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Optogenetics is a research field that uses gene therapy to deliver a gene encoding a
light-activated protein to cells providing light-regulated control of targeted cell
pathways. The technology is a popular tool in many fields of neuroscience, used to
transiently switch cells on and off, for example, to map neural circuits. In inherited
retinal degenerative diseases, where loss of vision results from the loss of
photoreceptors, optogenetics can be applied to either augment the function of
surviving photoreceptors or confer light sensitivity to naturally nonlight sensitive
retinal cells, such as a bipolar cells. This can be achieved either by the light sensitive
protein integrating with native internal signaling pathways, or by using a dual
function membrane protein that integrates light signaling with an ion channel or
pump activity. Exposing treated cells to light of the correct wavelength activates the
protein, resulting in cellular depolarization or hyperpolarization that triggers
neurological signaling to the visual cortex.

While there is a lot of interest in optogenetics as a pan-disease clinical treatment for
end-stage application in the inherited degenerative diseases of the retina, research to
date has been limited to nonhuman clinical studies. To address the clinical
translational needs of this technology, the Foundation Fighting Blindness and
Massachusetts Eye and Ear Infirmary cohosted an International Optogenetic Therapies
for Vision Workshop, which was held at Massachusetts Eye and Ear Infirmary, Boston,
Massachusetts on June 1, 2012.

meeting with the scientific community. The meeting

Introduction

The first International Optogenetic Therapies for
Vision Workshop was held at Massachusetts Eye
and Ear Infirmary, Boston, Massachusetts on June
1, 2012 and streamed live over the internet to
registered participants for the widest audience. The
meeting was triggered, at least in part, by two
companies, RetroSense Therapeutics LLC, Ann
Arbor, MI and Eos Neurosciences, Los Angeles,
CA, that had approached the Foundation Fighting
Blindness for funding support to conduct investiga-
tive new drug (IND)-enabling studies leading to
phase I human clinical trials using optogenetic
therapy. Following partial support from the Foun-
dation, RetroSense Therapeutics LLC had recently
held a pre-IND meeting with the Food and Drug
Administration (FDA) to understand the regulatory
path forward, and the Foundation sought to share
and discuss pertinent information arising from the

was cohosted by the Foundation Fighting Blindness
and Massachusetts Eye and Ear Infirmary and
chaired by Stephen Rose PhD, Chief Research
Officer of the Foundation Fighting Blindness. The
format was a series of sessions addressing specific
aspects of optogenetics, with each session consisting
of invited presentations. Audience participation and
questions were addressed at the end of each talk,
with a wider discussion following each session. All
meeting attendees, including those participating by
webinar, were able to ask questions. The audience
included members of the public, scientists, physi-
cians, venture capitalists, philanthropists, and mem-
bers of the United States (US) FDA. A full listing of
the conference presenters is provided in the Appen-
dix. This article provides a synopsis of the conference
proceedings and should not be considered a review
article of the field."”

The purpose of the meeting was to review the
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current state-of-the-art science in optogenetics, and
make recommendations to the vision research com-
munity regarding those steps necessary to move vision
restoration by optogenetic therapy into the clinic. The
symposium addressed the following key areas: (1)
What is the current thinking and planning for clinical
trials? (2) Which patients are the best candidates for
the treatment? (3) Which are the best optogenetic
sensors to use? (4) What are the best cellular targets?
In addition, the meeting addressed the level of vision
that might be anticipated in treated humans, and
whether additional assistive devices might be needed
to provide a useful visual restoration when using
optogenetic therapy.

Overview

The vision science community is pursuing five
broad approaches to vision restoration for retinal
degenerative disease: (1) gene therapy to correct a
known, causative gene mutation,'’ (2) optogenetics to
restore function using optogenetic gene therapy,' (3)
stem cell therapy to repair or replace specific subsets
of retinal cells,'’ (4) visual prosthetic devices,'” and
(5) chemical reanimation of the retina.'”

The basic concept of the optogenetic strategy in the
retinal degenerative diseases (Fig. 1) is to either
enhance the survival and supplement the signaling
ability of residual light-sensitive photoreceptors, or to
impart a light sensitive property to nonlight sensitive
retinal neurons as a means of restoring signaling to
the visual cortex. The clinical translation of opto-
genetic therapy faces challenges. Several challenges
are shared with ocular gene therapy as a whole, such
as optimizing retinal delivery approaches, targeting
the desired cells, attaining sufficient transduction
efficiency, increasing the extent of the retina trans-
duced, controlling and sustaining gene expression,
controlling tissue specificity, and, in the instances
where expression cannot be sustained, being able to
provide repeat and fellow eye treatment.

Other challenges are unique to molecular photo-
switches. For example, the switches must be activated
at light intensities relevant to lifestyle and be
responsive to wavelengths in the human visible range.
Targeting different sets of retinal cells may provide
different levels of neural processing, such as motion
detection, edge effects, and contrast sensitivity that
influence the information content of the resulting
signaling. Similarly, photoswitch channel response
kinetics need to be favorable toward physiologic
neuronal firing because this might dictate the quality

of vision achievable. While some aspects of these
challenges may be augmented by vision processing
goggles that project processed images onto the retina,
much optimization of these components remains to be
understood. It is also important to note that with the
exception of melanopsin, the photoswitches are either
nonhuman proteins, like the algal/bacterial channel-
rhodopsins and halorhodopsins, or completely artifi-
cial, such as the ionotropic glutamate receptor
(LiGluR), with the inherent uncertainty of whether
they might present an increased immunogenicity,
especially in the context of a degenerating retina,
which may have less structural integrity than the
immune-privileged healthy retina. A recent study'”
has attempted to address this issue in regard to the
channelrhodopsin-2 gene (which originates from the
algae, Chlamydomonas reinhardtii) delivered to the
rodent retina using the adeno-associated virus (AAV)-
2 vector. The authors concluded that although
antibodies to rAAV and channelrhodopsin were
detectable, their levels were too low for rejection. In
addition, cellular immune responses were transient
and limited. Recently, it has been suggested that the
mere intraocular injection of a photoswitch, active on
K+ channels, is sufficient to restore visual functions in
blind mice. In this case, this therapeutic treatment did
not require any cell transfection using viral vectors,
but instead only the intraocular injection of the
chemical photoswitch AAQ."?

While it is clear from published data that
optogenetic therapy can result in visual behavioral
responses in small animal models, it is difficult to
judge the quality of vision, such as visual fields and
acuity, so it is currently unclear how predictive these
responses might be of human efficacy. The lack of
nonhuman primates with retinitis pigmentosa (RP)
prevents evaluation in these higher species. Thus,
designing better visual endpoint measures in mam-
mals may be a challenge that the optogenetic field has
to meet in the near future or perhaps concede that
human testing may be the only way to evaluate
efficacy.

There are strong parallels between the questions
currently being raised about the challenges facing
optogenetics today and those that faced retinal
prosthesis development several years ago.'” Encour-
agingly, these have been clearly answered by human
studies'®"” that have shown significant adaptability
of the human visual system to process a wide variety
of inputs from the retina into functional, meaningful,
and useful vision.

The following sections discuss the presentations
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Figure 1. Optogenetics for vision restoration. The current concept is to use a serotype or mutated version of AAV to deliver to the retina
a gene encoding a photoswitch protein, for example channelrhodopsin-2 or halorhodopsin. The intravitreal approach is preferred where
cells in the inner retinal layers are to be targeted and the subretinal route for the outer retina. Cell-specific promoters are also being
explored to further refine the expression of photoswitch proteins to selected cell types (highlighted by the different colored dots in the
cells). For the most part, photoswitch proteins are expressed on the cell membrane where light incident upon the retina opens a channel
in the protein allowing ion flux across the cell membrane with resultant depolarization or hyperpolarization of the retinal cell and
transmission of the visual impulse to the occipital cortex via the optic nerve.

given at the symposium. Each presenter is listed by
their presentation and their full affiliation is provided
in the Appendix. Readers interested in more specific
details of the field are referred to the published
reviews on the subject of optogenetics and visual
restoration.'” An issue of Nature in 2010 focused on
optogenetics as “Method of the Year” also contains
an excellent explanatory video of the technique in the
following link: http://www.youtube.com/
watch?v=164X7vHSHOE.

Proof of Concept and State-of-the-Art

in Vision Restoration Using Optogenetic
Tools (Richard Masland)

Richard Masland discussed the seminal publica-
tions in the field that have lead researchers to
conclude that optogenetics has an exciting transla-
tional potential for vision restoration. He expressed a
personal view that ‘“one of these (optogenetic)
molecules is likely to work in restoring vision.”

Additionally, evidence supports the observation that
the primate/human brain retains significant plasticity
and adaptability in processing and perception of
visual stimuli, even as an adult.

Richard Masland indicated that there is now
unequivocal evidence that optogenetic therapy can
restore vision in animal models, as follows:

1. Firstly, the initial proof-of-principle paper from
Pan et al.,”” which showed that if you transduce
the ganglion cells in rdl mice with channelrhodop-
sin-2 the animals become electrophysiologically
responsive to light. The rdl model is one in which
photoreceptor degeneration progresses rapidly and
at an early age. In a later presentation, Tamai’'
corroborated this work providing a detailed
discussion on similar behavioral findings in mice
and rats.

2. The next paper was from Roska’s group who used
a specific promoter to transduce a subset of
bipolar cells, only the ON bipolar cells. Expressing
channelrhodopsin2 selectively in ON bipolar cells
restored the light-induced depolarization of these
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bipolar cells without affecting OFF bipolar cells,
which are normally hyperpolarized by light. They
showed, for the first time, restoration of visuobe-
havioral responses by optokinetic testing. Masland
commented that the spatial tuning was good and
the result outstanding for the field.”

3. The next key experiment was done by Richard
Masland’s group. A small population of normal
retinal ganglion cells (RGCs) expresses melanopsin
making them intrinsically photosensitive. These
RGC:s project their axons to brain centers involved
in nonvisual tasks such as the circadian rhythm. In
the Masland experiment, mice with advanced
retinal degeneration were treated with an AAV
vector that over-expressed melanopsin, targeted at
the surviving RGCs,”” including those projecting to
the visual cortex. The result was a restoration of
both electrophysiological and behavioral responses
(as demonstrated in the modified Morris water
maze test) about 1-week post treatment. Richard
Masland did not examine optokinetic responses
because the slower response kinetics of melanopsin
relative to channelrhodopsin-2 is such that mice
would be unlikely to be able to detect motion.
Indeed, he highlighted the contrasts in the photo-
switches being evaluated: melanopsin is a native
protein and can be activated at lower light levels,
but has disadvantageous response kinetics in
contrast to, for example, channelrhodopsins, which
are nonmammalian proteins that require more light
for activation but have better responsiveness;

4. Roska’s group explored whether transducing
surviving cones with hyperpolarizing halorhodop-
sin might restore vision.”* Cone photoreceptors
naturally hyperpolarize to light and cones do
persist to a degree in rod photoreceptor degener-
ations. Their data obtained in two mouse models
that differed in the rate of progression of retinal
degeneration, rdl (fast) and rho-/-cng3-/- (slow),
show that this is indeed the case, from both
electrophysiological and behavioral perspectives;

5. Synthetic photoswitches are also being evaluated.
LiGluR* combines a naturally-occurring gluta-
mate receptor with a photoactive switching mech-
anism (azobenzene). When this switch changes
conformation in the presence of light, the gluta-
mate receptor is opened producing cell depolar-
ization. When RGCs are transduced, and express
LiGluR, blind mice with retinal degeneration
become visually aware, as shown behaviorally in
the 5-arm swimming maze test; and

6. The final experiment from Hauswirth’s group,

although not an optogenetic approach, addressed
whether the adult mammalian brain has the ability
to accept and process novel visual information. It
focused on whether a dichromatic retina, such as
in the monkey, can be made trichromatic. Retinas
were transduced with AAV vectors containing the
human red opsin gene under the control of the
human red/green opsin promoter. In transduced
cones, depending on the level of vector expressed
red opsin relative to endogenous monkey green
opsin in individual cones, novel red responses were
measurable in treated monkeys, thus, red sensitiv-
ity was added to the animal’s color response
spectrum. The intriguing finding is that the brain
can process new visual information it receives from
the retina that now contains a novel subset of red
sensitive cones such that these animals can now
perform trichromatic tests (modified Cambridge
Color Vision test).”

Photoswitches

Sensitivity of Currently Developed
Photoswitches (Michael Tri H. Do)

Michael Do presented a synopsis of the compar-
ative sensitivity of published optical switches. This is a
major consideration for translation of optogenetics to
treat vision loss. If the light intensity required to
activate the receptor is high, this would reduce
efficacy of the therapy and introduces the potential
for light toxicity. Michael Do noted that a significant
limitation in current optogenetic technology is the
lack of ability to adapt to a wide dynamic range. He
also highlighted inconsistency in the way light
intensity is reported in the literature, which makes it
difficult to interpret, or indeed reproduce experi-
ments, using different equipment. Articles frequently
use photometric units that are psychophysical mea-
sures of spectral sensitivity (i.e., relying on the
scotopic or photopic luminosity function) and as a
result photometric units (e.g., lux) are relevant to
normal human visual perception but not to optoge-
netic tools. It would be preferable instead to use
radiometric measures in which physical units (e.g.,
photons cm 2 sec” ! nm™') are reported precisely.”’ In
principle, radiometric units allow one to predict the
level of activation of any optogenetic tool in any
lighting condition.

In making comparisons between different optoge-
netic tools, there are a large number parameters that
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need to be considered in terms of the stimulus
(spectrum, intensity, geometry), stimulus capture
(e.g., attenuation by the optical media, receptor
density, receptor properties, such as extinction
coefficient, path length), response of the receptor
(unitary response size, time course, adaptation), and
measurement of the response (e.g., at molecular,
cellular, or behavioral levels).”” Figure 2 illustrates an
aspect of this complexity by showing how one
receptor is differentially activated by light sources
that appear similarly white to human observers. By
measuring and reporting the relevant parameters,
investigators can accelerate the development of
optogenetic tools and permit careful selection of the
tool that is most suitable for a given application.

Channelrhodopsins (Brian Chow)

The microbially-derived rhodopsins differ from
human rhodopsins in that they are not G-protein
coupled receptors and lack signal amplification,
having evolved their response kinetics for creating
electrochemical gradient for adenosine triphosphate
(ATP) synthesis and motility. A major purpose of
ongoing research for vision restoration is to re-
engineer these proteins for greater sensitivity and/or
signal amplification. Improving sensitivity is not
about improving quantum efficiency since microbial
rhodopsins are not photochemically inefficient per se,
but instead requires a deeper understanding of how
many photons are required to depolarize a neuron
and obtain reliable spike responses. This physiological
spiking response (versus purely photochemical re-
sponse of photon absorption) depends on a variety of
factors such as light propagation through tissue,
expression levels and trafficking, off-kinetics, and
conductance per photocycle, among others. Accord-
ingly, additional re-engineering goals will be to
produce proteins that have a longer wavelength
(red-shifted) spectral sensitivity, larger conductances,
and understand and meet the optimal off-kinetics for
smooth visual perception.”® " Other issues to over-
come include potential complexities of the heterolo-
gous gene expression, such as inaccurate protein
folding, cellular trafficking, and an immune response;
and the impact of high levels of channel-rhodopsin on
heterologous cell membrane stability and function.

Several approaches are being employed to engineer
new depolarizing and hyperpolarizing ion channels,
including continued evaluations of phylogenetic
diversity and intelligent design through site directed
mutagenesis and chimeric protein development. For
each engineered improvement in function, there are,

however, trade-offs. For example, slowing down the
channel kinetics, especially increasing its open time,
can increase the light sensitivity of channelrhodopsin,
but the associated drawback is to slow down the light
response kinetics of photosensitized cells. Similarly,
increasing the calcium conductance of the channel to
improve light sensitivity also increases intracellular
calcium levels that may prove cytotoxic.

Melanopsin (Satchidananda Panda)

Satchidananda Panda discussed current approach-
es to using melanopsin as an optical switch for
optogenetic therapy. Melanopsin is an endogenous
mammalian retinal protein, first identified in intrin-
sically-sensitive RGCs.”' Melanopsin is involved in
relaying signals for pupillary responsiveness as well as
entrainment of circadian rhythms.*>** As a proof of
concept, Panda and colleagues™ used AAV2-mediat-
ed melanopsin expression to transduce RGCs in mice
and were able to observe both single ganglion cell
electrophysiological responses and visual behavioral
responses.

While melanopsin is sensitive to relatively low light
levels, it produces sustained depolarization with off-
rate kinetics that is too slow for functional vision
restoration. C-terminal truncations can improve this
kinetics, probably by modulating the large number of
phosphorylation sites on the melanopsin protein. The
systematic evaluation of these potential phosphoryla-
tion sites by a variety of in vitro expression studies
and calcium release assays, along with in vivo
measurements, such as restoration of pupillary
responses and circadian entrainment in rd/ melanop-
sin double-knockout mice, has revealed several
candidates that have the potential for clinical
translation, though more work is needed. Additional
studies have examined whether co-expression with
arrestin-1 and/or -2 (a signal transduction regulator
that assists in switching off the melanopsin signal) will
improve melanopsin performance as an optogenetic
tool.

Photoreceptive lonotropic Glutamate
Receptors (John Flannery)

John Flannery presented research being undertak-
en by the National Institutes of Health (NIH)
Nanomedicine Development Center for Optical Con-
trol of Biological Function, a group of eight
laboratories in which endogenous mammalian recep-
tors are being re-engineered to add intrinsic light
sensitivity. One project is the LiGluR,™ which has
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Figure 2. Differential activation of an opsin molecule by lighting that appears psychophysically similar to human observers. (A) The
spectral sensitivity of melanopsin, a visual pigment in the human retina that has been used as an optogenetic tool.°*%> Shown is the
principal, alpha band.®® (B) Spectra of common, white light sources normalized to their peaks. Daylight is measured through a window on
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a clear day in Boston, xenon is the output of an arc lamp projected through a microscope, room light is fluorescent laboratory light, and
white, light emitting diode (LED) is the beam of a flashlight. (C) Product of the spectrum of each light source with that of melanopsin. The
level of melanopsin activation is obtained by integrating under the curve, and is given on the right.

similar kinetics to channelrhodopsins in terms of
speed and conductance. LiGluR is a two-component
system comprising a naturally occurring glutamate
receptor covalently attached to an azobenzene arm
that is covalently attached to a glutamate molecule.
Exposure to 380 nm light results in a conformational
change in the azobenzene arm that brings the
glutamate molecule to bind with the receptor, forming
an ion channel pore, resulting in ion (Na®, K¥, and
Ca’") flow and depolarization of the cell. The
azobenzene arm will thermally relax back to the
inactive trans conformation or can be rapidly
isomerized to the inactive conformation by 500 nm
light. This optical switch is fast enough to generate
reproducible 50 Hz spike trains. Functional studies
using multielectrode arrays (MEA) of LiGIluR have
shown in vivo that multiple RGCs can be rendered
photosensitive, such that these cells are capable of
delivering a signal to the visual cortex, as confirmed in
vivo by measuring a visual evoked potential, pupillary
light responses, and a functional, behavioral response
(Morris water maze) in rodent models of retinal
degenerative disease.”” John Flannery indicated fur-
ther studies are underway to evaluate the visual
performance and behavior of LiGluR expressed in
dog and primates and to develop red-shifted photo-
switches to function in the visible light range. He also
speculated that the field should consider the develop-
ment of more complex molecular systems to emulate
the physiological phototransduction cascade. In this
way, the light sensor could be separated from the
actuator with resultant improvements in sensitivity,
adaptation, and kinetics.

Synthetic Photoswitches (Russell Van Gelder)

Russell Van Gelder spoke about synthetic small
molecule photoswitches. While not genetic, and
therefore not strictly optogenetic tools, the chemicals
function in an analogous manner to the optogenetic
tools, by conferring photosensitivity on RGCs. The
first compound developed is named AAQ' and
comprises three moieties: quaternary ammonium,
which blocks voltage-gated potassium channels;
azobenzene, the photo-responsive switch; and acryl-
amide, to bind the ion channel. In similar fashion to

LiGlIuR, the activity of AAQ is driven by light-
induced conformational changes in azobenzene. As a
proof of concept, the properties of AAQ were
investigated in retina explants from melanopsin
knock-out mice, at age P8, using a multielectrode
array. With direct exposure to AAQ in solution,
RGCs could be depolarized in response to the correct
wavelength of light (380 nm, 10'° photons mm™>
sec ). In vivo, AAQ was able to restore both the
pupillary response and a positive behavioral response
in the light aversion test to rd/rd;opn4-/- mice. A
limitation of AAQ is its short half-life in vivo, which
means any visual benefit is transient. The next
generation of AAQ-derivatives is already now in
testing and these may have greater clinical transla-
tional applicability. An example is PHeNAQ, which
can produce photosensitization for approximately 8
hours in response to a white light stimulus, has much
better response kinetics, inactivates spontaneously in
the dark, and is activated at lower light levels.
Preliminary evidence also suggests PHeNAQ can
produce behavioral responses in treated mice (Nem-
argut JP III, et al. IOV'S 2012;358:ARVO E-Abstract
3639). Further work is necessary to improve formu-
lation, assess toxicity, formulate for sustained release,
and better vitreous penetration. Russell Van Gelder
suggested that one potential early application of this
technology might be to harness the transient effect to
evaluate whether conventional gene-based optoge-
netic therapy might be of benefit to a candidate
patient.

Clinical Translational Challenges and

Opportunities

Understanding Morphological Changes in
Retinal Degenerations: Remodeling and Its
Consequences

Enrica Strettoi, Robert Marc, and Christine
Curcio detailed the histo- and molecular pathologic
changes that accompany photoreceptor loss in condi-
tions such as RP and age-related macular degenera-
tion (AMD). While most of what is known comes
from animal models, the findings in mice, rats, and
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rabbits closely mirror the limited data available in
humans.

In the broadest terms, three stages can be
recognized in the degenerative process: photoreceptor
stress, photoreceptor loss, and then tissue remodel-
ing.*>*® Remodeling describes the gradual and
morphological, functional, and cellular reprogram-
ming®’ events that affect all retinal components, such
as neurons, glia, and blood vessels. The process
partially reflects the consequence of deafferentation
of remaining retinal cells as photoreceptors die’® and
appears stereotyped to all forms of RP though the
kinetics vary likely dependent upon genotype. The
end stage of RP is characterized by cell death and
gliosis, obliteration of the subretinal space, intraret-
inal migration of the retinal pigment epithelium
(RPE), and blood vessel attenuation. There is no
evidence that ischemic cytotoxicity also occurs in RP.

Photoreceptors and the Retinal Pigment Epithelium

In RP, rod photoreceptor death typically precedes
cone photoreceptor loss. In some forms of retinal
degeneration, cone photoreceptors are decimated
early in the disease process, while in others cones
can survive late into the disease process. Inner retinal
remodeling appears to accompany and follow both
the death of the rods and cones. Migration and loss of
surviving RPE cells is also observed congruent with
the rod and cone loss.

The disappearance of both photoreceptors and
RPE and the formation of a gliotic scar obliterates the
subretinal space present in a nondiseased retina, and
this poses potential challenges for obtaining surgical
access to this area for subretinal delivery of gene
therapeutic agents.”

Remodeling and the Bipolar Cells

Some of the earliest signs of remodeling appear in
rod bipolar cells, which show dendrite reduction,
retraction, and mislocation combined with displace-
ment of their cell bodies and more overt migration.”®
The process is reminiscent of transynaptic atrophy.
Neuritogenesis and axonogenesis of bipolar cells are
observed with the establishment of de novo connec-
tions and signaling networks. Surface contacts are
formed, but do not comprise the ribbon synapses
characteristic of a nondiseased retina. At the molec-
ular level, during retinal degeneration there is loss of
mGIluR6 expression, activation of the retinoic acid
pathways,”” and a change in polarity with the
conversion of ON-bipolar cells to OFF-bipolar cells.
This is significant for any gene therapy that might
target the ON-bipolar cells. For these reasons,

targeting the bipolar cell selectively with optogenetic
therapy may not optimal. Cell-specific promoters are
available for ON cells,*' but not yet characterized for
OFF cells.

Remodeling of the RGCs and Amacrine Cells

The RGCs are the innermost layer of cells in the
retina and extend their processes from the retina back
through the optic nerve to the brain, being the
ultimate connection between the light signaling
processed by the retinal layers and the brain. The
retinal ganglion and amacrine cells appear the most
resistant to degenerative changes.*” Indeed, survival
appears fairly complete even late in the disease.
Additionally, RGCs maintain their inner laminal
position unchanged and functionally maintain an-
terograde transport and depolarization characteris-
tics.*> In Enrica Strettoi’s opinion, “the most stable
retinal cell during retinal degeneration is the ganglion
cell”. Current evidence suggests this might be the
most universal target for optogenetic therapy, but
signaling from these layers would lack the additional
interpretation provided by signal processing in the
outer layers of the retina.

Approaches to Evaluate Candidate Patients
for Optogenetic Treatments (Artur V.
Cideciyan)

Artur Cideciyan’s presentation examined different
noninvasive methods that are currently available and
can be used to perform quantitative measurements to
evaluate candidacy of patients with retinal degener-
ations for potential optogenetic treatments. Initially
the capabilities of optical coherence tomography
(OCT) were reviewed. OCT is a noninvasive, non-
contact method that produces cross-sectional images
of the retinal architecture. In healthy eyes, OCT
provides micron-scale resolution for 10 or more
boundaries formed by scattering changes and retinal
layers distinguishable between these boundaries.
Unbiased comparisons between histology and OCT
in animal models have defined the identity of some of
the layers.** In terms of inherited retinal degenera-
tions, primary consequences of disease are found in
the outer retina, which includes the outer nuclear
layer (ONL) where the nuclei of rod and cone
photoreceptors reside; predegenerative photoreceptor
stress results in abnormal thickening of the ONL,
whereas loss of photoreceptors leading to degenera-
tion results in abnormal thinning.*” Quantitative
aspects of ONL thickness abnormalities were pre-
sented from patients with RP due to RHO, MAK, or
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RPGR mutations,** ™ those with macular degenera-
tions and cone-rod dystrophies caused by ABCA4
and CERKL mutations,”" Usher syndrome patients
with USH3A4 or USH2A mutations,”' and those with
Leber congenital amaurosis due to RPE65, CRBI,
CEP290, IQCBI, and AIPLI mutations.”” > More
recently, it has been possible to distinguish between
rod outer segments (ROS) and cone outer segments
(COS), and several examples of retinal degenerations
illustrating abnormalities of the ROS and COS
lengths were presented.*’"*° Artur Cideciyan sug-
gested that primary candidates for optogenetics
therapies would be expected to lack detectable
ONL, ROS, and COS.

OCT also affords the opportunity to evaluate
structural abnormalities at the outer plexiform layer
(OPL) where photoreceptors synapse to bipolar and
horizontal cells, and at the inner plexiform layer (IPL)
where bipolar cells synapse to amacrine and ganglion
cells. In addition, inner nuclear layer (INL) and
ganglion cell layer (GCL) are distinguishable with
their hyper-scattering bands and represent cell nuclei.
A characteristic finding in retinal degenerative condi-
tions is thickening of the inner retinal layers overlying
areas of photoreceptor loss.”*'> The thickening of
inner retinal layers is thought to represent a form of
reactive retinal remodeling in response to photore-
ceptor degeneration. An important contributor to
inner retinal thickening is thickening of the INL,
which may result from a combination of Miiller glial
activation and major synaptic abnormalities at the
level of the bipolar cells. In Artur Cideciyan’s
opinion, such changes detectable noninvasively would
not bode well for optogenetic approaches targeting
the bipolar cells. GCL and retinal nerve fiber layer
(RNFL) is also measurable on OCT even in advanced
stages of retinal degeneration.” Cideciyan suggested
that different molecular forms of retinal degenera-
tions be examined quantitatively for inner retinal
structural abnormalities in order to detect the stages
of disease that show remnant GCL population that
could be targeted with optogenetic approaches.

Importantly, Artur Cideciyan pointed out that it is
relatively easy to image and evaluate the central
retina, but evaluation of the more peripheral retinal
regions is constrained by ocular optics. For this
purpose, visual function tests with a large dynamic
range, such as dark-adapted perimetry, can be used as
surrogates of peripheral retinal structure. Addition-
ally, it will be important to determine the structural
and functional evaluation of extra-retinal visual
pathways. For this purpose, structural magnetic

resonance imaging (MRI) is very useful in assessing
the optic nerve, lateral geniculate nucleus, and
occipital cortex.”>**® Functional MRI offers the
opportunity to study cortical responses to visual
stimuli and has been adapted to allow evaluation of
patients with low vision.”” Further studies are
necessary to determine test-retest variability of these
measures in specific patient populations en route to
their use in a potential clinical trial.

Delivery of Optogenetic Agents to the Retina
(William Hauswirth)

William Hauswirth presented an overview of
AAV-based technology, retinal cell targeting, and
ongoing efforts to identify and engineer retinal cell-
specific expression. There are two conventional
surgical routes of vector administration: subretinal
injection, that preferentially targets the outer retinal
cells and intravitreal injection for targeting inner
retinal cells. A key consideration for intravitreal
delivery is that ‘the mouse is not a primate’ and
transduction efficiency seen in rodents does not
necessarily translate to the experience in primates,
including man. This appears largely as a result in
differences in the internal limiting membrane (ILM),
which forms the interface between the vitreous body
and the RNFL. In rodents, the ILM appears
permeable to AAV serotype 2 (AAV2) but in
primates, retinal penetration is reduced probably
due to both the increased number of heparin sulphate
binding sites in the ILM that bind virus and its
increased thickness relative to the mouse. Specific
regions of the primate ILM are however permeable to
AAV2, most notably within the fovea of the central
macula and around retinal arterioles.

Rod and Cone Photoreceptors

A number of AAV serotypes transduce photore-
ceptor cells efficiently when delivered subretinally, for
example AAV2, AAVS5, and AAV9.”” AAV2 vectors
are currently being employed in human clinical trials.
In addition, cell specific promoters are also available
(rhodopsin kinase for rods, cone arrestin, and cone
opsin for cones).

Bipolar Cells

Targeting these cells is still in development, but
AAYV serotypes delivered subretinally carrying the
bipolar cell-specific GRM6 promoter afford an
opportunity to selectively express genes in the ON-
cell subtype, though OFF-bipolar cell selectivity is not
yet achievable.
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Retinal Ganglion Cells

Approximately 50% of these cells can be trans-
duced in rodents from a single intravitreal injection.
The challenge in the primate is, however, to overcome
the barrier to AAV diffusion presented by the ILM.
Critically, efficient foveal and parafoveal transduction
is seen following intravitreal delivery of conventional
AAYV serotypes; this has translational applicability to
optogenetics since the macula is so important for
high-resolution vision. In addition, multifocal peri-
vascular transduction is also observed in the macula
and retinal midperiphery, presumably providing
access through the ILM at points where the vascula-
ture also crosses. William Hauswirth highlighted
ongoing research efforts to selectively mutate AAV
to gain better retinal penetration and transduction
efficiency by altering viral surface tyrosine moieties.””
With this work currently making good progress, he
identified that the current major hindrance to retinal
cell targeting as the lack of new retina-specific
promoters. In this regard, he discussed the Pleiades
Promoter Project (http://www.pleiades.org/) that was
attempting to identify all central nervous system-—
related promoters. Mining the current dataset may
have identified 17 mini-promoters relevant to the
retina that are compatible with AAV size constraints.
It must be hoped that the combination of improved
AAYV tropism and cell-specific promoters will alleviate
(or at least substantially reduce) nontarget cell
expression of the gene.

Optogenetic Human Clinical Trials: Best
Candidates and Appropriate Efficacy
Endpoints (Eric Pierce)

Eric Pierce noted that optogenetic therapy affords
the opportunity to treat all forms of outer retinal
degenerative disease independent of genotype, how-
ever, the best candidates for initial clinical evaluation
were likely to be those patients with advanced RP
given their phenotypic homogeneity in the late stages
of disease.

Eric Pierce acknowledged that identifying the best
efficacy endpoints for human optogenetic trials is
challenging. The currently FDA-approved endpoints
of visual acuity, visual field, and retinal lesion size
have limited applicability to early phase optogenetic
studies since those with advanced or end-stage retinal
disease have very low vision. There is also a need to
perform tests at suitable lighting levels. Eric Pierce
reviewed the symptomatology observed in these
conditions and then critically evaluated the utility of

currently available tests. He drew from clinical
experiences gained from ongoing Leber’s congenital
amaurosis RPE65 gene therapy clinical trials to
observe:

1. The electroretinogram (ERG) measures mostly
photoreceptor responses and some inner retinal
responses. Therefore, current ERG protocols
would not be useful in the absence of photorecep-
tors;

2. Retinal imaging, for example OCT, may be useful
in identifying those individuals with outer retinal
pathology or persisting RGCs but would be not
useful as an outcome measure for functional vision
in optogenetic therapy;

3. Measurement of full field threshold sensitivity has
been used to show improved cone function in the
RPEG6S5 gene therapy trials and would definitely
have potential as a quantitative evaluation of
visual restoration and visual function in optoge-
netic trials;

4. Threshold visual fields have been reported to
provide a noticeable increase in visual field
sensitivity in some patients treated with RPE6S
gene replacement, but in Eric Pierce’s experience
this is neither uniform nor reliable and difficult to
apply to profoundly visually-impaired individuals;

5. Visual acuity might be regarded as the gold
standard and although some RPEG65 patients do
get sustained improvements in acuity, this is not a
uniform observation and does not necessarily
correlate with restored visual function in certain
patients. As a result, it may not be suitable as a
primary endpoint in optogenetic trials;

6. Microperimetry may have some utility, however, it
would be challenging to perform in profoundly
visually-impaired individuals due to fixation insta-
bility;

7. Pupillary light reflex is a good integrator of the
light response and has the advantage of being
objective; and

8. Quantitative mobility testing might have the
greatest utility since it integrates all aspects of
visual function (visual acuity, visual field, and light
sensitivity) and relates to quality of life. However,
this test is not yet reliably quantifiable or
validated. As part of the LCA2, RPE65 gene
therapy clinical trial, there are studies striving to
validate these and have them accepted by the FDA
as a primary endpoint.

Discussion from the attendees focused on whether
other electrophysiological methods might have use
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such as the visual evoked potential (VEP). It was
suggested that in the untreated individual the VEP
would be unrecordable, although possibly combined
with the electrically-evoked response (EER) these
measures might have utility in identifying potential
participants. If therapy restored this response, both in
latency and amplitude of the waveform generated, it
would be a sign of efficacy although it cannot tell
whether the patient is actually seeing (i.e., had
functional vision). However, it was also acknowl-
edged that the visual evoked potential is generated by
a mass response from all retinal regions so the
amplitude is dependent on variables, such as electrode
replacement and so may lack either the sensitivity or
specificity to be of great value. Additional evaluation
using a pattern VEP was mentioned as one way of
providing some measure of the level of visual acuity.

Challenges and Opportunities for High-
Resolution Vision Following Optogenetic
Therapy (Frank Werblin)

Frank Werblin provided insight into the process-
ing of visual information by the retina and what type
of image preprocessing might be needed to achieve
optimal vision following optogenetic therapy.®' ** At
the very least, luminance gain control will be required
in any system because none of the artificial approach-
es employs a photoreceptor-like gain control or
adaptation. He acknowledged that while there is
strong logic to suggest that preprocessing technology,
for example a pair of specially-designed goggles or
spectacles might optimize both gain and visual
resolution, experience with cochlear and, to a degree,
retinal implants have demonstrated the remarkable
capacity and adaptability of human sensory systems
and cortical processing to receive and interpret
unnatural information after adaptation has occurred.
Conceptually, if preprocessing is needed, it will be
needed at all levels of transduction, from the
photoreceptor to the ganglion cells. Preprocessing of
the image would require manipulation of a number
features of the signal including brightness, contrast,
saturation, and adaptation (http://mcb.berkeley.edu/
labs/werblin/). A key component of such a system
would be the bio-inspired mechanism for each of
these as the image and environment changed. Frank
Werblin noted that existing camera technology was
already sufficiently advanced to perform preprocess-
ing automatically or to allow the user to adjust the
system manually to optimize the visual experience. He
also noted that it is not yet known if other functions

of the retina, including contrast gain control, fixa-
tional stability, and saccadic suppression, will need to
be addressed at a preprocessing level or whether the
remaining visual system can itself compensate and
accommodate these functions following optogenetic
therapy.

The audience raised questions on the difficulty to
code visual information when stimulating RGCs
because there is no retinotopy in the foveal area at
this level. Frank Werblin answered that the visual
cortex should solve this difficulty.

A Proposed Human Clinical Trial

Thomas Rea and Peter Francis of RetroSense
Therapeutics LLC discussed the company’s drug
development plans for their first proposed human
clinical optogenetic application for vision restoration.
RetroSense proposes using an AAV2-based vector to
deliver a cDNA encoding a truncated version of
channelrhodopsin-2 (which retains its functionality as
a light sensor) to RGCs via intravitreal injection.
Both the vector, including the promoter and polyad-
enylation signal, and the serotype, have been used
safely in a number of human clinical trials, including
retinal gene replacement trials for Leber’s congenital
amaurosis. While animal models have proven useful
in exploring the visual restorative promise of opto-
genetic therapy, the field lacks a single animal model
that embodies all the necessary biological features
with which to best predict the complex phenotypic
outcome in humans (e.g., human responses to
therapy). To date, in the literature, all efficacy and
toxicology evaluations'* have been performed with
the truncated channelrhodopsin-2 fused with a
reporter such as green flourescent protein or Venus.

RetroSense is proposing that their first human
study will be an open label, single eye phase Ib/Ila
dose escalation study of intravitreally administered
agent to individuals with advanced RP. One week
before the symposium, the company held a formal
type B (preIND) meeting with the US FDA in which
a preclinical path to the human clinical trial was
identified. The FDA was very receptive to the concept
of optogenetic therapy, though it is clear that the
regulatory approval environment is still evolving. The
potential regulatory agency expectations in the
preclinical setting, for groups considering clinical
translation of optogenetics may include:

1. Demonstration of efficacy in multiple animal
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models with careful documentation of the light
levels needed for channel activation;
2. The need for IND-enabling combined/hybrid
pharmacology/toxicology studies, which allow the
assessment of toxicity in the setting of the disease
process in an environment where the agent is at a
dose(s) where its efficacious effect is exerted;
Long-term human safety monitoring;
4. The development of a potency assay for later phase
clinical development;
5. A clinical development plan that considers repeat
and/or fellow eye injection; and
6. Light-activation requirements specific to their
optogenetic therapy.

Conclusions

The symposium provided an excellent forum for
thought-leaders in the field to share their ideas on the
best path forward for optogenetics in vision restora-
tion. While there was a general consensus that the
field has matured to a point that clinical translation is
a realistic proposition, the discussion also led to the
identification of key areas requiring more research,
development, and funding. Specifically, the attendees
concluded that visual outcomes will be optimized by
improved photoswitch sensitivity and channel kinet-
ics, enhanced gene delivery technology, and the
development of image-enhancing visual aids. Fur-
thermore, the assessment and prediction of visual
efficacy will be best achieved by the generation of new
animal models, both small and large eye, better
animal visuobehavioral testing, and validated clinical
endpoints designed to optimally assess real-world
visual function. Ambitious though this is, accom-
plishing such an agenda will ensure a promising future
for this technology and the realistic prospect of
restoring meaningful vision to those affected by
inherited retinal degenerative disease.
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