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Abstract

Neural cell death is the main feature of all retinal degenerative disorders that lead to
blindness. Despite therapeutic advances, progression of retinal disease cannot always be
prevented, and once neuronal cell damage occurs, visual loss cannot be reversed.
Recent research in the stem cell field, and the identification of Miiller glia with stem cell
characteristics in the human eye, have provided hope for the use of these cells in retinal
therapies to restore vision. Miiller glial cells, which are the major structural cells of the
retina, play a very important role in retinal homeostasis during health and disease. They
are responsible for the spontaneous retinal regeneration observed in zebrafish and
lower vertebrates during early postnatal life, and despite the presence of Miiller glia
with stem cell characteristics in the adult mammalian retina, there is no evidence that
they promote regeneration in humans. Like many other stem cells and neurons derived
from pluripotent stem cells, Miiller glia with stem cell potential do not differentiate into
retinal neurons or integrate into the retina when transplanted into the vitreous of
experimental animals with retinal degeneration. However, despite their lack of
integration, grafted Miiller glia have been shown to induce partial restoration of visual
function in spontaneous or induced experimental models of photoreceptor or retinal
ganglion cell damage. This improvement in visual function observed after Miiller cell
transplantation has been ascribed to the release of neuroprotective factors that
promote the repair and survival of damaged neurons. Due to the development and
availability of pluripotent stem cell lines for therapeutic uses, derivation of Miiller cells
from retinal organoids formed by iPSC and ESC has provided more realistic prospects for
the application of these cells to retinal therapies. Several opportunities for research in
the regenerative field have also been unlocked in recent years due to a better
understanding of the genomic and proteomic profiles of the developing and
regenerating retina in zebrafish, providing the basis for further studies of the human
retina. In addition, the increased interest on the nature and function of cellular organelle
release and the characterization of molecular components of exosomes released by
Miiller glia, may help us to design new approaches that could be applied to the
development of more effective treatments for retinal degenerative diseases.



1. Introduction

The retina is a neurosensory organ formed by a complex neural network supported by radial
Miiller glia (Reichenbach et al., 1993). Miiller glia not only exert key metabolic and
supportive functions for retinal neurons (Reichenbach et al., 2007), but also modulate
neuronal excitability by releasing and recycling neurotransmitters (Newman and Zahs, 1998,
Reichenbach and Bringmann, 2013). In the zebrafish, Miiller glia are responsible for the
regeneration of the retina after injury, a phenomenon observed throughout the life of this
species (Raymond et al., 2006, Bernardos et al., 2007), and although Miiller glia in the
rodent eye share many characteristics with those in the zebrafish, they only possess a
limited regenerative potential in early postnatal life (Karl et al., 2008, Ooto et al., 2004,
Osakada et al., 2007). Mdiller glia with neural stem cell characteristics have been also
identified in the adult human retina (Bhatia et al., 2009, Lawrence et al., 2007), yet, there is
no evidence that they are capable of regeneration. Nonetheless, research undertaken in
recent years on the cellular and molecular events underlying the regenerative ability of
Miiller glia in the zebrafish and lower vertebrate species, may help us to unlock the
regenerative potential of these cells in the human eye. Due to the neurogenic and active
metabolic function of Miiller glia, and recent progress in the stem cell field, the potential
use of these cells in the development of retinal regenerative therapies has generated

significant scientific interest.

Currently, pharmacological and surgical interventions used to treat retinal degeneration are
aimed at minimizing disease progression, but in many cases disease progression cannot be
prevented and patients often develop significant and permanent visual loss. Experimental
transplantation approaches utilizing Miiller glia (Eastlake et al., 2019), Miiller glia-derived
retinal neurons (Becker et al., 2016, Jayaram et al., 2014, Singhal et al., 2012), or pluripotent
stem cell-derived retinal neurons (Cuevas et al., 2019, Gasparini et al., 2019), have shown
improvement of retinal function without evidence of true regeneration. Transplantation of
iPSC and non-retinal cells, such as mesenchymal stem cells, have also shown evidence of
neuroprotection in the retina (Hu et al., 2017, Fang et al., 2014, Johnson et al., 2010), for
which it has been suggested that improvement of visual function by cell transplantation may
be ascribed to the release of neuroprotective factors by grafted cells. The source of cells

can be an important factor to consider when designing retinal cell-based therapies, and
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autologous cells would be preferred to allogeneic cells as they are likely to elicit minimal
immunological responses. Due to the complexity of neural networks within the retina,
developing methods to promote retinal regeneration through stem cell transplantation have
proved difficult. True regeneration would entail functional cell replacement and synaptic
integration of grafted cells within the neural retina network. However, to regenerate the
retina, we will not only require a deep understanding of the molecular mechanisms that
promote stem cell differentiation into functional neurons and glia, but also the appropriate
protocols to promote successful survival, migration, and synaptic integration of the
transplanted cells. Thus far, migration and integration of stem cells have been exceptionally
challenging as a retina that needs regeneration may have lost the developmental cues that
facilitate the permissive microenvironment necessary for neural integration. Diseased retina
is likely to exhibit pro-inflammatory features characterized by microglia accumulation and
cytokine release (Roque et al., 1996), as well as glial scarring (Asher et al., 2001, Lewis and
Fisher, 2003), all of which have shown to form a barrier that prevents successful
regeneration by transplanted cells (Singhal et al., 2008). On this basis, unless
transplantation is solely aimed at promoting neuroprotection, much research is still needed

to achieve functional integration of transplanted stem cells into pre-existing neural circuits.

With much knowledge gained in the regenerative field from studies in the zebrafish and
lower vertebrates, an alternative option that may be explored for therapeutic approaches is
the induction of endogenous regeneration by stimulating the neurogenic ability of Muller
glia in situ. In addition, recent advances on the identification of the genomic and secretomic
profiles of Mller glia in the zebrafish may be explored for designing non-invasive therapies
without the need for cell transplantation. Here we discuss various aspects of Miiller glia
research aimed at exploring the potential of these cells for application in retinal

regenerative therapies.

2. Neural degeneration as a feature of retinal disease
Retinal degenerative conditions are a leading cause of blindness in the world’s population
after cataract and untreated refracted error (Flaxman et al., 2017). In developed countries
such as the United Kingdom, where blindness caused by cataract is rare, retinal

degenerative diseases such as age-related macular degeneration (AMD), glaucoma, diabetic
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retinopathy and hereditary retinal conditions, including Retinitis Pigmentosa (RP),
Stargardt’s Disease and Leber’s Congenital Amaurosis, are more prominent (Rahman et al.,
2020). These inherited retinal dystrophies manifest as a result of defects or absence of key
proteins of the visual cycle, and their progression can vary from person to person depending
on the severity of the genetic defect. For example, RP typically presents with the onset of
night blindness and loss of peripheral vision within the first two decades of life, followed by
variable progression to potentially involve central vision, leading to severe visual
impairment (Ferrari et al., 2011). Despite the complex nature of these diseases, many
shared histopathological endpoints are common as the retina degenerates. Findings such as
atrophy of the photoreceptors and RPE cells as well as thinning of the remaining
neuroretinal layers are not dissimilar in appearance to AMD, or indeed other forms of
acquired retinal degeneration. The optic nerve, which is formed by the clustering of axons
from RGC located in the ganglion cell layer of the retina, carries visual signals from the eye
to the brain, and when optic nerve damage or deterioration disrupts the transfer of
information, vision loss occurs (Vrabec and Levin, 2007). This is illustrated in glaucoma, an
optic neuropathy involving structural damage of the optic nerve, death of RGC and defects
of the visual field, which are often associated with raised intraocular pressure (Weinreb and
Khaw, 2004, Park et al., 2012). In addition to these common degenerative diseases, retinal
neurodegeneration can be secondary to, or exacerbated by problems with the ocular
vascular system, such as in diabetic retinopathy. In this condition, abnormal angiogenesis or
increased permeability of vessels lead to leakage or macular oedema (Ozawa et al., 2011,

Gardner et al., 2011).

In the context of neural degeneration, it is important to consider that regardless of the
underlying cause, the final common pathway of retinal degenerative disease is high
metabolic stress that leads to insult to the respective target structures in the retina and
optic nerve, resulting in neural cell death. Once cell death occurs in a specific neural cell
population, reorganization of the neural circuit follows, leading to subsequent remodelling
and cell death of all types of retinal neurons (Marc et al., 2003). These pathological
features are clearly illustrated in AMD, in which photoreceptor cell loss occurs as a
consequence of RPE cell death (Bhutto and Lutty, 2012, Kauppinen et al., 2016), and is

followed by marked remodelling and rewiring of bipolar and amacrine cells, preventing



appropriate connections with RGC and leading to loss of retinal function (Cho et al., 2011).
In other conditions, such as retinitis pigmentosa, secondary changes in the cones and RPE
cells follow degeneration of rod photoreceptors, eventually leading to RGC loss due to axon
compression and neural reorganization (Villegas-Pérez et al., 1998), as well as glial
hypertrophy and the formation of a glial scar that isolates the neural retina from RPE and
choroid (Jones et al., 2016). Interestingly, in a mouse model of retinitis pigmentosa, defects
in rod and cone outer segments, bipolar cells, amacrine cells and photoreceptor synapses,
as well as Miiller glial changes, have been observed in early stages of postnatal
development before photoreceptor death occurs (Roche et al., 2016). There is also
evidence that damage to the optic nerve and RGC in advanced glaucoma leads to
photoreceptor and horizontal cell degeneration (Janssen et al., 1996, Vincent et al., 2010),

which leads to loss of retinal function and consequently blindness.

3. Concepts of stem cell-based retinal regenerative therapies
Early transplantation studies aimed to repair the degenerated retina involved subretinal
grafting of foetal retina (Aramant and Seiler, 1991) or cells dissociated from new-born
retina (del Cerro et al., 1989). Although it was reported that they integrated into the host
retina, recovery of function was never demonstrated. Other studies involving embryonic
retina transplantation into neonatal rat brain reported axonal outgrowth into the superior
colliculus (Hankin and Lund, 1987, Hankin and Lund, 1990), leading to investigations into
various cell sources to induce regeneration in animal models of retinal disease. Importantly,
identification of retinal progenitors in the foetal human (Kelley et al., 1995) and embryonic
rat (Ahmad et al., 1999) retina established the basis for subsequent use of these cells in

retinal transplantation research (Klassen et al., 2004).

Synaptic remodeling of neural circuits observed during retinal degeneration (Jones et al.,
2003a) is recognized as a major challenge for integration of transplanted cells into the
retina. During early retinal disease, successful approaches for regeneration of a single neural
cell type may be a more realistic goal than in late disease, when extended damage to the
neural circuitry has occurred. It has been suggested that some residual plasticity is observed
earlier in degenerative diseases and may offer a window for transplantation approaches,

with the replacement of unidirectional sensory neurons, such as photoreceptors potentially
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being more feasible, than the replacement of RGC in glaucoma, which involves complex
afferent inputs and distant synapses (MaclLaren and Pearson, 2007). With recent progress
in the establishment and characterization of several pluripotent stem cell lines, it is thought
that these cells could be valuable tools to regenerate the retina. The original concept
behind the use of stem cell lines for retinal therapies was to deliver therapeutic cells as
single cell suspensions or as cellular scaffolds on suitable biomaterials (Tomita et al., 2005,
McHugh et al., 2013, Sodha et al., 2011). The success of retinal cell replacement and
regeneration would therefore rely on the migration of transplanted cells, and their ability to
undergo in situ differentiation and development of appropriate synaptic connections with
host neurons. However, to date, functional integration of transplanted cells has not yet
been unequivocally shown. Initial studies demonstrated that injection of green fluorescent
protein (GFP)-tagged photoreceptor precursors integrated into the host retina and
improved visual function (MaclLaren et al., 2006, Homma et al., 2013, West et al., 2008).
However, this was later disproved by findings that GFP signals observed in the transplanted
retina were due to material exchange between donor cells and host photoreceptors (Ortin-
Martinez et al., 2017, Pearson et al., 2016, Decembrini et al., 2017, Santos-Ferreira et al.,
2016). Although these findings suggest that transplantation may not necessarily lead to cell
integration or replacement, it supports the view that transplanted cells can provide trophic
support to remaining and partially damaged cells in the host retina, sending survival signals

such as antioxidants and neurotrophins that may help to treat retinal degenerative diseases.

Other factors are known to limit the development of transplantation approaches in retinal
degeneration, including the glial scar, which is rich in extracellular matrix proteins such as
the chondroitin sulphate proteoglycans (Jones et al., 2003b, Reinhard et al., 2017). These
proteins have been shown to inhibit axon guidance (Jones et al., 2003c) and regeneration of
the injured rat optic nerve (Sellés-Navarro et al., 2001), which is supported by findings that
degradation of these proteins by chondroitinases promote neurite outgrowth and axon
regeneration in the brain (Bradbury et al., 2002, Li et al., 2013) and spinal cord (Bradbury et
al., 2002, Kim et al., 2006). Experimental data has shown that injection of chondroitinase
and anti-inflammatory drugs at the time of cell transplantation into the retina, can facilitate
the survival of transplanted Miiller glia and promote restoration of visual function in animal

models of retinal degeneration (Singhal et al., 2008). This suggests that similar treatments
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may enable migration of transplanted stem cells into the degenerated human retina.
Despite much research in the field, transplantation therapies to regenerate the retina still
require further elucidation of molecular mechanisms that promote stem cell differentiation
into functional neurons and glia within the diseased retina, as well as approaches that could

effectively promote migration, integration and survival of transplanted neurons.

4. Stem cell sources for retinal transplantation

Various cell sources have been explored for their ability to improve visual function in various
experimental models of retinal degeneration. These have included amongst others Miiller
glia with stem cell characteristics (Lawrence et al., 2007, Singhal et al., 2012, Jayaram et al.,
2014), brain derived stem cells (Young et al., 2000), neural precursors derived from
embryonic stem cells (Banin et al., 2006), ciliary epithelium from the postnatal eye (Chacko
et al., 2003), umbilical cord tissue cells (Zhao et al., 2011), mesenchymal stem cells derived
from the bone marrow (Inoue et al., 2007) and photoreceptors derived from pluripotent
stem cells (Gonzalez-Cordero et al., 2017). Advances in the stem cell field during the past
decade has led to the generation of several human embryonic stem cell (hESC) and induced
pluripotent stem cell (hiPSC) lines, which have been used for derivation of cells bearing
characteristic tissue phenotypes as preferred cells for use in transplantation therapies (de
Miguel-Beriain, 2015, Lengner, 2010). Embryonic stem cells (ESC) are obtained from the
inner cell mass of the blastocyst (Evans and Kaufman, 1981, Bongso and Tan, 2005). Due to
their pluripotency and ability to self-renew while retaining the capacity to differentiate into
all the body cell types, these cells have the potential to yield large numbers for use in
regenerative therapies. One of the first tissues to be differentiated in vitro from ESC was the
retinal pigment epithelium (RPE), which opened the possibility for translational development

of retinal therapies (Oswald and Baranov, 2018).

Unlike RPE cells, derivation of neurons from ESC for retinal transplantation involves longer
and more complex methods. It was originally suggested that hESC may differentiate into a
neuronal phenotype by default (Hemmati-Brivanlou and Melton, 1997), and extensive
research has allowed the development of protocols to generate enriched populations of
specific retinal neurons (Kobayashi et al., 2018, Markus et al., 2019) as well as retinal

organoids (Kim et al., 2019, Lakowski et al., 2018). Since all retinal neurons and Miiller glia



derive from the same precursors, several protocols have been developed and refined to
reproducibly generate retinal cells for transplantation. Towards this aim, several methods
have been used to obtain enriched populations of photoreceptor precursors (Lu and
Barnstable, 2018, Gonzalez-Cordero et al., 2013) and RGC (Jagatha et al., 2009, Chang et al.,
2019). Protocols to derive Miiller glia have not been widely explored, but since these cells
are key elements of retinal organoids, ESC constitute a potential renewable source for
generating neuronal cell types and Miiller glia for regenerative therapies. Transplantation of
photoreceptors derived from ESC have been widely investigated in rodent models of retina
degeneration (Lamba et al., 2009, West et al., 2012, Zhu et al., 2017) and normal non-
human primate retina (Chao et al., 2017), however, they have not yet been tested in the

clinic.

hiPSC lines have been generated from adult cells such as dermal fibroblasts (Lowry et al.,
2008), keratinocytes (Aasen et al., 2008) or hematopoietic cells (Eminli et al., 2009) by
retroviral transfection and upregulation of Oct3/4, KIf4, Sox2 and c-Myc. Due to their
derivation from adult tissue cells, iPSC share many features with ESC, including DNA
methylation, gene expression and chromatin properties (Wernig et al., 2007). One of the
main advantages of these cells is the potential for autologous use, removing the need for
immunosuppression after transplantation. However, hiPSC lines can exhibit different genetic
and epigenetic signatures (Chhabra, 2017), indicating the need to derive hiPSC lines with
stable genomic profile for safe use in human therapies (Kamao et al., 2014, Kanemura et al.,
2014, Kawamata et al., 2015). Due to the tumorigenic potential of c-Myc, frequently used to
induce iPSC generation, an alternative protocol replacing c-Myc with L-Myc has been
developed to induce pluripotency in adult cells to reduce this risk (Nakagawa et al., 2010).
More recent methodologies avoid the use of viral vectors by co-transfecting cells with two
expression plasmids, one containing complementary cDNAs of Oct3/4, Sox2, and KIf4 and the
other containing c-Myc cDNA. This has led to the generation of iPSC without evidence of
plasmid integration, thus reducing the risk of tumorigenicity and increasing the prospects for

use of these cells in regenerative therapies (Okita et al., 2008)

Genomic instability has been a feature of several experimentally generated hESC and hiPSC
lines. Enriched culture conditions and rapid expansion of hESC in vitro do not resemble the in

vivo environment of the developing blastocyst, causing these cells to rapidly develop
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karyotypic abnormalities (Draper et al., 2004). These abnormalities appear to be caused by
increase in cell proliferation rates and resistance to apoptosis or senescence (Mantel et al.,
2007), and are thought to pose risks for the therapeutic applications of stem cells due to their
tumorigenic potential (Moon et al., 2011). However, new culture strategies to minimize the
appearance of genetic variants in hESC cells have been developed, and several cell lines have
been established, which exhibit chromosomal stability and comply with regulatory

requirements for human cell therapies (De Sousa et al., 2016b)

5. Miiller glia- the stem cell population of the developed retina

Initial investigations to characterize the stem cell niches in the zebrafish showed that in
response to injury, Miller glia present in the peripheral retina acquire phenotypic and
molecular features that characterize multipotent retinal progenitors (Raymond et al., 2006).
These observations subsequently led to the demonstration that Miiller glia in the zebrafish
function as multipotent retinal stem cells that generate retinal neurons in response to injury
(Bernardos et al., 2007). Muller glia can be induced to proliferate in vivo, express neurogenic
factors, and generate a progeny that express neural or glial markers in all vertebrate species
including early post- natal chick (Fischer and Reh, 2001) and mice (Karl et al., 2008), as well
as adult rat retina (Ooto et al., 2004). Miiller glia with stem cell characteristics have also
been identified and isolated from the adult human retina (Lawrence et al., 2007, Bhatia et
al., 2009) (Fig.1), and while they are able to proliferate and differentiate into cells expressing
markers of neural precursors in vitro, their endogenous regenerative ability is not yet
understood. Based on the observations that Miiller glia can regenerate the zebrafish retina
but not the adult mammalian retina, it has been suggested that these cells may have
become quiescent upon maturation of the mammalian retina, and this could provide the
basis to develop new strategies to induce these cells to regain their regenerative capability

in humans.

During the early 1990’s, much controversy arose from the nature and sources of stem cells
in the adult human retina. Since the epithelium of the ciliary body derives from the neuro-
epithelium of the optic vesicle during embryogenesis, it was thought that this region of the

eye could contain cells that retained neurogenic potential. Early demonstrations indicated
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that pigmented ciliary epithelium isolated from mouse (Tropepe et al., 2000) and rat (Ahmad
et al.,, 2000) eyes could be induced to proliferate and express nestin and other neural
phenotypes in the presence of FGF2. Later studies showed that the non-pigmented ciliary
epithelium (CE) in the chicken eye was capable of generating neurons following intraocular
injection of insulin, epidermal growth factor (EGF) and fibroblast growth factor-2 (FGF2) to
stimulate their proliferation and neuronal differentiation (Fischer and Reh, 2003). These cells
were shown to express the neural transcription factors Pax6 and Chx10 in the region where
newly generated amacrine cells, Miiller glia and retinal ganglion cells emerged in response to
growth factor treatment (Fischer and Reh, 2003). These observations were followed by
reports that in response to photoreceptor damage induced in early post-natal mouse retina,
non-pigmented CE proliferated and expressed markers of immature retinal neurons
(Nishiguchi et al., 2009). Since CE with neural progenitor characteristics had been also
identified in the human eye (Coles et al., 2004), and in the hope that CE could be used as a
source of neural progenitors for retinal regenerative therapies, extensive studies were
conducted over many years. However, the existence of ‘true retinal stem cells’ in the CE was
later questioned by many investigators (Frgen et al., 2013, Bhatia et al., 2009, Cicero et al.,
2009, Gualdoni et al., 2010), and despite many publications in the field, the use of CE for
regenerative therapies never proved successful, causing research in this field to gradually
decline. Due to the close proximity of the ciliary body to the neural retina, and given the size
of the ciliary body in small rodent eyes, it might have been possible that techniques employed
by investigators for the isolation of CE with neural progenitor characteristics, yielded a
mixture of CE and Miiller glia with stem cell characteristics present in the marginal region of
the retina. Taking into consideration that the ciliary marginal zone (CMZ) - a neuro-epithelial
germinal zone first identified in fish and amphibians (Hollyfield, 1968, Harris and Perron,
1998)- is localized at the interface between the retina and the CE, investigations into the
possibility of neurogenesis occurring in this region in various animal species showed that CMZ
cells gradually diminish during vertebrate evolution (Kubota et al.,, 2002). Despite these
findings, previous studies had indicated that young primate retina possess a CMZ (Fischer et
al., 2001), prompting investigations in the human eye to further understand the nature of the
progenitor cells identified in the CE.

Observations in the primate retina were later replicated in the adult human retina, where it
was observed that the neural retinal margin harboured cells forming bundles of spindle cells
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(resembling glial cells) 300-1000um in size, and lacking of lamination (Bhatia et al., 2009) (Fig.
2). They co-stained for the neural progenitor markers SOX2, CHX10 and SHH as well as Nestin
and cellular retinaldehyde-binding protein (CRALBP), clearly distinguishing this cell population
from the CE, which expressed the same progenitor markers, but did not stain for Nestin or
CRALBP, the key markers of Miiller glia (Sarthy et al., 1998, Lewis et al., 1995, Limb et al.,
2002). Interestingly, the intensity of expression of Nestin and CRALBP observed in the
peripheral retina gradually decreased towards the posterior region, where it anatomically
identified a population of Miiller glia. In addition, cells of the retinal margin and the inner
nuclear layer, where the soma of Miiller glia is located, re-entered the cell cycle upon retinal
explant culture with EGF, suggesting that these cells have the ability to proliferate in situ
(Bhatia et al., 2009). The absence of lamination and abundance of cells expressing stem cell
markers in the marginal region of the adult human retina resembling the CMZ of fish and
amphibians, taken together with observations that cells expressing Miiller cell markers in the
CM-like zone and inner nuclear layer of the human retina proliferate in response to EGF,
suggest that human Miiller glia may have regenerative potential and merits extensive
exploration. Because of their molecular characteristics and ability to proliferate and
differentiate in vitro, it has been suggested that human Miiller glia with progenitor
characteristics may constitute an important source of cells for use in retinal regenerative
therapies (Limb et al., 2002, Lawrence et al., 2007). Genetic profiling studies of Miiller glia in
various lower vertebrate species, including mice, indicate that these cells are very similar to

retinal progenitor cells (Jadhav et al., 2009, Roesch et al., 2008).

5.1 Transplantation of Miiller glia-derived neurons in animal models of retinal
degeneration

Midller glial cells isolated from the adult human retina often show indefinite cell renewal in
vitro, and express phenotypic and genotypic markers of neural stem cells, including Blll
tubulin, Sox-2, Pax-6, Chx10 and Notch-1 (Lawrence et al., 2007, Becker et al., 2013). In
addition, depending on the presence of growth and differentiation factors used to culture
these cells, they can be induced to express characteristic protein markers of post-mitotic
retinal neurons, including peripherin, recoverin, calretinin, S-opsin and Brn3 (Singhal et al.,
2012, Jayaram et al., 2014). Because of their stem cell characteristics and the neuroprotective
functions of Miiller glia in the normal retina, we examined the potential ability of enriched
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populations of retinal neurons derived from Midller cells to improve visual function in animal
models of photoreceptor degeneration (Jayaram et al., 2014) and retinal ganglion cell
depletion (Singhal et al., 2012, Becker et al., 2016). It was originally thought that
undifferentiated stem cells were ideal candidates for transplantation strategies to replace
neurons, however, this concept was challenged by a landmark study in which an optimal
ontogenetic stage was shown to be important for the successful transplantation of rod
photoreceptor precursors (Maclaren et al., 2006). In order to apply this principle to the
setting of experimental transplantation to replace retinal ganglion cells, the cell type
predominantly damaged in glaucoma, Miiller glia were induced to differentiate towards
committed RGC precursors in vitro upon culture in the presence of FGF and the Notch
inhibitor (25)-N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine 1,1-dimethylethyl
ester (DAPT) (Becker et al., 2013, Singhal et al., 2012). These differentiated RGC precursors
expressed Brn3b and showed neuronal functionality as determined by a rise in cytosolic
calcium in response to nicotine, a neurotransmitter known to stimulate RGC precursors
(Singhal et al.,, 2012). Transplantation of Miiller glia-derived RGC precursors into an
experimental rat model of RGC depletion showed limited migration and integration of these
cells within the host retina 4 weeks after grafting. Cells expressing Brn3b however, aligned
within the ganglion cell layer and established limited synapses with local axons, as shown by
the co-expression of both synaptic markers and other markers of ganglion cell fate including
Islet-1 and neurofilament protein. Although the transplanted cells did not send axons to the
optic nerve, partial recovery of retinal ganglion cell function was seen, as judged by an
improvement in the scotopic negative threshold response (nSTR) of the electroretinogram
(ERG) (Singhal et al., 2012).

When developing stem cell therapies, the translational potential of these approaches may
depend upon successful engraftment of transplanted cells and improvement of retinal
function in experimental models with anatomical and functional features resembling those of
the human eye. In order to advance the understanding on the potential use of Miiller cells for
human therapies to treat glaucoma, a method to efficiently deliver these cells to a larger
mammalian eye was later examined, in which a feline model of RGC depletion by N-methyl-
d-aspartate (NMDA) was used (Becker et al., 2016). In this model, intravitreal injection of
human Miiller glial-derived RGC precursors into the feline vitreous elicited a severe
inflammatory response without improving visual function, suggesting a xenogeneic response
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to transplantation. In contrast, allogeneic transplantation of feline Miiller glia-derived RGC
into the vitrectomized eye of this species caused a recovery of RGC function as deduced by
improvement in the nSTR of the ERG (Becker et al., 2016). In these experiments, despite
causing functional improvement, grafted cells did not attach onto the retina but formed
aggregates with vitreous remnants after vitrectomy, suggesting that the vitreous may not
support graft viability and prevents cell attachment onto the retina. The limitation of cell
attachment and the need for direct contact between cell graft and the retina for cell survival
and function was confirmed by findings that enriched preparations of allogeneic feline Miiller
glia-derived RGC attached to scaffolds of compressed collagen facilitated strong cell
attachment onto the retina. In addition, transplantation significantly improved the STR and
photopic negative response of the ERG, indicating an improved RGC function (Becker et al.,
2016). Improvement of retinal function only by attachment onto the inner retina without
evidence of cell integration leads to the suggestion that Miiller glia may be conferring

neuroprotection to the damaged RGCs.

Various studies have indicated that Miller glia with the ability to differentiate into cells
expressing rod specific markers can be isolated from adult human retinectomy specimens and
mouse retina. These cells were reported to adopt a rod photoreceptor commitment with an
efficiency as high as 54% when grown under differentiating conditions, which caused an
increase in their expression of NRL and CRX early in culture, followed by recoverin and
rhodopsin at a later stage (Giannelli et al., 2011). Subretinal transplantation of these rod
progenitors into neonatal mouse retinae were shown to integrate within the appropriate
retinal lamina and to express rod-specific markers albeit without the presence of a classic rod
outer segment. Functional characterization of these photoreceptor precursors by patch-
clamp recordings revealed that their electrical properties were comparable to those of adult
rods, providing evidence that Miiller glia retain their neurogenic potential in the adult human
retina (Giannelli et al., 2011). Additional investigations have shown that culture of human
Madller glial cells with FGF2, taurine, retinoic acid and insulin growth factor caused these cells
to differentiate into cells expressing markers of photoreceptor precursors, including CRX,
Nr2E3, recoverin and rhodopsin, as well as genes associated with the photo-transduction
cascade (Jayaram et al., 2014). Transplantation of Miller glia-derived photoreceptor
precursors into the subretinal space of the PH23 rat, an experimental model of photoreceptor
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degeneration, resulted in limited migration of these cells within the host retina. Although
grafted cells did not exhibit classical outer segment morphology, they expressed
synaptophysin, supporting evidence of limited synaptic connectivity. Furthermore, as judged
by scotopic electroretinography, animals who received human Miller glia-derived
photoreceptor precursors showed significant improvement in the rod photoreceptor
function, when compared to animals who received undifferentiated cells or un-operated
controls (Jayaram et al., 2014). This suggests that as that observed with RGC precursors
derived from Miiller glia, this effect may be ascribed to factors released by these cells. It is
therefore likely that as reported in photoreceptor precursor transplantation studies
(reviewed in section 4 above), transfer of cytoplasmic molecules from Miiller glia to damaged
neurons may be responsible for the functional improvement observed after transplantation.
These observations further support the notion that human Miller glia with stem cell
characteristics may be regarded not only as a cell source for the development of
transplantation strategies to treat photoreceptor degenerations in humans, but also, as a cell
source for derivation of neuroprotective products, offering some potential for the

development of new neuroprotective therapies.

5.2. Human pluripotent stem cells (hPSC) as a source of Miiller glia for therapeutic

applications.
Whilst exploring the therapeutic potential of Miiller glia to treat retinal degenerations, it is
clear that isolation of these cells from adult retina for allogenic transplantation presents
major difficulties for clinical application due to the risks of disease transmission caused by
prions and unidentified pathogens, as well as histocompatibility issues. hPSC, however, can
help to overcome these issues as any progeny derived from PSC generated for therapeutic
use under GMP conditions could be traced to the original cells, thus complying with
regulatory requirements for clinical use. In addition, there have been suggestions amongst
the scientific community of establishing a global network of haplobanks of hESC (Taylor et
al., 2005) and iPSC (Taylor et al., 2012), which would facilitate HLA-type matching between
the recipient and a cell line used for potential therapy. Various hESC and hiPSC lines that
comply with regulatory requirements for human use have become recently available and
this will facilitate the derivation of cells for retinal therapies (De Sousa et al., 201643,
McGrath et al., 2019). The generation of retinal organoids for use in the development of
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cell transplantation therapies, as well as pharmacological or toxicological studies, would
ideally require these organoids to be laminated, contain solely retinal cells and be
physiologically and metabolically functional. Recent studies have supported this
requirement and have indeed shown that in retinal organoids, RGC (Hallam et al., 2018) and
cone photoreceptors (Kim et al., 2019) demonstrate electro-physiological responses to light.
This supports the use of cells derived from retinal organoids as a valuable tool that could be
explored in the development of retinal stem cell therapies, and could be facilitated by new
approaches, such as bioreactors, that would allow upscaling of retinal organoids or cells
derived from such sources. Using this technology, investigators have not only shown a
significant increase in organoid yields but also increases in the number of photoreceptors
neurons bearing cilia and nascent outer-segment-like structures (Ovando-Roche et al.,

2018).

Upon culture with retinal differentiation factors, PSC can be induced to adopt a retinal fate,
and different methods for the generation of retinal tissue from hPSCs have been developed
by investigators in the field. Initial studies led to protocols that produced free-floating hESC
aggregates to create 2D like structures which were then exposed to various growth and
differentiation factors such as Wnt antagonists, retinoic acid and taurine, to induce
differentiation of retinal progenitor cells, retinal pigment epithelium and at later stages
photoreceptor differentiation (Osakada et al., 2008). Other reports showed that upon
stimulation with a neural induction medium, hESC aggregates generated rosette like
structures that could be further stimulated by addition of B27 supplement to encourage
neural retinal differentiation (Meyer et al.,, 2009). Although this method induced the
generation of various types of retinal cells, the resulting cellular assembly did not show
evidence for the presence of Miiller glia, amacrine, horizontal or ganglion cells (Meyer et al.,
2009). Methods to develop a cellular structure that more closely resembles the cellular
organization of the retina in vivo were later established by inducing mouse ESC to produce 3D
like retinal structures, which are now known as ‘retinal organoids’. A reliable method first
developed by Nakano et al, induced a defined number of hESCs to form aggregates in a v-
bottomed well plate, which were then cultured with extracellular matrix, Wnt signalling
antagonists, and Hedgehog agonists to induce early neural differentiation. Aggregates were

then cultured with N2 supplement and retinoic acid to encourage photoreceptor
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development (Nakano et al.,, 2012). This led to the generation of retinal organoids that
undergo self-organisation into a laminated retina and that contains rod and cone
photoreceptors, RPE, ganglion cells, horizontal cells, amacrine cells and Miiller glia (Nakano
et al., 2012), and that closely recapitulates the development of neural retina in vivo (Vélkner
et al., 2016). Since this method was pioneered, selective modifications of the protocol have
favoured differentiation of specific neuronal cell types, and although retinal organoid
research for generating neural cells for transplantation appears to have been initially
weighted towards the generation of high photoreceptor numbers (Eldred et al., 2018, Kim et
al., 2019), recent studies have developed protocols for the derivation of RGC for potential

treatments of glaucoma and optic neuropathies (Fligor et al., 2018, Chavali et al., 2020).

Miiller glia have been reported to be one of the last-born cells during the ‘postnatal
development’ of the vertebrate retina in vivo (Turner and Cepko, 1987, Bassett and Wallace,
2012, Clark et al., 2019) and to share the same lineage with neurons, with multipotent retinal
progenitors giving rise to both cell types (Turner and Cepko, 1987). It is important to note
that the study from Turner and Cepko (1987), which concluded that Miiller cells were the last
cells to emerge in the retina, only examined the proliferation of retinal neurons and Miiller
glia immediately after birth. Since the retina has already developed at the time of birth,
tracing the proliferation of retinal cells in the early postnatal period does not prove that
Midller glia are the last cells to be born, and this needs to be reassessed in the context of
Mdller functions and retinal regeneration. Although extensive work has been so far
undertaken in vitro towards the generation of photoreceptors from retinal organoids, very
few studies have explored the development and role of Miiller glia within these organoids. A
recent single cell RNA sequencing analysis showed the resemblance of human retinal
organoids with retinal development in vivo. The study showed that a progenitor population
gives rise to RGCs first, followed by cones, rods and finally Miiller glia, which was reported to
be first observed at around day 60 of organoid development, followed by an increase at day
200 (Collin et al., 2019). Other studies have also reported the appearance of Miiller glia at late
stages of organoid development (Chen et al.,, 2016, Fligor et al., 2018). Contrasting with
previous reports of the late appearance of Miiller cells during retinal organoid growth, recent
data have shown that Miiller glia are observed as early as day 30-40 in hPSC derived retinal
organoids and that these cells can also be isolated and propagated at this early stage of
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organoid differentiation (Eastlake et al., 2019), thus highlighting the early appearance of
human Miller glia during retinal development in vitro (Fig. 3). These observations are more
in agreement with early studies of retinal development in vertebrates published in the 1900s,
which showed that immediately after the invagination of the primary optic vesicle to form
the optic cup, formation of Miiller glia could be clearly observed in amphibians and chicks
(Mann, 1928). Later electron microscopy studies of the rabbit retina during development
clearly demonstrated that whilst Muller glia are formed during the fourteenth day of
gestation, morphological changes occur after birth, including changes in the elongation of
microvillous processes, lateral cytoplasmic extensions, and rearrangement of their nuclei
(Uga and Smelser, 1973). It is the authors’ view, that despite the current contradictory
evidence on the timing of Miller appearance within the organoid, it is evident that there
remain some mitotically active Miiller cells in the developed retina and this is observed in the

retinal organoids at late stages of development in vitro.

5.3 Derivation and transplantation of Miiller glia from retinal organoids formed by hPSC
High quality retinal organoid production gives rise to specimens which display a distinctive
retinal morphology with Miiller glia expanding across the neural layers as that seen in vivo.
Optimization of this generation process in vitro has been recently demonstrated (Eastlake et
al., 2019). This has facilitated the isolation of pure populations of Miiller glia that can be
expanded in culture over several passages, and exhibit a characteristic phenotypic and
genotypic profile that are comparable to published Miiller cell lines derived from human
cadaveric donors, including the established human MIO-M1 Miiller cell line (Limb et al.,
2002). Capitalizing on the Miiller cell expression of CD29, a B1 integrin receptor and ligand
of fibronectin, cells dissociated from retinal organoids, were adhered onto culture plates
coated with fibronectin to selectively enrich Miller glia. Following propagation in standard
culture medium, adherent cells were shown to express mRNA and protein coding for well-
known Miiller glia markers including glutamine synthetase, nestin, and vimentin, as well as
neural progenitor markers including Notch1, Pax6 and Sox 9. Flow cytometry analysis of the
CD29/CD44 positive population showed a Mller glia purity >97%, which indicated the
purity of the cell preparations, therefore avoiding the need for further purification. This
straightforward selection of enriched Miiller cell populations by selective culture on
fibronectin may also be aided by the fact that retinal neurons do not survive for long periods
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in culture without the addition of factors to promote their survival (Meyer-Franke et al.,
1995, Bardy et al., 2015). Based on these observations that Miiller glia can be easily isolated
from human PSC-derived retinal organoids, and that they can be propagated in vitro whilst
conserving their phenotypic and gene profiles, the use of these cells in cell based therapies

to treat retinal disease provides an attractive option.

Intravitreal injection of Mller glia isolated from hPSC- derived retinal organoids has been
performed in a rat model of RGC depletion by NMDA (Eastlake et al., 2019). As previously
observed when Miiller isolated from the adult human retina were transplanted into this
model, the results showed that at 4 weeks after intravitreal transplantation of these cells
into the RGC depleted rat, there was a partial but significant restoration of visual function in
these animals, as demonstrated by an increase in the nSTR of the ERG (Eastlake et al., 2019).
Although the transplanted cells appeared to have strongly adhered to the inner retinal
surface, there was no evidence of these cells establishing synaptic connections or sending
axon projections towards the optic nerve, suggesting that like in previous transplantation
studies using Mller glia, the effect was due to the release of neuroprotective factors by
these cells. This is in agreement with previous demonstrations of RGC cell survival upon the

influence of neurotrophic factors (Goldberg et al., 2002).

6. Miiller glia as a source of neuroprotective factors to promote neuronal survival and

repair

Observations that partial restoration of visual function upon Miiller cell transplantation in
animal models of retina degeneration can be achieved without significant integration of
these cells or replacement of affected neurons (Becker et al., 2016, Eastlake et al., 2019,
Jayaram et al., 2014) suggest that the synthesis, release, and delivery of neuroprotective
molecules by Miiller glia should be considered key to their efficacy for the development of
human therapies. Due to their strategic location and functions within the retina, Miller
cells regulate most aspects of retinal function and neuronal activity. Because of their close
interactions with all retinal neurons in the retina (MacDonald et al., 2015, de Melo Reis et
al., 2008), it is likely that the production and release of neurotrophic factors is a major
component of the support and regulation that Mdller glial cells provide to the neural retina.

One of the well-established mechanisms underlying the pathogenesis of RGC loss in
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glaucoma is the breakdown in transport of neurotrophic factors along axons at the optic
nerve head (Knox et al., 2007, Fahy et al., 2016). The dimensions of RGCs are such that
axons are limited in terms of proteins and organelles required for cell survival and metabolic
balance (Nuschke et al., 2015). As a result, the majority of these components are
manufactured in the cell body and transported in an anterograde manner towards the distal
synapse by a series of kinesin-dependent mechanisms. Meanwhile, retrograde transport
allows for the clearance of waste metabolites and misfolded or aggregated proteins, as well
as the delivery of trophic signals from the distal axon to the cell body. Available evidence
shows that blockage and obstruction of axonal transport by ischaemia or axotomy in
experimental animals halts axon transport of Brain derived growth factor (BDNF) and its
receptor, TrkB, leading to RGC death (lwabe et al., 2007, Chou et al., 2013). Additional
support for the protective effect of neurotrophin supplementation in animal models of
glaucoma has been widely given by demonstrations that BDNF, Ciliary neurotrophic factor
(CNTF) and Glial cell derived neurotrophic factor (GDNF), significantly attenuate the
degeneration of RGC following optic nerve damage (Yan et al., 1999, Johnson et al., 2011).
Strong indication of the paracrine neurotrophic signalling mediated by Miiller-glia has been
provided by in vitro studies in which RGC from adult pig retinae co-cultured with Miiller glia
significantly enhance their survival and axonal outgrowth (Garcia et al., 2002). In these
studies, the neuroprotective effect observed appeared to be mediated through both, direct
cell-to-cell contact, as well as by soluble factors released by Miller cells. In similar studies,
purified RGCs co-cultured with Miiller glia were found to be resistant to the excitotoxic
effect of glutamate, even when there was no direct contact between the two cell types
(Kawasaki et al., 2000). This neuroprotective ability of Mller glia has been also
demonstrated in vivo as confirmed by studies in which conditioned medium from purified
chick Miller cells obtained at embryonic day 11, supports the survival of chick embryonic
day 10 sympathetic neurons (Reis et al., 2002). In addition, Miller glia derived
neurotrophins have been shown to play an important role during retinal development and
maturation of RGC, as demonstrated by the increased survival of rat RGC isolated from 17-
day embryos when cultured with supernatants of Miller glia (Armson et al., 1987).
Furthermore, evidence for the dependence of RGCs on neurotrophic factors is evident
during optic nerve development, where RGC extend neurites along the visual pathway
towards neurotrophin-secreted targets in the brain (Meyer-Franke et al., 1995). Although
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Miller glia supernatants can promote survival of neonatal rat RGCs, extensive neurite
outgrowth from RGC have been observed when they are cultured on glial monolayers (Raju

and Bennett, 1986).

As that seen with RGC, photoreceptor neurons are also dependent on the neurotrophic and
metabolic support of Miiller glia, as shown by several studies in experimental models of
inherited retinal degenerations, known to cause blindness due to photoreceptor apoptosis.
Investigations in various experimental models of photoreceptor degeneration have shown
that neurotrophins promote the survival and function of these neurons (Abed et al., 2015).
Intraocular injection of Adeno-associated virus expressing the CNTF gene was seen to
significantly reduce the loss of photoreceptors in normal mice and in the Prph2Rd2/Rd2
mouse model of retinal degeneration (Schlichtenbrede et al., 2003), whilst RCS rat eyes
treated with adenoviral-CNTF displayed better retinal function than the untreated
contralateral eyes, indicating that adenoviral CNTF efficiently rescues degenerating
photoreceptors in this model (Huang et al., 2004). Furthermore, Simian lentiviral vector-
mediated retinal gene transfer of PEDF showed to preserve the photoreceptor cell layer and
retinal function in the dystrophic Royal College of Surgeons rat, as determined by immuno-
histological studies of the retina at the site of injection (Miyazaki et al., 2003).

Furthermore, transplantation of Schwann cell line clones secreting GDNF or BDNF into the
retinas of RCS rats was shown to have a greater effect on photoreceptor survival than

control cells or sham surgery (Lawrence et al., 2004).

Several observations have highlighted the importance of neurotrophin production by Miller
glia as a key feature of the neuroprotective role of these cells in the neural retina. It has
been suggested that Miller glia may act as an endogenous source of BDNF in the retina, as
they readily secrete high levels of this factor in culture (Seki et al., 2005). Interestingly,
following visual deprivation in rats, BDNF immunoreactivity is significantly diminished in
RGC, but not in Miiller cells, which remain unaffected (Seki et al., 2003). This suggests that
Mudller glia, which are highly active metabolically, produce this factor to protect retinal
neurons. Rat Miiller glia express nerve growth factor (NGF) mRNA and its corresponding
protein, as well as the receptors for this neurotrophin (Chakrabarti et al., 1990, Garcia et al.,

2014). In addition to producing NGF, Miiller cells can also be protected by this neurotrophin
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as demonstrated by observations that binding of NGF to its TrkA receptors inhibit their
osmotic swelling, causing release of bFGF, and opening of K* and CI~ channels (Garcia et al,
2014). Glial derived neurotrophic factor (GDNF), which is not only produced by Miiller glia
but also by astrocytes within the retina, promotes photoreceptor cell survival during retinal
degeneration (Harada et al., 2003), whilst neurotrophin-3 (NT-3), which has also been
detected in Miller cells (Garcia et al., 2003), is highly upregulated in these cells together
with neurotrophin-4 (NT-4), BDNF, NGF, and GDNF in response to glutamate (Taylor et al.,
2003).

Different approaches investigating the direct delivery of neurotrophins to the retina in vivo
have been evaluated. Intravitreal injection of recombinant GDNF, BDNF and CNTF have all
proved particularly efficient at promoting RGC survival following axotomy (Koeberle and Ball,
2002), as has both viral and non-viral vector-based gene delivery (Rodger et al., 2012, Wilson
and Di Polo, 2012). A strategy involving encapsulation of cells engineered to over-express
CNTF within semipermeable biomaterials has also been used to facilitate sustained
transportation of these therapeutic molecules into the vitreous cavity (Zanin et al., 2012).
However, despite some encouraging results, injection of neurotrophins have proved to be
short lived, for which there are still challenges to overcome before neurotrophins can be
therapeutically delivered directly into the eye to enhance or promote neural cell survival
during retinal degeneration. Stem cells delivered into the vitreous as a source of
neuroprotective molecules have also been investigated, and have included mesenchymal
stem cells (MSCs) (Johnson et al., 2010, Mead et al., 2016) to promote RGC survival in rat
models of glaucoma, and umbilical tissue-derived stem cells to preserve photoreceptor
survival and visual function in the royal college of surgeons (RCS) rat (Koh et al., 2018). Gene-
engineering based approaches using MSCs aimed at enhancing their production of BDNF,
GDNF and VEGF to protect the neural retina after optic nerve transection have also been
developed (Levkovitch-Verbin et al., 2010). Although these modified MSCs have shown to
promote neuronal survival, no significant difference in their efficacy have been observed
when compared to wild-type MSCs secreting low levels of these factors, suggesting that even
small amounts of neurotrophic factors can be neuroprotective when present in combination.
In this context, a Miller cell transplant-based strategy may offer a good therapeutic

alternative since the neuroprotective signals produced by these cells are many and varied,
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and may not only include neurotrophins, but also antioxidants and neuroprotective cytokines
(Eastlake et al., 2018, Grosche et al., 2016). Although there is evidence that Miiller glia secrete
BDNF, NGF, NT-3, NT-4, and GDNF, as well as CNTF, identification of the precise combination
of neurotrophins responsible for the therapeutic effect of these cells upon transplantation is
not known. A recent study on the proteomic content of supernatants from porcine Miiller glia
has identified two proteins, osteopontin and basigin which showed to significantly enhance
RGC survival in vitro (Ruzafa et al., 2018), suggesting that Miiller glia may potentially produce

many neuroprotective factors not yet identified.

7. Potential neuroprotective role of extracellular vesicles (EVs) released by Miiller glia

Considering the extensive neuroprotective functions exerted by Miiller cells within the neural
retina, these effects could not only be attributed to their release of neurotrophic factors,
which by nature can be short-lived, but potentially, to the release of exosomes controlling
neuronal cell functions such as apoptosis and survival. These secreted cell nano-organelles
are believed to mediate the paracrine benefits of stem cell transplantation and have recently
elicited much research interest. Although previously considered a cellular waste-disposal
system, secreted EVs comprising of cytosol enclosed within a lipid bilayer membrane have
been identified as a previously underappreciated mode of intercellular communication.
Nano-sized EVs are released by all types of eukaryotic cells, and contain protein and nucleic
acid cargos that are capable of initiating phenotypic changes when internalised by recipient
cells within a given tissue (Valadi et al., 2007, Yuan et al., 2017). Generally, EVs are produced
either through blebbing of the external cellular membrane (often called “microvesicles”), or
through inward budding of the endosomal membrane, which produces vesicle filled
compartments known as multi-vesiculated bodies. These ultimately fuse with the cell
membrane, releasing their vesicle contents (commonly referred to as “exosomes”) into the
extracellular environment (Théry et al., 2002). It has been proposed that EV-mediated
communication represents a hitherto underappreciated mode of glial cell function in the
retina. The recognition of the importance of EVs for developing therapeutic modalities can
be traced back to a 1996 publication showing that vesicles derived from the endocytic
compartments of B lymphocytes presented MHC class || molecules and were capable of
inducing an immune response (Raposo et al., 1996). Shortly afterwards, the first evidence of
EVs as a potential therapeutic agent was published, showing that vesicles derived from
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dendritic cells and presenting MHC | and Il proteins were capable of priming cytotoxic T
lymphocytes for the growth inhibition of murine tumours in vivo (Zitvogel et al., 1998). These
studies led to the first phase | clinical trials of EV-based therapeutics in 2005, where
metastatic melanoma patients received four doses of autologous dendritic cell-derived EVs,
but unfortunately, no clinical outcomes were reported (Escudier et al., 2005). EVs have been
increasingly explored as potential therapeutic agents not only for tissue regeneration, but
also for immune modulation and as potential alternatives to stem cell therapies (Wiklander
et al., 2019). Although some studies have explored their use for experimental treatment of
retinal degenerative disease, no clinical trials arising from these studies have yet emerged. In
the broader CNS field, a growing body of literature reports functional regulation of microglia
by EVs secreted by neurons, as illustrated by observations that neuron-derived EVs can
facilitate removal of degenerating neurites, by inducing up-regulation of the C3 complement
factor in microglia (Bahrini et al., 2015), whilst neuronal EVs containing amyloid-B have can
be internalised by microglia for degradation (Yuyama et al., 2012) . Our most recent data
shows that Miiller glia in culture secrete large number of EVs into their supernatants, which
can be fractioned by ultracentrifugation to yield enriched preparations of small (SEVs),
measuring 50-250 nm diameter, and large (IEVs), measuring 200-600nm diameter (Fig.4).
Whereas |EVs were shown to contain small amounts of protein and RNAs coding for the
neurotrophins BDNF, NGF and GDNF, sEVs mainly contained miRNAs (Fig.5) Unpublished data
from our laboratory indicates that EVs released by Miiller glia can be readily internalised by
both neural, and non-neural cells in primary retinal cell cultures, supporting their role as a

mediator of neuron-glia communication in the retina.

Key to the potential neuroprotective functions of EVs are observations that their molecular
cargos are reflective of their cellular origin, and stem cell derived EVs appear to represent a
significant component of the paracrine neuroprotective effect of these cells. Data have
started to emerge on the evaluation of the potential of stem cells derived EVs as a stand-
alone therapy, or as an adjunct to cell transplantation (Kim and Kim, 2019). Bone marrow
mesenchymal stem cell (BMSC)- derived small EVs pre-loaded with fluorescent label have
been shown to deliver their cargo to RGCs following transplantation into the vitreous, as
demonstrated by detection of the fluorescent signal in the nerve fibre layer (Mead and

Tomarev, 2017). Furthermore, this study showed that EVs conferred significant
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neuroprotection and preservation of RGC function in the rat following optic nerve crush, and
interestingly, no neuroprotective benefit was observed when EVs produced by fibroblasts
were substituted by EVs produced by BMSC, suggesting that the therapeutic benefits
observed were related to specific molecules contained within BMSC, rather than the action
of EV internalisation. These observations have been confirmed by similar studies by others
which show that transplantation of small EVs derived from umbilical cord MSC results in
improved survival of RGCs after optic nerve crush in the rat (Pan et al., 2019). Surprisingly, a
study utilizing fibroblast EVs in an in vitro experiment conducted on cortical neurons did
report significant axon regeneration, although no neuroprotective effect was specifically
identified (Tassew et al., 2017). In an effort to more closely examine the protective effect of
EVs during glaucomatous RGC damage, a recent study administered BMSC- derived EVs into
the vitreous of rats undergoing IOP elevation, reporting significant neuroprotection of RGC
while preventing degenerative thinning of the nerve fibre layer (Mead et al., 2018b). The
same effect was observed when analogous experiments were conducted in the DBA/2) mouse
model of glaucoma, in which multiple injections of EVs preserved RGC numbers and reduced
axonal degeneration (Mead et al., 2018a). Investigations on the use of EVs as a potential
therapeutic tool to treat retinal diseases have also been undertaken in experimental model
of photoreceptor degeneration, and studies have shown that injection of mouse neural
progenitor cell-derived EVs delayed photoreceptor degeneration in the RCS rat, whilst
preserving visual function and decreasing photoreceptor apoptosis (Bian et al., 2020). In
addition, intravenous injection of MSC-derived EVs in a mice model of autoimmune disease
was shown to effectively prevent the onset of experimental autoimmune uveitis (Shigemoto-

Kuroda et al., 2017).
7.1 Neuroprotective ability of micro-RNAs contained in EVs

EVs are well recognized to act as neuroprotective cargos (Lemaire et al., 2019), and the
most well studied molecules in these organelles are miRNAs (Liu et al., 2019). These are
small regulatory RNAs that are processed from stem-loop regions of longer RNA transcripts
and have distinctive but varied expression patterns. They post-transcriptionally control gene
expression via binding to complementary sequences in target mRNAs, leading to
translational inhibition or degradation (Hwang and Mendell, 2006, Li et al., 2017, Cai et al.,

2009). Within the miRNA pathway, primary miRNA (pri-miRNAs) transcripts are cleaved by a
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microprocessor complex composed of the ribonuclease Ill enzyme ‘Drosha’, and its co-factor
‘DiGeorge syndrome critical region gene 8 (DGCR8). The processed products, called
precursor miRNAs (pre-miRNAs), are transferred into the cytoplasm, where the pre-miRNA
stem-loop is processed by another RNase Ill, known as ‘Dicer’, generating the mature
miRNA. Mature miRNAs form the RNA-induced silencing complex (miRISC) with the AGO2
protein and other proteins, which is capable of recognising and repressing target gene

expression (Kobayashi and Tomari, 2016).

A number of studies have been aimed at establishing the function and expression profile of
specific miRNAs in the retina and the CNS (Andreeva and Cooper, 2014), and there is
evidence that miR24a is a regulator of the pro-apoptotic factors caspase9 and apafl and is
required for correct eye morphogenesis in Xenopus. Inhibition of miR-24a during
development causes a reduction in eye size due to a significant increase in apoptosis in the
developing neural retina (Walker and Harland, 2009), whilst knockout of the miR-
183/96/182 cluster in mice leads to retinal degeneration (Lumayag et al., 2013). We have
recently sequenced the microRNA profile of sEVs released from Milller glia cells in culture
(manuscript in preparation) and have observed that the master inhibitor of the AKT/mTOR
pathway phosphatase and tensin homolog (PTEN) was the target of several of the most
abundant miRNA transcripts identified in our EV libraries: miR-21-5p, miR-148a-3p, miR-
221-3p, and miR-29b-3p (Fig, 5). Therefore, from current evidence and our data it may be
possible to suggest that miRNAs delivered by EVs released by Miiller glia may be responsible

for regulating the well-known functions of these cells within the retina.
7.2 microRNAs and retinal degeneration

It has been hypothesized that EV-miRNA may target genes associated with either the initiation
of apoptosis, or signal transduction pathways governing cell growth and survival. Studies have
shown that intravitreal delivery of miR-141-3P into a mouse model of glutamate-induced
excitotoxicity resulted in a significant increase in RGC survival. This effect was attributed to
miR-141-3p inhibition of the apoptotic signalling pathways Bax and caspase-3 via targeting of
docking protein 5 (Zhang et al., 2019). Similarly, it has been recognised that miR-93-5p is
downregulated in the retina following injection of NMDA, and that delivery of the same
miRNA to RGCs in culture protects these neurons from NMDA-induced cell death (Li et al.,

2018). Furthermore, retinal miR-200a has been shown to be significantly downregulated in a
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mouse model of glaucoma, whilst retinal supplementation with a miR-200a mimic preserved
the thickness of the nerve fibre layer, as an indication of providing significant neuroprotection
to RGCs (Pan et al., 2019). Since knockdown or silencing of PTEN is known to initiate robust
regeneration of RGCs in experimental models (Li et al., 2018, Li et al., 2015, Mak et al., 2020)
it is possible that a proportion of the efficacy of Miiller cell extracellular signalling could be

attributed to these miRNAs and needs further investigations.

Although it is not clear how long EVs remain in the extracellular compartment after
administration into biological tissues, a potential advantage is their use as vehicles for the
transfer of therapeutic molecules including miRNAs, aided by the fact that their bilayered lipid
membrane is able to protect their cargo from degradation. While retinal therapies based
upon direct delivery of neurotrophic factors, or RNA-based molecules like siRNA to the
vitreous have been shown to have a beneficial response, they are often characterized by rapid
clearance and degradation and require frequent repeat injections which are poorly tolerated
(Del Amo et al., 2017). On this basis, it is possible that EVs may be more effective in modifying
cell functions if they deliver specific mRNA or miRNAs that can modify the recipient cell

protein production and gene expression (Valadi et al., 2007).

In the experimental glaucoma field, studies have demonstrated that exosomes derived from
BMSC are able to protect RGCs from death in a mice model of glaucoma. In addition,
intravitreal injection of EVs isolated from BMSCs into a rat model of optic nerve crush,
causes a reduction in the thinning of the nerve fibre layer and promote significant
neuroprotection (Mead and Tomarev, 2017). Other reports have shown that knockdown of
Argonaute-2 (AGO2), a protein critical for miRNA packaging and function, significantly
attenuate the neuroprotective effects of BMSCs in the same glaucoma model, suggesting
that RGC neuroprotection conferred by EVs may be likely to be mediated by miRNAs (Mead
et al., 2018b). Given that Muller glia are the structural cell of the neural retina, and in view
of their multiple metabolic, neuroprotective and regenerative potential, it is plausible that
miRNAs produced by these cells play an important role in the mediation of these functions.
Various miRNAs have been shown to mediate metabolic and survival functions in retinal
neurons and Mdller glia (Zuzic et al., 2019), and elucidating the miRNA components of

Miller derived EVs would be important for their potential therapeutic applications.
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8. Miiiller glia as a target to promote endogenous regeneration of the human retina

Experimental transplantation of retinal neurons or Miiller glia derived from adult retina or
PSC has been primarily explored as a therapeutic tool to treat retinal degenerative diseases.
However, evidence presented in recent years that Miller glia in the mammalian eye exhibit
neurogenic potential, opens new avenues to develop new retinal therapies based on the
activation of endogenous repair mechanisms. When considering the need for large and
costly resources to establish cell transplantation therapies as a treatment for people
affected by retinal diseases, inducing self-repair by intraocular injections would constitute a

preferable option by patients and health care systems.

Whilst the endogenous regenerative ability of Miller glia in the zebrafish retina is thought
to be conserved throughout life (Hitchcock et al., 2004), in chicken (Fischer and Reh, 2001)
and other lower vertebrates regeneration occurs mainly in early postnatal life (Moshiri and
Reh, 2004, Loffler et al., 2015). Interestingly, it has been shown that the endogenous Miiller
cell regenerative ability is more limited in young Xenopus when compared with older
animals, perhaps suggesting variabilities amongst species (Langhe et al., 2017). In the adult
Royal College of Surgeons (RCS) rat, an animal model of retinitis pigmentosa, it was
observed that significantly more proliferating cell in the marginal retinal region of RCS are
found in vivo from birth until post-natal day 90 (PN90), when compared with wild type Long-
Evan's rats (Jian et al., 2009). In addition, the proportion of cells co-expressing vimentin and
Chx-10 in these rats significantly increased at PN30 whilst gradually decreasing from PND3
to PND15. These observations further support the view that proliferating marginal regions in
the mammalian retina have the potential to regenerate retinal neurons upon degeneration
(Jian et al., 2009). In this context, it is of special interest that the ciliary epithelium in the
retinal margin of adult primates has been shown to preserve some neurogenic potential
(Fischer et al., 2001), and that a ciliary margin-like zone harbouring cells with neural
progenitors markers has been identified in the adult human retina (Bhatia et al., 2009).
However, until recently, these observations had not been considered to have any functional
significance for the promotion of endogenous retinal regeneration in the adult mammalian

eye, but with additional knowledge gained during recent years on the potential neurogenic
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ability of adult Miiller glia, more research in this field is now being pursued by several

groups.

Unlike that seen in fish and amphibians, the adult mammalian retina does not readily
support neurogenesis, for which various strategies to induce in situ proliferation and neural
differentiation of retinal Miiller glia have been investigated. Studies have indicated that EGF
receptor (EGFR) is necessary for the maintenance of normal levels of progenitors and Miiller
glia in mice in vivo, as confirmed by observations that deletion of EGFR decreases cell
proliferation in late retinal neurogenesis. In addition, EGF-induced proliferation observed in
early postnatal life is reduced to two weeks after birth and correlates with the reduction of
this receptor. Nevertheless, light induced damage to the retina in these animals reverts the
decline in EGFR expression, suggesting that retinal injury can promote neurogenesis in the
developed eye (Close et al., 2006). Several studies in the adult rat retina have demonstrated
that Miiller glia can be stimulated to proliferate in response to toxic injury and produce
bipolar cells and rod photoreceptors (Osakada et al., 2007, Wan et al., 2008, Das et al.,
2006, Wan et al., 2007). Furthermore, treatment of NMDA treated Sprague—Dawley rats
with retinoic acid (RA) or upregulation by viral transfection of basic helix-loop-helix and
homeobox, Math3, NeuroD and Pax6 or Crx and NeuroD1 genes, revealed an increase in the
number of proliferating Miller cells expressing markers of bipolar, amacrine cells, and rod
photoreceptor cells (Ooto et al., 2004). This ability of Miller glia to re-acquire their
neurogenic capacity has been also observed in cells isolated from the adult rat retina, that
when cultured in vitro with neurotoxins in the presence of FGF2 and insulin, they proliferate
and express markers of retinal neurons as well as of neural progenitors, including Sox2,
Nestin and Musashil (Das et al., 2006). Importantly, this effect has been attributed to the
activation of the Notch and Wnt pathways. Confirmation of the involvement of Wnt
signalling in the activation of the regenerative ability of Miller glia was shown in later
studies which demonstrated that Wnt (wingless-type MMTV integration site family)/beta-
catenin signalling promotes proliferation of Miiller glia-derived retinal progenitors and
neural regeneration upon retinal damage in adult rats and mice (Osakada et al., 2007). In
these studies Wnt3a treatment was shown to increase proliferation and dedifferentiation of
Miller glia in the photoreceptor-damaged mouse retina, whilst retinoic acid

supplementation induced differentiation of these cells into Crx (cone rod homeobox)-
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positive and rhodopsin-positive photoreceptors. This was accompanied by nuclear
accumulation of beta-catenin, cyclin D1 upregulation, and Wnt/beta-catenin reporter
activity (Osakada et al., 2007). The involvement of Sonic hedgehog (Shh) in neurogenesis
mediated by Miller glia has also been highlighted by observations that induction of Shh
signalling in rat Mller glia in culture, causes these cells to proliferate and dedifferentiate by
expressing neural progenitor-specific markers, followed by the adoption of the rod
photoreceptor cell fate (Wan et al., 2007). Other investigations into the potential of Miiller
glia to generate new neurons in the mouse retina depleted of RGC and amacrine cells,
showed that in response to EGF and FGF, Miiller glia not only proliferated in situ, but also
dedifferentiated into amacrine cells, as defined by the expression of amacrine cell-specific
markers Calretinin, NeuN, Prox1, and GAD67-GFP (Karl et al., 2008). In adult mice, Miller
glia overexpression of the progenitor marker Ascll was shown to promote the transition of
these cells to a neurogenic state upon cytotoxic damage with NMDA. In the belief that
epigenetic factors limit retinal regeneration by Miiller glia, this process was further
facilitated by treatment with a histone deacetylase inhibitor, which enabled Miiller glia to
generate new neurons expressing markers of inner retinal neurons, synapsing with host

retinal neurons, and responding to light (Jorstad et al., 2017).

In humans, despite the retina harbouring Miiller glia with stem cell characteristics
(Lawrence et al., 2007, Bhatia et al., 2009), there is no evidence that regeneration occurs
after disease or injury. Because the physiological functions of Miiller glia are well conserved
throughout species, it is conceivable that Miiller glia could be induced to proliferate and
differentiate in situ to repair the degenerated retina. It is also important to recapitulate the
features of neurogenesis that may help us to understand developmental signals that ceased
to operate upon retinal maturation. To be able to identify molecules that could be activated
to promote endogenous regeneration of the human retina, we need to consider the
complex factor interaction that governs retinal neurogenesis in lower vertebrates. A
combination of cell-cell signalling, growth factor expression and transcription factor
regulation is required for retinal progenitor differentiation and the promotion of glial cell
fate during vertebrate development (Gao et al., 2021, Langhe et al., 2017). Therefore, a
better understanding of these signals may aid in the identification of molecules that could

be used to target the promotion or suppression of the regenerative ability of Miiller glia,
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and this constitutes a major subject of research for the developing of retinal regenerative

therapies.

It has been suggested that the neurogenic property of Miiller cells is evolutionarily
conserved and that it may be activated for the regeneration of the mammalian retina (Del
Debbio et al., 2010). This is supported by evidence that a number of signalling factors known
to play an important role during retinal development, can be reactivated to generate new
neurons in the mature retina of both mammalian and lower vertebrate species. On this
account, Notch and Wnt signalling has been shown to activate Miiller cells in the postnatal
rat and mice retina and to induce their differentiation along the rod photoreceptor lineage
in the outer nuclear layer (Del Debbio et al., 2010). Notch signalling has been shown to
facilitate re-entry of postnatal rat Miiller glia into the cell cycle by inhibiting p27Kip1
expression transcriptionally and post-translationally (Del Debbio et al., 2016). In the
zebrafish, it has been demonstrated that signalling by each of the four Notch proteins
expressed by Miller glia function in a complex manner during retinal regeneration, and that
each of these proteins specifically regulates the expression of different downstream targets
(Campbell et al., 2021). This was suggested by observations that downregulation of Notch3
in response to light damage, is accompanied by Mdller glia proliferation, whilst specific
knockdown of Notchla/b or Notch2 reduces the number of proliferating Miller glia in the
light injured retina, suggesting that Notch signalling is also required for proliferation during

retinal regeneration (Campbell et al., 2021).

Other transcription factors of neural progenitors known to promote Miiller glia cell survival
in the mature retina include Sox9 and Sox2. Sox9 is essential for the differentiation and
survival of postnatal Miller glial cells, persists into adulthood, and is downregulated in these
cells upon their neural differentiation (Poche et al., 2008). Sox2 is expressed by Miiller glia
and a subset of amacrine cells within the inner nuclear layer of the mature mammalian (Lin
et al., 2009) and zebrafish retina (Gorsuch et al., 2017). Studies in transgenic mice indicate
that Sox2 expression in the postnatal retina is required to maintain Miiller glia quiescence
and to prevent cell cycle exit, whilst ablation of Sox2 in these animals causes aberrant
Maller glia morphology and laminar disorganisation, leading to retinal degeneration

accompanied by a downregulation of the glial markers Sox9 and Pax6 (Surzenko et al.,
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2013). The involvement of Sox2 in the proliferation and neural differentiation of Muller glia
in the mature retina has been further confirmed in the zebrafish, in which loss of Sox2
expression prevents complete regeneration of cone photoreceptors (Gorsuch et al., 2017).
Based on the above evidence that neurogenic genes expressed by Miiller glia are necessary
for the postnatal proliferation and neurogenic ability of these cells in lower vertebrates, it is
of special importance that most of these factors have been identified in foetal human retina
(Schmitt et al., 2009) as well as in Miller cells isolated from the adult human eye (Lawrence
et al., 2007), thus supporting the belief that these cells could potentially be reactivated to

promote neurogenesis in the degenerated human retina.

In contrast to observations that in response to injury Miiller glia in the adult zebrafish
undergo ‘de-differentiation’- characterized by downregulation of markers and upregulation
of retinal progenitor genes-, Miiller glia isolated from the adult human eye, do not show
evidence of ‘de-differentiation’. However, upon isolation from the retina, they co-express
markers of mature Miiller cells as well as markers of neural progenitor cells, including Sox2,
Pax6, Chx10, Notch and Nestin. These characteristic markers can be observed is situ in
sections of cadaveric retina, and are maintained indefinitely under normal culture
conditions in the absence of growth or differentiation factors (Lawrence et al., 2007, Bhatia
et al., 2009). Significantly, and of relevance to the potential regenerative ability of the
human retina, cells present in the anterior-non laminated retina (referred to as ciliary
margin-like zone), as well in the inner nuclear layer of the laminated retina (where the soma
of Mller glia reside), proliferate in response to EGF (Bhatia et al., 2009) (Fig. 6). In addition,
Mudller glia that express neural progenitor markers, form neurospheres when cultured in the
presence of FGF2, resembling the neurospheres formed by Miiller glia with progenitor
characteristics in other mammalian species (Das et al., 2006). Miller glia derived from adult
donor retina have been shown to differentiate and express markers of RGC precursors in
vitro upon culture with FGF2 and gamma-secretase inhibitors (Singhal et al., 2012), whereas
culture with FGF2, taurine, retinoic acid and IGF has shown to promote their expression of
markers of photoreceptor precursors (Jayaram et al., 2014), suggestive of a neurogenic
potential of Miiller glia in the adult human retina. Given the similarities between neural
progenitors and Mdller glia in lower vertebrate species, and the presence in the adult

human retina of Miiller glia with stem cell/progenitor characteristics, it is highly conceivable
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that the quiescent neurogenic potential of these cells can be activated to induce
endogenous retinal regeneration. Current knowledge on human retinal development
derives from anatomical and histological examinations of foetal and adult cadaveric retina,
and although attempts to recreate human retina development using PSC-derived retinal
organoids may give us some clues on potential approaches to induce endogenous

regeneration, much research will be needed before such therapies can be established.

It is important to consider that in a similar fashion to the mature retina of lower mammals,
human retina respond to injury by reactive gliosis. This is characterized by biochemical and
physiological changes occurring in the retina that often lead to Miiller glia proliferation and
hypertrophy and is a feature of many neuro-degenerative and inflammatory diseases
(Bringmann et al., 2006). A well- known feature of reactive gliosis is the increased
production of the intermediate filament protein GFAP by Miller glia (Taylor et al., 2015),
which is thought to develop as a protective mechanism to prevent further damage and to
promote tissue repair. Characteristic of their response to injury, human Miiller glia also
produce pro-inflammatory cytokines such as tumour necrosis factor a (TNFa), Tumour
growth factor B (TGFR), interleukin 6 (IL-6) and interleukin 1 8 (IL-1R) (Eastlake et al., 2016,
Guérin et al., 2001, Franks et al., 1992). Although these cytokines are characteristic of
inflammatory responses and may promote pathological damage, they might also be aimed
to function as pro-regenerative factors, as suggested by studies in the zebrafish, in which
some of these cytokines are known to stimulate the reprogramming of Miiller glia during
retina regeneration’ (Kassen et al., 2009, Zhao et al., 2014). In the zebrafish, TNFa is the
first cytokine produced by dying retinal neurons and is necessary to induce Miiller glia to
proliferate. It increases Asclla and Stat3 expression, which are necessary for TNFa
expression in Mller glia. Suppression of TNFa production results in fewer proliferating
Miller glia, suggesting that this cytokine may induce these cells to re-enter the cell cycle
(Nelson et al., 2013). Other growth factors and extracellular signalling mechanisms
contribute to the activation of the downstream signalling events that lead to regeneration in
the zebrafish retina. For example, Heparin-binding EGF-like growth factor (HB-EGF) is
induced in Miller glia at the injury site, and can also stimulate these cells to become
multipotent in the uninjured retina (Wan et al., 2012). In addition, down-regulation of

Smad2/3-mediated TGFR signalling by the transcriptional corepressors Tgifl and Six3b is
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necessary for the injury-induced proliferative response of Miiller glia (Lenkowski et al.,
2013). That inflammation plays an important role in the regeneration of the injured
zebrafish retina is further supported by findings that in the absence of microglia-Miiller cell
signalling, regeneration does not occur (Conedera et al., 2019). Therefore, based on these
observations in the zebrafish, it is not understood why similar cytokines produced by human
Muller glia or microglia reactivity observed during gliosis, are not able to promote

regenerative signals, and this is a subject for further investigations.

The development of omics techniques, has facilitated the examination of the proteomic
profile of retinectomy specimens from eyes with proliferative vitreoretinopathy, and to
identify the contribution of Miiller glia to this profile. Our recent studies have identified that
the most highly abundant cytokines and growth factors found upregulated in the gliotic
retina constitute major proteins expressed by Miiller glia (Eastlake et al., 2018), as indicated
by observations that 80% of the cytokines found significantly upregulated in the gliotic
retinal tissue were also identified in Mdller glia in culture. These findings strongly suggest
that Miiller glia are an important source of cytokines and growth factors associated with
retinal gliosis and investigations aimed at controlling the expression of these proteins may
aid in the identification of factors that could be targeted to promote endogenous

regeneration of the adult human retina upon disease or injury.
9. Conclusions and future directions

Since the description of Miiller glia first made in the early 1850’s by Heinrich Miller, much
has been learnt about the important metabolic functions and neural support that these cells
exert within the retina (Bringmann et al., 2006, Pannicke et al., 2017). However, the
guiescent stem cell properties of these cells in the adult mammalian retina have only been
recognized during the past 20 years, when we have gained a better understanding of the
potential regenerative ability of these cells in fish and Xenopus species (Blackshaw et al.,
2004, Jadhav et al., 2009, Garcia-Garcia et al., 2020, Langhe et al., 2017). Based on our
current knowledge of Miiller glia in the human retina, there are many avenues that further
deserve exploration and which may potentially lead to the application of these cells in retina
regenerative therapies (Fig 7). Transplantation of Mdller glia in experimental rodent models
of RGC and photoreceptor degeneration was shown to partially restore visual function

without clear evidence of cell integration into the retinal circuitry (Singhal et al., 2012,
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Becker et al., 2016, Jayaram et al., 2014), although some migration into the retina was
observed when transplanted cells had been induced to acquire markers of retinal neurons.
However, when cells attached to the retina, they appeared to remain viable for a
considerable period of time, suggesting that neuroprotective molecules produced by Miller
glia were the factors responsible for the recovery of retinal function observed after
experimental transplantation of these cells. These observations provide the basis for future
development and refining of Miiller glia transplantation techniques for neuroprotective
approaches in the clinical setting. Recent advances in the stem cell field and the availability
of pluripotent stem cell lines produced under GMP conditions, has made possible the
generation of Miller glia derived from retinal organoids for potential use in human
therapies. Like any other transplantation approach, Miiller glia can trigger allogenic immune
responses, but availability of stem cell banks may facilitate the derivation of cells that can be
match to HLA antigens of potential transplant recipients. Since Miiller glia exhibit the same
phenotypic and function as progenitor cells across all species (Bringmann et al., 2006, Limb
et al., 2002), and are responsible for the regeneration observed in zebrafish and neonate
vertebrates after injury (Bernardos et al., 2007, Thummel et al., 2008, Loffler et al., 2015), it
might be plausible to develop approaches to promote the endogenous regenerative ability
of these cells without the need for cell transplantation. This is supported by current
knowledge that Miiller glia express progenitor genes that can be reactivated to induce
neurogenicity (Campbell et al., 2021, Gorsuch et al., 2017), and that they produce
neurotrophins (Harada et al., 2002, Eastlake et al., 2020, Harada et al., 2000) and
antioxidant metabolites (Arai-Gaun et al., 2004, Deliyanti et al., 2016) which can confer
neuroprotection and promote axonal regeneration. Current approaches to directly deliver
purified neurotrophins into the eye have proved to only have a transient effect. In this
context, Miiller glia may be more efficient at providing neuroprotection as neurotrophins
are not the only protective molecules produced by these cells and merits exploration.
Finally, it is possible that extracellular vesicles produced by Miiller glia may be explored for
use in neuroprotective therapies due to their rich miRNA content, which is known to
regulate apoptosis and to control neural cell functions. To conclude, further investigations
on the application of Miiller cell in regenerative therapies, either by transplantation,
neuroprotection or induction of endogenous regeneration, provide exciting possibilities for
the development of retinal regenerative therapies in the non-distant future.
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10. Figure legends
Fig 1. Miiller glia present in the adult human retina express stem cell markers. Confocal
microscopy images showing: A. Distribution of Miiller glia within the laminated
mid/posterior retina displaying their characteristic expression of Vimentin. Only a small
proportion of Miiller cells co-express the neuronal marker Nestin. Scale bar: 200um B.
Images show individual Miller cells within the retina in situ co-expressing Nestin and Sox2 or
Nestin and Chx10. Scale bar: 25um. C. Characteristic appearance of Miiller glia isolated from
adult human retina upon in vitro culture. Scale bar: 25um. ONL, outer nuclear layer; INL,

inner nuclear layer; RGC, retinal ganglion cell layer.

Fig 2. Evidence for the presence of a ciliary margin-like zone in the adult human retina. A.
Montage of retinal sections illustrating the distribution of Nestin positive cells within the
ciliary body and the neural retina. White arrow indicates the point at which the ciliary body
joins the neural retina (ora serrata) Scale bar: 200um B. Corresponding region of the ciliary
body shown in A (indicated by segmented arrow), and the most anterior neural retina under
Nomarski illumination. The lack of lamination (ie, retinal cell layers) in this region is clearly
observed. Scale bar: 200um C. Fluorescent micrograph corresponding to image above
(segmented arrow), showing that Vimentin is only expressed in the non-pigmented ciliary
epithelium, and that neither Vimentin nor Nestin are expressed in the ciliary body. PE,
pigmented epithelium, NPE, non-pigmented epithelium. D. In situ expression of the neural
progenitor markers Sox2, Chx10 and vimentin by cells of the non-laminated marginal region
of the human retina, resembling the ciliary marginal zone of lower vertebrate species (a

ciliary margin-like zone). Scale bar: 40um

Fig 3. Derivation of Miiller glia from retinal organoids formed by pluripotent stem cells
(PSC) in vitro. A. Development of retinal organoids from PSC is initiated by induced cellular
aggregation of PSC to resemble embryoid bodies, which upon exposure to growth and
differentiation factors develop a characteristic mantle (arrow head) resembling retina at
around 20-25 days after initiation of differentiation. Dissected mantles can be maintained in
culture for over 200 days prior to Miiller cell isolation from the organoids. B. Retinal

organoids are dissociated using papain to obtain a single cell suspension. These cells are
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then grown and expanded on fibronectin coated plates to give high yields over a short
period of time. C. Appearance of retinal organoid formation, showing a characteristic mantle
after 20-25 days in culture, with retinal morphology clearly observed under light inverted
microscopy after 60-65 days. D. Confocal images of a mature retinal organoid showing
expression of the Miiller glia-specific markers Nestin, Vimentin, Chx10 and glutamine
synthetase. Scale bars: 20um E. Confocal images of Miiller glia isolated from retinal

organoids showing co-expression of Nestin and CD29. Scale bar: 50um

Fig 4. Miiller glia are a rich source of microvesicles and exosomes. A. Scanning electron
micrograph (SEM) shows a Miiller glial cell in culture. Large microvesicles blebbing directly
from the plasma membrane can be seen on the cell surface (arrows). Scale bar: 50um

B. Transmission electron micrograph (TEM) shows a MIO-M1 cell in cross-section. Indicated
with by black arrows are microvesicles shedding directly from the cell surface membrane.
White arrows identify the presence of multi-vesiculated late endosomes (MVBs). Scale bar:
500 nm C. Schematic diagram of enriched miRNAs present in EVs isolated from Miiller glia
supernatants (unpublished data). MicroRNAs present in EVs are known to induce
translational repression of phosphatase and tensin homologue (PTEN) mRNA, leading to
activation of the PI3K/AKT pathway that regulates neuronal growth and axon regeneration
(Fleming et al., 2019). Scale bar: 200nm D. Bands of RT-PCR gels showing expression of RNA
coding for BDNF, NGF and GDNF in large EVs (IEVs) but not in small EVs (sEVs) isolated from

Madller glia in culture.

Fig 5. Selected miRNAs found to be differentially enriched within sEVs isolated from Miiller
glia are neuroprotective. miRNAs shown in red box, identified in sEVs isolated from Miiller
glia are known to induce translational repression of phosphatase and tensin homologue
(PTEN) mRNA, leading to activation of the PI3K/AKT pathway that regulates neuronal growth

and axon regeneration (Fleming et al., 2019). Unpublished data

Fig 6. In situ induced cell proliferation within explants of neural retina.

A. Section of human retinal explant (ciliary margin-like zone) cultured for 5 days in the
presence of EGF and stained for Nestin (green) and the proliferating cell marker Ki67 (red).
Proliferating cells as defined by nuclear immuno-reactivity for Ki67 and intense
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immunostaining for Nestin were observed in marginal region (non-laminated) retina. Bottom
micrograph showing staining for Dapi and Ki67 of the image above. Scale bar: 50um B.
Laminated neural retina cultured for 3 days in the presence or absence of EGF and stained
for Nestin (green) and Ki67 (red). In the absence of EGF (control) only a small number of
proliferating cells can be observed. In contrast, a higher number of cells expressing Ki67
were observed in retina cultured with EGF, with the majority of proliferating cells localized to
the INL, where the nuclei of Miiller glia are primarily located. Scale bar: 50um; ONL, outer

nuclear layer; INL, inner nuclear layer; RGC, retinal ganglion cell layer.

Fig 7. Potential strategies for retinal repair and regeneration using Miiller glia. Diagram

summarizing the potential application of human Miiller glia in regenerative therapies.
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