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Abstract

Human cell types affected by retinal diseases (such as
age-related macular degeneration or retinitis pimentosa)
are limited in cell number and of reduced accessibility. As a
consequence, their isolation for /n vitro studies of disease
mechanisms or for drug screening efforts is fastidious.
Human pluripotent stem cells (hPSCs), either of embryonic
origin or through reprogramming of adult somatic cells,
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represent a new promising way to generate models of
human retinopathies, explore the physiopathological
mechanisms and develop novel therapeutic strategies.
Disease-specific human embryonic stem cells were the
first source of material to be used to study certain disease
states. The recent demonstration that human somatic
cells, such as fibroblasts or blood cells, can be genetically
converted to induce pluripotent stem cells together with
the continuous improvement of methods to differentiate
these cells into disease-affected cellular subtypes opens
new perspectives to model and understand a large
number of human pathologies, including retinopathies.
This review focuses on the added value of hPSCs for the
disease modeling of human retinopathies and the study of
their molecular pathological mechanisms. We also discuss
the recent use of these cells for establishing the validation
studies for therapeutic intervention and for the screening
of large compound libraries to identify candidate drugs.

Key words: Drug screening; Human pluripotent stem
cells; Disease modeling; Retinitis pigmentosa
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Core tip: Human pluripotent stem cells (hPSCs) are usually
evoked for their potential for regenerative medicine.
However, beside these aspects, novel interests raise from
the potential of hPSCs to model human diseases including
retinopathies. In this review, we describe how these cells
allow the study of the molecular mechanisms leading to
some form of retinopathies through the development of
retinal specific cell type derived from the differentiation of
hPSCs. We also discuss the use of hPSCs cellular models
for the validation of gene therapy and for drug screening
purpose.
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INTRODUCTION

Retinal diseases, such as age-related macular degeneration
(AMD) and retinitis pigmentosa (RP) are the leading
causes of blindness in the developed world, collectively
affecting to different degree as many as one-third of all
people over the age of 75", This burden is predicted
to increase with the ageing of the population in Western
countries.

RP is one of the most common inherited diseases
of the retina (retinopathies). It is estimated to affect 1
in 3500 to 1 in 4000 people in the United States and
Europe. Genes involved in RP are numerous (https://sph.
uth.edu/retnet/disease.htm) and can affect specifically
retinal pigment epithelium (RPE) or photoreceptors or
both. Forms of RP and related diseases include Usher
syndrome, Leber’s congenital amaurosis, rod-cone
disease, Bardet-Biedl syndrome, and Refsum disease,
among others™. RP is traduced dlinically with a gradual
dedline in vision as a consequence of photoreceptor cells
(rods and cones) dying either from cell autonomous
origin or secondary from a defect of RPE cells, which
support their survival.

Up to now, there is no curative treatment for these
pathologies. Among others (for review, see™), the
more promising areas of research for RP therapies
include gene therapy aimed at restoring defective
genes, and cell transplantation to replace defective or
dead cells.

Gene therapy has been shown to improve visual
function in inherited retinal diseases™’”’. Most gene
therapies involved integration of vector DNA into
the specific cells of retina®®® and even combine RNA
interference (RNAi)-based gene silencing with gene
replacement in RP"%*), While promising, gene therapy
aiming at restoring gene defects in the RPE (like
RPE65) shows limitations. Indeed, the prerequisite
to this type of gene therapy is to know precisely the
defective gene (need the genotyping of each patient)
and a second limitation is to develop a gene delivery
candidate drug for each one of the defective genes
(cost-intensive). Moreover, recent data from preclinical
and clinical studies show that, despite stabilization of
vision during the follow-up period, patients treated
by RPE65 gene therapy still undergo photoreceptor
degeneration’.

The other strategy consists on the replacement of
died or defective cells by transplantation procedures.
The eye has numerous advantages for developing
cell therapies as all tissues of the eye are surgically
accessible, transplanted cells can be monitored by
microscopic analysis and the inherent amplification
of the visual system means that relatively small
number of rescued cells or transplanted cells could
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have a detectable effect on vision. Moreover the
ocular immune privilege might greatly simplify imm-
unosuppressive treatment after transplantation.
Initial subretinal transplant studies employed tissue-
specific stem cells obtained from human fetuses,
known as retinal progenitors™?. Extension of this work
revealed that post-mitotic photoreceptor precursor
cells are optimal for retinal integration and restoration
of retinal structures***®!, Unfortunately, in human
embryonic development, both retinal progenitor and
photoreceptor are generated relatively late (i.e.,
14 and 24 wk of gestation respectively!”’*"), The
serious ethical implication of this fact, coupled with
the practical reality of the relatively small number of
photoreceptor precursor cells that can be obtained
from a pair of fetal donor eye make it quite unlikely
that this cell will be used to any meaningful extent in
the treatment of human retinal disease.

In that context, scientists developed new strategies
to overcome these constraints. Moreover, a better
comprehension of the different molecular mechanisms
leading ultimately to RP or AMD is crucial in order to
find new treatments. Current animal models of RP are
not available for the hundreds of causal mutations.
That's why human pluripotent stem cells (hPSCs)
lines are rapidly changing the strategies scientists can
implement to understand pathological mechanisms
and cure genetic diseases.

In this review, we focus on the different opportunities
concerning the use of human pluripotent stem cells for
the disease modeling as well as the future challenges of
such research. We also develop the recent improvements
in the genetic manipulation of human pluripotent stem
cells and the consequences of these on disease modeling
and drug screening for retinal diseases. Finally the
availability of such human cellular models allowing the
validation of therapeutical strategies as unexpected as
gene therapy will be discussed.

hPSCs

Two main sources of hPSCs are described: human
embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs). hESCs are pluripotent
cells harvested from the inner cell mass of day-5 human
blastocysts that are leftover from in vitro fertilizations!".
hiPSCs are reprogrammed somatic cells that share many
similarities with hESCs®?!, Pluripotency is key to the
derivation of cell phenotypes that are relevant for disease,
including those that are essentially inaccessible in any
other way (i.e., post-mitotic retinal cells). Unlimited self-
renewal provides easy access to the biological resource
of interest™®",

iPSCs have been generated from a range of primary cell
types, including fibroblasts, keratinocytes, lymphoblasts,
chord blood cells, mesenchymal stem cells and even RPE
cells (Figure 1). Each cell type has its own characteristics in
terms of the number of factors needed for reprogramming
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and the dynamics of derivation (for review®*"). The
generation of iPSCs from older individuals is more difficult
and less efficient than the generation of iPSCs from young
individuals'””. To help overcome this limitation, a variety
of different reprogramming factors, reprogramming
enhancers, and cell types have been evaluated® "
(Figure 1). Of the accessible cell types used for iPSC
generation, the reprogramming of keratinocytes has
been shown to be as much as 100-fold more efficient
and at least twofold faster than the reprogramming of
dermal fibroblasts™”. Moreover, the keratinocytes-derived
iPSCs are more similar to embryonic stem cells than
those generated from fibroblasts'*". Finally, for disease
modeling, non-integrative methods should be preferable
to integrative ones even if less mandatory than for cell
therapy programs.

hPSC-derived retinal cells are valuable new tools
for investigators seeking to understand and treat
degenerative retinal diseases. These cells will allow
scientists to explore the pathophysiology of human
diseases in ways that were previously possible only in
some animal models. The need for better models, given
our poor understanding of the pathogenesis of complex
diseases and the dismal predictive record of animal
models and tumor-derived cell lines push towards the
use of hPSCs for modeling diseases in a dish.

DISEASE MODELING OF RP

Any disorder confirmed or suspected to have genetic
basis can be modeled, but the choice of which disease
to model depends on a number of considerations™*?. Not
all diseases will be equally easy to model. For example,
one should consider modeling monogenic and early-
onset diseases than polygenic and late-onset diseases,
as it would reproduce better aspects of the diseases
(Figure 1). Monogenic diseases modeling will allow for
a more carefully controlled comparison with genetically
corrected cells and demonstration that the disease
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Figure 1 Schematic diagram summarizing the issues to
consider when modeling retinal diseases with human
pluripotent stem cells. Choice of disease (monogenic vs
polygenic); Type of pluripotent stem cells (hESCs and/or iPSCs);
for iPSCs: selection of cell type to reprogram (fibroblasts,
keratinocytes, blood cells), selection of reprogramming method
(retrovirus mediated, non-integrative); choice of quality control for
iPSCs characterization (genetic analysis, pluripotency, teratoma
assay); differentiation to relevant cell types (photoreceptors, RPE);
disease phenotype characterization (molecular characterization,
expression studies, genetic rescue); applications (drug screening,
toxicological testing, new molecular mechanisms). hESCs:
Human embryonic stem cells; iPSCs: Induced pluripotent stem
cells; RPE: Retinal pigment epithelium.

&

phenotypes observed are really caused by the original
mutation. Commercial and academic repositories offer
primary cell lines or immortalized cell lines for use in
research. Most, if not all, disease-causing mutations will
be specific to the cell context and affect some cell types
more than others. For certain purposes, working with
cell lines could be difficult even impossible. This is the
case for most retinopathies affecting cells that are not
available for biopsies. Genetic disorders of the eye are
so numerous that multiple examples exist of conditions
that primarily affect photoreceptor cells, ganglion cells,
RPE cells, retinal vasculature, choroidal vasculature
and eye development. hPSCs systems can offer the
possibility to model disease that show a non-cell-
autonomous component as both component (i.e., RPE
and photoreceptors) can be differentiated from hPSCs
and then eventually co-cultured.

Several groups attempted to reconstitute retinal
tissue in vitro using mice or human cells. A variety
of different protocols, utilizing both two- and three-
dimensional culture systems, have succeeded in deriving
photoreceptor precursor cells from less differentiated
precursorsi®®?, In vitro generated organs from hPSCs
constitute powerful systems to model human diseases
and perform large-scale drug screening.

Within the spectrum of primary retinal disorders,
genetic diseases of the RPE are perhaps the most
promising candidates for hiPSCs and re-seeded onto
a variety of substrates®. RPE cultured from multiple
sources, including hPSCs, has been shown to adopt
a mature phenotype, and exhibit key physiological
functions in vitro™”%*%4,

EXPLORING MOLECULAR MECHANISMS
OF RP

Several studies have been published describing disease
modeling using hPSCs. Singh and collaborators recently
developed a hiPSC-RPE “model in a dish” of Best
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vitelliform macular dystrophy (BVMD)™. BVDM is caused
by a defect in the RPE gene BEST1, which results in
the subretinal accumulation of photoreceptor waste
products, i.e., lipofuscin, and fluid, leading to secondary
photoreceptor death and central vision loss. Using
physiological stressors, they reproduced some of the
cellular defects observed in the disease and suggested a
role of intracellular calcium regulation and oxidative stress
in the mechanism of disease'®. Similar conclusions were
made with other RP models™ involving endoplasmic
reticulum stress. In this study, several hiPSCs lines were
created from 5 patients carrying mutations in different
genes involved in RP (RP1, PRPH2, RHO, RP9). After
120-150 d of culture, mature photoreceptors (Rhodopsin
positive) derived from all cell lines died, reproducing
features observed in the diseases. One line, RP9, showed
a much lower level of rhodopsin expression and has
higher levels of oxidative stress. Using a slightly different
differentiation protocol and using integration-free hiPSC,
this research team and others confirm that patient-
specific rod cells may recapitulate RP features in vitro and
could be appropriate model to study retinal degenerative
diseases®"®®, hiPSC-derived retinal precursors were also
used to identify a likely disease-causing homozygous
mutation in a gene that had not been previously reported
to be associated with disease™. In a more recent
study, the same group combined Next-Generation and
Sanger sequencing to identify disease-causing USH2A
(responsible for Usher syndrome type I) mutations in an
adult patient with autosomal recessive RP!, Moreover,
by grafting the mutated photoreceptors into mice model
of the disease, they showed that the mutation might
act via post-developmental photoreceptor degeneration
rather than during development.

Finally, hPSCs could model systems to study retinal
development and implication of specific transcription
factors. Phillips et a®” (2014) generate hiPSC from a
patient with a mutation in the transcription factor visual
systems homeobox 2 (VSX2 also known as CHX10)
homeodomain. They showed that, using differentiation
protocols in order to obtain optical vesicles (OV),
mutated hiPSC-OV failed to produce bipolar cells and
demonstrated delayed photoreceptor maturation™.

All these studies highlight the potential of retinal cells
derived from hPSCs to help to identify pathophysiological
pathway for targeted development of therapies and
decipher key factors in retinal development.

GENE EDITION AS A NEW TOOL TO
ACCESS TO HUMAN DISEASE CELLULAR
MODELS

The identification and functional validation of sequence
variants affecting diverse human traits, including disease
susceptibility, is essential for the understanding of human
biology and disease mechanisms. Considering the
limited number of individual lines often used to model
disease mechanisms and the high incidence of line-to-
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line variations, the possibility of wrongly attributing to
a disease-causing mutation a phenotype that is in fact
the result of the uneven distribution of such alterations
in control and diseased groups needs to be considered
seriously. When disease-specific hPSCs are used to
identify novel aspects of disease mechanisms, rather
than simply to replicate already known pathological
features, internal (isogenic) control experiments such
as genetic correction or more classical gain- and loss-of-
function experiments are extremely valuable®®*. While
classical gene-targeting technology via homologous
recombination in mouse embryonic stem cells has
proven a powerful tool to dissect gene function”®7”%,
this approach has been quite inefficient when applied to
hPSCs"”?. The development of site-specific TALEN- or
CRISPR-based genome editing approaches is proving
to have great utility for endogenous gene correction
in many cell lines”*”®, including hPSCs"”7?!. A major
advantage of these approaches is that unlike exogenous
gene addition in which promoter strength and multiplicity
of infection may require patient-specific adjustment,
TALEN- and CRISPR-mediated corrections have the
advantage that the gene remains under the control of
the endogenous promoter. Acting as "DNA scissors”, they
induce double strand breaks (DSB) at desired genomic
loci, triggering the endogenous DNA repair machinery.
Processing of DSB by the error-prone nonhomologous
end-joining pathway leads to small insertions and
deletions (Indels) useful for generating loss-of-function
mutations, whereas error-free homology directed repair
enables targeted integration of exogenously provided
DNA sequences for introducing precise nucleotide
alterations or knocking reporters.

Unlike other editing tools, the guide RNAs used for
CRISPR/Cas9-based genome editing can be generated
relatively easily. The guide RNAs used in this system
requires the presence of an adjacent motif, downstream
of a 17-20-nucleotide DNA target, termed the pro-
tospacer’®®4, Complementary guide oligonucleotides
can be synthetized, annealed and subsequently ligated
into a bicistronic vector-expressing scaffold RNA and a
modified Cas9 nuclease optimized for efficient targeting
of human cells®>®%, Recent study has shown that by
combining these gene editing tools (i.e., TALEN and
CRISPR) they have developed a genome-engineering
platform, named iCRISPR, that enable rapid and highly
efficient biallelic knockout hPSCs for loss-of-function
studies, as well as homozygous knocking hPSCs with
specific nucleotide alterations®”’.

Another strategy could be to use adenovirus in
order to replace the mutated gene in hiPSC derived
from patients. This was done by Yoshida et a/*®!, who
generated hiPSC from somatic cell of an RP patient
carrying a heterozygous mutation in the rhodopsin
gene®, They observed that rod cells had reduced
survival rate. To confirm that the phenotype was due
to the expression of mutant rhodopsin and not by
genetic polymorphism, they used helper-dependent
adenoviral vector to replace the mutated gene and
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reverted the phenotype observed. Moreover, replacing
the wild-type gene reconstructed the pathological
condition™®.

HPSCS FOR THE VALIDATION OF
THERAPEUTIC INTERVENTIONS

A number of potential therapeutic interventions are
strictly specific to human cells or tissues, such as
biotherapies based upon targeting human gene/
mutation with RNA interference, exon skipping, and
therapeutic antibodies. With these approaches, the
uses of classic animal models of RP for experimental or
preclinical validation are often not enough informative.
Obtaining sufficient cellular material to conduct a wide
range of tests, from the initial assessment of therapeutic
claim to the final quality of assurance process before
clinical batch release, can be challenging.

Some diseases are so rare that it is not economically
possible to bring a treatment through the regulatory
gauntlet and into clinical availability. One possibility to
overcome this issue would be to use cells or tissues
created from a patient’s own cells to test the molecular
efficacy of a viral-mediated gene therapy, including the
optimal level of expression, and then deliver that therapy
to one eye in a compassionate use manner. Moreover,
some genes have a very narrow range of therapeutic
dose such that overexpression could be as harmful as
under expression®®. The first human gene therapy trial
for a retinal disease was performed in 2008 in patients
with Leber congenital amaurosis (LCA), a congenital
blindness resulting from the breakdown of an important
metabolic pathway in the RPE but with long-lasting
preservation of the photoreceptors. LCA arises due to
mutations in the RPE-specific gene, RPE65"". Prior to
clinical trials, preclinical trials are usually performed
on animal models. Many mouse models have been
generated that are defective for a gene causing a specific
retinal dystrophy, however, certain of these models
have proven asymptomatic® or lethal®. Moreover,
in general, the mouse eye poorly mimics the situation
in the human eye due to its small size and structure.
Larger animal models are more appropriate for testing
the biodistribution of a gene therapy vector and for
ascertaining long-term efficiency and safety. The dog
eye is particularly suitable as it resembles the human
eye, except for the absence of a macula and foveal pit,
in size, and many retinal diseases in man have canine
counterparts®®, However, for certain diseases, the
identification of a corresponding canine model has proven
elusive. Thus, taken together, for a growing number of
diseases (and this holds true for disorders affecting other
tissues), human cell culture is becoming an essential
complement to animal disease research™". The results
obtained from gene therapy studies in a human system,
coupled to in vivo studies using animal models, could
lead more rapidly to preclinical gene therapy studies
indeed a phase I clinical trial.
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For pigmentary retinopathies for which an appropriate
animal model does not exist, like choroideremial®!
evaluating the biochemical restoration of a normal
cellular phenotype after gene therapy could provide
complementary approaches to in vivo animal models
that investigate systemic effects that are essentially
beyond the reach of in vitro studies™.

hPSCs FOR DRUG DISCOVERY

Many drugs that work in animal models have not performed
well in human dlinical trials®®”*®. This discrepancy could
be attributable among other proposed reasons to
species variation or incomplete phenotype recapitulation.
Numerous studies have now showed that retinal cells
derived from hPSCs are closely enough representatives
of their in vivo counterparts®®®® that they could be used
for identifying and evaluate pharmacological agents
capable of mitigating degenerative retinal diseases. High-
throughput drug screens of differentiated hPSCs-derived
cells have been suggested as a means for drug discovery
and personalized medicine"® ', To date, there have
been few publications looking at using hPSCs for drug
discovery in retinal diseases. Meyer et af*”! reported the
restoration of OAT (Ornithine Amino Transferase) enzyme
activity in gyrate atrophy hiPSC-RPE following vitamin
B6 treatment. In their study, Jin et a/®® showed that
treatment of the rhodopsin-positive cells (photoreceptors)
with a-tocopherol led to a significant preservation of
these cells in RP9 cell line. This study provides proof of
principle that hPSC technology is useful in screening for
drug responses across numerous related, yet genetically
distinct retinal diseases. Even if, major advances have
been made to differentiate retinal progenitors from
hPSCs, the differentiation effect could vary from various
hPSC lines. In a very elegant study, Ferrer et a/t***
developed highly efficient methods to differentiate,
expand and authenticated iPSC-RPE in parallel to their
use in high-throughput assay. The RPE cells were derived
from iPSCs and grown in 96- and 384-well plates. They
demonstrate differential expression of eight genes in
iPSCs, iPSC-derived RPE at two differentiation stages,
and primary human RPE using this multiplex assay. This
assay provides the basis to screen for compounds that
improve RPE function and/or maturation and target
disease pathways!'"".

CONCLUSION

Regenerative medicine based on stem cells is likely to
make important contributions to the cure of human
blindness. This is the main focus of the public creating
both fears and hopes. However, it remains only the
visible part of the iceberg. Indeed, as described in
this review, hPSCs are essential to model disease
specific conditions closed to the patient context. They
contribute to the development of pharmaceutical
compounds that will be identified for efficacy in disease
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specific cellular of hPSCs derivatives and for which
toxicity will be tested in the same cells. Moreover,
hPSCs provides valuable complement to animal models
by either highlighting species-specific differences or
further validating the observations already made in
rodents or larger animals.
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