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Approximately 1 in 2,000 people worldwide are affected
by inherited retinopathies (1) but few treatment options are
available for retinal degeneration. There is also no cure for
glaucoma, which affects 60 million people worldwide (2) and
is caused by degeneration of retinal ganglion cells (RGCs) and
their axon bundles that form the optic nerve. The FDA’s 2017
approval of LUXTURNA to treat inherited retinal degeneration
caused by biallelic mutations in RPE65 has established viral
vectors as a viable clinical therapy to monogenic retinal disease.
Furthermore, advances in pluripotent stem cell techniques have
enabled retinal pigment epithelium (RPE) to reach clinical trials
as a cell therapy for treating age-related macular degeneration
(AMD) (3). Now it is time to talk about in vivo reprogramming:
a novel therapeutic approach that will circumvent the issues with
subretinal transplantation of cell therapies and the challenge of
targeting every monogenic condition with gene therapy.

To enable vision, photoreceptors in the neural
retina absorb photons and cascade a signal
through isomerization of 11-cis retinal and
conformational changes in membrane-bound
opsin proteins. This phototransduction
causes hyperpolarization and closure

of cGMP-gated cation channels, and

the signal is propagated to bipolar,
horizontal, then RGCs in the retina.

The photoreceptor outer segments,

where opsins are densely populated, are
phagocytosed by the underlying RPE.

The RPE monolayer forms a blood-

retina barrier, which means there

is an immune privilege for retinal

cell therapies. Typically, RGCs are
responsible for transmitting the

visual information from photoreceptors

to the brain; however, a sub-population of RGCs
have been shown to be photosensitive and
involved in the regulation of circadian rhythms.
The axons of RGCs form the optic nerve which
is responsible for transmitting visual information
from the retina to the occipital lobe.

Out of the two photoreceptor types, rods
represent up to 95 percent of the photoreceptor
population and are responsible for low light
and peripheral vision, while cones occupy only
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5 percent of the total photoreceptor population and enable
central vision and color perception (4). Rods express rhodopsin
protein, whereas cones express S/M/L opsins and are
primarily found in the fovea for central visual acuity. NRL is
a transcription factor that defines rod cell identity, whereas
CRXis highly expressed in both rods and cones (5). MITF is
well-established as a transcription factor found predominantly
expressed in RPE (6), whereas RGCs express ATOH7 and
BRN3a/BRN3b transcription factors (7). By harnessing the
power of transcription factors to control retinal cell identity
and trans-differentiation, data-driven cell conversions can
lead to the development of new cell therapies and in vivo
reprogramming approaches to treat retinal degeneration.

Let’s go through different types of retina and optic nerve
degeneration and discuss what place in vivo reprogramming
may have in addressing them.

AMD is the most common form of retinal
degeneration and affects up to 170 million people
worldwide (9). There are many causes and
no approved treatments that can reverse the
degeneration of both RPE and photoreceptor
layers. Treatments for wet AMD include anti-
VEGEF therapy that prevent the formation of
new blood vessels. Human embryonic stem cell
(ESC)-derived RPE has been in phase 1/11
clinical trials to evaluate safety and efficacy (9);
however, there remains no approved cell or
gene therapy to prevent, and potentially

reverse, the progression of AMD.
Inherited retinal degenerations are
heterogenous diseases that result in a
progressive loss of photoreceptors and
visual acuity. Retinitis pigmentosa (RP)
is a group of phenotypically and genetically
variable inherited retinal disorders that aftect up to 1
in 4,000 people in the US and worldwide (10). RP is
typically defined by mutations in key photoreceptor
genes, with over 50 genes known to be affected (10),
including rhodopsin, RPE65, USH2A, PDEG6A,
and PDE6B. Mutations in rhodopsin are the most
prevalent cause (accounting for under 18 percent) of
autosomal dominant RP (11). Less commonly, RP can
be autosomal recessive or X-linked recessive, as in the
case of RP2. Cone-rod dystrophies are estimated to
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affect 1 in 30,000—40,000 people and ABCA4 mutations
are responsible for 30—60 percent of autosomal recessive cases.
Meanwhile, mutations in GUCY2D and CRX genes are
responsible for up to half of the cases of autosomal dominant
cone-rod dystrophies (12). Gene therapies have already proven
successful in treating monogenic RP and there is substantial
commercial interest in retinal gene therapy, while cell therapies
also have the potential to treat all RP subtypes. However, in
vivo reprogramming has the potential to be a more efficacious
approach to late-stage retinal degeneration as photoreceptor
integration and synaptic connections are more likely than
with cell transplantation. This is because it takes advantage of
Miiller glia in situ; they are proximal to photoreceptors and have
existing gap junctions with retinal neurons.

Glaucoma involves degeneration of the optic nerve that
connects the retina to the brain and accounts for 12 percent of
global blindness, making it the second most common cause of
blindness worldwide (13). It is characterized by RGC death
— most often caused by elevated intraocular pressure that
results in deformation of the lamina cribrosa pores located
at the optic nerve head. The lamina cribrosa is a porous
extra-cellular matrix where the RGCs exit the retina; their
axons form the optic nerve (14). Mutations in the MYOC
gene are the most common genetic causes of primary open-
angle glaucoma (15). Current treatments focus on lowering
of intraocular pressure to slow progression of glaucoma;
however, cell and gene therapies offer the greatest hope for
reversing the damage to vision caused by glaucoma.

CELL THERAPIES FOR

RETINAL DEGENERATION
Why has the eye proved to be well-suited for cell and gene
therapies? It is easily accessible, immune-privileged, and
well suited for clinical imaging because of the transparent
cornea and lens. For example, the retina can be clinically
monitored using imaging techniques such as optical coherence
tomography and fluorescence adaptive optics scanning light
ophthalmoscopy imaging (16). In this way, engrafted cells
and retinal structure can be monitored after therapy, without
termination of the study. Therefore, the safety and efficacy of
cell and gene therapies can be readily assessed over time in
animals and human clinical studies.

ESCs and induced pluripotent stem cells (iPSCs) are
clinically valuable as a source of retinal cell types for
research and application. Retinal organoids generated
from these cells have helped to significantly advance the
understanding of retina development (17, 18), and they
have also provided an effective tool to study photoreceptor

How does our
PLATFORM work?

The MOGRIFY® technology (42) was developed as a
systematic means of identifying the key regulatory switches,
such as an optimal combination of transcription factors,
required to drive cell identity. The platform can be used to
enhance existing stem-cell forward reprogramming methods
or can bypass development pathways altogether, affecting
a direct trans-differentiation between a mature cell type to
another mature cell type.

The platform follows a step-wise scientific approach to
driving cell identity. Firstly, the RNA of the source and target
cell types is sequenced in order to compare the gene expression
levels in the context of all other possible cell types.

Simultaneously, local transcriptomic regulatory networks
are built around each regulatory gene in the human genome
to calculate and rank the effect of the genes on the desired
cell conversion by querying large-scale regulatory networks.
The optimal combination of key regulators is predicted to
maximize network coverage while avoiding redundancies.

Once this optimal combination has been identified, the
DNA sequence of each regulatory gene is encoded into
delivery vectors, which are transduced into the source cell
type causing changes in DNA expression profile and therefore
switching the genetic programs of the cell which induces the
conversion between source and target cell type.

In addition to identifying transcription factor-driven
cell conversions, small molecules that are able to affect the
expression of the key predicted transcription factors can be
identified to create a small molecule conversion cocktail.
'This approach has the added benefit of not requiring the
transduction of transcription factors and consequently holds
greater potential as an in vivo reprogramming therapy.
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isolation and transplantation (19). There have been several
clinical trials to test the safety and efficacy of RPE derived
from ESCs/iPSCs for the treatment of AMD (3). RPE can
be spontaneously produced from iPSCs by removal of FGF2
from pluripotency media, or more efficiently generated by the
addition of small molecules such as nicotinamide and activin
A (20, 21). The delivery of RPE can be as a cell suspension or
as a cell sheet through subretinal implantation. Several studies
have also tried to transdifferentiate fibroblasts to RPE for
clinical transplantation, using transcription factors including
MITF (22, 23). Clinical trials have reached phase II for RPE
transplantation to treat AMD and several strategies are being
developed to more effectively deliver RPE generated from
pluripotent stem cells.

Cell therapies are an attractive option for treating inherited
retinal disorders as they have the potential to treat all variants
of RP mutations by regenerating photoreceptors. Importantly,
allogeneic therapies would not carry the host mutation and
there is a blood-retina barrier formed by the RPE that grants
immune privilege. Recent efforts have focused on generating
Miller glia that can be isolated from organoids for sub-retinal
transplantation and improvement of RGC function (24), while
cone photoreceptor density can be increased in organoids so
they can be isolated for transplantation (25). Fetal retinal
progenitor cells (RPCs) are currently in phase I/11a clinical
trials (26), and have shown promising results in a phase IIb
clinical trial for the treatment of RP (27). The use of RPCs
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as a cell therapy continues to be an exciting prospect for the
treatment of inherited retinopathies.

There are several published protocols for the generation of
RGCs from iPSCs and retinal organoids (28), and they arise
early in retinal development. Their application as a cell therapy
remains difficult because of the axonal length required to connect
the retina and visual cortex in the posterior region of the brain.
For RGC cell therapies to be successful, the elevated intraocular
pressure and lamina cribrosa defects also need correcting to
prevent further damage to the donor RGCs. Though RGC
therapy is challenging, it offers a very real prospect of optic

nerve regeneration as there are few options for gene therapy.

GENE THERAPIES FOR

RETINAL DEGENERATION
Gene therapy strategies aim to silence, replace, or repair
defective genes that form the basis of inherited retinal
diseases, or they may target pathways involved in
inflammation or visual transduction. Adeno-associated
viruses (A AVs) are non-pathogenic and have been shown
to effectively target retinal cells, such as photoreceptors
and RPE, after subretinal injection. The FDA recently
approved LUXTURNA for the treatment of
inherited retinal disorders using AAV vectors
: (29). Specifically, it is used for the treatment
N of Leber’s congenital amaurosis (LCA) or
RP caused by confirmed biallelic RPE65
A mutations. The approval has led to great
_interest in the development of AAV gene

therapies for inherited retinal disorders.
The blood-retina barrier formed by the
retinal pigment epithelium helps to prevent



viral vector diffusion

into other organs and eliciting

an immune response. However,

AAVs are limited in the size of cargo

that they can deliver. Two examples

of genes that are too big to package

into AAVs are MYOQ7A, related to

Usher Syndrome, and ABCA4, which

is mutated in Stargardt’s disease. These

genes have been delivered via lentivirus

to test their safety and efficacy (30, 31).

A dual vector approach has recently been

used to restore the function of ABCA4 in

homozygous null mice, which is a novel

way to increase AAV vector capacity, but the

level of expression may not be enough to elicit a therapeutic

effect (32). Other strategies to deliver gene therapies include

using antisense oligonucleotides for transient expression, which

have been used for CEP290 in LCA and QR-421a for LCA
involving USH2A (33).

Retinal organoids have recently been used to model X-linked
RP caused by RP2 mutations. Gene therapy delivered by AAVs
can correct photoreceptor degeneration and thinning of the outer
nuclear layer in RP2-mutated organoids from patients (34). RPGR
has also been targeted by AAVs for a gene therapy approach to
treating X-linked RP (35). To protect cone photoreceptors in
a mouse model of retinal degeneration, microglia have been
stimulated with TGF-B1 using A AVs. In three mouse models
of RP carrying different mutations, AAV-mediated delivery
of TGF-B1 rescued degenerating cones. The results suggest
that TGF-B1 can protect vision and may benefit patients with
neurodegeneration (36).

A novel gene therapy approach to AMD blocks inflammation
caused by the complement system. Here, AAVs are used to
deliver a proprietary protein after vitrectomy; phase 1/11 trials
commenced in January 2019 to test the safety and efficacy of this
gene therapy in humans for treating dry AMD, with no safety
concerns to date (37). There is also evidence that gene therapies
may also help glaucoma patients by targeting aquaporin-1 in
the ciliary body using CRISPR-Cas9 to reduce intraocular
pressure (38). Other research highlights a CRISPR-Cas9
approach to gene editing MYOC that has been able to lower
intraocular pressure in glaucomatous mouse eyes (15). Cell and
gene therapies have the potential to restore vision after retinal
degeneration; however, the delivery and integration of these
approaches remains problematic and the number of approved
advanced therapeutic medicinal products is few. Here, we
evaluate in vivo reprogramming of Miiller glia as an innovative
approach to treating late-stage retinal degeneration.

Who is behind

MOGRIFY?

The emergence of Mogrify as a start up with commercial
aspirations follows years of scientific work. As there are
around 2,000 transcription factors and 400 human cell
types, the science of direct cell reprogramming is likely to
advance slowly if it relies on educated guesses of the best
combinations of conversion drivers.

Based in Cambridge, UK, Mogrify wants to make the
identification of the transcriptomic and epigenetic switches
driving cell identity and cell maintenance more scalable
and efficient using a computational framework that makes
predictions based on next-generation sequencing, gene
regulatory and epigenetic network information. In 2016,
Mogrify co-founder Julian Gough — Programme Leader at
the MRC Laboratory of Molecular Biology in Cambridge
—and his collaborators discussed their progress toward that
goal in a paper detailing the ability of their framework to
correctly predict the transcription factors that facilitate two
then-novel transdifferentiation mechanisms (42).

Back then, Mogrify had applied the framework to 173
cell types and 134 tissues and validated it by correctly
predicting known and novel transdifferentiation
routes. In 2019 and 2020, Mogrify secured funding
and multiple awards, including Innovation Award at
Pharmalntelligence Scrip Awards, and the AstraZeneca
Life Science Innovation Award from the Business Weekly
Awards. This year Julian Gough received the Cambridge
Enterprise Academic Entrepreneur of the Year award in
recognition of his work as a life science innovator and

founder of Mogrify.
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Since the discovery that OCT4, KLF4, SOX2, and cMYC
transcription factors can reprogram somatic cells into induced
pluripotent stem cells (39), there has been great interest in direct
reprogramming for the development of new cell therapies.
Examples of direct reprogramming include fibroblast conversion
to neurons (40) and cardiomyocytes (41); however, it is difficult
to predict the required reprogramming factors for cell conversion.
Big-data approaches, such as the algorithm we developed (42),
predict the transcription factors required to convert any cell type
using RNA sequencing. Transcription factors are then ranked
according to their influence over the target cells’ gene expression
profile, and the optimal transcription factors are then used to
convert cell types in vitro and in vivo. There is precedent for
reprogramming of retinal cell types, such as fibroblasts to rods
(43) and in vivo reprogramming of Miiller glia to rods (44).
"Thus, the application of transcription factors directly for in vivo
reprogramming of retinal cell types is an exciting new therapeutic
approach to photoreceptor degeneration.

Miuller glia represent the best potential source in the retina
for in vivo conversion to photoreceptors as they are the primary
support cell of the retina and activate on injury. In the zebrafish
retina, Miiller glia cells have been shown to regenerate other
retinal cell types after injury and this finding suggests they have
a progenitor capacity (45). The ASCL1 gene was shown to be
up-regulated in Miiller glia that contributed to the regeneration
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of neurons. In rodents, Miller glia are not associated with retinal
regeneration (suggested to be a result of epigenetic repression),
but they have been stimulated to generate neurons by ASCL1
overexpression and use of a histone deacetylase inhibitor
trichostatin A (46). Another method to reprogram Miiller glia is by
cell fusion with hematopoietic progenitors, which has been shown
to stimulate their conversion to photoreceptor precursors (47).
More recently, the transcription factors OTX2, CRX, and NRL
have been used to reprogram Miiller glia to rod photoreceptors in
Gnatl1rd17Gnat2cpfl3 double mutant mice (44). This study used
beta-catenin to drive proliferation of Miiller glia before subsequent
reprogramming to rod photoreceptors in the mice that lack
functional photoreceptors. Overall, there is significant promise
in the potential of converting Miiller glia to photoreceptors to
reverse retinal degeneration.

RPE has been shown to have stem cell properties in vitro
and is another candidate to regenerate photoreceptors, as it is
adjacently located to them in the outer nuclear layer (48). However,
RPE is a quiescent monolayer, and cell conversions of RPE to
photoreceptors may be counterintuitive given its fundamental
role in photoreceptor homeostasis.

In vivo reprogramming is also attractive for the regeneration
of RGCs and the treatment of glaucoma. One strategy has
been developed to convert amacrine interneurons into RGCs
by overexpressing Atoh7, Brn3B, Sox4, Sox11, and Isl1, which
are established transcription factors in RGC development (49).
There is also evidence that Ascll, Brn3b, and Isl1 transcription
factors can convert mouse fibroblasts into induced RGCs (50).
Br Overexpression of KLF4 has also been shown to induce the
regeneration of RGCs in vivo, even though it is not essential for
their development (51).

By using a systematic data-driven approach, we will be able
to predict optimal transcription factor sets for the conversion
of retinal cell types, to generate cells for therapy, and as a gene
therapy for in vivo reprogramming.

Eadokia Paza is a Research Associate, Alice Lightowlers is a Scientist,
Tim Landy is a Corporate Development Associate, and Geraint
Parfitt is a Principal Scientist — all at Mogrify, Cambridge, UK.
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LENSTAR

LENSTAR 900
Al powered IOL calculation

Artificial intelligence with Hill-RBF

IOL data from all over the world collected by leading cataract
surgeons is the foundation for the Hill-RBF. This big data is
analyzed by pattern recognition based on artificial intelligence
leading to highly accurate 10L predictions and providing confi-
dence thanks to a unigue reliability check.

Hill-RBF 3.0 for more precise outcomes in

demanding cases

Hill-RBF 3.0 is based on an enlarged dataset, particularly for
long and short eyes, leading to more reliable predictions in
extreme cases (i.e. less out of bounds calculations). For even
more refined outcomes, it optionally considers additional
patient parameters: lens thickness, white-to-white distance,
central corneal thickness and gender.
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