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Over the past two decades, progress in our understanding of glial function has been
revolutionary. Within the retina, a subset of glial cells termed the “Müller glia (MG),” have
been demonstrated to play key roles in retinal homeostasis, structure and metabolism.
Additionally, MG have also been shown to possess the regenerative capacity that varies
across species. In teleost fish, MG respond to injury by reprogramming into stem-
like cells capable of regenerating lost tissue. The expression of stem/progenitor cell
markers has been demonstrated broadly in mammalian MG, including human MG,
but their in vivo regenerative capacity appears evolutionarily limited. Advances in stem
cell therapy have progressively elucidated critical mechanisms underlying innate MG
reprogramming in teleost fish, which have shown promising results when applied to
rodents. Furthermore, when cultured ex vivo, MG from mammals can differentiate into
several retina cell types. In this review, we will explore the reparative and regenerative
potential of MG in cellular therapy approaches, and outline our current understanding of
embryonic retinal development, the stem-cell potential of MG in adult vertebrate retina
(including human), and microenvironmental cues that guide MG reprogramming.
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INTRODUCTION

Retinal degenerative disease is the leading cause of irreversible blindness. Inherited retinal disease
(IRD), affecting 1 in 2,000–3,000 individuals, is the commonest cause of vision loss in the working-
age populace (Liew et al., 2014), whilst age-related macular degeneration (AMD) is a leading cause
of vision loss in those over 50 years (Blindness and Vision Impairment Collaborators, and Vision
Loss Expert Group of the Global Burden of Disease Study, 2021). There is a significant degree of
genetic diversity in IRD, with more than 300 genes implicated to date: testing in specialized clinics
can elucidate the genotype in only about 70% of cases (Moore, 2017). AMD, on the other hand, is
multifactorial, with significant genetic and environmental contributions.

Over the past two decades, there have been revolutionary advances in both IRD
and AMD management. For example, anti-vascular endothelial growth factor agents
have improved long-term outcomes following the onset of neovascular AMD. Gene
therapy offers promise to those with IRD. While the FDA approval of the first gene
therapy (LuxturnaTM) in 2017 provides hope for patients with biallelic RPE65 mutation-
associated retinal dystrophy (Nature Biotechnology, 2018), this represents less than
1% of patients with retinal dystrophies (Chao et al., 1993; Apte, 2018). Furthermore,
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such gene-specific therapy may not be useful for patients with
end-stage retinal disease due to irreversible retinal damage.

The genetic and phenotypic heterogeneity of retinal
degenerative disease has led to the development of gene-
and pathway-agnostic therapeutic approaches. These include
cellular therapy (reviews in, Mead et al., 2015; Singh et al.,
2020; Wang et al., 2020; West et al., 2020), electronic retinal
implants (Mills et al., 2017), and optogenetics (reviews in,
Dalkara et al., 2015; Duebel et al., 2015; Chaffiol and Duebel,
2018; Fortuny and Flannery, 2018; Simunovic et al., 2019).
Stem cell therapy involves delivering donor cells to replace lost
neuronal cells, or to prevent further degeneration of existing host
neurones. Electronic retinal implants produce a visual percept
through electrical stimulation of surviving neurones and may be
epiretinal, subretinal, or suprachoroidal. Optogenetic approaches
involve introducing light-sensitive proteins via gene therapy to
confer light sensitivity to remaining secondary/tertiary retinal
neurones, which are naturally not light-sensitive (effectively
converting them into photoreceptors, i.e., light-sensitive
primary neurones). While optogenetic approaches are only
just undergoing translation (Sahel et al., 2021), multiple phase
I/II clinical trials of stem cell transplantation have largely
supported the safety of stem cell therapy in humans, with
some signal of functional benefit in at least a proportion of
patients (da Cruz et al., 2018; Wang et al., 2020). Although
there has been a proliferation of clinics and treatment centers
offering spurious treatments, sometimes with disastrous
outcomes (Turner and Knoepfler, 2016; Kuriyan et al., 2017),
advances in medical technology have enabled the production
of clinical-grade cell-based therapies, and there remains
great hope for cellular therapies to treat retinal degeneration
(Sharma et al., 2019).

Various sources of stem and progenitor cells, including Müller
glia (MG), fetal retinal progenitor cells, ciliary epithelium-
derived stem cells, umbilical tissue-derived stem cells, bone
marrow-derived mesenchymal stem cells, embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs), have been
studied for their potential to rescue retinal degeneration
(Canto-Soler et al., 2016). The different types of stem and
progenitor cells may rescue or restore vision via two broad
mechanisms: (1) Replacement of lost cellular populations,
e.g., photoreceptors or retinal pigment epithelium (Gonzalez-
Cordero et al., 2017; Zhao et al., 2017; Ribeiro et al., 2021);
(2) Neuroprotection through general immune-modulatory or
neuroprotective effects, which may occur directly via material
transfer, or indirectly in a paracrine fashion (Pearson et al.,
2016; Singh et al., 2016; Nickerson et al., 2018). This
review will focus on the therapeutic potential of MG and
their derivatives.

THE FORMATION OF MÜLLER GLIA
DURING RETINAL DEVELOPMENT

The vertebrate retina is an embryonic derivative of
the diencephalon of the forebrain. The retina and
diencephalon share a common developmental program that

is phylogenetically ancient, being conserved over 500 million
years (Lamb et al., 2008). Early in embryogenesis, the eye field
region in the diencephalon grows laterally into two optic vesicles,
which subsequently invaginate to form the double-walled optic
cup that, in turn, produces the neural retina and the retinal
pigment epithelium (Bassett and Wallace, 2012; O’Hara-Wright
and Gonzalez-Cordero, 2020). The vertebrate neural retina
comprises seven major retinal cell types (six types of neurones
and one type of glial cell) organized into five major lamellae,
with three lamellae of cell bodies separated by two plexiform
lamellae (Figure 1). All the major retinal cell types are generated
from a pool of multipotent retinal progenitor cells in a highly
conserved order, where retinal ganglion cells (RGCs) emerge
first, followed by cones, horizontal cells and most of the amacrine
cells at the early developmental phase, and bipolar neurones,
rods and MG postnatally (Cepko et al., 1996). It should be
noted that there is considerable overlap in the staging; however,
the consensus is that RGCs are differentiated first, then rod
photoreceptors and MG last (Centanin and Wittbrodt, 2014).
Furthermore, individual progenitor cell line fates may be
regulated reproducibly by lineage (Bassett and Wallace, 2012)
or occur stochastically (Gomes et al., 2011). Interestingly,
several morphological studies in the late 19th century on
vertebrate retinas demonstrated early prenatal differentiation
of MG, suggesting MG and retinal neuronal differentiation is
spontaneous (Uga and Smelser, 1973; Bhattacharjee and Sanyal,
1975; Lemmon and Rieser, 1983; Prada et al., 1989). This is in
contrast to the general belief that MG emerge last, according to
birth-dating studies that use 3H-thymidine to mark terminally
mitotic cells (Fujita and Horii, 1963; Hollyfield, 1972; Kahn,
1974; La Vail et al., 1991; Stiemke and Hollyfield, 1995; Rapaport
et al., 2004). Further morphological studies suggest that the
prenatally differentiating MG remain mitotically active, which
explains why the early differentiating MG were not birth-dated by
3H-thymidine labeling (Hollyfield, 1968; Stiemke and Hollyfield,
1995). This is corroborated by the currently well-established
perspectives that differentiated MG in the adult mammalian
retina can proliferate in vivo under specific pathologic conditions
and in vitro (Eastlake et al., 2021).

FUNCTIONS OF MÜLLER GLIA IN THE
RETINA

Müller glia were first described by Heinrich Müller in the
mid-19th century. They are specialized radial glial cells that in
all vertebrate species have two processes which stem from their
soma, located in the inner nuclear layer. These processes extend
apically to approach the vitreous cortex where they form the
internal limiting membrane, and basally to the subretinal space
where they exhibit microvilli (Bringmann et al., 2006). With their
unique architecture – that enables contact with all echelons of
retinal neurones – MG serve several fundamental roles to support
retinal homeostasis and maintain the inner blood-retinal barrier.
These roles have been comprehensively reviewed elsewhere
(Bringmann et al., 2006; Reichenbach and Bringmann, 2013),
and include:
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FIGURE 1 | Müller glia and their interacting retinal cells are organized in a highly conserved manner in the vertebrate retina. The Müller glia are the only retinal cell
type that span the entire retinal thickness and interact with all the six retinal cell types, namely retinal ganglion cells, amacrine cells, bipolar cells, horizontal cells, and
rod/cone photoreceptors. Their cell bodies reside in the inner intermediate layer of the inner nuclear layer (INL), from which the Müller glial processes extend apically
to form the inner limiting membrane (ILM) of the retina, and basally to delineate the outer limiting membrane (OLM). Between ILM and OLM, their processes interact
with those of inner neurones (i.e., retinal ganglion cells, amacrine cells, and bipolar cells) and inner/outer neurones (i.e., bipolar cells, horizontal cells, and
photoreceptors) to constitute the inner plexiform layer (IPL) and outer plexiform layer (OPL), respectively. (Abbreviations: ILM, inner limiting membrane; GCL, ganglion
cell later; IPL, inner plexiform later; INL, inner nuclear later; OPL, outer plexiform later; ONL, outer nuclear layer; and OLM, outer limiting membrane).

1. Regulation of the extracellular space composition (electrolyte
and water homeostasis).

2. Modulation of synaptic activity of the inner retina via
uptake and exchange of the neurotransmitters glutamate and
γ-aminobutyric acid.

3. Generation of glutamine, which serves as a substrate for
metabolic pathways and neurotransmitter precursors.

4. Generation of antioxidants (e.g., glutathione) to combat
oxidative stress.

5. Support of photoreceptor viability by secretion of
neurotrophic factors, phagocytosis of outer segment disks,
and support of photoreceptor outer segment assembly.

6. Neuroprotection by disposal of carbon dioxide; hence,
regulating extracellular pH for functional neuronal activity.

7. Regulation of the blood-retina barrier, blood flow, and
neurovascular coupling.

8. Decreasing reflection at the vitreous/retinal interface/acting
as light guides.

9. Regulation of mechanical homeostasis.

Additionally, Eastlake and colleagues have recently reported
the secretion of extracellular vesicles by MG cultured in vitro
(Eastlake et al., 2021). These extracellular vesicles carry RNAs
coding for neurotrophic factors and microRNAs that regulate
axonal/neuronal growth via the PI3K/Akt pathway, which
suggest a neuroprotective role/potential of MG.

Apart from the aforementioned roles, a subset of
MG in the mature retina harbor stem/progenitor cell
characteristics/potential. These cells have been reported in
the mature cadaveric human retina, where they were found
predominantly in the retinal periphery (Mayer et al., 2005; Bhatia
et al., 2009; Too et al., 2017) and in the epiretinal membranes
of patients with proliferative retinopathies (Mayer et al., 2003;
Johnsen et al., 2012). Recently, we identified retinal progenitor
cells of MG lineage in surgical retinal explants excised from the
mid-periphery of living donors undergoing rhegmatogenous
retinal detachment repair (Too et al., 2021). Together, these cells
serve as a potentially important homologous – or autologous
(if derived from living donors) – source of stem/progenitor
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cells that warrant further investigation of their potential in
regenerative medicine.

STEM-CELL CHARACTERISTICS OF
MÜLLER GLIA

Müller glia are not conventional stem cells per se, due to their
differentiated phenotype. However, they have been reported to
display stem-cell characteristics that vary by animal species,
retinal status and topographical location. The periphery is
thought to contain a richer “MG stem-cell” niche than the central
retina (Fischer and Reh, 2000; Raymond et al., 2006; Martinez-
Navarrete et al., 2008; Too et al., 2017). One possible explanation
for the proposed gradient of “stemness” may be deduced from
the ontogenetic patterns of retinal development, where gradients
of differentiation appear from inner to outer layers (Mann,
1928) and from center to the periphery (Prada et al., 1991),
approaching the peripheral margin of the retina in the last stage
of neurogenesis. Alternatively, MG in the periphery may be
more frequently exposed to the stimuli for de-differentiation:
for example, peripheral retinal degenerative changes are often
observed in patients who have ostensibly otherwise normal
retinae. The MG in the far peripheral retina, highly express
known stem/progenitor-cell markers nestin (Bhatia et al., 2009)
and CD44 (Too et al., 2017). Several studies also demonstrate
early differentiation of MG in postnatal retinae, where cells
with morphological characteristics of MG – or cells labeled
with MG-specific reporters – remain mitotically active and
behave like retinal progenitors (Hollyfield, 1968; Robinson
et al., 1985; Stiemke and Hollyfield, 1995), with lineage-tracing
evidence confirming their role as precursors of rod progenitors
(Bernardos et al., 2007; Stenkamp, 2011). These observations
suggest MG are endogenous retinal stem/progenitor cells during
and following retinogenesis.

Stem-cell niches in the adult retina were initially reported
by several researchers who observed regeneration of retinal
neurones and restoration of retinal circuitry following
surgical removal of small retinal explants in fish (Lombardo,
1968; Hitchcock et al., 1992; Hitchcock and Cirenza, 1994;
Cameron and Easter, 1995; Cameron and Carney, 2000;
Faillace et al., 2002). Subsequent studies of neurotoxicity and
phototoxicity confirmed that these insults similarly trigger robust
proliferative/regenerative responses in the fish retina (Maier and
Wolburg, 1979; Raymond et al., 1988; Vihtelic and Hyde, 2000;
Vihtelic et al., 2006; Fimbel et al., 2007). Given that MG are the
only retinal cell type that span the entire retinal thickness and
contact all other retinal neurones via their processes, they are
therefore arguably well-placed to respond to insults by triggering
endogenous regenerative events (Goldman, 2014). The origin
of retinal progenitor cells, however, remained elusive until
several lineage studies clearly identified MG as precursors of
regenerated neurones (Bernardos and Raymond, 2006; Fausett
and Goldman, 2006; Bernardos et al., 2007; Fimbel et al., 2007;
Ramachandran et al., 2010), and blocking of of MG cell division
was demonstrated to inhibit injury-mediated retinal regeneration
(Thummel et al., 2008).

Similarly, retinal injury triggers MG proliferation and their
expression of retinal progenitor cell markers in other lower, as
well as higher, vertebrates. These transformed MG differentiate
into retinal neurones in Xenopus (Langhe et al., 2017), postnatal
chickens (Fischer and Reh, 2001), mice (Karl et al., 2008),
and adult rats (Ooto et al., 2004). Although the potential
for endogenous regeneration is yet to be explored in the
human retina, adult MG with stem-cell phenotypes have been
persistently reported (Lawrence et al., 2007; Bhatia et al., 2009;
Too et al., 2017) with their proliferative ability and multipotency
shown in vitro (Giannelli et al., 2011; Jayaram et al., 2014;
Eastlake et al., 2019). Expression profiling studies of vertebrate
retina suggest that MG share molecular similarities with retinal
progenitor cells (Roesch et al., 2008; Jadhav et al., 2009). This
exquisitely differentiated, yet mitotically active, phenotype of
MG has therefore received significant interest with respect to
their therapeutic potential in regenerative medicine. They are
attractive for several reasons:

1. Their tissue-appropriate genetic and epigenetic profiles may
prevent graft rejection, immune responses and may optimize
gene expression.

2. They may be appropriate for autologous transplantation
in certain disease states, e.g., AMD, where peripheral MG
autografts might be use in a similar fashion to RPE autografts
(MacLaren et al., 2007), or they could be used to close
recalcitrant macular holes (Yamada et al., 2020).

3. Although currently limited by their proliferative ability,
compared to ESCs and iPSCs, they pose minimal ethical and
safety concerns (Wang et al., 2020).

4. Endogenous tissue regeneration may be possible through
reprogramming (see section “Reprogramming Endogenous
Müller Glia for Regenerative Medicine”).

MÜLLER GLIA FOR THE TREATMENT OF
RETINAL DEGENERATION

The stem-cell therapeutic potential of MG to treat retinal diseases
appears attractive given their well-recognized neurotrophic roles
and potential to exhibit a stem/progenitor cell phenotype.
However, their stem-cell role(s) in vivo in higher vertebrates,
including humans, is poorly understood. Over the past decades,
protocols have been established to enable the robust culture
of MGs in vitro via isolation from the retina of adult
mammals, including mice, rats, pigs (Pereiro et al., 2020),
and even humans (Limb et al., 2002). Notably, in 2002, a
spontaneously immortalized human MG (hMG) cell line was
isolated from the cadaveric retina and characterized by Limb
et al. (2002). Subsequent studies report that most, but not all,
cadaveric or surgical retina could give rise to immortalized
proliferation (Lawrence et al., 2007; Giannelli et al., 2011),
which is perhaps unsurprising given the diversity of genetic
makeup and retinal microenvironment amongst human donors,
as well as topographical variations in the retinal loci from which
samples have been obtained. MG derived both from cadavers
(Lawrence et al., 2007) and living donors (Giannelli et al., 2011;
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Too et al., 2021) have been shown to express stem/progenitor-cell
protein markers, such as Sox2, Pax6, and Chx10. Furthermore,
they can be induced by various cocktails of growth/differentiation
factors for differentiation into post-mitotic retinal cells, such
as rod- (Giannelli et al., 2011; Jayaram et al., 2014) and RGC-
precursors (Singhal et al., 2012). Recently, MG have been
found to release a considerable number of extracellular vesicles,
which could potentially be harvested for therapeutic applications
(Eastlake et al., 2021).

To further understand the therapeutic potential of MG
stem/progenitor cells, researchers performed retinal grafting
with the immortalized hMG into the subretinal space of
Royal College of Surgeons (RCS) rats (a well-known model of
autosomal recessive rod-cone dystrophy) and normal neonatal
Lister hooded rats (Lawrence et al., 2007). They observed
integration of transplanted cells into different retinal layers,
where the cells express markers of retinal neurones resident
in the corresponding layers (Lawrence et al., 2007). Moreover,
integration and survival of MG can be better achieved in normal
neonatal rats compared to dystrophic RCS rats, indicating the
environment-dependent efficiency of cell integration (Lawrence
et al., 2007). Concurrently, Giannelli et al. (2011) explored
the therapeutic potential of differentiated hMG, which were
primed for rod photoreceptor commitment by co-culture
with PA6 cells, basic fibroblast growth factor withdrawal and
taurine supplementation. Following subretinal injection into
neonatal immunodeficient mice, these hMG integrated into the
outer nuclear layer, where they displayed rod morphology, but
lacked outer segments (Giannelli et al., 2011). A subsequent
study by Jayaram et al. (2014) investigated functional rescue
following subretinal transplantation of hMG and hMG-
derived rod precursors into 3-week-old rats with a P23H-1
heterozygous rhodopsin mutation (a murine model of autosomal
dominant rod-cone dystrophy). Consistent with previous
findings, transplanted hMG were shown to integrate across
all retinal layers 4-weeks postoperatively, while differentiated
precursors were mainly found in the host outer nuclear layer
limited at the injection site. Although the latter lacked mature
outer segments, they expressed synaptophysin, thus indicating
synaptic connectivity (Jayaram et al., 2014). Dystrophic animal
eyes treated with differentiated hMG were also found to display
significantly greater a-wave amplitudes on electroretinography
than those treated with undifferentiated hMG, or control
(untreated) eyes, suggesting the restoration of rod function
(Jayaram et al., 2014). Apart from hMG-derived photoreceptor
precursors, there has also been success in differentiating hMG
into RGC precursors, which, despite the lack of cell integration
into host retina, were shown to partially rescue rodent RGC
function following RGC depletion, suggesting a neurotrophic
mechanism of action (Singhal et al., 2012; Becker et al., 2016).

Müller glia derived from the cadaveric human retina
possess the advantage of displaying an indefinite proliferative
capacity in vitro and have a potentially promising outlook
as a homologous stem/progenitor-cell source (Limb et al.,
2002). However, disadvantages include the potential for disease
transmission (e.g., using “uncorrected” autologous grafted cells
in patients with early-onset dystrophies/degeneration) and

histocompatibility issues in the case of homologous cells. The
first challenge can be addressed via homologous transplantation
or through genetic correction in patients with known genotypes,
e.g., via CRISPR-Cas9 (Burnight et al., 2017; Gallego et al.,
2020). In the case of autologous/homologous hMG, these
may be derived from surgical retinae (Too et al., 2021) or
harvested from retinal organoids derived from human iPSC or
homologous ESC lines that comply with regulatory requirements
for clinical development (Nakano et al., 2012; Volkner et al.,
2016; Eastlake et al., 2019). As with other stem cell derivatives,
such as iPSC-derived photoreceptor precursors, the efficacy of
host retinal integration of hMG for functional rescue, and
the survival of these cells in the host retinal environment
requires improvement. It remains unknown as to what extent
hMG and their derivatives may exert a therapeutic effect via
neuroprotection, cell replacement, or both. However, there is
some evidence of integration, with the formation of synapses:
this suggests that their beneficial effects are not simply limited
to neuroprotection via material transfer or paracrine actions
(Jayaram et al., 2014). It also remains to be seen whether
MG reprogrammed into iPSC to generate 3D retinal organoids
may produce retinal cells that are more suitable for cellular
replacement strategies (Slembrouck-Brec et al., 2019) than those
generated by 2D direct differentiation from MG stem/progenitor
cells. One proposed advantage of the former is that organoids
recapitulate normal retinal development, and hence may produce
appropriately staged neuronal cells (Gonzalez-Cordero et al.,
2013). Given the versatility of MG, their role in regenerative
(cellular or acellular) therapy warrants further investigation.

REPROGRAMMING ENDOGENOUS
MÜLLER GLIA FOR REGENERATIVE
MEDICINE

Despite consistent reports that adult hMG possess stem-cell
characteristics, neurogenesis is not generally believed to occur
in the adult retina of higher vertebrates. This has led to the
study of the factors preventing endogenous reprogramming of
MG for neuronal regeneration, a process that, by contrast, occurs
indefinitely in teleost fish throughout life. In Xenopus, chicken
and mice, neuronal regeneration is age-dependent, where the
neurogenic potential is higher in early life (Fischer and Reh,
2001; Loffler et al., 2015; Langhe et al., 2017). In the rat, more
proliferating cells are found in the peripheral retina of RCS
rats than their wild-type counterparts, suggesting activation of
retinal stem cells by retinal degeneration (Jian et al., 2009).
A similar phenomenon has also been reported in humans, where
proliferative vitreoretinopathy triggers activation of neurogenic
properties in peripheral MG (Johnsen et al., 2012), a process that
ultimately leads not to regeneration, but to a repair mechanism
termed “gliosis.” Furthermore, activation of retinal progenitors
is proposed as one of the mechanisms of macula hole closure
in the case of autografts (Yamada et al., 2020) and indeed may
play a role in cases of spontaneous closure and closure following
“conventional” macular hole surgery (vitrectomy, inner limiting
membrane peeling with gas “tamponade”). Nonetheless, hMG
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FIGURE 2 | Potential therapeutic approaches that utilize Müller glia and their derivatives. The subpopulation of Müller glia in the mammalian retina that expresses
stem/progenitor cell markers may be harvested for direct cellular therapy (i) or differentiated in vitro to generate retinal precursor cells before transplantation (ii). These
approaches may replace lost retinal cells or confer a neuroprotective effect to remaining host cells, via homologous or autologous transplantation. The third approach
involves endogenous reprogramming of Müller glia (iii) to produce retinal cell types that target functional vision restoration of different disease conditions. Acellular
therapy with autologous or homologous Müller glia-derived extracellular vesicles (iv), on the other hand, may provide neuroprotective or immunomodulatory effects to
treat retinal diseases.

mediated gliosis is a double-edged sword, which may confer both
neuroprotective and detrimental effects (Bringmann et al., 2009).
How can we tip the balance of the gliotic process to favor a
regenerative outcome? Since oculogenesis is highly conserved
in vertebrate retinae, understanding the molecular mechanisms
underlying MG reprogramming in zebrafish (Lahne et al., 2020)
has formed the basis for several research programs seeking to
unlock the endogenous reparative capacity of mammalian MG.
Moreover, mammalian MG, including hMG (section “Müller
Glia for the Treatment of Retinal degeneration”), can proliferate
and differentiate into various retinal cells in vitro; it is therefore
strongly believed that MG could be induced endogenously for
retinal regeneration.

The process of MG reprogramming for neuronal regeneration
as observed in lower vertebrates generally involves four stages:

1. De-differentiation of resident MG into multipotent
stem/progenitor cells.

2. Proliferation of MG-derived stem/progenitor cells.
3. Departure of progenitor cells from the cell cycle, and;
4. Induction of differentiation into retinal neurones.

The biological mechanisms underlying MG reprogramming
remain unclear. Transcription factor regulation, growth factor
production, cell-cell interaction, the immune microenvironment,
and epigenetic modifications may all contribute to the future
success of MG reprogramming for neuronal regeneration in
the mammalian retina following injury (Gao et al., 2021).
For instance, forced expression of achaete-scute homolog 1

(ASCL1), a transcription factor critical for MG reprogramming
in zebrafish, fails to induce MG phenotype change in the
undamaged mouse retina. However, limited retinal regeneration
was observed in the damaged murine retina, with more profound
regeneration in younger mice (Ueki et al., 2015). Subsequent
epigenetic modification by the HDAC inhibitor TSA, together
with ASCL1 overexpression and NMDA-induced damage,
further enhanced MG reprogramming, resulting in endogenous
trans-differentiation of a small population of resident MG
into amacrine and bipolar cells in adult mice (Jorstad et al.,
2017). Further inhibition of STAT signaling results in a two-
fold increase in MG-transdifferentiated neurones (Jorstad et al.,
2020). ASCL1 may also collaborate with the RNA-binding
protein LIN28 to induce MG reprogramming into multipotent
progenitors that express markers for photoreceptors, amacrine
cells, bipolar cells and RGCs in NMDA-treated adult mouse
retina (Elsaeidi et al., 2018). On the other hand, activation of
WNT/ß-catenin signaling pharmacologically, or via adenovirus
transfection, stimulates limited MG proliferation in the normal
adult mammalian retina via the LIN28/Let-7 miRNA-dependent
pathway (Yao et al., 2016). WNT/ß-catenin signaling activation,
in combination with transcription factors (OTX2, CRX, and
NRL, which are essential for rod cell fate differentiation),
further promote MG reprogramming into rod photoreceptors,
leading to the functional rescue in the double mutant
Gnat1rd17Gnat2cpfl3 rod & cone deficient mice (Yao et al., 2018).
Other pathway manipulations, including downregulation of
Ptbp1 (Zhou et al., 2020) and hippo signaling (Rueda et al., 2019)
have also been shown to stimulate MG trans-differentiation and
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proliferation/differentiation, respectively, into retinal neurones
following NMDA injury. With cross-species transcriptomic and
epigenomic analysis, Hoang and colleagues further identified
important gene regulatory factors, nuclear factor I transcription
factors a, b, and x, that suppress neurogenic competence
and lead to quiescence of adult mouse MG following injury
(Hoang et al., 2020).

Cell-cell fusion is an essential mechanism occurring during
development, and cell fusion-mediated MG reprogramming
has been shown to rescue damaged retinal structure and
function. For instance, N-Methyl-D-aspartate (NMDA)-induced
retinal injury mediates fusion of transplanted hematopoietic
stem and progenitor cells (HSPCs), together with activation
of Wnt/β-catenin signaling, triggering de-differentiation,
proliferation, and generation of amacrine cells and RGCs which
can achieve functional rescue (Sanges et al., 2013). In mice
with photoreceptor degeneration, transplanted HSPCs-MG
hybrids are also able to regenerate functional photoreceptors
in addition to providing neuroprotection to residual host
neurones (Sanges et al., 2016). Cell-cell fusion-mediated
MG reprogramming has also been achieved in the absence
of exogenous stem/progenitor cells, via the recruitment of
bone-marrow cells to NMDA-injured retina by modulating
stromal-cell derived factor-1/CXCR4 signaling (Pesaresi et al.,
2018). Likewise, “metabolic reprogramming,” a mechanism that
underlies metabolic processes that regulate epigenetic changes
associated with stem cell fate, has important implications
for endogenous retinal regeneration (Ryall et al., 2015).
Mitochondrial transfer from transplanted donor cells to host cells
has also been observed; this process leads to functional rescue in
a mouse model of RGC degeneration (Jiang et al., 2018, 2019).
Pharmacological manipulation of the glycolytic pathway and
mitochondrial division also affects somatic cell reprogramming
into iPSCs (Vazquez-Martin et al., 2012).

Together, these findings suggest that the determinants of MG
reprogramming are multifactorial. Since MG reprogramming
does not involve the entire MG population, and given that
different MG “stemness” has been shown across retinal regions,
there may be present different MG subtypes with varying
regenerative capacity: this has yet to be explored fully.

CONCLUSION AND FUTURE
DIRECTIONS

Advances in our understanding of retinal embryogenesis and
the stem-cell phenotypes of adult vertebrate retinae suggest MG

are a potentially important homologous/autologous/endogenous
source of stem/progenitor cells. The therapeutic potential of
MG to treat retinal dystrophy and degeneration could be
achieved via several approaches: (1) Cellular transplantation
of MG progenitor cells, (2) Cellular transplantation of MG-
derived retinal cells, (3) Endogenous MG reprogramming,
and (4) Acellular therapy with MG-derived extracellular
vesicles (Figure 2).

In common with photoreceptor derivatives, or iPSCs
derived from different sources, MG obtained from various
sources (cadaveric or living donors or ESC/iPSC-derived retinal
organoids) may harbor dissimilar regenerative and/or reparative
capacities that may only be therapeutically beneficial for certain
subsets of degenerative retinal conditions at specific junctures
of the disease process. While exogenous cell transplantation
offers a potentially pathway-agnostic therapeutic strategy, which
may therefore be more suitable for a broader disease spectrum,
endogenous reprogramming of MG is appealing because it
may ultimately be less invasive and implemented through
more straightforward protocols. However, this approach would
be unsuitable for certain disease states, e.g., in those with
early-onset inherited retinal degeneration, as recapitulation
of retinogenesis in such cases is anticipated to reproduce the
genotype and phenotype. Despite its seemingly great promise,
the extent of endogenous MG reprogramming required for
meaningful functional rescue – without sacrificing the structural
integrity and homeostasis of the native retina – remains
unclear. Given the plethora of roles of MG in governing
retinal disease and health, further research is warranted to
identify MG and MG-derived neuronal cells or extracellular
vesicles that are appropriately staged for optimal functional
rescue/restoration.

AUTHOR CONTRIBUTIONS

LKT wrote the manuscript. MPS critically revised the manuscript.
Both authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Foundation Fighting
Blindness Career Development Award CD-CL-0816-0710-SYD
(MPS).

REFERENCES
Apte, R. S. (2018). Gene therapy for retinal degeneration. Cell 173:5. doi: 10.1016/

j.cell.2018.03.021
Bassett, E. A., and Wallace, V. A. (2012). Cell fate determination in the

vertebrate retina. Trends Neurosci. 35, 565–573. doi: 10.1016/j.tins.2012.0
5.004

Becker, S., Eastlake, K., Jayaram, H., Jones, M. F., Brown, R. A., McLellan, G. J.,
et al. (2016). Allogeneic transplantation of muller-derived retinal ganglion cells

improves retinal function in a feline model of ganglion cell depletion. Stem Cells
Transl. Med. 5, 192–205. doi: 10.5966/sctm.2015-0125

Bernardos, R. L., Barthel, L. K., Meyers, J. R., and Raymond, P. A. (2007). Late-stage
neuronal progenitors in the retina are radial Muller glia that function as retinal
stem cells. J. Neurosci. 27, 7028–7040. doi: 10.1523/JNEUROSCI.1624-07.2007

Bernardos, R. L., and Raymond, P. A. (2006). GFAP transgenic zebrafish. Gene
Expr. Patterns 6, 1007–1013. doi: 10.1016/j.modgep.2006.04.006

Bhatia, B., Singhal, S., Lawrence, J. M., Khaw, P. T., and Limb, G. A. (2009).
Distribution of muller stem cells within the neural retina: evidence for the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 September 2021 | Volume 9 | Article 749131

https://doi.org/10.1016/j.cell.2018.03.021
https://doi.org/10.1016/j.cell.2018.03.021
https://doi.org/10.1016/j.tins.2012.05.004
https://doi.org/10.1016/j.tins.2012.05.004
https://doi.org/10.5966/sctm.2015-0125
https://doi.org/10.1523/JNEUROSCI.1624-07.2007
https://doi.org/10.1016/j.modgep.2006.04.006
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-749131 September 23, 2021 Time: 17:6 # 8

Too and Simunovic Müller Glia for Retinal Degeneration

existence of a ciliary margin-like zone in the adult human eye. Exp. Eye Res.
89, 373–382. doi: 10.1016/j.exer.2009.04.005

Bhattacharjee, J., and Sanyal, S. (1975). Developmental origin and early
differentiation of retinal Muller cells in mice. J. Anat. 120(Pt 2), 367–372.

Blindness and Vision Impairment Collaborators, and Vision Loss Expert Group
of the Global Burden of Disease Study (2021). Causes of blindness and vision
impairment in 2020 and trends over 30 years, and prevalence of avoidable
blindness in relation to VISION 2020: the right to sight: an analysis for the
global burden of disease study. Lancet Glob. Health 9, e144–e160. doi: 10.1016/
S2214-109X(20)30489-7

Bringmann, A., Iandiev, I., Pannicke, T., Wurm, A., Hollborn, M., Wiedemann,
P., et al. (2009). Cellular signaling and factors involved in muller cell gliosis:
neuroprotective and detrimental effects. Prog. Retin Eye Res. 28, 423–451. doi:
10.1016/j.preteyeres.2009.07.001

Bringmann, A., Pannicke, T., Grosche, J., Francke, M., Wiedemann, P., Skatchkov,
S. N., et al. (2006). Muller cells in the healthy and diseased retina. Prog. Retin
Eye Res. 25, 397–424. doi: 10.1016/j.preteyeres.2006.05.003

Burnight, E. R., Gupta, M., Wiley, L. A., Anfinson, K. R., Tran, A., Triboulet, R.,
et al. (2017). Using CRISPR-Cas9 to generate gene-corrected autologous iPSCs
for the treatment of inherited retinal degeneration. Mol. Ther. 25, 1999–2013.
doi: 10.1016/j.ymthe.2017.05.015

Cameron, D. A., and Carney, L. H. (2000). Cell mosaic patterns in the native and
regenerated inner retina of zebrafish: implications for retinal assembly. J. Comp.
Neurol. 416, 356–367.

Cameron, D. A., and Easter, S. S. Jr. (1995). Cone photoreceptor regeneration
in adult fish retina: phenotypic determination and mosaic pattern formation.
J. Neurosci. 15(3 Pt 2), 2255–2271.

Canto-Soler, V., Flores-Bellver, M., and Vergara, M. N. (2016). Stem cell
sources and their potential for the treatment of retinal degenerations. Invest.
Ophthalmol. Vis. Sci. 57, ORSFd1–ORSFd9. doi: 10.1167/iovs.16-19127

Centanin, L., and Wittbrodt, J. (2014). Retinal neurogenesis. Development 141,
241–244. doi: 10.1242/dev.083642

Cepko, C. L., Austin, C. P., Yang, X., Alexiades, M., and Ezzeddine, D. (1996).
Cell fate determination in the vertebrate retina. Proc. Natl. Acad. Sci. U.S.A. 93,
589–595. doi: 10.1073/pnas.93.2.589

Chaffiol, A., and Duebel, J. (2018). Mini-review: cell type-specific optogenetic
vision restoration approaches. Adv. Exp. Med. Biol. 1074, 69–73. doi: 10.1007/
978-3-319-75402-4_9

Chao, D. L., Burr, A., and Pennesi, M. (1993). “RPE65-related leber congenital
amaurosis / early-onset severe retinal dystrophy,” in GeneReviews, eds M. P.
Adam, H. H. Ardinger, R. A. Pagon, S. E. Wallace, L. J. H. Bean, G. Mirzaa,
et al. (Seattle, WA: National Library of Medicine).

da Cruz, L., Fynes, K., Georgiadis, O., Kerby, J., Luo, Y. H., Ahmado, A., et al.
(2018). Phase 1 clinical study of an embryonic stem cell-derived retinal pigment
epithelium patch in age-related macular degeneration. Nat. Biotechnol. 36,
328–337. doi: 10.1038/nbt.4114

Dalkara, D., Duebel, J., and Sahel, J. A. (2015). Gene therapy for the eye focus on
mutation-independent approaches. Curr. Opin. Neurol. 28, 51–60. doi: 10.1097/
wco.0000000000000168

Duebel, J., Marazova, K., and Sahel, J. A. (2015). Optogenetics. Curr. Opin.
Ophthalmol. 26, 226–232. doi: 10.1097/icu.0000000000000140

Eastlake, K., Lamb, W. D. B., Luis, J., Khaw, P. T., Jayaram, H., and Limb, G. A.
(2021). Prospects for the application of muller glia and their derivatives in
retinal regenerative therapies. Prog. Retin Eye Res. 10:100970. doi: 10.1016/j.
preteyeres.2021.100970

Eastlake, K., Wang, W., Jayaram, H., Murray-Dunning, C., Carr, A. J. F., Ramsden,
C. M., et al. (2019). Phenotypic and functional characterization of muller
glia isolated from induced pluripotent stem cell-derived retinal organoids:
improvement of retinal ganglion cell function upon transplantation. Stem Cells
Transl. Med. 8, 775–784. doi: 10.1002/sctm.18-0263

Elsaeidi, F., Macpherson, P., Mills, E. A., Jui, J., Flannery, J. G., and Goldman,
D. (2018). Notch suppression collaborates with Ascl1 and Lin28 to unleash a
regenerative response in fish retina, but not in mice. J. Neurosci. 38, 2246–2261.
doi: 10.1523/JNEUROSCI.2126-17.2018

Faillace, M. P., Julian, D., and Korenbrot, J. I. (2002). Mitotic activation of
proliferative cells in the inner nuclear layer of the mature fish retina: regulatory
signals and molecular markers. J. Comp. Neurol. 451, 127–141. doi: 10.1002/cne.
10333

Fausett, B. V., and Goldman, D. (2006). A role for alpha1 tubulin-expressing muller
glia in regeneration of the injured zebrafish retina. J. Neurosci. 26, 6303–6313.
doi: 10.1523/JNEUROSCI.0332-06.2006

Fimbel, S. M., Montgomery, J. E., Burket, C. T., and Hyde, D. R. (2007).
Regeneration of inner retinal neurons after intravitreal injection of ouabain
in zebrafish. J. Neurosci. 27, 1712–1724. doi: 10.1523/JNEUROSCI.5317-06.
2007

Fischer, A. J., and Reh, T. A. (2000). Identification of a proliferating marginal
zone of retinal progenitors in postnatal chickens. Dev. Biol. 220, 197–210.
doi: 10.1006/dbio.2000.9640

Fischer, A. J., and Reh, T. A. (2001). Muller glia are a potential source of neural
regeneration in the postnatal chicken retina. Nat. Neurosci. 4, 247–252. doi:
10.1038/85090

Fortuny, C., and Flannery, J. G. (2018). Mutation-independent gene therapies for
rod-cone dystrophies. Adv. Exp. Med. Biol. 1074, 75–81. doi: 10.1007/978-3-
319-75402-4_10

Fujita, S., and Horii, M. (1963). Analysis of cytogenesis in chick retina by
tritiated thymidine autoradiography. Arch. Histol. Jpn. 23, 359–366. doi: 10.
1679/aohc1950.23.359

Gallego, C., Goncalves, M., and Wijnholds, J. (2020). Novel therapeutic approaches
for the treatment of retinal degenerative diseases: focus on CRISPR/Cas-
based gene editing. Front. Neurosci. 14:838. doi: 10.3389/fnins.2020.00
838

Gao, H., Luodan, A., Huang, X., Chen, X., and Xu, H. (2021). Muller glia-mediated
retinal regeneration. Mol. Neurobiol. 58, 2342–2361. doi: 10.1007/s12035-020-
02274-w

Giannelli, S. G., Demontis, G. C., Pertile, G., Rama, P., and Broccoli, V. (2011).
Adult human muller glia cells are a highly efficient source of rod photoreceptors.
Stem Cells 29, 344–356. doi: 10.1002/stem.579

Goldman, D. (2014). Müller glial cell reprogramming and retina regeneration. Nat.
Rev. Neurosci. 15, 431–442. doi: 10.1038/nrn3723

Gomes, F. L., Zhang, G., Carbonell, F., Correa, J. A., Harris, W. A., Simons, B. D.,
et al. (2011). Reconstruction of rat retinal progenitor cell lineages in vitro reveals
a surprising degree of stochasticity in cell fate decisions. Development 138,
227–235. doi: 10.1242/dev.059683

Gonzalez-Cordero, A., Kruczek, K., Naeem, A., Fernando, M., Kloc, M.,
Ribeiro, J., et al. (2017). Recapitulation of human retinal development
from human pluripotent stem cells generates transplantable populations of
cone photoreceptors. Stem Cell Rep. 9, 820–837. doi: 10.1016/j.stemcr.2017.0
7.022

Gonzalez-Cordero, A., West, E. L., Pearson, R. A., Duran, Y., Carvalho, L. S., Chu,
C. J., et al. (2013). Photoreceptor precursors derived from three-dimensional
embryonic stem cell cultures integrate and mature within adult degenerate
retina. Nat. Biotechnol. 31, 741–747. doi: 10.1038/nbt.2643

Hitchcock, P. F., and Cirenza, P. (1994). Synaptic organization of regenerated
retina in the goldfish. J. Comp. Neurol. 343, 609–616. doi: 10.1002/cne.
903430410

Hitchcock, P. F., Lindsey Myhr, K. J., Easter, S. S. Jr., Mangione-Smith, R., and
Jones, D. D. (1992). Local regeneration in the retina of the goldfish. J. Neurobiol.
23, 187–203. doi: 10.1002/neu.480230209

Hoang, T., Wang, J., Boyd, P., Wang, F., Santiago, C., Jiang, L., et al. (2020).
Gene regulatory networks controlling vertebrate retinal regeneration. Science
370:eabb8598. doi: 10.1126/science.abb8598

Hollyfield, J. G. (1968). Differential addition of cells to the retina in Rana pipiens
tadpoles. Dev. Biol. 18, 163–179. doi: 10.1016/0012-1606(68)90041-9

Hollyfield, J. G. (1972). Histogenesis of the retina in the killifish, Fundulus
heteroclitus. J. Comp. Neurol. 144, 373–380. doi: 10.1002/cne.901440308

Jadhav, A. P., Roesch, K., and Cepko, C. L. (2009). Development and neurogenic
potential of Muller glial cells in the vertebrate retina. Prog. Retin Eye Res. 28,
249–262. doi: 10.1016/j.preteyeres.2009.05.002

Jayaram, H., Jones, M. F., Eastlake, K., Cottrill, P. B., Becker, S., Wiseman, J.,
et al. (2014). Transplantation of photoreceptors derived from human Muller
glia restore rod function in the P23H rat. Stem Cells Transl. Med. 3, 323–333.
doi: 10.5966/sctm.2013-0112

Jian, Q., Xu, H., Xie, H., Tian, C., Zhao, T., and Yin, Z. (2009). Activation of retinal
stem cells in the proliferating marginal region of RCS rats during development
of retinitis pigmentosa. Neurosci. Lett. 465, 41–44. doi: 10.1016/j.neulet.2009.
07.083

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 September 2021 | Volume 9 | Article 749131

https://doi.org/10.1016/j.exer.2009.04.005
https://doi.org/10.1016/S2214-109X(20)30489-7
https://doi.org/10.1016/S2214-109X(20)30489-7
https://doi.org/10.1016/j.preteyeres.2009.07.001
https://doi.org/10.1016/j.preteyeres.2009.07.001
https://doi.org/10.1016/j.preteyeres.2006.05.003
https://doi.org/10.1016/j.ymthe.2017.05.015
https://doi.org/10.1167/iovs.16-19127
https://doi.org/10.1242/dev.083642
https://doi.org/10.1073/pnas.93.2.589
https://doi.org/10.1007/978-3-319-75402-4_9
https://doi.org/10.1007/978-3-319-75402-4_9
https://doi.org/10.1038/nbt.4114
https://doi.org/10.1097/wco.0000000000000168
https://doi.org/10.1097/wco.0000000000000168
https://doi.org/10.1097/icu.0000000000000140
https://doi.org/10.1016/j.preteyeres.2021.100970
https://doi.org/10.1016/j.preteyeres.2021.100970
https://doi.org/10.1002/sctm.18-0263
https://doi.org/10.1523/JNEUROSCI.2126-17.2018
https://doi.org/10.1002/cne.10333
https://doi.org/10.1002/cne.10333
https://doi.org/10.1523/JNEUROSCI.0332-06.2006
https://doi.org/10.1523/JNEUROSCI.5317-06.2007
https://doi.org/10.1523/JNEUROSCI.5317-06.2007
https://doi.org/10.1006/dbio.2000.9640
https://doi.org/10.1038/85090
https://doi.org/10.1038/85090
https://doi.org/10.1007/978-3-319-75402-4_10
https://doi.org/10.1007/978-3-319-75402-4_10
https://doi.org/10.1679/aohc1950.23.359
https://doi.org/10.1679/aohc1950.23.359
https://doi.org/10.3389/fnins.2020.00838
https://doi.org/10.3389/fnins.2020.00838
https://doi.org/10.1007/s12035-020-02274-w
https://doi.org/10.1007/s12035-020-02274-w
https://doi.org/10.1002/stem.579
https://doi.org/10.1038/nrn3723
https://doi.org/10.1242/dev.059683
https://doi.org/10.1016/j.stemcr.2017.07.022
https://doi.org/10.1016/j.stemcr.2017.07.022
https://doi.org/10.1038/nbt.2643
https://doi.org/10.1002/cne.903430410
https://doi.org/10.1002/cne.903430410
https://doi.org/10.1002/neu.480230209
https://doi.org/10.1126/science.abb8598
https://doi.org/10.1016/0012-1606(68)90041-9
https://doi.org/10.1002/cne.901440308
https://doi.org/10.1016/j.preteyeres.2009.05.002
https://doi.org/10.5966/sctm.2013-0112
https://doi.org/10.1016/j.neulet.2009.07.083
https://doi.org/10.1016/j.neulet.2009.07.083
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-749131 September 23, 2021 Time: 17:6 # 9

Too and Simunovic Müller Glia for Retinal Degeneration

Jiang, D., Feng, H., Zhang, Z., Yan, B., Chen, L., Ma, C., et al. (2018). Mesenchymal
stem cells protect retinal ganglion cells from degeneration via mitochondrial
donation. BioRxiv [Preprint] doi: 10.1101/393959 bioRxiv: 393959,

Jiang, D., Xiong, G., Feng, H., Zhang, Z., Chen, P., Yan, B., et al. (2019). Donation
of mitochondria by iPSC-derived mesenchymal stem cells protects retinal
ganglion cells against mitochondrial complex I defect-induced degeneration.
Theranostics 9, 2395–2410. doi: 10.7150/thno.29422

Johnsen, E. O., Froen, R. C., Albert, R., Omdal, B. K., Sarang, Z., Berta, A., et al.
(2012). Activation of neural progenitor cells in human eyes with proliferative
vitreoretinopathy. Exp. Eye Res. 98, 28–36. doi: 10.1016/j.exer.2012.03.008

Jorstad, N. L., Wilken, M. S., Grimes, W. N., Wohl, S. G., VandenBosch, L. S.,
Yoshimatsu, T., et al. (2017). Stimulation of functional neuronal regeneration
from Muller glia in adult mice. Nature 548, 103–107. doi: 10.1038/nature23283

Jorstad, N. L., Wilken, M. S., Todd, L., Finkbeiner, C., Nakamura, P., Radulovich,
N., et al. (2020). STAT signaling modifies Ascl1 chromatin binding and limits
neural regeneration from muller glia in adult mouse retina. Cell Rep. 30,
2195–2208. doi: 10.1016/j.celrep.2020.01.075

Kahn, A. J. (1974). An autoradiographic analysis of the time of appearance of
neurons in the developing chick neural retina. Dev. Biol. 38, 30–40. doi: 10.1016/
0012-1606(74)90256-5

Karl, M. O., Hayes, S., Nelson, B. R., Tan, K., Buckingham, B., and Reh, T. A. (2008).
Stimulation of neural regeneration in the mouse retina. Proc. Natl. Acad. Sci.
U.S.A. 105, 19508–19513. doi: 10.1073/pnas.0807453105

Kuriyan, A. E., Albini, T. A., Townsend, J. H., Rodriguez, M., Pandya, H. K.,
Leonard, R. E. II, et al. (2017). Vision loss after intravitreal injection of
autologous “Stem Cells” for AMD. N. Engl. J. Med. 376, 1047–1053. doi: 10.
1056/NEJMoa1609583

La Vail, M. M., Rapaport, D. H., and Rakic, P. (1991). Cytogenesis in the monkey
retina. J. Comp. Neurol. 309, 86–114. doi: 10.1002/cne.903090107

Lahne, M., Nagashima, M., Hyde, D. R., and Hitchcock, P. F. (2020).
Reprogramming muller glia to regenerate retinal neurons. Annu. Rev. Vis. Sci.
6, 171–193. doi: 10.1146/annurev-vision-121219-081808

Lamb, T. D., Pugh, E. N., and Collin, S. P. (2008). The origin of the vertebrate eye.
Evol. Educ. Outreach 1, 415–426. doi: 10.1007/s12052-008-0091-2

Langhe, R., Chesneau, A., Colozza, G., Hidalgo, M., Ail, D., Locker, M., et al. (2017).
Muller glial cell reactivation in Xenopus models of retinal degeneration. Glia 65,
1333–1349. doi: 10.1002/glia.23165

Lawrence, J. M., Singhal, S., Bhatia, B., Keegan, D. J., Reh, T. A., Luthert, P. J.,
et al. (2007). MIO-M1 cells and similar muller glial cell lines derived from adult
human retina exhibit neural stem cell characteristics. Stem Cells 25, 2033–2043.
doi: 10.1634/stemcells.2006-0724

Lemmon, V., and Rieser, G. (1983). The development distribution of vimentin in
the chick retina. Brain Res. 313, 191–197. doi: 10.1016/0165-3806(83)90216-x

Liew, G., Michaelides, M., and Bunce, C. (2014). A comparison of the causes of
blindness certifications in England and Wales in working age adults (16-64
years), 1999-2000 with 2009-2010. BMJ Open 4:e004015. doi: 10.1136/bmjopen-
2013-004015

Limb, G. A., Salt, T. E., Munro, P. M., Moss, S. E., and Khaw, P. T. (2002).
In vitro characterization of a spontaneously immortalized human Muller cell
line (MIO-M1). Invest. Ophthalmol. Vis. Sci. 43, 864–869.

Loffler, K., Schafer, P., Volkner, M., Holdt, T., and Karl, M. O. (2015). Age-
dependent Muller glia neurogenic competence in the mouse retina. Glia 63,
1809–1824. doi: 10.1002/glia.22846

Lombardo, F. (1968). La rigenerazione della retina negli adulti di un teleosteo
(Regeneration of the retina in an adult teleost). Accad. Lincei-Rend. Sci. Fis. Mat.
Nat. Ser. 8, 631–635.

MacLaren, R. E., Uppal, G. S., Balaggan, K. S., Tufail, A., Munro, P. M., Milliken,
A. B., et al. (2007). Autologous transplantation of the retinal pigment epithelium
and choroid in the treatment of neovascular age-related macular degeneration.
Ophthalmology 114, 561–570. doi: 10.1016/j.ophtha.2006.06.049

Maier, W., and Wolburg, H. (1979). Regeneration of the goldfish retina after
exposure to different doses of ouabain. Cell Tissue Res. 202, 99–118. doi: 10.
1007/BF00239223

Mann, I. C. (1928). The process of differentiation of the retinal layers in vertebrates.
Br. J. Ophthalmol. 12, 449–478. doi: 10.1136/bjo.12.9.449

Martinez-Navarrete, G. C., Angulo, A., Martin-Nieto, J., and Cuenca, N. (2008).
Gradual morphogenesis of retinal neurons in the peripheral retinal margin of

adult monkeys and humans. J. Comp. Neurol. 511, 557–580. doi: 10.1002/cne.
21860

Mayer, E. J., Carter, D. A., Ren, Y., Hughes, E. H., Rice, C. M., Halfpenny, C. A.,
et al. (2005). Neural progenitor cells from postmortem adult human retina. Br.
J. Ophthalmol. 89, 102–106. doi: 10.1136/bjo.2004.057687

Mayer, E. J., Hughes, E. H., Carter, D. A., and Dick, A. D. (2003). Nestin positive
cells in adult human retina and in epiretinal membranes. Br. J. Ophthalmol. 87,
1154–1158. doi: 10.1136/bjo.87.9.1154

Mead, B., Berry, M., Logan, A., Scott, R. A., Leadbeater, W., and Scheven, B. A.
(2015). Stem cell treatment of degenerative eye disease. Stem Cell Res. 14,
243–257. doi: 10.1016/j.scr.2015.02.003

Mills, J. O., Jalil, A., and Stanga, P. E. (2017). Electronic retinal implants and
artificial vision: journey and present. Eye 31, 1383–1398. doi: 10.1038/eye.20
17.65

Moore, A. T. (2017). Genetic testing for inherited retinal disease. Ophthalmology
124, 1254–1255. doi: 10.1016/j.ophtha.2017.06.018

Nakano, T., Ando, S., Takata, N., Kawada, M., Muguruma, K., Sekiguchi, K., et al.
(2012). Self-formation of optic cups and storable stratified neural retina from
human ESCs. Cell Stem Cell 10, 771–785. doi: 10.1016/j.stem.2012.05.009

Nature Biotechnology. (2018). FDA approves hereditary blindness gene therapy.
Nat. Biotechnol. 36:6. doi: 10.1038/nbt0118-6a

Nickerson, P. E. B., Ortin-Martinez, A., and Wallace, V. A. (2018). Material
exchange in photoreceptor transplantation: updating our understanding of
donor/host communication and the future of cell engraftment science. Front.
Neural Circuits 12:17. doi: 10.3389/fncir.2018.00017

O’Hara-Wright, M., and Gonzalez-Cordero, A. (2020). Retinal organoids: a
window into human retinal development. Development 147:dev189746. doi:
10.1242/dev.189746

Ooto, S., Akagi, T., Kageyama, R., Akita, J., Mandai, M., Honda, Y., et al.
(2004). Potential for neural regeneration after neurotoxic injury in the adult
mammalian retina. Proc. Natl. Acad. Sci. U.S.A. 101, 13654–13659. doi: 10.1073/
pnas.0402129101

Pearson, R. A., Gonzalez-Cordero, A., West, E. L., Ribeiro, J. R., Aghaizu, N.,
Goh, D., et al. (2016). Donor and host photoreceptors engage in material
transfer following transplantation of post-mitotic photoreceptor precursors.
Nat. Commun. 7:13029. doi: 10.1038/ncomms13029

Pereiro, X., Ruzafa, N., Acera, A., Urcola, A., and Vecino, E. (2020). Optimization
of a method to isolate and culture adult porcine, rats and mice muller glia in
order to study retinal diseases. Front. Cell Neurosci. 14:7. doi: 10.3389/fncel.
2020.00007

Pesaresi, M., Bonilla-Pons, S. A., Simonte, G., Sanges, D., Di Vicino, U., and
Cosma, M. P. (2018). Endogenous mobilization of bone-marrow cells into the
murine retina induces fusion-mediated reprogramming of muller glia cells.
EBioMedicine 30, 38–51. doi: 10.1016/j.ebiom.2018.02.023

Prada, C., Puga, J., Perez-Mendez, L., Lopez, R., and Ramirez, G. (1991). Spatial and
temporal patterns of neurogenesis in the chick retina. Eur. J. Neurosci. 3:1187.
doi: 10.1111/j.1460-9568.1991.tb00053.x

Prada, F. A., Magalhaes, M. M., Coimbra, A., and Genis-Galvez, J. M. (1989).
Morphological differentiation of the Muller cell: golgi and electron microscopy
study in the chick retina. J. Morphol. 201, 11–22. doi: 10.1002/jmor.1052010103

Ramachandran, R., Reifler, A., Parent, J. M., and Goldman, D. (2010). Conditional
gene expression and lineage tracing of tuba1a expressing cells during zebrafish
development and retina regeneration. J. Comp. Neurol. 518, 4196–4212. doi:
10.1002/cne.22448

Rapaport, D. H., Wong, L. L., Wood, E. D., Yasumura, D., and LaVail, M. M. (2004).
Timing and topography of cell genesis in the rat retina. J. Comp. Neurol. 474,
304–324. doi: 10.1002/cne.20134

Raymond, P. A., Barthel, L. K., Bernardos, R. L., and Perkowski, J. J. (2006).
Molecular characterization of retinal stem cells and their niches in adult
zebrafish. BMC Dev. Biol. 6:36. doi: 10.1186/1471-213X-6-36

Raymond, P. A., Reifler, M. J., and Rivlin, P. K. (1988). Regeneration of goldfish
retina: rod precursors are a likely source of regenerated cells. J. Neurobiol. 19,
431–463. doi: 10.1002/neu.480190504

Reichenbach, A., and Bringmann, A. (2013). New functions of muller cells. Glia 61,
651–678. doi: 10.1002/glia.22477

Ribeiro, J., Procyk, C. A., West, E. L., O’Hara-Wright, M., Martins, M. F.,
Khorasani, M. M., et al. (2021). Restoration of visual function in advanced

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 September 2021 | Volume 9 | Article 749131

https://doi.org/10.1101/393959
https://doi.org/10.7150/thno.29422
https://doi.org/10.1016/j.exer.2012.03.008
https://doi.org/10.1038/nature23283
https://doi.org/10.1016/j.celrep.2020.01.075
https://doi.org/10.1016/0012-1606(74)90256-5
https://doi.org/10.1016/0012-1606(74)90256-5
https://doi.org/10.1073/pnas.0807453105
https://doi.org/10.1056/NEJMoa1609583
https://doi.org/10.1056/NEJMoa1609583
https://doi.org/10.1002/cne.903090107
https://doi.org/10.1146/annurev-vision-121219-081808
https://doi.org/10.1007/s12052-008-0091-2
https://doi.org/10.1002/glia.23165
https://doi.org/10.1634/stemcells.2006-0724
https://doi.org/10.1016/0165-3806(83)90216-x
https://doi.org/10.1136/bmjopen-2013-004015
https://doi.org/10.1136/bmjopen-2013-004015
https://doi.org/10.1002/glia.22846
https://doi.org/10.1016/j.ophtha.2006.06.049
https://doi.org/10.1007/BF00239223
https://doi.org/10.1007/BF00239223
https://doi.org/10.1136/bjo.12.9.449
https://doi.org/10.1002/cne.21860
https://doi.org/10.1002/cne.21860
https://doi.org/10.1136/bjo.2004.057687
https://doi.org/10.1136/bjo.87.9.1154
https://doi.org/10.1016/j.scr.2015.02.003
https://doi.org/10.1038/eye.2017.65
https://doi.org/10.1038/eye.2017.65
https://doi.org/10.1016/j.ophtha.2017.06.018
https://doi.org/10.1016/j.stem.2012.05.009
https://doi.org/10.1038/nbt0118-6a
https://doi.org/10.3389/fncir.2018.00017
https://doi.org/10.1242/dev.189746
https://doi.org/10.1242/dev.189746
https://doi.org/10.1073/pnas.0402129101
https://doi.org/10.1073/pnas.0402129101
https://doi.org/10.1038/ncomms13029
https://doi.org/10.3389/fncel.2020.00007
https://doi.org/10.3389/fncel.2020.00007
https://doi.org/10.1016/j.ebiom.2018.02.023
https://doi.org/10.1111/j.1460-9568.1991.tb00053.x
https://doi.org/10.1002/jmor.1052010103
https://doi.org/10.1002/cne.22448
https://doi.org/10.1002/cne.22448
https://doi.org/10.1002/cne.20134
https://doi.org/10.1186/1471-213X-6-36
https://doi.org/10.1002/neu.480190504
https://doi.org/10.1002/glia.22477
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-749131 September 23, 2021 Time: 17:6 # 10

Too and Simunovic Müller Glia for Retinal Degeneration

disease after transplantation of purified human pluripotent stem cell-derived
cone photoreceptors. Cell Rep. 35:109022. doi: 10.1016/j.celrep.2021.109022

Robinson, S. R., Rapaport, D. H., and Stone, J. (1985). Cell division in the
developing cat retina occurs in two zones. Brain Res. 351, 101–109. doi: 10.1016/
0165-3806(85)90235-4

Roesch, K., Jadhav, A. P., Trimarchi, J. M., Stadler, M. B., Roska, B., Sun, B. B.,
et al. (2008). The transcriptome of retinal Muller glial cells. J. Comp. Neurol.
509, 225–238. doi: 10.1002/cne.21730

Rueda, E. M., Hall, B. M., Hill, M. C., Swinton, P. G., Tong, X., Martin, J. F.,
et al. (2019). The hippo pathway blocks mammalian retinal muller glial cell
reprogramming. Cell Rep. 27, 1637–1649. doi: 10.1016/j.celrep.2019.04.047

Ryall, J. G., Cliff, T., Dalton, S., and Sartorelli, V. (2015). Metabolic reprogramming
of stem cell epigenetics. Cell Stem Cell 17, 651–662. doi: 10.1016/j.stem.2015.1
1.012

Sahel, J. A., Boulanger-Scemama, E., Pagot, C., Arleo, A., Galluppi, F., Martel,
J. N., et al. (2021). Partial recovery of visual function in a blind patient after
optogenetic therapy. Nat. Med. 27, 1223–1229. doi: 10.1038/s41591-021-01
351-4

Sanges, D., Romo, N., Simonte, G., Di Vicino, U., Tahoces, A. D., Fernandez, E.,
et al. (2013). Wnt/beta-catenin signaling triggers neuron reprogramming and
regeneration in the mouse retina. Cell Rep. 4, 271–286. doi: 10.1016/j.celrep.
2013.06.015

Sanges, D., Simonte, G., Di Vicino, U., Romo, N., Pinilla, I., Nicolas, M., et al.
(2016). Reprogramming muller glia via in vivo cell fusion regenerates murine
photoreceptors. J. Clin. Invest. 126, 3104–3116. doi: 10.1172/JCI85193

Sharma, R., Khristov, V., Rising, A., Jha, B. S., Dejene, R., Hotaling, N., et al. (2019).
Clinical-grade stem cell-derived retinal pigment epithelium patch rescues
retinal degeneration in rodents and pigs. Sci. Transl. Med. 11:eaat5580. doi:
10.1126/scitranslmed.aat5580

Simunovic, M. P., Shen, W., Lin, J. Y., Protti, D. A., Lisowski, L., and Gillies, M. C.
(2019). Optogenetic approaches to vision restoration. Exp. Eye Res. 178, 15–26.
doi: 10.1016/j.exer.2018.09.003

Singh, M. S., Balmer, J., Barnard, A. R., Aslam, S. A., Moralli, D., Green, C. M.,
et al. (2016). Transplanted photoreceptor precursors transfer proteins to host
photoreceptors by a mechanism of cytoplasmic fusion. Nat. Commun. 7:13537.
doi: 10.1038/ncomms13537

Singh, M. S., Park, S. S., Albini, T. A., Canto-Soler, M. V., Klassen, H.,
MacLaren, R. E., et al. (2020). Retinal stem cell transplantation: balancing safety
and potential. Prog. Retin Eye Res. 75:100779. doi: 10.1016/j.preteyeres.2019.
100779

Singhal, S., Bhatia, B., Jayaram, H., Becker, S., Jones, M. F., Cottrill, P. B., et al.
(2012). Human muller glia with stem cell characteristics differentiate into
retinal ganglion cell (RGC) precursors in vitro and partially restore RGC
function in vivo following transplantation. Stem Cells Transl. Med. 1, 188–199.
doi: 10.5966/sctm.2011-0005

Slembrouck-Brec, A., Rodrigues, A., Rabesandratana, O., Gagliardi, G., Nanteau,
C., Fouquet, S., et al. (2019). Reprogramming of adult retinal muller glial cells
into human-induced pluripotent stem cells as an efficient source of retinal cells.
Stem Cells Int. 2019:7858796. doi: 10.1155/2019/7858796

Stenkamp, D. L. (2011). The rod photoreceptor lineage of teleost fish. Prog. Retin
Eye Res. 30, 395–404. doi: 10.1016/j.preteyeres.2011.06.004

Stiemke, M. M., and Hollyfield, J. G. (1995). Cell birthdays in Xenopus
laevis retina. Differentiation 58, 189–193. doi: 10.1046/j.1432-0436.1995.583
0189.x

Thummel, R., Kassen, S. C., Montgomery, J. E., Enright, J. M., and Hyde, D. R.
(2008). Inhibition of Muller glial cell division blocks regeneration of the light-
damaged zebrafish retina. Dev. Neurobiol. 68, 392–408. doi: 10.1002/dneu.
20596

Too, L. K., Gracie, G., Hasic, E., Iwakura, J. H., and Cherepanoff, S. (2017). Adult
human retinal muller glia display distinct peripheral and macular expression of
CD117 and CD44 stem cell-associated proteins. Acta Histochem. 119, 142–149.
doi: 10.1016/j.acthis.2016.12.003

Too, L. K., Shen, W., Mammo, Z., Osaadon, P., Gillies, M. C., and Simunovic, M. P.
(2021). Surgical retinal explants as a source of retinal progenitor cells. Retina 41,
1986–1993. doi: 10.1097/IAE.0000000000003137

Turner, L., and Knoepfler, P. (2016). Selling stem cells in the USA: assessing the
direct-to-consumer industry. Cell Stem Cell 19, 154–157. doi: 10.1016/j.stem.
2016.06.007

Ueki, Y., Wilken, M. S., Cox, K. E., Chipman, L., Jorstad, N., Sternhagen, K., et al.
(2015). Transgenic expression of the proneural transcription factor Ascl1 in
muller glia stimulates retinal regeneration in young mice. Proc. Natl. Acad. Sci.
U.S.A. 112, 13717–13722. doi: 10.1073/pnas.1510595112

Uga, S., and Smelser, G. K. (1973). Electron microscopic study of the development
of retinal Mullerian cells. Invest. Ophthalmol. 12, 295–307.

Vazquez-Martin, A., Cufi, S., Corominas-Faja, B., Oliveras-Ferraros, C., Vellon,
L., and Menendez, J. A. (2012). Mitochondrial fusion by pharmacological
manipulation impedes somatic cell reprogramming to pluripotency: new
insight into the role of mitophagy in cell stemness. Aging 4, 393–401. doi:
10.18632/aging.100465

Vihtelic, T. S., and Hyde, D. R. (2000). Light-induced rod and cone cell death and
regeneration in the adult albino zebrafish (Danio rerio) retina. J. Neurobiol.
44, 289–307. doi: 10.1002/1097-4695(20000905)44:3<289::aid-neu1<3.
0.co;2-h

Vihtelic, T. S., Soverly, J. E., Kassen, S. C., and Hyde, D. R. (2006). Retinal regional
differences in photoreceptor cell death and regeneration in light-lesioned albino
zebrafish. Exp. Eye Res. 82, 558–575. doi: 10.1016/j.exer.2005.08.015

Volkner, M., Zschatzsch, M., Rostovskaya, M., Overall, R. W., Busskamp, V.,
Anastassiadis, K., et al. (2016). Retinal organoids from pluripotent stem cells
efficiently recapitulate retinogenesis. Stem Cell Rep. 6, 525–538. doi: 10.1016/j.
stemcr.2016.03.001

Wang, Y., Tang, Z., and Gu, P. (2020). Stem/progenitor cell-based transplantation
for retinal degeneration: a review of clinical trials. Cell Death Dis. 11:793. doi:
10.1038/s41419-020-02955-3

West, E. L., Ribeiro, J., and Ali, R. R. (2020). Development of stem cell therapies for
retinal degeneration. Cold Spring Harb. Perspect. Biol. 12:a035683. doi: 10.1101/
cshperspect.a035683

Yamada, K., Maeno, T., Kusaka, S., Arroyo, J. G., and Yamada, M. (2020).
Recalcitrant macular hole closure by autologous retinal transplant using
the peripheral retina. Clin. Ophthalmol. 14, 2301–2306. doi: 10.2147/OPTH.
S236592

Yao, K., Qiu, S., Tian, L., Snider, W. D., Flannery, J. G., Schaffer, D. V., et al. (2016).
Wnt regulates proliferation and neurogenic potential of muller glial cells via a
Lin28/let-7 miRNA-dependent pathway in adult mammalian retinas. Cell Rep.
17, 165–178. doi: 10.1016/j.celrep.2016.08.078

Yao, K., Qiu, S., Wang, Y. V., Park, S. J. H., Mohns, E. J., Mehta, B., et al. (2018).
Restoration of vision after de novo genesis of rod photoreceptors in mammalian
retinas. Nature 560, 484–488. doi: 10.1038/s41586-018-0425-3

Zhao, C., Wang, Q., and Temple, S. (2017). Stem cell therapies for retinal diseases:
recapitulating development to replace degenerated cells. Development 144,
1368–1381. doi: 10.1242/dev.133108

Zhou, H., Su, J., Hu, X., Zhou, C., Li, H., Chen, Z., et al. (2020). Glia-to-neuron
conversion by CRISPR-CasRx Alleviates symptoms of neurological disease in
mice. Cell 181, 590–603. doi: 10.1016/j.cell.2020.03.024

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Too and Simunovic. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 September 2021 | Volume 9 | Article 749131

https://doi.org/10.1016/j.celrep.2021.109022
https://doi.org/10.1016/0165-3806(85)90235-4
https://doi.org/10.1016/0165-3806(85)90235-4
https://doi.org/10.1002/cne.21730
https://doi.org/10.1016/j.celrep.2019.04.047
https://doi.org/10.1016/j.stem.2015.11.012
https://doi.org/10.1016/j.stem.2015.11.012
https://doi.org/10.1038/s41591-021-01351-4
https://doi.org/10.1038/s41591-021-01351-4
https://doi.org/10.1016/j.celrep.2013.06.015
https://doi.org/10.1016/j.celrep.2013.06.015
https://doi.org/10.1172/JCI85193
https://doi.org/10.1126/scitranslmed.aat5580
https://doi.org/10.1126/scitranslmed.aat5580
https://doi.org/10.1016/j.exer.2018.09.003
https://doi.org/10.1038/ncomms13537
https://doi.org/10.1016/j.preteyeres.2019.100779
https://doi.org/10.1016/j.preteyeres.2019.100779
https://doi.org/10.5966/sctm.2011-0005
https://doi.org/10.1155/2019/7858796
https://doi.org/10.1016/j.preteyeres.2011.06.004
https://doi.org/10.1046/j.1432-0436.1995.5830189.x
https://doi.org/10.1046/j.1432-0436.1995.5830189.x
https://doi.org/10.1002/dneu.20596
https://doi.org/10.1002/dneu.20596
https://doi.org/10.1016/j.acthis.2016.12.003
https://doi.org/10.1097/IAE.0000000000003137
https://doi.org/10.1016/j.stem.2016.06.007
https://doi.org/10.1016/j.stem.2016.06.007
https://doi.org/10.1073/pnas.1510595112
https://doi.org/10.18632/aging.100465
https://doi.org/10.18632/aging.100465
https://doi.org/10.1002/1097-4695(20000905)44:3<289::aid-neu1<3.0.co;2-h
https://doi.org/10.1002/1097-4695(20000905)44:3<289::aid-neu1<3.0.co;2-h
https://doi.org/10.1016/j.exer.2005.08.015
https://doi.org/10.1016/j.stemcr.2016.03.001
https://doi.org/10.1016/j.stemcr.2016.03.001
https://doi.org/10.1038/s41419-020-02955-3
https://doi.org/10.1038/s41419-020-02955-3
https://doi.org/10.1101/cshperspect.a035683
https://doi.org/10.1101/cshperspect.a035683
https://doi.org/10.2147/OPTH.S236592
https://doi.org/10.2147/OPTH.S236592
https://doi.org/10.1016/j.celrep.2016.08.078
https://doi.org/10.1038/s41586-018-0425-3
https://doi.org/10.1242/dev.133108
https://doi.org/10.1016/j.cell.2020.03.024
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Retinal Stem/Progenitor Cells Derived From Adult Müller Glia for the Treatment of Retinal Degeneration
	Introduction
	The Formation of MÜLler Glia During Retinal Development
	Functions of MÜLler Glia in the Retina
	Stem-Cell Characteristics of MÜLler Glia
	MÜLler Glia for the Treatment of Retinal Degeneration
	Reprogramming Endogenous MÜLler Glia for Regenerative Medicine
	Conclusion and Future Directions
	Author Contributions
	Funding
	References


