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Prox1: A Novel Barrier to Retinal Regeneration
and a Potential Target for Vision Restoration
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rreversible vision loss resulting from reti-
Inal ganglion cell degeneration, such as
that occurring in glaucoma, optic neuropa-
thies, and retinitis pigmentosa, continues to
present profound clinical challenges. Globally,
more than 80 million individuals are affected
by glaucoma alone,! with projections rising to
111.8 million by 2040,2 making retinal nerve
damage one of the leading causes of irrevers-
ible blindness. Similarly, macular degeneration
affects approximately 8.7% of the global popu-
lation, with the number of affected individu-
als expected to increase from approximately
196 million in 2020 to 288 million by 2040.3
This growing burden underscores the need for
regenerative strategies for retinal neurodegen-
erative diseases.
Current therapies,
pressure-lowering treatments and neuropro-

such as intraocular

tective agents, can slow disease progression
but cannot regenerate lost retinal ganglion
cells or reverse established neural damage.
Mammalian retinas lack significant endoge-
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nous regenerative capacity because Miiller glia
(MG), the retina’s intrinsic support cells with
latent progenitor potential, fail to reenter the
cell cycle and differentiate into neurons after

by blocking Prox1 transfer using an anti-Prox1
nanobody delivered via an adeno-associated
virus (AAV) vector. This intervention delayed
vision loss in murine retinitis pigmentosa mod-
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neurodegenerative diseases.

injury because of epigenetic and signaling
constraints.4 In contrast, zebrafish and amphib-
ians mount robust MG-mediated regenerative
responses through neurogenic pathways such
as Wnt/B-catenin and Ascl1a/Dkk signaling.57
Recent advances identify Prospero-related
homeobox 1 (Prox1), a homeodomain transcrip-
tion factor critical for neural development and
lymphatic endothelial differentiation, as a novel
extracellular barrier to retinal regeneration in
mammals.4 In mammalian retinal injury models,
Prox1 protein accumulates in MG through inter-
cellular transfer from neighboring retinal inter-
neurons (bipolar and amacrine cells) and sup-
presses MG proliferation and reprogramming
into retinal progenitor cells, thereby arresting
the regenerative response.'48 Recent studies
have restored MG proliferative capacity and dif-
ferentiation into retinal neurons, including pho-
toreceptors and retinal ganglion cell-like cells,

WMJ - 2026

els, highlighting Prox1 as a promising therapeu-
tic target for overcoming intrinsic regenerative
barriers in the mammalian retina.! Below, we
examine Prox1 as a potential therapeutic tar-
get for retinal regeneration and advocate for
increased translational research focused on
this novel regenerative strategy.

Miiller Glia and Retinal Regeneration
MG are radial glial cells that span the entire
thickness of the vertebrate retina and provide
structural support, neurotransmitter recycling,
osmotic balance, and metabolic support to
retinal neurons. Retinal regeneration requires
MG activation, dedifferentiation, proliferation,
and generation of progeny capable of neuronal
differentiation and integration into circuits to
restore vision.6 Uniquely, MG in cold-blooded
vertebrates dedifferentiate in response to

injury, downregulate glial markers, upregulate



progenitor genes such as Pax6 and Asclla,
reenter the cell cycle, and generate MG-derived
progenitor cells that proliferate and differentiate
into lost neuronal subtypes. In zebrafish, injury
activates Wnt, Notch, Shh, Fgf, HB-EGF, and Yap/
Taz pathways to drive progenitor cell prolifera-
tion and complete retinal regeneration.” Avian
MG can partially reprogram after excitotoxic
damage and persist as undifferentiated progen-
itors for weeks, unless they are supplemented
with exogenous factors.5 By contrast, mamma-
lian MG are unable to spontaneously reprogram
after retinal injury without transgenic manipula-
tion or growth factor stimulation. For example,
MG in the mouse retina can migrate to sites of
injury and upregulate the retinal progenitor cell
marker Pax6, but they do not fully reenter the
cell cycle or undergo neurogenesis, suggest-
ing incomplete activation of regenerative gene
expression programs and the presence of intrin-
sic inhibitory mechanisms that limit endogenous
regeneration.s8

Prox1 as a Barrier to Regeneration
Prox1 is a homeodomain transcription factor
with well-documented roles in neuronal dif-
ferentiation and cell fate determination in the
central nervous system and retina.4%" In verte-
brates, it is essential for lymphatic endothelial
identity and the development of specific neu-
ronal lineages, including horizontal interneu-
rons, and plays important regulatory roles in
MG differentiation. However, its accumulation
in MG after retinal injury acts as a regenerative
blockade.® Notably, Prox 1 undergoes intercel-
lular transfer from neighboring neurons into MG
rather than being produced through endoge-
nous transcription, creating a barrier to glia-to-
progenitor conversion and representing a rare
example of a transcription factor functioning
in a non-cell-autonomous manner.4 Within MG,
Prox1 suppresses Cyclin D1, E2F5, and PCNA,
enforcing G1-phase cell-cycle arrest. Moreover,
it blocks activation of proneural factors and
represses progenitor markers, including Hbegf
and Gadd45a, thereby maintaining MG in a qui-
escent, gliotic state.4!

Given this role, genetic disruption or experi-
mental blockade of Prox 1 transfer using AAV-
mediated delivery of a secreted anti-Prox1
single-chain antibody reduces MG Prox1 levels,

BIPOLAR/AMACRINE
CELL
Prox1 transferred from
bipolar/amacrine

N neurons to MG
\Prox1)

AR
n \ Prox1 )

A7
7/

/

MG

MULLER GLIA
(MG)

Abbreviation: Prox1, Prospero-related homeobox 1.

‘ Suppresses Cyclin D1,

E2F5, and PCNA in MG

“ T~ Inhibits MG proliferation
and RPC reprogramming

@G w Prevents MG-derived
- / neuronal regeneration

Figure. Prox1-Mediated Suppression and Reversal of Miiller Glia Neurogenesis

THERAPEUTIC INTERVENTION

<:> o Y AAV-delivered
AAV

anti-Prox1
nanobody, blocks
extracellular Prox1
accumulation in MG

~(RPC)
Restores MG proliferation
and RPC induction

SR
vy & ALY
Enables photoreceptor
and RGC regeneration

Prox1 transfer blocks MG regeneration; anti-Prox1 therapy reactivates repair.

restores MG proliferation, induces expression
of retinal progenitor markers (Hes?, Notchi,
Gadd45a, Hbegf), and generates nascent pho-
toreceptors and bipolar cells, as demonstrated
by EdU incorporation and single-cell RNA
sequencing (scRNA-seq).4 In murine models of
N-methyl-N-nitrosourea-induced retinal injury
and genetic retinitis pigmentosa (eg, rd10 mod-
els), anti-Prox1 therapy increased outer nuclear
layer thickness, reduced Prox1 protein levels by
60% within 2 weeks, increased MG progenitor
cell proliferation and generation of rhodopsin-
positive photoreceptors by 45% compared with
controls, enhanced scotopic electroretinogram
amplitudes by 30 pV, and improved visual
acuity by 20% during early disease stages.4
Although AAV vector silencing reduced long-
term therapeutic efficacy, this approach lever-
ages the resident MG population and may
reduce immunogenicity and cellular integra-
tion challenges associated with exogenous
stem cell therapies while allowing cell type-
specific modulation through minimally invasive
delivery.”2 The Figure illustrates the inhibitory
effects of Prox1 transfer on MG regeneration
and the restoration of regenerative activity fol-
lowing anti-Prox1 therapy.
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Translational Opportunities

and Challenges

Despite strong proof-of-concept data in murine
models,
its infancy. No human retinal tissue or retinal
organoid studies have yet validated Prox1-
mediated
findings into clinical reality will require careful
evaluation of species-specific differences in
retinal architecture and biology. Key challenges
include validating Prox1-dependent mecha-
nisms in human retinal explants or organoid
systems, as sex-based differences, divergent
gene expression profiles, and distinct signal-
ing pathways may influence the role of Prox1in
human retinal tissue.

Safety concerns for clinical translation
include uncontrolled MG proliferation result-
ing from overactivation or impaired regulation
of MG progenitor cells, potentially leading
to disorganized tissue growth, retinal gliosis,
ectopic tissue formation, or tumorigenesis.35
These risks may be mitigated through tightly
controlled, transient gene expression systemst
that limit proliferation once differentiation is
achieved. In addition, viral vector delivery can
elicit retinal immune responses and inflamma-
tion, particularly at high AAV viral loads.™ This

translational research remains in

regeneration. Translating these
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challenge may be addressed through the alter-
native AAV serotypes and engineered capsids
designed to enhance tropism and transduction
efficiency at lower, safer doses.

Another major concern is aberrant differen-
tiation or off-target effects, in which MG-derived
progenitor cells generate inappropriate neu-
ronal subtypes or integrate abnormally into
retinal circuits.® Long-term functional and
structural assessments, including electroreti-
nography and optical coherence tomography,
can confirm the stability, specificity, and syn-
aptic integration of newly generated neurons.
Complementary histological and molecular
analyses could further verify neuronal lineage
fidelity and circuit connectivity.

Long-term vector expression and specific-
ity also remain unresolved challenges. AAV
vector silencing has been shown to reduce
the durability of transgene expression, poten-
tially through host-mediated DNA methylation
or histone modification, resulting in epigen-
etic silencing of vector genomes.® Several
alternative delivery strategies may help over-
come these limitations. Lentiviral vectors, for
example, offer sustained expression through
stable genomic integration and have demon-
strated prolonged retinal gene expression,
although insertional mutagenesis remains a
concern.™ Nonviral platforms, including lipid
nanoparticles, offer potentially safer and
repeatable delivery options and are already
being evaluated for retinal applications.”
In addition, next-generation engineered
AAV capsids, such as AAV2.7m8 and AAV9-
PHP.B, demonstrate improved retinal tropism,
reduced interaction with neutralizing antibod-
ies, and enhanced transgene persistence.”®
Incorporation of regulatory DNA elements,
including ubiquitous chromatin-opening ele-
ments and CpG-depleted promoters, may fur-
ther mitigate epigenetic silencing and prolong
vector activity.” Collectively, improving vector
durability, safety, and specificity will be criti-
cal to advancing clinical translation. Human
retinal organoid models, improved AAV capsid
designs, alternative delivery routes such as
suprachoroidal administration, and combina-
torial regenerative approaches are essential
to advance clinical relevance.4
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Conclusions

The growing global burden of irreversible reti-
nal neurodegeneration highlights the urgent
need for novel regenerative strategies. The
identification of Prox1 as a key inhibitor of
MG-driven retinal regeneration provides a
promising target for promoting intrinsic reti-
nal repair. Preclinical studies in murine mod-
els demonstrate that blockade of extracellular
Prox1 can restore MG regenerative capacity,
promote neuronal replacement, and preserve
visual function. To translate these findings into
clinical practice, further research is needed
to validate underlying mechanisms in human
systems, refine gene delivery platforms, and
establish long-term safety. Continued collab-
orative investigation of Proxl-targeted thera-
pies may ultimately expand treatment options
for glaucoma, inherited retinal dystrophies,
and retinitis pigmentosa, conditions historically
associated with irreversible vision loss — offer-
ing hope to millions affected by retinal nerve
degeneration.
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