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Restoring vision
Botond Roska1,2,3* & José-Alain Sahel4,5,6,7*

Restoring vision to the blind by retinal repair has been a dream of medicine for centuries, and the first successful
procedures have recently been performed. Although we are still far from the restoration of high-resolution vision, stepby-step developments are overcoming crucial bottlenecks in therapy development and have enabled the restoration of
some visual function in patients with specific blindness-causing diseases. Here, we discuss the current state of vision
restoration and the problems related to retinal repair. We describe new model systems and translational technologies,
as well as the clinical conditions in which new methods may help to combat blindness.
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eversing or slowing loss of vision has been an aim of ophthalmology
since this discipline emerged1 (Fig. 1). Surgical replacement of
the lens has restored visual acuity in patients with cataracts2 and
the control of vascular leakage can stabilize or improve vision in those
with wet age-related macular degeneration3. These treatments have had
major social and economic impacts4–7. Despite these successes, there are
still an estimated 285 million vision-impaired and 39 million blind people
around the world8. Many conditions that cause blindness in under
developed countries are treatable because they involve refractive errors,
cataracts, infections, or nutritional states, and the main problem is the
delivery of existing care. The delivery of care in developed countries is not
a major issue, but there are still no treatments for most blinding diseases,
including advanced glaucoma, atrophic macular degeneration, advanced
diabetic retinopathy, myopia, and monogenic retinal degeneration.
Here, we discuss the current state of vision restoration in blinding retinal
diseases and the general problems related to retinal repair. We describe
new model systems and translational technologies that have opened up
new opportunities and given momentum to combating blindness—with
human-derived retinal organoids and gene therapy representing the key
advances. Finally, we discuss specific clinical conditions in which these
methods may help to restore vision or slow retinal degeneration in the
next decade.

in blind patients if the optic nerve is intact. A third example is the
transplantation of retinal pigmented epithelial cells behind the retina,
which has produced possible visual improvements or stable vision in
a few patients with age-related macular degeneration21,22 or Stargardt
disease21, a monogenic form of macular degeneration23. Controlled
studies with larger groups of patients are needed to verify the visual
benefits, but the safety of such transplants, when done properly24, is
notable.
In recent years, we have not only seen the emergence of new therapies
but have also learned new lessons about the state of visual pathways
during human visual development. In a healthy visual system, lightdriven developmental events occur during the first years of life, the
so-called critical period25. Whether restoration of retinal output in
congenitally blind patients after the critical period could ever benefit
their vision has been investigated. A set of patients with congenital
cataracts that prevented the formation of a visual image on the retina
from birth received lens replacement surgery at or after eight years of
age. This resulted in the acquisition of pattern vision26–28 and demonstrated that a lack of high-resolution vision during the first few years
of life does not necessarily prevent the acquisition of useful vision after
treatment.

Where we are today

Apart from these major developments in therapies and in our understanding, advances in clinical care to treat blinding diseases have perhaps
been slow from the point of view of the patient. Why is it difficult to
slow down the progression of human vision loss or to restore vision
once it has been lost? There are five central problems.
First, without intervention, intrinsic regeneration of the mammalian
retina is weak or entirely absent. This is in contrast to some other animals,
such as fishes, in which the generation of new retinal cells and regeneration of portions of a damaged retina occur after injury even in
adulthood29.
Second, the retina is a biological computer made up of about 100
different cell types that form specific synaptic connections and reside in
functionally distinct microcircuits30,31 (Fig. 2). Retinal cell types differ
in their physiology, morphology, and patterns of gene expression32,33.
As a consequence of this cell-type diversity, many diseases of vision are
broadly or narrowly cell-type-specific because the disease-causing gene
is expressed in a subset of cell types or because vulnerability is cell-type
specific. To reduce side effects, the ideal treatment should also be

Lens replacement after cataract and the control of fluid leakage from
retinal blood vessels in wet age-related macular degeneration are
now part of standard clinical care2,3. Over the past decade, we have
witnessed major new developments in medical technology that have
led to vision restoration or the slowing of vision loss in blinding
diseases originating from retinal cells. A key example is gene therapy
for a form of Leber congenital amaurosis (LCA)9–11 that produced
significant improvements in performance in a visually guided task in
young adult patients11,12, as well as increased activation13 and long-term
structural plasticity14 of the visual cortex. This demonstrated the safety
of ocular gene therapy and the potential benefit to patients15. Initial
results from other gene therapy trials, involving conditions such as the
hereditary blinding disease choroideraemia, have also indicated possible benefits16,17. A second example is electric stimulation of the retina in
adult patients with photoreceptor degeneration18, which evokes visual
percepts and in some cases has provided form vision19,20. These results
imply that information can flow from the retina to higher visual areas
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Fig. 1 | The human retina in vivo. a, The retina as seen at the back of
eye by an ophthalmologist using an ophthalmoscope. Four objects can
be detected: the vasculature, where diabetic retinopathy (DR) arises;
the macula, the centre of which is called the fovea (age-related macular
degeneration (AMD) and Stargardt disease affect this area); the optic
nerve head, which is affected by glaucoma and Leber hereditary optic
neuropathy (LHON); and the retinal periphery, which denotes the entire
retina outside the macula, where Leber congenital amaurosis (LCA) and
retinitis pigmentosa (RP) start. b, Cross sections of the retina (along the
line shown in green in a) visualized using optical coherence tomography
(OCT). Top: area of the macula. The fovea is marked by thinning of the
retina. Bottom: retinal periphery. Different layers can be identified in
an OCT image around the fovea. In general, cell body-rich layers and
layers filled with liquid are darker. Layers from the vitreous towards the
choroid (the layer behind the retina that is filled with capillaries) are:

internal limiting membrane (ILM, the end feet of Müller cells on the
vitreal side), retinal nerve fibre layer (RNFL, ganglion cell axons), ganglion
cell layer (GCL, cell bodies of ganglion cells), inner plexiform layer (IPL,
connections between ganglion cells and other cells in the inner retina,
such as amacrine and bipolar cells), inner nuclear layer (INL, cell bodies of
inner retinal neurons such as amacrine and bipolar cells), outer plexiform
layer (OPL, connections between bipolar cells and photoreceptors),
outer nuclear layer (ONL, photoreceptor cell bodies), external limiting
membrane (ELM, the end feet of Müller cells on the choroidal side),
photoreceptor inner segments rich in mitochondria (PIS), photoreceptor
outer segments (POS), retinal pigmented epithelial cells (RPE), choroid.
Distinct but fewer layers can also be distinguished in an OCT image of
the retinal periphery, where the retina is thinner. White arrows show the
direction of light.

cell-type specific, but it is difficult to achieve such treatment even
in non-human models. A second consequence of cell-type diversity
is that both the ability of gene therapy vectors to enter cells and the
efficiency of transcription from vectors are cell-type-specific. Thus,
vectors need to be tailor-made for different cell types34. Furthermore,
specific synaptic connectivity in the retina has consequences for cell
therapy. Repair of diseased retinas by introducing additional cells of a
given type requires that the added cells connect to their natural partners,
which is not efficient in adults35.
Third, it is often assumed that findings in mice, the most common
mammalian disease model, can be directly translated to humans.
Although the overall cellular architecture of the retina is similar in
mice and humans, the two species exhibit certain differences36 that can
complicate translation. There are differences in retinal cell-type composition, in cell-type-specific gene expression, and in the organization of
the retina at the macroscopic level. For example, the human retina contains midget ganglion cells and their related retinal circuitry37, but the
mouse retina apparently does not. Midget cells are thought to mediate
high-resolution image-forming vision38, and preventing the degeneration of midget cells in patients with glaucoma or diabetic retinopathy
would have a major effect on retarding disease progression—but there
is no mouse model. Usher I genes are examples of differences in celltype-specific gene expression between mice and humans. Mutant Usher
I genes lead to Usher I syndrome, an inherited form of blindness paired
with deafness. Mouse photoreceptors express Usher I proteins at much
lower levels39,40 than human photoreceptors, and lack the cellular
compartment in which the proteins are localized in human photoreceptors39. Not surprisingly, mice bearing the same mutations as patients
with Usher I syndrome have normal vision39. Finally, a striking difference in the organization of the retina at the macroscopic level between
mice and humans is the presence in humans of a small compartment
at the centre of the retina called the fovea. This is absent in mice41; in
fact, primates are the only mammals with a fovea. The human fovea

makes up only 0.2% of the retina42 but is necessary for high-resolution
colour vision38, and is essential for important everyday tasks such as
recognizing faces and reading43. Age-related macular degeneration3
and Stargardt disease23 both initially affect the fovea.
Fourth, the eyes of primates have a thick membrane, the so-called
inner limiting membrane, between the retina and the inner compartment of the eye (the vitreous). This membrane limits diffusion and thus
restricts the efficacy of intravitreally delivered gene therapy vectors,
such as adeno-associated viral vectors (AAVs)44. Newly constructed
AAVs show slightly increased peripheral expression, but access is still
limited45. However, the limitation of diffusion across the inner limiting
membrane is lower in the foveal region of the retina and gene transfer
by intravitreal AAV injections around the fovea in primates has been
successful46. The difficulty in transducing the peripheral retina with
gene therapy vectors is important, as intravitreal injections are easier
for ophthalmologists and safer to perform than sub-retinal injections45.
Fifth, the surface area of the human retina is very large (about
1,000 mm2). It is seventy times larger than that of the mouse (about
15 mm2)47,48. In contrast to treatments with small molecules, which
distribute across the retina when injected into the eye or delivered via
the bloodstream, scaling up gene delivery to reach all cells of a given
type across the human retina is a daunting task.

New model systems

Given these difficulties related to retinal repair and the differences
between the retinas of humans and other species, how can we understand human retinal diseases and develop new therapies? Historically,
researchers have used genetically tractable small animal models and
cell lines to study retinal diseases and to test treatment strategies. While
work on these systems will continue, three new retina models have
become available in recent years that may increase our understanding
of human retinal disease and benefit the search for new therapies
(Table 1).
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Fig. 2 | Cell types, circuits and computations performed by the
vertebrate retina. a, Retinal cell types (about 100 types) can be divided
into a few major classes. The characteristic locations of the cell bodies,
gross morphology and connectivity of some of these classes in the
retinal periphery are shown. Photoreceptors (rods in cyan, and cones in
light blue) capture light. Photoreceptors pass information to inhibitory
horizontal cells (orange) and excitatory bipolar cells (dark blue).
Horizontal cells feed back to photoreceptors, while bipolar cells pass
information further to inhibitory amacrine cells (red) and excitatory
ganglion cells (purple). Amacrine cells either feed back to bipolar cells or
pass information to ganglion cells. Ganglion cells are the output neurons
of the retina, sending information to the rest of the brain via their axons,
which come together to form the optic nerve. This circuit layout is highly
conserved across vertebrates. The retinal circuit is similar in the fovea,
but the locations of the cell bodies are different: cell bodies of all cell

classes except cones are displaced to the side, which allows light to hit
the cones directly. The black arrow shows the direction of light. Different
diseases (in parentheses) affect different cell classes. AMD, age-related
macular degeneration; LCA, Leber congenital amaurosis; RP, retinitis
pigmentosa; CSNB, congenital stationary night blindness; CN, congenital
nystagmus; LHON, Leber hereditary optic neuropathy. b, Retinal cell
types are organized into about 30 circuits, each of which receives input
from the mosaic of photoreceptors and ends with a mosaic of ganglion
cells of a given type that forms the retinal output. There are about 30 types
of ganglion cell and the retina therefore creates about 30 different image
representations (three examples are shown at the bottom) of the original
image that enters the eye (the face at the top). The retina is thus a parallel
image processor that describes to the brain the image that falls on the
retina using its own ‘language’.

Human retinal organoids
A simple skin biopsy from a patient with a hereditary retinal disease
can be induced within one year to generate layered retina-like neuronal structures, termed retinal organoids. These consist of different
cell types and appear to bear genetic markings similar to those of retinal
neurons49–51. Alternatively, retinal organoids grown from a healthy
human biopsy can be engineered to carry relevant mutations 52.
Such organoids could enable unprecedented insights into the development of retinal diseases and provide a controlled, biologically
realistic system in which to test new treatment strategies. Disease-

model retinal organoids could prove useful in several ways. With
diseases that cause symptoms early in life, a disease phenotype may
develop in the organoids, thus allowing investigation of the mechanistic basis of the disease and the development of repair strategies. The extent to which retinal organoids can develop into adult
tissue53 is currently unclear and thus disease-model retinal organoids for hereditary diseases in which patients develop symptoms
later in life may not present relevant phenotypes. However, such
retinal organoids could still be useful for testing cell-type-specific
gene delivery or the efficacy of gene editing in selected cell types.
Finally, organoid culture allows control of the growth environment of
human retina-like tissue and can thus be used for experiments previously impossible with human retinas, such as the precise investigation
of physical and chemical stresses (for example, pressure, levels of oxygen
or glucose) that may underlie disease progression.

Table 1 | The advantages and limitations of different model systems
Fovea
In vivo
In vitro
In vivo screen
In vitro screen
Adult
Genetic engineering
Availability
Cost

Zebrafish

Mouse

Marmoset

Human

Organoid

No
Yes
Yes
Yes
No
Yes
Yes
+  +  +
+

No
Yes
Yes
No
No
Yes
Yes
+  +  +
++

Yes
Yes
Yes
No
No
Yes
Yes
+
+++

Yes
No
Yes
No
No
Yes
No
+  +
+

No
No
Yes
No
Yes
No
Yes
+  + +
++

Research combined in a variety of model systems allows a better understanding of the pathomechanism of disease and the development of therapy.

Post-mortem human retinas
Retinas from human donors can be kept alive in culture for at least three
weeks post mortem54,55, and recent improvements in culture conditions
may substantially extend their longevity. This is a key model system for
understanding the cell types and circuits of the adult human retina.
The recording of functional light responses at cellular resolution from
the retinas of animal models in vitro has been possible for years56 and
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Fig. 3 | Current and planned tools for treating blinding diseases.
The approximate physical sizes span six log units, and the numbers of
tools delivered to the eye span 15 log units. The approximate sizes and
numbers of tools delivered are shown below each tool. The complexity

and sophistication of the tools increase with size, as does the difficulty
of delivering treatment across a large retinal surface in vivo. The
characteristics of the different tools are shown below the images.

further technical advances will allow this to also be done in human
retinas. This will improve the comparison of retinal responses with
visual behaviour in humans and facilitate direct correlation of gene
expression and physiological responses for human retinal cell types.
Furthermore, direct access to human retinas will allow the testing of
gene therapy vectors, cell transplantation, and neuroprotection strategies in a more controlled manner and with a higher throughput than
is currently possible: a single human retina can be dissected into many
smaller pieces that can be examined individually.

and in vivo in primates eyes65 could identify vectors that are relevant for
humans. Post mortem retinas can be used to identify the cell types that are
targeted in adult human retinas; primate retinas can reveal the efficacy of
infection in living foveated eyes. However, given an effective AAV for delivering a gene of interest to a desired cell type in the human retina, the challenge
remains of reliably and safely delivering AAVs to the entire human retina.
As mentioned above, shielding of the human retina by the inner limiting
membrane restricts infection to the foveal area. Sub-retinal injections may
provide access to a larger retinal area but this is technically more complicated and separates the retina from the retinal pigmented epithelium, with
the danger of photoreceptor damage66. Furthermore, the human retina is
so large that a single AAV injection site is likely to be insufficient for full
coverage. Despite these limitations, gene therapy via AAVs is likely to
remain a leading strategy for the treatment of vision loss in the coming
years. Non-viral gene delivery approaches67–69 are also being pursued, such
as laser, ultrasound, and electrical discharges, which create momentary
pores in cell membranes and allow DNA or RNA fragments to enter the
cell. Unlike AAV-based delivery, such non-viral gene delivery technologies
produce transient expression of the target protein.

Genetic disease models in marmosets
Non-human primates have been used for a number of years to study
vision and vision loss, with most of the classic work done in macaques.
However, it is difficult to apply transgenic methods to this species and
the marmoset has emerged recently as a much easier non-human
primate model for transgenic work57. Importantly, marmoset retinas
have a fovea58, making the marmoset more relevant for developing
treatment strategies than non-primate (that is, non-foveated) models
such as mice. Thus, the advancement of transgenic applications in the
marmoset as an in vivo, foveated model of human visual diseases is of
crucial importance for future vision research.

New translational technologies

In order to treat blindness, we need not only new model systems
but also new translational technologies. While treatments based on
small molecules, antibodies, and surgery remain the main therapeutic
approaches used today, new technologies for repairing damaged retinas
and restoring light sensitivity to impaired retinas are also being developed (Fig. 3). We will discuss four new technologies here.
Gene therapy
Gene therapy59 has gained momentum with the introduction of AAVs60
as vectors for delivering genes of interest to retinal cells61,62. AAVs diffuse
easily in tissue, have little toxicity, and bring about sustained gene expression, although their integration into the human genome is minimal63. AAVs
have three important components: the capsid for cell entry64, the promoter
driving transgene expression and cell-type-specific expression62,65, and the
therapeutic gene as the viral payload. A weakness of AAVs is their relatively
small carrying capacity, which limits their application to small genes. As
the efficacies of both capsid and promoter depend on cell type and species,
AAVs optimized in mice are unlikely to be efficient and cell-type-specific
in humans. Screening of AAVs in vitro in post mortem human retinas54,55

Cell therapy
Cell therapy provides retinal repair via ectopic cell transplantation to
replace damaged or dead cells. Cells can be obtained from cell lines
derived from embryonic or induced pluripotent stem cells, or alternatively from retinal organoids in which the developmental stage of the
transplanted cells can be controlled. Cell therapy via retinal pigmented
epithelial cells21 appears to be simpler than via retinal neurons such
as photoreceptors, because pigmented epithelial cells do not need to
form neuronal signal-carrying contacts such as synapses. Nevertheless,
transplanted epithelial cells need to interact with photoreceptors to
be useful for retinal function. Cell therapy for retinal neurons is more
complex because transplanted cells need to migrate to the correct location, make the proper synaptic connections, and exhibit cell-type-specific physiological responses. While there has been some success in
transplanting photoreceptors into mouse retinas70,71, it is not clear that
current strategies will be efficient and effective in a clinical setting72.
Only a small proportion of transplanted cells appears to survive in mice
and make the necessary synaptic connections71, and the transfer of
material between transplanted and native photoreceptors complicates
interpretation of the results73–75. Recently, transplanted ganglion cells
were shown to integrate into retinal circuits, providing yet another cellular source for repair76,77; however, it has not yet been shown that the
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transplanted ganglion cells grow axons that reach their targets in the
brain. Future experiments with retinal pigmented epithelial cells, photoreceptors and ganglion cells, in both animal models and in patients,
will further define the feasibility of this therapeutic approach.
Induced retinal regeneration
Induced retinal regeneration attempts to apply lessons learned from
animals, such as fishes, in which regeneration of the injured retina
occurs. In response to damage to the retina, Müller glial cells in fish
return to a stem-cell-like state, divide, and develop into different cell
types that integrate into the retinal circuitry29. Mammals do not have
this innate capability, but research on experimentally driven regeneration is in progress. For example, mouse Müller cells activated by specific
small molecules or genes start to divide78 and the newly generated
cells integrate into the retinal circuitry79. Induced retinal regeneration
has also been used to induce the regrowth of ganglion cell axons
towards their brain targets80,81. The cut axons of retinal ganglion cells
regrow axonal projections into the brain when provided with appropriate genes, small molecules, or neuronal activity81–83. The axons even
reach their correct cell-type-specific targets and establish functional
connections81. While these methods are currently performed only in
animal models and their efficiency is relatively low, future work is likely
to improve performance and add induced retinal regeneration as an
important tool to the translational repertoire.
Artificial retinal stimulation
Artificial retinal stimulation using electronic implants, optogenetics or
photoswitches is designed to restore the image-acquiring properties of
the retina84,85. The patient wears a camera mounted, for example, on a
pair of spectacles. The video signal is converted into an electronic pattern or a pattern of light, depending on the vision restoration strategy.
In electronic implant therapy, the implant is placed in physical contact
with the retina and an electronic pattern created by implant electrodes
stimulates the remaining light-insensitive retinal cells. The current
generation of retinal implants provides relatively modest visual improvement, owing partly to the low density and low number of electrodes in
the implants20,86, as well as to the large distances between implanted
electrodes and target cells87. Cortical implants are an alternative to retinal implants and a cortical implant that provides surface stimulation to
the primary visual cortex is in clinical trials88. In optogenetic therapy,
monochromatic light activates light-gated ion channels delivered by
gene therapy to remaining specific cell types in the blind retina54,89,90.
In photoswitch therapy91, monochromatic light activates light-sensitive
small molecules delivered to retinal cells that couple to intrinsic channels
on the surface of retinal cells. Theoretically, these latter approaches act
at a higher resolution than electronic implants and can activate specific
retinal cell types, giving increased control of specific retinal micro
circuits. Limitations of current optogenetic and photoswitch techno
logies are that the activation of cells requires bright visible light and that
the dynamic range of 2–3 logarithmic units is narrow92. In a number of
blinding diseases, including macular degeneration, most visual sensitivity is lost in a specific region of the retina, while other regions remain
light sensitive. The remaining light-sensitive retinal regions rule out or
impede the use of bright visible light for activation. Although it is possible to increase the sensitivity of optogenetic sensors, this often slows
the response93, and thus rules out restoration of useful motion vision.
Furthermore, since the dynamic range remains narrow, this approach
still requires an external camera. The development of near-infrared
optogenetic sensors or photoswitches could mitigate the problem of
the remaining light sensitivity. Optogenetic approaches are currently in
early clinical development and higher resolution electronic implants are
being developed. In the coming years, different forms of artificial retinal
stimulation are likely to be important strategies in vision-loss therapy.

Implementing technologies for therapy

The various translational technologies outlined above could be used
either alone or in combination to treat a variety of diseases. However,

insight

the decision about which technology is suitable for which disease and at
which stage requires a detailed understanding of the different blinding
diseases and their natural history. For example, it is important to discriminate loss of function, which is potentially reversible, from loss of
cells, which is irreversible. In general, the therapeutic strategy depends
on the stage of the disease. If vision has severely deteriorated or is completely lost, the aim has to be to restore vision; if significant vision is
still present, the aim may be to prevent or slow further loss. As is typical
in medicine, the border between these stages is not sharp but the two
ends of the spectrum do allow us to highlight differences in the ways
in which the available technologies can be used.
Vision is lost
If the patient has lost all useful vision, the only therapeutic option is
vision restoration. The available technological repertoire is wide, since
only general safety considerations are important, such as avoidance
of an immune response or the malignant transformation of cells.
Importantly, restoring vision even in a small patch of the retina may
lead to useful vision and, thus, the new technologies listed above that
lead to regained light sensitivity would be promising approaches. Most
vision restoration strategies that are considered today in clinical settings
aim to target diseases stemming from photoreceptor degeneration.
Cones are the photoreceptors that are responsible for high-resolution
colour vision under daylight conditions, and rods are responsible
for vision under dim light conditions. Many monogenic diseases
primarily affect rods. Late-onset forms of these monogenic diseases are
called retinitis pigmentosa94; Leber congenital amaurosis95 describes
the condition in which symptoms of retinitis pigmentosa are present
during infancy. Although rods in humans outnumber cones 20 to 1,
we artificially illuminate our environment today to such an extent that
individuals without functional rods can lead their lives relatively unaffected. However, for reasons not yet fully understood, rod degeneration
leads to secondary cone degeneration, even when the gene associated
with the disease is not expressed in cones59. This means that the most
severe effect of rod loss is the subsequent loss of cones and cone-derived
vision. Repair strategies at later stages of retinitis pigmentosa aim to
connect the retina to the visual world by providing artificial retinal
stimulation using electronic implants, optogenetics, or photoswitches.
An alternative is the transplantation of photoreceptors59,84,85.
Vision restoration strategies are also being considered that target
diseases in which ganglion cells degenerate. After ganglion cells have
died, such as in advanced stages of glaucoma or diabetic retinopathy,
there is currently little that can be done. But there are at least three ways
to develop potential therapy. First, to restore vision at higher levels in
the visual system such as the thalamus or visual cortex via electronic
implants96 or optogenetic stimulation. Second, to transplant ganglion
cells77. Third, to perform whole eye97 or organoid transplantation.
With the exception of a cortical implant now in clinical trials88, these
approaches are in their early stages or are simply theoretical options
with no proof of concept as yet.
Useful vision remains
If the patient still has some useful vision, the best approach for curing
blindness is the prevention, or at least slowing, of vision loss. Here, a
major factor when designing a new therapy is to guarantee that the
treatment does not interfere in any way with the remaining natural
vision. One key point is to protect foveal vision. A second factor concerns the distribution of the therapeutic agents. If a blinding disease
is progressive and affects the entire retina, the molecules or genes to
slow visual loss need to be delivered to the disease-affected retinal cell
types across the whole retina. With the exception of the fovea, deliver
ing therapeutic agents to a small patch of the retina will be likely to
have little effect on overall degeneration and loss of vision. Therefore,
approaches to slow vision loss differ between fovea-affecting diseases
and diseases that affect the whole retina. Since we are far from being
able to deliver genes across the whole human retina, retina-wide
delivery is most likely to succeed for small-molecule or antibody-based
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treatments, or by using local gene therapy that produces secreted factors
that spread over a wide area.
A successful example of slowing down vision loss is the intravitreal
injection of anti-VEGF antibodies in wet age-related macular degeneration; this decreases the leakage of fluid from abnormal retinal
blood vessels and its destructive accumulation (oedema). However,
while this approach substantially delays vision loss, anti-VEGF therapies target only the vascular component of the disease and mostly
reduce blood leakage. The causative and amplifying processes (for
example, genetic variants, inflammatory and immune cell activation
and photoreceptor damage) are not treated98. In atrophic age-related
macular degeneration, cell therapy involving transplantation of retinal
pigmented epithelial cells is the approach that is gaining the most
traction99. Larger clinical trials will show whether this approach
increases vision in patients.
Our most precious photoreceptors are the foveal cones, the loss of
which leads to severe visual handicap. Juvenile macular degeneration,
including Stargardt disease, and atrophic age-related macular degeneration mostly affect foveal cones. Although Stargardt disease is a target
for gene therapy23, the most frequently mutated gene in this disease,
ABCA4, is too large to fit into an AAV vector. The options to be considered here are the use of alternative viral vectors, trimming the length of
the gene, or its assembly from shorter pieces within target cells. Gene
therapy using ABCA4 in larger-capacity lentiviral vectors is now in
clinical trials100.
Recent promising developments have reduced secondary degeneration of cones in animal models of retinitis pigmentosa. The delivery of
rod-derived cone viability factor101–103 or activation of its receptor104,
or the delivery of genes countering energy starvation105,106 or oxidative
stress107, have been shown to decrease cone degeneration in animal
models and are being considered for human therapy. Starvation108,109
and oxidative stress110,111 appear to be major contributors to cone
degeneration after rod death; therefore, feeding cones and preventing oxidative damage emerge as central themes in their protection.
Methods that may increase nutrient availability by increasing blood
supply112, such as microcurrent stimulation113,114, are in clinical trials,
while methods to reduce oxidative stress via antioxidant supplementation are already in clinical practice115.
There have also been developments in the reduction of vision loss in
a form of Leber hereditary optic neuropathy (LHON)116. Mutations in
different genes encoded by the mitochondrial genome cause different
forms of LHON. This disease is a clear example of cell-type-specific
vulnerability; despite the presence of mitochondria in every cell in the
body, only or mostly retinal ganglion cells degenerate. Gene therapy and
small molecule-based therapies have both shown promising slowing
of vision loss in LHON.
Everything we have described so far relates to retinal vision loss;
however, in a minority of cases vision loss is due not to retinal problems but rather to defects in other regions of the visual system, such as
the visual cortex. In these conditions, influencing the plasticity of the
remaining visual cortex has been invoked as a way to improve visual
function117.

Evaluating the outcome of therapy

The emergence of new therapies to slow loss of vision or to restore
vision creates the need for major innovation and international collaboration on ways to measure the outcome of therapies in patients.
One key challenge is variability in the results of clinical trials. For
example, one group reported increased visual function12 after LCA gene
therapy, while other groups found initial improvement that declined
over time118,119, or even an overall decline in visual function compared
to baseline in some patients118. Variability has also been observed in the
visual benefit to patients of electronic implants. Variability can originate
in many ways: different ways of evaluating visual function, measuring
visual function at different times after treatment, differences in the
details of gene therapy vectors and their delivery66, the details of how
visual stimulation devices are implanted, the ability of patients to learn

the meaning of altered peripheral input, and differences in the disease
stages at which the therapy was provided.
Another challenge is that retinal degenerative diseases are progressive and it is therefore essential to study progression of the disease
before enrolling patients in clinical trials, and to characterize changes
in progression during and following therapy85. Moreover, new and
existing diagnostic tools should be incorporated into the development
of a standardized and quantitative evaluation scheme to assess retinal
and cortical117 structure and function as well as visual function in both
control patients and patients receiving therapy.
New and improved in vivo imaging methods (including adaptive
optics, optical coherence tomography, ultrasound and autofluorescence
imaging) and psychophysical methods (for example, microperimetry)
can assist such evaluations and comparisons by allowing determination of the density of photoreceptors, the existence and length of inner
and outer segments, the status of ganglion cells, interactions between
photoreceptors and retinal pigmented epithelial cells, retinal blood
flow112, and any remaining function in a small patch of the retina85.
However, demonstration of a clinically relevant benefit extends beyond
such quantitative measures. Regulatory agencies and funding bodies
will require real-life performance-based tests, such as mobility testing15,
as well as patient-reported outcomes of treatment. Measures of outcome
must be robust, reproducible, relevant and easy to duplicate across
various centres120–122.
Rehabilitation is another key issue, since the outcome of therapy
can improve with time and a well-designed rehabilitation program123.
Improvement may be gradual because the connectivity of the visual
cortex may have reconfigured during the state of blindness to support
other cognitive functions124. Therefore, it may require visual training and time to readjust the visual cortex to its original function.
Furthermore, vision restoration approaches in which technologies
converge will require new rehabilitation strategies. As an example, optogenetic therapy combines gene therapy with a medical device, a goggle.
This technology convergence will require different types of expertise
and strong patient engagement during rehabilitation.

Technologies that complement vision restoration

Aside from strategies that explicitly set out to restore vision or slow
vision loss, there are many alternative approaches currently available or
being developed for conveying visual information to visually impaired
patients through one of their remaining sensory modalities. Classic
strategies include the use of guide dogs and canes. However, the digital
revolution is also adding to the capabilities of blind patients: smartphone applications provide services as varied as using the phone as a
simple light detector, or as a GPS-linked talking map, or to perform
voice-written emailing, word processing and web browsing125,126. It
has recently become possible to describe particular images to blind
people using artificial intelligence127. As the power of artificial intelligence increases, more and more digital tools that are useful for blind
individuals will be generated.
Other emerging technologies focus on the use of more complex sensory
substitution, where the remaining senses are trained to process information normally processed by the visual system. One approach that has
brought the highest recorded ‘visual’ acuity for any vision rehabilitation
strategy applied to vision-impaired patients is visual-to-auditory sensory
substitution128. Here a head-mounted camera records the visual environment and the video signal is then converted into a series of sounds.
Remarkably, visual-to-auditory sensory substitution activates ‘visual’
brain areas with auditory stimulation129. Another approach is the use
in humans of echolocation similar to that of bats and dolphins130.
Although these advances may make life easier for the blind, the goal
of medicine remains the prevention of vision loss in the first place and
the cure of vision loss that has already occurred.

Outlook

Blinding diseases of the eye, which are increasing in step with increasing human longevity, cause major social and economic burdens131. The
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recent developments outlined in this paper provide the hope that some
of these diseases can be effectively addressed in the coming decade.
Nevertheless, the challenge is severe because the retina is a biological
computer and not just a simple collection of photosensitive cells.
Therefore, we argue that both the diagnosis and the treatment of retinal
diseases should be cell-type focused: disease by disease, we need to
understand the causes and mechanisms of the death of disease-affected
human retinal cell types. We must also learn to interact with retinal cell
types inside the patient’s eye, specifically and efficiently.
Finally, the retina, as a biological computer comprising about 100
cell types with specific rules of connectivity, is not unique. The cerebral cortex32 and some deep brain nuclei132 are both cell-type rich and
have specific connectivity. The retina is in fact an outpost of the brain
sitting in the eye56 and following rules similar to the rest of the brain.
This is important for two reasons. First, key pathological phenomena,
including cell-type specific degeneration, are shared by the retina
and other brain regions. Understanding why retinal cells die and why
this process is cell-type specific could enhance our understanding of
neurodegeneration in general. Second, fine perturbations of the activity
of specific retinal cell types are likely to occur in a variety of neurological and psychiatric diseases with a genetic or environmental origin,
because the disease-associated genes are expressed in specific retinal
cell types or because the environmental insult affects specific retinal
cell types. The fact that the retina is visible through the lens in humans
makes it the part of the brain that is simplest to study in patients in vivo.
The development of new imaging techniques to record the activity of
retinal cells at cellular resolution in vivo in humans would make the
retina the ideal location for following the progress of brain disease and
reaction to therapy.
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