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Chapter 1
Understanding Retinal Development
Can Inform Future Regenerative Therapies

Peter D. Westenskow
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AMD Age-related macular degeneration

bHLH Basic helix-loop-helix

bHLH-Zip Basic helix-loop-helix leucine-zipper protein

CA Constitutively-active

CNS Central nervous system

DN Dominant-negative

ES Embryonic stem cell

FGF Fibroblast growth factor

HIF Hypoxia-inducible transcription factor

iPS Induced pluripotent stem cell
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MacTel Macular telangiectasia

MAPK Raf-MEK-mitogen-activated protein kinase
MEK Mitogen-activated protein kinase kinase
Mitf Microphthalmia-associated transcription factor
ocC Optic cup

or] Ocular retardation mouse

Otx2 Orthodenticle homolog 2

ov Optic vesicle

Pax Paired box gene

PLE Presumptive lens ectoderm

RAP Retinal angiomatous proliferation

RGC Retinal ganglion cell

RPC Retinal progenitor cell

RPE Retinal pigment epithelium

SE Surface ectoderm

Shh Sonic hedgehog

TGF Transforming growth factor

Tyrp2 Tyrosinase-related protein 2

VEGF Vascular endothelial growth factor
VHL Von Hippel Lindau

Vsx2 Visual system homeobox 2

1.1 Introduction

The first step for generating vision, phototransduction, occurs in the sensory retina
where light energy is absorbed, converted into electrical impulses, and transmitted
to the brain. Phototransduction occurs in the specialized outer segments of rod and
cone photoreceptors where the light-responsive vitamin-A-derived chromophores
(11-cis-retinal) are housed in opsin proteins. When 11-cis-retinal absorbs a photon,
it is isomerized to all-trans-retinal; this activates a cascade that results in hyperpo-
larization of the cell. Interneurons in the inner cellular layer refine the outputs and
send them to the ganglion cells, whose axons bundle and transmit the integrated
signal to the visual cortex. To reinitiate the process retinal isomers in the all-
trans state must be reisomerized by neighboring retinal pigment epithelium (RPE)
or Mueller glia cells. Deficits in this process can induce retinitis pigmentosa, a
group of genetic eye conditions that result in primary photoreceptor cell death and
incurable blindness (for review, see [1]).

RPE cells provide essential trophic and functional support to the retina and vas-
culature (for review see [2]). They control various aspects of eye development
including dictating the rate of eye growth, formation of the ocular circulatory
system, regulating neurogenesis and synaptogenesis, and iris development [3-7].
The diverse functional capacities of the RPE are remarkable, and they are ideally
positioned between the photoreceptors and circulation to regulate several key
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functions indispensable for vision. RPE cells are highly polarized and extend long
microvilli from their apical surfaces towards the neural retina that wrap around the
photosensitive tips of the rod and cone photoreceptors. They generate the outer
blood retinal border, regulate adhesion, osmolarity, pH, and water balance in the
subretinal space. RPE cells absorb light to prevent scatter, are largely responsible
for maintaining the relative immune privilege of the eye, and diurnally phagocytose
light-damaged membranes and proteins in shed photoreceptor outer segments.

RPE and photoreceptors are so codependent that they are considered to be one
functional unit. RPE cell dysfunction or death invariably induces secondary photo-
receptor degeneration. In fact RPE cell dysfunction or atrophy is characteristic of
age-related macular degeneration (AMD). AMD is the leading cause of blindness in
industrialized countries [8, 9], and demographic analyses predict that it will become
even more widespread in upcoming years [10].

Additionally, glial cells are required for maintaining retinal homeostasis, and iris
and ciliary body cells regulate light exposure and ocular pressure. Glia are a diverse
group of CNS-specific connective tissue cells that exist as macroglia, Mueller glial
cells) and microglia. Primate retinas are highly vascular and, besides the chorio-
capillaris, that supplies blood to the outer third of the retina, have three distinct
intraretinal plexus layers to support the inner retinal neural networks.

The more we understand about how retinal cells develop and function the better
equipped we will be to design sound therapeutic interventions for the diseases listed
above. There are several specific reasons why researchers specialized in ocular trans-
lational medicine should have a strong background in eye development. (1) To under-
stand the intrinsic networks and molecular bases of retinal diseases. This knowledge
could help design more effective and creative gene therapies. (2) Researchers must be
able to rigorously characterize stem cell-derived cells compared with their primary
counterparts to determine if they exhibit sufficient structural and functional simi-
larities. (3) Delivering cocktails of signaling factors to differentiating stem cells in
chronological sequences in to recapitulate developmental pathways in vitro may
improve yields and result in the safest end products. (4) A thorough understanding
of the retinal cell’s microenvironments, how the microenvironments are established
and affected by aging and/or disease, and which neighboring cells they interact with
during development, all could provide researchers with critical clues for optimizing
cell replacement-based therapeutics.

The focus of this chapter is to provide a basic review of retina development and
to provide a perspective on how this will inform future therapies. A strong emphasis
will be placed on RPE and photoreceptor development, including step-wise devel-
opment models, since cell replacement endeavors (especially for RPE cells) are
rapidly moving towards the clinic (for review see [11]). The derivation of photore-
ceptors from stem cells and successful implantation, while riddled with complex
technical challenges, represent perhaps the best hope for a cell-based approach for
restoring vision loss. Since the biggest challenge facing photoreceptor transplanta-
tion may be dealing with the aftermath of retinal remodeling that occurs when
photoreceptors become stressed, a brief primer on retinal remodeling will be included.
Development of Bruch’s membrane and the retinal and extraretinal vasculature will
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also be briefly outlined since cell transplantation strategies for both cell types are
likely to be ineffective unless proper microenvironments either exist or can be reestab-
lished. The chapter will conclude with a discussion about how common themes and
observations made during development can help guide the design of effective tissue-
engineering and transplantation approaches.

1.1.1 Basic Overview of Retina Development

Eye development proceeds in a well-coordinated series of morphogenic movements
and dynamic changes in gene expression that are guided by intrinsic and extrinsic
cues [12-14]. Progenitor cells are specified to generate the primordial eye field in
the anterior neural plate after gastrulation and expand bilaterally in a neuroectoderm
layer to form the optic vesicles. Neighboring mesenchymal cells secrete various
signaling molecules to pattern the vesicle into presumptive RPE (dorso-proximal
region), and neural retina (distal region) by activating genes important for RPE
development (including Mizf/Otx2) or neural retina (Vsx2). Other key patterning
molecules include Activin-like signals that activate the Mitf gene to induce RPE
[15]. Fibroblast growth factor (FGF) signals, perhaps secreted from the lens ecto-
derm, repress Mitf and may induce Vsx2. Vsx2 inhibits Mitf and is the earliest
known marker of retinal progenitor cells (RPCs) [16—18]. Shh is also important for
specifying the ventral RPE, perhaps by regulating Ozx2 expression, and for ventral
patterning of the retina [19, 20]. Later, Wnt/p-catenin signaling is required for main-
tenance of Mitf/Otx2 expression and RPE fate [21-23].

Other refinements to gene expression profiles are also critical for eye develop-
ment. SoxBI genes, which are important for regulating neural retina competence,
are expressed broadly in the optic vesicle but become restricted to the neural retina
[24]. Pax2 and Pax6 genes, which are required for optic stalk development and neu-
ral retina development, are initially expressed in the entire vesicle but become
restricted to the optic stalk and neural retina, respectively [25, 26]. Additionally,
Pax2 and Pax6 reciprocally inhibit each other’s expression, and Shh delivered from
the ventral midline upregulates Pax2 in the optic stalk and inhibits Pax6 to sharpen
the neural retina and optic stalk boundary [26, 27].

It is important to note that both neural retina and RPE cells are bipotent through
early development in species-specific windows and can be “respecified” to either
RPE or neural retina cells [17, 18, 28, 29]. Consequently, maintenance of cell-fate is
critical and fate decisions must be continually reinforced during development [3, 30].
Maintenance of RPE fate will be addressed in a later section.

An invagination of the distal part of the vesicle creates a two-layered structure called
the optic cup. The neural retina will be generated from cells in the inner layer and RPE
cells will form from the outer layer. Some of the molecular pathways that guide devel-
opment of both structures will be outlined individually in the next sections.

The RPE develops from the outer layer of the optic cup. As they continue to
differentiate, RPE cells increase their cell surface area by generating actin-rich
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apical architecture and long mature microvilli that serve to direct the elongation of
the photoreceptor outer segments and by generating basal infoldings [31-33].
Final maturation occurs based on their location in relation to the retina to adapt to
specific functional requirements of photoreceptors at that position. This is especially
apparent over the macula where RPE cells are smaller (roughly 20 % in diameter),
synthesize more melanin, and organize their melanosomes differently than cells
outside the macula [2].

Neurons and glia are generated in a highly conserved birth order from RPCs in
the inner layer of the optic cup (for review see [34]). This occurs as the RPCs
respond to environmental cues that alter their gene expression profiles at discrete
developmental time points. The result of the activation of complicated gene networks
in discrete subpopulations of progenitor cells is the generation of six retinal neurons
and Mueller glia in stratified cellular layers (for review see [35]). Terminal differentia-
tion of photoreceptors occurs once opsin expression is potentiated, outer segments
form, and synaptic connections are made with retinal interneurons.

1.1.1.1 Intrinsic Regulators of Retina Development

Very little is known about how the retina develops and what factors are important for
specification, morphogenesis, and especially maintenance of cell-fate. A few key
intrinsic factors have been shown to positively regulate RPE development (Mitf,
Otx2, Pax genes, and GasI) and others have been shown to promote neural retinal cell
development and suppress regulate RPE fate (Vsx2 and SoxB1). The effects are briefly
summarized in Table 1.1.

Microphthalmia-Associated Transcription Factor (Mitf)

Mitf is a basic helix-loop-helix leucine-zipper protein (b HLH-Zip) that is required for
the development of neural crest-derived melanocytes and RPE, and binds to E-box
sites to transactivate many pigment synthesis genes and genes important for building
mature melanosomes including Tyrosinase, Tyrosinase-related protein 2 (Tyrp-2),
dopachrome tautomerase (Dct), and the melanosome glycoprotein ONR71 [36].
Mitf also regulates Bestrophin (VMD2) that encodes an important chloride channel in
the RPE [37].

Mitf mutations in humans can result in Waardenburg Syndrome Type II and Tietz
Syndrome that are marked by deafness and generalized hypopigmentation, and Mitf
is shown to regulate all but one of the identified genes that are linked to albinism
[38—44]. Mutations in mouse and avian gene products display gross RPE pigment
defects: the RPE cells begin hyperproliferating, and retinal markers are upregulated
in RPE domains in a process termed RPE-to-retina transdifferentiation. Mitf
gain-of-function experiments in cultured quail retinal cells induce pigment syn-
thesis, and in the chicken neural retina induce ectopic pigmentation and activation
of downstream Mitf target genes [45—47].
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Factor Expression pattern

Function(s)

Experimental perturbations

Otx2  Pan-vesicular in OV,
downregulated in
presumptive
neural retina of
late OV stages
[50, 66]

Mitf  In mouse,
pan-vesicular
in OV, in chick
only induced in
presumptive RPE
of late OV stages
[18, 46]

Pan-vesicular in OV,
transiently
expressed in RPE
[25]

Pax6

Pax2  Pan-vesicular in OV,
restricted to OS in

OC stages [25]

Gasl  Expressed in ventral

OC [198]
Vsx2  Induced in
presumptive
neural retina in
later OV stages,
and in bipolar
cells [18, 75]
SoxB1 Pan-vesicular,
downregulated in
presumptive RPE
[24]

Activates RPE-specific
gene expression.
Important for OC
morphogenesis [45,
49, 50]. Required for
photoreceptor
development [54, 146]

Activates RPE-specific
gene expression
including many
pigment synthesis
genes [36, 37]

Along with Pax2 activates
Mitf-A, regulates the
rate/onset of RPE
differentiation [25, 72,
73]. Can be pro-RPE
or pro-retina
depending on
available co-factors
(48]

Responsible for optic
stalk development;
activates Mitf-A [25]

Unknown

Maintenance of retinal
progenitor cells states,
represses Mitf-D and
-H, OV patterning
[16, 17, 76]

Regulates neuronal
competence [199]

RPE-to-retina transdifferentiation
and ventral eye overgrowth
induced when one allele is
mutated in an Otx/ null
background. Lens, optic nerve,
and OV patterning are also
affected [50]

RPE-to-retina transdifferentiation
and dorsal overgrowth in mutants;
failure of the optic fissure to
close, optic nerve defects are also
observed [197, 31]

No RPE phenotype observed unless
combined with Pax2—/- alleles,
then RPE-to-retina
transdifferentiation occurs. Pax6
overexpression in Pax2 domains
induces optic stalk-to-RPE
transdifferentiation [25]. Pax6
overexpression prevent RPE to
retina transdifferentiation in Mitf
mutants [48]

No RPE phenotype observed unless
combined with Pax6—/— alleles,
then RPE-to-retina
transdifferentiation is observed
[25]

RPE-to-retina transdifferentiation
observed in only ventral RPE
domains of mutants [198]

Microphthalmia in mutants
accompanied with ectopic Mitf
expression and pigmentation in
peripheral domains.
Misexpression in RPE induces
pigment defects [17, 76]

Prolonged or forced expression
inhibits RPE differentiation.
Forced DN-SoxB1 expression
induces Mitf expression in
chicken neural retina [24, 200].
The conditional depletion of Sox2
in the mouse retina does not
induce Mitf or Otx2 [199]

OV optic vesicle, OC optic cup, OS optic stalk, DN dominant-negative
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The Mitf gene does not encode a single gene-product, but a family of isoforms
generated through alternative promoter and exon use. Mitf-A, -J, -H, and -D are
expressed in the RPE but Mitf-D and -H are probably the most important [16]
although the RPE of adult transgenic mice lacking Mitf-D appear completely nor-
mal. However, the expression of the other Mitf isoforms (especially -H) is compen-
satorily upregulated and may substitute for the loss of Mitf-D [48].

The expression of Mitf must be carefully maintained during development to main-
tain RPE fate. As one example, the implantation of FGF-soaked beads, that repress
RPE fate, near the optic cup in chicken induces RPE-to-retina transdifferentiation
[28]. If Mitf expression is ectopically enhanced either in vitro or in vivo, FGF-induced
RPE-to-retina transdifferentiation may be prevented thereby demonstrating that
maintenance of Mitf expression is imperative for RPE development [29, 46].
We have shown that co-transfection of neural cells in vivo with f-catenin and Otx2
can activate ectopic Mitf expression [23]. Additionally, Mitf-D and -H are directly
regulated by the Wnt/B-catenin signaling pathway [21, 22]. These observations
suggest that the Wnt/p-catenin pathway is a potent regulator of Mitf and of RPE fate.

Orthodenticle Homolog 2 (Otx2)

The Otx2 gene encodes a member of the bicoid subfamily of homeodomain-
containing transcription factors. Similar to Mitf, Otx2 can transactivate the
Tyrosinase, Dct, QNR71, and VMD?2 genes [45, 49]. Otx2 may act as a competence
factor that allows RPE specification when combined with pro-RPE factors such as
the Wnt/p-catenin pathway. As mentioned above, combinations of Ox2 and
P-catenin transgenes in chicken neural retina cells activate Mitf in vivo. This syner-
gism occurs in an additive manner based on in vitro analyses [23]. Based on these
observations and several others, not only is Otx2 required for RPE development,
but that the dosage of Ox2 may be important. Otx2 deficits can induce pronounced
pigment deficits, RPE-to-retina transdifferentiation, optic vesicle patterning, and
optic cup morphogenesis defects [50]. Mitf is no longer detectable in the mutant
RPE (neither is Otx2 observed in the RPE of Mizf mutant mice) suggesting that Mitf
and Otx2 may regulate each other’s expression [50]. Otx2 transfection in quail disso-
ciated retinal cells induces pigmentation and in some cases, Mitf expression [45].
In humans OTX2 haploinsufficiency has been implicated in multiple eye disorders
including cases of microphthalmia and anophthalmia [51].

O1x2 is initially expressed broadly in the optic vesicle before becoming restricted
to the presumptive RPE prior to invagination. Its expression is maintained in the
RPE through adulthood, and is reactivated in the neural retina in developing photo-
receptors and bipolar cells [52-56]. It is also detected in interneuron and relay cells
in the retina.

As its broad and dynamic expression pattern implies, Otx2 is required for many
diverse capacities. It is required for eye-field specification, photoreceptor differen-
tiation (described in more detail later), opsin gene regulation, and for regulating
many of the genes of phototransduction gene networks [45, 49, 57-60].
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Overexpression of Otx2 in the neural retina of mouse or in stem cells derived from
rat iris and ciliary body of rat results in overproduction of photoreceptors [52, 54].
In frog, however, Otx2 overexpression results in an overproduction of bipolar cells,
implying that it may have different roles in different organisms [61].

The Otx2 gene product is also a family of isoforms generated through alternative
promoter and exon use [62]. To date, in mouse four isoforms have been identified
that differ only in their N-terminal noncoding sequences [62—64]. While Otx2-D has
not been well characterized yet, Otx2-A, -B, and -C are all expressed in the mouse
RPE and neural retina in adult stages [64]. Despite differing only noncoding exon
sequences, selective inactivation of all four Ozx2 isoforms reveal in their specific
requirements for visceral endoderm anteriorization [62]. Whether Otx2 isoforms
have RPE-specific functions remains to be determined. Additionally, three enhancers
have been characterized: Ox2T1 that is upstream of Otx2-C, Otx2T0 that lies
upstream of Otx2-A, and Otx2 FM?2. We have shown that the Otx2T0 enhancer can
be activated by mouse RPE cells in vivo [23]. The remote Otx2 FM2 enhancer
drives Otx2 expression in the mouse RPE, midbrain, and forebrain [65].

Despite its prominent functions in the RPE, it is unclear how O#x2 is regulated,
especially how its expression is maintained in the presumptive RPE but repressed in
the presumptive neural retina during late optic vesicle stages [50, 55, 66]. Another
unresolved question is how Otx2, which has broad abilities to specify many differ-
ent and very diverse cell-type differentiation programs, can operate in the RPE to
activate only RPE differentiation genes. One theory is that Otx2 may integrate its
transcriptional abilities with Mitf. In fact, Otx2 and Mitf have been demonstrated to
physically interact and co-expression of both factors results in synergistic activation
of RPE-specific gene promoters [50]. Consequently, they may function more effec-
tively in combination, perhaps explaining why either Mitf or Otx2 mutants induce
dramatic RPE deficits even though the other factor is, at least initially, present.
Additionally, Otx2 may be required to mediate the effects of Wnt/p-catenin signal-
ing to induce RPE-specific gene expression by perhaps “priming” the optic vesicle
and establishing RPE competence. Competence may be established, for example,
by activating genes for signaling pathway receptors or for other transcription factors
that it may operate through. Or it may be established by relieving epigenetic repres-
sion so that other transcription factors may bind and activate their target genes [67].

In other systems Otx2 drives specific cell-fate decisions during embryogenesis
by operating with extrinsic and intrinsic co-factors [68]. In the eye Otx2 integrates
with Notch/Delta signaling and NeuroD transcription factors to regulate lens and
photoreceptor development respectively (see Fig. 1.1) [69, 70]. Collectively, these
data imply that the effects of Otx2 in the RPE and retina are likely mediated by
different co-factors.

Paired Box Genes (Pax2 and Pax6)

Pax genes are transcription factors that contain both paired domains and homeodo-
mains, and are important for the specification of many tissues both in and outside of
the developing nervous system (for review see [71]). Dramatic RPE deficits are
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Fig. 1.1 Otx2 integrates with extrinsic and intrinsic factors to specify distinct cell-fates.
(a—e) Depiction of Otx2 expression in the optic vesicle and the co-factors it associates with to
induce lens, RPE, and photoreceptor fates. (a) Cartoon depicting Otx2 expression in the optic
vesicle (OV) and presumptive lens ectoderm (PLE). Otx2 is downregulated in the presumptive
neural retina prior to invagination. (b) During Xenopus lens development Otx2 integrates with
extrinsic Notch/Delta signaling pathway members to activate Lens/ in the PLE, a gene with mul-
tiple functions in lens development. Otx2 and Notch are expressed in the PLE, and Delta is
expressed in the distal region of the OV. (¢) During RPE development, TGF-f delivered from the
extraocular mesenchyme specifies the RPE, and Otx2 integrates with Wnt/B-catenin signaling in
presumptive RPE to induce Mitf and maintain cell-fate. (d, e) Cartoon depicting the step-wise
processes involved to generate lens, RPE, and photoreceptors. (d) Depiction of the role of Otx2
during lens development. (e) Depiction of OV primordial cells specified by either TGF-f, which
promotes RPE fate and Mitf expression and represses retina fate, and FGF, which promotes retina
fate and perhaps activates Chx/0 and represses RPE fate. In the RPE (top right) Otx2 integrates
with Wnt/p-catenin signaling to enhance Mitf expression and to activate RPE differentiation genes.
In the neural retina (bottom right) Otx2 is induced in Chx 10 expressing retinal progenitor cells and
it interacts with NeuroD to activate photoreceptor cell differentiation genes such as Crx



10 P.D. Westenskow

observed in double Pax6—/— Pax2—/— mice including RPE-to-retina transdifferentiation.
In single mutants, however, no RPE phenotype is observed implying that their
redundant transcriptional activities are required [25]. The role of Pax6 in RPE dif-
ferentiation was more clearly elucidated using chimeric Pax6—/— and wild-type
mice. RPE differentiation is delayed in Pax6 null cells, based on delayed activation
of pigment genes and pigment synthesis, suggesting that Pax6 may be important for
regulating the rate or onset of RPE differentiation, but is not required [72, 73]. Pax2
and Pax6 were both reported to activate Mitf-A in vitro [25]. Since the deletion of
both Pax genes results in a downregulation of all Mitfisoforms expressed in the RPE
(and not just Mitf-A), it was suggested that Mitf-A induces expression of all the
RPE-specific Mitf isoforms. However, Pax2 and Pax6 genes are downregulated
before Mitf reaches its peak expression [3]. Furthermore, in Otx2 mutants, Pax2 and
Pax6 expression domains are ectopically expanded into presumptive RPE domains,
but cannot prevent RPE-to-retina transdifferentiation [50]. Consequently, it was
thought that they might only be involved in the initial activation of Mitf [3, 30].

A recent report has shown that Pax6 is utilized differently in RPE cells and in neural
retina cells. According to a newly emerging model Pax6 operates in conjunction with
Mitf and the RPE-specific Mitf paralog Tfec as an anti-retinogenic factor. When it col-
laborates with retinogenic genes including Six6 and Vsx2 (described below), however,
it acts as a pro-retinogenic factor [48]. Understanding this molecular mechanism,
and learning how to properly control Pax6 expression, may be useful for optimizing
RPE and photoreceptor derivation techniques from pluripotent stem cells.

Visual System Homeobox 2 (Vsx2)

The Vsx2 gene (formerly known as ChxI0) contains homeodomain and CVC
domains and has been demonstrated to directly inhibit Mitf [17, 74-76]. It is first
detected in the distal optic vesicle (presumptive neural retina) of late optic vesicle
stages and mutations result in microphthalmic eyes with Mitf-expressing pigmented
retinas [17, 74-76]. Vsx2 forced expression in the mouse RPE interferes with pig-
ment formation, but does not induce RPE-to-retina transdifferentiation [17].

A classic genetic experiment was performed by crossing Mitf (mi/mi) mutant mice,
in which the RPE is ectopically hyperproliferating and expressing retina-specific
markers, with Vsx2 mutant mice (orJ) that have hypoproliferating and pigmented reti-
nas. In mice bred to homozygosity for mutations at both loci, the proliferative defects
of the RPE and neural retina are partially corrected, suggesting that Vsx2 is a proreti-
nal factor that represses Mitf [17, 77]. This was recently confirmed using molecular
assays demonstrating that Vsx2 binds to Mitf-D and -H enhancers and represses their
transcriptional activities [16]. This finding is significant since in orJ mutant retinas,
expression of Mitf-D and -H transcripts are dramatically elevated, while the expres-
sion of -A and -J isoforms levels barely change. Additionally, crosses of orJ mutant
mice with Mitf-D and -H deficient mice (Mitf (mi-rw)) partially correct the RPE and
retina deficiencies [16]. This finding confirms that Mi#f~-D and -H have much more
prominent roles in the RPE than -A or -J.
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1.1.1.2 Extrinsic Regulators of Retina Development

Extrinsic factors secreted in paracrine or autocrine manners operate to induce and
refine gene expression profiles and cell-fates of primordial optic vesicle cells. Extrinsic
factors also reinforce cell-fate decisions of RPE cells. Extrinsic regulators of RPE
differentiation include TGF-f family members, Hh proteins, FGFs, BMPs, and BDNF.
Activin-like, Shh, and Wnt/p-catenin signaling can maintain RPE cell fate. A few of
these are reviewed in detail and some others are summarized in Table 1.2.

Activin-Like Signaling

Activin-like signaling is required and sufficient to specify the RPE [15]. In chick
optic vesicle explants in which mesenchymal cells have been removed, RPE markers
such as Mitf, Wnt2b, and melanosomal matrix protein (MMP115), are not expressed
and display expanded expression domains of retinal markers Vsx2, Pax6, and Optx2
[15]. The exogenous substitution of mesenchymal cells with Activin A, a TGF-$
superfamily member, induces the expression of RPE markers thereby rescuing the
defect [15]. In chicken, type ITA and IIB Activin receptors are expressed in the RPE
in a sustained pattern of development, and key downstream effectors Smad?2/3
proteins are phosphorylated in the RPE, showing that Activin signaling is active in
the right place and time to induce cell-fate in the RPE [15, 78].

Activin A is robustly expressed in the extraocular mesenchyme (and weakly in
the RPE) during optic cup stages suggesting that it may be important for mainte-
nance of RPE cell-fate [78]. In fact, the exogenous application of Activin to chicken
and mouse explant cultures can prevent FGF-induced RPE-to-retina transdifferen-
tiation, and the window in which transdifferentiation can be induced by FGF is
extended when Activin signaling is pharmacologically inhibited [78]. These results
strongly suggest that Activin signals are important for maintenance of RPE cell fate.
However, it is not known if TGF- pathway effector proteins directly regulate RPE-
specific genes including Mitf.

Hh Signaling

Hedgehog proteins may specify the ventral RPE, be important for regulating Otx2
and Pax genes, participate in the patterning of the optic vesicle, and be important for
the maintenance of RPE cell-fate [19, 20, 26, 79, 80]. Several hedgehog proteins are
expressed in the RPE of different organisms including sonic (shh) and tiggywinkle
(twhh) in zebrafish; sonic (X-shh), banded (X-bhh), Indian (X-1hh), and cephalic (X-
chh) in Xenopus; and Indian (Ihh) in mouse [79, 81-84]. In Xenopus, tadpoles treated
with an Shh antagonist, cylopamine, develop nonpigmented RPE [79]. In chicken,
Shh-blocking antibodies also disrupt pigmentation, induce Otx2 downregulation in
the ventral region, and induce RPE-to-retina transdifferentiation. The forced
expression of Shh activates pigment synthesis and Otx2 expression in the retina [20].
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Table 1.2 Extrinsic positive and negative regulators of RPE fate

Source/organisms
Factor tested Function Experimental perturbations
Activin-like EOM of mouse and  Can activate Mitf, Removal of extraocular

Shh

BDNF

BMP

FGF

Wnt

chicken [15]

Ventral midline of
mouse, chicken,
frog, and
zebrafish [201]

Autocrine in frog
[202]

Dorsal SE of chicken,
presumptive RPE,
EOM [12, 203]

Lens ectoderm, OV
of mouse, and
chicken [3, 30]

Active in the murine
presumptive RPE
[21, 22, 104, 106]

Wnit2b, and repress
Vsx2. Important for
OV patterning,
specification, and
maintenance of RPE
fate [15, 78]

OV patterning, RPE
specification, Otx2
regulation [20].
Maintenance of RPE
fate [80]

Survival and
differentiation of
RPE [202]

Specification or
maintenance of RPE
fate [12, 203]

Potent neural retina
inducer and RPE
repressor. Important
for OV patterning
[18, 88, 97]

Required for
maintenance of RPE
fate. Regulates both
Mitf and Otx2 by
activating the Mitf-D,
Mitf-H, Otx2T0, and
Otx2 FM?2 enhancers
[21, 22]. Otx2/p--
catenin
co-transfections
induce Mitf
expression in vivo

[23]

mesenchyme results in a
failure to specify the RPE.
Effect can be rescued by
exogenously applying
Activin A [15]

RPE-to-retina
transdifferentiation induced
in ventral RPE of chicken
when inactivated and in
BF1-deficient mice [19, 20].
Inactivation in frog induces
pigment defects but not
transdifferentiation [20, 79]

BDNF inhibiting antibodies in
frog prevent RPE
differentiation [202]

Microphthalmia and RPE-to
optic stalk respecification
occurs when BMP signaling
is inactivated. BMP4 and 5
may be sufficient to induce
RPE fate [12, 203]

Induces RPE-to-retina
transdifferentiation when
activated in RPE domains.
Removal of surface ectoderm
in mouse and chicken results
in a failure of neural retina
specification [18, 88, 97]

Conditional ablation in
embryonic RPE cells results
in RPE to neural retina
transdifferentiation [21, 22].
In vivo electroporation of
f-catenin and Otx2 results in
RPE fate induction in vivo
[23]

OV optic vesicle, EOM extraocular mesenchyme, SE surface ectoderm
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Since Shh is derived from the midline, it may be important for specifying the ventral
RPE by regulating Otx2, although it is not clear if this occurs directly or indirectly
[19, 20]. Additionally, in chick it has been demonstrated that Shh is important for
maintaining RPE fate, as ectopic Shh can inhibit RPE-to-retina transdifferentiation
induced by FGF [80].

Shh has also been demonstrated to upregulate Pax2 in the ventral optic vesicle,
and repress Pax6 expression. This is a key event that helps to divide the presumptive
neural retina and optic stalk domains. If Pax6 is misexpressed in Pax2 expressing
domains of the optic stalk, optic stalk to RPE respecification can occur [25].

FGF Signaling

Classical and more recent findings suggest that signals emanating from the surface
and lens ectoderm, later determined to be FGF1 and FGF2, promote neural retina
development [18, 85-88]. Removal of the surface ectoderm in mouse or chicken
dramatically interferes with neural retina development by promoting RPE-like
fates, a defect rescued in vitro by substituting the ectoderm with either FGF1 or
FGF2 [18, 87]. Inhibition of FGF2 in chicken also interferes with retina develop-
ment. However, no gross ocular phenotype is observed in FGF1/FGF2 double
knock-out mice suggesting redundancy [88, 89]. FGF3, FGFS8, FGF9, and FGF15
(and FGF receptors) are expressed in the presumptive neural retina in the optic
vesicle stages [90-95]. Furthermore, ectopic application of several FGF family
members induces RPE-to-retina transdifferentiation in mouse and chicken [17, 18,
28, 29, 94-98]. Also, more direct mechanisms have been elucidated as Ras and
MAP kinase-kinase (MEK), members of the Raf-MEK-mitogen-activated protein
kinase (MAPK) signaling pathway, one of which through FGF proteins operate,
induces transdifferentiation [95, 99].

The FGF signaling pathway may induce or operate with Vsx2. The exogenous
addition of FGF2 to orJ mutant eyes does not induce RPE-to-retina transdifferentia-
tion or Mitf repression [17]. Therefore, FGF molecules emanating from either the
surface ectoderm or the presumptive neural retina acting through the MAPK path-
way may activate Vsx2, which both promotes neural retina development and
represses Mitf.

Whnt/B-Catenin signaling

Clues that Wnt/B-catenin may be involved in maintenance of RPE cell fate came
from several observations that Wnt/B-catenin pathway members including Wnt
ligands, frizzled receptors, and other pathway components are expressed in verte-
brate RPE and in neighboring mesenchymal cells during development [15, 100-
103]. The most convincing data are that transgenic Wnt activity reporters are active,
and the Wnt/p-catenin targets Axin2 and Lef1 are expressed in the distal presump-
tive RPE [21, 22, 100, 104-110]. However, Wnt/B-catenin activity in mouse is
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observed only in the most distal region of the presumptive RPE at time-points when
Otx2 and Mitf are already present [111] and activity ceases once the mice reach
adulthood [22]. This finding is significant since it implies that Wnt/p-catenin signal-
ing may be important for RPE differentiation and cell-fate maintenance, but not for
specification.

The conditional inactivation of Wnt/p-catenin signaling in mouse and chicken
RPE induces RPE to transdifferentiate into retinal neurons. In mouse, cre-mediated
recombination of f-catenin after RPE-specification induces rapid Mitf and Otx2
cell-autonomous downregulation and RPE-to-retina transdifferentiation [22].
This is also observed in chicken when the pathway is inactivated by misexpression
of dominant-negative LefI in the RPE [23]. Chromatin immunoprecipitation (ChIP)
and luciferase assays indicate that B-catenin binds near to potential binding sites and
activates the Mitf-D and Otx2T0 enhancers [22, 23]. The Wnt/f-catenin pathway
also activates the Mitf~-H and Otx2 FM?2 enhancers in vitro [21]. This is significant
since no other pro-RPE exogenous signaling factor has been shown to activate both
Mitf and O1x2.

The Wnt/B-catenin pathway does not appear to function significantly in the neural
retina, however. In chicken and zebrafish transgenic reporter lines, essentially no
activity is observed in the central retina [100, 105, 107]. In mouse, however, TCF/LEF
activity is observed, but only in select lines, and the activity observed in the central
retina of at least one of these lines (TOPgal) may occur in a Wnt/f-catenin-independent
manner since activity persists after P-catenin deletion [103, 106, 110, 112].
Furthermore, the conditional inactivation of the Wnt/B-catenin pathway in the
neural retina results in dramatic lamination defects, but cell-fate is not affected
[113]. The lamination defects are induced through the loss of cell-cell contacts by
depleting p-catenin that localizes in adherens junctions [114].

1.1.2 Maintenance of Cell Fate and Terminal Differentiation

RPE fate is not absolute, and several reports have shown that the RPE fate is plastic
in species-specific temporal windows. RPE-promoting extrinsic factors including
Activin-like, Shh, and Wnt/p-catenin signaling have been shown convincingly to be
important for the maintenance of RPE-fate [15, 21, 22, 78]. When mesenchymal
cells are removed from chick optic vesicles and maintained in culture, Mitf is only
induced when Activin A is added, implying that an Activin-like factor secreted by
extraocular mesenchymal cells induces RPE cell fate [15]. Similar to observed Wnt/
[B-catenin signaling activities, both Activin ligands and receptors are expressed at
the right time and place to provide constant cell-fate reinforcement. Activin PA is
consistently expressed in high amounts in the mesenchyme and low amounts in the
RPE during optic cup stages, and Type IIA and IIB Activin receptors are continu-
ously expressed in the RPE [15, 78]. Inhibiting Activin/TGFf/nodal signaling can
extend the window of RPE competence to generate neural retina. Conversely, the
exogenous application of Activin A can prevent FGF-induced transdifferentiation,
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strongly suggesting also that Activin A is a potent reinforcer of RPE fate [78].
Likewise, ectopic Shh delivery inhibits FGF induced RPE-to-retina transdifferentiation
and Hh inhibition increases the transdifferentiation domain, also suggesting Shh
signaling is also important for the maintenance of RPE fate [80].

The extrinsic factors described above all converge on Mitf, Otx2, and Pax6. Not
only is it important that each gene is expressed at the right time and place, but the gene
dosage appears to be critical as well based on the following pieces of evidence. When
two homozygous transgenic Mitf alleles are combined in Vsx2 mutant mouse retinas,
a pigmented monolayer is generated from the neural retina. Ectopic Mitfis spontane-
ously upregulated in the retina of these mutants but the Mitf expressing cells resemble
RPE/neural retina intermediate cells instead of RPE monolayers suggesting that
higher doses of Mitf can induce more RPE characteristics [17]. We have shown that
the level of Mitf expression is significant in the RPE and retina, and that when Mitf
levels are increased, more pronounced RPE characteristics are observed. While Mitf
cannot be induced in sufficient levels to induce ectopic pigment synthesis in the
chicken retina with a combination of CA-f-catenin and Otx2 through E3.5 stages,
direct overexpression of Mitf-D is sufficient in a few cells to induce ectopic pigmen-
tation in the retina and RPE by E3.5, and MMP115 is induced in low numbers of
scattered cells [23]. Similar effects were reported when chicken Mitf'is overexpressed
in the chicken retina [115]. In gain-of-function Mitf mutants, pigment was observed
sporadically in transfected cells and the direct Mitf target gene Dct is ectopically
upregulated, albeit also in scattered cells [23]. Additionally, the Mitf gain-of-function
mutant retina proliferates more slowly than controls, and expression of the cell-
cycle inhibitor p27 (kip1) is enhanced, thereby more closely matching the prolifera-
tion rates of the RPE, not the retina [115]. In transgenic mice lacking Mitf-D, total
levels of Mitfare attenuated at E11.5, but normal levels are restored at E13.5 through
compensatory upregulation of other isoforms. Intriguingly, the only time a notice-
able phenotype is observed in the Mitf-D knockouts is E11.5 when pigment defects
and attenuated Tyrosinase expression is observed [48].

We have shown two independent mechanisms through which Mizf expression can
be enhanced. First, Mitf-D is capable of directly autoregulating its own enhancer to
regulate its own expression levels. The second mechanism is through the combined
transcriptional activities of Wnt/p-catenin signaling and Otx2, which induce ectopic
Mitf expression in vivo, even though neither constitutively active-f-catenin nor
Otx2 are sufficient alone to do so [22, 23].

Dosage of Otx2 may also be important for promoting RPE cell-fate. A higher
percentage (35 %) of ectopic Mitf expressing cells are induced in cells in which
Otx2 is robustly expressed. This fits well with biochemical data demonstrating that
B-catenin and Otx2 may activate Mitf-D in an additive manner. Otx2 may also
directly autoregulate the OzxT0 enhancer [23]. This is important since the precise
expression levels of Ozx2 may determine if the RPE develops properly or undergoes
RPE-to-retina transdifferentiation.

The gene dosage of Pax6 has also been shown to regulate the transdifferentiation
potential of RPE to neural retina in Mitf mutant mice. The mutation of one Pax6
allele in Mitf mutant mice exacerbates RPE to neural retina transdifferentiation,
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and genetic-gain-of-function assays of Pax6 prevent the transdifferentiation.
Furthermore, the combined activities of Pax6 with Mitf exert anti-retinogenic influ-
ences that prevent RPE to neural retina transdifferentiation [48].

1.1.3 Step-Wise Model of RPE Development

I propose that RPE-specification occurs in a step-wise manner, beginning with
specification and the induction of Mitf. Once Wnt/p-catenin signaling is activated in
the optic vesicle, it may operate through Otx2 to enhance Mitf expression levels,
and eventually all three factors will begin to integrate their transcriptional activities,
thereby resulting in a significant enhancement of RPE-specific gene expression.

The RPE is specified in the optic vesicle probably through Activin-like factors
secreted from overlying extraocular tissues, and by Shh that emanates from midline
tissues [15, 20]. Once Mitf is induced in the presumptive RPE, it may interact with
members of the Wnt/p-catenin pathway to enhance Mitf target gene activation.

Lastly, Otx2 and Pax6 interact with Mitf to enhance their transcriptional abilities.
In the neural retina a general pattern of differentiation has been described involving
multiple transcription factors and homeobox transcription factors confer positional
identities, while bHLH transcription factors activate transcriptional differentiation
programs [70]. Accordingly, when O#x2 and Mitf (bHLH) are co-transfected in
luciferase assays, a synergistic enhancement of RPE-specific enhancer activation is
observed. Furthermore, Otx2 and Mitf have been demonstrated to physically interact
in the nuclei of transfected quail RPE cells [45]. Pax6 operates in conjunction with
Mitf and Tfec to prevent retinogenesis during the critical period when RPE to neural
retina transdifferentiation is possible in mice.

1.1.4 Co-dependence of RPE for Photoreceptor Development

Based on landmark genetic ablation experiments it was determined that the RPE is
required to guide several steps of neural retina development [116]. RPE conditional
ablation in early optic vesicle stages results in severely retarded growth of the retina
and eye reabsorption. Variable results are seen when RPE are ablated in the optic
cup stages that include retina lamination defects and vitreous defects, microphthalmia
(small eyes), or anophthalmia (no eyes) occurs [116].

Indeed, the results of several in vitro and in vivo experiments demonstrate that
the RPE is required to pattern and organize the retina. Avian and hamster retinal
cells were shown to aggregate in culture but present severe lamination defects.
These defects were rescued by introducing RPE cells or RPE conditioned media
into the cultures [117-120]. In zebrafish, N-cadherin, PKCy, and mosaic eyes (moe)
mutants with RPE defects exhibit dramatic neural retina lamination defects and
RPE defects [121-126].
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Perturbations of single genes in RPE cells during development can also induce
dramatic defects to the entire eye. Mutations to the pro-RPE genes Mitf, Pax6,
and Otx2 are also associated with microphthalmia and aniridia (for review see [14]).
The conditional deletion of Vhl in embryonic RPE cells also results in microphthalmia
and aniridia, and gross disturbances are observed in the ocular circulatory system
(described below) [5]. The inducible deletion of vascular endothelial growth factor
(VEGF) in adult RPE cells induces rapid collapse of the choriocapillaris and gross
dysfunction of cone photoreceptors [127].

Finally, in humans death or dysfunction of RPE cells are characteristic of AMD,
the most common cause of vision loss in industrialized countries.

1.1.5 Development of the Neural Retina

Many cases of retinal degeneration, including pre-AMD, are amenable to RPE-based
transplantation therapeutic interventions (for review see [11, 128]). In cases of geo-
graphic atrophy (advanced AMD) RPE transplantation will provide no real effect for
preserving vision since the photoreceptors have already degenerated. While inher-
ently more difficult, only photoreceptor replacement may provide therapeutic benefit
in these patients and in those with other advanced degenerative diseases. There is
some precedence for this strategy, as retinal precursors can be successfully delivered
to the outer retina and can restore visual behaviors in mice [129—-132]. The main
focus of this subsection will be centered on photoreceptor development to reinforce
the challenges involving their derivation and use. The development of the entire sen-
sory retina will be briefly discussed as well since work is underway to derive other
cell types including ganglion cells.

Before discussing and outlining the steps involved in building the functional
architecture of the sensory retina, it is important to define some key terms. These
include potency, competence, and commitment. The potency of a precursor cell is
defined by how many different cell-types can be generated from it. Pluripotent
stem cells by definition should be able to generate any cell-type in the body.
Pluripotent stem cells, however, are unlikely to exist in the eye. All the retinal cell-
types are instead derived from multipotent progenitor cells with far more limited
potentials. The potency of RPCs can vary depending on their environments.
Importantly, extrinsic signals can dictate which cell-types are produced at any
given time, but cannot cause RPCs to produce cell-types not ordinarily generated
during that time frame. Based on these observations and others, the competence
model emerged [133]. According to this model RPCs progress through different
states of competence that are intrinsically defined. The results of landmark experi-
ments have shown that precursor cells are pre-determined to make specific a cell-
type(s) and will continue to generate them, even if incorporated into the retina at a
time when these cells are not normally born [134—136]. Finally, commitment is
used to define a recently defined cell-type that is fully determined and no longer
responsive to extrinsic cues.



18 P.D. Westenskow

Table 1.3 Birth order and intrinsic regulators of retinal cell development

Cell-type Birth order Intrinsic factors

Ganglion cells 1 Atoh7, Poud1/2/3, Isl1, NeuroD1

Horizontal cells 2 Foxn4, Six3, NeuroD4, Ptfla, Prox1

Cone photoreceptors 3 NeuroD1, Ascll, Otx2, RORp, Prdml, Sall3, Pias3, Thrb,
Rxrg, Rora, Nr2f1/2

Amacrine cells 4 Six3, Foxn4, NeuroD1, NeuroD4, Ptfla, Bhlhb5, Isl1, Nrda2,
NeuroD6, Satb2, NeuroD2

Rod photoreceptors 5 NeuroD1, Ascll, Otx2, Nrl, Nr2e3, RORp, Prdm1, Pias3

Bipolar cells 6 Vsx2, NeuroD4, Ascll, Bhlhb5, Vsx1, Irx5, Bhlhb4

Mueller glia 7 Rax, Hesl, Hes5, Hesr2

During development, the inner layer of the optic cup will become the neural
retina and multipotent RPCs will generate all of the retinal cell-types in a largely
evolutionarily conserved sequence [67]. Retinal cells are born in a well-characterized
and stereotypical birth order as demonstrated using lineage tracing [35] and differ-
entiate following a general pattern in which homeobox transcription factors that
provide spatial cues interact with bHLH transcription factors to activate cell-type-
specific transcriptional differentiation programs [70]. The ganglion cells are born
first, then amacrine cells, cone photoreceptors, horizontal cells, and finally bipolar
cells, rod photoreceptors, and Mueller glia. After occupying specific layers of the
developing retina, the neurons will undergo terminal differentiation and initiate
synaptogenesis as they become terminally differentiated. The final commitment
steps of RPCs can also be a complicated process. In some cases genes are acti-
vated that are responsible for repressing development of other cell fates. One notable
example, that will be described in more detail shortly, is the transcriptional dominance
model of rod vs. cone fate determination [137].

How carefully then must the competence model be recapitulated in vitro in order
to generate viable retinal cells for transplantation? In other words, must pluripotent
stem cells be first strictly guided into multipotent RPCs, guided into photoreceptor
precursors, and then differentiated into rods and cones? Or could the intermediate
steps be safely skipped? How much do we need to know about what extrinsic sig-
nals are involved, how important are they, and when should they be delivered to mimic
developmental steps in vitro? And how important is it to identify distinct intrinsic
transcriptomic fingerprints across multiple time-points that define their competence?
Finally, the more we understand about terminal differentiation of specific cell-types,
and as we gain access to complete gene expression profiles of differentiated cells, the
more confidence we can have utilizing them for replacement therapies.

We do not know how all of the retinal cell-types are specified, and many of
the neurogenic gene networks are very complicated. However, many intrinsic
factors have been identified and a short list is provided in Table 1.3. There are many
key questions left to address, mainly how are the intrinsic factors of a progenitor
cell regulated to convince it become one cell-type, while another progenitor cell
that was born at the same time will generate a completely different cell-type?
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The answer may lie in the observation that RPCs are remarkably heterogeneous
[138], thus allowing for some flexibility, although other explanations must also be
considered.

Just as there is considerable overlap in the sequence in which different retinal cells
are generated, some of the intrinsic factors employed can be used to generate more
than one cell-type. NeuroD is a commonly employed gene that is expressed in mul-
tiple ocular cell types at different times during development; it has been implicated
in cell fate determination, retinal cell differentiation, and neuron survival [139, 140].
The dual roles of Pax6 to generate both RPE and neural retinal cells have already
been discussed, as have the diverse functions of Otx2 in eye development. Therefore,
when characterizing a cell-type generated from stem cells it may not be enough to
show that a gene is expressed but that it is expressed at the right time (and that the
proper co-factors are present).

Photoreceptor development has been well studied, and many of the intrinsic and
extrinsic factors regulating their differentiation have been identified [137]. Rods and
cones are generated in unequal ratios (greatly favoring rods) and spaced in non-random
mosaic patterns. In some animals, including humans, a cone-dense macula develops
that allows for acute central vision, and the type of opsin proteins they synthesize
can distinguish cone subtypes. Short (S-), medium (M-), and long wavelength-
sensitive opsins (L-opsins) are synthesized in cones, and rhodopsin is made in
rods. The three different opsins in cones provide humans with trichromatic vision.
(Mice only have dichromatic vision since they only generate only S- and M-opsin
containing cones.)

Photoreceptor differentiation is a time-consuming process [141, 142]. RPCs are
converted to photoreceptor precursors in a manner largely controlled by Notch signal-
ing and the bHLH transcription factors HES1 and HESS5 [143, 144]. Rod and cone
precursors express opsins in early steps of development but remain immature for
several weeks in humans. S-opsin is generated first (S-opsin expressing cones are
generated unless instructed otherwise); M-, L-opsin, and rhodopsin are detected
shortly afterwards [145]. Expression of all of the opsins increases steadily as outer
segment biogenesis proceeds. During the final steps of photoreceptor development the
photoreceptors begin to make functional synapses and initiate phototransduction.

1.1.5.1 Intrinsic Regulators of Photoreceptor Development

Development of rods and cones from photoreceptor precursors occurs largely by a
complex interplay of genes including, but not limited to Otx2, Crx, and Nrl. Some
of the promiscuous roles of Otx2 in eye development have been addressed previ-
ously already. Its role in photoreceptor development cannot be disputed since the
conditional loss of function in murine RPCs results in formation of retinas that are
nearly completely devoid of photoreceptors [54, 146]. Just as Otx2 requires a co-
factor to prime RPE fate, Otx2 likely requires a co-factor (likely Mashl and the dual
regulator of rod and cone differentiation RORf) for photoreceptor development [54].
Otx2 also functions in photoreceptor precursors to activate expression of Crx [147],
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a gene linked to multiple diverse and clinical phenotypes including cone-rod dystrophy,
retinitis pigmentosa, and Leber Congenital Amaurosis [148—152]. Crx is responsible
for activating a host of key photoreceptor genes, and is required for photoreceptor
terminal differentiation. In fact the loss of Crx function induces the formation
of photoreceptors that remain in immature states and eventually degenerate [153].
Photoreceptor precursors become rods or cones due to the activity of Nrl. The loss
of Nrl in mice results in rod-deficient retinas that are instead dominated by S-opsin
expressing cones [154]. Nrl can also be instructive as transgenic gain-of-function
experiments demonstrate that it can direct RPCs into rod fates [155]. Finally, Nrl
interacts with Crx to activate rod photoreceptor-specific gene expression including
Nr2E3 (suppressor of cone fate) [154—156].

1.1.6 Step-Wise Model of Photoreceptor Development

A step-wise model of murine photoreceptor development based on transcriptional
dominance is as follows (for review see [137]). RPCs are converted to rod and
cone photoreceptor precursors by Otx2. Otx2 associates with RORp and Crx in the
precursors to activate photoreceptor-specific gene expression. The photoreceptor
precursors will, by default, become S cones unless they are exposed to additional
regulatory signals that redirect them into M or rod fates. The induction of Nrl and
NR2E3 induce rod fate (and suppress cone fate). M cones are generated at the
expense of S cones by TR2.

1.1.7 Development of the Vasculature

The earliest source of oxygen and nutrients for the developing eye is from a transient
vascular network, the hyaloidal vessels that regress concomitant with development
of the retinal vasculature [157—-159]. Others and we have shown that both processes
are likely orchestrated by a combination of retinal neurons, astrocytes, and macro-
phages in a manner that is at least in part controlled by oxygen availability [5, 157,
158, 160-162]. As the neural retinal cells proliferate, differentiate, and mature,
oxygen demands are altered. Insufficient oxygen availability results in activation of
the hypoxia-inducible transcription factors (HIFs). HIFs activate a host of genes that
promote cell survival and activate angiogenesis [163—165]. During normoxia HIFs
are rapidly and efficiently degraded by pVHL to prevent ectopic HIF stabilization
[166]. In many species including mice, rats, and humans three plexus layers form
between the retinal neurons (for review see [167]). The manner in which they
form has yet to be determined, although VHL/HIF signaling in retinal neurons and
RPE cells exert significant roles, and VEGF and Ras signaling are certainly involved
[168-171].

Persistence of the hyaloidal vessels and grossly disorganized plexus layers are
observed in mice in which Vhl is conditionally ablated in retinal neurons or RPE cells
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during embryonic stages [5, 157]. Other severe abnormalities are also induced when
Vhl is deleted in embryonic RPE cells including small eyes (microphthalmia), aniridia,
and apoptosis of photoreceptors cells [5]. RPE cells are also responsible for develop-
ment of the choroidal vasculature during embryogenesis [4, 6, 7], and continue to pro-
vide essential vasculotrophic support in adult stages. We have shown that RPE-derived
VEGF is required for maintenance of the choroidal vasculature; just 3 days after the
inducible deletion of VEGF in the RPE near complete collapse of the choriocapillaris
is observed and cone dysfunction is measurable just 7 days post-ablation [127].
Maintenance of the choroidal vasculature is paramount, thinning of the choriocapillaris
is characteristic of AMD [172, 173], and choroidal neovascularization is characteristic
of “wet” or neovascular AMD. Vessel attenuation is a common outcome in cases of
retinitis pigmentosa [174] and neovascularization is seen in cases of Retinal
Angiomatous Proliferation (RAP) and Macular Telangiectasia (MacTel).

Integrity and stability of the vasculature must be considered when any cell
transplantation techniques are employed. Hyperoxia is believed to be a strong stim-
ulus that exacerbates photoreceptor degeneration [175]. Implanting stem cell-
derived cells into hyperoxic or hypoxic environments not only might limit their
survival potential, but also may alter oxygen availability for neighboring cells and
induce detrimental stress responses. Successful implantation techniques therefore
may require rebuilding or stabilizing the vasculature.

1.1.8 Generation of Bruch’s Membrane

Bruch’s membrane is a collagen and elastin-dense extracellular matrix generated by
RPE, endothelial cells in the choroid, and perhaps invading fibroblasts during eye
development [32, 176]. Interestingly, RPE cells begin to activate some of the extra-
cellular matrix genes to build Bruch’s membrane during a specific window of pho-
toreceptor maturation [32]. Bruch’s membrane is the only separation between the
RPE and choriocapillaris. For nutrients and oxygen to reach the highly demanding
photoreceptors, they must travel through fenestrations in the choriocapillaris,
passively diffuse across Bruch’s membrane, and be transported by RPE cells into
the subretinal space. Thickening of Bruch’s membrane with lipid-rich linear deposits
may promote closure of the choriocapillaris and photoreceptor cell atrophy [177].
A strong correlation was demonstrated between thickening of Bruch’s membrane
and the presence of ghost vessels in the choriocapillaris of AMD patients [173].
Focal atrophy of the choriocapillaris can limit oxygen and nutrient supply to photo-
receptors and promote dysfunction or death [172].

RPE transplantation strategies may be greatly limited by the integrity of Bruch’s
membrane. It is unclear if implanted RPE cells can “rebuild” or repair Bruch’s
membrane, so other options such as “cleaning” diseased Bruch’s membrane with
detergents that may be equally challenging, but perhaps feasible, are being explored
[178]. Efforts are also underway to culture RPE monolayers on polymers for trans-
plantation that can support or replace diseased Bruch’s membrane [179].
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1.1.9 Retinal Remodeling

Alterations to the integrity of the ocular vasculature and to Bruch’s membrane are
associated with aging and common features associated with AMD. Besides consid-
ering the status of these structures prior to cell transplantation, another important
consideration is stress-induced retinal remodeling (for reviews see [180, 181]).
Once photoreceptors become stressed a host of non-cell autonomous defects can be
induced. Initially photoreceptors begin to uncouple and start forming new synaptic
connections. As photoreceptors succumb to stress, Mueller glia become adherently
activated and form glial scars; RPE cells can become hypertrophic and migratory.
Eventually remodeling occurs in all retinal neurons, which is significant since even
minor changes have the potential to severely convolute signal processing. While an
optimistic view may be that implanted RPE or photoreceptor cells could reverse
many of the remodeling changes, the chances of this occurring seem extremely
remote. Therefore the degree of retinal remodeling should be considered when cell
transplantation-based therapies are being considered since implanted cells would
not only need to form proper synapses with appropriate neighboring cells, but also
undo much of the damage that all evidence suggests is likely irreversible.

1.1.10 Lessons from Nature

What lessons can we learn from nature that can guide strategies for deriving specific
cell-types from stem cells? A few important questions might be asked.

1. Is it imperative to precisely recapitulate development steps that occur in vivo
when deriving specific cell-types? Will an exact recapitulation actually result in
more valid or safer cells? Is it worth the added expense to do so, and might intro-
ducing exogenous factors, many of which are made in E. coli cells, actually pro-
mote enhanced immunogenicity?

The answer to these questions may be that the developmental steps eye pro-
genitors proceed through in vivo to build an entire eye are unnecessarily compli-
cated. To generate an eye, gradients of often opposing factors exist that force
developing cells to activate genes that repress opposing fates. Maintenance of cell
fate, perhaps especially for RPE cells, is a strict requirement in vivo but could
perhaps be bypassed in vitro.

Evidence to support this claim comes from the fact that the conversion of iPS
or ES to photoreceptors or RPE cells either requires a very minimal cocktail of
signaling factors or, in the case of RPE, occurs spontaneously (albeit at low yields)
in culture. This does not mean that recapitulating developmental pathways pro-
vides no benefit, however. Photoreceptor derivation has been optimized through
the use of important extrinsic factors. Photoreceptors have been generated from
hES cells in neural differentiation media using combinations of IGF1, noggin,
LEFTY, and DKK1 [182-186]. To make RPE cells, others and we have shown that
supplementing differentiation media with Nicotinamide and Activin A to the RPE
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cultures increases yield and accelerates the derivation time [187, 188]. Two
groups have demonstrated that the process can be dramatically accelerated using
combinations of eye field transcription factors, exogenous factors known to
induce neural retina progenitor fate, and pro-RPE factors. RPE can differentiate
from stem cells at an incredible rate (14 days) by adding Nicotinamide, IGF1,
Noggin, Dkk1, and bFGF to first convert the stem cells to neural retinal progeni-
tor fates, and then by supplementing the media with pro-RPE factors including
nicotinamide and Activin A [189]. Another recent report showed that RPE can be
derived directly from fibroblasts in roughly 1 month by transducing them with a
minimal set of transcription factors that include cMyc, Mitf, Otx2, Rax, and Crx
[190]. It is noteworthy that neither of these derived lines was rigorously character-
ized nor was it implanted in vivo to demonstrate full functionality. Thus it remains
an open question if they are in fact as good as cells derived using conventional
techniques. Therefore, while it is not necessary to strictly recapitulate develop-
mental pathways in order to generate photoreceptors and RPE cells, simplified
protocols involving only the most critical factors can be used to accelerate and
perhaps optimize the derivation process.

. What unexpected effects might be induced through the manipulation of gene

networks either to induce pluripotency in somatic cells or to directly convert
fibroblasts to RPE?

There is evidence that genetic manipulations to induce pluripotency can affect
the differentiation potential, tumorigenicity, and immunogenicity of induced plu-
ripotent stem cells (iPS) cells. We have shown RPE derived from iPS repro-
grammed using a minimal set of viral-induced transcription factors (Oct4 only
with small molecules) rather than a viral-induced full set of Thomson factors
(Oct4, Sox2, Nanog, and Lin28) most closely resembled human fetal RPE based
on metabolomic analyses [188]. Comparative analyses of multiple human iPSC
(hiPSC) and human embryonic stem cell (hESC) lines reveal that although many
share very similar transcriptomic and epigenetic profiles, others are heterogeneous,
and this can limit their differentiation potential [191]. Furthermore, reprogram-
ming and selection pressure to obtain rapidly proliferating cell lines may induce
chromosomal aneuploidy in nonrandomly distributed loci that can limit their dif-
ferentiation capacities and promote tumorigenicity [192—194]. Finally, reprogram-
ming somatic cells to iPS may activate gene networks that actually promote
heightened immunogenicity [195]. Therefore, it is important to understand exactly
what effects the genetic manipulation of molecular networks can have on cells as
many of these effects may linger even after terminal differentiation.

. Are current stem cell-based therapies truly feasible in human subjects based on

several of the considerations covered in this review? Will neural retina cells inte-
grate into diseased retinas appropriately, not just to restore light responsiveness,
but also to generate accurate visual fields (especially since the retina is prone to
remodeling). Will implanted RPE cells adhere properly on diseased Bruch’s
membranes? If porous substrates are used as culture supports for RPE cells, will
these allow for proper ion and water exchange between the RPE and choriocapil-
laris? These are open questions that we may not be able to answer until the clini-
cal trials that are underway have been completed.
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Besides the major questions presented above, there are other considerations as
well. One concept that has not been addressed in this review is that of generating the
wide array of retinal cell subtypes. For photoreceptors and RPE cells this is not a
major concern since there are just four types of photoreceptors in humans, and no
RPE subtypes have been identified (although RPE can be very heterogeneous in
shape, pigmentation, and function [196]). For derivation of ganglion cells, however,
many subtypes have been identified; these localize in different regions of the ganglion
cell layer and perform discrete functions.

The last consideration is if intact grafts could be generated for transplantation.
There are potentially many different variants to consider including RPE/photore-
ceptor grafts, Bruch’s membrane/RPE/photoreceptor grafts (or RPE/photoreceptor
grafts grown on substrates), or actually entire grafts that comprise an entire section
of intact retina. Derivation of both RPE and photoreceptors may be dramatically
improved through co-culture, and intact human eyecups have been generated in
vitro. However, the cell-types in the eyecups do not fully maturate and lack support-
ing tissues including astrocytes, microglia, and vasculature. Implantation of large
grafts could also be quite complicated.

1.1.11 Summary

Development of the sensory retina proceeds as multipotent progenitor cells pass
through different competence states to form the retinal neurons, glia, and RPE cells.
RPE cells direct many steps of eye development, the vasculature, and Bruch’s mem-
brane. Defects in these structures or RPE cells are characteristic of AMD. While no
cure exists for AMD, encouraging evidence suggests that replacement of diseased
RPE with healthy stem cell-derived RPE may prevent photoreceptor degeneration.
In cases of advanced retinal degenerations, the implantation of stem cell-derived
photoreceptors may restore some visual behaviors.

These therapeutic approaches are guided by lessons we learn from embryonic
development of these cells. By elucidating the molecular networks and identifying
expression patterns and functions of critical intrinsic and extrinsic factors, we will be
able to optimize derivation protocols. Finally, understanding how the microenviron-
ments of retinal cells and how they are formed in vivo will provide insights for what
may be required for implanted cells to full integrate and function properly. Therefore,
as we build a stronger knowledge base of eye development, we can utilize this infor-
mation to optimize and develop more effective therapeutic interventions.
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iPSCs Induced pluripotent stem cells

KSS Kearns—Sayre syndrome

LHON Leber hereditary optic neuropathy

MELAS Mitochondrial encephalopathy lactic acidosis and stroke-like episodes
mtDNA Mitochondrial DNA

NAD Nicotinamide adenine dinucleotide (oxidised)
NADH Nicotinamide adenine dinucleotide (reduced)
NARP Neurogenic atrophy and retinitis pigmentosa syndrome

OXPHOS Ogxidative phosphorylation
POAG Primary open angle glaucoma

RGCs Retinal ganglion cells

RPE Retinal pigment epithelium

TIM Translocase of the inner membrane
TOM Translocase of the outer membrane

2.1 Introduction

Defective mitochondrial energy production is an underlying cause of many rare
genetic diseases that result in vision loss and is increasingly implicated in the common
age-related retinal diseases—age-related macular degeneration and glaucoma.
Mitochondrial energetic impairment results in disease in tissues that have the highest
metabolic demands, including the central nervous system, cardiac and skeletal mus-
cles, kidneys, and endocrine organs. Visual impairment is a common feature of these
multisystem diseases such that study of retinal neuronal impairment is therefore a key
model system to understand pathogenesis and therapeutics that has wide implications
in both genetic disease and sporadic age-related degenerative conditions.

The mitochondrion is increasingly recognized as a key organelle in the integration
of cellular signalling; not only metabolic regulation but also for decisions on cellular
fate including maintenance of pluripotency and differentiation of progenitor cells, and
programmed cell death. These different strands of mitochondrial biology are reviewed
in this chapter with an emphasis on the unique genetics of the organelle, the key ATP
producing pathway of oxidative phosphorylation (OXPHOS), and implications for
retinal neuronal health and stem cell approaches to modelling and therapeutics.

2.2 Mitochondrial Genetics and Metabolism:
Endosymbiotic Heritage

The mitochondrial genome (mtDNA) is the genetic remnant of the endosymbiotic
event that gave rise to eukaryotes [1, 2]; it has profound and underappreciated implica-
tions for molecular biology, genetics, and medicine. It exists in hundreds to thousands
of copies per cell, is maternally inherited in animals, and appears to lack homolo-
gous recombination making it technically challenging to manipulate experimentally.
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The 13 protein genes remaining in this vestigial intron-less genome remain crucial to
cellular viability because they encode core subunits of the OXPHOS complexes I (7 of
44 subunits), I1I (1 of 11 subunits), IV (3 of 14 subunits), and V (2 of 19 subunits) [3, 4].
In addition to these 13 protein-coding genes, the mtDNA encodes 2 rRNAs and 22
tRNAS needed for translation of the mtDNA-encoded proteins. This translation appa-
ratus is semiautonomous to the nuclear system, using a different genetic code and
being sensitive to different antibiotics to the cytoplasmic translation system such as
chloramphenicol, betraying its bacterial ancestry.

With evolution, most of the genes encoding the metabolic machinery of the mito-
chondrion have been transferred to the nuclear genome, including all those required
for the Krebs cycle, mitochondrial fatty acid oxidation, uridine synthesis, and many
more, perhaps 1,500 gene products in total. The question therefore arises as to why
the mtDNA persisted, and consideration of this mystery may provide insights to
help overcome what has clearly become a crisis in modern biomedicine—that prog-
ress in genetic discovery and curative therapeutics has slowed despite massively
increased resources. This concept has been developed and eloquently argued by
Wallace, and the interested reader is referred to his recent reviews and perspective
pieces [4-6]. In essence, Wallace argues that key energetic genes remained encoded
in the organelle genome because while speciation may depend on nuclear gene
mutation, metabolic adaptation of populations is driven by the more rapidly evolv-
ing mtDNA. One consequence is that coevolving nuclear genes of the OXPHOS
pathway will have geographic signatures and combination of large numbers of
subjects from different regions in genome-wide association studies (GWAS) will
lose such signals.

An emerging concept of mitochondrial metabolic signalling is the control exerted
by mitochondrial oxidative metabolism on nuclear gene regulation via epigenetic
modification of histones (acetylation/deacetylation, phosphorylation) and DNA
(methylation). The metabolic signals of nutrient abundance became ATP, acetyl-
CoA, and the NADH/NAD ratio, all controlled by the level of OXPHOS-driven ATP
production [6].

With the symbiosis begun by the engulfment by a glycolytic bacterium of an aero-
bic bacterium—the mitochondrial ancestor—regulation of these two central ATP-
generating pathways enabled the eventual evolution of differentiated cells. This has
important implications for both neuronal diseases including retinal disease, and also for
the regulation of pluripotency. Here the involvement of mitochondria in retinal disease,
and stem cell modelling of these diseases, is reviewed before briefly examining the
growing evidence of mitochondrial control of pluripotency and differentiation.

2.3 Mitochondrial Dysfunction in Degenerative
Retinal Diseases

Neurons use large amounts of ATP supplied by mitochondria. Energetic needs are great-
est at unmyelinated regions including dendrites and synapses where ATP-dependent ion
pumping reinstates the plasma membrane electrical potential consequent to impulse
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transmission [7]. The purposeful transport of mitochondria along axons to the sites of
ATP usage is also an energetic process. Kinesin moves mitochondria in the anterograde
direction; whereas retrograde transport is orchestrated by dynein motors [8].
Mitochondrial diseases can present with complex multisystem pathologies, but central
nervous system signs are most common [3, 9]. Retinal ganglion cells (RGCs, the axons
of which form the optic nerve), auditory ganglion cells, and peripheral nerves are very
commonly affected. A common feature of these neurons is that they have extremely
long axons. The combination of higher energetic requirements for longer axons and the
greater reliance on mitochondrial trafficking in these structurally complex cells may be
areason for their susceptibility to energetic compromise.

2.3.1 Primary Optic Neuropathies

Leber’s hereditary optic neuropathy (LHON) is the prototypic mitochondrial disease
since it was the first human disease proven to result from mutation of the maternally
inherited mtDNA [10]. LHON is characterized by the specific loss of RGCs and is
one of the most common mtDNA-linked diseases. Most cases (~90 %) are due to
mutations in one of three mtDNA-encoded OXPHOS complex I genes: G11778A in
the ND4 gene, T14484C in ND6, and G3460A in NDI [11, 12]. These mtDNA
mutations lead to decreased complex I enzyme rates and lowered ATP production
[13] which are hypothesized to sensitize the RGCs to apoptosis. Patients have nor-
mal vision until the second or third decades, when a rapid loss of central vision
occurs in one eye followed by the second eye within days to months. Visual loss
progresses to 20/200 or worse, with visual field testing revealing central or centro-
cecal scotomas [9]. Axonal loss in the papillomacular bundle results in temporal
atrophy of the optic nerve head. Maternal inheritance provides a strong diagnostic
clue, but penetrance of LHON is variable within kindreds, and males are overrepre-
sented with around 90 % of affected individuals being male. X-linked loci were
postulated to explain the higher male penetrance, but major efforts since the 1990s
have failed to identify strong or consistent candidate genes [14, 15] and the male
bias remains unexplained.

A second major mitochondrial optic neuropathy is the Mendelian disease auto-
somal dominant optic atrophy (ADOA). The most common gene mutated in ADOA
is OPA1, a dynein-related GTP-ase of the mitochondrial inner membrane that directs
fusion of this membrane. ADOA results from haploinsufficiency of OPA1 protein,
but how this causes specific loss of RGCs remains unknown. Disrupted inner mem-
brane cristae structure is likely to impact on OXPHOS due to either inadequate
mtDNA transcription or lack of inner membrane surface area for OXPHOS complex
anchoring. We have reported decreased OXPHOS capacity in ADOA patients with
OPA I mutations and relatively poor visual acuities, while related mutation carriers
with normal vision appeared to have relatively preserved OXPHOS function [16].
This suggests that patients with preserved vision may harbor genetic variants that
allow some compensation of OXPHOS.
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2.3.2 Syndromic mtDNA Diseases with Retinal Involvement

Several syndromic central nervous system diseases are also known to result from
mtDNA mutations. While optic neuropathy is sometimes found in these disorders,
a pigmentary retinopathy with loss of photoreceptors is also common. A feature
of mtDNA diseases exemplified by the following disorders is that the mutations
are usually present in heteroplasmic form, where there is a variable mixture of
wild-type and mutant mtDNA in individual cells and tissues. This is in contrast to
LHON which is usually associated with homoplasmic mtDNA mutations [4].
Heteroplasmy has interesting consequences for stem cell modelling of these mutations
as discussed below (Sect. 2.5).

Neurogenic atrophy and retinitis pigmentosa syndrome (NARP) results from point
mutations in the mtDNA ATPase-6 gene, commonly T8993G. Patients typically
present with retinitis pigmentosa with or without optic neuropathy and can develop
dystonia [17]. Mitochondrial encephalopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS) can result from many mtDNA point mutations, although the most
common is the A3243G mutation in the tRNA™" gene. MELAS patients present
with stroke-like episodes that lead to frequent retrochiasmal visual loss, but often
also have pigmentary retinopathy without optic atrophy [18]. The Kearns—Sayre
syndrome is the severest form of chronic progressive external ophthalmoplegia
grouping (KSS/CPEO), resulting from heteroplasmic mtDNA deletions, where the
presenting feature is usually ptosis and ophthalmoplegia. KSS patients also often
develop a pigmentary retinopathy together with cardiac conduction defects and
severe neurological signs including ataxia [19].

2.3.3 Mendelian Mitochondrial Syndromes
with Retinal Involvement

Several nuclear gene mitochondrial disorders have optic neuropathy as part of a
multisystem disease. These are considered briefly here since they result from muta-
tions in mitochondrial proteins that indirectly interfere with OXPHOS, and so add
further insights into energetic failure and retinal pathology.

Friedreich’s Ataxia is caused by a GAA trinucleotide repeat expansion in the
frataxin gene. Frataxin is a mitochondrial protein involved in iron-sulphur (Fe-S)
cluster assembly, although the precise function of the protein remains elusive.
Lower frataxin levels result in cellular iron dyshomeostasis with increased free iron
in mitochondria suggesting disruption of normal iron incorporation into redox cen-
tres of proteins. A complex multisystem clinical picture results with many features
of mitochondrial diseases, although ataxia and cardiac defects are the most debili-
tating [20]. Optic atrophy is a common feature; the pattern of RGC loss in
Friedreich’s ataxia being more diffuse than that seen in LHON and ADOA, not pref-
erentially involving the papillomacular bundle but involving the optic radiations [11].
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Because the OXPHOS pathway relies on the redox ability of iron, via multiple Fe-S
clusters, to perform electron transfer and thus energy transduction, it is likely that
OXPHOS dysfunction is important in pathogenesis.

Mohr-Tranebjaerg syndrome is an X-linked recessive disease characterized by
deafness, dystonia, and optic atrophy. It is caused by mutation of the gene TIMMS8A
[21]. TIMMBSA is one of several proteins forming the translocase of the inner mem-
brane (TIM) complex, which together with the translocase of the outer membrane
(TOM) forms the machinery of mitochondrial protein import [22]. Perturbation of
mitochondrial protein import is likely to impact on the OXPHOS pathway, although
mitochondrial studies in patients have not yet been reported. RGC loss appears to
be similar to that reported for Friedreich’s ataxia, with diffuse involvement of the
optic radiations.

Hereditary spastic paraplegia is a disease grouping that results from mutations in
several nuclear genes. It is characterized by progressive spasticity of the lower
limbs, frequently complicated by the presence of optic atrophy. One variant is
caused by mutations in the SPG7 gene coding for paraplegin, an AAA-type metal-
loprotease of the mitochondrial inner membrane. Mutation of paraplegin may result
in impairment of OXPHOS complex I, which if confirmed would provide a patho-
genetic link to LHON [23].

Charcot—Marie—Tooth (CMT) disease subtype CMT2A has been associated with
mutations in the mitochondrial fusion protein mitofusin-2 (Mfn2) [24]. CMT is a
relatively common inherited peripheral neuropathy; the variant CMT2A also dis-
plays an optic neuropathy that develops after the neuropathy. A rapidly progressive
blindness with bilateral central scotomas is evident on fundus examination, reminis-
cent of LHON [11, 12]. The pattern of RGC loss is also similar to LHON with
preferential involvement of the papillomacular bundle [24]. Mfn2 is an outer mito-
chondrial membrane GTP-ase similar in structure to OPA1. OXPHOS studies have
been limited and inconclusive.

Table 2.1 summarizes these mtDNA-linked and nuclear gene mitochondrial
disorders with retinal involvement.

2.3.4 Glaucoma

The most common optic nerve disease is primary open angle glaucoma (POAG).
It is an age-related neurodegenerative disease characterized by the accelerated death
of RGCs leading to progressive visual field loss; it affects over 10 % of people aged
over 80 years [25]. Apart from age the major risk factor is increased intraocular pres-
sure, but up to 40 % of patients do not present with eye pressures above population
means, indicating that glaucoma is a complex disease and age-related mitochondrial
failure has been hypothesized to play a role [26]. We have found a partial complex
I-driven respiration defect in glaucoma patient peripheral cells [27]. POAG is likely
a multifactorial disease and further analysis of OXPHOS function is warranted and
may uncover a subgrouping of patients with primary mitochondrial impairment.
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Table 2.1 mtDNA-linked and mitochondrial nuclear gene disorders with retinal pathology

Disease Gene(s) Pathway Retinal phenotype

LHON mtDNA complex I OXPHOS Optic neuropathy

subunit genes

Neurogenic atrophy and ~ mtDNA ATPase-6 OXPHOS Retinitis pigmentosa
retinitis pigmentosa gene, commonly with or without
syndrome (NARP) T8993G optic neuropathy,

sometimes
dystonia

Mitochondrial mtDNA A3243G OXPHOS Stroke-like episodes,
encephalopathy, lactic tRNA" gene pigmentary
acidosis, and stroke- (usually), complex retinopathy
like episodes I subunits
(MELAS) (sometimes)

Maternally inherited mtDNA A3243G OXPHOS Sensorineural
diabetes and deafness mutation in the deafness, retinal
(MIDD) tRNA" gene abnormalities,

and diabetes

ADOA OPA] Mitochondrial Optic neuropathy

fission/fusion,
OXPHOS
Friedreich ataxia GAA trinucleotide Mitochondrial Optic neuropathy
repeat expansion in iron-sulfur
the frataxin gene proteins including
OXPHOS

Mohr-Tranebjaerg DDPI1/TIMMSA Mitochondrial protein Optic neuropathy

syndrome (MTS) import, secondary and retinopathy
OXPHOS defects

Charcot—Marie-Tooth MFN?2 Mitochondrial outer ~ Optic neuropathy
disease subtype membrane fusion
CMT2A defects

Hereditary spastic For example SPG7 OXPHOS complex I  Pathology not
paraplegia (paraplegin) reported

The pattern of RGC loss in glaucoma differs to that seen in LHON and ADOA.
In the latter diseases the small fibers of the papillomacular bundle are preferentially
affected, resulting in a temporal atrophy and central vision loss. In POAG peripapil-
lary atrophy classically leads to an arcuate, peripheral vision loss. As noted above
for the syndromic mitochondrial optic neuropathies, different patterns of optic
nerve, retinal, and wider visual system pathology can result from mitochondrial
dysfunction, such that the pathological pattern of fibre loss cannot exclude a mito-
chondrial etiology.

2.3.5 Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is a late onset neurodegenerative disease
divided into two major forms; ‘wet AMD’ caused by local rupturing of blood vessels,
and the far more common ‘dry AMD’ which is associated with the build-up of
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protein deposits called drusen in the macula. Dry AMD is driven by a disruption in
the close interrelationship of the retinal pigment epithelium (RPE), the choroid, and
the dependent photoreceptors [28]. Several genetic risk factors have been found,
including complement factor pathway protein genes and mtDNA haplotypes [29]
but pathogenesis remains poorly understood.

The RPE forms the retina-brain barrier and is very metabolically active; it is
richly endowed with mitochondria [7]. Oxidative stress is increased in this tissue
due to the high local oxygen concentrations from proximity to the choroid and the
continuous photoreceptor outer segment phagocytosis by the RPE that leads to
accumulation of the phototoxin N-retinyl-N-retinylidene ethanolamine. It is tempting
to speculate that RPE/photoreceptor pathology as seen in some mtDNA diseases and
AMD may be related to oxidative stress, while optic atrophy is a common consequence
of energetic deficiency.

2.4 Mitochondrial Energetics in Stem Cells:
The ‘Metabolic Switch’

Recognition that stem cells and their differentiated progeny have distinct metabolic
profiles has increased interest in mitochondrial control of metabolism in stem cell
research. Quiescent or dividing stem cells have been found to use glycolysis for
ATP production, and mitochondrial ATP production is shut down [30, 31].
‘Stemness’ may in itself be an evolutionary protection mechanism to minimize oxi-
dative mutagenesis of the organellar genome [32]. mtDNA has long been known to
undergo higher levels of mutation in somatic cells compared to nuclear genes [33],
possibly as a result of the close proximity of the genome to the OXPHOS machinery
which is a constitutive source of superoxide. Stem cells with quiescent OXPHOS
may be one means of preserving the mtDNA until it is most needed in metabolically
demanding differentiated cells such as neurons.

The reprogramming of somatic cells to pluripotency (induced pluripotent stem
cells or iPSCs) also involves downregulation of oxidative metabolism and upregula-
tion of glycolysis [34]. Other major metabolic pathways found to undergo remodel-
ling include upregulated purine metabolism and macromolecule catabolism, with
downregulation of amino acid metabolism and nucleotide biosynthesis [34].

Conversely the onset of differentiation has been shown to be marked by upregu-
lation of OXPHOS [30, 35]. Differentiation is accompanied by an increase in
mtDNA replication [36], increased expression of key mitochondrial biogenesis
regulators such as PGC-1a, mitochondrial volume, and oxygen consumption [37].
Differentiated cells have varying dependence on mitochondrial oxidative ATP pro-
duction, with some cell types not relying heavily on OXPHOS. The cell type in
model systems is therefore an important variable when examining mitochondrial
influences. For example fibroblasts are not highly oxidative while neurons and car-
diomyocytes are OXPHOS-dependent, reflecting the predilection for pathology in
the latter tissues in mitochondrial diseases [3].
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2.5 Stem Cell Modelling of mtDNA Mutations

Of the mtDNA-linked human retinal diseases, only the MELAS A3423G tRNA
mutation has been studied in stem cell models to date. Fujikura et al. [38] reported
iPSCs derived from fibroblasts of patients carrying the mutation in heteroplasmic form.
They found that clonal iPSC lines varied greatly in the levels of mutation, with some
clones segregating to wild type and others maintaining high mutant levels. This has
clear implications for potential stem cell therapy of mtDNA disease and demonstrated
the feasibility of eliminating the pathogenic mutation in isogenic cell lines from
patients. The phenomenon of in vitro segregation of this mutation was replicated in
another study that found a bimodal distribution of mutation load in patient-derived
iPSCs [39]. They also found an intriguing potential mechanism for complex I-linked
neuron-specific pathogenesis, showing that complex I in high-mutant iPSC-derived
neurons was largely sequestered in perinuclear autophagosomes, while other
OXPHOS complexes showed normal mitochondrial distribution. This suggests a
neuron-specific derangement of complex I assembly consequent to the tRNA® muta-
tion and demonstrates the power of stem cell modelling of mtDNA disease.

Cybrid modelling of mtDNA disease presents unique experimental opportunities
compared with nuclear gene mutation models. Cybrids (‘cyoplasmic hybrid’)
involve fusion of enucleated cell fragments or cytoplasts with cells that have been
depleted of mtDNA [40]. The technique has been used extensively with cultured
cell lines to show the segregation of OXPHOS phenotypes with mtDNA mutations
causing human diseases including the MELAS A3423G tRNA" mutation [41], the
NARP T8993G mutation [42], and the three primary LHON mutations [13].

As first demonstrated by Wallace’s group [43] and followed by the creation of a
‘xenomitochondrial’ mouse using the same approach [44], the transfer of mtDNA
from a mouse donor cell line of choice into mouse embryonic stem cells (ESCs) can
be achieved by first depleting the ESCs of endogenous mtDNA. This is performed
by treatment of the cells with the toxic (but non-mutagenic) dye rhodamine 6G and
‘rescue’ of treated cells by fusion with cytoplasts from the donor cell [45].
Remarkably, this drastic series of manipulations does not appear to result in epigen-
etic or other perturbations to the resulting cybrid ESC which retains pluripotent
potential as evidenced by the normal development of the xenomitochondrial mice
produced by blastocyst injection of these cells [44, 46]. The cell-specificity of
OXPHOS defects has been reinforced by other in vitro mouse ESC cybrid studies
examining effects of mtDNA mutations identified in mouse cell lines, also using the
rhodamine 6G technique. These elegant studies found that mtDNA mutations caus-
ing bioenergetic defects resulted in impaired differentiation to neurons and decreased
post-synaptic events [47] and increased oxidative stress in ESC-derived neurons
with severe OXPHOS complex I defects [48].

Cybrid production has also been demonstrated using the rhodamine 6G method
in primary human fibroblasts [49]. This opens the possibility of transmitochondrial
modelling in iPSCs derived from fibroblast cybrids. This has not yet been reported,
nor has direct cybrid transfer in either human ESC lines or iPSC lines.
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2.6 Conclusions

Retinal neurons, especially RGCs, are among the most susceptible neurons to
mitochondrial energetic impairment. It remains unknown why some defects in the
OXPHOS pathway lead to loss of RGCs, while other defects lead to photoreceptor
loss in the absence of optic neuropathy. One possibility is that OXPHOS defects can
result in either ATP deficiency or oxidative stress to varying degrees. The RPE
which forms the retina-brain barrier is highly metabolic. Oxidative stress in this
tissue is likely to be very high. It is possible that the point mutations responsible for
MELAS and NARP, and the mtDNA deletions associated with KSS/CPEO result in
heightened oxidative stress compared with the LHON mutations. Histopathology in
cases of mtDNA-linked pigmentary retinopathy supports a secondary disruption of
photoreceptors consequent to RPE failure [9].

Both LHON and ADOA can occur in more ‘complex’ forms with variable central
nervous system involvement. Extra-ocular features of ‘LHON plus’ syndromes
include dystonia, ataxia, severe progressive encephalopathy. The mtDNA mutations
in these cases are usually in complex I genes and different to the ‘primary’ LHON
mutations. Where investigated these mutations have more severe defects in OXPHOS
[50-52]. The clinical and biochemical evidence therefore supports the concept that
mild OXPHOS defects, especially in complex I genes, result in preferential RGC loss.
More severe OXPHOS defects result in wider CNS involvement, typically affecting
the brainstem, basal ganglia, or cerebellum. The common involvement of sensorineu-
ral deafness and peripheral neuropathy in such patients suggests that neurons with
long axons are more vulnerable to mitochondrial dysfunction.

Stem cell modelling of these different mutations presents an ideal experimental
system to test this hypothesis, with direct implications for therapeutic targets.
Effects on different neuronal types can be tested in vitro, along with therapeutics
that may be directed to augmenting oxidative stress defenses, mitochondrial biogen-
esis, or other ‘energetic’ therapies.

Just as nuclear gene changes have been found in some iPSC-derived cells com-
pared with parental somatic cells, mtDNA mutations are also at risk of becoming
fixed in such cell lines. Prigione et al. [53] investigated this directly by massively
parallel pyrosequencing of mtDNA from iPSCs and found both heteroplasmic and
homoplasmic mtDNA mutations not present in parental somatic cells. The impor-
tant implication is that for stem cell-based therapeutic approaches in the future it
will be necessary to verify the full mtDNA sequence of iPSCs used.

For mtDNA disease mutation research and therapy development stem cell
cybrid techniques offer a unique opportunity for ‘correction’ of mtDNA muta-
tions in isogenic iPSCs. Again, the donor mtDNA needs to be carefully matched
and ideally from a maternal lineage relative that does not carry the mutation even
in low level heteroplasmic form. This is because a remarkable study found that
mixture of two non-disease causing mtDNA haplotypes in mice resulted in
abnormalities of development that were absent when mice had either mtDNA
haplotlype in homoplasmic form [54]. This underscores the adaptation between the
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mitochondrial genotype and nuclear gene expression, likely by epigenetic feedback
mechanisms still poorly understood [6, 55], that is an underexplored aspect of
the basis of eukaryotic complexity.
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Abbreviations

ADP Adenosine diphosphate
Asclla Achaete-scute complex like 1a
Atoh7 Atonal homolog 7

ATP Adenosine triphosphate

bHLH Basic helix loop helix

Bmp Bone morphogenetic protein
Brn3b Brain-specific homeobox 3b
CGZ Circumferential germinal zone
Chx10 Ceh-10 homeodomain containing homolog
CMZ Ciliary margin zone

CNTF Ciliary neurotrophic factor
Crx Cone rod homeobox

Dkkl1b Dickkopf 1b

DIl1 Delta-like 1

Dpi Days post-injury

Drgall-L2 B-Galactoside-binding protein galectin 1-like 2
ERG Electroretinogram

Fgf8 Fibroblast growth factor 8
FoxN4 Forkhead box N4

Fzd2 Frizzled 2

Gap43 Growth-associated protein 43
GCL Ganglion cell layer

GFAP Glial fibrillary acidic protein

GSK-3p Glycogen synthase kinase-3f
HB-EGF Heparin-binding epidermal like growth factor

Hes5 Hairy and enhancer of split 5

Hpi Hours post-injury

Hspdl Heat shock 60-kDa protein 1

Id2a Inhibitory of differentiation 2

IgF Insulin growth factor

IKNM Interkinetic nuclear migration

INL Inner nuclear layer

Insmla Insulinoma-associated 1a

MAPK Mitogen-activated protein kinase
Mcm Minichromosome maintenance protein
Mpsl Monopolar spindle 1

Ngnl Neurogenin 1

NMDA N-methyl-p-aspartate

Oct4 Octamer-binding transcription factor 4
Olig2 Oligodendrocyte transcription factor 2
ONL Outer nuclear layer

Pax6 Paired box 6
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PCNA Proliferating cell nuclear antigen

PDGFA Platelet-derived growth factor A

Racl Ras-related C3 botulinum toxin substrate 1
Shh/Hh Sonic hedgehog/Hedgehog

Six3b Sine-oculis homeobox homolog 3b

Sox2 Sex determining region Y-box 2

Stat3 Signal transducer and activator of transcription 3
TGFp Transforming growth factor beta

Tgifl Transforming growth interacting factor
TNFa Tumour necrosis factor alpha

Trb Thyroid hormone receptor 3

Tubala/alT o;-Tubulin

UAS Upstream activating sequence

Vsx1/Vsx2  Visual homeobox transcription factors 1 and 2

3.1 The Zebrafish Model for Studying Retinal Regeneration

Here, we highlight the advantages of the zebrafish model for this research field.
Firstly, we describe the vertebrate species conservation in terms of cell types, reti-
nal organisation and developmental mechanisms. We then summarise aspects of
zebrafish adult neurogenesis and its regenerative capacity, focussing on what we
have learned about the regenerative response driven by the endogenous Miiller
glia cells.

3.1.1 Regenerative Capacity of Zebrafish

A distinct capacity for different organs to regenerate exists across different animal
phyla, with generally lower species showing more robust and complete regeneration
[1, 2]. After retinal injury, all vertebrates show a differential response, with amphibians
and fish displaying the best regenerative response, in terms of replacing lost or injured
cells, followed by birds and to a lesser extent by mammals [3]. Species differences
in how many cells are activated to contribute and how many cells are regenerated in
different injuries, and the ability to regenerate some or all of the retinal cell types
may be due to intrinsic genetic differences of regenerating cells, or due to extrinsic
signalling differences in the damaged tissue. Thus, understanding and comparing
highly regenerative models with vertebrates where only a few cells regenerate
allows us to differentiate between intrinsic mechanisms we cannot easily change in
vivo, and extrinsic signalling pathways that we can target and improve.

Zebrafish have retained highly pro-regenerative responses to injury of many
different body organs, such as fin, heart, spinal cord, brain and retina [4]. Its amena-
bility for developmental and regenerative studies make it a great model for
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retinal regeneration. Additionally, the conservation of retinal structure and
development between zebrafish and other vertebrates suggests that knowledge
gained in this model will be relevant across vertebrate species.

3.1.2 Zebrafish Retinal Organisation

The anatomical structure, cell types and organisation of the neural retina are con-
served across all vertebrates. All vertebrate retinas are composed of six main types
of retinal cells: Three excitatory neurons (photoreceptors, bipolar and ganglion
cells), two inhibitory neurons (amacrine and horizontal cells) and Miiller glia cells.
These cell types are arranged in a conserved ordered retinal lamination, consisting
of three nuclear layers (outer nuclear layer—ONL, inner nuclear layer—INL
and ganglion cell layer—GCL), separated by two plexiform layers housing pro-
cesses and synaptic connections. Each neuron type can be further subdivided into
subtypes based on their location, morphology, gene expression and function [5-10].
Relevant particularly for human retinal regenerative studies, zebrafish are highly
visual vertebrates with a cone-photoreceptor-dominated retina similar to the human
fovea, which is in contrast to some of the nocturnal mammalian models (e.g.
rodents). Thus, it is a particularly suitable vertebrate model to study specific photo-
receptor loss and subsequent regeneration.

3.1.3 Zebrafish Retinal Development

Because regeneration involves the generation of the same cell types that are pro-
duced during development, the vast knowledge we have gained about retinal devel-
opment from the zebrafish model represents an advantage in studying mechanisms
of regeneration. The zebrafish has become a leading developmental vertebrate
model system, due to a number of advantages including large clutch sizes, amena-
bility to molecular manipulations, rapid ex vivo development and transparency,
allowing for rapid generation of transgenic lines, in vivo imaging, gene manipula-
tions, forward and reverse genetics.

Developmental mechanisms by which the retina is constructed are highly
conserved, with comparable genetic control and hallmarks evident in zebrafish as in
other vertebrates, making studies of the zebrafish relevant to understanding mamma-
lian development. In all vertebrates retinal neurons are born in roughly the same histo-
genic birth order, starting with retinal ganglion cells followed by interneurons such as
amacrine cells and then photoreceptors, with bipolar and Miiller glia cells generated
last [11-17]. This stereotypical progression of cell fate specification is due to the highly
choreographed spatio-temporal expression of specific genes within developing mul-
tipotent progenitors. These include those that control cell cycle progression as well
as those that drive determination of specific neural fates. Many of these genes encode
for basic helix loop helix (bHLH) and homeobox transcription factors [18-21],
which have conserved functional in zebrafish, mice and humans [22-31].
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Armed with a wealth of data and growing understanding of how retinal cells are
generated during embryonic development, we can now use this model and its regen-
erative capacity to understand how neurons are regenerated in the adult retina.

3.1.4 Therapeutic Approaches for Improved Regeneration

Different therapeutic approaches to treat retinal diseases or improve regeneration are
being developed to find solutions to retain or restore visual function. No doubt, treat-
ment strategies will vary as widely as retinal diseases or injuries. The main therapeutic
approaches currently being pursued include increasing neuroprotection via extrinsic
factors or from endogenous support cells, discovering suitable sources for cell replace-
ment by driving differentiation ex vivo and transplanting exogenous cells or activating
endogenous cell sources, as well as other biotechnology approaches including retinal
implants currently already at clinical trial stages. Great progress has been made in the
cellular transplantation field particularly in the replacement of photoreceptors [32—-35].
Clinical trials delivering genes to treat genetic degenerative diseases are also under-
way [36]. With the advances of the stem cell field, new potential sources of replacement
cells are being discovered and the potential of integrating these for use in regenerating
different cell types continues to be pursued [37—40].

Contributions to our understanding of retinal regeneration driven endogenously in
pro-regenerative vertebrates such as the zebrafish have significantly expanded in the
past decade, from identifying neurogenesis in the adult central nervous system and a
systematic search for stem cells, to the identification of endogenous cell sources for
retinal regeneration [41]. Here, we summarise aspects of zebrafish regeneration,
including a description of adult neurogenesis and different injury/regeneration
models. The main focus will be on our current understanding of the Miiller glia, the
main endogenous cell source of regeneration, what we know about the Miiller glia
driven pro-regenerative response, which signalling pathways are involved, how
this compares with normal development, and how some of these findings tie in with
mammalian retinal regeneration.

3.2 Sources of Retinal Progenitor Cells
in the Adult Zebrafish

3.2.1 Adult Neurogenesis

Despite the conservation of morphology and gene regulation between vertebrate
species, the regenerative capacity and source of regeneration differ. In zebrafish, our
understanding of adult neurogenesis in the central nervous system including cell
sources and gene expression has grown significantly in recent years [42]. As an
outpocketing of the central nervous system, the retina of non-mammalian species
such as zebrafish, chicken and Xenopus is observed to have an extensive capacity of
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Fig. 3.1 Retinal progenitor compartments in adult fish. The growth and cellular addition in the unin-
jured adult fish arises from two main compartments. In the ciliary margin zone (CMZ), progenitors (red
oval nuclei) continuously add new cells to the growing retina. In the central established region, some of
the mature Miiller glia are slowly cycling (yellow glia) to generate rod precursors (red circular nuclei),
which migrate into the outer nuclear layer (ONL) to add rod photoreceptors (red photoreceptor). The
majority of Miiller glia in the adult retina remain quiescent (green glia). ONL outer nuclear layer, OPL
outer plexiform layer, INL inner nuclear layer, /PL inner plexiform layer, GCL ganglion cell layer

postnatal growth and regeneration after injury [43, 44]. In contrast, cell proliferation
in mammalian retina ceases after birth, although the eye and retina continue passive
growth by stretching [45]. Although potential sources of retinal stem cells have
been suggested, studies of active retinal regeneration in in vivo models are neces-
sary to better understand and improve this process in mammals.

There are at least two retinal progenitor compartments in adult fish [43] (Fig. 3.1).
The resident progenitor cells in the ciliary margin zone (CMZ) or circumferential
germinal zone (CGZ) found in teleost, birds and amphibians are the major retinal stem
cell source in uninjured, mature retinas. These cells recapitulate developmental gene
expression to add cells continually to the retina throughout the lifetime of the organ-
ism [46-52]. An additional source of retinal progenitor cells in mammals and mature
teleost retina are Miiller glia, though not all glia in the differentiated retina are associ-
ated with retinal neurogenesis [3, 37, 40]. Miiller cells are the major retinal glia cell
type and the only one generated directly from retinal progenitors. Their processes
span the entire retina radially, surrounding neuronal cell bodies, while their nuclei
reside in the INL. Like other glia cells of the nervous system, Miiller glia perform a
wide range of functions, including recycling neurotransmitters, maintaining ion
homeostasis and regulating neuronal survival and circuit formation in the retina
[3, 53-57]. Miiller glia with slow, but ongoing proliferative activity, generate clusters
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of cells in the central differentiated retina. These migrate to the ONL to form rod
precursors, which divide and differentiate into mature rod photoreceptors [44, 58—61]
(Fig. 3.1). Actively dividing Miiller glia associated with adult neurogenesis are
scattered throughout the retina, with greater density at the CMZ [59, 62].

3.2.2 Adult Regeneration

Zebrafish can generate retinal cells upon retinal injury from different endogenous
cells including those in the CMZ and rod precursors [63—65]. Resident Miiller glia
have become the focus of intensive research, as they are now believed to give rise to
the majority of regenerating cells [60, 66, 67]. The pigment epithelium has also
been identified as a source of retinal regeneration in other vertebrates, especially in
amphibian [3]. Different injury models result in a regenerative response from different
endogenous cells, arguably due to differences in the microenvironment. The extent
to which the CMZ responds to retinal injury has not been studied in detail.

After injury, resident Miiller glia are activated, dedifferentiate as they re-enter
the cell cycle and generate multipotent retinal progenitors, which can replenish all
retinal cell types ultimately leading to functional recovery [66, 68, 69]. As Miiller
glia are present in all vertebrates, understanding and comparing their intrinsic limits
in the regenerative potential in different species will allow us to develop strategies
to potentially stimulate a regenerative response in humans.

The regenerative response of Miiller glia in higher vertebrates including birds
and rodents occurs to a limited degree, both in quantity and types of neurons gener-
ated [3, 70]. In birds, Miiller glia express markers of embryonic retinal progenitors
and re-enter the cell cycle, but only for one division and only a small percentage of
Miiller glia progeny successfully differentiates into new retinal neurons [70-72].
In rodents, also only a small percentage of Miiller glia re-enters the cell cycle after
injury [73], though a more extensive injury can increase the number of proliferating
Miiller glia [74]. Isolation of mammalian Miiller glia from injured retina showed
limited self-renewal and stem cell-like characteristics in vitro, suggesting that they
can be similarly activated [75, 76]. Even human Miiller glia display a regenerative
capacity to undergo indefinite proliferation and differentiation towards some retinal
neuron fates at least in vitro [77, 78]. The number of cells proliferating and the
number of cell divisions each cell undergoes remains one of the main limitations in
mammals. Identification of their potential to initiate a proliferative response
however suggests the potential for glial-driven mammalian regeneration and pro-
vides hope for this endogenous regenerative cell source.

3.3 Zebrafish Retinal Injury Models

Various injury and regeneration models have been established in zebrafish, which
elicit robust regenerative responses from resident Miiller glia (Fig. 3.2a). Different
models target different types of neurons, differ in the extent of injury and mimic reti-
nal disorders resulting from chemical, mechanical and genetic causes. Established
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Fig. 3.2 Retinal regeneration initiation in zebrafish Miiller glia. (a) The vast majority of the dif-
ferent injury models established in zebrafish (including mechanical, light- or heat-induced dam-
age, genetic ablation or delivery of various neurotoxins) activate a robust retinal regenerative
response from the resident Miiller glia. (b) The activation of glia and the resulting regeneration
differs and depends on injury-specific factors such as the retinal cell types affected (injured), the
extent of the injury and the phagocytic function of mature glia

retinal injury models include: (1) Mechanical injuries such as surgical lesions [64, 79,
80], needle stab [81] or optic crush [66, 82]; (2) Constant or intense light [60, 83—85],
heat [48] or laser lesioning [65, 67]; (3) Chemical lesioning using neurotoxins such as
ouabain [63, 86, 87], kainic acid [88, 89], colchicines [90, 91], N-methyl-d-aspartate
(NMDA) [91, 92] or N-methyl-N-nitrosourea [93]; and (4) Genetic approaches
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coupled with chemical ablation, such as using a cell-specific promoter to drive Gal4
expression, which in turn activates upstream activating sequences (UAS) to restrict
nitroreductase expression within these cells, subsequently causing cell death after
metronidazole treatment [94-98]. Differences between these paradigms include the
extent of injury and cell types involved [43, 99, 100]. It is unknown whether the same
signalling mechanisms are activated in these injury models, although differences in
the timing of the regenerative response have been observed.

3.4 Miiller Glia Activation

3.4.1 Cell Death Extent of Distinct Retinal Neuron Types

Miiller glia activation depends on various factors, including neuron cell type affected
(Fig. 3.2b). As many human degenerative diseases such as retinitis pigmentosa or
age-related macular degeneration affect photoreceptors, early studies focused on
light lesioning and genetic ablation paradigms to cause specific loss of these neurons.
Activation of the regenerative response depends on the type of photoreceptor dam-
aged and extent of damage. For example, low insult of rod photoreceptors alone
primarily activate rod precursor-driven regeneration, while a massive insult to the
retina resulting in major rod and/or cone photoreceptors ablation activates Miiller
glial-derived regenerative response [60, 69, 85, 97, 101-103]. In addition, acute,
but not chronic, rod photoreceptor death induces widespread Miiller glia activation
suggesting that insufficient numbers of rod progenitors in the acute model may
trigger subsequent glial involvement [97]. Recent findings causing damage to inner
retinal neurons result in robust glial activation with minimal photoreceptor damage
[66, 68, 86, 87]. Thus, while varied, a glial-driven regenerative response occurs in
most models of retinal damage.

3.4.2 Phagocytosis

The phagocytic activity of Miiller glia has been described for a long time, including
early in vivo evidence from the rabbit retina [104—107], and in vitro evidence in
goldfish [108] and humans [109].

After retinal injury, activated Miiller glia phagocytose dying cells [110, 111] as
they do during development [112]. The action of engulfing apoptotic debris is in
itself a necessary signal to initiate proliferation, as demonstrated by experiments
blocking phagocytosis using intravitreal injections of O-phospho-l-serine. After
light lesioning, retinas, where phagocytosis is inhibited, show a reduced number of
cells expressing the proliferating cell nuclear antigen (PCNA), leading to reduced
number of regenerated photoreceptor cells [113]. Whether phagocytotic activity is
equally important for Miiller glia activation in other vertebrates is less understood.
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3.5 Miiller Glia Dedifferentiation, Cell Cycle Entry
and Progenitor Reacquisition

Miiller glia activation, while certainly driven by extrinsic signalling factors, also
depends on the intrinsic capacity to sense or respond to these signals. Miiller glia
monitor the overall health of the retina and are primed to respond to factors that
signal cell death or damage. In zebrafish, after injury, more Miiller glia than those
associated with the normal basal adult rate of proliferation re-enter the cell cycle.

3.5.1 Miiller Glia Markers

Though similar to progenitors in many aspects, the maturation of Miiller glia involves
genetic, morphological and electrophysiological changes, and thus regeneration
requires glial dedifferentiation [54]. It is still unclear whether all Miiller glia have an
equal capacity to be involved in regeneration. Within the responsive area, some Miiller
glia continue to retain mature glial morphology and expression of the glial fibrillary
acidic protein (GFAP) glia marker, whereas a subpopulation start to lose their glial
morphology and differentiation markers and start re-expressing cell cycle marker (e.g.
PCNA) and activate signalling pathways involved in proliferation [69, 114]. Gradients
of signalling pathway interaction may contribute to this differential response of glia
[115]. Evidence for differential glial response can also be found in chick, older Miiller
glia in central retina stop responding to toxin-induced injury [70]. Because not all
Miiller glia in the teleost participate in retinal regeneration after mechanical injury
[62, 66], there may be inherent heterogeneity. Some studies have found no molecular
differences to identify which glia proliferate and which remain quiescent, although
molecular differences do appear in these differentially responding Miiller glia after
injury in zebrafish and chick [116—118]. Whether this differential response is due to
stochastic activation of a homogeneous population followed by differential gene
expression or whether these glia are inherently different must be investigated in more
detail. In mouse, variation in the expression of various retinal progenitor and glial
genes does exist, suggestive of inherent heterogeneity [119].

While the type of injury does not influence the temporal order of the resulting pro-
liferative response in Miiller glia, different lesioning methods differentially influence
the expression of various glial markers in various vertebrates. The Miiller-specific
marker glutamine synthetase can be turned off after injury such as that induced by
intense light injury [53, 69], upregulated in the case of hepatic retinopathy models,
or remain unaltered such as in diabetic retinopathy or optic crush models [120, 121].
Similarly the radial glial marker GFAP, which is upregulated during stress and during
pathological processes in mammalian retina [65, 67], shows differential responses.
After toxin-induced injury in the chick retina, Miiller glia that have decreased GFAP
staining re-enter the cell cycle [70]. In zebrafish, GFAP levels have been observed to
be upregulated after injury, including after heat probe injury of the sclera and in
response to light lesioning [48, 103], though dedifferentiating regenerating glia spe-
cifically downregulate GFAP after light or ouabain lesioning [69, 86]. This differential
regulation of glial markers may correspond to distinct phases of the glial response or
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be a reflection of response heterogeneity, with glia activating alternate responses.
Other genes associated with mature glia function are downregulated during the dedif-
ferentiation phase including those that are associated with ion homeostasis [122]. The
variation observed in Miiller glia marker expression after injury suggests differences
in the initial response, which may activate distinct repair mechanisms. Moreover, the
difference in expression levels of these markers could be due to the extent and/or type
of damaged caused and cell types involved.

3.5.2 Gliosis Versus Neurogenesis

As observed in other injury models, activated glia can respond in very different ways.
Following damage in the mammalian retina, Miiller glia generate both a protective
and a degenerative response [73]. Depending on the type and severity of the injury,
Miiller glia undergo morphological, biochemical and physiological changes including
reactive gliosis, characterised either by hypertrophy with infrequent or no Miiller
glia proliferation [123-126] or upregulated proliferation to form a glial scar,
together with a decrease in protein expression associated with normal retinal physi-
ology [56, 127-129]. Reactive gliosis involves upregulation of neuroprotective
intermediate filaments such as Nestin, Vimentin and GFAP that affect Miiller glia
morphology and thus function [129, 130]. Reactive gliosis may facilitate revascu-
larization, form physical or diffusion barriers and promote the secretion of neuro-
trophic factors. However, acute inflammation followed by reactive gliosis also leads
to glial scar formation, which inhibits survival, neurite growth and circuit integra-
tion of neurons [131].

There are similarities and differences in the response of Miiller glia in zebrafish,
although it is unclear whether differences are due to intrinsic differences or driven
by environmental signals at the injury. Zebrafish Miiller glia also undergo character-
istic changes with some features similar to reactive gliosis in mammals, such as
initial GFAP expression. However, Miiller glia in zebrafish re-enter the cell cycle,
dedifferentiate and migrate to the apical surface (characteristics of immature Miiller
glia) without forming a gliotic scar [44]. Acute inflammation itself in the zebrafish
appears to be required and sufficient for increasing neuron progenitor proliferation
and neurogenesis by activating signalling molecules that are pro-regenerative after
brain injury [131]. Thus, this initial response of Miiller glia in mammals may not be
harmful, nor mutually exclusive with subsequent cellular regeneration.

3.5.3 Cell Cycle Re-entry and Proliferation

The early response of Miiller glia to retinal injury involves cell cycle entry, and
progenitor and proliferation maintenance. Proliferation itself is a crucial step, as
blockage of glial proliferation results in a failure of retinal neuron regeneration [69].
A proliferative response of glia cells in other vertebrates including birds and rodents
does occur to a limited degree [70-73].
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After an initial phase characterised by the upregulation of protein synthesis and
cell metabolism, Miiller glia proliferate, with the proliferation peak being surpris-
ingly similar across different injury models even though different cell types are
damaged. For example, both light-induced and ouabain-induced damage results in
glial activation and increased expression of PCNA within 24 h post-injury (hpi) [69,
85, 86, 132]. Dedifferentiation of Miiller glia (reduction in GFAP labelling) starts at
3 dpi and overlaps with the proliferative phase, which peaks at 5 dpi, resulting in a
gradual decline of GFAP/PCNA double-labelled Miiller cells [86]. PCNA-labelled
Miiller-derived (olig2:eGFP positive) cells form clusters around the GFAP-positive
Miiller glia at 3 dpi and re-acquire the ability to migrate across retinal layers [86].

Similar to the early stages of development, this early phase involving cellular
expansion must be carefully controlled and balanced to promote sufficient prolifera-
tion to generate the correct number of new neurons, but also stop proliferating to
give rise to differentiating cells [87, 133]. Here, we summarise the main factors
involved in balancing this phase.

Microarray expression studies of light damaged retinas have revealed differential
expression changes in a whole cohort of genes involved in activating DNA synthesis,
general cell function regulation, cell growth such as upregulation of minichromosome
maintenance protein family (mcm 3,4,5 and 7), PCNA, Cyclin d1, Cyclin B1, signal
transducer and activator of transcription 3 (Stat3), growth-associated protein 43
(gap43), al-tubulin (alT or tubala), platelet-derived growth factor (PDGFA) and
downregulation of cullin 3 and cullin 5 ubiquitin ligases [103, 122, 134—136].

The temporal expression patterns of different factors [4] indicate at which stage
these genes are most likely to act. Gorsuch and Hyde [115] and Lenkowski et al. [137]
recently summarised the cross-regulation and interactions of the main identified
molecular players involved in co-ordinating this glial dedifferentiation, proliferation
and acquisition of progenitor like phenotype (Fig. 3.3).

The tumour necrosis factor alpha (TNFa) is an important extrinsic cue released
by dying retinal neurons and together with Achaete-scute complex like 1a (Asclla)
and Stat3 is required for the proliferative response [115, 138, 139] (Fig. 3.3b).
However, Stat3 is also turned on in Miiller glia that do not turn on Asclla and that
do not proliferate [118]. Transforming growth factor beta (TGFp) signalling acting
through Activin plays an important role during the proliferative and differentiation
stage [137]. Transforming growth interacting factor (Tgif1) and Sine-oculis homeo-
box homolog 3b (Six3b) are upregulated early after injury and repress TGFp signal-
ling via Smad2, 3. Asclla acts as the master regulator of the retinal regenerative
response and may thus represent one of the avenues to improve mammalian regen-
eration. Ascll interacts in complex signalling loops with multiple signalling path-
ways. The downstream activation of Lin28 and suppression of let7 microRNA
drives many of the regeneration-associated processes, including proliferation and
re-aquisition of progenitor like multipotency [140]. Even though mammalian glia
are activated to respond to injury, important differences exist, such as the lack of
Ascll upregulation [2]. Pollak et al. [141] recently showed that Ascll itself is suf-
ficient to reprogram mature mouse Miiller glia into neurogenic retinal progenitors
(downregulating glia markers, upregulating progenitor markers and generating spe-
cific retinal neurons) [141], providing exciting evidence that mammalian glia have
a similar capacity to respond similarly, if the correct pathways are activated.
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Fig. 3.3 Schematic showing interactions between some of the main signalling pathways during
retinal regeneration. (a) Upon retinal injury, some Miiller glia within the regenerative zone and
further away remain quiescent. (b) Other Miiller glia respond to various extrinsic signals, includ-
ing factors released by dying cells to undergo a regenerative response. In these activated Miiller
glia, many different signalling pathways interact to cause re-entry into the cell cycle (proliferation)
and upregulation of progenitor like multipotency genes, which have been detected by various
microarray type studies in recent years. These glia also dedifferentiate at this time by downregulat-
ing mature glia markers. Central to the network identified so far is the early transcription factor
Asclla, which forms various feedback loops with signalling cascades such as canonical Wnt/f--
catenin, TNFa, HB-EGFP, Stat3 to drive this response. Many extrinsic factors including TGFf and
ADP are also influential in driving this response. (¢) Clonal expansion occurs in precursors that
maintain proliferation by upregulating signalling pathways including Pax6a, b, TGFp and Midkine
a. At this stage of regeneration, other factors are upregulated, such as Mpsl, N-cadherin and
al-tubulin to influence the migration of precursors through the retinal layers. (d, e) A subsequent
change in signalling drives cell cycle exit and simultaneously drives either neurogenesis (d) or
gliogenesis (e) to replace retinal neurons and Miiller glia. Factors upregulated at the various stages
are indicated in green, those downregulated are indicated in red. Arrows show cross-regulation,
which may be direct or indirect. See main text for abbreviations

3.5.4 Progenitor Markers

Miiller glia re-activate many progenitor markers including octamer-binding transcrip-
tion factor 4 (Oct4), Nanog, Myc and sex-determining region Y-box 2 (Sox2) [140].
Ongoing efforts are characterising to what extent Miiller glia-derived proliferating cells
can be considered true stem cells or equivalent to developmental progenitors.

During retinal development Miiller glia are the last cell type generated. Miiller
glia retain similarities with these early retinal progenitors, although important
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differences are observed. These include protein expression that is important for the
role mature glia carry out in the normal adult retina. cDNA microarray studies have
revealed a striking similarity of retinal progenitors with Miiller glia [119, 142].
Miiller glia and proliferative cells originating from dedifferentiated glia share stem
cell markers found during normal development and in progenitor cells found in the
CMZ of adult zebrafish, including Visual homeobox transcription factors 1 and 2
(Vsx1, Vsx2), Notchl, Notch3, N-cadherin, Paired box 6 (Pax6), alT, Atonal homolog
7 (Atoh7), Oligodendrocyte transcription factor 2 (Olig2), Ascll and Neurogenin 1
(Ngnl) [48, 67-69, 81, 86, 103, 143-147].

Stem cell characteristics have also been identified in chick and mouse Miiller
glia, including expression of Notch, Delta-like 1 (DIl1), Notchl, Nestin, Ceh-10
homeodomain containing homolog (Chx10), Forkhead box N4 (FoxN4), Pax6,
Asclla and Hairy and enhancer of split 5 (Hes5) [71, 72, 76, 148—152] with human
glia showing re-activation of Sox2 and Pax6 [153]. More similarities are continuing
to be discovered, with a recent serial analysis of gene expression (SAGE) study
identifying 61 out of 63 mature glia transcripts being common to progenitors [154]
and profiling of 167 individual cells from mouse retina revealing even more glial
transcripts [119, 155].

Qin and colleagues recently performed the first glia-specific microarray study
(using fluorescence activated cell sorting (FACS) sorted GFAP:GFP glia), describing
over 953 transcripts differentially regulated after retinal injury, the interaction of some
of which are starting to be identified (Fig. 3.3b). Progenitor markers commonly
expressed in the CMZ were identified including Ascl1, Sox3b, Sox4a [122]. The chap-
erones Heat shock 60-kDa protein 1 (Hspd1) and Monopolar spindle 1 (Mps1) are both
reactivated during regeneration [122]. Hspdl1 is expressed early on in dedifferentiating
Miiller glia where it drives proliferation and formation of neurogenic cell clusters,
whereas Mpsl is specifically expressed later in proliferating photoreceptor progeni-
tors, suggesting transient expression of different progenitor markers during different
stages of regeneration [122].

Recent evidence for the role of epigenetics comes from identifying a role for the
upregulated apobec2a and apobec2b cytidine deaminases, which act in a positive
feedback loop with Asclla and are also necessary for proliferation [156].

The progenitor marker Pax6, which is expressed in low numbers of proliferating
progenitors during persistent adult rod neurogenesis, is upregulated in a large num-
ber of progenitors during regeneration [48, 62]. In zebrafish, the Pax6b paralogue
turns on 51 hpi and Pax6a 4—6 days post-light lesioning injury [157]. Mice in vitro
culture studies have directly associated loss of Pax6 in adult with the reduction in
retinal stem cell proliferation [158]. In zebrafish, Pax6a and b are necessary for
initiating and maintaining mid and late Miiller glia-derived progenitors as the
knockdown of either causes reduced proliferation without affecting Miiller glia cell
cycle re-entry [157] (Fig. 3.3c). Miiller glia-derived progenitor expansion peaks
between 4 and 6 dpi [159] when these late stage progenitors express the prolifera-
tion markers Pax6a as well as Rx1 and Vsx2 [48].

While many factors are comparable, it is important to note that some genes and
secreted factors involved in retinal cell generation may differ between embryogen-
esis and later stage growth/regeneration. Evidence for differences even between
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embryonic and larval progenitors was identified in a genetic screen of 18 zebrafish
mutants with normal embryonic eye development, but disrupted larval growth
[3, 160]. Since even larval progenitors show some differences to embryonic pro-
genitors, it will be interesting to determine, whether additional differences exist in
the gene expression of adult regenerating Miiller glia.

3.5.5 Division Mode

Beyond gene expression, studies are also investigating other stereotypical features to
understand how similar to or different from progenitors regenerating Miiller glia are.
Will Miiller glia always divide asymmetrically during regeneration or do symmetric
cell divisions also contribute? Whether division recapitulates the mechanisms
described during development [161] and how the composition of the resulting clones
generated by each activated Miiller glia compares to those obtained at different
developmental stages remains poorly characterised. The mode of division during
regeneration in retinal injury models and how it compares to development is heavily
discussed, yet not completely understood.

Supporting evidence is mounting that asymmetric division mode might be a com-
mon and important mechanism by which a proliferative pool can be maintained at the
same time at which retinal neurons are regenerated. After Miiller glia activation and
cell cycle re-entry, the first cell division has been described to give rise to BrdU/
GFAP double-labelled siblings. One of these daughter cells retains Miiller glia
nuclear morphology and the other displays photoreceptor characteristics such as the
expression of Cone rod homeobox (Crx) [60, 103, 122]. The non-glial progenitors
remain associated and have been proposed to migrate along the radial processes of
the sister Miiller glia, as they become restricted to a specific neuronal cell fate to end
up in their appropriate retinal layer and undergo terminal differentiation [60, 66, 85].
Interestingly, many proliferative Miiller do not progress to this stage, even in fish,
where only 30 % of BrdU-labelled cells are still present 2 weeks after injury [66].
The signals responsible for this difference within these cells or the environment
remain poorly understood.

3.5.6 Progenitor Migration

During developmental retinogenesis, progenitors additionally undergo stereotypical
migration modes, which can be compared to activated Miiller glia during adult
regeneration. During embryogenesis, proliferating retinal progenitor cells extend
cytoplasmic processes from the external to the internal limiting membrane of the
developing retina to form a pseudostratified neuroepithelium [162]. The nuclei of
these progenitors move between the apical and basal sides as they undergo various
stages of the cell cycle, in a process termed interkinetic nuclear migration (IKNM)
[163-165]. Some data in teleosts are consistent with adult-regenerating progenitors
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undergoing similar behaviour. Within a few days of laser ablation or excision injury
in goldfish and zebrafish, Miiller glia nuclei expressing glial markers are observed
in all retinal layers, mimicking the distribution of retinal progenitor nuclei during
development [65, 67]. Evidence for mitotic figures in the outer limiting membrane
is consistent with IKNM [54]. However, unlike during development, proliferating
dedifferentiated (GFAP negative) cells are closely associated with the processes of
GFAP-positive glia cells, suggesting migration along processes of non-activated
Miiller glia as described above [85]. At the end of the proliferative phase, retinal
progenitors during development undergo different modes of migration to their final
laminar destination dependent on the neuron type [166]. Whether these are recapitu-
lated by regenerating neurons remains unknown. Regenerated Zn5-labelled gan-
glion cells observed in the INL, IPL and GCL 7-11 days post-stab injury in zebrafish
are consistent with laminar migration after fate determination [66]. The molecular
factors that control these processes during regeneration have not been studied.

3.5.7 Extrinsic Factors Driving the Proliferative Phase

Extrinsic signals from the injury site are also very important for controlling the
proliferative phase. These include many of the common signalling pathways that
are implicated in developmental regulation (Fig. 3.3b). Dying cells must release
extrinsic signals that allow Miiller glia to sense sustained damage, such as TNFa
released by apoptotic cells as described above.

Whnt signalling components are upregulated after injury and play an important
role in balancing and maintaining proliferation. Both hyperstimulation (inhibiting
retinal differentiation) or inhibition (premature differentiation with too little
proliferation) negatively impact regeneration [114, 167]. Wnt signalling is one of
the central pathways during the regenerative glial response. For example, Miiller
glia dedifferentiation and progenitor formation can be driven by inhibiting glyco-
gen synthase kinase-33 (GSK-3p), a known inhibitor of Wnt signalling [167].
Also, injury-dependent induction of Asclla activates Wnt signalling by suppress-
ing the Wnt inhibitor Dickkopf (Dkk1b) and inducing the Wnt ligand Wnt4a and
receptors such as Frizzled 2 (Fzd2) [167]. The asymmetric division mode by
which activated Miiller glia generate one proliferative progenitor, while maintain-
ing the other daughter as a Miiller glia cell, also depends on Wnt signalling.
Without Wnt, both daughters from the initial mitotic division accumulate in the
ONL [114]. Similarly, in rats and mice, components of the Wnt pathway (Wnt3a,
B-catenin) promote proliferation of neurospheres by leading to an increased
expression of cell cycle genes including cyclin D1 [76, 168]. In chick, Wnt signal-
ling regulates the Notch pathway (via Hairyl) to mediate progenitor mainte-
nance at the CMZ [169].

Thus, Notch signalling interacting with Wnt is also involved in this response.
Consistently, members of the Notch-Delta signalling pathway such as Notchl and
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Notch3 are upregulated in proliferating cells that co-express retinal progenitor
markers after heat-induced injury in zebrafish [48].

The hedgehog pathway also functions to drive proliferation during development.
For example, during chick development, inhibition of sonic hedgehog (shh) by
cyclopamine results in inhibition of proliferation [170]. In 72 hpf Shh zebrafish
mutants, the cell cycle exit is delayed, suggesting a role for hedgehog signalling as
well [171]. In Xenopus, Hh also regulates the speed of cell cycle and cycle exit.
Embryonic Hh overexpression leads to premature cell cycle exit and subsequent
reduction in eye size, while Hh inhibition results in slower division and delayed cell
cycle exit [172]. In postnatal mice heterozygous for Patched receptor mutations
(Shh signalling), the retina contains a persistent zone of proliferating cells, which
resembles the CMZ in lower vertebrates. This zone has increased proliferative
activity in a retinal degenerative background [170]. Upregulated Hedgehog signal-
ling also correlates with an increase in proliferation in the ciliary body of the retini-
tis pigmentosa mouse model from 30 days postnatal development [173], suggesting
that this embryonic signalling pathway may also be involved in a regenerative
response in a pathological background [37].

Purine nucleotides have been identified to regulate clonal expansion in vertebrates
[174-176]. In zebrafish, endogenous adenosine diphosphate (ADP) nucleotides act
as a crucial extrinsic signal through the P2Y 1 purinergic receptors to regulate proliferation
during retinal regeneration, possibly as a result of adenosine triphosphate (ATP)
dephosphorylation from dying cells [177]. ADP analogues activating P2Y1 receptors
in non-injured retinas also increase proliferation, while antagonists block prolifera-
tion and increased cell death.

Ciliary neurotrophic factor (CNTF) can act via multiple intracellular signalling
pathways to influence different aspects of regeneration. While being involved in
neuroprotection through a Mitogen activated protein kinase (MAPK)-dependant
pathway, CNTF also acts in activated Miiller glia through Stat3 to stimulate glia
proliferation [178].

Miiller glia themselves also contribute directly to relevant signalling pathways.
One hour after damage, proliferating BrdU-labelled Miiller glia positively regulate
glial dedifferentiation by secreting heparin-binding epidermal-like growth factors
(HB-EGF). HB-EGF acts through the EGFR/MAPK signal transduction cascade to
activate genes associated with retinal regeneration [135]. Activation of HB-EGF by
processing to shed its ectodomain is necessary and sufficient to stimulate Miiller
glia dedifferentiation into proliferating multipotent progenitors [135]. Suppression
of HB-EGF by Insulinoma-associated la (Insmla) restricts the zone of activated
Miiller glia [159]. Upon insmla knockdown, HB-EGF expression is upregulated
and acts upstream of Wnt/p-catenin signalling to promote generation of Miiller glia-
derived progenitors more distant [135, 170]. The knockdown of HB-EGF further-
more reduces progenitor expansion by decreasing proliferating Miiller glia-derived
progenitors with no change in cell death count [135].

Thus, it is clear that complex interactions between various signalling pathways are
carefully orchestrated to generate the appropriate regenerative response (Fig. 3.3b) [115].
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3.6 Miiller Glia-Derived Regenerated Retinal Cells

3.6.1 Cell Cycle Exit and Differentiation

Regenerating progenitors, like their developmental counterparts, must eventually
stop proliferating to differentiate and generate new postmitotic cells. Though the
early activation and proliferation response of Miiller glia is remarkably similar in
different injury models, the timing and stages of neural differentiation depend highly
on the injury model and cell types that are damaged in the first place. Recent work
has started to identify the role of various factors during this phase (Fig. 3.3c, d).

Factors identified by microarray and subsequently shown to be important for this
phase include midkine a and b (heparin-binding growth factors). Both midkines are
upregulated during the proliferation and differentiation of photoreceptor regenera-
tion in Miiller glia and some neurogenic progenitors [179]. Midkine a is necessary
for cell cycle progression and timing of cell cycle exit, although it is not sufficient
to affect cell cycle exit when overexpressed [180, 181]. During development, mid-
kine a acts via Inhibitor of differentiation 2 (Id2a), a transcription repressor that
controls Notch signalling to regulate proliferation versus differentiation [182].

The Notch signalling pathway has been implicated in regulating fate choices to
either allow clonal expansion or neural differentiation after retinal damage in fish.
Activated Notch signalling markers such as Notch3 and Delta are elevated 7 days
post-mechanical injury (small excision of the dorsal retina) and maintained until
21 dpi [183]. This timing overlaps with the late stages of progenitor expansion sug-
gesting possible involvement in regulating progenitor proliferation and cell cycle
progression [48, 67, 183]. The inhibition of Notch by the neuronal marker Atoh7 has
recently been shown to promote differentiation in mammalian stem cells, suggesting
that similar signalling mechanisms can act as major players in maintaining proliferation
and preventing premature differentiation of progenitors across different vertebrate
species [184].

Insmla, described above to play a role in glia activation, also regulates the cell
cycle and neuronal differentiation. After injury, Insm1a becomes restricted together to
the injury site at 2 dpi [159]. Insm1a expression becomes localised to progenitors and
peaks between 4 and 6 dpi. Increased expression of Insmla in these progenitor cells
suppresses cycling genes such as ccnbl, cendl, cdkl, cdk2, thus promoting cell cycle
exit. Knockdown of Insmla at 4 dpi suppresses the cell cycle inhibitor cdknlc and
results in an increased progenitor population.

3.6.2 Neural Differentiation

Following cell cycle exit, regenerating cells must differentiate to form new neurons
and Miiller glia (Fig. 3.3d). Differentiation towards specific cell types can be driven
intrinsically by fate determinant factors, many of which are expressed during
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development. In mouse explants for example combinatorial expression of Math3,
NeuroD with or without Pax6 and Six3 can generate rods or amacrine cells [185].
The type of injury determines which neurons are affected. This may in turn influ-
ence this differentiation stage, for example by resulting in distinct extrinsic factors
released at the injury site. In mouse, after NMDA treatment, regenerating neurons
generate amacrine cells, expressing calretinin, NeuN, Pax6, Prox1 and GAD67-
GFP, thus biasing regenerating cells specifically towards the missing cell type [152].
Use of kainite and colchicine, which destroy ganglion cells, versus NMDA, which
does not, was shown to specifically result in regeneration of neurons with ganglion
cell type gene expression and morphology [70]. In zebrafish, evidence for cell type-
specific regeneration is accumulating. Light damage of photoreceptor, for example,
causes regenerating cells to be biased to differentiate towards photoreceptors [85, 101].
The signals that instruct Miiller glia to generate specific neurons can be very spe-
cific and can bias regeneration even towards a specific subtype of photoreceptor
[186]. However, in other injury models glia are biased towards a specific cell fate,
such as photoreceptors (influenced by Wnt, Shh, a-AA signalling), even though
other cell types are damaged [3]. The possibility that endogenous cells within the
injured retina or exogenous cells, such as cultured stem cells, may be able to recognise
specifically which retinal neurons need to be replaced from the injured microenvi-
ronment is enticing. Characterisation of different injury models affecting different
types of neurons need to be continued to investigate to what extent these extrinsic
factors can influence cell fate decisions.

Microarray studies have allowed us to identify a range of upregulated transcription
factors that control cell cycle exit, differentiation and fate specification. For example,
Olig2 and Atoh7 are expressed at 68 and 96 hpi, respectively, in light lesioned
zebrafish, probably reflecting the necessary upregulation of these genes for the
differentiation into new photoreceptors. Results from these microarray studies are
backed up by functional studies, showing for example that Atoh7 in rat drives gan-
glion cell regeneration [184]. A potential zebrafish orthologue of the photoreceptor-
specific nuclear receptor gene NR23 is also expressed at 96 hpi, similar to that of
Atoh7. In addition, microarrays can identify potential retinal regeneration genes in
zebrafish that are already known to be important in other animal models. For example,
thyroid hormone receptor f (Trb), which is crucial for normal rodent green cone
photoreceptor development in microarray studies, is upregulated at 68 hpi in zebraf-
ish [103]. Similarly, Crx is upregulated as Pax6 becomes downregulated during
teleost regeneration (Fig. 3.3d) [60].

A large body of evidence suggests that the cellular and molecular events involved
in differentiation during regeneration are remarkably similar to those observed dur-
ing development [43, 44, 48, 179, 187]. However, the timing of neural differentia-
tion during adult regeneration is much slower than during development. Whether
this is a true difference between neural progenitors in development and Miiller glia-
derived progenitors, or whether the changed environment influences timing remains
unknown. Studies of regeneration timing in different paradigms are being used to
assess whether molecular expression and fate determination mirrors the sequence
observed during experiment. For example, we can compare the regeneration of
early and late born retinal neurons. Ouabain, which ablates all neurons at high
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concentrations, can be used at low local concentrations to selectively affect
ganglion cells. Selective loss of ganglion cells (the firstborn neurons during devel-
opment) results in differentiation of newly generated ganglion cells already at 7 dpi
[86]. These regenerating ganglion cells first transiently express Atoh7, Pax6 and
ZnS, which are associated with developmental ganglion cell fate specification and
axonal outgrowth, followed by late differentiation markers such as HuC/D (at
14 hpi) and full retinal lamination is fully re-established by 60 hpi [86, 87].
Interestingly, higher concentrations of ouabain, which destroy other retinal neurons
as well, re-establish normal layering also by 60 hpi. This indicates that the timing of the
overall regeneration is unchanged by the increased damage or/and involvement of
additional retinal neuron types [86].

By contrast, photoreceptors (later born during development) lost in light dam-
aged retinas return to their normal density already by 28 dpi [85]. Whether this is in
part due to the involvement of photoreceptor precursors additional to glia cells or
differential response by Miiller glia remains open. As photoreceptors are usually
generated after ganglion cells in development, it is interesting to speculate that
regeneration of specific cell types may not need to progress through the same gene
expression and lineage sequence that is so reproducible during development.

The relative spatiotemporal expression patterns of Atoh7, Pax6, Islet-1, Hu and
Neurolin in regenerating retina parallel their expression pattern during retinogenesis
in the developing zebrafish. However, some developmental markers such as Brain-
specific homeobox 3b (Brn3b), Fibroblast growth factor 8 (Fgf8) and shh [188-190]
are not re-expressed after ouabain-induced ganglion cell loss [87, 136]. This differ-
ence may be due to the different microenvironment generated in these injury models.

Additionally, regeneration may involve processes that are not required during
development. For example, [-galactoside-binding protein galectin 1-like 2
(Drgall-L2) is usually only expressed in the notochord of the developing zebrafish,
not in the retina (Vasta 2004). However, retinal progenitors of light lesioned zebraf-
ish retina secrete Drgall-L2, a knockdown of which causes a reduction in the num-
ber of regenerated rods without affecting proliferation [191]. Thus, although the
microenvironment generated after retinal injury is thought to resemble embryonic
stem cell niches [48], molecular differences do exist. Additionally regenerating
photoreceptors while becoming functional fail to reconstitute the mosaic pattern
that is established in larva during the late developmental phase [85], suggesting that
regeneration cannot completely recapitulate retinogenesis during development.
How these differences affect the regenerative response in terms of number of cells
differentiated, re-integrated and functioning needs to be determined.

3.6.3 Miiller Glia Differentiation

Miiller glia themselves must also be maintained or regenerated, due to their important
role during adult retinal function (Fig. 3.3e). Because Miiller glia markers such as
GFAP are initially downregulated as glia re-enter the cell cycle, but recover by 17
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days post-light lesioning, Miiller glia are believed to regenerate [69]. The dedifferen-
tiation and redifferentiation of Miiller glia-derived progenitors into mature Miiller
glia can be observed by following expression of Ngnl. Ngnl is absent from the adult
zebrafish retina, but becomes upregulated in Miiller glia around 72 hpi. As these
Miiller glia dedifferentiate, they loose their glial markers, but start being labelled
with Ngnl. Subsequently these same Ngnl-labelled cells start re-expressing glia
markers as some of these regenerating cells regenerate mature Miiller glia [103].

Some of the pathways important in early stages as described above also play
roles at these later differentiation stages. For example, disregulation and enhanced
TGF signalling has drastic consequences, inhibiting proliferation and driving glial
fate at the expense of neurogenesis [137]. Insmla not only drives cell cycle exit in
differentiating neurons, but HuC/D immunostaining also showed that differentiated
neurons were rare in Insmla knockdown retinas at 6 dpi, revealing a role of Insmla
as a driver of neuron differentiation [159].

3.6.4 Survival and Functional Integration

Characterising the recovery of lost cell number and general retinal morphology has
been the main method of assessing retinal regeneration. With the advent of non-
invasive techniques, this can also be carried out to some extent in living adult ani-
mals including zebrafish. For example spectral-domain optical coherence
tomography can be used to quantify retinal layer thickness, making use of differen-
tial light scattering properties of the nuclear and synaptic retinal layers [192]. The
final outcome and ultimate measure is the restoration of functional vision. Newly
generated neurons must also survive, regenerate axons to appropriate targets and
functionally integrate into existing neural networks. The delay observed between
histological retinal restoration and behavioural recovery is believed to be due to the
long-range axonal navigation [87].

A defining factor of regeneration of ganglion neurons is the regrowth of their long
axons. These axons connect the retina to their primary visual targets in higher brain
areas and are also crucial for ganglion cell survival. Teleosts such as goldfish exhibit
a broad capability to regenerate their axons [193], which survive in the absence of
glial scar formation [194]. By contrast mammalian axon regeneration is significantly
reduced, being inhibited by myelin and scar formation [195-198]. Regenerated axons
in teleosts undergo successful pathfinding to their target sites, though some of them do
follow wrong projection pathways during regeneration as compared to development
[199, 200]. In teleosts, axons successfully project to at least one of the ten different
target sites in the diencephalon and mesencephalon, which are re-innervated by 4-6
weeks after optic nerve lesioning [194]. After re-innervation, refinement occurs via
signalling pathways such as ephrins and Eph receptors [201].

In parallel with refinement and reorganization of axonal connections vision is
gradually restored. This can be measured with various methods including electro-
physiology and behavioural output. The electroretinogram (ERG), which evaluates
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retinal function, has been used in many models, including embryonic and adult
zebrafish [202] to follow degeneration and regeneration. As in mammals, a recording
electrode is placed onto the cornea of the zebrafish and the electrical output gener-
ated from retinal neurons is assessed by three distinct waveforms by inducing flash-
ing light, while changing factors such as light intensity and duration [203]. Functional
recovery of photoreceptor activity in goldfish [204] and rainbow trout [205] has been
measured using ERGs. Additionally methods available to monitor functional recov-
ery include visual-driven behaviour tests in zebrafish [87] including optokinetic nys-
tagmus [206], dorsal light reflex [204, 207] and escape response [208]. For optokinetic
response or nystagmus, teleost eye movements are tracked in response to moving
grating stimuli [206, 209, 210]. This method was used to show that ouabain-induced
retinal damage and subsequent ganglion cell regeneration resulted in functional
recovery comparable to control animals by 98 hpi. Future investigations into the
potential of different strategies must integrate these functional long-term assess-
ments, as functional recovery represents the ultimate goal of regeneration.

3.7 The Role of Extrinsic Cues During Retinal
Development and Regeneration

In addition to gene regulation being functionally conserved between development
and adult growth/regeneration, there is mounting evidence that this conservation is
also observed with extrinsic factors, including the presence of growth factors and
the microenvironment at the injury site. For example, embryonic Miiller glia trans-
planted into adult chick retinas fail to differentiate into neurons, suggesting that the
aging environment no longer supports this process [70]. Excitingly, BrdU incorpo-
ration in mouse can be increased by growth factors, showing that identification of
external factors present a feasible avenue for increasing regeneration [152, 211].
Consistently, data from murine studies also show improved integration of regener-
ated neurons is improved in diseased retina, revealing the importance of environ-
mental signals [212].

In response to injury, many types of growth factors are produced to improve the
response during the different phases we describe here, including Fgf [213-217]. In
zebrafish, Fgf signalling is crucial for eye patterning and normal morphogenesis
during development and regeneration of neurons after lesioning. Fgf signalling is
necessary for the maintenance of differentiated photoreceptors as inhibition of Fgf
signalling results in rapid photoreceptor degeneration and disorganisation [218,
219]. During retinal regeneration, inhibition of Fgf signalling results in a reduction
in proliferation after light lesioning [218] and intravitreal Fgf injections contribute
to increased rod progenitor proliferation [219]. The Fgf pathway is similarly
involved in amphibian and chick retinal regeneration [220, 221]. Other signalling
pathways and secreted peptides involved in vertebrate retinal regeneration, some of
which have been discussed in this chapter, include Shh [148, 221, 222], Wnt [114],
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Insulin growth factor (IgF) [223, 224], EGFR [135], Notch [225], bone morphoge-
netic protein (BMP) [226, 227] and Jak-Stat [103], taurine [228], retinoic acid
[229], neurotrophin factor 3 [230] and CNTF [178, 214, 216, 231].

Some of these signalling pathways are now being tested in other animal models.
The introduction of extrinsic factors in optic nerve crush injured mice improves
survival and axonal regeneration and prevents further neuronal damage [232].
Intravitreal injection of constitutively active Ras-related C3 botulinum toxin sub-
strate 1 (Racl) Rho-related small GTPase protects ganglion cells from injury-
induced death in vivo, permitted the elongation of axonal outgrowths to their target
site and prevented axonal degradation. In addition, intraocular injections of CNTF
and BMP4 into chick prior to toxin-induced injury reduces the death of amacrine
and bipolar cells [233]. al-tubulin is upregulated in retinal ganglions cells and was
shown to be necessary to regenerate axons after damaged optic crush injury in zebraf-
ish [81]. In vivo, fubala mRNA knockdown after optic crush results in a suppressed
regeneration of ganglion axons without increasing cell death [234]. These studies
show the potential of using rapidly gained information from the zebrafish system to
test the capacity to influence these processes in higher vertebrates.

3.8 Concluding Remarks

For successful progress, therapeutic approaches must continue to target all aspects
of retinal diseases/disorders including prevention or slowing of disease, enhancing
neuroprotection and survival of existing neurons, as well as improving regeneration
of endogenous cell sources and regeneration driven by exogenous stem cell sources.

Past studies have drawn on the particular strength of the vertebrate zebrafish sys-
tem for expanding our knowledge on the signalling pathways involved during retinal
development, identifying factors differentially regulated during the highly regenera-
tive response after retinal injury and performing functional loss and gain of function
studies for candidate genes. The zebrafish retinal regeneration field has contributed
towards our understanding of how the resident glia cells are activated, how they
dedifferentiate to give rise to progenitor-like cells that are similar, yet not identical
to developmental progenitors, how proliferation and cellular expansion are con-
trolled and how newly regenerated neurons and glia finally exit the cell cycle and
differentiate. Here, we summarised some of the recent signalling pathways and their
role at different regenerative stages.

Given the potential of mammalian Miiller glia to respond to injury, activate
some regenerative response, re-enter the cell cycle and differentiate into various
neurons either in vivo or in vitro, the goal now remains to improve each of these
steps and survival and integration of regenerated neurons. As the retina is one of
the main organs currently in clinical trials for stem cell-based therapy [38], pro-
cesses uncovered during Miiller glia-driven zebrafish regeneration will be benefi-
cial to improve these approaches. Identified signalling pathways can be used to
drive differentiation of stem cells exogenously in culture. No drastic differences



72 J.Ngetal.

have been identified between the highly regenerative versus the vertebrate species,
with more limited regenerative capacity. This is in line with the general conserva-
tion in anatomy, function and molecular developmental mechanisms across all ver-
tebrates. Thus, with the genetic similarities discovered during development of
vertebrates from zebrafish to humans, improving the existing Miiller glia response
in mammals by addition of combinations of pro-regenerative factors that are so
rapidly being discovered in the zebrafish represents a realistic goal. As this work
continues into the future in parallel with mammalian studies that assess similarities,
differences and limitations between the systems, the hope is that Miiller glia-derived
regeneration can be improved in higher vertebrates.
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4.1 Introduction

4.1.1 The Remarkable Regenerative Capacity
of the Urodele Amphibian Retina

It is in the mid-eighteenth century that the Swiss naturalist Charles Bonnet observed
the process of regeneration in many species including worms, hydras, starfish,
snails, crayfish, and amphibians. He discovered that the newt (an urodele amphib-
ian) could regenerate its eyes when small parts were removed [1]. A 100 years later,
Philipeaux [2], Griffini and Marcchio [3], Colucci [4], and Wolff [5] highlighted
that the regenerative capacity of the newt retina was actually much broader since it
could reform even after entire ablation. This led to further investigations in the
twentieth century, aimed at documenting the cellular sources contributing to this
process. An unambiguous candidate, that can efficiently transdifferentiate upon reti-
nectomy, proved to be the retinal pigmented epithelium (RPE), the cell layer overly-
ing the neural retina [6—13]. Besides, new retinal neurons can also originate from
the ciliary margin, a small peripheral region of the adult eye that contains mitoti-
cally active retinal cells [6, 9, 12, 13]. Although urodeles were prominently used as
models for experimental embryology [14], they did not really move into the genom-
ics and reverse genetics era of the twentieth century. Consequently, the molecular
mechanisms underlying their acknowledge regenerative retinal capacities remain
largely unexplored.
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4.1.2 Xenopus laevis as a Novel Model System
Jor Retinal Regeneration Studies

In the 1950s, the South African clawed frog Xenopus laevis, an anuran amphibian,
was favoured by molecular and developmental biologists and ultimately supplanted
the newt. Although its ability to regenerate organs is much less pronounced than that
of urodeles, it also recently emerged as a leading model for regeneration research
[15]. Regarding the retina, it was long known that regeneration could occur in larvae
after resection of up to two-thirds of the eye [16-22]. This potential was however
thought to disappear after metamorphosis [23]. Yet, adult Xenopus RPE proved as
plastic as the newt one. It could indeed reform a new retina when grafted in a host
posterior eye chamber [24-26]. In 2007, Yoshii et al. therefore re-investigated this
issue and demonstrated that Xenopus can actually regenerate its retina at post-
metamorphic stages following retinectomy [27]. In this chapter, we review recent
progress in the field focussing on the resurgence of Xenopus as a model system for
retinal regeneration studies. Given the potential applications for regenerative medicine,
we will highlight the opportunities offered by this model to uncover the underlying
cellular and molecular mechanisms.

4.2 Retinal Regeneration in Amphibian via RPE
Transdifferentiation

4.2.1 RPE Is a Major Cellular Source for Xenopus
Retinal Regeneration

The RPE is a monolayer of pigmented epithelial cells located in between the neural
retina and the choroid where it forms the outer blood—retinal barrier. It is endowed with
multiple essential functions for the visual process including transport of nutrients, ions
and water, absorption of excess incoming light, phagocytosis of shed photoreceptor
membranes and protection of the retina structural and physiological integrity. As in uro-
deles, Yoshii and collaborators found that the RPE constitutes a major cellular source for
de novo production of retinal cells in Xenopus [27-29]. This occurs through a transdif-
ferentiation process where RPE cells dedifferentiate, undergo several rounds of cell divi-
sions and eventually give rise to all types of retinal neurons. Two series of arguments
favour the hypothesis that at least part of the regenerating retina has an RPE cell of ori-
gin. First, it stains positive for RPE65, a specific marker of RPE cells [26, 27]. Second,
grafting green fluorescent protein (GFP)-labelled RPE into a retinectomised eye results
in a newly formed neural retina that also expresses GFP [30].
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Of note, the amphibian RPE neurogenic potential probably finds its source in a
common embryonic origin shared with the neural retina. Both indeed derive from ocu-
lar precursors with bi-potential competence of the young optic vesicle and it is only at
the optic cup stage that both fates become determined [31]. Clearly however, even in
the adult, the amphibian RPE remains plastic, which allows it to transdifferentiate into
neural retina following damage. In contrast, except in pathological situations, this
property is limited to a restricted developmental window in birds and mammals [31,
32]. Whether this is due to an intrinsic repression of the retinal program in RPE cells
and/or to extrinsic constraints from the retinal environment is presently unclear.

4.2.2 Role of the Retinal Vascular Membrane for RPE Cell
Transdifferentiation

Interestingly, the transdifferentiation process occurring in Xenopus differs from that
previously described in the newt. In the latter, RPE cells lose their cellular junctions,
start proliferating, undergo depigmentation and locally form a bilayered structure con-
sisting of both presumptive RPE and neural retina [32]. In contrast, Xenopus RPE
cells do not transdifferentiate inside their original site [27]. Instead, a subpopulation
detaches from the RPE monolayer and migrates through the vitreous onto the retinal
vascular membrane (RVM) where it forms a novel neuroepithelium (Fig. 4.1). Similar
behaviour has been described as well in the anuran amphibian, Rana catesbienna
[33]. The RVM, which constitutes the inner limiting membrane of the retina, consists
of a basement membrane and numerous blood capillaries. It is assumed that its persis-
tence following retinectomy is a sine qua non condition for regeneration to occur [27].
This could be the reason why previous studies were unsuccessful to reveal the regen-
erative potential of the post-metamorphic Xenopus retina. In line with this hypothesis,
Yoshii and collaborators observed that when the RVM is intentionally removed, the
retina does not regenerate [26, 27, 32]. The molecular nature of the RVM that pro-
vides such permissive conditions for RPE cell transdifferentiation remains to be
investigated. A potential candidate originally identified in Rana catesbienna is lam-
inin, a major extracellular matrix component, since its blockade through intraocular
injection of a specific antibody inhibits retinal regeneration [34-36].

4.2.3 Influence of the Choroid on RPE Cell
Transdifferentiation

Besides this differential requirement for RVM between newt and Xenopus, a common
feature that emerged from several studies is the essential role played by the choroid in
the regeneration process. This tissue is the vascular layer of the eye and is separated
from the RPE by an extracellular matrix called the Bruch’s membrane. RPE/choroid
interaction was mainly analysed in organotypic cultures [27, 37-39]. In this system,
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Fig. 4.1 Retinal regeneration via transdifferentiation of the RPE in Xenopus laevis. Following
retinectomy (b, ¢), some RPE cells detach from Bruch’s membrane, start expressing Pax6 (red),
migrate and attach to the remaining RVM, where they form a new epithelium (d). RPE cells
anchored onto the RVM initiate proliferation and transdifferentiate into neural precursors (e). They
finally regenerate the whole neural retina, while RPE that remained attached to the Bruch’s mem-
brane renews itself (a). CB ciliary body, CMZ ciliary marginal zone, RVM retinal vascular mem-
brane, RPE retinal pigmented epithelium, ONL outer nuclear layer, INL inner nuclear layer, GCL
ganglion cell layer. Adapted from [26, 32]

when both tissues are left assembled, numerous RPE cells rapidly migrate out of the
explant and progressively acquire neuronal characteristics. This fails to happen
when the choroid is removed but can be rescued by re-associating the two tissues
with a membrane filter in between, suggesting the need for diffusible substances
emanating from the choroid [27, 38] (see below Sect. 4.2.5).

More recently, new advances in RPE/choroid interactions were gleaned from a new
culture method allowing for 3D reconstruction of retinal structures from Xenopus RPE.
The explants are overlaid by a gel matrix as a substitute for the RVM to better mimic the
in vivo situation [37, 40]. Under such conditions, when isolated sheets of RPE are cultured
in the presence of appropriate growth factors (see paragraph below), a whole layered neu-
ral retina forms. In contrast, such regeneration does not occur when the RPE remains
physically attached to the choroid [37, 40]. As a whole, these experiments thus suggest that
transdifferentiation requires (1) alterations in cell-to-cell and/or cell-to-Bruch’s membrane
interactions and (2) diffusion of signals emanating from the choroid.
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4.2.4 Reactivation of Eye Field Transcription Factors
During Transdifferentiation

Pax6 is part of the “eye field transcription factors” (EFTF), which at the neurula
stage determine the presumptive eye region and are characterised by their ability to
induce ectopic eye formation following misexpression [41]. It is later expressed in
the whole optic vesicle and then vanishes in the differentiating RPE at the optic cup
stage. In newts as in frogs, reactivation of Pax6 expression represents an early
molecular change associated with RPE transdifferentiation [27, 42, 43]. Using
organotypic cultures, Nabeshima et al. [40] further revealed that Pax6 up-regulation,
as well as that of Rax, another EFTF, crucially depends on the loss of adhesion with
the Bruch’s membrane. How loss of adhesion triggers these transcriptional changes
remains unknown. Of note, Rax has been shown to be required for proper regenera-
tion following retinal resection, using a transgenic shRNA-based approach in pre-
metamorphic Xenopus larvae [44]. Together, such re-expression and involvement of
EFTF suggest that RPE transdifferentiation involves a reprogramming event
towards an embryonic-like retinal state. Further investigations, including transcrip-
tomic analyses, are however required to determine to which extent transdifferentiat-
ing RPE cells are comparable to young stem/precursor cells of the optic field.

4.2.5 Growth Factor Implication in RPE Cell
Transdifferentiation

The fibroblast growth factor (FGF)-mediated MEK-ERK signalling is an accepted
“pro-retinogenic” core pathway known to be sufficient for fate switching of immature
RPE into neural retina during embryonic development [32]. In line with this, among
several tested growth factors, FGF2 was found the only potent inducer of Xenopus
RPE transdifferentiation in vitro [34]. Mitsuda et al. further demonstrated in newt
organotypic cultures that FGF2 addition could compensate for the absence of choroidal
diffusible signals [38]. More recently, FGF?2 ability to promote amphibian regeneration
was assayed in vivo in Xenopus tadpoles, following complete removal of the neural
retina, including the RVM [45]. As mentioned above, RPE transdifferentiation does not
occur spontaneously under such conditions. However, an FGF2-soaked bead placed
inside the retinectomised eye is sufficient to trigger the regeneration of a complete
layered retina. This raises the question as to whether endogenous FGF pathway is actu-
ally required during RPE transdifferentiation. Vergara and Del Rio-Tsonis found that
expression of FGF receptors 1 and 2 are strongly upregulated following retinectomy.
This suggests that retina removal enhances responsiveness to FGF signalling. In addi-
tion, MEK-ERK signalling blockade was found to inhibit the regeneration process in
both Xenopus and newt [45, 46], as previously reported in chick [47, 48].
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Another question is whether and how FGF pathway is linked to the aforemen-
tioned reactivation of EFTF during RPE transdifferentiation. Kuriyama et al. [37]
found that early up-regulation of Pax6 observed when RPE cells detach from the
choroid still occurs when MEK-ERK signalling is inhibited. However, FGF2 seems
to be needed for sustained expression of the transcription factor during the transdif-
ferentiation process. This led to the proposal of a two-step model: an FGF-
independent step where loss of interaction with the basement membrane leads to a
reversible Pax6 induction and a FGF-dependent step further driving Pax6-positive
RPE cells into neuronal progenitors [32, 37].

4.3 Retina Regeneration by Stem Cells of the Ciliary
Marginal Zone

4.3.1 The CMZ Sustains Continuous Retinal Adult
Neurogenesis

The ciliary marginal zone (CMZ), that lies in the peripheral region of the eye
between the iris and the retina, is a specific structure of the fish and amphibian eye,
only transiently found in post-hatched chicks and absent in mammals. It contains
actively proliferating cells which contribute to continuous retinal growth through-
out the animal life (Fig. 4.2a, b) [49-52]. Indeed, the use of birth date indicators
such as *H-thymidine highlighted that new rings of retinal cells are constantly added
from this zone. In addition, single cell lineage analysis revealed a broad range of
clone sizes, strongly suggesting that the CMZ harbours at least two types of cells:
self-renewing stem cells and progenitors that only undergo a limited number of

post-mitotic
neuroblasts

progenitor
cells

stem cells

Fig. 4.2 Organisation of the Xenopus laevis CMZ. (a, b) Proliferative cells were labelled with
EdU (red, 5 hr pulse). Nuclei are counterstained with Hoechst (blue). Non-specific staining is
observed in the lens. (b) Magnification of the delineated region in (a) showing the CMZ (dashed
line). Stem cells in the most peripheral region are EdU-negative due to their slow cell cycle kinetics
(arrow). (¢) Schematic representation of (b). GCL ganglion cell layer, INL inner nuclear layer, /PL
inner plexiform layer, ONL outer nuclear layer, OPL outer plexiform layer. Scale bar=25 pm
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divisions [53]. The cell composition of the clones further indicated that CMZ cells
are able to give rise to all types of retinal neurons and Miiller glia [53]. Recently,
elegant experiments based on long-term in vivo lineage analyses of individual
labelled cells in fish firmly demonstrated that the CMZ indeed contains bona fide
stem cells that self-renew and are multipotent [54].

Comparative analyses of gene expression patterns revealed that the spatial
organisation of the Xenopus CMZ mirrors the temporal sequence of retinal devel-
opment, with stem cells residing in the most peripheral margin, followed more
centrally by progenitors and their post-mitotic progeny (Fig. 4.2c) [55-59].
Localisation of retinal stem cells in a geographically identified niche confers clear
advantages to the CMZ as a model to study neural stem cells. However, not so far
ago the number of available specific markers of these cells was still very limited
[57, 60]. Recently, Xue and Harris [61] showed that the most peripheral cells of the
CMZ can be distinguished as being positively labelled for c-myc and negatively for
n-myc. Furthermore, short- and long-term EdU labelling revealed that these
c-myc*/n-myc~ cells exhibit a specific proliferative behaviour compared to more
central progenitors. They are notably characterised by self-renewal and low rates
of division and thus likely correspond to the stem cell pool. To gain further insights
into the molecular signature of CMZ retinal stem cells, we performed a large-scale
in situ hybridisation screen in Xenopus and identified 18 novel markers specifically
expressed at the tip of the CMZ [62]. Genes identified in this screen can be easily
retrieved in the searchable database XenMARK [62-64]. Interestingly, analysing
the developmental expression pattern of some of them, such as Hes4 (that encodes
a transcriptional repressor of the bHLH-O family), revealed new insights into the
cell of origin of adult retinal stem cells, a yet unresolved issue in the field. Our
results indeed suggest that they likely originate from a discrete population of cells
located at the border between the presumptive RPE and neural retina at the optic
vesicle stage [65].

4.3.2 The CMZ Contributes to Xenopus Retinal Regeneration

Although Xenopus regeneration is believed to be mostly RPE dependent, several
lines of evidence support a contribution of the CMZ to retinal repair. Following
retinal degeneration induced by devascularisation in Rana castesbienna tadpoles,
both processes indeed take place simultaneously and a new retina is generated
centrally from RPE cells and peripherally from increased proliferation of the CMZ
[33]. Regarding post-metamorphic Xenopus laevis, Mitashov and Maliovanova
[66] noticed that when the retina was removed from the eye, RPE transdifferentia-
tion did not occur (probably, as mentioned above, because RVM had been removed
as well). They nevertheless still observed partial regeneration likely originating
from the remaining ciliary margin. In line with this, in the Xenopus model of reti-
nectomy that leaves RVM intact, a non-RPE origin of some regenerating cells was



4 Stem Cells and Regeneration in the Xenopus Retina 91

also suspected by the presence of non-pigmented RPE65-negative neuroepithelial
cells at the periphery of the RVM, in close vicinity of the CMZ [26, 27]. In a less
drastic lesional paradigm of punch biopsy that removes a transverse section of the
eye, including the choroid, RPE and retina, increased proliferation and neurogen-
esis are observed locally at the site of injury but also more distantly within the
CMZ [67]. Finally, the extent of CMZ contribution might be species-dependent.
Contrasting with the situation in Xenopus laevis, the CMZ was indeed recently
found to be the major cellular source for the regeneration process in Xenopus tropi-
calis after whole retinal removal [68].

The molecular cues that trigger Xenopus CMZ cell activation upon retinal injury
remain largely unknown. We previously showed that Wnt and Hedgehog signalling
are involved in the regulation of their activity in physiological conditions [69-72].
We further recently discovered that these pathways exert opposed and counterbal-
ancing functions in the tadpole CMZ and negatively regulate each other activity
[73]. Such an antagonistic interplay, with Wnt likely maintaining the proliferative
pool and Hedgehog pushing it towards cell cycle exit, is believed to sustain homeo-
static growth. An obvious question is whether injury might trigger an imbalance in
their tight equilibrium that may enhance CMZ activity. Besides, candidate path-
ways, such as FGF and bone morphogenetic protein (BMP) signalling are worth to
be tested since they were shown in the chick model to cooperate, together with
Hedgehog signalling, to promote survival and proliferation of CMZ cells [74]. In
addition, whether regeneration primarily involves changes in CMZ stem cell behav-
iour and/or impacts on the proliferative potential of progenitors also remains to be
further examined.

4.3.3 Restoration of a CMZ in the Regenerating Neural Retina

Interestingly, it is likely that the CMZ can itself be regenerated, permanently or as
a transient structure sustaining reformation of a new retina. After retinal resection
of the nasal-dorsal quarter of the eye, Martinez-De Luna et al. nicely described that
neuroepithelial cells repopulating the wound spatially organise similarly as CMZ
cells [44]. Based on gene expression patterns, different zones can indeed be distin-
guished with a central to peripheral differentiation gradient. It is likely however
that this CMZ-like structure lacks true retinal stem cells since it does not persist
once the gap caused by resection has been refilled with new differentiated cells. In
contrast, the CMZ might be able to regenerate in its endogenous location following
ablation. In a model of retinectomy where both the retina and the CMZ are surgi-
cally removed and regeneration induced by FGF2, a novel CMZ forms in the mar-
gin of the RPE-derived new retina, as inferred by BrdU labelling and expression of
the CMZ marker Ddx39 [75]. Whether this regenerated CMZ possesses self-
renewing retinal stem cells able to sustain continuous retinal growth remains how-
ever to be investigated.
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4.4 Retina Regeneration via Miiller Cells

Miiller cells constitute the resident radial glia of the vertebrate retina. In fish, they
can efficiently regenerate all types of neurons following retinal damage. This poten-
tial is much more limited in birds and even more in mammals. In the latter indeed,
only a few Miiller cells spontaneously re-enter the cell cycle upon injury [58, 76-80].
Where do amphibians stand with regard to Miiller cell-driven retinal regeneration?
Amphibian regeneration was mostly studied following retinectomy, thus preventing
any investigation of a potential Miiller cell involvement. In a newt model of retinal
detachment however, some proliferating cells can be detected in the inner nuclear
layer in addition to the RPE and CMZ. These are possibly Miiller cells and they par-
tially contribute to replace the damaged retina [81, 82]. In contrast, in a more recent
model of conditional rod cell ablation (see below), although Miiller cell hypertrophy
was observed, preliminary experiments mentioned by the authors suggest no
increased proliferation [83]. It is thus likely very different from the fish situation.
However, it cannot be excluded that the occurrence of Miiller cells recruitment dur-
ing amphibian regeneration strongly depends on the type of lesion. We found indeed
that Xenopus Miiller cells can re-enter the cell cycle after a needle-stick retinal injury
(our unpublished data; Fig. 4.3). This clearly needs to be further investigated to deci-
pher in particular whether or not, in such conditions, they actually generate new
neurons. If this were the case, this new lesional paradigm would be extremely valu-
able to study the molecular mechanisms underlying Miiller cell reactivation.

ONL

INL

GCL

Fig. 4.3 CMZ cells and Miiller glia proliferate following retinal injury. Sections were immunos-
tained with anti-PCNA (red; proliferating cells) and anti-CRALBP (green; Miiller cells) antibod-
ies. Nuclei were counterstained with Hoechst (blue). (a) Control eye. (b) Needle-stick damaged
eye. Arrows and arrowheads point to PCNA-labelled Miiller cells in the central retina and CMZ
cells in the peripheral region, respectively. (¢) Magnification of a PCNA-positive Miiller cell. ONL
outer nuclear layer, INL inner nuclear layer, GCL ganglion cell layer. Scale bar=10 pm
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4.5 Transgenic Xenopus Models of Photoreceptor Cell
Degeneration

Although fundamental and valuable information is undoubtedly gleaned from
regeneration studies using retinal resection or retinectomy, such experimental para-
digms are far from mimicking molecular and cellular events that occur in human
retinal dystrophies. The development of transgenesis procedures in Xenopus [84]
allowed the emergence of novel models to investigate the pathogenic mechanisms
underlying retinal degenerative diseases. This was done in particular to study the
molecular basis of Retinitis pigmentosa [85—89], a heterogeneous inherited disorder
characterised by the initial loss of rod photoreceptors. Thirty percent of autosomal-
dominant cases are caused by mutations in the rod opsin gene that encodes the
protein moiety of the photoreceptor light-sensitive pigment rhodopsin. Transgenic
Xenopus expressing the most prevalent rod opsin mutation P23H brought novel
insights into a controversial story by highlighting that photoreceptor death likely
occurs as a result of protein retention in the endoplasmic reticulum rather than by
altered rhodopsin signal transduction [86, 87].

Another transgenic model of rod degeneration was also generated where the
function of kinesin II, a motor protein involved in ciliogenesis, was compromised
[90]. Such a model may offer opportunities to study a class of inherited conditions
known as retinal ciliopathies, which result from dysfunction of the photoreceptor
outer segment, a highly modified and specialised primary cilium [91].

Besides, transgenic Xenopus lines were recently developed to follow the regen-
eration process that accompanies cell type-specific ablation. To conditionally and
selectively induce apoptosis of a targeted neuronal population, the Nitroreductase
(NTR)/Metronidazole (Mtz) system previously developed in zebrafish was adapted
in Xenopus [83, 92]. A transgenic line was generated that expresses Escherichia
coli NTR under the control of the rod opsin promoter. NTR converts the prodrug
Mtz into a cytotoxic DNA cross-linker that does not diffuse to neighbouring cells.
Thus bathing tadpoles in Mtz at a given time leads to specific rod cell death [83].
Noticeably, the authors observed that this is progressively followed by cone degen-
eration [83]. This is of particular interest since this closely mimicks the situation
observed in patients with retinitis pigmentosa. Because of its high cone/rod ratio,
Xenopus is thus particularly suitable to investigate rod—cone interactions during
retinal degeneration. Besides, since the Mtz can be washed away, the system is
reversible, allowing for examination of subsequent photoreceptor regeneration.
Indeed, EdU incorporation assay revealed that newborn rods are formed when
Xenopus larvae are allowed to recover from the Mtz treatment [83].

Of note, seemingly contradictory results were reported using another paradigm
of conditional targeted cell ablation [67]. In their study, Lee et al. used a modified
caspase-9 (iCasp9) transgene placed downstream the Xenopus rod opsin promoter
[93]. Upon treatment with the compound AP20187, iCasp9 is activated and triggers
apoptosis. Interestingly, in this system, secondary cone degenerescence was not
reported and rod photoreceptors did not regenerate following ablation [67]. Such
discrepancies remain unexplained so far. Are cell death mechanisms induced by the
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NTR/Mtz or iCasp9 systems different enough to trigger regeneration in one case
and not in the other one? In line with this idea, Lee et al. observed in their rod-
ablated retina that only additional injury allows for production of new rods and that
it is locally restricted to the site of trauma. Thus, traumatic destruction of the retina
seems required to release signals eliciting regeneration [67]. This concept nicely fits
with the situation recently described in the mammalian brain where only invasive
injury, such as stab wounding, leads reactive glia to acquire stem cell properties. In
contrast, non-invasive brain injury, such as induced neuronal death, fails to activate
proliferation of reactive glia and their conversion into stem-like cells [94]. In this
model, the Hedgehog pathway was shown to be necessary and sufficient to elicit a
stem cell response. Whether in the Xenopus retina Hedgehog is also a traumatic cue
eliciting regeneration would be interesting to investigate.

4.6 Conclusions

Retinal regeneration has been extensively studied in amphibians given their remark-
able ability to regenerate spontaneously. However, the molecular mechanisms
underlying the different steps of the regenerative process (schematised in Fig. 4.4)
still remain poorly understood and may drastically depend on the type and extent of
the lesion. It is nevertheless expected that the multiplicity of experimental para-
digms, including novel ones based on transgenic Xenopus animals, will contribute
to dig further into the cellular and molecular basis of both retinal degeneration and
associated regeneration. This is of particular importance to develop therapeutic
strategies to treat retinal degenerative diseases. These past few years, several
sources of dormant stem-like cells have been identified in the mammalian eye [72,
77]. A promising approach to replace dead neurons, alternative to tissue transplanta-
tion, could thus consist in their endogenous mobilisation. The knowledge gathered
in a species able to efficiently regenerate should help to understand why regenera-
tion is constrained in mammals and learn how to boost the naturally limited prolif-
erative and neurogenic potential of mammalian stem-like cells.
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Fig. 4.4 Schematic representation of the different steps of the regenerative process in the Xenopus
retina. Adapted from [95]
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miRNA Micro RNA

MSC Mesenchymal stem cell
NuRD Nucleosome remodelling and deacetylase
SP Side population

SSEA4 Stage-specific embryonic antigen-4
TDP-43 Tar DNA binding protein-43
TM-MSC Trabecular meshwork mesenchymal stem cell

5.1 Introduction

In recent years, significant advances have been made in using stem cells for eye
research. Conventionally, a stem cell is defined as a cell with the ability to self-renew
and produce two identical daughter cells, each with the same capacity to self-renew,
as well as to differentiate and commit to a specific cell lineage given the appropriate
cue to differentiation [1]. Generally, stem cells can be categorized into two types,
pluripotent stem cells and multipotent adult stem cells. Pluripotent stem cells have
the capacity to differentiate into cells of the three embryonic germ layers: ectoderm,
mesoderm and endoderm, each with the potential to further differentiate down its
specific lineage into more specialized somatic cell types [2, 3]. In contrast, multipo-
tent somatic or adult stem cells exist within various adult tissues, including haemato-
poietic stem cells [4], neural stem cells [5] and mesenchymal stem cells (MSCs) [6].
Furthermore, other MSCs and MSC-like cells derived from adipose tissue [7],
umbilical cord [8], skeletal muscle [9] as well as tissue-specific stem cells residing
within niches found within different adult tissue types such as the epidermis [10], gut
epithelium [11] and corneal limbal stem cells [12] have been described. Compared to
pluripotent stem cells, most of these adult stem cells are more restricted in terms of
their capacity to differentiate. For instance, clonogenic plastic adherent adult MSCs
isolated from bone marrow stroma, first described by Friedenstein and colleagues,
can be induced to undergo adipogenic, chondrogenic and osteogenic differentiation
under the appropriate conditions [13, 14].

In this chapter, we provide an introduction to pluripotent stem cells and highlight
some successful examples for their uses in disease modelling and drug discovery.
Also, we discuss the various populations of adult stem cells within the cornea and
highlight their potentials for eye research.

5.2 Pluripotent Stem Cells

Multiple pluripotent cell types have been identified in human, including embryonic
germ cells derived from foetal gonads [15], embryonal carcinoma cells derived from
teratocarcinoma [ 16], embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs). Human ESCs are derived from the inner cell mass of in vitro fertilized
embryos [2, 3]. These cells are pluripotent and can be propagate indefinitely while
maintaining a normal karyotype. These two characteristics of human ESCs render
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Patient
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Fig. 5.1 Derivation of patient-specific iPSCs has the potentials for disease modelling and development
for drug screening, gene therapy and cell replacement therapy

them an attractive cell source for regenerative medicine. However, the use of human
ESCs in research has been widely debated with ethical concerns surrounding the use
of human embryos for derivation of ESCs. This leads to development of method to
derive human ESCs from single blastomeres that could be biopsied without destroy-
ing embryos [17]. However, such derivation method is highly inefficient and is of
limited use for generation of patient-specific pluripotent stem cells.

In 2006, the seminal discovery by Shinya Yamanaka’s group to reprogram
adult mouse cells to iPSCs initiated a new era of regenerative medicine [18].
Shortly after, human iPSCs were successfully derived in 2007 [19, 20]. The significance
of this discovery was recently recognized by the award of a Nobel Prize to Shinya
Yamanaka in 2012. Unlike ESCs, iPSCs do not carry the ethical concerns with
regards to research with embryos. iPSCs exhibit identical morphology as ESCs,
expression of pluripotent markers and potentials to differentiate into cells represen-
tative of the three germ layers both in vitro and in vivo [19, 20]. Although subtle
differences exist, overall iPSCs and ESCs display similar global gene expression
profiles and epigenetic status [21, 22]. In the mouse, viable progenies have been
generated exclusively by iPSCs using tetraploid complementation, the most strin-
gent assay to demonstrate cellular pluripotency [23]. However, such assay is not
feasible in human due to ethical concerns. Therefore, teratoma assay is widely rec-
ognized as the “gold standard” for pluripotency test in human iPSCs, where iPSCs
are injected into immunodeficient mice to form teratoma consisting of cells repre-
sentative of the three germ layers.

The development of iPSC technology allows for the generation of patient-specific
stem cells, providing a platform for disease modelling and development of drug screen-
ing, gene therapy as well as cellular therapy (Fig. 5.1). Disease-specific iPSCs offer a
unique source for studying pathological progression in the diseased cell types in vitro,
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as well as drug screening to identify novel molecules that can reverse the diseased
phenotypes to improve treatment options. Since these cells are of patient origin, cell
replacement therapy using patient-specific iPSCs would exhibit minimal immune rejec-
tion following transplantation. Finally, gene therapy could be coupled with cell replace-
ment therapy to correct genetic defects in cells derived from diseased iPSC prior to
transplantation. Since the initial derivation of iPSCs, the field has moved forward at a
swift pace. Significant progress has been made in new methods to enhance repro-
gramming efficiency and improve quality of iPSCs. Here we review the reprogram-
ming strategies and factors used for generation of iPSCs and discuss the potentials
for using iPSCs in disease modelling and drug screening.

5.2.1 Reprogramming Factors

The first iPSC generation was made possible by overexpression of four transcription
factors in human fibroblasts, OCT4, SOX2, C-MYC and KLF4, commonly referred
to as the ““Yamanaka factors” [19]. Alternatively, a study from James Thomson’s lab
identified a different combination of factors to generate human iPSCs using OCT4,
SOX2, NANOG and LIN28 [20]. These initial studies of iPSCs reported an extremely
low reprogramming efficiency (<0.02 %). Moreover, although the inclusion of
c-Myc enhanced reprogramming efficiency, it was reported to increase tumorigenic-
ity of the derived iPSCs [24]. In an effort to increase the reprogramming efficiency
and avoid the use of C-MYC, subsequent studies by other groups have reported a
panel of reprogramming factors. These included Esrrb [25], L-MYC/N-MYC [24,
26], SALL4 [27], SV40 LT antigen and hTERT [28, 29]. Initially it was generally
believed that OCT4 is an indispensable reprogramming factor; however, recent stud-
ies have demonstrated that iPSCs can be generated without OCT4 by replacement
with Nr5a2/Lrhl [30] or RARG/RARA [31]. Early embryonic genes such as the
maternal transcription factor GLIS1 [32] and 2 cell-specific factor Zscan4 [33] were
also demonstrated to play a key role in promoting iPSC generation. Furthermore,
micro RNAs (miRNAs) were implicated to promote reprogramming, including mir-
291-3p/mir-294/mir-295 [34] and the mir-302/367 cluster [35, 36]. Notably, the
combination of mir-200c, mir-302 and mir-369 family miRNAs could be used to
generate mouse and human iPSCs with relatively good efficiency [37].

One of the major obstacles in iPSC generation is to overcome cellular senes-
cence. For instance, the efficiency of iPSC generation is significantly decreased
when using high-passage somatic cells with short telomeres [38, 39]. On the other
hand, knockdown of senescence factors like p53, p21°™! or p16™K4 enhances iPSC
reprogramming efficiency [38, 40—44]. Since p53 is a major tumour suppressor and
has a widely recognized role in maintenance of genomic stability, it is not surprising
that iPSCs generated from p53-null fibroblasts show increased chromosomal dam-
age [38]. Although permanent knockout of p53 is not ideal for generating clinical
grade iPSCs, transient shRNA knockdown of p53 seems to be acceptable as the
derived iPSCs display normal karyotype [45]. Moreover, it was reported that



5 Advances in Pluripotent and Adult Stem Cells for Eye Research 105

knockdown of p53 enhances reprogramming efficiency by 100-fold when used with
the Yamanaka factors and UTF1 [44]. In this regards, a more detailed genomic
analysis for iPSCs generated with p53 knockdown will be required to evaluate the
safety of these iPSCs in clinical studies.

Another roadblock for reprogramming is that remodelling of the epigenetic
states in somatic cells is required during early phase of induction to pluripotency [46].
Thus, one strategy to enhance reprogramming efficiency is to target chromatin
modelling regulators. For instance, Mbd3 is a core member of the nucleosome remod-
elling and deacetylase (NuRD) repressor complex that functions in gene silencing by
regulating 5-hydroxymethylcytosine-marked genes [47]. Mbd3 is demonstrated to
play a critical role in maintenance of pluripotency in mouse ESCs. While Mbd3
knockout mouse ESCs are viable, they fail to differentiate in vivo in chimeric embryos
and display incomplete gene silencing [48]. Moreover, knockdown of Mbd3 in mouse
ESCs resulted in trophectoderm differentiation, suggesting that Mbd3 plays a role in
repressing trophectoderm genes in the undifferentiated state [49]. A recent break-
through was reported by Jacob Hanna’s laboratory that depletion of Mbd3 in fibro-
blasts resulted in near 100 % reprogramming efficiency for both human and mouse
iPSC generation within 7 days [50]. Notably, Mbd3 has been previously reported as a
roadblock for reprogramming by Luo et al., where knockdown of Mbd3 enhanced
reprogramming efficiency up to tenfold in the absence of c-Myc [51]. However, Luo
et al. failed to report 100 % reprogramming efficiency by downregulating Mbd3.
These contradictory results could be due to the fact that the “secondary cells” system
used by Rais et al. represents a more sensitive system to measure reprogramming
efficiencies, where all starting somatic cells carry the reprogramming transgenes and
allow homogenous expression. Further research to deplete Mbd3 during iPSC genera-
tion using other starting cell types, such as keratinocytes or haematopoietic cells,
would be important to understand the critical role of Mbd3 during reprogramming.

5.2.2 Reprogramming Strategies

Various delivery systems are developed to deliver the reprogramming factors for
iPSC generation. The first generation of iPSCs utilized viral-based methods to
deliver reprogramming factors. For instance, the initial derivation of mouse iPSCs
is performed using retroviral-mediated introduction of Oct4, Sox2, K1f4 and c-Myc
[18]. Retroviruses represent an efficient gene delivery system; however, transduc-
tion efficiency is low in slow dividing or non-dividing cells. Subsequently, lentiviruses
are used to deliver reprogramming factors in one of the first derivation of human
iPSCs [20]. Compared to retroviruses, lentiviruses offer the capability of high-
efficiency infection in both dividing and non-dividing cells. Furthermore, early
studies indicated that transient expression of reprogramming factors is sufficient to
generate iPSCs and silencing of transgene is important for reprogramming [18, 19].
This leads to development of inducible viral vectors that provide temporal control
of expression of reprogramming factors. Using tetracycline-inducible system,
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iPSCs can be generated with temporal expression of exogenous transgenes during
reprogramming [52-54]. One of the obstacles encountered in iPSC generation is
that successful reprogramming is dependent on co-transduction of multiple viruses
carrying individual reprogramming factors into a single cell. Often, low percentages
of cells are infected by all viruses, leading to low reprogramming efficiency. To
address this issue, polycistronic viral vectors that utilize the 2A self-cleaving pep-
tide are adopted in the generation of iPSCs. Insertion of such self-cleaving peptide
between transgenes allows ribosomal skipping, resulting in expression of multiple
transgenes using a single promoter. This strategy is utilized successfully to generate
mouse and human iPSCs using the Yamanaka factors with as few as a single integra-
tion [55-57].

On the other hand, the disadvantage of lentiviral or retroviral-mediated method
is that they introduced undesirable genomic integration of foreign transgenes during
reprogramming. Thus, excisable gene delivery systems are developed for iPSC
generation, which allow subsequent removal of exogenous factors by cre-loxP
system [58, 59] or piggyBac transposons [60, 61]. However, these excisable gene
delivery systems may still leave undesirable alterations to the genome. For piggyBac
system, excision of transgenes may lead to micro-deletion of the genomic DNA,
whereas Cre-mediated excision of transgenes does not remove the loxP sites.

To address this problem, recent research focuses on the development of non-
integration methods for reprogramming. Firstly, adenoviral vectors are used
successfully to generate mouse and human iPSCs [62, 63], albeit with low repro-
gramming efficiencies. In comparison, Sendai viruses offer a highly efficient
method to generate human iPSCs [64]. Temperature sensitive Sendai viral vectors
are also developed to ensure removal of residual viruses following reprogramming
[65]. However, both adenoviruses and Sendai viruses still require the tedious viral
packaging step to prepare live viruses. Nowadays, one non-viral reprogramming
method that is gaining popularity is the use of episomal vectors. Originally derived
from the Epstein—Barr viruses, these episomal vectors can be transfected without
viral packaging. The use of episomal vectors to generate human iPSCs is first
described by James Thomson’s group [66]. Subsequently, Shinya Yamanaka’s
group described a more efficient method using episomal vectors to deliver OCT4,
SOX2, KLF4, L-MYC, LIN28 and shRNA for p53 [45]. The authors go on to show
that addition of EBNAT, an essential factor for episomal amplification of the vector,
significantly enhanced the reprogramming efficiency [67]. Moreover, polycistronic
episomal vectors have been developed to express OCT4, SOX2, KLF4, C-MYC
and LIN28, providing an integration-free approach for iPSC generation [68].

Other non-integrating, DNA-free reprogramming methods included RNA- and
protein-based methods to deliver the reprogramming factors. Modified mRNAs
have been used to generate human iPSCs successfully [69, 70]. Similarly, mouse
and human iPSCs can be generated with mature double stranded miRNAs only, thus
avoiding the use of vector-based gene transfer [37]. However, multiple transfections
are required for prolonged expression of the reprogramming factors, as mRNAs and
miRNAs are rapidly degraded in vitro. Recent development of self-replicative RNA
simplified this process and only a single transfection is needed for generation of
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human iPSCs [71]. Similarly, direct protein delivery has been described for iPSC
generation by tagging recombinant reprogramming factors with the cell-permeable
poly-arginine peptide [72, 73]. Subsequent research shows that activation of the
toll-like receptor 3 pathway further enhanced the efficiency of reprogramming by
cell-permeant protein delivery by promoting epigenetic remodelling [74].

Finally, many would consider development of an all-chemical reprogramming
method as the “holy grail” in the reprogramming field, as small molecule-based method
provides a completely transgene-free strategy for reprogramming that would be easy to
use and highly controllable. A significant breakthrough is achieved recently by Hou
et al., where the authors described an all-chemical reprogramming approach for gen-
eration of mouse iPSCs [75]. Using seven small molecules (DZNep, TTNPB, forskolin,
valproic acid, CHIR99021, 616452, tranylcypromine), the authors are able to achieve
areprogramming efficiency of up to 0.2 %. It would be interesting to determine if this
approach can be translated to human iPSC generation in the near future.

5.2.3 Using iPSCs for Disease Modelling and Drug Screening

In the past few years, the number of studies on iPSC application has steadily
increased. Here we highlight some successful studies using iPSCs for modelling
neurological diseases and drug screening.

Familial dysautonomia (FD) is a rare debilitating genetic disorder with high rate of
mortality. This disorder is caused by a single point mutation of the IKBKAP gene,
leading to degeneration of sensory and autonomic neurons. In 2009, Lee et al. reported
the successful derivation of iPSCs from FD patients and subsequent differentiation
into peripheral neurons. The authors demonstrated several phenotypes in FD-iPSCs
that are relevant to the disease, including aberrant splicing of IKBKAP, defects in
neurogenic differentiation and migration [76]. Further study identified the plant hor-
mone kinetin as an effective drug to alleviate some diseased phenotypes in these
FD-specific cells, including reduction of levels of mutant IKBKAP spliced form and
increases in neuronal differentiation. Subsequently using high-content drug screen-
ing, the same group identified eight novel small molecules that could also rescue
expression of IKBKAP [77]. Another neural disorder that was successfully modelled
by iPSCs is amyotrophic lateral sclerosis (ALS). ALS is a motor neuron degenerative
disorder characterized by cytosolic aggregation of Tar DNA binding protein-43 (TDP-
43), resulting in paralysis and death. ALS-iPSCs have been generated by several
groups [78-81]. Interestingly, motor neurons derived from ALS-iPSCs show higher
level of mutant TDP-43 aggregates and recapitulated key biochemical aspects in the
disease [78, 79, 81]. Moreover, these ALS-specific motor neurons display cytosolic
aggregates and shorter neuritis [79]. Subsequent drug screening assays have identi-
fied novel molecules that inhibited TDP-43 aggregation and/or rescued the abnormal
neuronal phenotype, including the FDA-approved drug Digoxin [79, 81]. Together,
these studies demonstrated the potential of iPSCs for disease modelling and drug
discovery for potential therapeutic intervention.
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5.3 Adult Stem Cells Within the Cornea

The human cornea is vital for the transmission of visible light to the retina for
sight perception. It is also a protective barrier, shielding the delicate internal intra-
ocular structures of the eye from external factors or damages [82]. This unique
transparent tissue is approximately 500 pm thick and is structurally organized into
five distinct layers. The outermost stratified squamous, non-keratinized epithe-
lium consisting of 5-7 rows of cells extends across the cornea surface. A narrow
zone known as the limbal epithelium surrounds the border of the cornea, separat-
ing it from the ocular conjunctiva. This multi-cellular layered corneal epithelium
also acts as the main protective barrier of the cornea against external environ-
ments such as UV exposure and bacterial infection [83]. The second layer that
forms the outer boundary of the stroma is the acellular Bowman’s membrane.
Composed of various types of randomly interwoven collagen fibrils, this transpar-
ent layer is between 6 and 14 pm thick [84, 85]. The third layer is the corneal
stroma, which makes up approximately 90 % of the corneal thickness. It is a
densely interlaced connective tissue composed primarily of tightly aligned paral-
lel bundles of collagen type I and IV fibrils, as well as proteoglycans [86, 87].
Residing within the organized layers of collagen lamellae are cellular network of
sparsely spaced keratocytes, inter-connected with one another through distinct
dendritic processes [88]. The fourth layer is the thin Descemet’s membrane, which
forms the inner boundary of the stroma. It is also the basal lamina of the corneal
endothelium, which contributes to the overall thickness of the Descenet’s mem-
brane as an individual ages [89]. The fifth and innermost singular layer of the
cornea, the corneal endothelium, plays a critical role in keeping the corneal trans-
parent through the regulation of corneal hydration [90-92].

Diseases of the cornea leading to corneal blindness are reversible, and corneal
transplantation is a viable option to restore vision once corneal clarity deteriorates.
In fact, corneas are the most transplanted tissues in the world compared to solid-organ
transplantations [93]. However, the numbers of corneal transplantations carried out
yearly are greatly restricted by the shortage of donor corneas that are available for
transplants, which remains a global issue [94]. Hence there remains a need to develop
alternative treatment strategies using stem cells found within the eye.

5.4 Corneal Epithelial Stem Cells/Limbal Epithelial Stem Cells

Stem cells of the corneal epithelial layer are important for the maintenance and
replenishment of the surface corneal epithelial cells throughout life. However, the
identity and the exact location of the corneal epithelial stem cells (CEpSCs) have
been a topic of great discussion. The most widely accepted notion of such a stem
cell population is believed to be located within the limbal region of the cornea [95,
96]. However, it has also been proposed that oligopotent stem cells can be found not
only in the limbal region, but also throughout the corneal epithelia [97].
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It is believed that mitotically quiescent CEpSCs, termed as limbal epithelial stem
cells (LESCs), are found scattered within the limbal basal layer and limbal crypts, and
are known to express C/EBPS, BMI1 and ANP63a—a particular isoform of transcrip-
tion factor p63 [98—100]. Although these LESCs have tremendous capacity to prolif-
erate, they are actually slow-cycling in nature [101]. When LESCs become activated
in response to a wound, the ANP63a positive stem cells undergo asymmetric division
where one of the daughter cell differentiates into a population of cells with higher
proliferative capacity known as transient amplifying cells and migrates towards the
central cornea. These transient amplifying cells progressively lose ANP63a, C/EBPS
and BMI1 expression and gain expression of ANP63f and ANP63y, which is believed
to be involved in the regulation of stratification during corneal epithelial regeneration
[102]. It should be noted that various reports have also described the use of other cel-
lular markers in the characterization of LESCs, such as the intermediate filament pro-
tein cytokeratin 15 [103], ATP-binding cassette transporter protein ABCG2 [104] and
low affinity nerve growth factor receptor p75 [105]. However, most of these markers
are believed to identify not only the LESCs, but also early proliferative transient
amplifying cells. Taken together, these reports suggest that the co-expression of
ANP63a, together with C/EBPS and BMI1 may be a good indication of true LESCs
with the ability to self-renew and the capacity to differentiate into mature corneal
epithelial cells for the regeneration of damaged corneal epithelium. Certainly, these
LESCs do not express mature corneal epithelial markers such as cytokeratin 3, cyto-
keratin 12, connexin 43 [106, 107] or stage-specific embryonic antigen-4 (SSEA4)
[108]. In the latter case, although SSEA4 is more commonly known as a marker for
human pluripotent stem cells [109], expression of this glycoprotein is found on
mature corneal epithelial cells and not on LESCs, making it a potential candidate for
negative selection markers for enrichment of LESCs.

The use of LESCs in clinical settings has been described for patients suffering from
limbal stem cell deficiency for ocular surface regeneration as early as the late 1990s
[110, 111]. Significant improvements of the in vitro expansion of LESCs using a
feeder-free explant culture approach and xeno-free products have been described [112].
However, the standard expansion of LESCs grown on clinical-grade 3T3-J2 mouse
feeder cells is acceptable for current clinical practises, as the key determining factor of
a successful LESC-transplantation outcome is the amount of p63-bright cells, which in
turn lead to the regeneration of the corneal epithelium [113].

5.4.1 Corneal Stromal Stem Cells

The corneal stroma makes up the majority (approximately 90 %) of the corneal
thickness, contributing to both the strength and transparency of the cornea. Residing
within the uniformly organized collagen fibril and interfibrillar spacing of the
stroma are stromal keratocytes, responsible for synthesizing and secreting keratin
sulphate proteoglycans such as lumican, keratocan, mimecan and decorin [87, 114].
These proteoglycans are required for the development of organized collagenous
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matrix, which is essential for corneal transparency [115]. Most of the stem cell
research in cornea to date has been primarily focused on LESCs. However, over the
last decade, various studies have sought to delineate factors that may be involved in
the regulation and renewal of the corneal stroma keratocytes, and that the stromal
layer may also contain a population of adult stem and progenitor cells. Indeed,
approximately 3 % of isolated adult bovine stromal cells were shown to have
progenitor-like characteristics with the capacity for clonal growth and over 50 popu-
lation doublings, without losing the potential to form keratocytes that are positive
for the markers keratin sulphate, keratocan and ALDH3A1 [116].

The ability to efflux fluorescent dye such as Hoechst 33342, first described in
haematopoietic stem cells [117], has been used as a method to identify and isolate
populations of putative stem and progenitor cells termed the “side population” (SP).
This SP fraction identifies a variety of cell types such as cardiac [118], myogenic
[119] and dental pulp cells [120], as well as from ESCs [121]. Interestingly, the SP
cell fraction makes up less than 1 % of isolated corneal stroma cells. These SP cells
are known as corneal stromal stem cells (CSSCs) and can be expanded over 100
population doublings [122], far superior than the progenitors of keratocytes
described earlier. CSSCs were also shown to display MSC-like property and
expresses stem cell markers such as ABCG2, BMI1, CD166, cKIT, PAX6, SIX2
and NOTCHI1 [122]. It is believed that these CSSCs reside in the limbal stroma,
subjacent to the basement membrane of the LESCs [116]. However, no study has
demonstrated in vivo multipotentiality of isolated corneal keratocytes until recently.
When human foetal keratocytes were isolated and injected into embryonic chick,
they were able to respond to embryonic cues and differentiate into various neural
crest derivatives such as smooth muscle in cranial blood vessels, stromal kerato-
cytes and corneal endothelium [123]. It will be interesting to see if CSSCs isolated
from adult stroma possess similar differentiation potential as these primitive human
foetal keratocytes, as it can form the basis of isolating CSSCs for regenerative medi-
cine for stroma keratocytes and corneal endothelium.

5.4.2 Corneal Endothelial Stem Cells

The mono-layered corneal endothelial cells (CEnCs) are made up of mostly cells
that are hexagonal in shape, but five- to eight-sided cells have also been reported
[124]. These CEnCs form a distinctly tight endothelial mosaic and is believed to
communicate intercellularly through gap junctions via the extensive inter-digitations
found between their lateral membranes [125]. Also, tight junctions complexes
located at the cellular perimeter of the CEnCs form a “leaky” cellular barrier, which
is important for the passive permeation of nutrients from the aqueous humor into the
stroma layer that sustains the stroma keratocytes [90, 126]. This continuous influx
of solute and fluid is actively moved out of the stroma back into the aqueous humor
via metabolically active pumps operating throughout the corneal endothelium
[92, 127]. This dynamic barrier and pump function of the corneal endothelium is
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critical in the regulation of corneal hydration, as well as preservation of corneal
transparency.

It is generally agreed that the CEnCs do not undergo any functional regeneration
within the eye [128, 129]. Hence, when CEnCs are damaged, adjacent cells spread
out to maintain an intact cellular layer in order to preserve the delicate functional
integrity of the corneal endothelium [130]. The occurrence of cell spreading can be
associated with an increase in both pleomorphism and polymegathism of CEnCs
seen in older individuals [131]. When an acute loss of CEnCs occurs, either due to
accidents, surgical traumas or the onset of corneal endothelial diseases, decompen-
sation of the cornea will occur to a degree that affects the functional capacity of the
corneal endothelium [94]. Deterioration of visual acuity will follow as the stroma
becomes oedematous, which will eventuate to corneal blindness. Restoration of
vision is possible by replacing the dysfunction corneal endothelium with a healthy
donor corneal endothelium through corneal transplantation [93]. This is a one-to-
one donor-to-recipient surgery, which is severely hindered by the global shortage of
donor graft material that is available for transplants [94].

Although the CEnCs do not replicate within the eyes, these cells can be expanded
in vitro under the appropriate culture conditions [94, 132]. As such, it has enabled
the development of potential alternate treatment strategies via cell-tissue engineer-
ing [133-135] or cell-injection therapy [136] to alleviate the dependence of donor
graft material. However, the proliferative capacity of the primary CEnCs is consid-
erably limited, especially when compared to the expansion capacity of a true self-
renewing stem/progenitor cell populations discussed earlier. Furthermore, initiation
and establishment of growing cultures of primary CEnCs still requires the use of
donor corneal tissues.

As mentioned earlier, the clinical use of LESCs has been established since the
late 1990s. However, no stem cell therapy has been developed for the corneal endo-
thelium, as a true stem cell of the corneal endothelium remains elusive. Studies have
proposed that stem cells of the corneal endothelium reside within a region between
the very edge of the corneal endothelium and the trabecular meshwork [137]. These
peripheral CEnCs have been shown to express Lgr5, a marker that identifies stem
cells of the intestine, colon, stomach and hair follicle in mice [138-140]. McGowan
and colleagues detected the expression of ESC marker OCT4 and early neural
markers SOX2 and PAXG6 in the peripheral region of corneas, “wounded” from the
removal of the central cornea for transplantation by trephination [141]. Although
these studies suggested that the peripheral area of the corneal endothelium expressed
certain embryonic and adult stem cells markers, it did not show any conclusive
evidence to satisfy some of the key criteria of a stem cell, such as the ability for
clonogenic self-renewal or the potential to commit into a differentiated progeny.

A region of interest, the trabecular meshwork, lies just beyond the edge of the
corneal endothelium and the transition zone. The trabecular meshwork is a mesh-
work of porous tissue, and several studies have successfully isolated primary cells
from trabecular meshwork [142—-144], which can be grown as a spheroid culture
[145]. However, it is not until recently that these trabecular meshwork cells,
termed here as TM-MSCs, were shown to possess MSC-like properties [146].



112 G.S.L. Peh and R.C.B. Wong

These TM-MSCs express typical MSC markers such as CD73, CD90 and CD105;
form adherent colonies and can be differentiated into osteocytes, chondrocytes and
adipocytes when exposed to the appropriate culture conditions [146]. Due to the
close proximity of the trabecular meshwork to the CEnCs, it is plausible to think
that these TM-MSCs may possess the capacity to differentiate into CEnCs as well;
however, further studies will be required to ascertain this theory.

Using an alternative approach, Hatou and colleagues showed that progenitors of
the corneal stroma could be differentiated to form corneal endothelial-like cells
through the modulation of retinoic acid and Wnt/p-catenin signalling [147]. As both
the corneal stroma and corneal endothelium are of neural crest origins [148], it may
be possible to direct the differentiation of CEnCs using human ESCs or iPSCs by first
inducing the formation of neural crest cells, which has been described [149, 150].
Though still in its infancy, such an approach using pluripotent stem cells holds great
potential in the differentiation of putative CEnCs for the development of alternative
corneal endothelium replacement strategies, as it can truly eliminate the need for
donor corneas altogether.

5.5 Summary and Future Directions

Although still at an early stage, pluripotent and adult stem cells show great potentials
in eye research. For pluripotent stem cells, advances in reprogramming methods
have improved the efficiency and the quality of the derived iPSCs, with minimal
genetic modification and lowered risks of tumorigenicity. In addition, iPSCs have
also proved to be an invaluable resource for disease modelling and drug discovery
for several neurological diseases. In recent years, studies using iPSCs for modelling
ocular disease are gaining momentum, including retinitis pigmentosa [151, 152],
Best disease [153] and glaucoma [154]. Future research using iPSCs to model ocular
diseases will prove helpful to understand the mechanisms responsible for disease
progression and potentially identify novel drug treatments.

On the other hand, the use of endogenous stem cell population within the eye to
repair damages is an attractive strategy to combat ocular diseases. To date, this has
been well established for the use of LESCs within a clinical setting for some dis-
eases of the ocular surface. However, other adult stem cell populations purportedly
described to be found within the cornea require more extensive studies and charac-
terization before their translational values can be realized. For example, human
CSSCs injected into Lumican-null mice with corneal opacity due to disruption of
stromal collagen organization were able to restore matrix organization and corneal
transparency [155]. Whether such an approach is applicable for the treatment of
human corneal diseases with similar types of corneal opacities remains to be estab-
lished. Further, the identity and exact location of a “true” corneal endothelial stem
or progenitor cells that satisfy the basic criteria of a stem cell still remains elusive.
Though foetal keratocytes have the capacity to form neural-crest derivatives includ-
ing corneal endothelium, it remains to be seen if these primitive keratocytes,
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TM-MSC, or iPSCs can be differentiated to form functional CEnCs within an in
vitro setting. Nevertheless, we must appreciate the collective efforts in the search
for potential alternative treatment strategies using these endogenous stem cells, as it
opens up exciting prospects for ocular cell and regenerative medicine.
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AAA Alpha aminoadipic acid
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BDNF  Brain neurotrophic factor

CMZ Ciliary marginal zone

CNS Central nervous system
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CRVO  Central retinal vein occlusion
CSPG  Chondroitin sulfate proteoglycans
bFGF Basic fibroblast growth factor
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PNS Peripheral nervous system
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6.1 The Eye as a Window to the Brain

A. Tassoni and K.R. Martin

The eye develops initially as an extension of the diencephalon and the optic nerve
and retina are considered part of the central nervous system (CNS). The eye shares
many anatomical, functional and immunological features with the brain and the
spinal cord. As elsewhere in the CNS, complex neuronal circuits in the retina pro-

cess information and connect to other centres in the brain.

The way the retina and the optic nerve respond to insults is also similar to other
parts of the brain. As in the brain and the spinal cord, an insult to the optic nerve may



6 Stem Cell Strategies for Optic Nerve Protection 123

result in neuronal loss and the creation of a hostile and neurotoxic environment that
inhibits regeneration and may lead to the death of neighbouring neurons [1-3].

Moreover, several neurodegenerative conditions affecting the brain and the spinal
cord have manifestations in the eye and ocular symptoms may precede the diagnosis
of such CNS disorders [4—8]. In multiple sclerosis, for example, optic neuritis asso-
ciated with demyelination and RGC degeneration is diagnosed in 75 % of patients
and is often a presenting feature [4].

In addition, several eye-specific diseases share features with other CNS patholo-
gies [9-11]. In glaucoma, for instance, RGC body loss is associated with axonal
atrophy, deficits in axonal transport and deposition of amyloid p and p-tau, as in
Parkinson’s disease and Alzheimer’s disease [11, 12].

These similarities and parallels have led researchers to consider the eye as a valu-
able and relatively accessible model to study the CNS in health and disease.
Additionally, examination of the eye is often useful in the diagnosis of CNS disorders.
Thus, researchers and clinicians often consider the eye as a window to the brain.

6.1.1 Key Players in Light Perception: The Retina
and the Optic Nerve

The sense of sight is the result of the interaction of light, eyes and brain. Light entering
the eye generates nervous signals which are sent to the brain. Nervous impulses are
deciphered in the brain and images are perceived. This succession of events begins
in the retina and in the optic nerve, key components of the visual pathway.

The retina, light-sensitive tissue lining the inside of the eye, is where the detection
and signalling of light occurs. The retina is characterised by several layers of neurons
interconnected by synapses in the plexiform layers. When light hits the retina, the
first cells to respond are the photoreceptors, located in the outermost part of the ret-
ina. A cascade of chemical and electric events occurs in photoreceptors resulting in
a change in membrane potential and modulation of neurotransmitter release at their
synapse with bipolar cells. Nervous impulses, modulated by interneurons (bipolar,
horizontal and amacrine cells) in the inner nuclear layer, are sent to the retinal gan-
glion cell layer (RGCL) in the innermost part of the retina. Here, retinal ganglion
cells (RGCs) respond by firing action potentials along their axons to target areas in
the CNS. RGC axons bundle together at the optic nerve head (ONH), where they take
a 90° turn away from the eye and proceed to the brain in the optic nerve.

The optic nerve, as a cable of nerve fibres, carries information from the eye to the brain.

Characterized by myelinated fibres and ensheathed in all three meningeal layers, the
optic nerve runs from the eye towards the optic chiasm in the brain, where decussation
occurs. From this point, most axons are directed to the lateral geniculate nucleus (LGN),
from where post-synaptic neurons project to the visual cortex. Other fibres terminate in the
superior colliculus, in the pretectal nucleus and in the suprachiasmatic nucleus, respectively
involved in voluntary eye movements, reflex eye movements and the sleep—wake cycle.

Given the critical role of the optic nerve in transferring visual information, optic
nerve disorders frequently reduce vision and can affect one or both eyes.
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6.2 Diseases of the Optic Nerve

A variety of disorders can insult RGCs and the optic nerve, including neurodegenera-
tive, ischemic, traumatic and inflammatory diseases [10, 13, 14]. The most common
optic nerve diseases include glaucoma, ischemia, trauma and inflammatory optic
neuropathy [15]. Although the underlying cause might vary, in many cases these
pathological conditions result in serious visual impairment due to the progressive RGC
loss and optic nerve degeneration [16].

6.2.1 Glaucoma

Glaucoma is a chronic, degenerative optic neuropathy that remains the leading
cause of irreversible blindness worldwide [17, 18]. Characterized by the selective
loss of RGCs and optic nerve (ON) damage [19], glaucoma is sometimes known as
“the silent thief of sight”, due to its painless and asymptomatic onset. Indeed, the
diagnosis is often delayed and glaucoma is frequently undetected until significant
optic nerve damage has already occurred [20, 21].

Over the last few decades, several risk factors have been associated with glau-
coma onset, including age, race and genetic factors [21, 22]. However, the key
modifiable risk factor is elevation of the intraocular pressure (IOP) [23, 24],
resulting from the altered drainage of the aqueous humour. Elevation of eye pres-
sure is a risk factor for progressive damage to the optic nerve and gradual loss of
RGCs [19, 25, 26].

Although glaucoma is not always associated with IOP elevation [27], most animal
models of the disease involve raised eye pressure. Glaucoma models have been very
useful to understand many processes underlying RGC death [28]. The relationship
between axonal injury and RGC loss in glaucoma is incompletely understood.
It seems likely that biomechanical deformation of the ONH increases the risk of
axonal atrophy and subsequent RGC death, and ischaemic mechanisms may also be
important [29-31]. The balance between different mechanisms may well vary in
different individuals and between different types of glaucoma.

To date, lowering the eye pressure is the only proven treatment for glaucoma that
reduces the risk of further deterioration. Nevertheless, many patients continue to
deteriorate even when a low eye pressure is achieved [32], suggesting that RGC
death and optic nerve degeneration may occur via different mechanisms. Therefore,
new scientific and clinical approaches are needed.

6.2.2 Ischemic Optic Neuropathy

Retinal and optic nerve ischemia, common causes of visual impairment in the middle
age and elderly population [13], occur when the tissue blood supply is reduced to an
insufficient level.



6 Stem Cell Strategies for Optic Nerve Protection 125

Ischemia is a consequence of local circulatory failure affecting the venous or arterial
side of the circulation. When retinal or optic nerve ischemia occurs, the tissue,
deprived of oxygen, nutrients and of a way to dispose cellular waste, undergoes energy
deprivation and subsequent cellular death. Several animal models have been used to
understand the mechanisms involved in neuronal loss after ischemia of the retina and
optic nerve. RGC death is associated with a cascade of destructive events, initiated by
mitochondrial dysfunction and followed by neuronal depolarization, calcium influx,
oxidative stress and subsequent cell death [33]. Reactive gliosis is also likely to con-
tribute to RGC loss [34]. To date, several treatments have been found to attenuate
RGC death and axonal damage in experimental model of retinal ischemia, including
anti-inflammatory agents, neurotrophic factors and glutamate antagonists [34, 35].
However, none of these approaches have yet been proven to reduce disease glau-
coma onset or progression in human glaucoma.

6.2.3 Traumatic Optic Neuropathy

Traumatic optic neuropathy refers to an acute injury to the optic nerve often resulting
in transection of RGC axons leading to partial or total loss of vision. Axotomized
RGCs undergo apoptotic cell death following the injury. The rate of neuronal death
generally depends on the site of injury. According to studies performed on animal
models of optic nerve crush, the closer the injury is to the ONH, the quicker the
RGC loss. Given the inability of neurons to regenerate axons, research has been
mainly focused on neuroprotective and regenerative strategies in order to attenuate
the inevitable death of RGC and promote axonal regrowth.

6.2.4 Inflammation and Other Neurodegenerative Conditions

As an extension of the CNS, the eye also suffers the consequences of other inflam-
matory and neurodegenerative conditions primarily affecting the brain and the
spinal cord. Indeed, as already mentioned, RGC death and axonal degeneration may
be observed in disorders such as Multiple Sclerosis, Alzheimer disease, Parkinson’s
disease and stroke [4-8].

Optic neuritis is the most common inflammatory condition affecting the optic
nerve. Associated with RGC loss and demyelination of axons along the visual path-
way, optic neuritis is often an early feature of MS [4]. Inflammatory cues together
with myelin debris have been proposed as major factors responsible for axonal
injury and regenerative failure [36].

Impaired visual acuity has also been described in PD [6], where optic nerve
degeneration may also occur, although the magnitude and mechanism of such an
effect remains uncertain [6, 37].

Alzheimer’s disease has also manifestations in the eye, where amyloid  and
p-tau accumulate in the retina [38] and are associated with loss of RGCs and axonal
degeneration [39].
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6.3 Retinal Ganglion Cell Death and Optic Nerve
Degeneration

Optic neuropathies involve RGC death and optic nerve degeneration. Which of
these two events happens first depends on the disease [4, 6, 33] and in some of the
cases, such as in glaucoma, is still not clear [19]. Optic neuropathies lead to visual
deficits that are usually irreversible because of the inability of neuronal cells to
regenerate axons. With the ambitious goal of reversing visual loss, recent research in
regenerative medicine has focused on the biology of RGCs in order to better understand
the mechanisms underlying RGC death and neuronal regenerative failure.

6.3.1 RGC Death

Apoptosis and necrosis are important mechanisms of neuronal death. Apoptosis
involves a series of controlled biochemical events, such as nuclear and DNA fragmen-
tation, chromatin condensation and cell shrinkage, leading to programmed and orderly
cell death. In necrosis, cell death is less ordered and necrosis is frequently associated
with acute and chronic inflammation. In most optic neuropathies, apoptosis is a major
mechanism of RGC death [34, 40]. Depending on the disorder, the insult can primar-
ily affect the RGC body or its axon [15]. Organelles of RGCs, including the mitochon-
dria, endoplasmic reticulum, Golgi and cytoplasm, are generated in the cell body and
are transported along axons in order to maintain the cellular environment [41]. In the
same way, RGC axons supply the cell body with trophic factors retrogradely trans-
ported in microsomal vesicles [42]. When an insult occurs, this equilibrium between
axon and cell body fails and cell death is triggered [33, 43]. Axons and soma may die
via distinct mechanisms [35, 44], with cell body loss usually occurs by apoptosis [40].
This phenomenon is known as primary degeneration of the optic nerve. Reactive glio-
sis, excitotoxicity, oxidative stress, hypoxia and inflammation may also occur and
spread the damage beyond the initial site of injury leading to the death of neighbour-
ing neurons [45, 46]. This phenomenon is known as secondary degeneration. Similar
to other CNS diseases, secondary degeneration may determine the final extent of
impairment and may continue even after termination of the primary insult. In glau-
coma, for instance, the process of RGC death seems to be initiated at the ONH. Here,
often as a result of IOP elevation, a combination of events thought to include mechani-
cal compression and ischemia [29, 47], together with reduced neurotrophic support
[30, 48], p-amyloid deposition [49], oxidative stress [50] and possibly excitotoxicity
[51, 52], trigger the apoptotic cascade. Evidence that RGCs continue to deteriorate
even when a low eye pressure is clinically achieved [53] suggests that mechanisms of
secondary degeneration may also be involved. Although the role of secondary degen-
eration in optic nerve diseases remains incompletely understood, an experimental
model has recently been developed [2], allowing morphologic separation between
primary and secondary degeneration. Studies using this model have demonstrated that
apoptotic RGC death may also take place remote from the site of injury [46].
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6.3.2 Failure of Optic Nerve to Regenerate

As in other parts of the CNS, failure of the optic nerve to regenerate remains a main
challenge to overcome in neurodegenerative diseases and after injury. In recent
decades, regenerative medicine approaches have been extensively focused on trying
to achieve a better understanding of what limits regrowth of RGC axons, with the
final aim to identify potential treatments able to slow down or reverse visual loss.
The evidence that axons in the mature CNS cannot renew themselves after injury as
occurs in the peripheral nervous system (PNS) [54] and that the neonatal CNS
retains its ability to grow axons till a certain developmental stage [55] suggests that
extrinsic and intrinsic factors are involved in the failure of adult neurons to regener-
ate. Although further investigation is still needed, progress has been made in under-
standing the cellular and extracellular inhibitory environment after injury. Over the
last two decades, important molecules and pathways either facilitating or limiting
axon regeneration have been identified and a clearer picture of the relevant mecha-
nisms has emerged.

6.3.2.1 Extrinsic Inhibitory Factors

The lack of neurotrophins, such as brain-derived neurotrophic factor (BDNF), ciliary
neurotrophic factor (CNTF) and basic fibroblast grow factor (bFGF), together with
the inhibitory environment of the optic nerve at the site of injury, are considered major
extrinsic mechanisms contributing to RGC death and regeneration failure.

Lack of Neurotrophic Support

Neurotrophins are a family of proteins contributing to survival [56] and function of
neurons [57]. They have also been seen to play an important role during develop-
ment, when RGCs produced in excess die after failing to contact their central target
[58]. Moreover, another study has shown that RGCs died after their target neurons
in the LGN were eliminated by kainic acid and described the neurotrophins depen-
dence among RGCs [59]. When an insult occurs, the connections of RGCs to their
targets are impaired or, in the worst cases, completely disrupted. This results in the
loss of target-derived neurotrophic support to RGCs [30]. In glaucoma, for instance,
IOP-induced mechanical stress and hypoxia cause axonal compression, swelling
and subsequent retrograde transport obstruction at the ONH [31, 47]. In cases of
traumatic optic nerve injury the situation is even more dramatic when there is partial
or complete transection of the optic nerve. In this case, the closer the damage is to
the ONH, the more rapidly RGCs die [43]. Animal models of experimental glau-
coma and optic nerve injury have revealed that exogenous application of BDNF or
CNTF promotes RGC survival after elevated IOP [48] or optic nerve injury [60],
supporting the hypothesis that in different optic neuropathies reduced trophic sup-
port is involved in progressive RGC loss.
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The Inhibitory Environment of the Optic Nerve

The lack of regenerative growth in the mature CNS after an insult has commonly been
attributed mainly to the environment of the site of injury. Comparing PNS to the CNS,
researchers have tried to identify what factors facilitate regeneration in the PNS and
block regeneration in the CNS. One of the major differences between PNS and CNS
is the local population of glial cells. In the PNS, the glial component is represented by
Schwann cells which ensheath the peripheral nerve fibres and are protective and
supportive of axon growth. In the CNS, the glia component includes oligodendrocytes
and reactive astrocytes. Although usually protective and supportive of neurons, under
pathological circumstances glia may have detrimental effects on regeneration.
Oligodendrocytes are the counterpart of the Schwann cell in the CNS, myelinating,
sustaining and protecting RGC axons beyond the lamina cribrosa. However, when an
injury to the optic nerve occurs, oligodendrocyte degenerate leaving myelin debris at
the site of injury. Myelin debris contain proteins such as NogoA, myelin-associated
glycoprotein (MAG) and oligodendrocyte myelin glycoprotein which are inhibitory
to axonal growth. Astrocytes, on the other hand, react to the damage by undergoing
reactive gliosis, a cascade of molecular, biochemical and morphological events
resulting in the formation of a glial scar. In the glial scar, glial cells proliferate,
become hypertrophic and secrete inhibitory extracellular matrix molecules, such as
chondroitin sulfate proteoglycans (CSPGs). This process results in the generation of a
physical and molecular barrier to axonal re-growth [36, 61].

6.3.2.2 Intrinsic Inability of Adult RGCs to Regenerate

Evidence that the environment at the site of injury is inhibitory to axonal re-
growth [62] has allowed researchers to investigate possible ways to promote
regeneration. Blocking the Rho/ROCK pathway, a downstream target of most of
the inhibitory environmental signals [63, 64], or enzymatic digestion of CSPGs by
using chondroitinase ABC [61, 65], may facilitate RGC axonal growth. However,
only a small percentage of adult RGCs regenerate axons suggesting that removal
of environmental barriers to axonal growth is not sufficient to promote significant
regeneration [64]. The situation is different in the neonatal CNS, where neurons
spontaneously regenerate axons after injury [66]. This observation, together with
the finding that embryonic retinal explants can extend axons into adult or embry-
onic brain while adult retina cannot [67], strongly suggests that the environment
is not the only limit to regeneration. Indeed, further studies have demonstrated
that part of the problem is within RGCs themselves, which lose their intrinsic
capability to re-growth axons during early development [68]. Induction of an
inflammatory reaction in the eye, by puncturing the lens for instance, seems to
partially overcome this limitation [69—71]. In this regard, lens injury triggers an
inflammatory response involving activation of signalling pathways such as JAK/
STAT3 [72] leading to the up-regulation of genes related to RGC axonal growth
such as GAP-43 [64, 72]. Despite these promising findings, the adverse effects
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associated with inflammation, such as oxidative stress and excitotoxicity, might
still represent an obstacle to therapeutic application of such strategies [73, 74].

6.4 Stem Cell Therapy for Optic Nerve Protection

Current therapeutic approaches for optic nerve disease are limited. In glaucoma, for
instance, pharmacological reduction of IOP and surgical or laser interventions to
enhance aqueous circulation and drainage are the mainstay of treatment [75].
However, although these therapies succeed in slowing down the progressive loss of
RGCs, their effect is often incomplete and irreversible visual loss still occurs in a
significant proportion of the cases [76]. Therefore, current research aims to develop
novel treatments using alternative strategies. In this regard, advances in stem biol-
ogy have raised hopes that stem cell transplantation may be a potential approach for
both neuroprotective and regenerative purposes. Recent studies show the practical-
ity of protecting or replacing lost host neurons by using stem or progenitor cells
[77, 78]. However, outstanding problems and unanswered questions remain to be
addressed before cell therapy can be translated into the clinic. What types of cells
should be transplanted? What is the best way to engraft them? What are the related
obstacles and how to cope with them? Is transplantation into the eye sufficient to
achieve an optimal therapeutic effect? Might stem cell therapy converge into clini-
cal practice one day?

6.4.1 Sources of Stem Cells

By definition, stem cells are immature, uncommitted cells able to self-renew indefi-
nitely and able to differentiate into different cell types under appropriate stimuli or
environmental conditions. Traditionally, stem cells have been classified according
to potency.

Pluripotent stem cells, such as embryonic stem cells (ES), are able to generate
cell type of any lineage, including retinal neurons as confirmed in recent in vitro
studies [79, 80]. This feature suggests great potential in regenerative medicine and
ES cells are arguably the most promising source at the present time. Some concerns
remain over using this class of stem cells for therapeutic purposes. The risks of
tumourigenesis and rejection appear to be lower than those for other types of stem
cells [81], but ethical issues related to ES cell isolation from human embryos need
to be considered. Another source of cells with similar potential but less ethical con-
cerns are induced-pluripotent stem (IPS) cells. IPS cells are cells with embryonic
stem cell-like properties that can be generated from somatic cells by inducing the
expression of specific genes [82]. Interestingly, iPS cells were recently induced to
differentiate in vitro into RGCs that could be injected into the eye [83]. However,
the risk of tumour formation from IPS-derived cells remains a concern.
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Multipotent stem cells, also known as adult/somatic stem cells, are derived from
discrete niches in the adult organism, where they survive and divide in order to
generate new cells required for the tissue maintenance. Having lost their totipotency
during development, somatic stem cells are able to generate only cells of a certain
lineages under physiological conditions. However, despite the limitation of being
lineage-restricted, multipotent stem cells possess many advantages. First of all, they
can be harvested from patients for autologous transplantation, overcoming the risk
of immunological rejection. Moreover, unlike ES cells, they provide a cell source
with no ethical concerns. Somatic stem cells for retinal repair and optic nerve pro-
tection can be derived by umbilical cord and bone marrow, hippocampus or fore-
brain, retina and olfactory mucosa [84].

Mesenchymal stem cells (MSCs) are usually derived from umbilical cord or bone
marrow. They have been demonstrated to be able to differentiate into a variety of
cell types, such as adipocytes osteoblasts and chondrocytes [85]. Moreover, the evi-
dence that they express native immature neuronal proteins [86] and that under cer-
tain in vitro experimental condition the expression of such neuronal markers can be
increased [87] has led researchers to investigate the capability of this cell population
to transdifferentiate into neurons in vivo. Studies so far have been challenging to
interpret and the relevance of what has been seen in vitro remains to be established
[88]. To date, it has proven difficult to derive functional neurons from transplanted
MSCs in animal models. Nevertheless, although the potential of this class of cells to
generate brain cells remains uncertain, their ability to confer optic nerve protection
by their trophic and immunomodulatory properties is clear [77, 89].

Neural stem cells (NSCs) are somatic cells located in specific niches of the brain,
in particular in the subventricular zone (SVZ) and subgranular zone (SGZ). Their
demonstrated ability in vitro to generate cells of the CNS, such as neurons, astro-
cytes and oligodendrocytes, makes them a good candidate not only for neuroprotec-
tive but also for regenerative purposes. However, in vivo studies to date have shown
limited evidence of successful differentiation and integration of transplanted neural
precursor cells (NPCs) into the host. Indeed, despite expressing early neuronal cell
markers once transplanted into the eye, NPCs only moderately integrate the retina
and do not seem to mediate functional improvement [90]. On the other hand, as for
MSC:s, there is strong evidence of neuroprotective and immunomodulatory proper-
ties of NSCs after transplantation in the lesion site of injured optic nerve [91, 92].

Another promising source of cells highly neuroprotective to retina and optic
nerve belongs to the glial lineage and consists of oligodendrocyte precursor cells
(OPCs), olfactory ensheathing cells (OEC) and Muller cells.

OPCs are progenitors of oligodendrocytes and other cell types within the CNS.
OPCs play a major role in myelinating CNS axons in order to protect and support
the axons and facilitate rapid propagation of action potentials. OPCs have been
reported to have some stem cell features and neuroprotective potential in vitro [93, 94].
Based on this evidence, OPCs have recently been investigated in an animal model
of glaucoma. Interestingly, when transplanted intravitreally OPCs confer long-term
neuroprotection, probably by the release of diffusible trophic factors [95]. Moreover,
under inflammatory stimuli, they are also able to myelinate RGC axons, a potential
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that may be of interest in case of demyelinating disorders such as optic neuritis in
MS [96]. Similar success has been also achieved by transplanting Schwann cells,
counterpart of oligodendrocytes in the PNS [97].

OEC:s are cells of the olfactory bulb, guiding and ensheathing axons of the olfactory
nerve from the nose to the brain. In models of spinal cord injury OECs successfully
support axons and restore function [98, 99], leading to investigations into their
potential use as cell therapy in optic neuropathies. In a model of optic nerve trauma,
OECs were found not only to prolong RGC survival [100] but also to promote
regeneration. Indeed, when injected in the lesion site, they migrated far from lesion
and facilitated RGC axonal regeneration to the extent of their migration [101].
Of relevance for glaucoma and optic neuritis, there is evidence that, when trans-
planted intravitreally, OECs migrate into the ONH and ensheath unmyelinated RGC
axons providing trophic and mechanical support [102].

Muller cells are retina glial cells with stem-like properties. In chicks, zebrafish
and amphibians, for instance, injury induces Muller cells to undergo dedifferentia-
tion, re-enter the cell cycle and generate neuron-like cells [103, 104]. Despite mam-
mals having lost this regenerative potential, there is evidence that mammalian
Muller glia can still self-renew and differentiate into neuronal cell types, both in
vitro and when transplanted in the lesioned retina [105]. In this regard, a subpopula-
tion of Muller cells with stem cell characteristics (MIO-M1 stem cells) has been
identified in the human retina [106] and, even more interestingly, they seem able to
produce cells expressing neuronal and glial markers when transplanted within the
glaucomatous eye [107]. In addition, another population of cells with stem cell-like
properties has been also found in the ciliary marginal zone (CMZ) of the mammalian
retina, where cells are able to divide extensively and generate retinal neurons and
glial species [108]. Among all the different stem cell sources being investigated so far,
retinal progenitors appear particularly successful when it comes to differentiation
into retina-specific cells [109, 110].

6.4.2 Transplantation Strategies

The ultimate goal of regenerative medicine for optic neuropathies is to identify
optimal strategies to preserve or, more ambitiously, reverse visual loss. Much current
research is focused on identifying the best source of stem cells and the best way to
engraft them (Fig. 6.1).

The optimal stem cell type and the best route depend on the ultimate goal. If the
final aim is neuroprotection, a good candidate is a population of stem cells able to
support surviving cells, independently on their capability to differentiate into neu-
rons or to acquire neurological functions. On the other hand, cell replacement and
regeneration require a source of stem cells able to migrate, integrate into the host
tissue, differentiate into a specific cell type and form functional synaptic connec-
tions to restore vision. Once a good candidate has been identified, the next step is to
identify an efficient delivery mechanism. Cells can be injected intravitreally or
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eration is being explored for several common neurodegenerative conditions. Diagram courtesy of
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subretinally. Alternatively, they can be injected at the ON lesion site or intrave-
nously. So far, intravitreal transplantation and injection onto the injury site seem to
be the most successful route for promoting RGC survival, replacement and regen-
eration. Indeed, several attempts have previously been made to deliver cells subreti-
nally, but these approaches turned out to be unsuccessful. Indeed, cells subretinally
transplanted barely get to the RGCL and cells delivered through the blood system
hardly cross the blood retinal barrier.

6.4.2.1 Neuroprotection

Rescue of damaged RGCs by neuroprotective strategies has been investigated in
an attempt to attenuate the inexorable and progressive loss of vision typically
occurring during optic neuropathies. There are several advantages to using stem
cells for neuroprotective purposes. Firstly, neuroprotective cell therapy could
potentially provide long-lasting effect after a single treatment and therefore may
require less frequent administration compared to many pharmacological
approaches. Moreover, as observed for NPCs and MSCs, cell therapy may
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facilitate neuronal survival by acting on the surroundings, for example by making
the local environment more permissive [111-113].

Stem cells could conceivably be transplanted intravitreally or directly at the
site of injury in the ON, depending on the disease process. The mechanisms
through which neuroprotection is achieved in animal models mainly depends on
the phenotype of stem cells used. Generally, secretion of trophic factors or sup-
port of RGC axons by other mechanisms has been found to be important. However,
modulation of immune activity and promotion of endogenous repair may also
play a role. In diseases where the mechanism of action relies mainly on trophic
support, stem cells could be either engineered in order to enhance their neuropro-
tective properties or encapsulated in a removable device to increase safety by
localising the graft [114]. Additionally, cells can also be engineered with an
inducible suicide gene in order to reduce the risk of any unexpected or otherwise
uncontrollable adverse effect [115].

So far, MSCs and OECs are the most successful and widely investigated stem
cell type in the field. MSCs have been found to be strongly neuroprotective to
RGC:s in several pathological conditions of the optic nerve. For instance, MSCs
intravitreally transplanted in an in vivo model of experimental glaucoma effec-
tively reduced axonal loss by 60 % [77]. Moreover, in an animal model of optic
nerve injury, transplanting MSCs at the site of the optic nerve transaction not only
protected RGCs but also induced partial regeneration [116]. Similarly, in an in vivo
model of ischemia, intravitreal transplantation of MSCs resulted in an increase in
RGC survival by 25 % [117]. The observation that this neuroprotective effect may
occur without any physical contact between the graft and the retina suggests that
secretion of diffusible neurotrophins may be the main responsible mechanism.
Indeed, it has been demonstrated that MSCs transplanted intravitreally or at ON
lesion site produce several neurotrophic factors, including CNTF, BDNF, glia cell-
derived neurotrophic factor (GDNF) and bFGF [116, 118]. This is of particular
relevance for glaucoma, where accumulation of motor proteins is suggestive of
disruption of the retrograde transport [31, 47]. Supportive of this hypothesis is the
observation that intraocular injection of BDNF in experimental model of glaucoma
resulted in decreased RGC loss [48]. As previously mentioned, MSCs can also be
manipulated in order to enhance their ability to secrete trophic factors. This effect
can be achieved by culturing MSCs with a cocktail of defined factors prior trans-
plantation [119] or by virally transducing MSCs to overexpress neurotrophins.
Interestingly, a recent study showed that in a rat model of glaucoma transplantation
of MSCs oversecreting BDNF resulted not only in an increased RGC survival but
also in functional improvements [120].

Similarly to MSCs, OECs have been shown to protect RGCs by secreting a variety
of trophic factors [100, 121]. Moreover, as previously mentioned, other studies sug-
gest that the protective effect of OECs is also mediated by other possible mechanisms,
such as cell contact with the host [102, 122]. For all these reasons, OECs and MSCs
are generally regarded as two good candidates for neuroprotection. In addition to their
properties, they have advantage of an autologous stem cell source, easy to isolate and
with no ethical issue or risk of rejection.
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6.4.2.2 Cell Replacement and Regeneration

Although increasing RGC survival is a first critical step for a successful cell therapy, in
cases of traumatic injury the need of regenerative approaches and cell replacement
is indisputable. In addition, glaucoma is another condition where regeneration and
cell replacement would be desirable, ideally to restore lost vision. Cell replacement
could conceivably be achieved by mechanisms of endogenous or exogenous repair.
Endogenous repair could involve modulating the retinal stem cell population or by
persuading mature retinal cells to dedifferentiate and redifferentiate into the desired
cell type, through a mechanism known as transdifferentiation. For this purpose,
progenitor cells of the CMZ and Muller glia have been proposed as potential cell
sources. According to recent work, modulation of the membrane plasma potential
by application of external stimuli can lead Muller glia [123, 124] and retinal progeni-
tor cell of the CMZ [125] to undergo dedifferentiation and proliferation. Interestingly,
the newborn population seems to display neurogenic potential, with markers of
mature glia such as glutamine synthetase and vimentin replaced by markers of a
progenitor lineage, such as Pax6, Sox3, Nestin and Chx10 [113, 114]. This evidence
shed light on the possibility to use neurotransmitters to stimulate retinal endogenous
cell replacement and repair.

Alternatively, exogenous repair could be achieved by autologous or heterologous
stem cell transplantation into the vitreous or at the injury site of the ON. For regenera-
tive purpose ES cells are currently the most widely used cell source thanks to their
relative safety. Indeed, current stem cell trials in macular degenerative diseases all
involve transplantation of cells derived from ES cells. However, attention has recently
focused on other feasible sources, such as MIO-M1, IPSCs and NPCs. In particular,
MIO-M1 and IPSCs may be good candidates for autologous cell transplantation, with
less ethical issues and a presumed lower risk of rejection. Alternatively, a potential
source of heterologous cells are the NPCs. For neuronal progenitors, high expecta-
tions are based on their ability to differentiate into mature neuronal cell type. However,
even though all these possible candidates do start expressing neuronal retinal markers
once intravitreally transplanted, so far a robust differentiation of the transplant to form
functional neurons has not been observed. As an example, transplanted MIO-M1 in a
glaucomatous retina only occasionally express the neuronal marker BIII tubulin and,
despite the elongated and migratory phenotype displayed, they fail to integrate the
retina [107]. Similarly, NPCs, once engrafted intravitreally or at the ON injury site,
fail to differentiate into retinal neurons [126], and effective integration into the host
tissue remains a considerable challenge.

6.4.3 Challenges to Overcome

Despite the progress made in the identification of potential strategies to prevent or
reverse neuronal loss, there are still many barriers to overcome for a successful stem
cell therapy (Fig. 6.2).
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With regard to neuroprotective strategies, their potential seems to depend mainly
on the ability of transplanted stem cells to release trophic factors. However, the
secretome of these cells does not consist only in beneficial agents, but might include
also deleterious factors. For instance, vascular endothelial growth factor (VEGF)
might cause retinal neovascularization [127]. In the same way CNTF, well known to
increase neuronal survival and regeneration in degenerative conditions [128], might
induce retinal gliosis [129] and alteration of visual function [130].

The responsiveness of the tissue to the graft represents another obstacle. Although
one of the advantages of a stem cell therapy is that it provides a long-lasting effect,
it is still unknown whether the tissue actually remains responsive to graft-derived
trophic factors over the time. For example, exposure of retinal tissue to BDNF
results in the downregulation of its receptor TrkB, required to activate intracellular
pathways [131]. The identification and removal of any of potential harmful cues
and the definition of the therapeutic window during which the tissue is responsive
to treatments still represents a limit to overcome in order to potentiate stem cell-
mediated neuroprotection.

In terms of RGC regeneration, major barriers are the inhibitory environment
characterizing the optic nerve after injury and the intrinsic inability of mature RGCs
to grow axons.

Myelin debris with its inhibitory cues, such as Nogo and MAG, and the fibrotic
glial scar, characterized by glial fibrillary acid protein (GFAP) overexpression and
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CSPG deposition, are the main players in the formation of a hostile extracellular
environment limiting any regenerative attempt. Moreover, as previously mentioned,
mature neurons have lost their intrinsic ability to regenerate during development.
Suppression of gliotic process and restoring RGC ability to regenerate are major
challenges for regenerative therapies. Progress has been made in the identification
of possible pathways involved in the establishment of these barriers. Potential tar-
gets are RhoA/ROCK and JAK/STAT3 signalling pathways, whose inhibition and
activation, respectively, results in the creation of a more permissive environment
and in a moderate regeneration of the optic nerve beyond the lesion site [63].
However, further investigation is still needed in order to better define eventual det-
rimental side effects associated with such potential therapeutic approaches. In the
meantime alternative strategies have been suggested. For instance, implantation of
peptide nanofibre scaffold (SAPNS) [132] or PNF grafts [133, 134], such as sural or
Schwann graft, would allow the creation of a permissive bridge through which RGC
axon can regenerate unaffected by the surrounding hostile environment.

RGC replacement therapy faces several major limits, not least stem cell differen-
tiation and integration, axonal growth and re-establishment of the retinotopic map.
So far several sources of stem cells have been seen to be able to express neuronal
markers once transplanted intravitreally; however, none of them seems to complete
their differentiation into mature functional RGCs. Muller cells for instance have the
potential to differentiate into amacrine, bipolar and photoreceptors, but still there is
little evidence of their ability to generate RGCs [103, 105]. In the same way, NPCs,
even if already committed to a neuronal fate, also fail to differentiate into neurons
once intravitreally transplanted [126]. Whether this is due to the suppression of the
RGC differentiation signalling cascade in the mature retina or to the absence of
required receptors in undifferentiated immature cell type is not yet known. Guiding
the differentiation of these potential stem cell sources in vitro prior to transplanta-
tion might be a possible solution, as demonstrated with IPS cells [83]. However
differentiation is not the only obstacle. Once suitable RGC precursors have been
generated, they need to integrate into the host tissue. In this regard, reactive gliosis
represents the major barrier to stem cell migration and engraftment. Indeed, previ-
ous data show that suppression of Muller cell reactive gliosis by administration of
alpha-aminoadipic acid (AAA) facilitates stem cell integration into the inner retina
[135]. However, AAA is toxic and therefore is unlikely to be therapeutically useful.
Macrophage and microglia activation also seem to play a role in limiting the migra-
tion of transplanted stem cells into the host retina and immune suppression by
administration of prednisolone and indomethacin seems to facilitate the engraftment
[136]. However, despite the identification of reactive gliosis as major impediment,
the degree of integration observed in the inner retina is still modest and not sufficient
for a successful replacement therapy. A better understanding of the pathways and
molecules involved in the formation of the gliotic barrier is needed.

RGC axon elongation, synaptic connection and re-establishment of the retino-
topic map represent the final and perhaps most difficult challenge to overcome for
both a regenerative and replacement purpose. Administration of chemoattractants
able to guide RGC axons to destination is under investigation. However, so far, there



6 Stem Cell Strategies for Optic Nerve Protection 137

is no evidence of functional RGC replacement. Nevertheless, research in the field
carries on and, although it is not clear yet how difficult will be to overcome this
challenge, it is important to keep in mind that even rudimentary reconnection resulting
from some level of plasticity achieved by stem cell-based or pharmacological strate-
gies could be beneficial to patients with advanced visual loss.

6.5 Conclusions

To date, the failure of the optic nerve to regenerate remains a major scientific and
clinical problem.

A feasible therapeutic strategy could be using a combinatorial approach, consisting
for example of gene therapy and stem cell transplantation for cell survival, regenera-
tion and replacement combined with pharmacological treatment for axonal protec-
tion and growth. Assuming that one day the intrinsic ability of RGC to regenerate
can be restored and that lost RGCs can be successfully replaced, there will still be
the need to create a favourable environment for axonal regrowth. In this regard
PNS grafts, such as Schwann cell graft or sural nerve grafts, have potentially useful
properties as a bridge through which axons can grow, unaffected by the toxicity and
the inhibitory features characterizing the environment surrounding the injury site.
Administration of chemoattractants could help to re-establish the retinotopic map by
driving growing axons from stem cells to the right brain targets. Synaptic integration
and function improvement represent the final and most challenging step.

While research carries on in order to achieve such goals, the evidence of structural
and functional benefits offered by stem cells even in absence of differentiation,
integration and successful replacement in the host tissue is very encouraging.
Although neuroprotection will not rescue dead RGCs, it may slow down the progressive
deterioration that most of the patients experience over the time. Indeed, even when
most of the neurons are already lost, as in endstage glaucoma, a neuroprotective
approach may still be beneficial to the surviving host. In addition, the possibility that
neuroprotection could increase the receptive field by stimulating dendritic sprouting
or by forming functional synapses makes this strategy a promising tool to achieve
some degree of visual improvement. So far, neuroprotection appears a more realistic
approach for RGC survival and vision preservation in a short term and we predict it
is more likely to be translated into clinical treatments more rapidly than any other
therapy for RGC regeneration or replacement.

References

1. Crowe MIJ, Bresnahan JC, Shuman SL, Masters JN, Beattie MS (1997) Apoptosis and
delayed degeneration after spinal cord injury in rats and monkeys. Nat Med 3(1):73-76

2. Levkovitch-Verbin H et al (2003) A model to study differences between primary and sec-
ondary degeneration of retinal ganglion cells in rats by partial optic nerve transection. Invest
Ophthalmol Vis Sci 44(8):3388-3393



138

12.

13

15.

16.

17.

18.

19.
20.
21.

22.

23.

24.

25.

26.

27.

A. Tassoni and K.R. Martin

. Levkovitch-Verbin H et al (2001) Optic nerve transection in monkeys may result in secondary

degeneration of retinal ganglion cells. Invest Ophthalmol Vis Sci 42(5):975-982

. Sorensen TL, Frederiksen JL, Bronnum-Hansen H, Petersen HC (1999) Optic neuritis as onset

manifestation of multiple sclerosis: a nationwide, long-term survey. Neurology 53(3):473-478

. Sen A, Tugcu B, Coskun C, Ekinci C, Nacaroglu SA (2014) Effects of levodopa on retina in

Parkinson disease. Eur J Ophthalmol 24:114-119

. Archibald NK, Clarke MP, Mosimann UP, Burn DJ (2009) The retina in Parkinson’s disease.

Brain 132(pt 5):1128-1145

. Chiu K et al (2012) Neurodegeneration of the retina in mouse models of Alzheimer’s disease:

what can we learn from the retina? Age (Dordr) 34(3):633-649

. Danesh-Meyer HV, Birch H, Ku JY, Carroll S, Gamble G (2006) Reduction of optic nerve fibers

in patients with Alzheimer disease identified by laser imaging. Neurology 67(10):1852-1854

. Ghiso JA (2013) Alzheimer’s disease and glaucoma: mechanistic similarities and differences.

J Glaucoma 22(suppl 5):S36-S38

. Gupta N, Yucel YH (2007) Glaucoma as a neurodegenerative disease. Curr Opin Ophthalmol

18(2):110-114

. Yucel Y, Gupta N (2008) Glaucoma of the brain: a disease model for the study of transsynaptic

neural degeneration. Prog Brain Res 173:465-478
Guo L et al (2007) Targeting amyloid-beta in glaucoma treatment. Proc Natl Acad Sci U S A
104(33):13444-13449

. Hayreh SS (2009) Ischemic optic neuropathy. Prog Retin Eye Res 28(1):34-62
14.

Meyer R et al (2001) Acute neuronal apoptosis in a rat model of multiple sclerosis. J Neurosci
21(16):6214-6220

Levin LA, Gordon LK (2002) Retinal ganglion cell disorders: types and treatments. Prog
Retin Eye Res 21(5):465-484

Levin LA (2007) Axonal loss and neuroprotection in optic neuropathies. Can J Ophthalmol
42(3):403-408

Quigley HA, Broman AT (2006) The number of people with glaucoma worldwide in 2010
and 2020. Br J Ophthalmol 90(3):262-267

Resnikoff S et al (2004) Global data on visual impairment in the year 2002. Bull World
Health Organ 82(11):844-851

Quigley HA (1999) Neuronal death in glaucoma. Prog Retin Eye Res 18(1):39-57
Harwerth RS, Quigley HA (2006) Visual field defects and retinal ganglion cell losses in
patients with glaucoma. Arch Ophthalmol 124(6):853-859

Rudnicka AR, Mt-Isa S, Owen CG, Cook DG, Ashby D (2006) Variations in primary open-
angle glaucoma prevalence by age, gender, and race: a Bayesian meta-analysis. Invest
Ophthalmol Vis Sci 47(10):4254-4261

Tielsch JM, Katz J, Sommer A, Quigley HA, Javitt JC (1994) Family history and risk of
primary open angle glaucoma. The Baltimore Eye Survey. Arch Ophthalmol 112(1):69-73
Hyman L, Heijl A, Leske MC, Bengtsson B, Yang Z (2010) Natural history of intraocular
pressure in the early manifest glaucoma trial: a 6-year follow-up. Arch Ophthalmol
128(5):601-607

Sommer A et al (1991) Relationship between intraocular pressure and primary open angle
glaucoma among white and black Americans. The Baltimore Eye Survey. Arch Ophthalmol
109(8):1090-1095

Quigley HA, Addicks EM, Green WR (1982) Optic nerve damage in human glaucoma. III.
Quantitative correlation of nerve fiber loss and visual field defect in glaucoma, ischemic
neuropathy, papilledema, and toxic neuropathy. Arch Ophthalmol 100(1):135-146

Nickells RW, Howell GR, Soto I, John SW (2012) Under pressure: cellular and molecular
responses during glaucoma, a common neurodegeneration with axonopathy. Annu Rev
Neurosci 35:153-179

Javitt JC, Spaeth GL, Katz LJ, Poryzees E, Addiego R (1990) Acquired pits of the optic
nerve. Increased prevalence in patients with low-tension glaucoma. Ophthalmology 97(8):
1038-1043, discussion 1043-1034



6 Stem Cell Strategies for Optic Nerve Protection 139

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

. Weinreb RN, Lindsey JD (2005) The importance of models in glaucoma research. J Glaucoma
14(4):302-304

Osborne NN, Melena J, Chidlow G, Wood JP (2001) A hypothesis to explain ganglion
cell death caused by vascular insults at the optic nerve head: possible implication for the
treatment of glaucoma. Br J Ophthalmol 85(10):1252-1259

Quigley HA et al (2000) Retrograde axonal transport of BDNF in retinal ganglion cells is
blocked by acute IOP elevation in rats. Invest Ophthalmol Vis Sci 41(11):3460-3466
Martin KR, Quigley HA, Valenta D, Kielczewski J, Pease ME (2006) Optic nerve dynein
motor protein distribution changes with intraocular pressure elevation in a rat model of glau-
coma. Exp Eye Res 83(2):255-262

Pascale A, Drago F, Govoni S (2012) Protecting the retinal neurons from glaucoma: lowering
ocular pressure is not enough. Pharmacol Res 66(1):19-32

Osborne NN et al (2004) Retinal ischemia: mechanisms of damage and potential therapeutic
strategies. Prog Retin Eye Res 23(1):91-147

You Y, Gupta VK, Li JC, Klistorner A, Graham SL (2013) Optic neuropathies: characteristic
features and mechanisms of retinal ganglion cell loss. Rev Neurosci 24(3):301-321
Whitmore AV, Libby RT, John SW (2005) Glaucoma: thinking in new ways-a role for autono-
mous axonal self-destruction and other compartmentalised processes? Prog Retin Eye Res
24(6):639-662

Yiu G, He Z (2006) Glial inhibition of CNS axon regeneration. Nat Rev Neurosci 7(8):
617-627

Onofrj M, Ghilardi MF, Basciani M, Gambi D (1986) Visual evoked potentials in parkinsonism
and dopamine blockade reveal a stimulus-dependent dopamine function in humans. J Neurol
Neurosurg Psychiatry 49(10):1150-1159

Goldstein LE et al (2003) Cytosolic beta-amyloid deposition and supranuclear cataracts in
lenses from people with Alzheimer’s disease. Lancet 361(9365):1258-1265

Ning A, Cui J, To E, Ashe KH, Matsubara J (2008) Amyloid-beta deposits lead to retinal
degeneration in a mouse model of Alzheimer disease. Invest Ophthalmol Vis Sci
49(11):5136-5143

Quigley HA et al (1995) Retinal ganglion cell death in experimental glaucoma and after
axotomy occurs by apoptosis. Invest Ophthalmol Vis Sci 36(5):774-786

DePina AS, Langford GM (1999) Vesicle transport: the role of actin filaments and myosin
motors. Microsc Res Tech 47(2):93-106

von Bartheld CS et al (1996) Retrograde transport of neurotrophins from the eye to the brain
in chick embryos: roles of the p75SNTR and trkB receptors. J Neurosci 16(9):2995-3008
Berkelaar M, Clarke DB, Wang YC, Bray GM, Aguayo AJ (1994) Axotomy results in
delayed death and apoptosis of retinal ganglion cells in adult rats. J Neurosci
14(7):4368-4374

Finn JT et al (2000) Evidence that Wallerian degeneration and localized axon degeneration
induced by local neurotrophin deprivation do not involve caspases. J Neurosci
20(4):1333-1341

Dusart I, Schwab ME (1994) Secondary cell death and the inflammatory reaction after dorsal
hemisection of the rat spinal cord. Eur J Neurosci 6(5):712-724

Levkovitch-Verbin H, Dardik R, Vander S, Melamed S (2010) Mechanism of retinal ganglion
cells death in secondary degeneration of the optic nerve. Exp Eye Res 91(2):127-134

Pease ME, McKinnon SJ, Quigley HA, Kerrigan-Baumrind LA, Zack DJ (2000) Obstructed
axonal transport of BDNF and its receptor TrkB in experimental glaucoma. Invest Ophthalmol
Vis Sci 41(3):764-774

Martin KR et al (2003) Gene therapy with brain-derived neurotrophic factor as a protection:
retinal ganglion cells in a rat glaucoma model. Invest Ophthalmol Vis Sci 44(10):
43574365

McKinnon SJ (2003) Glaucoma: ocular Alzheimer’s disease? Front Biosci 8:5s1140-s1156
Tezel G, Yang X, Cai J (2005) Proteomic identification of oxidatively modified retinal
proteins in a chronic pressure-induced rat model of glaucoma. Invest Ophthalmol Vis Sci
46(9):3177-3187



140

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

A. Tassoni and K.R. Martin

. Dreyer EB, Zurakowski D, Schumer RA, Podos SM, Lipton SA (1996) Elevated glutamate
levels in the vitreous body of humans and monkeys with glaucoma. Arch Ophthalmol
114(3):299-305

Takada K, Munemasa Y, Kuribayashi J, Fujino H, Kitaoka Y (2011) Protective effect of
thalidomide against N-methyl-D-aspartate-induced retinal neurotoxicity. J Neurosci Res
89(10):1596-1604

Georgopoulos G et al (1997) Risk factors in ocular hypertension. Eur J Ophthalmol
7(4):357-363

Bosse F (2012) Extrinsic cellular and molecular mediators of peripheral axonal regeneration.
Cell Tissue Res 349(1):5-14

Bregman BS, Goldberger ME (1982) Anatomical plasticity and sparing of function after
spinal cord damage in neonatal cats. Science 217(4559):553-555

Allen SJ, Watson JJ, Shoemark DK, Barua NU, Patel NK (2013) GDNF, NGF and BDNF as
therapeutic options for neurodegeneration. Pharmacol Ther 138(2):155-175

Park H, Poo MM (2013) Neurotrophin regulation of neural circuit development and function.
Nat Rev Neurosci 14(1):7-23

Insausti R, Blakemore C, Cowan WM (1984) Ganglion cell death during development of
ipsilateral retino-collicular projection in golden hamster. Nature 308(5957):362-365
Pearson HE, Stoffler DJ (1992) Retinal ganglion cell degeneration following loss of postsyn-
aptic target neurons in the dorsal lateral geniculate nucleus of the adult cat. Exp Neurol
116(2):163-171

Mansour-Robaey S, Clarke DB, Wang YC, Bray GM, Aguayo AJ (1994) Effects of ocular
injury and administration of brain-derived neurotrophic factor on survival and regrowth of
axotomized retinal ganglion cells. Proc Natl Acad Sci U S A 91(5):1632-1636

Chierzi S, Fawcett JW (2001) Regeneration in the mammalian optic nerve. Restor Neurol
Neurosci 19(1-2):109-118

Monnier PP, Sierra A, Schwab JM, Henke-Fahle S, Mueller BK (2003) The Rho/ROCK
pathway mediates neurite growth-inhibitory activity associated with the chondroitin sulfate
proteoglycans of the CNS glial scar. Mol Cell Neurosci 22(3):319-330

Lingor P et al (2008) ROCK inhibition and CNTF interact on intrinsic signalling pathways
and differentially regulate survival and regeneration in retinal ganglion cells. Brain 131(pt
1):250-263

Fischer D, Petkova V, Thanos S, Benowitz LI (2004) Switching mature retinal ganglion cells
to a robust growth state in vivo: gene expression and synergy with RhoA inactivation. J
Neurosci 24(40):8726-8740

Rhodes KE, Fawcett JW (2004) Chondroitin sulphate proteoglycans: preventing plasticity or
protecting the CNS? J Anat 204(1):33-48

Kunkel-Bagden E, Dai HN, Bregman BS (1992) Recovery of function after spinal cord hemi-
section in newborn and adult rats: differential effects on reflex and locomotor function. Exp
Neurol 116(1):40-51

Chen DF, Jhaveri S, Schneider GE (1995) Intrinsic changes in developing retinal neurons
result in regenerative failure of their axons. Proc Natl Acad Sci U S A 92(16):7287-7291
Goldberg JL, Klassen MP, Hua Y, Barres BA (2002) Amacrine-signaled loss of intrinsic axon
growth ability by retinal ganglion cells. Science 296(5574):1860-1864

Lorber B, Berry M, Logan A (2008) Different factors promote axonal regeneration of adult
rat retinal ganglion cells after lens injury and intravitreal peripheral nerve grafting. J Neurosci
Res 86(4):894-903

Lorber B, Berry M, Logan A (2005) Lens injury stimulates adult mouse retinal ganglion cell
axon regeneration via both macrophage- and lens-derived factors. Eur J Neurosci
21(7):2029-2034

Fischer D, Pavlidis M, Thanos S (2000) Cataractogenic lens injury prevents traumatic gan-
glion cell death and promotes axonal regeneration both in vivo and in culture. Invest
Ophthalmol Vis Sci 41(12):3943-3954

Muller A, Hauk TG, Fischer D (2007) Astrocyte-derived CNTF switches mature RGCs to a
regenerative state following inflammatory stimulation. Brain 130(pt 12):3308-3320



6 Stem Cell Strategies for Optic Nerve Protection 141

73

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

. Giulian D, Vaca K, Corpuz M (1993) Brain glia release factors with opposing actions upon
neuronal survival. J Neurosci 13(1):29-37

Kreutzberg GW (1996) Microglia: a sensor for pathological events in the CNS. Trends
Neurosci 19(8):312-318

Dahlmann-Noor AH, Vijay S, Limb GA, Khaw PT (2010) Strategies for optic nerve rescue
and regeneration in glaucoma and other optic neuropathies. Drug Discov Today 15(7-8):
287-299

Walland MJ et al (2006) Failure of medical therapy despite normal intraocular pressure. Clin
Experiment Ophthalmol 34(9):827-836

Johnson TV et al (2010) Neuroprotective effects of intravitreal mesenchymal stem cell trans-
plantation in experimental glaucoma. Invest Ophthalmol Vis Sci 51(4):2051-2059

Barber AC et al (2013) Repair of the degenerate retina by photoreceptor transplantation. Proc
Natl Acad Sci U S A 110(1):354-359

Tabata Y et al (2004) Specification of the retinal fate of mouse embryonic stem cells by ecto-
pic expression of Rx/rax, a homeobox gene. Mol Cell Biol 24(10):4513-4521

Ikeda H et al (2005) Generation of Rx+/Pax6+ neural retinal precursors from embryonic stem
cells. Proc Natl Acad Sci U S A 102(32):11331-11336

Arnhold S, Klein H, Semkova I, Addicks K, Schraermeyer U (2004) Neurally selected
embryonic stem cells induce tumor formation after long-term survival following engraftment
into the subretinal space. Invest Ophthalmol Vis Sci 45(12):4251-4255

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors. Cell 126(4):663-676

Chen M et al (2010) Generation of retinal ganglion-like cells from reprogrammed mouse
fibroblasts. Invest Ophthalmol Vis Sci 51(11):5970-5978

Dahlmann-Noor A, Vijay S, Jayaram H, Limb A, Khaw PT (2010) Current approaches and
future prospects for stem cell rescue and regeneration of the retina and optic nerve. Can J
Ophthalmol 45(4):333-341

Uccelli A, Moretta L, Pistoia V (2008) Mesenchymal stem cells in health and disease. Nat
Rev Immunol 8(9):726-736

Bianco P, Gehron Robey P (2000) Marrow stromal stem cells. J Clin Invest 105(12):
1663-1668

Woodbury D, Schwarz EJ, Prockop DJ, Black IB (2000) Adult rat and human bone marrow
stromal cells differentiate into neurons. J Neurosci Res 61(4):364-370

Krabbe C, Zimmer J, Meyer M (2005) Neural transdifferentiation of mesenchymal stem
cells—a critical review. APMIS 113(11-12):831-844

Caplan Al Correa D (2011) The MSC: an injury drugstore. Cell Stem Cell 9(1):11-15
Nishida A et al (2000) Incorporation and differentiation of hippocampus-derived neural stem
cells transplanted in injured adult rat retina. Invest Ophthalmol Vis Sci 41(13):4268-4274
Martino G, Pluchino S (2006) The therapeutic potential of neural stem cells. Nat Rev
Neurosci 7(5):395-406

Hill AJ et al (2009) Rat neurosphere cells protect axotomized rat retinal ganglion cells and
facilitate their regeneration. J Neurotrauma 26(7):1147-1156

Nunes MC et al (2003) Identification and isolation of multipotential neural progenitor cells
from the subcortical white matter of the adult human brain. Nat Med 9(4):439-447

Wilkins A, Chandran S, Compston A (2001) A role for oligodendrocyte-derived IGF-1 in
trophic support of cortical neurons. Glia 36(1):48-57

Bull ND, Irvine KA, Franklin RJ, Martin KR (2009) Transplanted oligodendrocyte precursor
cells reduce neurodegeneration in a model of glaucoma. Invest Ophthalmol Vis Sci
50(9):4244-4253

Setzu A et al (2006) Inflammation stimulates myelination by transplanted oligodendrocyte
precursor cells. Glia 54(4):297-303

Li Y, Li D, Raisman G (2007) Transplanted Schwann cells, not olfactory ensheathing cells,
myelinate optic nerve fibres. Glia 55(3):312-316

Li Y, Field PM, Raisman G (1997) Repair of adult rat corticospinal tract by transplants of
olfactory ensheathing cells. Science 277(5334):2000-2002



142

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

A. Tassoni and K.R. Martin

Lu J, Feron F, Mackay-Sim A, Waite PM (2002) Olfactory ensheathing cells promote
locomotor recovery after delayed transplantation into transected spinal cord. Brain 125(pt 1):
1421

Wu MM et al (2010) Death of axotomized retinal ganglion cells delayed after intraoptic nerve
transplantation of olfactory ensheathing cells in adult rats. Cell Transplant 19(2):159-166
Li Y, Sauve Y, Li D, Lund RD, Raisman G (2003) Transplanted olfactory ensheathing cells
promote regeneration of cut adult rat optic nerve axons. J Neurosci 23(21):7783-7788

Li Y, Li D, Khaw PT, Raisman G (2008) Transplanted olfactory ensheathing cells incorpo-
rated into the optic nerve head ensheathe retinal ganglion cell axons: possible relevance to
glaucoma. Neurosci Lett 440(3):251-254

Fischer AJ, Reh TA (2003) Potential of Muller glia to become neurogenic retinal progenitor
cells. Glia 43(1):70-76

Fischer AJ, Reh TA (2001) Muller glia are a potential source of neural regeneration in the
postnatal chicken retina. Nat Neurosci 4(3):247-252

Das AV et al (2006) Neural stem cell properties of Muller glia in the mammalian retina: regu-
lation by Notch and Wnt signaling. Dev Biol 299(1):283-302

Bhatia B, Singhal S, Lawrence JM, Khaw PT, Limb GA (2009) Distribution of Muller stem
cells within the neural retina: evidence for the existence of a ciliary margin-like zone in the
adult human eye. Exp Eye Res 89(3):373-382

Bull ND, Limb GA, Martin KR (2008) Human Muller stem cell (MIO-M1) transplantation in
a rat model of glaucoma: survival, differentiation, and integration. Invest Ophthalmol Vis Sci
49(8):3449-3456

Tropepe V et al (2000) Retinal stem cells in the adult mammalian eye. Science 287(5460):
2032-2036

Tomita M et al (2006) A comparison of neural differentiation and retinal transplantation with
bone marrow-derived cells and retinal progenitor cells. Stem Cells 24(10):2270-2278
Singhal S et al (2012) Human Muller glia with stem cell characteristics differentiate into retinal
ganglion cell (RGC) precursors in vitro and partially restore RGC function in vivo following
transplantation. Stem Cells Transl Med 1(3):188-199

Kassis I et al (2008) Neuroprotection and immunomodulation with mesenchymal stem cells
in chronic experimental autoimmune encephalomyelitis. Arch Neurol 65(6):753-761
Pluchino S et al (2005) Neurosphere-derived multipotent precursors promote neuroprotection
by an immunomodulatory mechanism. Nature 436(7048):266-271

Zhang Y, Klassen HJ, Tucker BA, Perez MT, Young MJ (2007) CNS progenitor cells promote
a permissive environment for neurite outgrowth via a matrix metalloproteinase-2-dependent
mechanism. J Neurosci 27(17):4499-4506

Emerich DF, Thanos CG (2008) NT-501: an ophthalmic implant of polymer-encapsulated
ciliary neurotrophic factor-producing cells. Curr Opin Mol Ther 10(5):506-515

Zhang R et al (2011) Neuroprotective effect of intravitreal cell-based glucagon-like peptide-1
production in the optic nerve crush model. Acta Ophthalmol 89(4):e320—326

Zwart I et al (2009) Umbilical cord blood mesenchymal stromal cells are neuroprotective and
promote regeneration in a rat optic tract model. Exp Neurol 216(2):439-448

Li N, Li XR, Yuan JQ (2009) Effects of bone-marrow mesenchymal stem cells transplanted
into vitreous cavity of rat injured by ischemia/reperfusion. Graefes Arch Clin Exp Ophthalmol
247(4):503-514

Yu S, Tanabe T, Dezawa M, Ishikawa H, Yoshimura N (2006) Effects of bone marrow stromal
cell injection in an experimental glaucoma model. Biochem Biophys Res Commun
344(4):1071-1079

Levkovitch-Verbin H et al (2010) Intravitreal injections of neurotrophic factors secreting
mesenchymal stem cells are neuroprotective in rat eyes following optic nerve transection.
Invest Ophthalmol Vis Sci 51(12):6394-6400

Harper MM et al (2011) Transplantation of BDNF-secreting mesenchymal stem cells
provides neuroprotection in chronically hypertensive rat eyes. Invest Ophthalmol Vis Sci
52(7):4506-4515



6 Stem Cell Strategies for Optic Nerve Protection 143

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Lipson AC, Widenfalk J, Lindqvist E, Ebendal T, Olson L (2003) Neurotrophic properties of
olfactory ensheathing glia. Exp Neurol 180(2):167-171

Dai C, Qin Yin Z, Li Y, Raisman G, Li D (2010) Survival of retinal ganglion cells in slice
culture provides a rapid screen for olfactory ensheathing cell preparations. Brain Res
1354:40-46

Ooto S et al (2004) Potential for neural regeneration after neurotoxic injury in the adult
mammalian retina. Proc Natl Acad Sci U S A 101(37):13654-13659

Takeda M et al (2008) alpha-Aminoadipate induces progenitor cell properties of Muller glia
in adult mice. Invest Ophthalmol Vis Sci 49(3):1142-1150

Ring H, Mendu SK, Shirazi-Fard S, Birnir B, Hallbook F (2012) GABA maintains the pro-
liferation of progenitors in the developing chick ciliary marginal zone and non-pigmented
ciliary epithelium. PLoS One 7(5):e36874

Mellough CB et al (2004) Fate of multipotent neural precursor cells transplanted into mouse
retina selectively depleted of retinal ganglion cells. Exp Neurol 186(1):6—-19

Wang H et al (2013) Short hairpin RNA-mediated knockdown of VEGFA in Muller cells
reduces intravitreal neovascularization in a rat model of retinopathy of prematurity. Am J
Pathol 183:964-974

Mey J, Thanos S (1993) Intravitreal injections of neurotrophic factors support the survival of
axotomized retinal ganglion cells in adult rats in vivo. Brain Res 602(2):304-317

Xue W et al (2011) Ciliary neurotrophic factor induces genes associated with inflammation
and gliosis in the retina: a gene profiling study of flow-sorted, Muller cells. PLoS One
6(5):20326

Schlichtenbrede FC et al (2003) Intraocular gene delivery of ciliary neurotrophic factor
results in significant loss of retinal function in normal mice and in the Prph2Rd2/Rd2 model
of retinal degeneration. Gene Ther 10(6):523-527

Chen H, Weber AJ (2004) Brain-derived neurotrophic factor reduces TrkB protein and mRNA
in the normal retina and following optic nerve crush in adult rats. Brain Res 1011(1):99-106
Ellis-Behnke RG et al (2006) Nano neuro knitting: peptide nanofiber scaffold for brain repair
and axon regeneration with functional return of vision. Proc Natl Acad Sci U S A
103(13):5054-5059

Fang Y et al (2010) A new type of Schwann cell graft transplantation to promote optic nerve
regeneration in adult rats. J Tissue Eng Regen Med 4(8):581-589

Quigley HA, Iglesia DS (2004) Stem cells to replace the optic nerve. Eye (Lond) 18(11):
1085-1088

Johnson TV, Bull ND, Martin KR (2010) Identification of barriers to retinal engraftment of
transplanted stem cells. Invest Ophthalmol Vis Sci 51(2):960-970

Singhal S et al (2008) Chondroitin sulfate proteoglycans and microglia prevent migration
and integration of grafted Muller stem cells into degenerating retina. Stem Cells
26(4):1074-1082

Bull ND, Martin KR (2011) Concise review: toward stem cell-based therapies for retinal
neurodegenerative diseases. Stem Cells 29(8):1170-1175

Bull ND, Martin KR (2007) Optic nerve restoration: new perspectives. J Glaucoma 16(5):
506-511



Chapter 7
Stem Cell Strategies for Diseases of the Outer
Retina

Alex W. Hewitt and Kathryn C. Davidson

Contents
Tl INEOAUCHION ....eiiiiiiieiteict ettt ettt ettt s a e eae
7.2 Outer Retina DISEASES .....c.coueueuirieuirieiirieiiieieteietntetstetrt ettt ettt ebe bt senens
7.2.1 Age-Related Macular Degeneration............c.cecevereruerienienieieieenincneseseeseeeenee
7.2.2  Stargardt DISEASE.........ccceviviiiiiiiiiiiiiiiiiiici e
723 BeSt DISEASE c.veuvviniieiiiciiieteieictc ettt ettt
7.2.4 Doyne Honeycomb Retinal Dystrophy .
7.2.5 Retinitis PIgMENtOSA .......cociuiviiiiiiiiiiiiiiii s
7.2.6  SOTSDY DYSIOPNY ....cuieiiiiieiiitieiieietee ettt
7.2.7 Cone-Rod dystrophy .............
7.2.8 Leber Congenital Amaurosis ...
7.2.9 Gyrate Atrophy.....cccccecvevueenenne.
7.2.10  ChOTOIdEIEMIA. ......ceeveeiriiiietiieieieteee ettt ne
7.3 Induced Pluripotent Stem Cells for Retinal Disease Modelling ............ccccccceevviiiiinnnnns
7.4 Pluripotent Stem Cells for Retinal Cell Replacement.................
7.4.1 Moving Towards Stem Cell-Based RPE Cell Therapy .
7.4.2 Feasibility of Photoreceptor Cell Therapy ....................
7.4.3 Bioengineered Substrates for Cell Transplants ............cccooeeeieeeeininenenienieneene
7.4.4 Pluripotent Stem Cells Recapitulate Retinal Ontogeny
7.4.5 Stem Cell Transplants for Trophic Support
7.4.6 Receptivity of the Diseased Retina ..........c.occeeiririniinieniinieieieeeee e
7.5 Concluding ReMarks..........cccoviiiriiriiiiriiieieee et

RETEIEICES .....vviiiii ettt e e et e e s aa e e taeeeteeeseeebeeeabeesasaeenseesaseensseensseens

A.W. Hewitt
Centre for Eye Research Australia, Royal Victorian Eye and Ear Hospital,
University of Melbourne, East Melbourne, VIC, Australia

Centre for Ophthalmology and Vision Science,
University of Western Australia and the Lions Eye Institute,
Perth, WA, Australia

K.C. Davidson (<)

Centre for Eye Research Australia, Royal Victorian Eye and Ear Hospital,
University of Melbourne, East Melbourne, VIC, Australia

e-mail: kdavidson @unimelb.edu.au

A. Pébay (ed.), Regenerative Biology of the Eye, Stem Cell Biology and Regenerative Medicine, 145
DOI 10.1007/978-1-4939-0787-8_7, © Springer Science+Business Media New York 2014


mailto:kdavidson@unimelb.edu.au

146 AW. Hewitt and K.C. Davidson

Abbreviations

ABCA4  ATP-binding cassette, subfamily A, member 4
AMD Age-related macular degeneration

BESTI Bestrophin

CHM Choroideremia

CRD Cone-rod dystrophy

CRX Cone-rod homeobox

EFEMP1  Epidermal growth factor-containing fibulin-like extracellular matrix protein 1
ERG Electroretinography

hESC Human embryonic stem cells
iPSC Induced pluripotent stem cells
LCA Leber congenital amaurosis
MAK Male germ-associated kinase
OAT Ornithine aminotransferase
PR Photoreceptor

PRPH2 Peripherin 2

PSC Pluripotent stem cell

RCS Royal College of Surgeon

REP1 Rab escort protein-1
RHO Rhodopsin

RP Retinitis pigmentosa

RP1 Retinitis pigmentosa 1

RP9 Retinitis pigmentosa 9

RPE Retinal pigmented epithelium

RPE65 Retinal pigment epithelium-specific protein 65 kDa
RPGR Retinitis pigmentosa GTPase regulator

TIMP3 Tissue inhibitor of metalloproteinases-3

USH2A  Usher syndrome 2A

VEGF Vascular endothelial growth factor

7.1 Introduction

The retina is the light-sensing tissue that lines the inner surface at the posterior part of
the eye. Light is perceived by chemical and electrical signals initiated in the retina that
stimulate retinal ganglion cells to transmit signals to the visual centres of the brain via
the optic nerve. Within the retina, phototransduction is initiated in photoreceptors
(PRs), specialised neurons that convert light into electrical signals that are transmitted
and ultimately processed by the visual centres within the brain. The health and func-
tion of PRs are critically dependent on neighbouring retinal pigmented epithelium
(RPE) cells, which separate PRs from the blood supply in the choroid. RPE cells are
attached to Bruch’s membrane, which acts as a semi-permeable barrier between the
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RPE and vasculature of the choroid. The choroid provides the blood supply to the
outer retina. RPE cells perform a number of important functions that are essential to
the overall homeostasis of the retina which include retinol cycling, nutrient transport,
growth factor production, and phagocytosis of PR outer segments [1].

Dysfunction of PRs or RPE can lead to vision loss and often causes irreversible
degeneration of other retinal supporting or downstream cells. Retinal degenerative
diseases affect millions of people worldwide and have an immense impact on qual-
ity of life. Unfortunately the majority of these conditions are currently untreatable.
However, through the use of pluripotent stem cells (PSCs), new strategies for
studying these diseases offer profound hope of ultimately identifying novel
treatments.

Stem cells are unique in that they are capable of both self-renewal and subsequent
differentiation into any number of specialised cell types. Stem cells are frequently
defined according to their origin and the range or extent to which they can differenti-
ate. PSCs can differentiate into any somatic cell type of the body, whereas multipo-
tent stem cells are somewhat more restricted in the types of cells they can become.
PSCs can be derived from various sources and include human embryonic stem cells
(hESCs) [2, 3] and induced pluripotent stem cells (iPSCs) [4-6]. A detailed discus-
sion of hESCs and iPSCs can be found in Chap. 5. Together, hESCs and iPSCs
(collectively PSCs) provide a novel set of tools for the study and treatment of many
diseases through their application in developing cellular models and therapies.
Indeed, retinal diseases are currently targeted for clinical trials using PSC-based
therapies, demonstrating the exciting possibility that these strategies may in fact
translate into clinical outcomes in the near future.

To understand stem cell-based approaches for treating retinal diseases, we begin
with a brief summary of the pertinent clinical features of diseases that affect the
outer retina (i.e. from the outer plexiform layer to the RPE). A particular focus has
been made on diseases where PSCs have been used for either disease modelling or
cell therapy and on diseases that are strong candidates for these stem cell strategies
given the current state of the field. We then outline the potential of PSC-related
therapies for outer retinal diseases.

7.2 Outer Retina Diseases

7.2.1 Age-Related Macular Degeneration

Age-related macular degeneration (AMD) (OMIM #603075, reviewed in [7]) is a
multifactorial disorder with both genetic and environmental risk factors and involves
progressive degeneration of PRs and underlying RPE cells in the macula, the part of
the eye responsible for central vision. The clinical hallmarks of AMD include the
accumulation of extracellular deposits, termed drusen, beneath the RPE on Bruch’s
membrane and pigment abnormalities from dysfunctional RPE cells. Advanced
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stages are characterised by central visual loss due to geographic atrophy of the RPE
(‘dry’ AMD) and/or choroidal neovascularisation (‘wet” AMD). AMD is the leading
cause of blindness in the Western world and the most common cause of acquired
visual impairment in the elderly, affecting over seven million people in the US and
approximately 1 in 7 people over the age of 50 in Australia [8, 9]. The vast majority
of patients have the atrophic, or ‘dry’, form of the disease, for which there is
currently no treatment. A subset of people with atrophic AMD go on to develop
exudative, or ‘wet’, AMD, which is currently managed if diagnosed early by serial
injections of anti-angiogenic drugs that block vascular endothelial growth factor
(VEGF)-induced neovascularisation [10]. This treatment often halts or slows vision
loss and many patients experience restoration in vision with timely intervention.

7.2.2 Stargardt Disease

Stargardt disease (OMIM #248200, reviewed in [11]) is an autosomal recessive, juve-
nile-onset macular dystrophy caused by mutations in the ATP-binding cassette, sub-
Sfamily A, member 4 (ABCA4) gene. Clinically it is characterised by loss of visual
acuity, though peripheral visual fields remain normal, and rapid progressive degenera-
tion of the macula region of the retina. Histologically, it is characterised by subretinal
deposition of lipofuscin-like material in RPE cells and PR segments. Later stages of
the disease involve abnormal slowing of the rod and cone retinoid cycle and death of
RPE and PRs. There are no treatments available for Stargardt disease.

7.2.3 Best Disease

Best Disease (OMIM #153700, reviewed in [12]) is an autosomal dominant, early
onset macular dystrophy frequently caused by mutations in the Bestrophin (BEST/)
gene [13]. Clinically it is characterised by the bilateral presence of bright yellow
lesion containing lipofuscin-like material in the subretinal space that resemble a
sunny-side-up egg, termed ‘vitelliform’, upon examination. In many individuals
these lesions eventually rupture, giving a ‘scrambled egg’ appearance and leading
to deposits and fluid in the affected area of the macula, pigment abnormalities, atro-
phy of the underlying RPE, and progressive reduction in central vision. Unfortunately
there are currently no treatments for this retinal dystrophy.

7.2.4 Doyne Honeycomb Retinal Dystrophy

Doyne Honeycomb Retinal Dystrophy (OMIM #126600, reviewed in [14]) is an
inherited disorder predominantly caused by mutations in the epidermal growth
factor-containing fibulin-like extracellular matrix protein 1 (EFEMPI) gene.
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Clinically, it resembles AMD, with sub-RPE drusen developing in early adult life
and a progressive irreversible loss of central vision. Build up of large drusen, which
generally forms a honeycomb-like pattern within the macula, causes progression of
the disease. Unfortunately, there are no means by which to definitively treat this
uncommon retinal dystrophy.

7.2.5 Retinitis Pigmentosa

Retinitis pigmentosa (RP) (OMIM #268000, reviewed in [15]) is a heterogeneous
group of ocular diseases which are clinically characterised by progressive loss
of central or peripheral vision and night blindness, secondary to degeneration of the
RPE and PRs. Most cases of RP are monogenic. To date more than 50 genes have
been identified to cause RP, including rhodopsin (RHO), Usher syndrome 2A
(USH2A), and retinitis pigmentosa GTPase regulator (RPGR), which collectively
account for approximately 30 % of all cases [16, 17]. To date there is no means by
which to definitively treat this blinding condition.

7.2.6 Sorsby Dystrophy

Sorsby Dystrophy (OMIM #136900, reviewed in [18]) is a fully penetrant, autosomal
dominant disorder caused by missense mutations in the tissue inhibitor of metalloprotein-
ases-3 (TIMP3) gene. Clinically it is characterised by bilateral loss of central vision due to
subretinal neovascularisation and RPE atrophy at the macula. Similar to other retinal dys-
trophies currently there are no means by which to definitively treat this disease.

7.2.7 Cone-Rod dystrophy

Cone-rod dystrophy (CRD) (OMIM #120970, reviewed in [19]) is a progressive
retinal degenerative disease which can be inherited in an autosomal dominant,
recessive or X-linked pattern. It can be caused by mutations in a number of different
genes, including cone-rod homeobox (CRX), ABCA4, and others. Clinically, it man-
ifests by progressive vision impairment typically beginning with loss of colour
vision, reduced visual acuity and sensitivity to light, followed by night blindness
and loss of peripheral visual fields. Histologically CRD is characterised by degen-
eration, and eventually a complete loss, of outer nuclear layer PRs (generally either
cones proceeding rods or vice versa). Upon examination, pigment abnormalities
and atrophy of the RPE may also be observed in addition to abnormal cone function
on electroretinography (ERQG), a test that measures the electrical response of cells in
the retina. Currently there is no treatment for CRD; however, tinted lenses and low
vision aids may help with managing symptoms.
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7.2.8 Leber Congenital Amaurosis

Leber congenital amaurosis (LCA) (OMIM #204000, reviewed in [20]) comprises
a group of autosomal recessive early onset childhood retinal dystrophies caused
by mutations in a number of different genes. Clinically, it is characterised by
vision loss, nystagmus, and severe retinal dysfunction often manifesting in the
early postnatal period. Progressive degeneration in the cellular structure of the
retina causes ERG responses to be severely attenuated or non-recordable and may
also lead to structural changes in the cornea that cause it to thin and adopt a coni-
cal shape, further distorting vision [20]. Most forms of LCA involve severe
degeneration and death of PRs and have no available treatments. A rare form of
LCA caused by mutations in retinal pigment epithelium-specific protein 65 kDa
(RPE65) (OMIM #204100) results in dysfunctional, but relatively preserved, reti-
nal cells. Mutations in this gene cause a deficiency in retinoid isomerase, which
leads to a biochemical blockage of the retinoid cycle and degeneration of PRs.
Gene therapy trials aimed at restoring the visual cycle in surviving PRs via adeno-
associated virus delivery of RPE65 have shown partial reversal of the dysfunc-
tion, although the reconstituted retinoid cycle is not completely normal and PR
degeneration still occurs [21, 22]. Importantly though, patients who received gene
therapy have shown remarkable and lasting improvements in visual function
despite ongoing loss of PRs [21, 22].

7.2.9 Gyrate Atrophy

Gyrate atrophy (OMIM #258870, reviewed in [23]) is an autosomal recessive disor-
der characterised by slowly progressive atrophy of the choroid, RPE, and retina.
Mutations in the ornithine aminotransferase (OAT) gene are known to cause gyrate
atrophy, and dietary restriction arginine has been shown to halt visual loss [24].

7.2.10 Choroideremia

Choroideremia (OMIM #303100, reviewed in [25]) is an X-linked disease caused
by mutations in the choroideremia (CHM) gene, which encodes Rab escort protein-
1 (REP1), that lead to degeneration of the choriocapillaris, RPE, and PRs. All
known CHM mutations produce truncated protein products, resulting in a complete
loss of functional REP1 protein. In affected males, it is characterised by nyctalopia,
progressive loss of peripheral and central vision as a result of complete atrophy of
the choroid and retina. Heterozygous females have no visual defect, but may exhibit
pigment abnormalities and atrophy around the optic disc. Unfortunately there is no
effective treatment for CHM.
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7.3 Induced Pluripotent Stem Cells for Retinal Disease
Modelling

The extreme difficulty in obtaining ocular tissue from living people currently represents
a major barrier to studying the molecular mechanisms of blinding disease. The
ability to generate iPSCs from patients with specific diseases provides an extremely
powerful means to investigate the underlying pathogenesis. Generating iPSCs
directly from patients with a particular disease allows cells to be differentiated into
specific cell types for disease modelling, drug screening, and understanding funda-
mental mechanisms underlying cell biology.

Despite the relatively large of number diseases affecting the outer retina, to date
there have only been a small number of studies describing the development and
characterisation of patient-specific iPSCs (Table 7.1). This is compounded further
by the relatively large degree of genetic heterogeneity amongst these diseases.
Despite this, particular insight in the pathogenesis of retinitis pigmentosa 9 (RP9)-
related RP has been made, whereby RP9 mutations appear to cause disease, at least in
part, through oxidative stress pathways [26]. Conversely, RHO and USH2A mutations
are associated with an increase in endoplasmic reticulum stress [26, 27].

7.4 Pluripotent Stem Cells for Retinal Cell Replacement

Although a number of genetic mutations and variants have been identified that
cause or confer risk for diseases of the outer retina, in many cases the disease mech-
anisms remain poorly understood. Few treatment options exist to preserve or restore
vision for a majority of these diseases, and available treatments may only treat
symptoms rather than the underlying disease cause. However, the cell types whose
degeneration and/or dysfunction lead to vision loss in most cases are known: pre-
dominantly RPE, PRs, or a combination thereof. One potential option for treatment
involves replacing the degenerative or dysfunctional cells within the outer retina
with new healthy cells to restore function and, hopefully, improve vision. Transplanted
cells may also protect endogenous retinal cells from further degeneration, minimis-
ing future vision loss. This approach, termed cell replacement therapy, is an attrac-
tive strategy for many retinal diseases because the population of cells that are
defective or have degenerated are generally well characterised and, surgically, the
eye is easily accessible. Moreover, as an immune-privileged site, the eye should have
a low risk of rejecting transplanted material [28], though results from early clinical
trials with allogenic foetal RPE transplants indicate that immunosuppression may
still be required if the blood—retinal barrier is compromised due to disease [29-31].
For cell replacement therapy to be feasible, one needs a readily available cellular
source from which to generate sufficient numbers of healthy retinal cells for trans-
plantation. Transplant of foetal tissue has shown some promise in a clinical setting
[32, 33], but this material is difficult to obtain. As described previously, PSCs can
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be expanded indefinitely in vitro and can also potentially be differentiated into any
cell type in the body, including retinal cells; thus, they provide an unlimited and
renewable source of cells for transplant. Furthermore, methods to differentiate
PSCs to functional RPE [34-39] and PRs [40-46] are well established.

7.4.1 Moving Towards Stem Cell-Based RPE Cell Therapy

The aim of PSC-based cellular therapy is to ultimately replace degenerative retinal
cells with new healthy cells that survive, integrate, and remain functionally active
long term. As proof of principle, it has been shown that RPE cells can survive post-
transplantation and improve visual function in rodent models of retinal degeneration
[47-50]. Similarly, human PSC-derived RPE can functionally integrate and improve
visual function in rodent models of retinal degenerative diseases [51, 52]. In a
mouse model of RP (Rpe654%¥2) human iPSC-derived RPE cells survived long
term and improved retinal function over the lifetime of the mice [52]. In the dystro-
phic Royal College of Surgeon (RCS) rat in which a primary defect in RPE phago-
cytosis leads to PR degeneration, one study found that iPSC-derived RPE did not
survive beyond 13 weeks; however, long-term visual function was maintained, sug-
gesting the effect may be due to a secondary host response [51]. In another study,
hESC-derived RPE survived long term (>100 days) following subretinal injection
into RCS rats and led to reduced PR degeneration and preserved visual function [53].
Whether visual improvement observed with transplanted PSC-derived RPE is due to
bona fide functional cell replacement or indirect paracrine effects remains to be
determined. Nonetheless, PSC-based RPE cell therapy appears very feasible.
Towards this goal, phase I/Ila clinical trials of cell replacement therapy for AMD
and Stargardt disease are currently underway using allogenic hESC-derived RPE
cell transplants [54] (NCT01345006, NCT01344993, NCT 01469832, Advanced
Cell Technology; and NCT01674829, CHA Bio and Diostech). IPSC technology
has the added advantage of allowing for generation of patient-matched cells for
autologous transplant to mitigate the need for immunosuppression. Recently, the
first iPSC-derived RPE clinical trials were approved for AMD in Japan (RIKEN). It is
important to note that for diseases caused by specific Mendelian mutations, gene
correction may be required in iPSCs from the affected patient prior to transplant.

7.4.2 Feasibility of Photoreceptor Cell Therapy

Cell replacement therapy for PRs has not yet advanced into clinical trials; however,
promising results from animal studies suggest this may be feasible in the near
future. Proof of principle experiments demonstrate that rod precursor cells isolated
from postnatal mice can survive transplant, integrate and differentiate into mature
PRs, and improve visual function in mouse models of PR dysfunction (Gnat~") [55]
and rod degeneration (Rd! [56] and Rho™~ [57]). HESC-derived retinal progenitor
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cells also can survive transplant, differentiate to functional PRs, and improve visual
responses in a mouse model of LCA (Crx~~ mice) [58]. Similarly, iPSC-derived
retinal progenitor cells integrate and differentiate into PRs in vivo [43].

One complicating factor for potential PR replacement therapy in humans is that in
many retinal diseases involving PR degeneration, the RPE is often implicated as well.
Thus, it is likely that PR cell transplantation may need to be conducted in combination
with RPE cells in a dual replacement strategy. Towards this goal, efforts to construct
a two-layered patch graft of RPE and PRs are underway that utilise a thin plastic film
to anchor a monolayer of PSC-derived RPE cells [59] with a second layer of PR pre-
cursor cells adhered via a biodegradable gel [60]. This research is still in the early
stages of development. Other efforts to generate striated tissue constructs containing
RPE and PRs from PSCs in vitro have been reported via self-assembled optic cup [61]
and optic vesicle-like structures [45, 62] and retinal progenitor sheets [63].

7.4.3 Bioengineered Substrates for Cell Transplants

Native RPE exist as a polarised monolayer, and this cellular architecture is critical
to their function. Previous studies in animals have demonstrated that sheets of reti-
nal cells survive better following transplantation than dissociated cells [64].
Furthermore, RPE may fail to survive or function on damaged Bruch’s membrane,
which is a common feature of ageing and some retinal diseases such as AMD [65,
66]. Given these concerns, artificial substrates on which to seed RPE cells are being
developed to facilitate transplant of intact, polarised sheets of cells. These include
polyester membranes [67], ultrathin parylene films [59], plasma polymers [68], and
polyimide membranes [69]. Current clinical trials deliver hESC-derived RPE cells
as suspensions via subretinal injection, but a clinical trial application has been sub-
mitted to transplant hESC-derived RPE immobilised on a polyester membrane to
address this potential issue (NCT01691261) [70].

7.4.4  Pluripotent Stem Cells Recapitulate Retinal Ontogeny

One further advantage of using PSC-derived retinal cells for transplantation is the
ability to generate cells at various ontogenetic stages of development. This is impor-
tant because studies have shown that human foetal RPE and early postnatal mouse
PRs function significantly better in vivo than the same respective cells isolated from
older tissue [56, 57, 71]. HESC- and iPSC-derived PRs behave similar to early
postnatal mouse PRs when transplanted into mice [43, 58]. Likewise, hESC-derived
RPE resemble human foetal RPE in vitro and in vivo [36, 72—75], albeit with some
differences in growth factor expression and attachment to Bruch’s membrane [66].
In both cases however, published results demonstrate the feasibility of generating
PSC-derived retinal cells that functionally resemble early developmental stages
most useful for transplantation.
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7.4.5 Stem Cell Transplants for Trophic Support

It is conceivable that transplanted cells could produce trophic factors that provide a
neuroprotective effect in the retina without functional integration [76]. This strategy
of transplanting cells to provide paracrine support has shown improved visual out-
comes in animal models of retinal degeneration using mesenchymal stem cells [77]
and umbilical tissue-derived stem cells [78]. Both of these types of stem cells are not
pluripotent, meaning they are restricted in the range of cell types they can generate
and may not be capable of becoming retinal cells. Mesenchymal stem cells can be
obtained from various adult tissues and have an innate ability to home to a site of
injury and mitigate endogenous tissue repair in part through modulation of the immune
response (reviewed in [79]). However, their ability to differentiate into functional,
mature retinal cells remains questionable [80, 81]. Thus, these non-PCSs may be inef-
fective for replacement therapy. However, transplanting cells to provide trophic sup-
port to the retina is a practical treatment strategy, and there are currently several
clinical trials underway using cells isolated from bone marrow (NCT01531348) and
umbilical tissue (NCT01226628) for RP and atrophic AMD, respectively.

7.4.6 Receptivity of the Diseased Retina

A final requirement for cell replacement therapy is that the diseased environment
must allow for integration and function of transplanted cells in the retina. One par-
ticular concern for retinal diseases with complex or unknown genetic influences
(such as some types of RP) or with strong environmental influences (such as AMD)
is that degeneration may be an indirect effect of complex or yet unknown disease
processes rather than an intrinsic defect in the retinal cells themselves. If this is the
case, then it is conceivable that transplanted retinal cells may also succumb to the
diseased environment and eventually die along with endogenous cells if the under-
lying cause of the disease is not addressed. Nevertheless, if cell therapy signifi-
cantly delays this degenerative process then it will serve as a valuable treatment
option.

7.5 Concluding Remarks

In summary, the development of stem cell strategies to treat retinal diseases offers
exciting possibilities for the future. PSC-derived RPE cells have now progressed into
clinical trials, while the ability to create in vitro human models using iPSCs has revo-
lutionised the field by providing a platform to study disease pathogenesis and to
screen therapeutic compounds. There are still many unanswered questions, including
whether multigenic diseases or those with unknown genetic, strong environmental or
epigenetic influences can be modelled effectively with iPSCs. It also remains to be
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determined whether improvements from cell therapies in animal models will translate
to human conditions and whether the diseased retina will facilitate long-term function
of cell transplants. Regardless of these uncertainties, stem cell approaches provide
hope for new insight and treatments for a large number of retinal diseases.
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8.1 Introduction

Regenerative medicine includes several therapeutic strategies to replace degenerated
tissue and/or cells or to restore physiological functions: promotion of endogenous
regeneration via therapeutic use of growth factors, exogenous delivery of allogeneic
or autologous living cells, and tissue engineering with the development of artificial
tissues and/or entire organs. The use and application of stem or progenitor cells to
replace damaged tissue represent highly promising approaches with currently
remarkable results, at least in animal models [1]. Several types of stem and progenitor
cells for cellular therapies have to be discriminated [1, 2]. During normal ontogen-
esis of all vertebrates the body develops from a totipotent stem cell (zygote) via
pluripotent stem cells (e.g., in blastocyst stadium) to organ constituting progenitor
cells. In the adult body several types of adult stem cells (ASCs) remain in some
organs. All these different stem and/or progenitor cells have different potentials for
self-renewing, proliferation, survival, and cell type differentiation.

The relative easy accessibility of the eye and the possibility of direct visual con-
trol of the surgery due to the translucent cornea and lens make the retina one of the
prime regions for evaluating neuronal replacement strategies in the CNS. The retina
is a well organized neural structure with defined retinal layers, cell types, and cel-
lular components (Fig. 8.1). Furthermore, the relative simple structure and the well
known function of photoreceptors have many advantages compared to complex
neurons in brain tissue. Photoreceptors as uni-directional sensory neurons only have
to establish a short “axon”, minimizing problems associated with long axonal
growth, as in the case of motor neurons in the brain. Furthermore, they have to
develop only a single synaptic contact, and as sensory neurons obtaining input by
light do not have to generate large, complex synapse-covered dendritic trees that
have to receive multiple proper inputs in case of many interneurons. Indeed, since
more than two decades the mammalian retina has been extensively used for cell
transplantation experiments with the aim to replace photoreceptors beside other
retinal cell populations including retinal pigment epithelium (RPE) cells or retinal
ganglion cells (RGCs) [3, 4].

Photoreceptor loss as it is observed in several retinal degenerative diseases
including AMD, RP, or cone-rod dystrophies leads to vision impairment and blind-
ness. Some of these diseases are more complex and include also degeneration of the
RPE. In mammals, including humans, degenerated retinal cells are permanently
lost, as the adult mammalian retina has no intrinsic regenerative capacity. Currently,
no effective treatments are available for such conditions. Four main approaches for
restoring light detection and vision following complete loss of photoreceptors are
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Fig. 8.1 Schematic drawing of the layer structure of a vertebrate retina with different neuronal cell
types (a) and (b) all non-neuronal cell types (i.e. different glial cell types and pigment epithelium cells)
of a vascular mammalian retina. NFL nerve fiber layer, GCL ganglion cell layer, /PL inner plexiform
layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, PRS photoreceptor
segments, GC ganglion cell, B different types of bipolar cells, A amacrine cell, H horizontal cell, R rod
photoreceptor, C cone photoreceptor, MC Miiller glia cell, As astrocyte, Mg microglial cell, RPE retinal
pigment epithelium

currently under investigation: (1) intrinsic regeneration, (2) artificial retinal implants,
(3) optogenetic approaches, and (4) cell transplantation. Although regeneration by
intrinsic cells like Miiller glia and RPE cells, light detecting artificial implants or the
use of inner retinal neurons (e.g., bipolar or ganglion cells) transformed into light-
sensing cells by expression of channel- or halorhodopsin represent highly innovative
strategies, the transplantation of “true” photoreceptors might have advantages in
regard to sensitivity, resolution, synaptic connections, and proper signal processing
within the retinal circuitry (see below).

Besides the potency of progenitor or Miiller glial cells, RPE cells possess two
known properties which are crucial for their potential role as source for cell replace-
ment in retinal degeneration: proliferation and plasticity in the adult eye. RPE cells
originate from the same neuro-ectodermal germ layer tissue as the neuronal and
glial progenitor cells for the development of the retinal tissue. Several dedifferentia-
tion processes of pigment epithelial cells have been described during various retinal
diseases and therefore, it might be feasible to use RPE cells as a cellular source for
retinal regeneration [1, 2].

8.2 Miiller Cells and Their Potential as Progenitor Cells

The vertebrate retina contains several main types of neurons: light-sensitive photo-
receptors, different types of bipolar and amacrine cells, horizontal and ganglion
cells (Fig. 8.1a). Generally, many vertebrates and the mammalian retina contain
three types of glial cells. In addition to microglial cells, there are two forms of
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neuron-supporting macroglial cells, astrocytes, and Miiller (radial glial) cells [5].
As an exception, oligodendrocytes can be found in the myelinated nerve fiber bun-
dles (“medullary rays”) of rabbits and hares and the avian and fish retina possess
few myelinating oligodendrocytes, as a fourth type of glia. Microglial cells are the
blood-derived resident immune cells within the retina and are involved in inflam-
matory processes, neurodegeneration, and tissue repair [6, 7]. In species with com-
pletely or locally vascularized retinae, astrocytes are also located in these innermost
retinal layers (in avascular retinae/retinal areas, they are absent). The Miiller glial
cell MC) is the principal glial cell of the vertebrate retina; in the avascular retinae
of many vertebrates (including mammals) it constitutes the only type of macroglial
cells [8]. Miiller cells are specialized radial glial cells which span the entire thick-
ness of the retina (Fig. 8.1b) and contact/ensheath all retinal neuronal somata and
processes. Thus, Miiller cells constitute an anatomical, physiological, and func-
tional link between the retinal neurons and glia cell compartment and MCs are
involved in a lot of metabolic and cell-physiological interactions [8].

The ontogenetic development in the vertebrate retina comprised of two main pro-
liferative phases—an early and a late phase—for generating all neuronal and glial
cell types [5]. In the early phase mainly cones, amacrine cells, and ganglion cells are
generated (photopic pathway), followed by the late phase with rods, horizontal cells,
bipolar cells, sub-populations of amacrine cells (scotopic pathway), and Miiller glial
cells. However, there are no glia- or neuron-specific progenitor cells; even the final
division of a late retinal progenitor cell typically generates one rod photoreceptor or
bipolar cell and one Miiller cell [5, 9]. This means, there exists a common progenitor
cell type for both neurons and Miiller glial cells and it might be that dedifferentiated
Miiller glial cells could re-establish the progenitor cell properties [10, 11]. The gene
expression profiles of retinal Miiller glia and mitotic progenitor cells were found to
be highly similar in the developing mouse retina, suggesting that Miiller glia might
serve to produce multiple retinal cell types under the right conditions [12].

The mature mammalian retina is thought to lack intrinsic regenerative capacity.
However, capacity for retinal regeneration in cold-blooded vertebrates has long
been recognized [13]. In fish and amphibians, the retinal stem cells continue to
produce progenitors throughout life, adding new retina to the periphery of the
existing retina as the eye grows. Additionally, regeneration occurs in fish retinas
through a population of retinal stem cells residing at the peripheral margin of the
retina [14]. Furthermore, complete MC-dependent regeneration has been observed
in the zebrafish after pharmacologically induced photoreceptor degeneration [15].
It has generally been thought that homeothermic vertebrates, such as birds and
mammals, lack this so-called ciliary marginal zone. However, there is evidence
that the retina of postnatal chickens has the potential to generate new neurons [16].
In response to acute damage, numerous Miiller glial cells re-entered the cell cycle,
and shortly thereafter, expressed CASH-1, Pax6, and Chx10, transcription factors
expressed by embryonic retinal progenitors. Some of these newly formed cells dif-
ferentiated into retinal neurons, a few formed Miiller glia, and most remained
undifferentiated, with continued expression of Pax6 and Chx10 [16]. Furthermore,
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stem cells in the adult mouse eye were identified, which represents a possible
substrate for retinal regeneration [17]. Single pigmented ciliary margin cells clon-
ally proliferate in vitro to form sphere colonies of cells that can differentiate into
retinal-specific cell types, including rod photoreceptors, bipolar neurons, and
Miiller glia. Adult retinal stem cells are localized to the pigmented ciliary margin,
indicating that these cells may be homologous to those found in the eye germinal
zone of other non-mammalian vertebrates.

In response to virtually every pathological alteration of the retina, including light
damage, retinal trauma, ischemia, retinal detachment, glaucoma, diabetic retinopa-
thy, and age-related macular degeneration, Miiller cells become reactivated [18].
Reactive gliosis includes morphological, biochemical, and physiological changes of
Miiller cells; these alterations vary with type and severity of insult [18-20]. Miiller
cells may dedifferentiate to progenitor-like cells, and a subsequent (restricted) trans-
differentiation to cells with neuronal phenotype may participate in tissue regeneration
[5, 21]. After retinal injury, a population of Miiller cells dedifferentiates to cells with
properties similar to multipotent retinal progenitor/stem cells and expresses neuronal
and photoreceptor proteins [19, 22, 23]. In retinas with toxicologically damaged reti-
nal neurons, a subset of proliferating Miiller cells differentiated into amacrine cells,
as defined by the expression of amacrine cell-specific markers [24]. However, the
neuron-regenerating potential of Miiller cells in situ is very restricted, especially in
mammals. Attempts to facilitate the neurogenic program of Miiller cells, e.g., by
transdifferentiation of cultured Miiller cells, are ongoing [19, 25]. Due to their
potential for proliferation and for generating neural progenitor/stem cells, Miiller
cells will have a great impact on future cell-based therapeutic approaches. However,
suitable sources to obtain enough potential Miiller glial cells, identification of
molecular signals that trigger the neurogenic process in vitro or in vivo and to
increase the number of newly generated neurons remain main problems.

8.3 Stem Cell-Derived Photoreceptors
for Cell-Replacement Strategies

8.3.1 Proof-of-Concept: Transplantation of Primary
Photoreceptors

The adult mammalian retina, as most parts of the adult mammalian CNS, represents
a non-neurogenic tissue that does not show generation of new neurons or their
migration and integration into the tissue during “normal” life or following degen-
eration/injury. These conditions lead to the fundamental question what type of
transplanted donor cells might have the potential to correctly integrate into the adult
mammalian retina and generate mature photoreceptors that form synaptic connections
to endogenous second-order neurons.
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By using primary photoreceptors isolated from different developmental stages
of the mouse retina the proof-of-concept of photoreceptor transplantation was eval-
uated [26, 27]. Starting with pilot work more than 20 years ago first evidences for
successful integration and photoreceptor maturation were demonstrated following
transplantation of photoreceptors isolated from the developmental mouse retina into
mouse models of retinal degeneration [28-30]. Further detailed analysis using
donor cells isolated from fluorochrome-expressing reporter mice revealed that cells
from postnatal-day (PN) 4/5 retinas yielded the highest integration rate [26, 27].
Interestingly, further analysis of the donor cells using photoreceptor-enriched cell
suspensions and BrdU labeling demonstrated that young, post-mitotic photoreceptors
rather than multipotent retinal progenitor cells have the capacity for retinal integration
[26, 31]. However, mature photoreceptors might also still have the potential for
integration but at very low rates, possibly due to strongly increased cell death [32].

Donor photoreceptors integrate into the outer nuclear layer (ONL) of wild-type
hosts and develop the characteristic morphology of mature photoreceptors includ-
ing a nucleus-containing cell body within the ONL, a spherule-like axonal terminal
in the outer plexiform layer that expresses pre-synaptic markers and inner- and
outer-segment-like structures above the outer limiting membrane within the sub-
retinal space (e.g., Fig. 8.2). Besides the photoreceptor-specific expression of fluo-
rochromes, immunohistochemical analysis using photoreceptor-specific markers
demonstrated the generation of mature photoreceptors from transplanted donor
cells [26, 27]. Importantly, ultra-structural investigations revealed the formation
of native, discs-filled outer segments by donor photoreceptors, an indispensable
prerequisite for proper light detection [27, 33]. Indeed, recent data demonstrated
light-sensitivity of donor photoreceptors and their functional integration into the

20pm

Fig. 8.2 Photoreceptors (green) isolated from a GFP reporter mouse at postnatal day 4 correctly
integrated into the ONL after transplantation into an adult wild-type mouse. Donor cells showed
the characteristic morphology of mature photoreceptors with synaptic terminals in the outer plexi-
form layer, a nucleus-containing cell body in the ONL, and apically located inner-/outer segments
(IS/0S). Donor and host photoreceptors expressed the photoreceptor marker recoverin (red). INL
inner nuclear layer, ONL outer nuclear layer
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host neural circuitry. At the single cell level, transplanted photoreceptors showed
light-driven translocation of proteins between cell body and outer segment [33, 34]
besides electrophysiological and Ca?* responses to light stimulation [34, 35].
Furthermore, following transplantation into mouse models of retinal degeneration
some behavioral improvements could be detected [34—37]. Indeed, the generation
of discs-filled outer segments was also observed after transplantation of photore-
ceptors into heavily degenerated retinas that no longer allowed proper tissue inte-
gration due to the almost complete loss of the ONL [33]. However, besides these
promising results and the demonstration for the proof-of-concept of photoreceptor
replacement in the adult mammalian retina, there are still several issues to be con-
sidered before such cell-based strategies can be translated towards clinical applica-
tions: (1) the number of integrating donor cells is still too low for proper vision and
has to be significantly increased; (2) although some transplanted photoreceptors
survived long-term (up to 1 year) in mouse recipients their number significantly
decreased over time; therefore, the mechanisms of donor cell survival and possible
immune-responses have to be investigated; (3) synapse formation of all grafted
photoreceptors has to be analyzed in detail to evaluate connections to bipolar and
horizontal cells and proper functional integration within ON and OFF pathways,
(4) human vision mainly depends on cone photoreceptor-mediated day-light (phot-
opic) vision allowing color detection and high acuity; thus the potential of cones
for transplantation has to be evaluated.

Currently, the majority of data regarding photoreceptor transplantation has been
collected from experiments in which primary cells from the developmental mouse
retina have been used. However, the developmental stage for optimal integration of
mouse photoreceptors, i.e., PN4/5, corresponds to the second trimester in human
development, therefore strongly limiting the access to considerable amounts of
donor material for clinical trials. Therefore, an in vitro expandable cell source with
the potential to generate high amounts of transplantable photoreceptors will be
mandatory for the development of photoreceptor replacement therapies. Indeed,
several stem and progenitor cell populations have been analyzed for their prolifera-
tion in culture and potential to differentiate along retinal and photoreceptor lineages
followed by transplantation studies into the mammalian retina [4].

8.3.2 Retinal Stem/Progenitor Cells

In the retina all neuronal subtypes, including photoreceptors, and Miiller glial cells
originate from multipotent retinal progenitor cells [38]. Following up on findings
for the in vitro growth of multipotent neural stem cells (NSCs) isolated from the
developmental or adult brain [39, 40], several studies also evaluated the stem cell
properties of in-culture expanded retina-derived cells. These approaches were based
on the hypothesis that tissue-specific retinal stem cells can be, due to their retinal
origin, more easily directed towards specific retinal phenotypes like photoreceptors
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than NSCs generated from other CNS regions. Indeed, by using high concentrations
of the mitogens FGF-2 and/or EGF, in vitro expandable retinal stem/progenitor cell
(RSC) lines have been established [17, 41-46]. Such RSC lines were generated
from cells isolated either from the developmental neuro-sensory retina or the pig-
mented ciliary margin of adult donors. Interestingly, RSCs were not only estab-
lished from laboratory animals including mouse, rat, and pig [17, 41, 44—47], but
also from human tissue [48, 49]. RSCs can be grown as free-floating neurospheres
or as monolayers and exhibit the cardinal characteristics of multipotent stem cells,
that is self-renewal and differentiation into multiple cell-types. Thus, RSCs
expressed typical markers for NSCs including nestin, Pax6, Sox2, and members of
the notch pathway like Notchl, Hesl, and Hes5 during proliferative expansion.
Upon growth-factor withdrawal RSCs differentiated into multiple cell-types includ-
ing GFAP-expressing glial cells and B-III-tubulin and Map2 expressing neurons
[17, 41, 44-47]. Interestingly, some studies also observed the differentiation of
RSCs along the retinal lineage including cells that expressed rhodopsin, recoverin,
or peripherin, markers characteristic for photoreceptors. Furthermore, by modula-
tion of culture conditions [44] or over-expression of photoreceptor-specific tran-
scription factors [50, 51], some studies described an increase in the number of
RSC-derived photoreceptors. RSCs have been used for transplantation studies into
murine and porcine retinas [41, 45, 48]. Here, RSC-derived donor cells showed
extensive integration within the retinal tissue and some studies suggested the gen-
eration of rhodopsin, recoverin, or Rom1 expressing photoreceptors [41, 48] that
lead to some functional improvements in mouse models of retinal degeneration [41,
51]. However, none of these studies provided a detailed analysis of the photorecep-
tor phenotype of transplanted cells that actually did not resemble the morphology of
mature photoreceptors as it was shown for transplanted primary photoreceptor cells
[26, 27, 33, 34]. Indeed, several studies recently suggested that in vitro cultured
RSCs do not resemble a retinal progenitor phenotype [45, 52, 53]. In these contra-
dicting reports RSCs derived from the pigmented ciliary margin of adult mice failed
to differentiate along the photoreceptor lineage. As the authors showed, such cells
retained their pigmented epithelial identity without developing a RSC phenotype
despite expression of nestin during proliferative expansion and up-regulation of
pan-neuronal markers like B-III-tubulin following differentiation [52, 53].
Furthermore, also in vitro generated RSCs isolated from the developing mouse neu-
roretina lost the expression of characteristic retinal progenitor cell transcription fac-
tors including Rx or Chx10 [45] and failed to differentiate along the photoreceptor
lineage [45, 54]. Surprisingly, such RSCs were able to differentiate into myelinating
oligodendrocytes [45], a cell-type not generated by retinal progenitor cells in vitro
or in vivo [45, 55], suggesting that in vitro expanded RSCs are distinct from retinal
progenitor cells. In conclusion, it is currently unclear whether the mammalian retina
contains a cell-type that can be expanded in vitro as a multipotent stem cell to gener-
ate photoreceptors and further detailed analysis of RSCs including their origin,
expression profile, and differentiation capacity have to be performed to judge their
potential for regenerative transplantation approaches.
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8.4 Retinal Pigment Epithelial Cells as Progenitor Cells

8.4.1 RPE: Characteristics and Function

In the layered structure of the retina the RPE, a neuroepithelium-derived cellular
monolayer, is prominently located on Bruch’s membrane between the photorecep-
tor outer segments and the choriocapillaris. Together with the photoreceptor layer,
it constitutes a functional unit that provides the transducing interface for visual
perception and is therefore pivotal in the maintenance of visual function [56].
The RPE is also a metabolically complex and active cell layer that is important for
cellular and extracellular local homeostasis [57].

Besides its convenient location nearby photoreceptors, RPE possesses two
known properties which are crucial for their potential role as source for cell replace-
ment in retinal degeneration: proliferation and plasticity. Under normal conditions
RPE cells are quiescent cells but they can proliferate and migrate after being acti-
vated under disease conditions [58, 59]. RPE proliferation may result in RPE regen-
eration/wound healing [60] and/or retinal detachment by dedifferentiation of the
RPE towards cell generating tractional forces [61]. This is characterized by loss
of their epithelial morphology, acquisition of a mesenchymal cell-like phenotype,
and a decrease in their synthetic capacity. This correlates with decreased expression
of the epithelial marker cytokeratin 18, redistribution of the actin cytoskeleton,
and de novo expression of a-SMA [62]. During the pathological developments,
RPE cells undergo even epithelial to mesenchymal transition (EMT) which is
caused by cytokines as TGFp [63, 64].

Additionally, RPE secrete different growth factors like pigment epithelium-
derived factor (PEDF), known to be involved in neuronal differentiation and sur-
vival of stem/progenitor cells [65-67]. Finally, retinal remodeling triggered by
retinal degeneration involves, besides focal cell loss, RPE trans- or dedifferentiation
and invasion of the retina. As RPE cells can apparently transform into fibroblast-
like cells, many unidentified fusiform cells in advanced human degenerated retina
specimens and animal retinal degeneration models may be remnant survivor RPE
cells [68]. Furthermore, approximately 10% of RPE cells isolated from adult human
retina exhibit “stem cell-like” properties and can re-enter the cell cycle once in culture
[69]. All these data are the initiation points for a recently increasing number of studies
about progenitor cell-like properties of the RPE.

8.4.2 Endogenous Repair in the Retina

In retinal development neuroretina and RPE develop from the same original struc-
ture, the optic vesicle. It is a highly polarized structure, both in the dorso-ventral
and proximal-distal orientation. Different growth and transcription factors are
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involved in this developmental process: MITF is downregulated in the future retina
while PAX6 stays on; in the future RPE, where MITF becomes prominent, PAX6
fades away [57]. Despite differentiating into highly specialized cells, RPE cells are
a well-established source of retinal regeneration following a neural retina injury, at
least in amphibians [69, 70]. In these animals, RPE cells commonly undergo a loss
of their epithelial characteristics, acquire multipotency, and start proliferation. To
produce new neurons, the RPE cells dedifferentiate, lose melanin pigment gran-
ules, and undergo several cycles of cell division [71]. However, the ability of RPE
cells to produce retinal neurons decreases as embryonic development proceeds
[72]. Furthermore, the potency of such RPE-derived cells seems to be different
between species [69, 70]. In adult Xenopus laevis, a population of RPE cells
acquires multipotency while expressing Pax6, migrates onto the retinal vascular
membrane, and eventually transdifferentiates into a neural retina. The remaining
RPE cells along Bruch’s membrane participate in reforming the RPE. On the other
hand, in the adult newt, all RPE cells seem to be converted into multipotent cells,
which eventually generate both a new neural retina and RPE with correct polarity.
In mammals, the RPE seems to have a limited potency to differentiate into retinal
cells except for the RPE cell itself. However, they may retain some plasticity
beyond this point as stem cell-like properties of RPE have been recently described.
Adult human RPE cells could be activated to a self-renewing cell that loses RPE
markers, proliferates extensively, shows neural and mesenchymal potency, and can
redifferentiate into stable cobblestone RPE monolayer in vitro. This multipotent
RPE sub-population was termed RPE stem cells [69]. Stem/Progenitor-like cells
are also found in the rodent retina and include the pigmented cells of the ciliary
body as well as the pigmented cells of the iris and the RPE [4]. Stem cells are
defined as clonogenic, self-renewing progenitor cells that can generate one or more
specialized cell types [73]. Especially, their ability to differentiate into various
functional cell types is the major value for use in regenerative medicine. If somatic
cells give rise to other than their own progeny they will dedifferentiate followed by
redifferentiation. One example is the platelet-derived growth factor (PDGF)—
modulated dedifferentiation and myoid differentiation of RPE cells as an initial
step of proliferative vitreoretinopathy. Thereby, the mitotically quiescent, hexago-
nal RPE dedifferentiate towards migrating, flattened cells without epithelial char-
acteristics. Finally, these proliferating RPE cells transdifferentiate to myofibroblasts
or mesenchymal-like cells [74]. Thereby, proteins associated with highly special-
ized functions of the RPE are downregulated, whereas differential expression of
proteins related to cytoskeleton organization, cell shape, cell migration, and medi-
ation of proliferative signal transduction is induced [75]. Although, this is merely
an example for pathophysiological events, these results show the capabilities of the
RPE and might give new possibilities for the activation and/or modulation of
endogenous repair mechanisms in the degenerated retina. As discussed earlier,
MCs are the main candidates for this scenario in the retina, but RPE have been in
the focus as well. In the following paragraphs we will highlight some of the recent
developments in this regard.
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8.4.3 Experimental Approaches

In retinal degeneration RPE and/or photoreceptors are affected by the developing
destructive events. Therefore, the replacement of these cell types is crucial for any
restorative or regenerative intervention. Several in vitro approaches have been pursued
in order to use RPE cells as a source for photoreceptors. Cultured chick RPE cells
were transduced with genes previously identified as capable of inducing RPE-to-
photoreceptor reprogramming in the chick system [76]. These authors report
efficient generation of differentiating, photoreceptor-like neurons from RPE cells
through reprogramming with neurogeninl (ngnl). In propagated cultures, the major-
ity of the cells began to differentiate towards photoreceptors. Similar reprogramming
could be achieved by using cultured mammalian RPE cells [77]. Thereby, the results
showed that human RPE cell lines and primary cultures of porcine and mouse RPE
respond to gene-induced reprogramming by giving rise to photoreceptor-like cells.
The process of transdifferentiation is also a specific one as human RPE-derived
SCs produce neural and mesenchymal, but not liver progeny after treatment with
differentiation medium [69].

In vitro reprogramming of RPE progeny to differentiate into photoreceptor neurons
might be used in future cell replacement studies. However, several issues have still to
be solved: (1) harvest of the original RPE cells; (2) safety of the transfection/virus, and
(3) RPE-specific method. To circumvent these hurdles reprogrammed or transdifferen-
tiated cells should be better established in situ. Photoreceptor-like cells were developed
from the RPE experimentally manipulated to express a regulatory gene participating in
transcriptional networks leading to photoreceptor genesis during retinal development
[78]. Therefore, transgenic mice were generated with a DNA construct that would
express neurogenin 1 from RPE bestrophin-1 promoter or neurogenin 3 from RPE65
promoter. The animals contained photoreceptor-like cells in the sub-retinal space
expressing photoreceptor proteins and displayed morphologic similarities to photore-
ceptors. The RPE was also maintained in these eyes. The described responsiveness of
primary RPE cells for genetic manipulation in situ enhances the feasibility of RPE-to-
photoreceptor reprogramming for endogenous photoreceptor replacement.

8.5 Conclusion

Although a number of challenges must still be addressed, the potential of SC and/or
progenitor cell-based regenerative medicine to treat a variety of chronic, traumatic,
or degenerative diseases holds great promise. Cell populations for cell therapies
include embryonic or ASCs, progenitor cells, and all reprogrammed progenitor
cells in vivo and in vitro. The use of SCs for regeneration of retinal degenerations
and several experimental approaches has successfully replaced damaged photore-
ceptors and RPE using endogenous and exogenous SCs. Therefore, stem cells have
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the potential to significantly impact retinal regeneration. The study of progenitors
and adult retinal stem cells in vitro and in vivo has led to a better understanding of
retinal development and enabled methods to direct stem and progenitor cells to
specific fates. These methods may ultimately lead to the development of strategies
for retinal repair. Further improvements in regard to integration efficiencies and the
directed generation of rod or cone photoreceptors besides their specific enrichment
will be of outmost importance for developing cell-based strategies towards clinical
applications aiming to treat retinal degenerative diseases. A combination with
bioengineering and the use of additional cell sources and cell types (e.g., Miiller
cells, inducible pluripotent stem cells) may bear even greater promise. However,
ethical and scientific issues have yet to be solved.
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Abbreviations

ARN Age-related nuclear
BMP Bone morphogenic protein

ESC Embryonic stem cell

FGF Fibroblast growth factor

IGF Insulin-like growth factor

IOL Intraocular lens

iPSC Induced pluripotent stem cell

Nd:YAG Neodymium-doped yttrium aluminium garnet
PCO Posterior capsule opacification

PSC Pluripotent stem cell

9.1 Introduction

The transparent, avascular and non-innervated ocular lens is suspended in the
light path between the cornea and retina by the zonular fibres within the zonula
ciliaris (also called the Zonule of Zinn; Fig. 9.1). The lens provides approxi-
mately 30 % of the eye’s focussing power and, through the combined action of
the ciliary muscle and zonular fibres, the lens provides all the accommodating
ability of the eye, that is, the ability to change focus between near and far objects.
These dual properties of transparency and accommodation cause the lens to play
a vital role in the development of key motor and social functions that require
good vision.

Lens function arises from the lens’ unique shape, cellular arrangement and cel-
lular composition. Vertebrate lenses including the human lens are biconvex tissues
surrounded by a flexible basement membrane called the lens capsule (Fig. 9.1).
Within this capsule an anterior monolayer of lens epithelial cells overlies a mass of
peripheral differentiating fibre cells and a central mass of terminally differentiated
lens fibres [1]. Lens growth occurs throughout life as equatorial epithelial cells co-
ordinately differentiate into successive layers of lens fibre cells that elongate to
surround the underlying central fibre cell mass (also call the ‘lens nucleus’). The
tightly packed nature of the lens fibre cells reduces light scattering, as does loss of
all organelles during terminal lens fibre differentiation. The expression and accu-
mulation of large amounts of various crystallin proteins, such as «-, p- and
y-crystallins, provide the lens with the refractive index required for transparency
and focussing.

Modulation of the lens’ shape via the ciliary muscle and zonular fibres, together
with the inherent flexibility of the lens capsule, allows the lens to change focus
between near and far objects (accommodation). While a number of theories have
been offered to describe the mechanism of accommodation, the most widely accepted
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Fig. 9.1 Schematic diagram of the ocular lens within the eye

is that of Helmbholtz [2, 3]. This theory states that when the ciliary muscle is relaxed,
resting tension in the zonular fibres holds the lens in its least rounded (more flat-
tened) shape, thus providing focus for distance vision. Upon accommodation for
close vision the ciliary muscle contracts, causing the anterior ciliary body (to which
the lens is attached via the zonules) to move toward the front of the eye. This reduces
tension in the zonular fibres at the lens equator. Together with the elastic nature of the
lens capsule, this movement causes the lens to take a more spherical form that enables
close vision.

As a result of the lens’ unique anatomy the aged lens contains embryonic lens
fibre cells that have been exposed to environmental and light-induced insults through-
out an organism’s lifetime. Multiple protective systems such as UV filters and gluta-
thione-based free radical scavenging have evolved to help delay the effects of these
insults on lens function [4]. Nevertheless, the continuing increase in average human
lifespan has meant that despite these protective systems diseases of the lens are
becoming more prevalent worldwide, in particular presbyopia (loss of accommoda-
tion due to lens hardening) and cataract (loss of lens transparency). Some presbyopia
and cataract treatments exist, however, they restore vision imperfectly and are costly
due to the scale of these problems. Moreover, these treatments have unwanted side-
effects such as the formation of secondary cataracts (also termed posterior capsule
opacification or PCO), loss of accommodation, and life-altering visual disturbances
such as glare and halos.
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Recent studies suggest the formation of presbyopia and cataract may be linked
[5-7]. Moreover, it has been estimated that a delay in primary cataract formation by
10 years could halve the need for cataract surgery [8—10]. While it is thought an
improved understanding of the molecular mechanisms behind cataract formation
will enable development of anti-cataract drugs [11], until now limited access to
normal or cataractous human lens tissue has impeded anti-cataract drug develop-
ment. The emergence of tissue-specific and pluripotent stem cell (PSC) technology
[12—14] now offers an opportunity to generate large numbers of normal or diseased
lens cells for research into the molecular mechanisms of presbyopia and cataract, as
well as providing new hope for identifying drugs that inhibit or delay the onset or
progression of these widespread diseases.

9.2 The Global Impact of Presbyopia and Cataract

Current estimates suggest that over a billion people worldwide are adversely
affected by presbyopia, predominately in the developing world. Of those affected
410 million people are unable to perform near tasks as required [15]. Additionally,
cataracts have caused over 80 million people worldwide to have low vision and
almost 20 million people to be blind, thereby causing approximately 51 % of
global blindness [16].

9.2.1 Prevalence and Causes of Presbyopia

Presbyopia begins affecting people from around age 40 and essentially all people
over the age of 50 are affected [17]. As a consequence, most of the population in
developed countries will spend about half their life dealing with the consequences
of presbyopia-induced vision impairment, particularly difficulties performing
activities close to the face. The development of presbyopia is most widely attrib-
uted to the observed loss of lens plasticity that occurs with age. Normally the
centre of the lens changes shape during accommodation, yet as the lens ages its
centre hardens [6, 18]. This hardening continues to the extent that human lenses
over the age of 60 are incapable of changing shape in response to forces similar to
those experienced by the lens in situ [19]. This increase in lens stiffness is thought
to result from an accumulation of post-translational protein modifications within
fibre cells at the centre of the lens [6]. These protein modifications are thought to
result from decreased movement of protective lens substances into the centre of
the lens, such as glutathione [4, 6, 20].

A controversial [2], alternate theory for the cause of presbyopia [21] has also been
put forward based on the observations that the lens continues to grow throughout life
via the addition of secondary lens fibre cells at the lens equator. This gradual increase
in lens diameter has been proposed to gradually reduce the distance between the lens
and the ciliary body, such that from around the age of 40 it may be sufficiently
close to the ciliary body to reduce the effect of maximal stretch of the ciliary muscle.
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This would then reduce the amount of force that can be applied by the ciliary muscle
to change the lens’ shape, thus reducing the focal range of the lens [21, 22].

9.2.2 Limitations of Current Presbyopia Treatments

The most common current treatment for presbyopia involves the use of spectacles for
near vision. A combination of spectacles for near vision and other spectacles for dis-
tance vision may also be required, or alternately a single pair of bi-focal, multi-focal or
progressive lensed spectacles may be used [23]. These approaches can provide good
correction for both distance and near vision, though intermediate vision is often inade-
quate. Other inherent difficulties with spectacle use for presbyopia correction include
discomfort; ‘image jump’ and the requirement to have a fixed gaze for clear near and
distance vision (particularly relevant to bi- and multi-focal spectacles); and low utility
[23]. For many patients the need to wear spectacles after a lifetime without them can
necessitate workplace and recreational changes that require significant lifestyle and
emotional adjustments. This is further compounded as people become more forgetful
with age and find it difficult to locate and/or protect spectacles or, in some cases, decide
to continue their normal lifestyle (e.g. driving) with impaired, uncorrected vision.

Contact lenses were naturally considered as an alternative to spectacle-based
presbyopia correction. Contact lenses for monovision are used (i.e. one eye corrected
for near vision and the other eye for distance) as are multi-focal contact lenses [24].
However, the use of contact lens for presbyopia treatment is not widespread [25, 26]
and is often discontinued due to inherent glare and halos that affect routine daily
activities (such as driving), or due to an inability to adapt to monovision. Other
negative factors that impact on contact lens use for presbyopia correction include
discomfort; dryness, particularly due to reduced tear film production and stability
with age, decreased eyelid tone/strength with age, infection, on-going cost and
difficulties in the daily close-handling required for use [23, 24, 27].

Currently no pharmacological intervention has been identified that inhibits or
delays the onset or progression of presbyopia. Accordingly there is a widely recog-
nised and growing need for new presbyopia treatments that improve or provide
accommodation without the significant unwanted side-effects of spectacles and
contact lenses. In an attempt to achieve this, various forms of ‘refractive surgery’ are
being developed and trialled in the developed world. Surgically induced presbyopic
monovision, through the use of different intraocular lenses (IOLs) in a patient’s two
eyes, is one approach being tested. Other approaches include corneal implants and
laser-based corneal shaping [2, 27-29]. Multi-focal IOLs and accommodating IOLs are
also being developed and/or tested (see Sect. 2.4). However, none of these methods
have proven sufficiently successful to gain widespread use [2, 27-29]. Despite the
controversy over the contribution of reduced ciliary muscle function to presbyopia
formation, two scleral modification clinical trials have also been initiated: one testing
scleral expansion bands and the other testing laser treatment of the sclera in an
attempt to enable freer ciliary muscle movement [28, 30]. As yet no results from
either trial have been published, however, data from other studies suggest that at least
the scleral band approach will provide little if any long-term benefit [31-34].
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9.2.3 Prevalence and Causes of Age-Related Cataracts

Cataracts, resulting from lens opacities that decrease lens transparency and increase
light scatter, are the leading cause of low vision and blindness outside of uncorrected
refractive errors [16]. As indicated above, over 100 million people worldwide have low
vision or are blind due to cataracts. Cataracts are often considered a disease of ageing
as the prevalence of the main forms of cataract increase with age all over the world
[35]; this includes nuclear cataract, often termed age-related nuclear (ARN) cataract,
cortical cataract and posterior subcapsular cataract. For example, the prevalence of
ARN cataract has been estimated to increase in Australia from 0.4 % in people aged
50-54, through to 80.4 % in people aged 85 or older. The Beijing Eye Study estimated
nuclear cataract prevalence to be 7 % in people aged 50-54, and 98.2 % in people aged
75 or older. Studies from other countries fall in or around these ranges and, while
some variation is introduced due to the use of different cataract definitions and grading
systems, it is clear that cataract prevalence increases with age.

Cataract is also a growing international problem due to the increasing average
population age across the globe. Estimates suggest that between 2001 and 2021 the
number of Australians over the age of 50 affected by cataract will increase by 63 %,
yet the population is estimated to only increase by 19 % over this time [36]. Similar
trends in other countries including America, Europe, India, Africa and China helped
lead to the establishment of the World Health Organisation Vision 2020 program
aimed at reducing the effects of global blindness [37, 38].

Of the three main types of age-related cataract, ARN cataract is generally the
most common and accounts for 50 % of total cataract cases [35]. ARN cataract
presents as partial or complete opacification of the lens nucleus that contains the
embryonic and foetal lens fibre cells. Numerous studies have shown that ARN cata-
ract is associated with darkening of the lens (brunescence) to yellow and then red
and brown [5, 39], a process thought to involve chemical modification of lens pro-
teins [4, 18]. A range of aberrant post-translational protein modifications have been
described, all of which could contribute to light scatter within the eye; these include
glycation, deamination and oxidation of crystallin proteins, as well as protein aggre-
gation, crosslinking and insolubilisation. Ultrastructural analysis of lenses with
ARN cataract also shows the appearance of multilamellar bodies that are likely to
also contribute to light scatter within the lens [40—42].

A range of risk factors appear to promote ARN formation including older age,
female gender (due to issues such as life expectancy and access to care), smoking,
obesity, UV light, heat, oxidation and lower levels of education [4, 43, 44]. However,
the molecular mechanisms of ARN cataract formation remain ill-defined. One cur-
rent theory suggests that a diffusion barrier develops during lens ageing that inhibits
diffusion of antioxidants (like glutathione) into the centre of the lens, thus leading
to abnormal accumulation of protein modification, protein insolubilisation, and
consequently light scatter [4, 20, 45].

In contrast to ARN cataract, age-related cortical cataracts occur in the peripheral
(or cortical) lens fibre cells that surround the fibre cells within the lens nucleus.
Cortical cataracts can present in a variety of morphologies including dot-like, radial,
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circular and spoke-like opacities [5]. Mechanical stress between flexible cortical
fibre cells and less flexible aged nuclear fibre cells is thought to contribute to corti-
cal cataract formation. Altered intracellular Na*, K* and Ca?* ion concentrations
may also contribute to cortical cataract through over-hydration, protein loss and
proteolytic cleavage of structural proteins within fibre cells.

The least common type of age-related cataract is posterior subcapsular cataract
[35]. This includes secondary cataract, or PCO, that results from the migration of
residual lens epithelial cells along the posterior lens capsule. These epithelial cells
then undergo aberrant fibre differentiation processes that, together with an associ-
ated wrinkling of the posterior capsule, causes light scatter [46]. Although the least
common form of age-related cataract, PCO is still clinically relevant and costly to
treat as it is a routine consequence of treating primary cataracts (see Sect. 2.5).

9.2.4 Limitations of Current Age-Related Cataract Treatments

At present there is no accepted pharmacological intervention available to inhibit or
delay the formation of age-related cataracts. Some epidemiological data suggests
that populations with reduced levels of vitamin C have higher levels of cataract [47],
and that higher dietary intake of carotenoids and vitamin E decreases the risk of
age-related cataract in women [48, 49]. However, randomised clinical trials of
dietary or supplementary beta-carotene [50] or vitamin E in women [51] showed no
decrease in the risk of age-related cataract. Similarly, long-term randomised trials of
dietary supplementation with beta-carotene, vitamin C and/or vitamin E demon-
strated no protection against age-related cataract for men or women [52, 53].

The inability to effectively inhibit or delay cataract formation or progression has
meant that surgery is the only option for restoring vision in cataract patients. As a result,
surgery for primary cataracts (particularly ARN cataracts) is the most commonly per-
formed ophthalmic procedure worldwide. In Australia over 180,000 cataract operations
are performed annually costing over $326 million [54-56]. In the United States, approx-
imately three million cataract operations are performed annually at a direct cost of $6.8
billion [57]. The annual number and cost of primary cataract operations therefore places
a massive financial burden on medical systems worldwide. Extensive waiting lists of
visually impaired and blind patients can result, even in first-world countries, that
decrease quality of life and increase stresses on patients and their families [58]. In third-
world countries inadequate access to surgery leaves many patients blind.

In developed countries cataract surgery most often involves removal of the non-
transparent cataractous lens while leaving the lens capsule in place (extracapsular
cataract extraction). In third-world countries removal of the entire lens is often per-
formed (intracapsular cataract extraction) to avoid the subsequent loss of vision due
to development of PCO [59]. Once the aged cataractous lens is removed lens func-
tion is usually replaced through the implantation of a rigid, non-accommodating
IOL or through the use of external, non-accommodating spectacles or contact lenses
[59]. Unfortunately these approaches result in immediate loss of accommodation.
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Attempts have been made to create multi-focal and accommodating IOLs for surgical
treatment of both cataract and presbyopia, and a small number of these are commer-
cially available. However, visual disturbances inherent to these IOLs such as glare,
halos, reduced visual acuity and reduced contrast sensitivity result in these [OLs being
unsuitable for many or most patients [60—63]. Careful patient screening is used to
try and select patients likely able to cope with these disturbances, and extensive
preoperative education is used to manage their expectations of postoperative vision.
Nonetheless, these tools are imperfect and need improvement to ensure appropriate
patient selection prior to implantation of the currently available multi-focal and
accommodating IOLs [64]. Research into injectable polymers with appropriate refrac-
tive index for lens replacement is also being pursued, although this technology has not
yet been translated into the clinic due to difficulties filling the lens capsule after cata-
ract removal as well as the development of PCO [27].

9.2.5 Limitations of Current PCO Treatments

When access to primary cataract surgery is available various complications can arise
including increased intraocular pressure, macular edema and PCO [59, 65]. In particu-
lar the inability to mechanically remove all lens cells during primary cataract surgery
enables residual lens epithelial cells to migrate to the posterior capsule, resulting in
PCO. A range of chemical approaches have been tried to remove these residual lens
cells and avoid PCO formation [65], though even exposure of the residual cells to
distilled water during primary cataract surgery has proven unsuccessful [66].

As a result of this inability to mechanically or chemically remove residual lens
cells, a surgical approach is required to restore vision in patients with PCO. This
method makes use of a neodymium-doped yttrium aluminium garnet (Nd:YAG)
laser to perform a posterior capsulotomy. The piece of posterior capsule with
attached cells that is cut away by the laser either peels back or falls away from the
IOL to leave a clear light path [59].

Laser treatment of PCO has been estimated as the second most commonly per-
formed ophthalmic procedure behind primary cataract surgery. In 1993 this treatment
was estimated to cost $250 million annually in the United States alone [67]. The for-
mation of PCO is affected by a range of factors including age at the time of primary
cataract surgery (higher rates in younger patients), patient location (typically higher
rates in developing countries), and time after cataract surgery (higher rates 3—10 years
after primary cataract surgery). While the use of IOLs with sharp-edges has been
reported to decrease or delay the rate of PCO, recent estimates indicate that PCO is
still a significant burden. For example, the 10-year cumulative incidence of Nd:YAG
laser treatment in Sweden was reported as 37 % for adults younger than 65 and 20 %
for those over 65 [68]. A 10-year retrospective Austrian study showed similar rates
[69]. Laser treatment for PCO also has its own side-effects including serious, vision-
threatening complications such as retinal detachment reported to occur at a rate of
~0.4 to 4 % [70, 71]. Together, the high rate of PCO and the potential for severe
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complications from Nd:YAG laser capsulotomy provide strong evidence of the need
to develop new treatments for both PCO and primary cataract.

9.3 Lens Development and Cellular Architecture

The social and financial costs associated with treating presbyopia and cataract are
increasing due to ageing of the world’s population. However, it has been estimated that
a delay in primary cataract formation by 10 years could halve the number of cataract
surgeries needed [8—10]. Critically, the development of approaches to delay cataract
formation is thought to require a more detailed understanding of the molecular mecha-
nisms that drive lens, presbyopia and cataract development [4, 11]. Examining the role
of stem cells in lens development offers an opportunity to understand cellular and
molecular mechanism of lens formation, while potentially also providing cells for
identification of candidate anti-presbyopia and anti-cataract drugs.

9.3.1 Embryonic Lens Development

The lens as a morphologically distinguishable tissue develops in the embryo from
the lens placode, a dish-shaped thickening of the surface ectoderm on either side
of the head closely opposed to the optic vesicles [1]. In most vertebrates the lens
placode invaginates to form the lens pit which then separates from the surface epi-
thelium to form a spherical monolayer of epithelial cells termed the lens vesicle.
Under the influence of factors within the vitreous fluid and produced by the retina,
cells of the posterior half of the lens vesicle initiate their fibre differentiation pro-
gram, elongating toward the anterior epithelial monolayer to form primary lens fibre
cells [1]. This process results in the lens vesicle lumen being filled with tightly
packed elongated primary fibre cells. The process of lens fibre cell differentiation
also consists of controlled organelle destruction that has similarities to apoptosis,
including degradation of the endoplasmic reticulum and Golgi, as well as the mito-
chondria and the nucleus [72]. In this way objects larger than the wavelength of
light that would otherwise cause light scatter are removed from the light path.

While these dramatic structural changes are occurring, large changes are also
occurring to the protein expression profile within the differentiating lens fibres cells.
This includes the expression of key cytoplasmic proteins that increase the refractive
index of the lens (such as - and y-crystallins) as well as proteins that aid intercel-
lular diffusion (connexins and aquaporins) within the terminally differentiated,
avascular lens fibre cell mass.

During the process of lens vesicle production a thick basement membrane termed
the lens capsule is produced that encapsulates the lens cells [73]. This transparent,
smooth membrane assists with moulding the lens shape during accommodation, and
contains collagen type IV, laminin, entactin, heparin sulphate proteoglycan and
fibronectin synthesised by the lens epithelium [73].
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9.3.2 Embryonic and Postnatal Lens Growth

After differentiation of the primary fibre cells forms the basic lens shape, the
lens continues to grow throughout life while maintaining its biconvex shape and
polarised epithelial and fibre cell arrangement. Coordinated differentiation of
the lens epithelial cells along the equatorial edges of the anterior monolayer
leads to development of the secondary lens fibre cells. These secondary fibres
elongate along the anterior and posterior surfaces of the primary lens fibres to
wrap them in consecutive layers of secondary fibre cells. As the lens continues
to grow, the lens fibres in each successive secondary fibre cell layer become
increasingly long as their apical and basal ends extend over the previously dif-
ferentiated fibres (Fig. 9.1). Once the anterior and posterior poles are reached,
the migrating fibre cell ends are precisely integrated with the neighbouring fibre
cell ends to form the lens sutures [1, 74]. During an individual’s lifetime, the
progressive addition of new secondary fibre cell layers results in an increased
density within the centre of the lens.

9.3.3 Lens Cell Characteristics Determine Lens Function

The coordinated lens fibre differentiation process leads to a precise fibre cell
arrangement that is critical for transparency. The cross-sectional profile of the
elongated fibre cells shows a highly ordered flattened hexagonal array where the
spaces between each neighbouring cell are smaller than the wavelength of light,
thus avoiding light scatter as light travels between the concentric fibre cell layers.
Ultrastructural examination of the tightly packed fibre cell plasma membranes
also shows specialised membrane interdigitations that interlock adjacent fibre
cells in a manner thought to maintain the fibre cell alignment during accommo-
dation [1, 75, 76].

The a-crystallin proteins produced by the lens epithelial cells, together with
the a-, B- and y-crystallin proteins produced by the lens fibre cells, help to
increase the refractive index of the lens to that needed for focussing. Furthermore,
the progressive production of pB-crystallins early during differentiation and then
y-crystallins during terminal fibre differentiation creates a gradient of refractive
index that helps to overcome aspects of spherical aberration which would other-
wise degrade image quality [77]. Strikingly, the majority of these proteins are
thought to not turn over within the post-mitotic, post-metabolic fibre cells and
thus must remain stable for a lifetime in order to preserve lens transparency
[78]. As mentioned previously, the loss of all organelles during terminal fibre
cell differentiation removes these potentially light-scattering particles from the
light path. In addition, the various fluid and solute transport mechanisms that
operate within the lens enable the lens to be avascular, thus excluding light-
scattering blood vessels from the light path [79].
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9.4 Lens Stem Cells and Lens Regeneration

Together, the precise cell elongation, protein expression, organelle degradation, cell
packing and solute transportation mechanisms that occur during lens formation and
growth combine to enable the establishment and maintenance of lens transparency
and accommodation. The fact that the lens can maintain its precise, critically
required structure while continuing to grow successfully into adulthood strongly
indicates the presence of a lens-specific stem cell population.

9.4.1 Evidence for Lens Stem Cells

To date, only a handful of studies have directly addressed the concept of a lens stem
cell. In other organs, tissue-specific stem cells tend to be relatively rare populations
of cells that have an extensive capacity for self-renewal, i.e. the ability to proliferate
while maintaining the ability to differentiate into more mature cell types of the
organs in which they reside. Stem cells in some systems, such as gut stem cells,
proliferate more rapidly than stem cells in other systems, such as hematopoietic
stem cells which tend to be predominantly quiescent.

A common feature of many tissue-specific stem cell systems is that they first
produce highly proliferative immature cells termed progenitor or transit amplifying
cells. These intermediate cells provide a burst of proliferation over a short period of
time to increase the total number of cells available for differentiation into the tissue’s
more mature effector cells. By amplifying the effects of each stem cell division, these
transit amplifying cells reduce the number of stem cell divisions required to maintain
the production of a large number of terminally differentiated effector cells.

To define the numbers and locations of fast and slow cycling cells within the lens,
a small number of studies have applied DNA-labelling techniques using tritiated thy-
midine and/or bromodeoxyuridine to mouse, rat, and chick lenses. These studies have
shown that most proliferation occurs in the peripheral region of the anterior lens epi-
thelium in the region known as the germinative zone (Fig. 9.1) [80-83]. These studies
have also shown that cells in the central region of the anterior lens epithelial mono-
layer appear mostly to be mitotically quiescent. Longer term DNA-labelling experi-
ments in mice (up to 18.5 weeks) have shown that cells within the central lens
epithelium retained the largest amounts of label (i.e. have undergone the fewest cell
divisions), and that these label-retaining cells can be induced to proliferate upon
wounding [83]. In contrast, cells containing lower amounts of label at 18.5 weeks (i.e.
cells that have undergone more cell divisions) were found in both the central and ger-
minative zones, with some cells in the germinative zone also able to undergo prolif-
eration after wounding [83]. Similar use of DNA staining, together with detection of
the proliferating cell nuclear antigen, demonstrated that the most actively cycling lens
epithelial cells are located in the germinative zone of mouse lenses, while the lens
epithelial cells in the anterior region have a more dormant proliferative activity [84].
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Together, these studies demonstrate that long-lived, relatively quiescent lens
stem cells reside in the central lens epithelial monolayer that can be recruited to
proliferation upon injury. More routinely proliferative stem cells and/or transit
amplifying cells appear to reside in the germinative zone of the lens. Defining the
growth factors and transcriptional apparatus that control the proliferation of these
lens stem cells is of great importance for providing an understanding of the molecu-
lar mechanisms that drive the formation of presbyopia, primary cataract and PCO.

9.4.2 InVivo Lens Regeneration from Lens Stem Cells

While only a few studies have explicitly tried to locate and characterise stem cells
within the lens, the capacity for partial (though imperfect) in vivo mammalian lens
regeneration after lens removal has been documented for almost two centuries [85].
From the first reported studies in rabbits, lens regeneration has been noted in a vari-
ety of other mammals including dogs, cows and rhesus monkeys.

Seminal work by Coulombre and Coulombre in the 1960s demonstrated that
surgical reversal of embryonic chick lenses about the equator resulted in the forma-
tion of a new anterior epithelial monolayer from epithelial cells previously near the
equator [86]. At the same time once the original epithelial monolayer was relocated
to be in contact with the vitreous fluid, these lens epithelial cells differentiated into
lens fibre cells in a manner reminiscent of normal embryonic primary fibre cell
formation. A later study showed similar results using postnatal mouse lenses surgi-
cally transplanted into lentectomised adult mouse eyes [87]. These two studies dem-
onstrated that: (1) all embryonic lens epithelial cells are capable of differentiating
into lens fibres if provided with the appropriate stimuli; (2) the conditions necessary
for the initiation and maintenance of lens fibre differentiation are provided by the
vitreous fluid and (3) the conditions necessary for the growth and maintenance of
the lens epithelial monolayer are provided by the aqueous fluid.

Even human lenses can show partial regeneration after primary cataract surgery
in the form of Soemmering’s Ring and Elschnig’s pearls. Soemmering’s ring forms
when fusion of the anterior and posterior capsules traps proliferating and degenerat-
ing epithelial cells. In some cases, ultrastructural analysis has shown a degree of
lens-like cellular organisation including a monolayer of epithelial cells on the resid-
ual anterior capsule, together with a mixture of fibre cells that can be arranged simi-
lar to the equatorial region of the normal lens [88, 89]. Additionally, Elschnig’s
pearls are transparent, globular masses of randomly mixed epithelial and fibre cells
that appear after primary cataract surgery [89].

9.4.3 Identification of Lens Development Mechanisms
Through Lens Stem Cell Research

Based on studies of in vivo lens regeneration, decades of research have been pur-
sued in an attempt to discover the precise growth factors within the aqueous and
vitreous fluids that are responsible for lens epithelial cell maintenance and lens
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fibre cell differentiation. Research using chick lenses and explanted chick lens
(stem) cells demonstrated that receptors for insulin and insulin-like growth factor
(IGF) are expressed in these epithelial cells, and that insulin and IGF-I can stimu-
late elongation of chick lens epithelial cells in a manner reminiscent of lens fibre
cell differentiation [90-92].

The establishment of rat lens epithelial (stem) cell explants demonstrated that
one or more soluble factors from the neural retina can stimulate rat lens epithelial
cells to undergo in vitro changes characteristic of lens fibre differentiation seen in
vivo. This includes expression of - and y-crystallins, cell elongation and the devel-
opment of specific plasma membrane interdigitations present in lens fibre cells in
vivo [93-95]. Subsequent studies demonstrated that members of the fibroblast
growth factor (FGF) family, particularly FGF1 and FGF2, can stimulate explanted
rat lens epithelial cells to proliferate, migrate or differentiate into lens fibre cells
depending on the FGF concentration used [96, 97]. In particular, high concentra-
tions of FGF (100 ng/mL) stimulated the explanted rat lens epithelial cells to elon-
gate, develop membrane interdigitations and express - and y-crystallins [96, 97].

This progressive cell behaviour in response to FGF signalling was noted as remi-
niscent of the progression of proliferation, migration and differentiation that occurs
at the lens equator in vivo. To test the effect of FGFs on lens development forced
FGF overexpression in mouse lenses was used [98-100]. This resulted in the
accumulation of lens fibre cell characteristics within the lens epithelial cells.
Characterisation of FGF receptor expression in mouse lenses [101, 102] led to tar-
geted knockout of these receptors, thus demonstrating that FGF receptors are
required for normal mouse lens fibre differentiation [103]. Finally, analysis of FGF
concentrations in aqueous and vitreous fluids demonstrated higher FGF levels in
vitreous compared to aqueous [104].

9.4.4 InVitro Lens Regeneration from Lens Stem Cells

The weight of evidence implicating FGFs in lens development and growth, together
with the higher FGF concentration in vitreous fluid compared to aqueous, led to the
hypothesis that an increasing anterior-to-posterior FGF concentration gradient
within the ocular fluids is responsible for establishing the basic lens structure [104—
107]. Indeed, experiments using two modified rat lens stem cell culture systems
demonstrated that vitreous fluid is able to stimulate the regeneration of transparent,
lens-like tissue in vitro from lens epithelial cells taken from the central region of rat
lens epithelial monolayers [108, 109]. Paired rat lens explants cultured with bovine
vitreous for over 30 days regenerated into functional, physiologically sized lens-like
tissues approximately the same size as newborn rat lenses. These tissues contained
an anterior monolayer of lens epithelial cells in contact with a large, organised mass
of elongated, parallel-aligned fibre cells that expressed - and y-crystallins (Fig. 9.2).
The fibre cells also had complex membrane interdigitations and underwent organ-
elle loss in a manner remarkably similar to that seen during terminal lens fibre dif-
ferentiation in vivo. Curiously, continued culture of these in vitro lenses resulted in
the appearance of an opacity containing multilamellar bodies that were ultrastruc-
turally similar to those seen in human ARN cataract [108].
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Fig. 9.2 Functional in vitro lenses generated from paired rat lens epithelial stem cell explants.
(a, b) Photographs of cultured in vitro lenses focusing light. (c=h) Fluorescence images showing
nuclei location within focusing in vitro lenses (c, e) as well as expression of a-crystallin (d) known
to be expressed by lens epithelial and fibre cells, vimentin (f) known to be expressed by lens epi-
thelial cells and - and y-crystallin ((g) and (h), respectively) known to be expressed by terminally
differentiated lens fibre cells

Despite the key requirement shown for FGF signalling in lens development,
using either FGF1 or FGF2 to replace the vitreous fluid within the paired rat lens
stem cell cultures ablated the lens regeneration ability. Specifically, when FGF1 or
FGF2 was used the paired rat lens stem cell explants underwent some changes char-
acteristic of lens fibre differentiation; however, use of the individual FGFs resulted
in the formation of non-transparent and incorrectly organised degenerating cell
aggregates [109]. Thus, while FGF signalling appears to be a key requirement for
lens development and growth, input from other growth factor pathways also appears
to be required.

Investigation of insulin and IGF-I signalling using the traditional rat lens stem
cell culture showed that, when applied individually, these factors induced some
accumulation of p-crystallin within the lens cells [110]. However, neither y-crystallin
accumulation nor cell elongation occurred. In contrast, when applied in combina-
tion with FGF both insulin and IGF-I enhanced the fibre differentiation inducing
effects of FGF, suggesting that the insulin/IGF pathway may yet prove to be impor-
tant for lens development and growth. Whether additional signalling is also required
from noggin, TGF/BMP, Wnt, PDGF, EGF and/or hedgehog pathways as some
evidence suggests, or whether as yet undefined factors are required, remains to be
determined [111, 112].
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9.4.5 InVitro Lens Regeneration for Anti-Presbyopia
and Anti-Cataract Research

Overall, the demonstration that functional, correctly organised, but ultimately cata-
ractous in vitro lenses can be produced from rat lens stem cells suggests these novel
culture systems can provide important insights into the molecular mechanisms
operating at all stages of ARN cataract, and possibly presbyopia, formation. Further
investigation could define the molecular mechanisms of existing risk factors for
cataract and presbyopia such as oxidative stress, heat or UV light. Alternately, new
cataract and presbyopia risk factors might be identified. Importantly, these studies
can be done more simply and in greatly reduced timeframes compared to collection
and analysis of human patient cataract samples.

With the increasing incidence of presbyopia and age-related cataract the need for
new treatments for these conditions is clear. Given the link between presbyopia and
age-related cataract, strategies that inhibit or delay either of these two conditions
could help to provide the 10-year delay in cataract formation needed to half the num-
ber of required cataract surgeries [8—10]. Thus the use of rat lens stem cell culture
systems to create functional, but ultimately cataractous, in vitro lenses would appear
to be an ideal tool to use in understanding the mechanisms of age-related cataract,
and possibly presbyopia, development. These rat lens stem cell systems could also be
used for discovery of anti-cataract and/or anti-presbyopia drugs; any treatment that
delayed cataract formation in these in vitro rat lenses could have enormous public
health cost savings and could greatly increase patient quality of life.

9.4.6 InVivo Lens Regeneration Via Transdifferentiation
of Non-lens Cells

In addition to the in vivo and in vitro evidence of partial mammalian (and avian) lens
regeneration from lens stem cells, a large body of evidence has demonstrated lens
regeneration can occur from non-lens cells in urodeles (newts and salamanders),
Xenopus frogs and some fish [113, 114]. This process was first noted in urodeles dur-
ing the 1890s by Collucci (1891) and separately by Wolff (1895) and is often referred
to as Wolffian regeneration or transdifferentiation (meaning the de-differentiation of
one cell type and its subsequent differentiation to another cell lineage).

Despite the use of similar terminology a variety of differences exist between lens
regeneration in urodeles and frogs [114]. In newts, lens regeneration occurs from
pigmented epithelial cells within the dorsal iris; in Xenopus frogs lens regeneration
occurs from corneal epithelial cells. Additionally, urodeles are able to regenerate
lenses repeatedly throughout life while in Xenopus lens regeneration can only occur
before metamorphosis of the tadpole. Moreover, it is currently unclear whether
Xenopus lens regeneration actually requires de-differentiation of the corneal epithe-
lial cells, or whether the competence for both corneal and lens differentiation per-
sists in these cells due to the incomplete differentiation status of the Xenopus
corneal epithelium prior to metamorphosis.
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For both urodeles and Xenopus species the anatomical changes that occur during
lens regeneration have been well defined (as reviewed in detail by Henry and Tsonis)
[114]. In newts lens removal stimulates proliferation of pigmented epithelial cells in
the dorsal iris, followed by their de-differentiation (as seen by the loss of pigment)
and formation of a lens vesicle-like structure. The subsequent differentiation of the
posterior cells of this vesicle forms the primary fibres that elongate until they meet
the anterior epithelial cells, thus filling the lumen of the newly formed lens.
Secondary fibres are then added via differentiation of the epithelial cells at the lens
equator. After Xenopus lens removal and associated damage to the corneal endothe-
lium, secreted retinal factors are able to diffuse anteriorly to the inner layer of the
corneal epithelium directly over the pupillary opening. These factors then stimulate
lens regeneration via formation of a lens vesicle-like mass, followed by differentia-
tion of the posterior cells into primary fibre cells, and addition of secondary fibre
cells via differentiation of equatorial epithelial cells in the newly formed lens.

Interestingly, growth factors involved in normal embryonic lens development
also appear to be involved during lens regeneration via transdifferentiation. In
newts, FGFs and their receptors are expressed during lens regeneration and injec-
tion of FGF2 by itself can cause lens regeneration via transdifferentiation [115].
Furthermore, injection of a soluble recombinant form of FGF receptor 2 isoform
IIIc inhibited newt lens regeneration [115], as did the FGF receptor inhibitor chemi-
cal SU5402 [116]. Understanding the molecular mechanisms that drive lens regen-
eration in urodeles and Xenopus might provide new information to better understand
mammalian lens development. Curiously, newt lens transdifferentiation is also char-
acterised by increased expression of some of the genes involved in production of
induced pluripotent stem cells (iPSCs), including Sox2, Klf4 and c-myc but appar-
ently not Oct4 or nanog [117]. Based on these observations it has been suggested
that a molecular understanding of newt lens transdifferentiation might provide
insight into the molecular mechanisms of somatic cell reprogramming.

9.5 Human PSCs and Lens Research

While important evolutionary-conserved mechanisms of lens development can be
defined using animal models, known differences in lens development, structure and
composition between species highlight the limitations of relying exclusively on animal
models. For example, in transdifferentiation models of lens regeneration the dissimilari-
ties to mammalian lens are obvious; the stem cells that enable lens regeneration are
non-lens cells of the iris or cornea which may not completely replicate the biology of the
human lens cells involved in the formation of presbyopia, primary cataract and PCO.
Even amongst vertebrates there are differences in lens development. In some
vertebrate species including the chick, mouse, rat, rabbit, newt and humans, the
thickened lens placode that invaginates from the surface ectoderm initially forms a
lens vesicle with an acellular lumen [1, 118, 119]. In other vertebrate species,
including the zebrafish and frog, the lens delaminates from the surface ectoderm as
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a solid cluster of cells not as a vesicle [120—123]. Likewise, the final morphology of
animal lenses can differ significantly between species, particularly around the align-
ment and structure of the apical and basal lens fibre cell tips located at the anterior
and posterior lens sutures [74, 76]. Cross species differences also exist in crystallin
expression: while a-, - and y-crystallins are found in all vertebrates there are also
taxon-specific crystallins such as O-crystallin in bird and reptile lenses, and
p-crystallin in frogs lenses [124, 125]. Similarly, the refractive index in the periph-
ery and centre of lenses differs between species.

Given these differences in lens embryology, structure, composition and function
that exist between species, the development of new presbyopia and cataract treat-
ments solely using animal models is prone to the risk that these treatments will not
be reproducible in humans. The emergence of human PSC technology, including
embryonic stem cells (ESCs) [12, 13] and iPSCs [14], offers an opportunity to cir-
cumvent this risk by providing a large-scale source of normal or diseased human
lens cells for research [126] and drug screening [127].

9.5.1 Lens Differentiation Methods for PSCs: Progress
and Problems

To date, three methods have been published that differentiate PSCs into lens cells:
co-culture with mouse PA6 stromal cells [128]; sequential addition of recombinant
growth factors aimed at mimicking embryonic lens development in vitro [129]); and
use of chemically defined, serum-free medium together with cell purification via
flow cytometry [130].

Mouse ESCs cultured on a monolayer of PA6 stromal cells have been shown to
support the induction of eye-like structures that contain cells expressing specific
phenotypic markers of lens cells (¢A-, aB- and p-crystallins) and pigmented retinal
cells (Brn3b, syntaxin) [128]. The gross morphology of these structures showed
most of the ocular cell types, except retinal pigment epithelium, were mixed within
the multilayered cell masses with no organised structure apparent. While this study
showed that lens cells could be produced from PSCs it did not define the factors
responsible for the induction of the eye-like structures (though it did determine that
FGEF?2 alone was insufficient).

The first report of human PSC differentiation to lens cells was published in 2010
[129]. This study described a three-stage growth factor treatment that differentiated
human ESCs first into neuroectoderm (via Noggin), lens progenitor cells (via FGF
and BMPs) and finally into lens epithelial and fibre cells (via FGF and Wnt). While
lens cells were produced via this method, non-lens cells were also produced. The lens
cells that were present were also inappropriately organised within three-dimensional
lens-like structures called ‘lentoids’ that expressed a-, - and y-crystallins.

In an attempt to obtain a population of purified lens epithelial cells, human ESCs
were more recently cultured in a chemically defined, serum-free medium supple-
mented with selenium and human recombinant insulin and transferrin [130]. As this
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differentiation method resulted in a heterogeneous population of neural ectodermal,
non-neural ectodermal and mesodermal cells, a trial-and-error fluorescence-
activated cell sorting approach was used to try and purify the lens epithelial-like cells.
Based on literature reports of lens cell protein expression, a highly complex and
non-scalable separation method was obtained. This method involved targeted
selection of lens cells that expressed c-Met and/or CD44, with simultaneous deple-
tion of cells that expressed p75, HNK-1 and CD15. The c-Met+, c-Met+/CD44+
and CD44+ positive populations contained lens-like cells, though with non-lens
cells present (particularly the CD44+/c-Met- cells). These sorted cell populations
also spontaneously generated lentoid bodies that, similar to the lentoids seen with
the sequential growth factor lens differentiation method, contained randomly
arranged cells that expressed o- and p-crystallins. This c-Met/CD44-based
approach was also highly inefficient, with only 0. 2 to 1.5 % of the total cells posi-
tive for these markers, while requiring the use of complex and labour-intensive
multi-laser flow cytometry.

Based on current approaches, the ability to use human PSCs to investigate the
molecular mechanisms that drive lens, presbyopia and cataract formation is limited
by an inability to produce large quantities of purified lens cells. A simple, robust and
scalable method for producing large numbers of purified lens epithelial cells from
human PSCs needs to be established. Such a method would provide a cell source
more relevant to the human condition than possible with animal models of lens,
presbyopia and cataract formation.

9.5.2 Human PSC-Derived Lens Cells for ldentification
of Developmental Mechanisms

Access to large numbers of human PSC-derived lens cells would offer an opportunity
to define molecular mechanisms of lens development, lens epithelial cell maintenance
and lens fibre cell differentiation without the concern of identifying species-specific
events. The derivation of human iPSCs from patients affected by congenital cataract
would also enable elucidation of molecular mechanisms that cause congenital cata-
racts. Importantly, purified human PSC-derived lens cells derived from normal or dis-
eased human PSCs would offer an opportunity to better understand the mechanisms
of cataract formation, as will likely be needed to develop anti-cataract drugs [11].
The lens has also long been used as a model of development and differentiation
for other human tissues [131]. Molecular insights of lens development obtained
from human PSC-derived lens cells would therefore provide a broader understand-
ing of cellular processes applicable to other organs. This would likely include con-
trol mechanisms of proliferation, migration and cell packing, as well as mechanisms
of differentiation and apoptosis. Mounting evidence also indicates that age-related
cataract, particularly ARN cataract, is an independent predictor of mortality (as
recently reviewed by Gower and West) [35]. Thus an understanding of the
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molecular mechanisms of cataract formation provided by human PSC-derived lens
cells may provide more broadly applicable insights into the mechanisms of sys-
temic ageing and premature death.

9.5.3 Human PSC-Derived Lens Cells to Identify
Anti-PCO Drugs

The advent of quantitative high-throughput chemical screening methods within
the pharmaceutical industry has provided the means for rapid novel drug discov-
ery. While a human in vitro capsular bag model has been used to test for anti-PCO
drugs [132], this method is not suitable or scalable for high-throughput drug
screening. In contrast, purified populations of human PSC-derived lens epithelial
cells would, for the first time, provide an opportunity for high-throughput screen-
ing to identify candidate anti-PCO drugs. Significant public health savings and
improved primary cataract surgery outcomes in both the developed and the devel-
oping world, could be realised if such agents, applied either at the time of primary
cataract surgery or via slow release IOLs [133], could replace the current need for
PCO treatment via Nd: YAG laser posterior capsulotomy. The derivation of human
iPSCs that contain cataract-causing mutations would also enable the development
of powerful new ‘disease in a dish’ models to better understand the developmental
origins of primary cataracts.

Lens toxicology screening systems have also been proposed to study the mecha-
nism of drug-induced cataractogenesis, based on cultured rat lens stem cell explants
[134]. Similarly, access to large numbers of purified human PSC-derived lens epi-
thelial cells would enable the development of new toxicity assays that could stream-
line ocular drug development.

9.6 Summary

Presbyopia and cataract are large, expensive and increasing global problems that
begin affecting all people who live beyond 40 years of age. Due to global population
ageing, new methods of prevention and treatment are needed to cope with the pro-
jected increase in these diseases, and also to improve treatment outcomes in ways
that could provide massive economic benefit.

Valuable information relating to evolutionary-conserved molecular mechanisms
of lens, presbyopia and cataract development will continue to be gained through the
use of animal models. The use of primary rat lens stem cell cultures to regenerate
clear, then ultimately cataractous, in vitro lenses is of particular interest.
Understanding the molecular mechanisms that drive these processes will have major
implications for the development of anti-cataract and possibly anti-presbyopia
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therapies. Similarly, the establishment of a simple, robust and efficient method for
generating purified lens epithelial cells from human PSCs will provide much-
needed new avenues for understanding lens, presbyopia and cataract formation as
well as providing a new tool for novel drug discovery.

Thus while key technical challenges need to be resolved, tissue-specific and
human PSC-derived lens cells offer an exciting and real opportunity to identify and
develop new and improved treatments for presbyopia and cataract. Given the asso-
ciation between cataracts and early mortality, the information gained through these
studies will also more broadly increase our molecular knowledge of the ageing pro-
cess and associated diseases.
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FBS Fetal bovine serum

10P Intraocular pressure

JCT Juxtacanalicular connective tissue
MGP Matrix Gla protein

POAG Primary open angle glaucoma

SC Schlemm’s canal

SCGM Stem cell growth medium

SP Side population

™ Trabecular meshwork

TMSC Trabecular meshwork stem cells

10.1 Introduction

10.1.1 Aim of this Chapter

Glaucoma is a leading cause of irreversible blindness worldwide and the second
leading cause of blindness overall in the United States [1]. Glaucoma is a progressive
optic neuropathy with loss of retinal ganglion cells and optic nerve axons, resulting
in visual field impairment.

Elevated IOP and aging are important risk factors for most forms of glau-
coma including primary open angle glaucoma (POAG). Pathological changes in
the TM and Schlemm’s canal endothelium are prime suspects for increased
resistance to the aqueous outflow and elevated IOP. It has been suggested that
age and disease-related decrease of TM cells [2—6], abnormal accumulation of
extracellular matrix (ECM), and appearance of cross-linked actin networks in
the TM cells [7-9] contribute to increased resistance of the aqueous outflow and
subsequent increase of IOP. Although the pathogenesis is multifactorial, optic
nerve damage is strongly associated with increased IOP. Experimental animal
models demonstrate that elevated IOP is sufficient to produce glaucoma-like
optic nerve damage [10].

Current therapies for IOP control involve pharmacologic reduction of aque-
ous humor production and surgical or pharmacologic enhancement of outflow.
These therapies are effective but have significant limitations; toxicity, side
effects, complications, failure, and patient noncompliance are common. Resident
pools of somatic stem cells in many organs are responsible for tissue mainte-
nance and repair. Many of these stem cells expanded in vitro exhibit effective
tissue regeneration when introduced to pathologic tissues in vivo [11]. Stem
cells from trabecular meshwork may have a potential for development of a novel
cell-based therapy for glaucoma.

This chapter will review literatures and describe the methods used in identification,
isolation, and culture of trabecular meshwork stem cells (TMSCs) and introduce the
characteristics of TMSCs. The potential for using these stem cells in therapeutic
applications in glaucoma treatment will be discussed.
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10.1.2 Structure and Cells of the Trabecular Meshwork

Trabecular meshwork (TM), together with the juxtacanalicular connective tissue
(JCT), the endothelial lining of Schlemm’s canal (SC), the collection channels, and
the aqueous veins comprise the conventional or trabecular outflow pathways. The TM
outflow pathways provide resistance to aqueous humor and at the same time allow
bulk flow of aqueous humor pass through it by the IOP gradient, thus keeping IOP
in a steady state. Outflow resistance in the TM outflow pathways increases with
age [12, 13] and in primary open-angle glaucomatous eyes [14, 15].

The TM occupies most of the inner aspects of the sclera sulcus, while the SC lies
in the outer portion of it. The TM is a porous filter-like structure formed by connec-
tive tissue beams of lamellae that have a core of collagenous and elastic fibers that
are covered by flat cells. The TM consists of the inner uveal meshwork, the deeper
corneoscleral meshwork, and JCT that is localized directly adjacent to the inner
wall endothelium of SC [16]. The uveal and corneoscleral parts of the TM do not
provide a significant resistance to aqueous humor outflow [17, 18], whereas the JCT
and SC inner wall endothelium maintain the main resistance to aqueous outflow
[19, 20]. The TM is divided to a filter portion and a nonfilter portion by whether the
tissue is around the SC or not. The nonfiltering portion of the TM which resides
beneath the Schwalbe’s line is believed to harbor a niche for cells with adult stem
cell-/progenitor cell-like properties that are capable of dividing and repopulating the
filtering part of the TM after injury [21].

The cells lining the lamellae of the TM play two primary roles: secretion of
specific enzymes and ECM and phagocytosis of debris in the aqueous humor [22].
Both functions help maintain aqueous outflow over the trabecular lamellae [23].
TM cells also release ligands that regulate permeability of SC endothelial cells to
regulate transendothelial flow [24]. Reduced cellularity within the TM is observed
with age and correlates with increased outflow resistance and elevated IOP [2, 4-6].
TM cells play an important role in regulating outflow facility.

10.1.3 Stem Cells in the Trabecular Meshwork

Many researchers have reported studies related to stem cells of trabecular meshwork
but identification and characterization of putative TMSCs is currently incomplete.
In 1982, Raviola [25] identified an unusual cell population termed Schwalbe’s line
cells with distinct ultrastructural features different from TM cells. These cells form
a discontinuous cord, oriented circumferentially at the corneal periphery, deep to
the endothelial lining of the anterior chamber [25]. In 1989, Acott et al. [26] reported
an increased cell division of this cell population after laser trabeculoplasty in human
corneoscleral explant organ cultures. The dividing cells migrate and repopulate the
laser burn sites over the next few weeks [26].
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Recently, Gonzalez et al. [27] cultured human TM cells as free-floating spheres and
found that these spheres could be grown for more than 3 months expressing neural
precursor marker nestin, as well as leukemia inhibitor factor. They concluded that the
spheres may contain relatively undifferentiated cells derived from human TM. More
direct evidence for the existence of stem cells in the TM was from an immunostaining
study by McGowan et al. [28], demonstrating that some stem cell markers, such as nestin,
alkaline phosphatase, telomerase, Oct-3/4, and Wnt-1, were found in the TM and in the
transition zone between the TM and the corneal endothelial periphery.

Later on, a review article by Kelley et al. [21] showed that cells from TM insert region
expressed HMFG-1 but not YKL-40 (also known as CHI3L1). The authors concluded
that in the TM, the putative stem cells investigated as the Schwalbe’s line cells may be
the undifferentiated cell type. Yu et al. [29] did sphere culture on primary peripheral
bovine corneal endothelial cells; those spheres expressed nestin. When the spheres were
induced for differentiation, they were positive to neuronal marker f-III tubulin. Thus the
authors hypothesized that the cells in the transition area between the corneal endothelium
and TM may be progenitors for both corneal endothelial cells and TM cells.

In 2012, we reported the results of isolation of TMSCs from human TM tissue by
side population cell sorting and by clonal culture and of characterization of these
cells [30]. The TMSCs have distinct properties from primary TM cells. They are
multipotent and can differentiate into phagocytic TM cells [30]. Tay et al. [31]
reported the presence of mesenchymal stem cells in human TM which expressed
CD73, CD90, and CD105. To further study the ability of the TMSCs in vivo, we
injected human TMSCs into normal mouse anterior chamber and detected that the
TMSCs can home to the TM region and maintain stem cell characteristics or become
functional TM cells without causing IOP elevation [32]. These stem cells present a
potential for development of a novel cell-based therapy for glaucoma.

More recently, Nadri et al. [33] reported isolation of mesenchymal stem cells
from the TM and the cells can be induced to differentiate into photoreceptor-like
cells on amniotic membrane. This broadens the possible clinical applications of
stem cells from the TM.

10.2 Isolation and Cultivation of Human Trabecular
Meshwork Stem Cells

There are different published methods for isolation and cultivation of stem cells
from the TM.

Gonzalez et al. [27] isolated and characterized free-floating spheres from human
TM cell primary cultures. Primary TM cells were isolated as described by Stamer
et al. [23] and cultured in low glaucoma Dulbecco’s modified eagle medium (DMEM)
with 1-glutamine and 110 mg/L sodium pyruvate containing 10 % fetal bovine serum
(FBS), 100 pM nonessential amino acids, and antibiotics at 37°C in a humidified
atmosphere of 5 % CO,. Free-floating spheres were maintained in StemSpam™
Serum-Free Expansion Medium (StemCell Technologies, Seattle, WA).
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Tay et al. [31] isolated TM cells following the method described by Tripathi and
Tripathi [34] and digested the TM tissue with 2 mg/mL type I collagenase in DMEM
containing 10 % FBS. Cells were cultured and passaged in low glucose DMEM
containing 10 % FBS, 4 mMI1-GlutaMAX™, 1 mM sodium pyruvate, 1 % nones-
sential amino acids and antibiotics.

Nadri et al. [33] cultured the cells in low glaucoma DMEM supplemented with
20 % serum and 200 ng/mL basic-FGF.

We [30] cultured the stem cells from the TM in stem cell growth medium
(SCGM) modified from a corneal endothelial cell culture medium [35] containing
multipurpose reduced-serum media (OptiMEM-1; Invitrogen, Carlsbad, CA) sup-
plemented with 5 % FBS (Hyclone, Logan, UT), 10 ng/mL. EGF (Upstate
Biotechnologies, Billerica, MA), 100 pg/mL bovine pituitary extract (Biomedical
Technologies, Stoughton, MA), 20 pg/mL ascorbic acid, 200 pg/mL calcium chlo-
ride, 0.08 % chondroitin sulfate, 100 IU/mL penicillin, 100 pg/mL streptomycin,
and 50 pg/mL gentamicin (Sigma-Aldrich, St. Louis, MO).

We [30] used a standardized method, fluorescence-activated cell sorting (FACS),
to isolate purified stem cells from primary cultured TM cells. Side population (SP)
cell sorting has been used to isolate adult stem cells since the method was discov-
ered in 1996 [36]. Either Hoechst 33342 dye [36] or DyeCycle Violet (DCV) dye
[37] (Life Technologies) is carried out as previously described [30, 38]. After 2-3
passages, 5x10°-2x10° cells are incubated at 1x10° cells/mL in prewarmed
DMEM with 2 % FBS and 5 pg/mL Hoechst 33342 or 10 pM DCV for 100 min at
37 °C. Atotal of 1 x 10°-5x 10° cells are preincubated with 25 pg/mL fumitremorgin
C for 20 min before Hoechst or DCV incubation to inhibit Hoechst or DCV dye
efflux. After staining, cells are washed twice in Hank’s balanced salt solution with
2 % FBS and stored on ice, then 2 pg/mL propidium iodide is added to identify
nonviable cells immediately before sorting. Cells are analyzed on a flow cytometer
high-speed cell sorter (FACSAria; BD Biosciences, San Jose, CA), using 350-nm
(Hoechst) or 405-nm (DCV) excitation. Designated SP cells show reduced fluores-
cence at both blue (450 nm) and red (>620 nm) (Fig. 10.1).

10.3 Characterization of TMSCs

Gonzalez et al. [27] have shown that free-floating spheres could be grown for more
than 3 months. These spheres can be promoted to attach to the substrate and cells
could migrate out after addition of serum.

Kelley et al. showed [21] that TM insert cells had more expression on HMFG-1
and less expression on YKL-40 than mature corneal endothelial cells and TM cells.

Tay et al. [31] named the cells they cultured from TM as mesenchymal stem
cells (TM-MSCs) since the cells expressed CD73, CD90, CD105, as well as
ABCG2, Ankyrin3, LDLR, CHI3L1, HMFG-1, MMP1, and AQP1. The cells had
clonal forming ability and could differentiate into adipocytes, osteocytes, and
chondrocytes in vitro.
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Fig. 10.1 Isolation of TMSCs as side population (SP) cells. SP cells were isolated by FACS from
passage 3 human TM cells (using DyeCycle Violet Dye, Invitrogen). Cells showing reduction of
both blue (450 nm) and red (>620 nm) are the SP cells in the frame. FACS fluorescence activated
cell sorting, LP long pass. Reproduced from ref. [30] (Du et al.) with permission of the Association
for Research in Vision and Ophthalmology

A group in Iran [33] also named the cells they cultured from TM as mesenchymal
stem cells. These cells could be cultured as clones and could be induced to become
photoreceptor-like cells expressing photoreceptor markers rhodopsin, PKC, and CRX.

Our group [30] isolated stem cells from the TM (TMSCs) by side population
cell sorting or by clonal culture. The cells have distinct characteristics from primary
TM cells. The TMSCs expressed stem cell markers OCT-3/4, ABCG2, MUCI1
(also called HMFG-1), AnkG but not the TM cell markers CHI3L1, AQP1, MGP.
The cell marker expression of TMSCs was detected by real-time PCR, immunofluo-
rescent staining (Fig. 10.2) and immunoblotting.

One of the characteristics of adult stem cells is multipotent. We successfully induced
TMSC:s to differentiate into neuronal cells, adipocytes, corneal stromal keratocytes, as
well as TM cells. Induced TM cells had similar gene expression profile to primary TM
cells and were phagocytic, the same as primary TM cells.

One intrinsic property of adult stem cells is to identify and localize in specific tissues
where they exhibit tissue-specific differentiation [39—42]. To test the homing ability of
TMSC:s in vivo, we injected human TMSCs into normal mouse anterior chamber and
discovered that injected TMSCs had the ability to home to the TM region and become
differentiated TM cells without damage to the TM and without IOP elevation [32].
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ABCG2/Notchi TIMP3/0OCT-3/4 AnkG/CHI3L1 MUC1/AQP1 MGP/MYOC

Fig. 10.2 Distinct gene expression profile of TMSCs from primary (1°) TM cells. Clonal passaged
TMSCs (a—e) and 1° TM cells (fj) were double stained with stem cell markers ABCG?2 (green),
Notchl (red), OCT-3/4 (red), AnkG (green), MUCI (green); TM markers TIMP3 (green), CHI3L1
(red), AQP1 (red), MGP (green); and MYOC (red). Arrows in (a) point to the ABCG2 and Notch1
double-positive cells. Arrow in (j) points to the MGP and MYOC double-positive cell. DAPI stains
nuclei blue. Bars: 50 pm. Reproduced from ref. [30] (Du et al.) with permission of the Association
for Research in Vision and Ophthalmology

10.4 Discussion

10.4.1 TMSCs Expresses Stem Cell Markers In Vitro

The presence of a stem cell population in the TM is confirmed in our studies on
TMSCs [30, 32]. In vitro culture, TMSCs present a homogeneous population dis-
playing antigenic markers previously characterized for mesenchymal stem cells
(ABCG2, CD73, CD90, CD166, and Bmil) as well as expressing gene products
associated with pluripotent stem cells (Notchl, OCT-3/4). The stem cell markers
that TMSC expressed, such as PAX6, MUCI, and AnkG, distinguish TMSCs from
typical mesenchymal stem cells. PAX6 is a homeobox gene essential to ocular devel-
opment and is present in some adult ocular tissues but not generally present in TM
[43]. PAX6 is present in corneal stromal stem cells [38, 44] but not expressed by
mesenchymal stem cells which come from the vasculature, bone marrow, or other tis-
sues [45]. MUCI is a cell surface mucin associated with breast and other epithelial
cancers [46]. AnkG was recently described as essential for production of new neurons
in the brain [47] and was described with higher expression in Schwalbe’s cells that
have been postulated to be responsible for cell regeneration in the TM [48]. The
expression of these three genes in the TMSCs thus defines markers distinguishing
these cells from bone marrow-derived mesenchymal stem cells.
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10.4.2 TMSCs Differentiate into TM Cells in vitro

We have proved that TMSCs have multipotency with the ability to be induced to
display phenotypic properties of cells from several different developmental lineages
(neural, adipose, cornea) under specific culture conditions [30]. These cells are
capable of differentiating into TM cells with phagocytic function and expressing
TM cell markers AQP1, MGP, CHI3L1, and TIMP3 in the presence of aqueous
humor or 10 % serum. The water channel aquaporin 1 (AQP1) has been detected in
the TM in vivo [49] as well as in cultured human TM cells and plays an important
role in modulation of aqueous outflow [23]. Matrix Gla protein (MGP) has the ability
to function in the TM as a calcification inhibitor [50] and may be a key contributor
to IOP homeostasis by regulating calcification and hardening of the TM [51].
Aqueous humor contains chitinase 3-like 1 (CHI3L1), which has a protective role
against inflammation, ECM remodeling, and cell death in the outflow pathway [52].
All these support the hypotheses that these cells represent a resident population of
adult stem cells in the human TM and differentiation to TM cells is the default lin-
eage for these cells [30].

After induction, TMSCs also express TM proteins which have essential roles in
TM function such as maintaining aqueous outflow.

10.4.3 TMSCs Preferentially Home to the TM Region
After In Vivo Transplantation

Adult stem cells have an intrinsic property to identify and localize into specific
tissues. Our experiments show that after xenotransplantation of human TMSCs into
mouse anterior chambers, TMSCs preferentially localize to the TM region and
maintain viability for at least 4 months [32]. The behavior of TMSCs in the anterior
chamber is clearly distinct from that of corneal fibroblasts and has all the aspects of a
classic homing response typical of adult stem cells. We believe that TMSCs were not
simply being carried passively to the TM by aqueous outflow, but rather a result of a
tissue affinity of the TMSCs. Increasingly abundant evidence supports the ability of
mesenchymal stem cells to localize and regenerate damaged tissue in vivo [10, 53].
We thus hypothesize that in glaucomatous eyes, injected TMSCs may be able to
localize to pathological TM and improve aqueous outflow. In glaucomatous eyes,
abnormal extracellular matrix of the TM may have effects on stem cells’ homing.

10.4.4 TMSCs Integrate into the TM Without Eliciting
Inflammatory Response

Mesenchymal-like stem cells have been shown to possess the ability to mediate
immunosuppression [4, 54-57]. Human TMSCs have the same capability of not
eliciting inflammatory response after xenotransplantation to mouse anterior
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chamber. It ensures the survival of transplanted stem cells to function in vivo.
This observation provides an argument that these stem cells could be tolerated in
human allogeneic transplantation. The ability of TMSCs to undergo extensive
expansion in vitro makes allogeneic transplantation possible. Since glaucoma has
underlying genetic components, it would not be feasible to do autologous transplan-
tation using the same genetically abnormal cells. The expansion ability of TMSCs
provides a possibility to regenerate TM in glaucomatous eyes by allogeneic trans-
plantation of TMSCs without glaucomatous genetic disorders. Xenotransplantation
of TMSC:s also does not stimulate endogenous TM cell division. The endogenous
TM cells in the eyes with the transplanted TMSCs were quiescent with no BrdU
incorporation [32]. The injected cells do not affect the corneal transparency and
do not cause increased IOP dramatically.

10.4.5 Possible Applications of TMSCs

We hypothesize that the TM is a self-renewing tissue maintained by a resident
population of stem cells. This is supported by a recent study that has shown the TM
cells expressed cell cycle and proliferation related genes [56]. To elucidate factors
controlling TMSC proliferation in vivo might provide pharmacological approaches
focusing on reconstruction of TM tissue and outflow pathway to control intraocular
pressure.

Another exciting potential application of TMSCs is developing cell-based therapy
for glaucoma. The ability of TMSCs to home to the TM and adopt a TM phenotype
supports the idea that the TM in eyes with high IOP may be restored via such an
approach. With the ability to alter the cellular composition and extracellular matrix
of the TM, it will be possible to investigate the mechanism by which aqueous outflow
is controlled by the TM cells. Information revealed by such studies can point the way
to design a cell based-therapy approach to regulate aqueous outflow through the TM.
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Abbreviations

BM Bowmans membrane

BMP Bone morphogenic protein
EGF Epidermal growth factor

FGF Fibroblast growth factor

iPS Induced pluripotent stem (cell)
KSFM  Keratinocyte serum free media
LESC Limbal epithelial stem cell
LiNS  Limbal neurosphere

LiPSC Limbal induced pluripotent stem cell
LMSC Limbal mesenchymal stem cell
LSCD Limbal stem cell deficiency
mES Mouse embryonic stem (cell)
MSC Mesenchymal stem cell

TAC Transit amplifying cell

11.1 Introduction

The ocular limbus is an accessible source of autologous stem cells that can be
isolated, cultured, and transplanted for the treatment of limbal stem cell defi-
ciency [1-3]. In this chapter we provide an overview of the cellular anatomy of
the ocular limbus with a focus on the stem cells responsible for tissue mainte-
nance and regeneration.

Primary limbal cell suspensions may contain a number of different stem or
progenitor cell types that can proliferate in vitro. Therefore, current methods for
limbal cell culture are reviewed and the cellular composition of primary limbal cell
cultures is discussed. In addition, we examine claims of trans- and de-differentiation
potential in limbal cell cultures. Limbal stem cells have been reported to display
significant plasticity in response to growth factors and culture conditions, with the
potential for neural lineage induction [4], neuronal [5] and photoreceptor differen-
tiation [6], and even complete dedifferentiation into a pluripotent state [7-9].
However, although a number of laboratories have demonstrated neural lineage
induction in limbal cell suspensions, it remains unclear which stem cells are con-
tributing to this phenomenon.

The development of limbal stem cell culture systems [10] has enabled the imple-
mentation of stem cell replacement therapies for reconstruction of the damaged or
diseased corneal surface [1-3]. Since limbal stem cells can be harvested in small
biopsies from the surface of the eye with minimal risk or discomfort to the patient,
they represent an accessible source of autologous stem cells. Therefore, we also
examine the current and potential clinical applications enabled by the culture of
limbal stem cells.
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11.2 Stem Cells of the Corneoscleral Limbus

The ocular limbus is located at the boundary between the cornea and the sclera
(Fig. 11.1a, b). Anatomically, the limbus is defined by the transition from the regular
collagen lamellae of the transparent corneal stroma to the opaque, irregular

CORNEA LIMBUS SCLERA

1.0 mm

Fig. 11.1 The corneoscleral limbus. (a) Photograph of the human eye with the limbal region
outlined in yellow. (b) Micrograph showing a frozen section of a donor human corneal rim, with cell
nuclei stained with DAPI (blue). Inset shows an enlarged view of the limbal palisades. (¢) Schematic
diagram showing the cellular composition of the limbal niche. BV blood vessel, LESC limbal
epithelial stem cell, TAC transit-amplifying cell. (d) Micrographs showing limbal palisades (left
panels, bottom right panel) and limbal crypt structures (top right panel) immunostained with a
pan-cytokeratin antibody (red signal). Cell nuclei are stained with DAPI (blue signal)
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Fig. 11.1 (continued)

arrangement of lamellae in the scleral stroma. Together, the cornea and sclera form
the outer coat of the eye and function to maintain the shape of the globe and protect
the ocular tissues inside. The cornea is specialized for the transmission of light to the
lens and retina and consists of an avascular, highly organized collagenous stroma
covered by a stratified squamous epithelium. In contrast, the opaque sclera provides
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strength and flexibility to the eye, contains more irregular collagen lamellae, and is
covered by the loosely organized conjunctival epithelium [11].

The limbus is home to several different resident cell types. The limbal epithelium
is continuous with the corneal, but not the conjunctival epithelium. The corneal and
limbal epithelia consist of 5-6 cell layers of stratified columnar epithelial cells and
share a common developmental origin, the optic ectoderm. In contrast, the conjunc-
tival epithelium is derived from the extraocular ectoderm that forms the eyelids, and
contains goblet cells, which secrete mucin and contribute to the tear film [12].

The limbal epithelium lies on top of the limbal stroma, which is populated with
stromal keratocytes. Limbal and corneal keratocytes are derived from the craniofa-
cial neural crest and form cell layers that produce the stromal collagen lamellae.
Individual keratocytes have a dendritic morphology and form connections with
neighboring cells. In contrast with the rapid turnover of limbal and corneal epithelial
cells, keratocytes are a largely quiescent cell population, adopting a terminally
differentiated phenotype involved in maintaining the stromal matrix [11].

In addition to epithelial cells and stromal keratocytes, the limbus contains blood
vessels, nerve fibers, and melanocytes, making for a complex interface of different
cell types that may contribute to the limbal microenvironment. The rich array of growth
factors and matrix proteins provided by these cells form a permissive environment
in which limbal stem cell populations are maintained (Fig. 11.1c).

11.2.1 Limbal Epithelial Stem Cells

The corneal epithelium is completely turned over every 7 days [13], a process
that has been described by the “XYZ” hypothesis, where X represents the prolif-
eration of basal epithelial cells, Y is the centripetal movement of epithelial cells
from the limbus, and Z is the cell loss resulting from death and desquamation
from the corneal surface [14]. In most stratified epithelia, proliferation occurs in
the undifferentiated basal layer and differentiation of mature keratinocytes occurs
as cells are displaced centripetally and vertically before being shed from the
surface. In accordance with this general principle, the basal layer of the corneal
epithelium consists of undifferentiated columnar cells that express the ocular
transcription factor PAX6. As they migrate towards the surface, corneal epithe-
lial progenitors differentiate into mature keratinocytes, increasing in size, down-
regulating PAX6 expression, upregulating the expression of cytokeratins, and
forming tight junctions at their apical surfaces.

In response to minor abrasions to the ocular surface, corneal epithelial cells sur-
rounding the debrided area are induced to proliferate and migrate, rapidly covering the
exposed stroma. This process begins within minutes after the injury with epithelial
cells migrating at 60—80 pm/h to seal the wound within a few hours, depending on the
size of the abrasion. This early phase of corneal wound healing is mediated largely
by cell migration and is followed by the induction of corneal epithelial progenitor
proliferation around 24 h after the injury [15].
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Table 11.1 Molecular markers in limbal cells

LESC TAC Keratinocyte LMSC Keratocyte

ABCG2 + - - + _
P63a ++ + - - —
P63 + + +/- - -
o-enolase + + — _ _
Cytokeratin-15 + + - _ _
Vimentin + + +/— + 4
Nestin —a —a _a + _
CD34 - - — 4b _
BII-Tubulin —a —a _a + +
Cytokeratin-3/12 -2 +/— ++ _ _

“Expression not observed in vivo, but may be induced in vitro
"Expression in a subpopulation of LMSC

The corneal epithelium differs from other stratified epithelia in that it does not
contain a resident stem cell population. While most stratified epithelia contain
slow-cycling stem cells in their basal layer, the basal layer of the corneal epithelium
contains only progenitor cells with limited proliferation potential and capacity for
self-renewal in culture. These progenitors express mature keratinocyte markers,
such as cytokeratins K3 and K12, and lack of expression of stem cell markers such
as p63a, a-enolase, and ABCG2 (Table 11.1) [16-20].

In 1944, Ida Mann reported the movement of pigmented limbal cells towards the
injury site in during corneal regeneration in the rabbit, providing the first evidence
for the role of the limbus in the maintenance of the corneal epithelium [21]. Later, the
limbal epithelial stem cell (LESC) niche was proposed by Davanger and Evensen,
based on their observations of centripetal migration of epithelial cells from the
limbus to the central cornea during epithelial wound healing [22]. Stem cells in the
rodent limbal epithelium were initially identified on the basis of their BrdU (bromo-
deoxyuridine) label retaining properties, which identified a rare population of slow
cycling cells in the basal layers [16, 22-24]. BrdU is incorporated into DNA during
cell division and is commonly used to label proliferating cells [25]. In pulse-chase
experiments, BrdU labeled cells were observed in the basal layers of the limbus up
to 1 month after BrdU administration. Since continued cell proliferation dilutes the
BrdU signal by half with each subsequent division, retention of BrdU at this time
point indicates a long cell cycle in the labeled cells.

The quiescent phenotype of LESCs reduces their metabolic load, affording protec-
tion from free radicals generated by metabolic processes. Similarly, a long cell cycle
protects LESCs against mutations arising from DNA replication, preserving the
genomic integrity of stem cell pools by limiting the number of divisions the stem cell
undergoes throughout the life of the organism. Stem cells divide asymmetrically to
produce “transit amplifying cells” (TACs), which then proliferate rapidly to supply
the large numbers of differentiated cells required for tissue maintenance [26].

At the limbus, the epithelium forms invaginations into the limbal stroma, known
as the palisades of Vogt (Fig. 11.1b—d) [27]. Limbal palisades bring the epithelium
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into proximity with underlying blood vessels, increasing the availability of vascular
growth factors, and forming a specialized stem cell niche. The undulations of the
limbal palisades increase the surface area of the epithelium to accommodate suffi-
cient numbers of stem cells for corneal maintenance, as well as providing resistance
to shearing forces. The limbus also contains melanocytes that protect the stem cell
niche from light damage [28]. Although present throughout the limbal epithelium,
LESCs are not uniformly distributed. The superior and inferior limbal regions are
enriched with LESCs, locations that may further protect the stem cell pool from
injury through Bell’s phenomenon, a defensive reflex that causes elevation of the
globes when blinking or in response to threat [16, 29]. These adaptations provide a
unique and complex microenvironment that protects and nurtures the LESCs.

In addition to the palisades of Vogt (Fig. 11.1b—d), the human limbus contains
specialized ingrowths of corneal epithelium extending up to 200 pm into the limbal
stroma, termed limbal epithelial crypts (Fig. 11.1d, upper right and lower panels).
Human limbal epithelial crypts were first identified by Dua in 2005 [30] and were
found to be present at a frequency of approximately 9 per eye [31]. These specialized
anatomical structures have been proposed to form an additional niche [32] and may
play a role in increasing the size of the LESC reservoir.

The transition from corneal to limbal epithelium is accompanied by a number of
distinct morphological and molecular changes. In the basal layer of the central corneal
epithelium, which is devoid of LESCs, progenitor cells form a tight interface with the
underlying basement membrane known as Bowmans Membrane (BM). The interaction
between basal epithelial progenitors and BM becomes progressively altered along the
central-peripheral axis of the cornea. In the central cornea, the basal surface of these pro-
genitors is unfenestrated and smooth, while in more peripheral regions progenitors dis-
play basal surface processes that interdigitate with BM. At the limbus, these morphological
changes become more distinct with limbal basal epithelial cells extending processes
through the basement membrane to connect with the underlying stromal matrix [17].

The expression of extracellular matrix proteins is also altered in the limbus, with
increased deposition of tenascin-C; laminin o1, a2, f1, and y3 chains; and BM40/
SPARC compared with corneal epithelium [33]. In contrast with the central cornea,
the basement membrane in the limbus is less densely packed with collagen, which
may aid in the diffusion of growth factors and provide a permissive substrate for the
invasion of LESC fenestrations into the limbal stroma [34, 35].

A common, if not ubiquitous theme in stem cell biology is the production of
TACs from rare populations of slow-cycling stem cells. In keeping with this theme,
only a small proportion of limbal basal cells fulfill the criteria for a stem cell [36-38].
In most tissues, the identification of molecular markers for bone fide stem cells has
proved a challenging problem due to the overlapping gene expression profiles of
these cells and the early TACs they produce. TACs retain the expression of develop-
mental genes and typically downregulate them only upon terminal differentiation.
Thus, although a number of markers are known to discriminate progenitors from
keratinocytes in corneal and limbal epithelia, developmental and differentiated cell
makers, such as PAX6 and cytokeratins [16], have limited value in the identification
of the LESCs (Table 11.1).
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A number of proteins with enriched expression in the basal limbal epithelium
have been proposed as specific markers for LESCs [16]. Most of these markers,
including a-enolase, integrin-a9, vimentin, and nestin, are unable to discriminate
TACs from LESCs in the basal epithelium. The transcription factor p63 has been
shown to be essential for the proliferative competence of stratified epithelia [39] and
its truncated isoform ANp63/p63a has been widely used to identify LESCs. TACs
may retain lower levels of p63a expression [40] and a p63a®e" immunolabeling
phenotype has been proposed as a selective marker of LESCs [16]. Supporting this
notion, the presence of p63aieht cells in cultured limbal epithelia was shown to
correlate with corneal surface restoration after transplantation [41].

In contrast with most tissues, the hierarchy of stem cell differentiation in the
hematopoietic system has been well defined and molecular markers that discrimi-
nate stem cells from progenitor cells have been identified [42]. Like stem cells in
bone marrow and other tissues [43], LESCs express the universal stem cell marker
ABCG2 [38, 44], an ATP binding cassette transporter that removes toxins from the
cytoplasm. ABCG2 expression identifies stem cells in hematopoietic, neural, and
mesenchymal tissues and is expressed in a population of slow cycling basal cells in
the limbal but not corneal epithelium [37]. Since vital dyes such as Hoechst stains are
actively pumped out of stem cells via ABCG2, stem cells in cell suspensions from
limbal and other tissues can be detected as a ‘side population’ of unlabeled cells by
flow cytometry [43]. Flow sorting of this side population was shown to enrich for cells
with increased growth potential in culture [45]. However, since stem cell niches are
typically located at the interface between different tissues, stem cells from multiple
lineages may be present and the identification of stem cells using immunostaining
for common stem cell markers alone could lead to the examination of a heteroge-
nous cell population. Therefore, it is important to consider the fact that stem cells
from other lineages are also present in the limbal stem cell niche.

11.2.2 Limbal Mesenchymal Stem Cells

Although ABCG2 expression is absent in the corneal epithelium, immunolabeling of
human corneal sections revealed rare cells in the corneal stroma that express this stem
cell marker. ABCG2* stromal cells are distributed throughout the cornea, with lower
frequencies in central regions than in the peripheral cornea [46]. In the limbus, ABCG2
expression is increased in both the epithelium and the stroma, and clusters of ABCG2*
stromal cells are found subadjacent to the ABCG2* basal epithelial stem cells in the
palisades. These cells have been classified as mesenchymal stem cells (MSC), a pop-
ulation of multipotent stem cells found in almost all adult somatic tissues [47].

In contrast with the densely packed, constantly regenerating keratinocytes of the
epithelium, the corneal and limbal stroma is sparsely populated with relatively qui-
escent keratocytes (Fig. 11.1b—d). Keratocytes occupy planes between collagen
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lamellae, extending processes to connect with neighboring cells and secreting the
extracellular matrix proteins that make up the bulk of the stroma. In response to inju-
ries, keratocytes become reactive, hypertrophic, and rapidly proliferate in a scarring
response that seals the injury site quickly, but at the expense of tissue organization
and transparency. Corneal scar tissue is persistent and can cause long-term vision
impairment if left untreated.

The human embryonic corneal stroma is populated with migrating neural crest
cells during the seventh week of gestation. Neural crest cells are derived from the
neuroectoderm and emerge from all regions of the neural tube to form a diverse range
of mesenchymal cell types. MSC have been identified in almost all adult tissues [48]
and are defined by expression of a number of cell surface markers, including CD73,
CD90, and CD105, as well as the ability to differentiate into fat, cartilage and
bone tissues [49]. Recently, cultured limbal stromal MSC (LMSC) were shown to
conform to these criteria [47, 50]. The plasticity and growth potential of these cells,
coupled with their relative accessibility and immunomodulatory functions have led
to growing attention on MSC as a potential donor cell source for autologous cell
therapy applications [51].

Both human and rabbit LMSC suppress lymphocyte proliferation [52], demonstrating
the immunomodulatory properties of these cells. LMSC have also been shown to
inhibit corneal epithelial differentiation [52], a property that may reflect their cru-
cial role in maintaining the limbal stem cell niche.

In vivo, LMSC are present in clusters subjacent to the limbal epithelial basal
layer (Fig. 11.1b—d) and are scattered at low frequencies throughout the limbal and
corneal stroma. LMSC express a number of markers, including the neural lineage
markers including Nestin and N-cadherin and stem cell markers such as ABCG2
[16]. MSC are thought to arise from perivascular pericytes and limbal stromal MSC
have been shown to express angiogenesis markers, including CD34, CD31, a-SMA,
Flk-1, VWE, and PDGFRD [50, 53]. The stem cell properties of pericytes have been
reviewed elsewhere [54-56]; however, the contribution of these cells to the mainte-
nance of the limbal niche remains largely unexplored.

11.3 Limbal Cell Culture

Since the first demonstration of limbal epithelial transplantation [57], intense focus
has been directed at the development of methods for culturing limbal tissues for
clinical use. A number of effective approaches to limbal epithelial cell culture for
transplantation have emerged in the last decade [10, 58—60]. Although culture methods
vary significantly in terms of media formulations and culture substrates, they can be
broadly grouped into two main approaches: explant culture and dissociated limbal
cell suspension culture.
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11.3.1 Limbal Cell Culture Media

Common choices for primary limbal cell culture include standard media formulations
including Dulbecco’s modified Eagle’s media (DMEM), MEM, and M 199 serum-
free keratinocyte media formulations (KSFM). Low calcium media formulations,
such as KSFM, M199, MEM, have been suggested to better preserve LESCs in
culture while high calcium media (DMEM, DMEM/F12) promote differentiation
[10, 58, 61] (Fig. 11.2a).

In addition to basic media, primary limbal cultures require growth factor support to
thrive, often supplied in the form of fetal calf serum, a potential source of xenogenic
pathogens. Replacement of bovine serum with autologous human serum collected from
the patient has been reported [62, 63] and defined; xeno-free, serum free media formula-
tions such as KSFM have been developed for human epithelial cell culture [61].

11.3.2 Culture Substrate

A number of different substrates have been shown to support limbal epithelial cell
growth, including human amniotic membrane [59], fibrin [58], and lens capsule [64].
Proprietary human extracellular matrix formulations, such as the Cellstart matrix
(Life Technologies) also support epithelial cell growth and the maintenance of stem
cell populations (Fig. 11.2a). These substrates offer xeno-free culture conditions,
limiting the exposure of cultured limbal cells to products of animal origin and elimi-
nating the risk from xenogenic pathogens.

Another popular choice for limbal cell culture substrates is the use of feeder cell
layers. Growth arrested feeder cell layers provide a rich array of attachment and
growth factors and have been widely used in stem cell and primary cultures. For the
culture of limbal cells, the 3T3 mouse embryonic fibroblast cell line has been com-
monly employed and has been shown to promote enrichment of stem cells and epithe-
lial stratification.

More recently, cultured LMSC have been shown to support limbal epithelial
growth in culture [52]. Since these cells can be expanded from the same biopsies
used to establish primary autologous limbal cell cultures and are involved in the
maintenance of LESCs in vivo, LMSC may prove the most logical choice for feeder
cell substrates in clinical limbal epithelial culture.

11.3.3 Limbal Explant Culture

In the explant culture approach, superficial limbal tissue is removed by physical
dissection, preserving the architecture of the limbal cell niche. Explants are plated
with the epithelial surface in contact with the culture dish to encourage epithelial
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Fig. 11.2 Human limbal cell culture. (a) Surplus human limbal rims were obtained for culture after
corneal transplantation procedures (typically 2—4 weeks postmortem). The limbal epithelium was
removed after pretreatment of the entire limbal rim with collagenase for 4-6 h, a procedure known to
liberate both LESCs and LMSCs. Cells were dissociated using calcium chelation and plated onto
human extracellular matrix coated culture dishes in low calcium, serum free keratinocyte media
(KFSM) containing EGF. Cells were passaged once per week and maintained growth and differentia-
tion characteristics over multiple passages (upper panels). In high calcium media, limbal epithelial
(LE) cultures differentiated into cobblestoned monolayers (lower left panel). Contamination of cell
suspensions with stromal tissue led to mixed cultures containing rapidly proliferating fibroblast like
cells (lower right panel). (b, ¢) Immunostaining of cultured limbal epithelial cells. (b) Fluorescence
micrographs show double immunostaining of limbal epithelial cell cultures with antibodies for Pan-
Cytokeratin/p63a (left panel), Cytokeratin-15/E-cadherin (middle panel), and ABCG2/p63a (right
panel). Insets in the right panel show enlarged views of ABCG2*/p63aie" LESCs and ABCG2*/
p63a~ LMSCs. (¢) Human keratinocytes cultured in KFSM exhibit immunoreactivity for neural
lineage proteins, including PIII-Tubulin, Vimentin, and Nestin. (d) Micrographs show goblet cell
(arrow) contamination of limbal epithelial cultures. (e, f) Human limbal cell suspensions were cul-
tured on uncoated tissue culture plastic in high calcium, serum free neural stem cell media containing
EGF and FGF2. (e) Micrograph shows an adherent mesenchymal stem cell colony. (f) Micrographs
showing floating neurospheres formed in neural stem cell media
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Fig. 11.2 (continued)

outgrowth; however, outgrowth may occur from resident keratocytes and limbal
MSC:s present in the explant [10]. The presence of these cells in explant cultures
likely promotes the maintenance of LESCs, acting as endogenous “feeder cells” in
the culture system.

To encourage epithelial stratification, some groups perform airlifting, a procedure in
which the culture media level is lowered to the surface of the explant [58]. Under these
conditions, limbal epithelial monolayers differentiate to form a multilayered epithelium.

11.3.4 Dissociated Limbal Epithelial Cultures

An alternative approach to the culture of limbal epithelium involves enzymatic
dissociation of the limbal niche and culture of single cells on a suitable substrate,
such as human amniotic membrane or 3T3 feeder cells. The basal cells of the
corneal epithelium are anchored to a dense basement membrane while superficial
keratinocytes bind to each other with tight junctions formed by calcium-depen-
dent adhesion molecules, such as E-cadherin. For the preparation of primary lim-
bal epithelial cell suspensions, many laboratories isolate the initial limbal tissue
sample by physical dissection, followed by collagenase treatment and dissocia-
tion using trypsin or calcium chelating agents. However, the limbal epithelium is
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well anchored to the underlying stroma, making its removal by physical dissection
alone a technically challenging procedure. In addition to the stromal and epithe-
lial cells that make up the limbal niche, other cell types, including melanocytes,
vascular endothelial cells, as well as nerve fibers and their support cells are pres-
ent in the limbal niche. Poor separation of the limbal epithelium from the stroma
may result in contamination of primary cultures with stromal keratocytes and
MSC. Mixed limbal epithelial/stromal cultures form disorganized cellular monolayers,
with patches of squamous epithelial cells surrounded by rapidly proliferating,
fibroblast-like cells (Fig. 11.2a).

Preincubation of entire limbal rims with enzymes such as dispase or collagenase
prior to dissection facilitates the removal of the limbal epithelium (Fig. 11.2a—c).
In our laboratory, we isolate the limbal epithelium by incubating corneoscleral rims
in collagenase for 2—4 h. This treatment allows the removal of epithelial sheets for
subsequent dissociation; however, care must be taken to ensure that any residual
conjunctival epithelium present on the donor rim is not collected. The presence of
goblet cells in limbal epithelial cultures indicates the contamination with conjunctival
epithelium (Fig. 11.2d).

Dissociated limbal epithelial cells require a suitable substrate for attachment
and growth. Different culture substrates that support the formation of epithelial
monolayers include human amniotic membrane, 3T3 feeder cells, and silk
fibroin [1, 7, 10, 65, 66]. Clonal culture of limbal and corneal epithelial cell
suspensions on feeder cell layers demonstrated the presence of three classes of
proliferative cells, each producing colonies of different sizes. Meroclones and
paraclones have limited proliferative and self-renewal potential, producing
small colonies after several weeks in culture. In contrast, holoclones generate
large colonies and can be serially passaged to produce large numbers of cells, a
property attributed to the presence of LESCs. Limbal epithelial cell suspensions
give rise to mero-, para-, and holoclones, while corneal epithelial cell suspen-
sions generate only mero- and paraclones [36].

In our laboratory, we have used a commercially available serum and xeno-free
free, low calcium keratinocyte media and extracellular matrix kit that supported
limbal cell growth over multiple passages without changes in epithelial phenotype.
Switching to a high calcium media promotes differentiation of epithelial monolayers,
with tight cell—cell junctions and a cobblestoned appearance (Fig. 11.2a). Cultured
keratinocytes express typical corneal epithelial markers, including increased cyto-
keratin and E-cadherin staining in larger cells compared with smaller progenitor
cells expressing cytokeratin-15 (Fig. 11.2b).

The presence of small, rounded cells expressing ABCG2 and p63a®e™ in these
cultures is consistent with the maintenance of LESCs in this culture system (Fig. 11.2b,
right panel). In addition to ABCG2*/p63a™ie™ cells, we observed ABCG2*/p63a- cells
in limbal epithelial cultures, which likely reflect the presence of LMSC in these cul-
tures. Li et al. examined the effect of limbal epithelial isolation using collagenase or
dispase and showed that both enzymes are able to separate the epithelium from the
stroma; however, different types of cells were isolated by each enzyme [50].
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11.3.5 Culture of Limbal Mesenchymal Stem Cells

With many early studies focused on LESCs, the presence of MSCs in the limbal
stroma and their potential contribution to primary limbal cultures was largely unap-
preciated until recently [7, 50]. The close apposition of LESCs and LMSCs in the
limbal niche makes the isolation of one population a challenging proposition since
removal of the limbal epithelium by physical scraping likely results in the collection
of subjacent LMSC as well as basal LESCs.

Investigations performed by the laboratory of Tseng have shown that different
enzymes treatments isolate different populations of human limbal niche cells. Dispase
treatment was shown to isolate sheets of limbal epithelium [67], while collagenase
treatment was shown to isolate epithelial cells as well as LMSCs and stromal cells in
the limbal niche [68]. Removal of the limbal epithelium using dispase, followed by
collagenase treatment of the exposed stroma was shown to enrich for LMSC, which
formed floating cell clusters during digestion, and pericytes, which were adherent to
the tissue culture plastic [50]. Together, these studies provide a useful set of methods
for the isolation and culture of different limbal stem cell populations.

LMSC can be cultured under conventional MSC culture conditions in which
adherent cells are grown on tissue culture plastic in DMEM media supplemented
with FCS. Under these conditions, LMSC tend to lose the expression of stem cell
markers after several passages, suggesting that standard MSC cell culture condi-
tions may not be optimal for the maintenance of LMSC. In contrast, a low calcium,
M199 based media (with FCS supplementation) was shown to preserve stem cell
marker expression in cultured LMSC [69]. In our laboratory, we employ a DMEM/
F12-based, serum free neural stem cell media containing EGF and FGF2 for culturing
LMSC (Fig. 11.2e).

LMSC can be expanded over many passages and can be differentiated into osteo-
blasts, adipose cells, and chrondrocytes [47, 50]. LMSC express EGF- and FGF-
receptors as well as neural lineage proteins such as Nestin, vimentin, and pIII-tubulin.
Like neural crest-derived stem cells found in other tissues throughout the body
[70-72], LMSC form neurospheres in the presence of FGF2 and EGF (Fig. 11.2f)
and can be differentiated into cells displaying the characteristics of functional
neurons [50, 60, 73].

11.4 Plasticity of Limbal Stem Cells

In vivo, LESCs perform as unipotent, rather than multipotent stem cells and the dif-
ferentiation of their progeny is limited to the corneal keratinocyte phenotype.
Cultured LESCs are able to generate stratified corneal epithelium and the use of
appropriate culture conditions can preserve this capacity over many passages, with-
out alterations in the phenotype of differentiated cells. Although a number of claims
regarding the transdifferentiation potential of limbal stem cells have been made in
the past decade, including neural lineage induction [74] and pluripotency [7], many
of these studies employed culture methods that isolate both LESCs and LMSCs.
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The presence of multiple stem cell lineages in the limbal niche and in primary
limbal cell cultures has complicated the interpretation of data obtained from pri-
mary limbal cell cultures, particularly with regard to differentiation potential.
Overall, direct evidence for LESC multipotency is lacking, while evidence for the
plasticity of LMSC is gaining strength.

11.4.1 Neural Lineage Induction

During neurulation in the human embryo, inhibition of bone morphogenic protein
(BMP) signaling in ectodermal progenitors causes induction of these cells into the
neural lineage and the formation of the neuroectoderm. This process has been reca-
pitulated in vitro to induce neurulation in embryonic stem cell cultures using the
bone morphogenic protein (BMP) receptor antagonist Noggin [75].

In 2002, Zhao et al. reported the formation of floating neurospheres from rat
limbal epithelial suspensions cultured in neural stem cell media containing EGF,
FGF2, and Noggin [4]. In this report, debrided limbal stromal tissue failed to produce
neurospheres, leading the authors to conclude that LESCs were the source of limbal
neurospheres (LiNS). Since BMPs were found to regulate the expression of the
neural progenitor marker Nestin in cultured limbal neurospheres, it was proposed
that LESCs retained a primitive phenotype resembling the primitive ectodermal
progenitor cells they are derived from and, like embryonic stem cells, could be
induced into the neural lineage by inhibition of BMP signaling [4].

Although developmental recapitulation is an attractive hypothesis, the presence of
LMSC in the limbal niche was largely overlooked in these studies. The physical dis-
section methods used by Zhao et al. to isolate the limbal epithelium lead to the isola-
tion of LMSC as well as LESC (see above). Furthermore, physical debridement of
the limbal epithelium likely removes subjacent LMSC as well, leaving only kerato-
cytes and rare MSC in the exposed stroma. Other laboratories have demonstrated
neurosphere induction in primary limbal suspensions using EGF and FGF2 alone.
Both epithelial and stromal cell suspensions formed LiNS in the absence of Noggin,
although stromal cells gave rise to neurospheres at lower frequencies [50]. These
results suggest that the neural crest derived limbal MSC, which are enriched at the
limbal palisades, but are also scattered at low frequencies throughout the corneal and
limbal stroma, are the neurosphere forming stem cells present in the limbal niche.

The colocalization of the epithelial marker p63 with the neural progenitor
marker Nestin and neurotransmitter receptors for GABA, glycine, and serotonin in
human limbal explant cultures was described in 2003 [5, 74], lending further sup-
port to the suggestion that LESCs possess competence for neural lineage induc-
tion. However, expression of neural markers such as Nestin, Vimentin, and
BIII-tubulin may be induced in keratinocyte progenitors in culture without appar-
ent loss of keratinocyte phenotype (Fig. 11.2¢). Furthermore, neurotransmitter
receptors are expressed in nonneural cells found in other tissues, including the
corneal epithelium [76] and electrophysiological readings failed to detect action
potentials in putative neuronal cells [4, 74].
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While direct evidence for Noggin-dependent neurogenesis from LESCs is lacking,
the neural potential of LMSC is becoming increasingly established. LMSC are
derived from neural crest cells, which are derived, in turn, from the neuroectoderm.
Thus, LMSC are derived from cells that underwent developmental specification into
the neural lineage. Culture of primary MSC from bone marrow, adipose, skin [70-72],
in the presence of EGF and FGF2 has been shown to produce neurospheres, suggest-
ing neurosphere formation is a universal property of MSC. Given these observations,
the establishment of LiNS cultures by LMSC can be seen as part of their neural crest
heritage, rather than transdifferentiation, which is defined as the re-specification of
cellular phenotype across different developmental lineages.

MSC are partly defined by their ability to undergo osteogenesis, adipogenesis,
and chondrogenesis [49], and LMSC have been shown to possess this plasticity,
producing bone, fat, and cartilage in vitro [47, 53]. The plasticity of MSC is further
indicated by their competence for neural lineage induction and LiNS have been
shown to differentiate into cells expressing markers for mature neurons (MAP2,
neurofilament), astrocytes (glial-fibrillary-acidic protein), and oligodendrocytes
(04) [4] in vitro. Coculture of LiNS with embryonic hippocampal cells induced
neuronal differentiation, while coculture with neonatal retinal cells induced
photoreceptor differentiation [5]. Transplantation of LiNS into the rat retina in
site directed differentiation of donor cells into photoreceptors [6]. These properties
are consistent with the phenotype of neural stem cells derived from other tissues,
making LiNS an attractive target for therapeutic applications.

11.4.2 Induction of Pluripotency

Pluripotency refers to the capacity for differentiation into all the developmental
lineages of the embryo, excluding the extra-embryonic tissues. In vivo, pluripotent
stem cells are found in the inner cell mass of the early embryo, and the develop-
ment of pluripotent stem cell culture techniques has led to the establishment of
human embryonic stem (hES) cell lines as well as the publication of numerous
protocols for directed differentiation of these cells into many types of somatic
cells [77]. Although hES cell-based regenerative therapies are being developed
for the treatment of ocular diseases [78], the allogenic nature of these cells may
limit the efficacy of this approach and long-term immunosuppression may be
required to prevent graft rejection.

In 2006, the development of methods for inducing pluripotency in cultured adult
fibroblasts by retroviral expression of the transcription factors Oct4, Sox2, c-myc,
and K1f4 [79] provided the foundation for the new field of cellular reprogramming
[80, 81]. Induced pluripotent stem (iPS) cells have been shown to possess a pheno-
type similar to embryonic stem cells, displaying self-renewal and differentiation
into all somatic cell types. Reprogramming of adult somatic cells to pluripotency
has great potential for regenerative medicine, allowing the establishment of patient-
matched pluripotent stem cell lines for autologous cell therapies [82].
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Since 20006, a variety of methods for inducing transcription factor expression in
adult primary cultures have been developed that may be suitable for clinical imple-
mentation, including transfection of episomal plasmids, mRNA, micro-RNA, and
the delivery of recombinant proteins [83—87]. These approaches reduce the risks of
mutation by avoiding permanent genetic modification of the donor cells. However,
forced expression of transcription factors, including oncogenes such as c-myc and
KLF4 may lead to altered or even transformed cellular phenotypes. The possibility
of incomplete reprogramming, evidenced by the retention of donor cell gene expres-
sion profiles and activation of genes involved in cellular immunity in putative iPS
cells [88], necessitates the use of stringent quality control during the production of
iPS cell lines, greatly increasing the time and cost involved.

Since stem cells from various origins may already express some of the additional
factors associated with the pluripotent state, such as Sox2, KLF4, c-myc, and Nanog,
the selection of suitable donor cells for reprogramming has been shown to reduce the
number of factors needed for the induction of pluripotency [89, 90]. In the search
for appropriate donor cell sources for reprogramming, the ocular limbus has been
drawn into the spotlight with recent reports of dedifferentiation of limbal cells into
a pluripotent state using cell culture methods alone [7, 9].

In 2005, Dravida et al. reported the expression of pluripotency gene OCT4 in
the stromal compartment of human limbal explants cultured in matrigel in the pres-
ence of FGF4 and LIF. Using this culture system, these authors isolated ‘limbal
fibroblast-like cells’ that expressed the stem cell antigen SSEA4 and differentiated
into cells of neural, pancreatic, adipose, osteoblast, cardiomyocyte, chondrocyte,
and hepatocyte lineages [8].

Later, Balasubramanian et al. reported the induction of pluripotency in rodent
LiNS cultures without the delivery of exogenous transcription factors. Culture of LiNS
in mouse embryonic stem (mES) cell-conditioned media resulted in the formation
of colonies of cells expressing Oct4 and Nanog. Like mES cells, rat limbal iPS cells
(LiPSCs) formed teratomas when injected into immunodeficient mice and could be
differentiated into neurons, cardiomyocytes, and hepatocytes using directed differ-
entiation protocols developed for hES cells [7]. Later reports from the same group
showed that injection of mouse LiPSCs into blastocysts led to the generation of
chimeric mice; however, germ line transmission was not demonstrated. LiPSC
clones were found to undergo senescence after six passages, which may indicate a
more limited expansion potential compared with embryonic stem cells [9].

The induction of pluripotency in limbal stem cells by soluble factors produced
by mES cells represents a significant advance in regenerative medicine, opening the
possibility of reprogramming adult stem cells to pluripotency without the need for
direct genetic manipulation. The use of appropriate, accessible stem cell popula-
tions and the ability to manipulate endogenous pluripotent gene expression using
culture conditions alone could provide an ideal source of autologous cells for cell
therapies. However, identification of the mES cell-derived signals that induce pluri-
potency will be essential to produce defined protocols suitable for clinical imple-
mentation. Parameswaran identified mES-derived exosomes containing micro-RNAs
(mir294, mir295, and mir302) known for enhancing or inducing pluripotency in
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fibroblasts [84], providing one potential source of reprogramming signals [9].
However, further characterization and validation by other laboratories is required to
understand the mechanism of LiPSC induction and to demonstrate the conservation
of LiPSC induction between humans and rodents.

Building on the work of Zhao et al. [4, 5], it was concluded that the generation of
LiPSC from rodent LiNS was dependent on Noggin-induced dedifferentiation of
LESCs. However, as discussed earlier, the evidence for this conclusion remains
open to interpretation. The LESC origin of LiNS and LiPSC was implicated by the
expression of the epithelial stem cell markers p63a and a-enolase in early LiNS.
However, since other laboratories have shown that both LESCs and LMSCs may
be present in limbal cell isolates [9, 50, 60], and expression of LESC markers is
progressively lost with LiNS and LiPSC passaging, the role of LESCs and Noggin
in the induction of LiPSCs remains unclear.

Both the Oct4 and Nanog promoters have been shown to be hypomethylated in
LiNS and LiPSC cultures, consistent with inducible expression [9]. Chromatin immu-
noprecipitation analysis further demonstrated the association of trimethylated histone
H3K4 with Oct4 and Nanog promoters in LiPSC cells, a characteristic associated
with active gene expression. In comparison, in LiNS, these promoters were found to
contain trimethylated H3K27 histones, which is associated with transcriptional
silencing. Several authors have reported the presence of Oct4 mRINA in human limbal
tissues [91, 92] and other stem cell populations [93-95], although the significance of
these observations has been questioned [96, 97]. Expression of Oct4 mRNA was very
low in limbal cells and cultures compared with embryonic stem cells [92] and although
Oct4 immunoreactivity in basal cells of the limbal epithelium was reported [91], later
studies failed to find evidence of Oct4 protein in the limbus [92]. Recently, Oct4,
Sox2, and Nanog immunoreactivity were demonstrated in human limbal cell suspen-
sions and cultures [68]. Oct4 protein immunoreactivity was observed in both vimen-
tin* cells as well as p63a* cells, suggesting both LMSCs and LESCs may express
pluripotency genes. Furthermore, expression of Oct4 was enhanced by culture in mES
cell conditioned media [60] suggesting that induction of pluripotency through cell
culture methods alone may be conserved between humans and rodents.

Together, these results indicate that stem cells in the limbus have the capacity for
the induction of key pluripotency genes, although it remains unclear whether
LESCs, LMSCs, or both cell types may contribute to LiPSC induction. The use of
recently developed methods for preferential culture of the various stem cell popula-
tions in the limbus [50, 60, 68] will be important for future studies aimed at answer-
ing these questions.

11.5 Clinical Applications

With its superficial location, the limbus is an accessible target for harvesting stem
cells from human patients. Limbal biopsy has been shown to be a safe and simple
procedure with minimal discomfort or risk to the patient [98]. Transplantation of
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cultured limbal tissues for the treatment of limbal stem cell deficiencies (LSCD) has
been performed since 1997 and has proved an effective treatment for this disease.
However, the mechanism by which limbal transplants restore corneal transparency
remains unclear. A lack of long-term donor cell survival has been reported in suc-
cessfully treated patients, suggesting that the replacement of limbal stem cell pools
with donor LESCs is not the underlying therapeutic principle. Alternate explana-
tions may include the remodeling of the limbal stem cell niche under the influence
of healthy limbal tissue, which could support LESC repopulation from residual host
stem cell pools.

11.5.1 Limbal Epithelial Cell Transplantation

Damage to the limbal stem cell niche can occur through chemical burns, microbial
infections, repetitive surgeries, adnexal abnormalities of the eyelids or lacrimal system
[99], or genetic diseases such as Stevens—Johnson syndrome [2]. These types of
injuries lead to LSCD, which can be total (encompassing the whole cornea) or
partial (localized to a limbal region) depending on nature of the defect and the
extent of the damage.

LSCD is a debilitating and painful condition resulting in the destabilization and
loss of corneal epithelium and the ingrowth of the vascular conjunctival epithelium
over the cornea. Encroachment of the conjunctiva reduces corneal transparency,
leading to loss of vision in the affected eye. The treatment of LSCD by transplanta-
tion of donor limbal tissue into the patient was first reported in 1989; however, this
technique required large sheets of limbal epithelium, the procurement of which
comes with the risk of inducing LSCD in the donor eye [57]. With the development
of limbal culture methods, it was later shown that small limbal biopsies could be
expanded in vitro to produce sufficient quantities of epithelial cells for transplanta-
tion [100]. In a recent study, limbal biopsy was shown to be a relatively safe and
simple procedure that posed little risk to the patients [101]. Thus, small amounts of
limbal tissue can be harvested from an unaffected eye or limbal region from the same
patient (or close relative) for expansion in culture and transplantation into the LSCD
affected eye.

Since 1997, this approach to the treatment of LSCD has been widely explored,
and several reviewers have recently examined the clinical efficacy of cultured limbal
epithelial cell transplants [1, 3, 102]. Despite a plethora of different LSCD causes,
donor cell sources, cell harvest and culture techniques, surgical methods, and post-
operative management regimes, the clinical success rates of limbal transplantation
is relatively high, with most reviewers reporting a 75 % success rate across different
studies. Clinical failures usually presented within the first year or two after transplan-
tation [1, 103]. In one study, the success of limbal transplantation was correlated
with the number of p63a®ie" LESCs present in limbal cultures, and these authors
suggested that cultures with fewer than 3 % LESCs were associated with low clinical
success rates [41].
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11.5.2 The Therapeutic Mechanism of Limbal
Cell Transplantation

Limbal transplantation was developed with the idea that replacing the depleted
LESC pool with new donor cells would restore the regenerative capacity of the cor-
neal epithelium. Although the clinical success of this technique in restoring corneal
transparency supported this theory, Daya et al. demonstrated a lack of donor cell
DNA on the corneal surface 9 months after limbal stem cell therapy [104]. Other
authors have also described the preservation of corneal transparency in the absence
of long-term graft survival [3], bringing the proposed mechanism for this cell therapy
into question.

Alternate explanations for the efficacy of limbal transplants could include the
initial remodeling and reconstruction of a scarred limbal niche by donor cells
and/or host cells responding to the surgery, followed by the repopulation of the
limbal basal epithelium with LESC. Since the corneal epithelium of transplanted
patients does not contain donor cell DNA, replaced LESCs must be derived from
the host. However, considering LSCD is defined by the loss of LESCs, the source of
new LESC remains unclear.

Repopulation of the limbal niche could be achieved by symmetric proliferation
of rare residual LESC or through dedifferentiation of keratinocyte progenitors.
Recently, an additional possibility was suggested by the identification and charac-
terization of a population of CD34* limbal stromal MSC. These cells were shown to
differentiate into corneal epithelial cells under keratinocyte culture conditions [69],
suggesting LMSC may be another potential source of new LESCs in vivo.

Regardless of the source of new LESC, the clinical outcome of limbal cell
transplantations is likely to be dependent on the reestablishment of a permissive
environment for LESC survival and growth. In fact, given the lack of donor LESC
contribution to the restored corneal surface, this may be the only important out-
come for clinical success. In this light, the reported correlation between LESC
numbers in cultured grafts and clinical success [41] may reflect the fact that cul-
ture conditions that better preserve LESCs may also maintain LMSC populations,
leading to a more complete recapitulation of the limbal microenvironment.
Grafting of healthy limbal tissue may help restore lost signaling and matrix mol-
ecules to promote the regeneration of the niche. While the absence of host DNA
on the corneal surface suggests the loss of grafted LESCs, it remains unclear
whether transplanted stromal cells and LMSC survive for longer periods of time.
The immunosuppressive properties of LMSC, together with their ability to pre-
vent corneal epithelial differentiation [52] suggest that LMSC could play an
important role in regenerating the limbal niche.

The therapeutic potential of LMSC remains largely unexplored; however, these
cells may already play a previously unappreciated role in limbal cell transplanta-
tions. Together with their accessibility and growth potential, the plasticity of
LMSC opens up the potential for autologous cell therapies for other diseases in
the eye and beyond.
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11.6 Concluding Remarks

With the identification of multiple stem cell pools in the human ocular limbus and the
development of safe and effective methods for selective culturing of these cells [10, 50,
60, 68], exciting possibilities lie ahead in limbal stem cell research and regenerative
medicine. A deeper understanding of the plasticity of these stem cells and the therapeu-
tic mechanism behind limbal stem cell transplantation will inform the development of
new approaches to the treatment of LSCD and other ocular disorders.
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OPT Tract

OPT Olivary pretectal nucleus

PI3 kinase = Phosphatidylinositide 3-kinase

PN Peripheral nerve

PNS Peripheral nerve system

PTEN Phosphatase and tensin homolog

PTPc Transmembrane protein-tyrosine-phosphatase sigma
Puma P53 upregulated modulator of apoptosis

RGC Retinal ganglion cells

RhoA Ras homolog gene family member A, a small GTPase protein
ROCK Rho-associated protein kinase

SC Superior colliculus

SCN Suprachiasmatic nucleus

SOCS3 Suppressor of cytokine signaling 3
SPRR1A  Small proline-rich protein 1A

STAT Signal transducer and activator of transcription
TROY TNF receptor family member

vLGN Ventral lateral geniculate nucleus

Zym Zymosan

12.1 Introduction

The optic nerve can be affected by neurodegenerative diseases that can lead to
blindness. Glaucoma is one of the neurodegenerative diseases that affects millions
of people worldwide and is the prevalent cause of vision loss. A traumatic injury to
the optic nerve mimics the effects of some disease in the eye. It causes degeneration
of nerve fibers that connect the eye to areas inside the brain responsible for the pro-
cessing of visual information. The degeneration of optic nerve fibers is an irrevers-
ible event, and many studies have tried to investigate the mechanisms that lead to
failure of the regenerative capacity of those neurons. In the last decades, an immense
progress has been made on the discovery of key molecules that impede or stimulate
the regeneration of optic nerve fibers. Some important pathways that are involved in
the event of cell death and inhibition of cell intrinsic growth capacity have been
unraveled. Following these discoveries, studies have tried to combine different
types of therapeutic strategies to increase the levels of regeneration and survival of
the main cells that connect the eye to the brain, the retinal ganglion cells (RGCs).

12.2 Retinal Ganglion Cell Survival

Some molecules play a major role in RGC survival, and it is known that after an
injury to rats’ optic nerve the rate of RGC survival decreases over 60—70 % within
2 weeks, and 1 month after lesion only 5 % of RGC survive [1]. Studies performed
in rats showed that there are pro-survival molecules that were reported to increase



244 S. de Lima et.al.

survival of these cells after an injury. Some trophic factors, such as brain-derived
neurotrophic factor (BDNF) and neurotrophin (NT) 4/5, are known to improve
RGCs survival, and they partially protect these cells from death after nerve injury
[2-5]. Overexpression of antiapoptotic protein Bcl-2 in mice increases survival of
RGCs 1 month after optic nerve crush; on the other hand, no regeneration of optic
nerve fibers was observed after this treatment [6].

Other important molecules are the ones from the caspase family, which also
interfere on RGC survival after a lesion. There is an increase on caspase-3 expres-
sion 10 days postlesion and its inhibition showed to be effective in early stages after
the injury, when 30-35 % of RGCs were rescued from apoptosis in rats [7]. Other
members of the caspase family are also overexpressed after lesion, the caspase-6
and -8, and their inhibition is neuroprotective to RGCs, promoting a three fold
increase of RGC survival after optic nerve injury compared to control animals.
Further, their inhibition also stimulates regeneration of the optic nerve fiber, a phe-
nomenon that it is not observed when inhibiting caspase-3 [8].

More recently, a new molecule was discovered in studies that investigated path-
ways orchestrating peripheral nerve degeneration [9]. It was found that a MAP3
kinase—dual leucine zipper kinase (DLK) is involved in axonal growth, apoptosis,
and neural degeneration during development and in many neurodegenerative disor-
ders [10]. After these discoveries, some studies on the optic nerve described its role
on survival and regeneration of RGCs. Indeed, in vitro, DLK levels increase within
18 h of culture initiation, and in vivo, 2 weeks after transection there are only 12 %
of surviving cells in mice [11]. Overexpression upregulated modulator of apoptosis
(Puma) and Bcl-2 interacting mediator of cell death (Bim). At the same time, there
is also an upregulation of regeneration-associated genes: ATF-3, Sprria, KIf6 [12].
These effects can be partially reversed when a DLK inhibitor is applied in the eye.
It increases the rate of RGC survival—32.3 % 2 weeks after transection [11] and
only few fibers regenerate after the lesion site. These results show that DLK role is
controversial as it activates signaling pathways involved with both cell death and
axonal regeneration. Its inhibition can improve one aspect and can be detrimental to
the other, but both are important for functional recovery.

Some of these studies showed that improvement of RGCs survival alone can be
partially effective in stimulating optic nerve regeneration, and these effects do not
account for functional recovery [8, 13], once the amount of axonal regeneration is
not sufficient to reconnect the eye with visual targets in the brain.

12.3 Optic Nerve Regeneration

Studies performed by Aguayo and colleagues demonstrated that CNS neurons can
regenerate when put into a peripheral nervous system (PNS) environment. They
showed in a series of studies with rodents that axons can grow over long distances
through a peripheral nerve (PN) graft and that regenerating neurons were able to
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connect to appropriate targets, synapse onto those neurons, and presented electro-
physiological responses [14—18].

The outcomes from these studies implied that the PNS environment was more
permissive than that found in the CNS, and this was related to the lack of inhibitory
molecules that block axons elongation. However, a new hypothesis was raised by
Berry and colleagues [19]. They believed that what Aguayo’s group showed was
mainly because of trophic factors secreted by Schwann cells. In an attempt to prove
this hypothesis, they inserted a segment of PN graft into the eye of adult rats and
found that this approach induced axonal regeneration in the optic nerve itself [19].
In addition to axonal regeneration, they also showed an increase in inflammatory
cells in the eye in both experimental and control groups, where the latter had an
acellular graft implanted (PN segments subjected to cycles of freeze and thaw to kill
the cells in the graft) and the former had a cellular graft. Few years after Berry’s
discoveries, Leon and colleagues [20] investigated the role of intraocular inflamma-
tion on optic nerve regeneration. They showed that lens injury or an intraocular
injection of a monocyte activator—zymosan—was sufficient to induce regeneration
of RGCs [20]. Investigation on changes in the profile of gene expression in RGCs
stimulated by inflammation demonstrated the upregulation of proregenerative
genes, such as gap-43, sprrl, and other genes related to regeneration of dorsal root
ganglion (DRG) neurons [21].

Many studies have reproduced the same effect of inflammation-induced regen-
eration on RGCs of mice and rats [22-25] and in 2006 our group discovered the new
trophic factor Oncomodulin, which is responsible for the changes on the intrinsic
growth state of RGCs that were exposed to inflammation. This effect is observed
when two other molecules are present, forskolin and mannose—which are constitu-
ents of the vitreous body—the former being responsible for elevating the levels of
cAMP [26, 27]. Oncomodulin promotes better axonal outgrowth than other known
trophic factors, such as BDNF, ciliary neurotrophic factor (CNTF), fibroblast
growth factor (FGF2), and glial-derived neurotrophic factor (GDNF). The effect of
oncomodulin on cell survival, however, is not as dramatic as the one seen on axonal
regeneration. There is only a twofold increase on survival of RGCs 2 weeks after
optic nerve lesion [27].

After lens injury or intraocular injection of zymosan there is an increase on the
levels of oncomodulin in the vitreous body, the retina [27], and in inflammatory
cells [28]. After inducing inflammation both macrophages and neurophils that enter
the vitreous body express oncomodulin. Although the number of neutrophils is
much higher than macrophages at 12 and 24 h after zymosan injection, the amount
of oncomodulin per cell is higher in macrophages than in neutrophils [28]. Using a
blocking peptide for oncomodulin receptor or a neutralizing antibody antioncomod-
ulin, the inflammation-induced regeneration of optic nerve is completely abolished
(Fig. 12.1) [27]. Taken together, these results show that oncomodulin plays a central
role on regeneration of RGCs stimulated by inflammation [26, 27]. However, other
factors may also be involved in optic nerve regeneration after inflammation, because
(1) for oncomodulin to bind to its receptor it is necessary that the levels of cAMP is
increased; and (2) the rate of cell survival does not change when using a blocking



246 S. de Lima et.al.

LI, P3

o

LI, P1

[£]

LI, 1gG

Ll, o-Ocm o

Fig. 12.1 Intraocular inflammation and Oncomodulin (Ocm) promote optic nerve regeneration.
GAP-43 immunostaining shows regenerating axons in longitudinal sections through the mature rat
optic nerve 2 weeks after injury. (a—d) Loss-of-function experiments. Injection of peptide P1 com-
petes with Ocm for receptor occupancy and suppresses inflammation-induced regeneration (b), while
control peptide P3 has no impact on axon regeneration (a). After optic nerve injury alone there is no
regeneration, the immunostaining presents the same pattern that we see in the loss-of-function exper-
iments. A neutralizing antibody against oncomodulin abolishes axon regeneration induced by lens
injury (d), while a control experiment using IgG shows the expected effect of nerve regeneration
induced by inflammation (c). Scale bar: 200 pm [27]. Reproduced with permission from the
Proceedings of the National Academy of Sciences of the United States of America (PNAS)

peptide for oncomodulin. These results suggest that there are other factors respon-
sible for the elevation in cAMP levels and the increase of cell survival [29]. These
unknown factors may be involved in distinct pathways, as reports on improvement
of cell survival does not always show a relationship with axonal regeneration, as for
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instance the experiments with overexpression of Bcl-2 improve the rate of RGC
survival but do not stimulate axonal regeneration [6].

It is important to point out that there is a claim in the literature affirming that the
effect of inflammation on axonal regeneration is due to the trophic factor CNTF [30,
31]. Many groups have tried to reproduce this effect but failed to do so [20, 25, 27,
32-34]. Nevertheless, CNTF has been shown to exert a chemotactic effect on blood-
borne monocytes, but it cannot stimulate neurite outgrowth in retinal explants [35].
After optic nerve injury or intraocular inflammation [21] and after intraocular injec-
tion of CNTF, there is an increase in the levels of SOCS3, a suppressor of the Jak-
STAT pathway, the pathway on which CNTF exerts its effect [36]. This can be one
of the reasons why CNTF cannot stimulate regeneration of RGCs.

12.4 Cell Extrinsic Factors that Block Optic Nerve
Regeneration

There are many inhibitory molecules to axon growth that are expressed by glial scar and
myelin. The proteins associated to myelin that exerts inhibition to axonal growth are the
oligodendrocyte-myelin glycoprotein (Omgp), myelin glycoprotein (MAG), Nogo A,
ephrins, semaphorins, and lipid sulfatides [37-45]. They bind to a receptor complex
formed by Nogo receptor-NgR and LINGOI1 and either low-affinity trophic factor
receptor p75 and TROY [46—48]. The interaction of the ligands with the receptor com-
plex activates a small GTPase RhoA which promotes growth cone collapse [49-52].

The glial scar at the lesion site also expresses inhibitory molecules, the chondroi-
tin- and keratin sulfate proteoglycan (CSPG and KSPG). They bind to the protein
tyrosine phosphatase receptor (PTP) sigma [53], transmembrane leukocyte com-
mon antigen-related phosphatase (LAR) [54], and two NgR isotypes [55] and like
the myelin proteins they also act through the GTPase RhoA [56, 57].

12.5 Changes in RGCs’ Intrinsic Growth State
During Development

During rodents’ development, RGCs present a shift in their intrinsic growth capacity.
They go from a state of powerful growth during embryonic ages, where cells can
extend neurites after an injury, to a state of no growth; this latter happens in very
early postnatal periods. The changes seen at this time coincide with the period
where amacrine cells establish contact with RGCs [44]. This cell-surface interac-
tion triggers the changes in the intrinsic growth capacity of the cells. At this stage of
development, there is a change in gene profile expression and regulation of tran-
scriptional factors. Transcriptional factor of the KLF family is one example, KLF4
is upregulated at the same time as RGCs lose their intrinsic capacity, and deletion of
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the kiIf4 gene in adult mice promotes moderate regeneration [58]. On the other hand,
members of the same family, the KLF6 and -7, are downregulated. Reports from
experiments done on zebrafish show that these latter are important for optic nerve
regeneration [59, 60]. Other molecules also decrease their expression during devel-
opment and some of them are related to regulation of transcriptional factors, for
instance the histone acetyltransferase p300, a transcriptional co-activator [61].

12.6 Cell Signaling Pathways and RGCs’ Regeneration

There are several signaling pathways involved in optic nerve regeneration. As men-
tioned previously in this chapter, oncomodulin is a potent neurotrophic factor and it
was shown that it can exert its effect by activation of at least three distinct signaling
pathways, the PI3K/Akt, Jak/STAT, and MAPK [26]. When blocking each one of
these pathways, no decrease on axonal regeneration is observed. However, when
blocking all of them simultaneously, the inflammation-induced regeneration is abol-
ished. This result demonstrated that some signaling pathways act synergistically,
yet whether oncomodulin was able to fully activate each one of these pathways
remained unknown [26]. Few years later Park and colleagues showed that deletion
of pten (phosphatase and tensin homolog) alone, from RGCs in mice, was sufficient
to stimulate a strong axonal regeneration after optic nerve injury. PTEN is a sup-
pressor of PI3K and deletion of this phosphatase leads to activation of mTOR path-
way [13]. Later on, Kurimoto and colleagues combined deletion of PTEN together
with intraocular inflammation and found a tenfold increase on axonal regeneration
compared to PTEN deletion alone. These results implied that oncomodulin itself
cannot fully activate the PI3K pathway, and that PTEN deletion together with intra-
ocular inflammation caused an additional activation of the PI3K pathway. In this
work, Kurimoto and colleagues showed long-distance regeneration of optic nerve
axons, with some fibers reaching the chiasm and very few entering the dorsal lateral
geniculate nucleus in mice [29].

SOCS3 is another important molecule and is a suppressor of Jak/STAT pathway.
The trophic factor CNTF acts through this pathway but after optic nerve injury the
levels of SOCS3 increase and Jak/STAT is blocked, preventing any effect of endog-
enous or exogenous CNTF. Double deletion of the genes that encodes SOCS3 and
PTEN demonstrated fibers reaching the chiasm but the amount of axons in the optic
nerve decreased along the optic nerve and over time after injury [62].

The DLK is also essential for RGC response to stress and it is upregulated right
after the lesion. As mentioned in a previous section in this chapter it has a contro-
versial role, being both proapoptotic and proregenerative following nerve injury.
Deleting dlk affords robust neuroprotection to RGCs but blocks axon regeneration
and even with double deletion of DLK and PTEN animals showed a blockage of
axonal regeneration. This result suggests that DLK is essential for stimulation of
axonal regeneration [12].
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12.7 Combination of Therapeutic Strategies and Optic Nerve
Regeneration

We have previously discussed molecules that inhibit axonal regeneration after an
injury to the optic nerve, as well as signaling pathways that stimulate the intrinsic
growth state of RGC. These discoveries led some groups to combine some of these
therapies with the aim of getting increasingly stronger regeneration.

It is known that NgR mediates the growth-inhibiting effect of three myelin pro-
teins, MAG, Omgp, and Nogo. Suppression of NgR activity and stimulation of
RGC growth capacity increased axonal regeneration several-fold; however, when
overexpressing NgR the axon regeneration is almost completely abolished [63].
Combining intraocular inflammation with inactivation of RhoA—which is a con-
verging point to signals from different myelin and glial scar inhibitory molecules—
induces RGC to regenerate their axons to levels higher than when inhibiting RhoA
alone after nerve crush [21]. More recently, it was shown that deletion of NgRI,
NgR3, and RPTP o this latter being a chondroitin sulfate proteoglycan receptor,
associated with zymosan injection had a twofold increase in regeneration when
compared with deletion of the receptors alone, without the stimulation of growth
potential by inflammation on RGCs [55]. Pernet and colleagues used a model in
which STAT3 is constitutively active after optic nerve injury and found that this is
sufficient to increase the levels of axon regeneration. However, when only stimulat-
ing this signaling pathway, axons made massive U-turns—growing axons turning
back to the lesion site—suggesting defects in axons directionality and guidance.
The axonal U-turns were reduced when they blocked ROCK, a key component of
the myelin-associated growth inhibitors [64].

In order to promote an extensive regeneration, several groups have tried to com-
bine different strategies that have been shown to stimulate a robust increase in axo-
nal regeneration and cell survival. Inflammation-induced regeneration by intraocular
injection of zymosan and cAMP stimulates at least three distinct pathways [26]; if
additional to that pfen gene is deleted there is an increase on the levels of axon
regeneration and cell survival (Fig. 12.2) [29]. If one can maintain the concentration
of oncomodulin at appropriate levels, RGCs can keep their growth potential active
for up to 6 weeks, a period where some fibers reach the chiasm and very few can be
found in the lateral geniculate nucleus (LGN) (Fig. 12.3) [29]. Hence, our group
went further, trying to stimulate the intrinsic growth state of RGCs for longer time.
We found that with appropriate stimulation the cells can keep their axonal elonga-
tion for up to 12 weeks [65]. More fibers can reenter the brain and reach nuclei
involved in imaging formation as well as the ones that are not involved with imaging
formation. Analysis by electron microscopy demonstrated axons in different stages
of regeneration, some axons with no myelin, others with thin myelin, and also axons
with normal aspect—intact axoplasm and myelin sheath with normal thickness.
Regenerating axons reinnervated the suprachiasmatic nucleus (SCN), dorsal lateral
geniculate nucleus (DLG), olivary pretectal nucleus (OPT), medial terminal nucleus



250 S. de Lima et.al.

AAV-Cra ONC, 5 ] AAV-Cre ONC + Zymo,

AAV-Cre ONC + Zymo + CPT-cAMP,2weeks

Fig. 12.2 Optic nerve regeneration induced by combinatorial treatment in mice. GAP-43 staining
2 weeks after nerve injury in mature mice. (a) Regeneration after pten deletion. (b) Zymosan
(Zym) and pten deletion induces a moderate amount of regeneration. (¢) The combination of
Zymosan, cAMP elevation, and pten deletion induces much greater regeneration than any of these
alone. Scale bar: 200 pm. [29]

Fig. 12.3 Synergistic interactions induced by combinatorial treatment lead to long-distance
regeneration after 6 weeks. Regenerating axons from RGCs exposed to deletion of pten
gene +intraocular inflammation+CPT-cAMP. Mice received intraocular injections of cholera
toxin B fragment (CTB) 4 days before being prepared for histology. The chiasm was immunos-
tained for CTB. (a) Regenerating axons in the optic chiasm. Arrows point to regenerating axons
that extend into the thalamus; arrowheads show axons growing into the contralateral optic nerve.
(b, ¢) Extension of CTB-labeled axons into the thalamus. Sections were double stained to detect
CTB in regenerating axons (red) and NeuN to visualize neurons (green). Panels (b, d) show double
staining, whereas (c, €) show the axons alone at high contrast. Some axons can be seen in the con-
tralateral optic tract (b, ¢) and ventral lateral geniculate nucleus (d, e). Arrowheads indicate
CTB-labeled axons. (f) Schematic drawing through the thalamus showing positions of labeled
axons. dLGN, dorsal lateral geniculate nucleus; VLGN, ventral lateral geniculate nucleus; OPT
tract, Ch chiasm, CP cerebral peduncle. Scale bars in (b—e) 50 pm [29]

(MTN), and the superior colliculus (SC) (Fig. 12.4) [66]. To determine whether the
reinnervation of central targets would have functional consequences, animals were
tested for innate visual behaviors. We observed that some visual reflexes were
partially recovered, such as circadian photoentrainment, optomotor reflex—a
visual guided behavior and depth perception (Fig. 12.5) [65]. These results are
extremely exciting to the field of optic nerve regeneration and they point out to a
possible route toward translation of molecular biology into clinical studies.
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200 pm

Fig. 12.4 Reinnervation of visual nuclei. Reinnervation of central visual targets 10 weeks after
optic nerve injury, including the dorsal lateral geniculate nucleus (dLGN, a) and superior collicu-
lus (SC, b), both of which are stained for CTB (red) to visualize regenerating axons and Neu-N
(green). Regenerating axon terminals stained for CTB in the Olivary pretectal nucleus (OPT, ¢) and
medial terminal nucleus (MTN, f). No fibers were seen on the side ipsilateral to the regenerating
optic nerve (d, g) or in control animals with incomplete regeneration (e, h). Panel (i), CTB+ axons
in the optic chiasm. Note axons coursing in the optic tract on the right side (contralateral to the
regenerating optic nerve) and a smaller number on the left side (white arrowheads). Some CTB+
profiles are seen within the SCN bilaterally (blue arrowheads) and some are outside this area (yellow
arrowheads). Scale bars: (a-h), 100 pm [65, 66]. Reproduced with permission from PNAS

Regeneration and functional recovery in other CNS area were previously shown.
Researchers demonstrataded that hippocampal neurons in adult animals formed
functional synapses onto appropriate targets [67-69]. Our work has added a new
insight in the fild of CNS regeneration. [67-69]. However, another group used the
same combinatorial treatment that de Lima and colleagues have used but they fail to
show the same degree of central reinnervation [70], and this might be explained by the
fact that Lou and collaborators have not adopted the same methods described in the
former work. However, finding out the central issue for these controversial results is
fundamental.

Another group has shown long-distance regeneration using another combina-
tion of therapy. They showed that double deletion of pfen and socs3 can stimulate
long-distance regeneration and axons could reach the optic chiasm, although very
few fibers reentered the brain at the level of the SCN nucleus. This type of stimula-
tion induced the expression of many genes related to axon regeneration as well as
maintained this repertoire of gene expression profile at physiological levels after
axon injury [62].
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Fig. 12.5 Partial recovery of function. Tests for three visual responses in normal mice (black bars)
and in mice with optic nerve injury and the pten gene deleted (Group 1, blue bars) or present
(Group 11, red bars). Mice in Groups I and II both received intraocular inflammation combined
with CPT-cAMP. (a) Visual cliff apparatus used to evaluate depth perception. (b) Left: Mice with
optic nerve damage show a tendency to step off the shallow end faster than normal animals. Right:
Total time spent on shallow end. Group I mice, like normal controls, show a preference to return to
the shallow end. ***P<0.01. (¢) Histogram showing distribution of population from each group
and the time spent on shallow end. (d) Apparatus used to evaluate optomotor response (OMR).
(e) Average OMR (response threshold, cycles/degree) as a function of time. Note improvements in
Group I. (f) Frequency distribution of the OMR. The y-axes in e and f are discontinuous. (g) Circadian
photoentrainment: Left: percent of overall activity in 1-h bins for individual mice and; Right: group
averages. Mice were maintained on a continuous cycle of lights on at 7 AM and off at 7 PM prior
to testing and for the first 2%2 days in the activity monitor. The light cycle was set back 6 h on day
3. Error bars represent SEM [65, 66]. Reproduced with permission from PNAS
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12.8 Future Perspective

Although many biological intrinsic and extrinsic mechanisms related to axonal
regeneration as well as neuron survival have been discovered, there is still many to
be made to achieve complete visual recovery in rodents. It is well established that
multiple pathways are involved in axon regeneration, and at least mTOR pathway
can stimulate both regeneration and survival. However, it is still unknown which are
other possible pathways that can protect neurons from dying. Discovering how to
improve the levels of RGC survival would be essential to test combination of thera-
pies that could get even more regeneration and reconnection to brain targets.
Another important issue that has to be considered is the investigation of molecules
responsible for axon guidance of regenerating neurons, how they are organized in
the adult CNS, and how they influence the appropriate targeting during regenera-
tion. After advancing on these questions it will still be necessary to optimize the
methods to try to translate them into clinical trials, this way we could have effective
treatments that could prevent or recover visual loss.
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LGN Lateral geniculate nucleus
QoL Quality of life

RCS Royal College Surgeon
RP Retinitis pigmentosa

13.1 Introduction

Blindness is one of the most feared disabilities [ 1], having a significant and debilitating
impact on both an individual’s quality of life (QoL) and the wider social economy.
Whilst there are existing treatments for some common causes of blindness, such as
cataracts, many diseases remain untreatable with blindness or severe vision loss still
an inevitable outcome. For example, it is estimated that retinitis pigmentosa (RP)
affects around 1.5 million people worldwide, making it the leading genetic cause of
inherited blindness [2]. There is currently no treatment for RP. Age-related macular
degeneration (AMD) is another example of a common cause of irreversible vision
loss in developed countries, affecting millions of people, predominantly in the
elderly population [3, 4]. Whilst there have been tremendous advances in treating
the earlier stages of the neovascular form of advanced AMD, there is no treatment
for people who have already lost their vision.

Whilst a number of vision restoration techniques are being developed, such as stem
cells or gene therapy, these remain in their early phases of development and may not
benefit people with end-stage disease. Visual prostheses (bionic eyes) offer another
approach for restoring a basic level of functional vision. Visual prostheses work to
convert visual information into electrical impulses, in a similar way that the cochlear
implants have worked to restore hearing to the deaf. Research is underway worldwide
into various forms of visual prostheses, such as retinal (suprachoroidal, subretinal and
epiretinal implants), optic nerve cuffs and cortical implants. The majority of groups,
including our own—-Bionic Vision Australia (BVA)—are investigating the retinal
approach.

This chapter will cover the current theory and progress in the field of visual
prostheses, and touch on the future possibilities of the technology. Whilst the realities
of prosthetic vision in 2013 are still basic, the potential for vision restoration in the
future is promising.

13.2 History of Visual Prosthetics

Ever since the eighteenth century, scientists have sought to restore vision with the
use of electrical stimulation of the eye or visual cortex [5]. In the 1920s and 1930s,
the German neurosurgeon Foerster discovered that direct electrical stimulation of
the visual cortex caused blind patients to detect a spot of light, known as a phos-
phine [6]. He also proved that the location of the detected phosphenes moved when
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different parts of the cortex were stimulated [6]. In 1931 Krause and Schum electri-
cally stimulated a region of hemianopia in a patient that suffered a gunshot wound
to the left optic radiation 8 years previously, showing that phosphenes could be
generated even after years of cortical deprivation [7]. However, these early devices
had inherently poor resolution, were constrained by the size restrictions that tech-
nology at the time allowed and often had severe adverse events once implanted [8].

There was little further research in this area for over 30 years, until micro-
technology developed further and the size of such devices could be miniaturised,
whilst maintaining their required levels of power. In the 1960s, Australian inventor
and radio engineer Graham Tassicker patented a photosensitive selenium cell that
could be placed subretinally to evoke visual phosphenes [9]. This discovery rein-
vigorated the visual prosthetic research field, and groups again considered the idea
of using a cortical visual prosthesis to restore vision to the blind.

Early studies, including those by Brindley and Dobelle, investigated the number
of cortical electrodes that would be necessary to evoke phosphenes, both theoreti-
cally [10, 11] and in acute and chronic stimulation studies [12—14]. These early
studies also showed variations in the appearance of the evoked phosphenes, from
stationary to flickering, simple white to multi-coloured complexes [15]. However,
technological advances in cortical visual implant research have been limited by
capabilities in resolution and long-term stability of cortical electrodes. There have
been some recent developments in cortical implant research, with improvements in
electrode configuration and material development that may allow clinical trials to
begin in the foreseeable future [16-21].

For now, most progress has been made on retinally located implants. Until the
1970s, this was not a viable option due to the invasiveness of retinal surgery, which
led to a high risk of adverse effects. However, since the introduction of the more
sophisticated surgical techniques [22-25], experienced retinal surgeons are now
able to place small electrodes behind the retina [26] or attach the device onto the
retina (epiretinal) [27].

13.3 Background Theory of Prosthetic Vision

While the theory behind visual prostheses has been proven by successful clinical trials
in the USA and Germany [26, 27], it is still undeniable that the development of a
bionic eye is one of the most difficult technological challenges that biomedical engi-
neering has faced to date. To give an indication of the complexity of the procedure, we
can consider the cochlear implant, which has restored hearing to thousands of deaf
people worldwide. In humans, the auditory system relies on approximately 15,000
hair cells in the cochlea and a similar number of sensory neurons [28]. Successful
cochlear implants have been designed to transmit useful levels of sound with 16-20
electrodes [28], and after over 30 years of development the technology is now well
accepted and successful. In terms of vision, the technological requirements are many
magnitudes higher, with the analogy often used that it is like the difference between
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making a radio and a television. In healthy human retina, there are approximately 120
million retinal photoreceptors and 1.2 million optic nerve fibres [28]. This means that
if the same ratios apply for electrodes needed per quantum of neurons as that used for
cochlear implants, a retinal prosthesis would need to have at least 1,000 electrodes for
a similar level of performance [28]. It is estimated that several hundreds to thousands
of high-density electrodes would be required for the restoration of sight to enable
adequate visual acuity to read a visual acuity chart [29-31].

The retina is an extremely complex tissue, providing extensive signal pre-
processing before the signal is passed to the brain. One of the other challenges is
that in retinal degenerations there is significant reorganisation of local retinal net-
works [32, 33], such that stimulation of a particular region of retina may not corre-
late directly to a percept of vision in the area of visual field that would normally be
expected. Other changes in the eye also need to be considered, such as changes to
the retinal blood supply. We have shown that in RP the choroidal blood vessel layer
becomes thinner, correlating with the duration of disease [34]. This choroidal atro-
phy and resulting change in physiological properties need to be considered when
developing a retinal prosthetic implant.

The challenges of prosthetic vision are many, but the theory is sound, and it is a
viable option. For a retinal prosthetic implant to be effective, sufficient inner retinal
neurons must remain despite severe photoreceptor cell loss in degenerative retinal
disease. A frequency-domain optical coherence tomography study by Hood et al.
revealed that this is the case in RP, with no significant difference between the thick-
ness of inner nuclear and retinal ganglion cell layers in RP patients and controls
[35]. Post-mortem morphometric analysis of the retina of patients with end-stage
RP has also shown relative sparing of the inner retinal layers, with a higher percent-
age of inner nuclear cells (78.4 %) and ganglion cells (29.7 %) remaining than
photoreceptors (4.9 %) [36-38]. This preservation of inner retinal neurons is also
seen in both atrophic [39] and neovascular [40] forms of AMD. Hence, theoreti-
cally, retinal micro-electronic implants should allow some level of vision in patients
who are blind or severely visually impaired from these two conditions, as there is
limited trans-synaptic neurodegeneration [41]. In other words, the retinal prosthesis
works by bypassing the dead photoreceptors to directly stimulate the inner retinal
neurons, thus utilising the intact posterior visual pathway to transmit signals to the
visual cortex.

13.4 Current Research

There are at least 30 distinct research groups worldwide that are working on visual
prosthesis development at this time. Most of the groups are in the stages of testing
the safety of the implantable electrode and determining the threshold for the electri-
cal stimulation in preclinical or simulated models. A few groups have initiated
human clinical trials [26, 42—-44], with the Second Sight group in the USA gaining
European CE mark approval in 2011 and FDA approval in 2013, and the Retina
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t Front of the eye

Fig. 13.1 Cross-sectional optical coherence tomography (OCT) image of the retina and choroid,
showing the possible locations of retinal visual prostheses (epiretinal, subretinal and suprachoroi-
dal) and the neural retina and choroidal layers

Implant AG group in Germany receiving CE mark approval in 2013. These approv-
als are a huge advance for the research field and mean that patients are now able to
commercially purchase the devices in some countries.

The main components of the most prosthesis systems include a camera mounted
on a pair of glasses, computer microprocessor, a battery and an electrode array for
stimulation. When an image enters the camera, the video camera sends the captured
image to the microprocessor for complex processing and determining the parame-
ters (e.g. magnitude and duration) of the electrical stimulation. The processor then
sends signals, either by a cable or wirelessly, to the implanted electrode array to
initiate the electrical stimulation. As discussed previously, these electrode arrays
may be implanted into four main areas of the visual pathway—the retina, optic
nerve, lateral geniculate nucleus (LGN) or the visual cortex.

The retinal approach works by stimulating the remaining retinal neurons with an
electrode array placed either on the retina (epiretinal implantation), underneath the
retina (subretinal implantation) or behind the posterior vascular choroid (supracho-
roidal implantation), Fig. 13.1.

13.4.1 Epiretinal Prostheses

Epiretinal devices have the electrode array attached to the inner retinal surface, with
current devices using mechanical tacks to maintain device stability. Whilst this
means that the device is in close proximity to the ganglion cells in the inner retina,
it also means that the mechanism of attachment may potentially damage the very
tissue needing to be stimulated. Mechanical tacks also present problems for the
longevity and robustness of the attachment, with a higher chance of the device dis-
lodging than in subretinal or suprachoroidal implantation. However, preclinical
studies by the Second Sight group have shown the mechanical attachment of
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epiretinal devices appears to have minimal effects on retinal layers [45]. There are
also numerous reports of longer term human implantations of these epiretinal
devices, with few cases of tack dislodgement [27, 46, 47]. As such, the epiretinal
device does appear to be a viable approach for the implantation of visual
prostheses.

The epiretinal approach is designed to stimulate the retinal ganglion cells directly,
bypassing the processing function of the bipolar and amacrine cells that occurs in
the outer retina. As such, epiretinal systems may require more image processing
algorithms and complex stimulation patterns to account for this loss of retinal pro-
cessing than would occur if these processes could be utilised [48]. One main advan-
tage of the epiretinal approach over others is the ability to take advantage of the
vitreous as a heat sink, allowing dissipation of heat generated in the stimulation
away from the retinal tissue and hence limiting the chance for electrode-induced
thermal damage to the retinal cells [49].

The most clinically advanced epiretinal prosthesis to date is the Argus II implant,
which was patented by Second Sight Medical Products Inc., California in 2007 in
the US, and received FDA approval for commercialisation in 2013. The Argus II
implant has 60 platinum micro-electrodes, and clinical trials in 32 subjects have shown
that the device can improve motion detection, mobility and object detection [27, 50].
The company’s first generation device, Argus I, a 16 electrode device, has also been
shown to provide improvement in patient visual perceptive tasks such as object
detection, counting and discrimination and direction of object movement [42, 51].
The other two advanced epiretinal research programs are the Learning Retinal
Implant, developed by Intelligent Medical Implants AG [52, 53], and the EPI-RET3
device from the EpiRET GmbH group in Germany [54]. There are other epiretinal
devices in early stages of development and testing, but these have not progressed to
clinical trials to date [55-57].

13.4.2 Subretinal Prostheses

The subretinal approach allows the device to be placed in the space between the
retina and the choroid either via a scleral incision (ab externo surgery) or through
the vitreous cavity and retina (ab interno surgery). The subretinal prosthesis is
supported by the natural adherence forces that exist between the retinal pigmented
epithelium and the sensory retina [58]. In this position, the bipolar and amacrine
cells can be directly stimulated, taking advantage of the retinal processing which
occurs in these neuronal pathways.

To date, two subretinal implants have been tested in human clinical trials. The
Artificial Silicon Retina (ASR) implant was developed by the Optobionic
Corporation (IL, USA) and is reliant on incident light for activation [44, 59-61].
Phase II clinical trials showed that natural incident light did not provide enough
stimulation to activate the remaining retinal cells [62], and hence this device is no
longer being tested or manufactured. An interesting finding was that improvements
in retinal function were noted in areas further away from the implant, which could
be due to a neuroprotective effect on the remaining retinal cells [63, 64].
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The other subretinal implant that has been trialled in humans is that from Retina
Implant AG, a German company affiliated with the University of Tiibingen. The
Retina Implant AG device was awarded CE Mark approval in 2013. As such, their
device consists of a light sensitive 3.0x3.1 mm chip with 1,500 electrodes. This
device has been trialled in 12 subjects for a month with no complications [26, 65]
and showed improved object localisation and even recognition of individual letters
in one subject [26]. Second stage multi-centre clinical trials are underway for
this device.

The Boston Retinal Implant Project (BRIP) originally began by developing an
epiretinal implant [66, 67], which was abandoned due to instability and inconsistent
results [68]. They are now working on a wireless subretinal device, which is cur-
rently undergoing safety and efficacy studies in animals [69, 70]. A group from
Stanford University have also developed a subretinal implant, which uses silicon
photodiodes and pulsed near infrared illumination to stimulate the retinal neurons
[71, 72]. Clinical trials for these devices are anticipated in the coming years.

13.4.3 Intrascleral and Suprachoroidal Prostheses

Two groups have looked at placing the electrode arrays behind the posterior vascular
blood supply of the eye (choroid), which is a more surgically accessible and stable
position. Such devices can either be implanted within the outer scleral wall of the
eyeball (intrascleral implantation), or in the area between the choroid and the sclera
(suprachoroidal implantation).

It is assumed that suprachoroidal implants will require more electrical current for
stimulation than those placed in the subretinal position, because the suprachoroidal
electrodes will be further away from the target ganglion cells [73]. However, it has
been shown that devices placed in these positions are still able to evoke phosphenes
within safe charge limits and with a good dynamic range [74-77].

A Japanese team found that electrode arrays placed in an intra-scleral pocket
could evoke phosphene percepts in two patients with end-stage RP [74]. Bionic
Vision Australia have shown safety and efficacy of a suprachoroidal device in both
preclinical models [77, 78] and in preliminary patient testing [79, 80]. The BVA
pilot study (completed in 2012-2014), used a prototype suprachoroidal implant
with 30 platinum electrodes (of which 20 could be individually stimulated), and
found improvements in visual function with device on, in addition to an excellent
safety profile.

13.4.4 Optic Nerve Prostheses

There are two main forms of optic nerve visual prosthesis: self-sizing spiral cuff
electrodes that wrap around the nerve [8§1-83] and insertion of multiple penetrating
electrodes into the nerve and optic disc [84-88]. A cuff electrode activates
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numerous optic nerve fibres at once (giving the perception of large phosphenes)
whilst the penetrating micro-electrode is targeted with more discrete activation.

Subjects implanted with a spiral cuff electrode developed by Veraart and
colleagues were able to localise and discriminate basic objects [89-91] and had
basic pattern recognition ability [92]. The alternative penetrating electrodes have
had less functional vision success. Whilst it has been shown that intra-orbital optic
nerve stimulation with penetrating electrodes can evoke cortical responses in rab-
bits [87] and can generate perception of phosphenes in humans [84], patients
implanted with these devices have not been able to use these phosphenes to
improve their functional vision and were unable to detect or localise objects with
the device.

13.4.5 Lateral Geniculate Nucleus Prostheses

LGN visual prostheses are a far less common approach but are in early experimental
stages [93-95] and target the sensory neurons that project directly to the visual cortex.
There has been little recent research into these devices.

13.4.6 Cortical Prostheses

Stimulation of the visual cortex to produce phosphenes [6] was the historical
progenitor of this research field. The original studies used extra-cortical stimulation,
which required high levels of energy and often lead to adverse effects such as dis-
comfort or epilepsy [13, 14]. The risk level associated with these experiments
decreased when Schmidt invented an intra-cortical electrode, which allowed lower
levels of current to be used in the stimulation protocol [96].

The advantage of an optic nerve, LGN or cortical prosthesis over a retinal pros-
thesis is that these positions for electrical stimulation do not rely upon intact retinal
ganglion cells [17]. As such, they may be a treatment option for other causes of
vision loss, such as glaucoma and trauma.

Modern cortical implants work by placing penetrating electrodes directly in the
primary visual cortex [17]. Current research projects in cortical prostheses include
the Utah Electrode Array (UT, USA) [21, 97], the Illinois Intra-cortical Visual
Prosthesis Project (IL, USA) [19, 20, 98] and the Monash Vision Group “Gennaris”
bionic eye (Melbourne, VIC, Australia) [99].
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13.4.7 BrainPort™ Sensory Substitution Prostheses

There is one other alternative visual prosthesis currently being trialled in humans,
which does not require any direct stimulation to the visual pathway. The BrainPort™
is a sensory substitution device which allows the blind to perceive their environment
by means of a glasses-mounted camera, paired with a 400 electrode tactile array
placed on the tongue [100, 101]. The device has been shown to produce form vision
perception, and also activates the visual cortex simultaneously, providing evidence
for cortical plasticity [102].

13.5 Visual Function Testing Pre- and Post-prosthesis
Implantation

One of the biggest challenges facing all vision restoration clinical trials (including stem
cells and gene therapy) is the development of sensitive and specific outcome measures.
The majority of the patients will have bare light perception or no light perception level
vision at baseline and, as such, standard visual acuity, visual field and visual function
tests are not appropriate to define the baseline function. In addition, these standard tests
were not designed to measure small increments in performance and so are unable to
detect the improvements seen in these early vision restoration studies. At present,
different groups have developed different testing protocols, but it is imperative that
through collaboration a standardised protocol can be agreed upon [103].

Given the small number of clinical trials for vision restoration to date, many of
these visual function outcome protocols have been developed using simulations,
using computer programming to convert visual scenes into phosphene maps
[104, 105]. These studies have allowed researchers to develop a sense of how best
to measure and record visual performance, as well as give some indication of what
performance might be like at different levels of phosphene generation [106, 107].
Such simulated phosphene studies have also enabled researchers to develop recom-
mendations for required rehabilitation regimes [108].

Quantitative tests of visual acuity for those with extremely low vision have been
proposed [26, 109—111]. These tests include the Basic Assessment of Light and Motion
(BalLM), which allows determination of visual function from a simple determination
of black versus white through to motion discrimination [109]. The most widely
tested visual prosthesis, to date the epiretinal Argus I device, showed variable results
when measuring visual acuity, but some patients were able to be tested using sinusoidal
grating acuity measures [112, 113]. To date, no implanted devices have allowed sub-
jects to read a standard Snellen or logMAR visual acuity chart in a normal manner.

Many people who have lost all vision comment that they would like to regain some
orientation and mobility skills, in order to increase independent travel [ 114]. To develop
appropriate navigation and mobility tests, researchers have used simulated prosthetic
vision setups [115], which can be adapted into real world situations when needed.
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The aim of a visual prosthesis is to improve the QoL for a person with extremely
low or no vision. This can be assessed through a range of measures which fall under the
term of “functional vision assessment”, including assessments using activities of daily
living (ADLs) as well as orientation and mobility skills. There have been reports of
subjects with retinal prosthetic implants being able to correctly describe and name
objects like a fork or knife on a table, geometric patterns and different fruits [26].

Another important aspect to consider when assessing the success of visual pros-
thetic devices is patient expectations and needs. Focus groups are a good way to
understand more about what people with extremely poor vision would like from an
artificial vision device. A series of focus groups were held in Melbourne which
revealed a wide range of needs and desires from the participants, with some desiring
a return to full visual ability (including the ability to drive a car), and others happy
to gain a small increase in independence and mobility [114]. Patient perspectives
and expectations are vital when considering QoL outcomes, and there is a need for
standardised, validated QoL surveys for visual prosthesis clinical trials.

13.6 Using Visual Prostheses for Preservation
of Photoreceptors

Currently, there is no effective treatment to promote the survival of the photoreceptors
in retinal degenerative diseases such as RP. In recent years, there has been an increas-
ing interest in using micro-current stimulation for improving the survival of the photo-
receptors in retinal degeneration. This field of research was in part stimulated by an
accidental discovery that low level electrical stimulation delivered by an ASR micro-
chip implanted in the subretinal space resulted in improvements in visual function in
patients with RP [44]. The improvement in visual function (both in visual acuity and
visual field) first developed from several weeks to months after implantation and per-
sisted for up to 3.5 years of follow-up [44]. Similar preservation of residual hearing
has been noted in patients with cochlear implants [116-118], giving support to the
idea that visual prostheses may be an option for preservation of photoreceptors.

The effect of electrical stimulation on promoting the survival of photoreceptors
and preserving retinal function has been noted in retinal degeneration models
including transgenic rabbits [119] and the Royal College Surgeon (RCS) rats [120,
121]. In these clinical and experimental studies, stimulation was performed by
injecting current through electrodes, which were either placed on the surface of the
eye (known as transcorneal electrical stimulation) or within the retina (known as
subretinal electrical stimulation).

It is believed that electrical stimulation induces the production of endogenous
neutrotrophic factors which promote the survival of the retinal neurons [122, 123].
Stimulation-induced up-regulation of the mRNA of various neurotrophic factors
[120] and the production of brain-derived neuroprotective factor (BDNF) in cultured
Miiller cells have been reported [124]. Another possible mechanism for the stimula-
tion-induced neuroprotection is an increase in chorioretinal blood circulation [125].
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Electrical stimulation has been shown to improve the visual function of patients
with retinal artery occlusion [126, 127].

A recent prospective randomised clinical trial in a small cohort of RP patients
showed a positive trend of improvement in visual field and some components of the
electroretinogram [128]. This is an interesting field of research, which has the
potential to increase the applicability of electrical stimulation with visual prosthe-
ses. However, these findings need to be confirmed in future studies with larger
sample size and longer follow-up duration.

13.7 Other Future Ambitions

Currently implants are tested in people who were born with some functional vision
[129], so that there will have been development of the visual system and formation
of the trans-synaptic connections which are believed to be important for the artifi-
cial stimulation of neurons to be successful [130]. It has been shown that if blind-
ness onsets before the age of six, the human visual system is abnormally organised
and so potentially would have very different responses to stimulation compared to
others whose visual system was fully developed before blindness ensued [131].
However, in the future implantation in young children may be an option due to the
plasticity of neuronal circuitry in early childhood [28]. These children may poten-
tially have, due to their brain plasticity, the greatest potential for effective prosthetic
vision, in an analogous manner to the success of children who receive cochlear
implants at an early age. This research would most likely occur after the long-term
efficacy and safety of the device was assured.

13.8 Conclusion

The idea of regaining sight after years of blindness is inspiring to all, but it is impor-
tant to realise that the visual prostheses will not help all patients and that this
restored artificial vision will not be the same as normal sight. Retinal implants
require preservation of the inner retinal neurons [41], which excludes a large group
of patients who would require stimulation further down the visual pathway such as
through the optic nerve, LGN or cortical prostheses. To date, these devices have not
progressed to the stage of clinical trials.

The advantage with using an electrode array to stimulate the visual pathway in a
visual prosthesis, as opposed to photovoltaic diodes, is that computer image pro-
cessing can be implemented to optimise visual outcomes from the devices [132]. As
these processing algorithms are rapidly improving, visual prostheses have signifi-
cant potential for vision restoration in the future.

Whilst the use of visual prostheses is still an emerging technology, the future of
these devices is promising and brings hope for people with profound vision loss.
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PDGF Platelet-derived growth factor

PEDF Pigment epithelium-derived factor
RPE Retinal pigment epithelium
TGFp-2 Transforming growth factor beta-2
TSP2 Thrombospondin-2

VEGF Vascular endothelial growth factor

14.1 Introduction

Although a number of treatments are under study, at this time no proven treatment
options exist for patients with geographic atrophy, an advanced form of age-related
macular degeneration (AMD) [1]. For patients with extensive drusen and visual
loss or geographic atrophy threatening the fovea, retinal pigment epithelium (RPE)
transplants might prevent central vision loss through replacement of dysfunctional
or dead RPE cells. RPE transplantation also might preserve or restore vision in
patients with related conditions in which dysfunctional RPE cause vision loss,
e.g., Stargardt disease. Cell transplantation for AMD has been undertaken using a
number of cell types and preparations, including fetal and adult RPE (autologous
and allogeneic), translocated autologous choroid/RPE, and autologous iris pig-
ment epithelium (IPE) [2, 3]. In principle, transplantation of autologous RPE and
IPE has no risk of immune rejection. Unfortunately, RPE from older donors do not
behave as robustly as those from young donors [4-7]. In addition, autologous RPE
transplants may carry AMD-related gene defects [8—10] or modifications caused
by aging. Finally, older RPE may not have the ability to perform all the functions
necessary to maintain the photoreceptors [11]. Fetal human RPE exhibit morpho-
logic abnormalities after 5—6 passages, which severely limits their utility as a “uni-
versal” donor source [12]. Embryonic (ESCs) or induced pluripotent stem cells
(iPSCs) can undergo large-scale expansion, assuring an abundant supply of well
characterized, pathogen-free cells that can be manufactured in a manner compati-
ble with clinical practice [13, 14]. Genetic analysis shows human embryonic stem
cell-derived RPE (hES-RPE) are similar to in situ RPE [15]. In addition, they
phagocytose outer segments and rescue photoreceptors in the Royal College of
Surgeons (RCS) rat [16—18]. iPSCs also rescue the retina in RCS rats [14]. RPE
can be derived from human embryonic stem cells (hES-RPE) in a manner that does
not cause embryo destruction [19]. Manipulation of stem cell-derived RPE in cul-
ture provides an opportunity to optimize their ability to attach and survive on aged
or diseased Bruch’s membrane (BM) and to minimize rejection [13]. The advan-
tages and limitations of stem cell therapy for AMD and other degenerative retinal
disease have been reviewed in detail [20]. In this chapter, we will review preclini-
cal studies that are focused on improving stem cell-derived RPE survival on aged
and AMD BM. We have compared the attachment and survival of hES-RPE of
different degrees of pigmentation on BM with cultured human fetal RPE (fRPE)
whose behavior has been characterized previously on aged and AMD BM [21, 22].
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Using an organ culture model of RPE attachment to human BM, we found that
hES-RPE survival on AMD BM is poor [22]. With the addition of exogenous
extracellular matrix (ECM) [23] or conditioned medium, however, survival and
differentiation can be improved substantially [24].

14.2 Embryonic Stem Cell-Derived RPE Survival and
Neurotrophic Factor Secretion on Aged Bruch’s
Membrane

After 21 days in organ culture on aged submacular human BM, nuclear densities of
fRPE on submacular explants ranged from 0 to 29.69 nuclei per millimeter of BM
(mean nuclear density +SEM, 11.43+1.89; Fig. 14.1) [22]. By contrast, in cell
culture dishes, fRPE exhibit a nuclear density of approximately 45 nuclei/mm at
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Fig. 14.1 Nuclear density of paired submacular Bruch’s membrane explants seeded with fRPE or
hES-RPE of different degrees of pigmentation (hES-RPE1, N=8; hES-RPE2, N=8; hES-RPE3,
N=6; fRPE, N=22) on submacular Bruch’s membrane at day 21 after seeding. fRPE survival was
significantly greater than hES-RPEI seeded on fellow eye explants (*P<0.05). Fetal RPE nuclear
densities were not significantly different from those of hES-RPE2 and hES-RPE3 seeded on fellow
eye explants (P>0.05). hES-RPEI (cultured for 6 weeks after harvest) exhibited little pigmenta-
tion and had fibroblastic morphology. hES-RPE2 (cultured for 9 weeks after harvest) were har-
vested at a later time, when cells exhibited epithelioid morphology and more than half the cells
exhibited pigmentation. hES-RPE3 (cultured for 10-11 weeks after harvest) exhibited morphology
similar to hES-RPE2 but more than 85 % of the cells had pigmentation. Reproduced with permis-
sion from Sugino et al. [22]
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day 14 in culture, and in situ RPE in aged donors exhibit a nuclear density of
approximately 30 nuclei/mm on BM for donors >70 years of age [21]. Different
batches of hES-RPE behaved somewhat differently on BM after 21-day culture.
Fetal RPE nuclear density on aged submacular BM, for example, was significantly
higher than fellow submacular explants seeded with lightly pigmented hES-RPE
(hES-RPE1) (Fig. 14.1; P=0.016; Wilcoxon signed rank test), but there was no
significant difference compared with two other batches of hES-RPE, each of which
exhibited increasing degrees of pigmentation [22]. Location of the BM explant
(equatorial or submacular) was not associated with probability of survival of fRPE
or any of the preparations of hES-RPE [22].

The presence of submacular drusen seemed to be associated with poor hES-RPE
survival in the BM organ culture assay. The batches of hES-RPE tested exhibited
only limited submacular BM resurfacing regardless of the extent of submacular
pathology. Human fetal RPE showed limited resurfacing of three of four BM
explants that exhibited substantial basal linear deposit and showed variable resur-
facing of four of six BM explants with small (hard) drusen (see Table 14.1). hES-
RPE with low nuclear densities on submacular BM generally appeared as small
patches of cells or single cells, often not well spread and often appearing damaged
with membrane holes, apoptotic blebs, or loss of cytoplasm. Explants that showed
the most resurfacing by hES-RPE (i.e., seeded with hES-RPE2 or hES-RPE3 cells)
exhibited incomplete resurfacing by patches of cells with highly variable morphol-
ogy (Fig. 14.2). Explants resurfaced by fRPE were partially resurfaced by cells
often appearing better spread and attached to BM than explants with hES-RPE. By
comparison, with increasing resurfacing, fRPE formed confluent patches. However,
morphology was quite variable, even within the same explant, ranging from small
compact cells with short apical processes to extremely large flat cells (Fig. 14.3).
Vacuoles, while present in some fRPE, were not as plentiful as in hES-RPE.
Analysis of integrin expression by these cells did not reveal differences that one
might correlate with differences in their behavior on submacular human BM [22].
To determine whether hES-RPE secretion of selected proteins after culture on BM
is similar to that of fRPE, conditioned media above BM explants were analyzed
after 21 days in organ culture [22]. On submacular BM explants, hES-RPE seemed
to secrete nerve growth factor (NGF), insulin growth factor binding protein-3
(IGFBP3), pigment epithelium-derived factor (PEDF), thrombospondin-2 (TSP2),
and transforming growth factor beta-2 (TGFf-2), while fRPE seemed to secrete
these proteins (except TSP2) as well as brain-derived neurotrophic factor (BDNF),
vascular endothelial growth factor (VEGF), and platelet-derived growth factor
(PDGF) (Fig. 14.4) [22].

In summary, in organ culture experiments, fRPE and hES-RPE survival was
impaired on aged and AMD human submacular BM (although fRPE exhibited rela-
tively better survival than hES-RPE). One interpretation of these results is that aged
and AMD BM will not support transplants of suspensions of healthy RPE. The
long-term results of RPE transplantation in most patients with AMD (both atrophic
and neovascular forms) are consistent with this interpretation (see review by da
Cruz et al. [25]). Despite these results, growth factor secretion by residual hES-RPE
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hES-RPE2

Fig. 14.2 Morphology of hES-RPE2 and hES-RPE3 on submacular Bruch’s membrane after 21
days in culture (a, b donor age 69 years; ¢, d donor age 59 years). (a) hES-RPE2 show limited
resurfacing of the explant by cell patches and elongated single cells (arrowheads). Rounded dead
cells can be seen on top of the patch indicated by an arrow (ND, 3.47+0.30). High magnification
inset shows cells within the patch have membrane holes (arrowheads). Cells along the edge of the
patch appear to be dead or dying. (b) LM of cells within a patch. Many of the cells contain vacu-
oles or show loss of cytoplasm (arrowheads). (C) hES-RPE3 have almost completely resurfaced
the explant with cells that are highly variable in size and shape. Small defects in the coverage are
indicated by arrows. Clusters of dead cells are present on top of the cell monolayer (ND,
12.84+0.28). (d) LM of the explant shows resurfacing by elongated, flat cells, some with loss of
cytoplasm (arrowhead). Scale bar: (a, ¢) 100 um; (a, inset) 20 pm; (b, d) 30 pm. Toluidine blue
staining. Reproduced with permission from Sugino et al. [22]

on BM may be quite important. Trophic factors secreted by transplanted cells may
be an important component of their salutary effect on host retina [16, 26, 27].
Subretinal transplants of cells that are not RPE, for example, may rescue photore-
ceptors, at least in part, through neurotrophic factor secretion [26—-29]. Neurotrophin
secretion can occur even if the RPE are not fully differentiated. In the organ culture
experiments described here, submacular BM explants exhibiting the best cell
survival did not feature hES-RPE or fRPE with morphology of mature RPE. Thus,
the encouraging visual results reported after transplantation of hES-RPE suspen-
sions into patients with Stargardt disease and AMD may, in part, be a consequence
of neurotrophic factor production by hES-RPE that may or may not be well differ-
entiated but nonetheless survive on BM [30]. The limited survival of hES-RPE and
fRPE on AMD explants, however, indicates that methods to improve cell survival
on AMD BM may be important in advancing transplantation of RPE suspensions as
a therapeutic approach.
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Fig. 14.3 Morphology of
fRPE on submacular Bruch’s
membrane after 21 days in
organ culture (donor age 69
years, same donor as

Fig. 14.2a, b). (a) {RPE show
more resurfacing of the
explant than that observed by
hES-RPE on the fellow
explant. Cells on the
incompletely resurfaced
explant are very flat and
highly variable in size. Large
defects in cell coverage are
indicated by asterisks (ND,
16.81+0.39). (b) LM of the
explant shows the variability
in cellular morphology. Scale
bar: (a) 100 pm; (b) 30 pm.
Toluidine blue staining.
Reproduced with permission
from Sugino et al. [22]
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Fig.14.4 hES-RPE and fRPE secretion on equatorial and submacular Bruch’s membrane explants.
Protein levels have been corrected for contribution from the explant and are normalized to nuclear
density. Pairwise comparisons between explant preparations were performed for each protein.
Significant differences between pairs are indicated (*P <0.05). Reproduced with permission from
Sugino et al. [22]
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14.3 Enhancement of Embryonic Stem Cell-Derived RPE
Survival on Human Bruch’s Membrane

In contrast to results in humans with AMD [2, 3, 25], RPE transplants in animal
models of retinal degeneration rescue photoreceptors and preserve visual acuity [18,
31-34]. An important difference between humans with AMD and laboratory animals
in which RPE transplantation has been successful is the age- and AMD-related mod-
ifications of BM, which may have a significant effect on RPE graft survival [35].
Previous investigators used individual ECM ligands, singly or in combination, to
improve RPE attachment to BM with limited success [36, 37]. In contrast, resurfac-
ing human aged and AMD BM with bovine corneal endothelial cell (BCEC) ECM
improved RPE survival in organ culture by more than 200 % [24]. BCEC-ECM is a
biologically synthesized ECM that supports rapid RPE attachment, growth, and dif-
ferentiation in cell culture [38]. BCEC-ECM contains ligands and growth factors
present not only in appropriate amounts but also in proper three-dimensional array.
We found, however, that BCEC-ECM did not have good surgical handling proper-
ties, and its relative insolubility rendered it difficult to analyze biochemically.

During BCEC-ECM formation, in addition to basal secretion, BCECs secrete
ECM components into the overlying medium, including collagens, proteoglycans,
and entactin/nidogen as well as proteases [39-42]. Secretion of ECM components
into the overlying medium is most abundant in early passage cells and exceeds basal
ECM deposition [39]. Soluble ECM can affect cell shape and metabolism and can
stimulate the production of ECM molecules [43], so the presence of these proteins
suggests that conditioned medium (CM) harvested from BCEC cultures (BCEC-CM)
might improve RPE survival and differentiation on human aged/AMD BM and, if
effective, could lead to the development of an adjunct to cell-based therapy for AMD.

Using the human BM organ culture paradigm, we found that BCEC-CM improved
long-term survival of both hES-RPE and fRPE on aged and AMD BM by 400-1,000 %
(Figs. 14.5, 14.6, and 14.7) [23]. The benefit of BCEC-CM was evident on aged BM,
BM with geographic atrophy, and BM with choroidal new vessels from which the new
vessels had been excised surgically (postmortem). Even adult RPE survival on BM was
improved with BCEC-CM. ECM deposition was increased under the cells cultured in
BCEC-CM compared with cells cultured in RPE medium. While increased ECM depo-
sition may be a mechanism by which cell survival is enhanced (in the same manner that
BCEC-ECM resurfaced explants support long-term RPE survival on submacular human
BM), it is not clear that ECM deposition per se fostered cell survival or whether ECM
deposition was a reflection of better long-term survival of the cells by another mecha-
nism. Although the nuclear densities of hES-RPE and fRPE cultured in BCEC-CM
were similar, hES-RPE tended to be flatter and somewhat less differentiated than fRPE
cells on submacular BM. It may be that hES-RPE take longer to acquire mature RPE
cell features on BM than fetal RPE, consistent with behavior observed in cell culture
[15, 21]. To develop this modality further, we plan studies to identify the critical compo-
nents of BCEC-CM and test RPE cell function following BCEC-CM treatment. Our
goal is to develop a surgically usable adjunct to improve RPE cell survival and differen-
tiation on submacular human AMD Bruch’s membrane.
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Fig. 14.5 Nuclear densities of cells seeded on aged submacular Bruch’s membrane explants after
21-day culture in CM vehicle or BCEC-CM (paired explants from the same donor). (a) Nuclear
density comparison of RPE cells derived from hES-RPE (n=6), cultured human fetal RPE (fRPE,
n=22), and cultured human adult RPE (donor ages 58, 71, 78 years; n=7). Within each group,
significant differences were observed between cells cultured in CM vehicle and cells cultured in
BCEC-CM. The nuclear density of cells cultured in CM vehicle was not statistically different
between groups. The nuclear densities of hES-RPE and fRPE were not significantly different from
each other but were significantly higher than the nuclear density of adult RPE cells after culture in
BCEC-CM. (b) Comparison of nuclear densities of fRPE on age-matched, non-AMD versus
AMD Bruch’s membrane at day 21. Explants seeded with fRPE on aged Bruch’s membrane (n=9)
were compared with explants seeded on AMD submacular Bruch’s membrane (n=13). No signifi-
cant differences were observed in the nuclear densities of fRPE on non-AMD versus AMD
explants for a given medium, although the nuclear density was significantly higher in the presence
of BCEC-CM versus CM vehicle. Nuclear density values are counts of nuclei of cells directly in
contact with Bruch’s membrane, expressed as mean nuclear density/mm Bruch’s membrane. Bars
indicate mean+SE nuclear density. *P<0.05; **P<0.001. Reproduced with permission from
Sugino et al. [23]
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CM vehicle

BCEC-CM

Fig. 14.6 Paired submacular explants from a 74-year-old woman with soft drusen, seeded with
hES-RPE. In CM vehicle, (a) postmortem clinical photograph shows soft drusen (arrow) in the
macula. Inset is a higher magnification image of the area indicated by the arrow. The drusen are
not easily visualized in this photomicrograph because of postmortem changes. (b, ¢) No intact cells
are seen on the cultured explant. In BCEC-CM, (d) arrow points to a patch of confluent soft drusen
in the macula of the fellow eye, shown in the high-magnification inset. (e) Cells almost fully resur-
face the explant with small defects in coverage. Cells are variable in size and shape. (/nset) Cells
are generally flat, with most exhibiting short processes on their surfaces. (f, g) Very flat, elongated
cells resurface the explant in a monolayer. (g) Arrowhead points to cell-containing vesicles. CM
vehicle nuclear density (ND), 0; BCEC-CM ND, 19.90+0.35. Scale bars:100 pm (e); 20 pm (e,
inset); 50 pm (f); 20 pm (g). Toluidine blue staining. Reproduced with permission from Sugino
et al. [23]
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CM vehicle BCEC-CM _

Fig. 14.7 Paired explants from an 82-year-old woman with geographic atrophy, seeded with fetal
RPE cells. The patient’s clinical history noted AMD for 20 years. (a, d) Postmortem clinical pho-
tographs showing subfoveal geographic atrophy before RPE cell seeding. In CM vehicle, (b) only
a few dead cells (arrows) and cellular debris are present on the explant surface. (¢) No cells are
present on Bruch’s membrane surface. In BCEC-CM, (e) RPE cells fully resurface Bruch’s mem-
brane in the area of geographic atrophy with a few very small defects (arrows). Localized areas of
multilayering are present. Cell surfaces show abundant apical processes (inset). (f) In this field,
cells resurfacing the BCEC-CM explant are predominantly bilayered. Cells directly on Bruch’s
membrane are small and tightly packed; flat cells appear to overlie the cells in contact with Bruch’s
membrane. (g) Flattened cell processes overlying cells on top of Bruch’s membrane are indicated
by arrowheads. The cell processes contain vesicles. CM vehicle ND, 0; BCEC-CM ND,
19.61+0.43. Scale bars: 100 pm (e); 20 pm (e, inset); 50 pm (f); 20 pm (g). Toluidine blue stain-
ing. Reproduced with permission from Sugino et al. [23]
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14.4 Conclusion

There are many strategic advantages to using stem cell-derived RPE for RPE replace-
ment therapy. However, applications of cell-based therapy to AMD patients will
require addressing the problem of long-term cell survival and differentiation on BM
altered by age and AMD. One approach involves the use of scaffolds to shield the
RPE from underlying BM [44—-47]. Another approach, which we are exploring, is to
use a soluble mixture of material to alter the extracellular environment favorably with
the hypothesis that once the cells are in place for a sufficient period of time, they will
elaborate their own ECM, which will shield them from the damaging signals present
in AMD BM. Current efforts focus on identifying the bioactive components of
BCEC-CM so that a humanized, clinically applicable product can be developed and
deployed to improve the transplant success in patients. Finally, we note that the per-
formance of MAQ9 cells used for these experiments could behave quite differently
from the hESC-RPE used in clinical studies. The batches used for human transplants
were thaw-formulated using new procedures that eliminate the majority of unhealthy
cells, and only batches that passed postthaw criteria (establishing a uniform RPE
monolayer, >95 % cells positive for RPE markers) were used. In addition, the cells
used for human transplantation were derived and cultured using different procedures
and media and have not been compared with those used for the Bruch’s membrane
organ culture experiments we report here. Thus, extrapolations from the preclinical
data we report here to results in human transplants must be made with caution.
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15.1 Introduction

In biomedical research communities it is somewhat of a truism to acknowledge the
importance of investment in new and emerging biotechnologies. Stem cell science
and regenerative medicine in this respect are no exception. In recent decades, signifi-
cant time, money and energy have been invested in the attempt to harness the regen-
erative power of stem cells to ameliorate the pain and suffering in a wide range of
illnesses and injuries—f{rom autoimmune disorders, congenital diseases and degen-
erative neurological conditions to acquired brain and spinal cord injuries. For sci-
entists and clinicians working in these fields, the idea of ‘investment’ is charged with
particular meaning and is linked to pressures to access funding and the drive to pro-
vide assistance for people living with incurable conditions. Here stem cells are often
posited as a ‘holy grail” with magical powers just waiting to be unlocked or revealed
to the world through the toil and labour of those pioneers at the cutting edge of
research. It is in this heightened context of anticipation and expectation that significant
investments are also made by those on the other side of the bench; the people and
their loved ones seeking help for the conditions and illnesses with which they live
and die. For some, this investment involves at least considering, and often travelling
to receive, experimental stem cell treatments (SCTs). This chapter considers this
costly and multifarious by-product of the stem cell and regenerative medicine revo-
Iution—the hope and resources invested by patients and carers in experimental SCTs.
Here we map some of the complexities for people who are faced with an often
unreliable and conflictive congeries of information about stem cells and their treat-
ment potential. To do so we draw on qualitative data from a pilot study undertaken in
2009-2010 into patient experiences of overseas SCTs entitled, Hopeful Journeys:
Experiences of Stem Cell Treatments Offered Outside Australia, as well as prelimi-
nary findings from a current Australian Research Council-funded project entitled
High hopes, high risks? A sociological study of stem cell tourism. The former involved
16 in-depth semi-structured interviews with patients and carers who had travelled
overseas for SCTs [1]. The latter, interviews with stakeholders who provide informa-
tion to people about SCTs (n=20); people and carers who have considered travelling
for SCTs (n=20), and people and carers who have travelled overseas for SCTs (n=20)
[2]. In the second study, the experience of those who are contemplating, or have had,
SCTs in Australia are also being investigated. In all cases the SCTs that were being
sought were not recognised as been established or ‘proven’ medical interventions.
We begin this chapter by considering community awareness and expectations
around stem cells and the role of the media in presentations of stem cell science. We
then address the growth of direct-to-consumer marketing of stem cells treatments
more broadly, and for vision restoration in particular. Drawing on qualitative inter-
views with patients and carers who have travelled overseas for treatment, we then
outline the journeys they undertake, including their motivations for travelling, per-
ceptions of risk and benefit, and the significance of hope in their treatment deci-
sions. We conclude by presenting a range of resources for health and medical
professionals to draw on in their communications with people about SCTs. In so
doing we offer a complex and contextualised picture for better understanding and
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responding to the needs of the increasing numbers of people considering or
travelling overseas or within their own country for experimental SCTs.

15.2 Community Awareness and Expectation
in Stem Cell Research

In the popular imagination, the regenerative potential of stem cells is widely
accepted. This is perhaps unsurprising given the prevalence of media reports which
characteristically present stem cells as having extraordinary powers: to enable the
blind to see, the paralysed to walk, the deaf to hear. Headlines in recent months
alone include the following hyperbolic claims: ‘Stem-cell transplants may purge
HIV’ [3]; ‘Future blindness cure? Stem cell success in lab’ [4]; ‘Stem-cell treatment
restores sight to blind man’ [5]; ‘Stem cell therapy helps 26-yr-old man walk again’
[6]. The power of stem cells is further enhanced by the fact that SCTs have been
used to successfully treat some diseases of the blood and immune system for over
50 years [7]. The necessary promotion of science and medical research, and the
veracious capacity of the media to inflate and misrepresent advancements, has been
identified as an ethical issue—and particularly in the fields of emerging biotech-
nologies—and is most often talked about in terms of a tricky ‘balancing’ act [8—11].
In particular, the ethical and policy issues associated with raising the profile of
certain biotechnologies in order to respond to or attract public interest, and in turn
investment in future research, have attracted critical attention (see e.g. [11-13]).

In the context of stem cell science, significant concerns have most recently been
raised with respect to the relationship between the ‘hype’ around stem cells and the
premature translation of this research into clinical settings. As Murdoch and Scott
acknowledge, ‘by rousing public excitement for the promise of stem cell technolo-
gies, stem cell supporters may have inadvertently contributed to the creation of a
market for offshore treatment, enabling the very charlatans they now criticize’ [14].
The exponential increase in providers in jurisdictions with little regulatory oversight
who are marketing and selling unproven SCTs to local and overseas ‘consumers’ is
therefore a key focus of concern; a phenomenon commonly referred to as ‘stem cell
tourism’ [15—17]. A related deleterious consequence of the ‘hype’ surrounding stem
cells also concerns community perception. Knowles [18], for example, has argued
that inflated public perceptions about the status of SCTs prevent effective commu-
nication between patients and carers and health and medical professionals from
whom they may seek advice about available treatments.

Our own research into patient understandings and experiences of SCTs also
suggests that many people are heavily influenced by media reports, which often act
as a catalyst for consideration of treatments not offered in their own country [19].
Here stem cells are both inadvertently and directly represented in the media, marketed
by overseas providers and perceived by the public as a ‘silver bullet’—a simple
solution to a diverse range of complex and critical health and medical conditions.
This is in part because many people have a positive and indiscriminate understand-
ing of the function of stem cells to ‘regenerate’ and ‘repair’ the body, possibly drawn
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by knowledge of conventional blood SCTs for leukaemia and similar blood disor-
ders. The strength and generality of this belief means that it can apply to a broad
spectrum of illnesses and conditions, as the following quotes from people with a
range of conditions who travelled overseas for SCTs, indicate:

And so we were hoping that, you know, these stem cells would help the areas of the brain
that just weren’t quite working to regenerate and to allow new pathways to be made. (Kate,
mother of a child with significant developmental delays due to lesions on brain, recently
travelled to China for umbilical cord stem cell treatment)

The stem cells could go to the injury where your injury is, and basically grow to help repair
I guess the, you know, the cord, to bridge the gap I guess, and that it could take time. They
do, they do grow. (Pete, paraplegic, recently travelled to Germany for autologous SCTs)

Um so yeah, look it was a case of ah stem cells ...and stem cells only ... get them to um,
get to the site and help generate nerve endings...more nerve fibre. (Owen, father of a child
with Optic Nerve Hypoplasia, recently travelled to China for allogenic SCTs)

As these quotes suggest, high expectations around stem cells’ regenerative
capacities mean that there is little delineation between the potential versus proven
function of stem cells in repairing damage for a range of diseases and conditions. It
is also possible that the strength of the association between stem cells and their
regenerative potency means that perceptions of risk are comparatively low. This is
in spite of the fact that there are very few conditions for which stem cells have been
proven to be safe or effective [7]. Survey data indicates that in Australia, and simi-
larly in Canada and the United States, community perceptions of the benefits of
stem cell research are far greater than perceptions of risk [20]. In 2007 87 % of
Australians believed that stem cell technology would have a positive impact and
improve their way of life in the future [21]. In a similar survey conducted a couple
of years later, 91 % of Australians considered ‘using stem cells to conduct medical
research and treat disease was useful’ [22]. This survey data is particularly noteworthy
as it indicates that stem cell science was perceived as having the lowest risk of any
area of biotechnology.

So it is often with high expectations, and low levels of caution, that people and
carers begin their search for relevant and helpful information. They must try to delin-
eate fact from fiction in an online environment dominated by direct-to-consumer mar-
keting of available treatments as a ‘silver bullet’, a subject to which we now turn.

15.3 Responding to Demand: The Growth
of ‘Stem Cell Clinics’

In recent years there has been an exponential growth in the number of websites targeting
people hoping to procure better health through stem cells [23-25]. Many clinics offer
treatments for a wide range of diseases and conditions, with providers rarely having
recognised expertise and experience in relevant fields. These clinics claim to use adult
autologous stem cells in their treatments—taken from the patient for their own use—
as well as foetal stem cells, cord blood stem cells and embryonic stem cells. The mode
of delivery of the stem cells also differs with stem cells commonly injected into the
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body intravenously or by lumbar puncture [19]. Some clinics also advertise treat-
ments involving injecting the cells directly into the brain or spinal cord [24].

Online marketers use a variety of techniques to compel potential customers to
use their services including patient narratives, blogs, videos and links to scientific
and news sources. Particular constructions of consumer and patient empowerment
are mobilised by marketers who capitalize on the established promise of stem cells,
whilst reassuring patients of the value and safety of treatments that are ‘but a sim-
ple injection away’ [25]. The power of emotive anecdotal evidence is instrumen-
tally used to demonstrate the possible benefits of treatment, whilst emphasising
patient effort, commitment and the prospect of slow yet significant improvement.
The following excerpt taken from a website advertising treatments in China is
worth quoting at length as it aptly captures this characteristic presentation of per-
sonal experience:

Madison was diagnosed at four months old with septo optic dysplasia, along with the asso-
ciated condition of optic nerve hypolasia. By clinical standards, she is completely blind.
However, that is slowly changing. After several treatments, Madison saw a clock, but
thought it was a button, and was able to see that a clothes hamper, a picture and a suitcase
has been moved in her hospital room. “We were in shock,” Dellinger said of seeing his
daughter’s vision improve for the first time. “It was a good feeling. Just knowing she even
got that small of an improvement made it every bit worthwhile.”

Dellinger has seen Madison’s reaction to the shiny, brightly-lit Christmas tree at his
father’s home. She never showed much reaction to the decorations in the past. “She just sits
and stares at the Christmas tree at my dad’s house,” Dellinger said. “She is just in a daze
with it and this is the first time she’s ever seen it.” But getting to the point of improvement
was a tough journey. Madison’s treatment consisted of four 30-minute intravenous (IV)
therapy and four six-hour lumbar punctures over a month-long period of time. “The punc-
ture is a small incision on the back and stem cells are injected,” Dellinger said. “The differ-
ence is it goes straight to your brain through the spinal fluid as opposed to the bloodstream
with the IV injections.”

Overall, Dellinger said his daughter did very well with the treatment. Doctors expect the
treatment to take effect in a year, but Dellinger has already seen improvement. [26]

The increase in direct-to-consumer marketing of unproven SCTs has prompted
interventions from organisations providing support for patient/carer networks, as
well as various national and international scientific organisations concerned about
patient welfare, including the International Society for Stem Cell Research (ISSCR).
In 2008 ISSCR emphasised the pressing need to address the proliferation of clinics
directly marketing unproven SCTs to people with critical health needs, stating:

Numerous clinics around the world are exploiting patients’ hopes by purporting to offer
new and effective stem cell therapies for seriously ill patients, typically for large sums of
money and without credible scientific rationale, transparency, oversight, or patient protec-
tions. The ISSCR is deeply concerned about the potential physical, psychological, and
financial harm to patients who pursue unproven stem cell-based ‘therapies’ and the general
lack of scientific transparency and professional accountability of those engaged in these
activities. [27]

Recent findings from a comparative review of online advertising of stem cells in
2008 and 2013 indicate that despite these kinds of interventions and the increased
scrutiny of stem cell tourism more generally, there has been little impact on the
kinds of claims clinics make about the treatments they offer in their online
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advertising [28]. Importantly, whilst the majority of these clinics operate in jurisdic-
tions with comparatively lax regulatory guidelines, for example in India, Malaysia
and Thailand (for the latter see [29]), increasing numbers of ‘backyard’ providers
are operating in countries that are understood to be highly regulated (for the US see
[30]). Australia offers a particular example.

Over the last three years, there has been a dramatic increase in the number of
doctors and clinics in Australia offering autologous SCTs. Under the current regula-
tions, such treatments do not fall under the stringent requirements set by the
Australian regulators, the Therapeutic Goods Administration, provided the treat-
ments are administered to individual patients by a registered Australian medical
practitioner [31]. None of the treatments on offer are considered ‘standard medical
practice’ or have been subject to peer review. Most, if not all, are conducted outside
the context of a clinical trial with the cells rarely prepared in laboratories adhering
to Good Manufacturing Practice. Despite these failings, the treatments are being
marketed, often for a considerable fee, for a wide range of conditions (such as
stroke, Multiple Sclerosis, Motor Neurone Disease, autism and osteoarthritis).
While simple modifications to the current regulations—such as incorporating rec-
ognition of the inherent risks in extending the use of cells beyond what they usually
do in the body (i.e. non-homologous use) and making it a requirement that cells are
prepared in accredited laboratories—could curb these practices, many Australian
scientists and clinicians fear that these unproven SCTs will continue to be available
until reports of significant complications trigger professional misconduct investiga-
tions and a change in the regulations [31].

The marketing of unproven autologous SCTs, and a lack of regulatory response,
is not just an issue for Australia. Concerned about the proliferation of these practices
across the globe, the ISSCR recently released a statement calling for regulators,
patient advocacy organisations, doctors and others to discourage the sale of unproven
treatments using the patient’s own stem cells outside clinical trials, going so far as
to call such practices unprofessional and unethical [32].

Beyond the financial costs, the risk of physical harm from unproven SCTs—no
matter the source of cells—is real. Although thankfully rare, reported complications
include infections and tumour formation [33-36], and even death [37, 38]. Such
possible risks to future health, or the inherent risk of the intervention itself, are sel-
dom acknowledged by providers. It is perhaps unsurprising then that many patients
only view risk in terms of financial loss, as Lisa commented,

It came down to the worst that could happen was nothing really, the worst that could happen was
we could spend our money and it could have been, we could have gotten no result. (Lisa, mother
of a child with Cerebral Palsy who recently travelled to Germany for autologous SCTs)

We have also observed that perceptions of physical risk, when acknowledged,
are the lowest when people understand their own cells to be used for treatment. Such
impressions are reinforced by online advertisements within Australia and overseas
which promote autologous SCTs as having ‘no risk’ as they are ‘natural’. The recent
report of bone fragments growing around a patient’s eye following a stem cell ‘face-
lift’ highlights the potential hazards of early adoption of unproven SCTs [39]. Other
studies also indicate that the safety of autologous stem cells has not been adequately
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established [40—42]. In one case, multiple lesions developed at the site of autolo-
gous SCT injections [35].

In spite of calls for extreme caution and concern in light of these perceived risks,
many people and carers are travelling to overseas destinations in the hope for some
improvements in their conditions. The following sections, drawn from our research,
provide some further insight into the experiences and understandings of those who
have embarked on these journeys, as well as the challenges and experiences of those
stakeholders who provide information to people considering travelling for SCTs.

15.4 The Patient Experience: Hopeful Journeys

In the absence of established scientific evidence, patients and carers considering
SCTs highly value communication with people who have already undergone treatment.
It is common for providers to facilitate patient-to-potential patient communication,
for people to use the Internet to source contact details for those who have told their
story to the media and for people to communicate online through blogs and patients
forums, as Emily’s account below indicates:

After reading some of the patient blogs, like you didn’t get a lot of information so I actually
contacted one of the families in America because that was a success story. [...] So I con-
tacted them and basically asked them what was involved and that sort of thing and that was
when we decided, yes it’s worth going to China for the treatment. (Emily, mother of a child
with Optic Nerve Atrophy, recently travelled to China for SCTs with donated cord blood)

People and carers often consider evidence of this kind the most helpful in decid-
ing whether or not to travel, and the best indicator of potential outcomes and effec-
tiveness. Many are also defensive about personal accounts of success and improved
function being pejoratively characterised, as David’s comment captures:

Interviewer: So, in terms of your evidence that I guess justified that leap of faith, as you
said, it was based on that kind of legitimacy around the clinic, and that anecdotal evidence
from people who’d had the treatment and, [Yep] that it was a -

Well not, not anecdotal. I mean the fact of the matter is there was a guy with three bro-
ken vertebrae who is now running in half marathons. It’s not anecdotal; that’s fact. That’s
actual. (David, spinal cord injury, travelled twice to Germany for autologous SCTs)

Importantly however, people do not necessarily have high expectations of treat-
ment but are motivated to undertake treatment due to the lack of options in their
home countries. As Kylie describes:

I actually, sort of probably sounds a bit bizarre, but I really went into the treatment not
expecting anything, so that any benefits I received was a bonus, you know, I was totally
aware that I might not get any benefits but because I had no other, no other opportunities for
treatment, I thought well T’ll give stem cells a go. (Kylie, travelled twice to China for
allogenic SCTs for Multiple Sclerosis)

As already indicated, people’s perceptions of risk were also low, with financial risk
being universally identified as the greatest concern amongst participants. For many,
the costs of treatment—which ranged from $6000 to 60,000 plus accommodation
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and airfares—were extremely prohibitive and were an obstacle that had to be over-
come. How people met the costs varied. It was common for people to have under-
taken often extensive fund-raising campaigns in their local communities, mortgaged
their house or spent their own or their parents’ superannuation. For many, like
Emily, this financial burden was exacerbated by a sense of urgency to access treat-
ment in order to maximise any possible benefits. For many people ‘waiting’ for alter-
native treatments was therefore not an option:

I can’t afford to sit around and wait because with [our child] being totally blind the longer we
wait the more retraining he’s got to do if he does get any sight at all. (Emily, mother of a child
with Optic Nerve Atrophy, recently travelled to China for SCTs with donated cord blood)

Significant financial investment occurred alongside other forms of investment.
In people’s accounts, hope played profound and complex roles in the decisions to
undergo treatment, experiences of treatment and reflections on having had treatment.
In meeting the day-to-day challenges of critical illness and disability, whether people
had travelled for SCTs or not, hope was a motivator, coping strategy, reassurance,
catalyst for action and a provider of meaningful purpose:

Well [hope] it’s a big thing. Even now like you’ve still got to hope that stem cells in five or
10 years are going to do something. I may never fully walk again but I might be able to
stand or go to the toilet normal, or something like that. So yeah, yeah, definitely hope is, if
you haven’t got hope, you’re going to struggle through things, that’s for sure. It keeps you
motivated to go and train, and get up in the morning, and go to work, and all the rest of it.
(Pete, paraplegic, travelled to Germany twice for autologous stem cell treatment)

I think without hope there’s nothing. You know, if you don’t have hope, I don’t know
how you keep going with something like this. (Gemma, carer of her husband with form of
muscular dystrophy, considering SCTs)

Richard: Well I mean without hope, I mean at the moment you just accept and feel there
is no hope, and you stop. I mean then basically you’re stopping any chance for your child
to improve. So hope, without hope I mean ... Even, even if it’s false hope, even if practitioners,
even if really there isn’t any chance having, having hope allows for -

Sadie: For us to give more love to our child. For him to grow up to be a happier, more
together person and just for our family environment, it allows us to sort of love and appreciate
him so much more, and, and we feel like each unit, each one of us in the family is really, really
precious and sort of Charlie is just our centre and focus. (Husband and wife with a child with
Cerebral Palsy, travelled to Germany and China for SCTs with donated cord blood)

The power of hope for patients has long been recognised in other fields of medical
research and treatment, most notably in oncology [43-45]. As the comments above
indicate, in the context of stem cell research, hope is a critical and multi-faceted
resource for people in sustaining and supporting relationships, and people’s ability to
function day-to-day. In this respect SCTs thus offered for many people significant ben-
efits beyond clinical improvements to their condition [19]. As one participant explained,

I have not regretted it for a day. It certainly made a difference and as I said, it’s given me
hope. (Natalie, Spinal Injury, travelled to India for allogenic SCTs)

Like Nathalie, participants in our study almost universally reflect positively on
having travelled for SCTs irrespective of clinical outcomes. Most described minor
improvements in function, as well as other benefits including and beyond physical
improvements, which were of great significance to them.
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The challenge of managing hope and offering clear and accurate advice and
information in responding to the issue of SCTs is a daunting task. The final section
of this chapter considers some of the resources and important considerations for
those medical and health professionals faced with the often confronting and difficult
task of providing information to people considering SCTs as a possible treatment
option and being sensitive to their powerful investment in SCTs as a source of hope.

15.5 Managing Expectation in Stem Cell Science
and Regenerative Medicine

In response to what is seen as misinformation being promulgated by the providers
of unproven SCTs, and echoed by enthusiastic media, many eminent national and
international organisations have produced resources, in many different languages,
to raise awareness about this issue (see Table 15.1). These resources provide perti-
nent information about current research into stem cells and are designed to highlight
the need for clinical trials to properly evaluate possible new treatments, whilst rais-
ing awareness of the paucity of scientific evidence supporting unproven SCTs and
possible implications of proceeding. The resources raise issues such as financial
risks, physical harms, unlikeliness and uncertainty around possible benefits; devia-
tion from more established modes of care and possible ineligibility for participation
in future clinical trials. Many of the resources also include helpful questions that the
patient should ask of any provider and encourage those investigating possible SCTs
to discuss the findings from their research with a doctor who is not directly involved
in treatment they are contemplating.

Managing the expectation of people looking to stem cells and regenerative
medicine to restore vision, or enable vision in those who have not been born with
this ability, in particular raises additional issues. Although blindness may result
from damage to the outer surface of the cornea in an industrial accident, congeni-
tal disorder or degeneration of the retina or optic nerve as a result of illness or
aging, many of the clinics offering SCTs do not distinguish between such causes.
Rather they offer, as described earlier, a ‘silver bullet’ capable of seeking out the
site of damage or dysfunction and restoring function. This belief is further com-
pounded by media reports of early success from clinical trials using stem cells
[46]. While the increasing number of clinical trials now underway using stem
cells for conditions such as age-related macular degeneration, Stargardt’s dis-
ease, retinitis pigmentosa and corneal repair [47, 48], are very encouraging, for
those who want treatments now and may not have access or be eligible for a clini-
cal trial, available unproven SCTs are even more alluring. This example high-
lights that while the resources cited in Table 15.1 are valuable, more
condition-specific information needs to be developed to contextualise the science
and the progress being made for a particular disorder to counter the ‘one size fits
all’ model of most SCT providers.

Although making more information available will be of some benefit, how
the information is delivered and what else is said are important considerations.
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Our research indicates that many people express considerable frustration and disap-
pointment about how medical professionals and scientists respond to them when
they raised possible SCTs or discussed their experience of SCTs upon their return.
As the following comments reflect:

I was very disappointed ...he didn’t want to talk to me and then when he eventually did talk
to me there was absolutely nothing gained, so I guess I felt I was probably disappointed to
think at the time that I didn’t know where I could go for any information here in Australia
so I thought well, “I’ll give it a shot”. (Victor went to India twice for allogenic SCTs for his
spinal cord injury)

But, when he said that [SCTs don’t work], I was sort of quite devastated because there
was this hope and it was being, you know, “Don’t, don’t take that hope away from me.” (Jill,
husband diagnosed with a form of dementia 12 weeks prior to interview, considering SCTs)

Oh doctors ... they just really don’t want to discuss it. They just think that you’re never
going to get better and there’s something wrong with you because supposedly you can’t
accept the situation and you’re exploring potential opportunities but they don’t think that’s
worthwhile doing. (Alex, Spinal Cord Injury, considered SCTs)

Such dismissive responses alienated people in need. For those at the start of their
research, such as Victor, an inability to engage with their treating doctor acted as a
catalyst for their independent online enquiry. Others indicated that similar responses
made them reluctant to further discuss SCTs with Australian medical professionals.

For parents seeking treatments for their children, there are even further com-
plexities [23]. With the perception that there may only be a narrow developmental
window in which the SCTs will be beneficial, parents face unique pressures. As
Harry explained:

We were just happy to get on and do it and while [our daughter] was young as well. Got the great-
est chance of making a difference while she’s still young and at such a stage of development.
(Harry father of a child with Cerebral Palsy who travelled to Germany for autologous SCTs)

The rights of the child and the potential conflict of parental consent must be
acknowledged. As Reimer et al. rightly point out, ‘parents, physicians, and policymak-
ers must not lose sight of the harm that exists in excluding children and adolescents
from decision making and self-determination’ and that ‘a critical step’ in educating
parents about stem cell tourism also involves ‘encouraging and engaging in age-appro-
priate communication with young people’ about risks and benefits of SCT [49].

What is required when approached by people contemplating experimental SCT's
is open-minded, sensitive and clear communication involving ‘more than providing
decision makers with the right information’ [50]. Models of best practice now and
in the future will arguably take careful and considered account of the experiences,
understandings and values of those seeking SCTs. This needs to include acknowl-
edgement of other outcomes. For health and medical professionals, acknowledging
this important aspect of patient experience is key to maintaining open and con-
structive dialogue with those seeking information for available treatments. For
those charged with the responsibility of responding to enquiries about experimen-
tal SCTs this also means recognising and valuing the profound role of ‘hope’ for
people in the management of their or their loved ones’ conditions [19, 50]. By
reframing the discussion with patients and their carers, taking their values and
experiences—especially their hope—seriously, only then may we be able to better
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assist and reduce the great cost for those deeply invested in the promise of stem cells
and the regenerative medicine revolution.
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