeobox D10-EGFP (Hoxd10-GFP) line, and dopamine receptor D4-EGFP 
(DRD4-GFP) transgenic line were analyzed, it was found that, aside from birth tim-
ing and the rate of axonal outgrowth, visual cortex targets also were subtype specific 
within RGCs. While Cdh3/Cdh6-expressing ventral/dorsal ON-OFF RGCs are 
mainly born around E12, shortly followed by nasal ON-OFF RGCs (DRD4-GFP) 
around E14, the nasal ON-OFF RGCs innervate specific brain target regions only 
postnatally and form synaptic connections that are much more specifically targeted 
than those of the ventral/dorsal ON-OFF RGCs. Even later-born RGCs, including 
ON-ooDSGs (ON-OFF directionally selective ganglion cells) (Hoxd10-GFP) and 
OFF-M1 (intrinsically photosensitive) ipRGCs, show comparable precision in 
regard to synaptic targeting. Whether this progressive enhancement in targeting pre-
cision is caused by the presence of earlier-born neurons, or whether it is caused by 
cell-intrinsic factors is unknown, but it is an essential point to address when evaluat-
ing strategies for axonal regeneration.

Even though, overall, these observations provide compelling evidence for cell-
autonomous effects in axonal targeting, in a broader context RGC growth cones are 
guided along the optic nerve and across the optic chiasm along a route defined by 
various extrinsic guidance cues, mediating both axonal attraction and repulsion. 
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While to review these factors would extend beyond the scope of this section, sema-
phorins/neuropilins/plexins, ephrins, and Slit-Robo signaling [63] should be men-
tioned. Once RGC axons have reached their respective target area within the brain, 
adhesion molecules [64] and their regulators [65], have been proposed to mediate 
synaptic specificity.

Aside from development, and especially in disease, the function/presence of the 
axon guidance has been barely studied, though it has been proposed that both extrin-
sic [66, 67] and intrinsic [62, 64] cues remain present within adults and these might 
be upregulated upon axonal injury. In support of these assumptions, two of the most 
recent studies, showing axonal regeneration resulting in the re-innervation of visual 
brain targets, aided by either a combination of visual/electric stimulation of RGCs 
and mTOR modulation [3] or PTEN deletion [7], claim to have achieved the tar-
geted rewiring of visual targets and to have recovered visual function without any 
axonal-directed modulation. Notably, both studies traced RGCs in bulk, limiting the 
resolution at which wiring specificity could be assessed, and both presented low 
experimental numbers. In addition, the observed effects can be assumed to rely on 
the presence of neighboring RGCs, with functional readouts being notoriously dif-
ficult to interpret.

In contrast, many other studies document regenerating neurons that failed to pass 
either the initial site of injury or the optic chiasm [68, 69]. Furthermore, the tracking 
of single RGC axons, using Thy1-H-YFP, revealed that, while spontaneously regen-
erating α-RGCs rarely passed the site of a lesion, even those axons that did pass the 
site mainly looped and branched around the site of injury [70]. Furthermore, treat-
ment with CNTF worsened the excessive looping and branching, leading to the 
conclusion that, while the regenerated axonal length would be sufficient to reach the 
brain, targeted guidance would be required to direct axonal outgrowth toward the 
brain in a linear fashion. Likewise, CNTF treatment affected inner retinal RGC 
dendritic arborization and field size, enhancing the changes induced by the insult 
[71, 72]. Hence, when strategies for axonal outgrowth are considered, off-target 
effects, especially those within the inner retina, need to be taken into account.

When moving from the challenge of regenerating RGC axons in situ to the actual 
replacement of RGCs with ES (embryonic stem cells)- or iPSC (induced pluripotent 
stem cells)-derived neurons, the apparent interplay between cell-autonomous and 
extrinsic guidance cues to achieve synaptic targeting becomes an even bigger chal-
lenge, as does the often-assumed requirement for neighboring RGCs. On a tran-
scriptional level, in-vitro differentiated RGCs have been shown to express broad 
RGC markers such as Ath5, Isl-1, Brn3a/b/c, and RBPMS; however, their subtype-
specific diversity and functional maturation remain unclear. Hence, if we assume a 
high level of subtype-specific influence on intrinsic cue expression and responsive-
ness to external stimuli, it will be necessary to match the molecular signatures of 
native and donor RGCs much more closely than has been done to date. In an attempt 
to broadly assess the intrinsic potential of iPSC-derived RGCs for functional RGC 
replacement, co-cultures with different (preferred and non-preferred) brain target 
areas were performed in vitro, and preferential axonal outgrowth toward preferred 
targets was reported [73]. While these results might have been influenced and 

8  Retinal Ganglion Cell Replacement: A Bridge to the Brain



202

explained by several non-intrinsic factors, the overall observation provides some 
insight into the preferential attraction of target sites, even apart from developmental 
and iPSC-derived RGCs, as opposed to primary cells. Nevertheless, in an environ-
ment potentially devoid of host RGCs, the presence of external guidance cues needs 
to be studied to allow for further investigations of the feasibility of functional RGC 
replacement.

8.7  �Conclusions

The functional changes in glaucoma become clinically evident only when >40% of 
RGCs are lost, highlighting the importance of cell replacement therapy. Pioneering 
primary RGC transplantation experiments in mice have demonstrated that donor 
RGCs can survive and integrate into the retina, and send their axons all the way to 
the superior colliculus [74]. Potential limitations that are common for neuron 
replacement have been addressed previously in a variety of transplant and neuropro-
tection studies with photoreceptors, motor neurons, dopaminergic neurons, and 
neural and retinal progenitors. Potential solutions to the problem of neuron replace-
ment include the co-administration of growth factors, to improve survival; enzy-
matic and chemical treatment, to promote structural integration into the damaged 
tissue; and treatments to improve axon outgrowth and re-entry into the optic nerve. 
Altogether, these studies suggest that RGC replacement is a promising direction for 
therapy development.
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