Gene Therapy for Achromatopsia

Stylianos Michalakis", Christian Schén?, Elvir Becirovic!, Martin Biel*

!Center for Integrated Protein Science Munich CiPS™ and Department of Pharmacy — Center

for Drug Research, Ludwig-Maximilians-Universitat Minchen, Munich, Germany

*Correspondence should be addressed to:

Dr. Stylianos Michalakis, Department of Pharmacy — Center for Drug Research, Ludwig-
Maximilians-Universitat Miinchen, Butenandtstr 5-13, D-81377 Munich, Germany, Phone:
+49 (0) 89 218077325, Fax: +49 (0) 89 218077326, Email: stylianos.michalakis@cup.uni-

muenchen.de

Keywords: adeno-associated virus (AAV), gene - therapy, neuroscience, vector — viral,

animal model, clinical research

Running Title: ACHM Gene Therapy

Abstract

Aim This review summarizes the current status of Achromatopsia (ACHM) gene therapy-
related research activities and provides an outlook for their clinical application.

Discussion ACHM is an inherited eye disease characterized by congenital absence of cone

photoreceptor function. As a consequence, ACHM is associated with strongly impaired
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daylight vision, photophobia, nystagmus, and lack of color discrimination. Currently, six
genes have been linked to ACHM. Up to 80% of the patients carry mutations in the genes
CNGA3 and CNGB3 encoding the two subunits of the cone cyclic nucleotide-gated (CNG)
channel. Various animal models of the disease have been established and their
characterization helped to increase our understanding of the pathophysiology associated with
ACHM. With the advent of adeno-associated virus (AAV) vectors as valuable gene delivery
tools for retinal photoreceptors a number of promising gene supplementation therapy
programs have been initiated.

Conclusion During the last years, huge progress has been made towards bringing a curative
treatment for ACHM into clinics. First clinical trials are ongoing or will be launched soon
and are-expected to contribute important data on the safety and efficacy of ACHM gene

supplementation therapy.

Clinical-manifestation, etiology and genetics of Achromatopsia

Achromatopsia (ACHM) is an autosomal recessive eye disorder with an overall prevalence of
approximately 1:30,000 [1-3]. ACHM patients suffer from severely impaired daylight vision,
poor visual acuity, photophobia, nystagmus (involuntary rapid eye movements), and lack of
the ability to discriminate colors [4] (Figure 1). In addition to these functional defects,
ACHM patients present with varying degrees of cone photoreceptor degeneration. Mutations
in six genes (ATF6, CNGA3, CNGB3, GNAT2, PDE6C and PDEG6H) are currently implicated
in ACHM (Table 1). Up to 80% of ACHM patients carry mutations in CNGA3 or CNGB3.
These genes encode the two subunits of the cyclic nucleotide-gated (CNG) channel expressed
in cone photoreceptor outer segments [4, 5]. The cone CNG channel is a heterotetrameric
complex assembled by three CNGA3 and one CNGB3 subunits [6]. Functionally, CNG

channels are an essential component of the phototransduction cascade that mediates the
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translation of light-triggered changes in the second messenger cyclic guanosine
monophosphate (cGMP) into a voltage and calcium signal [4]. In the dark, binding of cGMP
to the CNG channels leads to opening of the channels and depolarization of the cone
photoreceptor cell. Following light stimulation cGMP is hydrolyzed by cone
phosphodiesterase (PDE) activity, the CNG channels close and the cone becomes
hyperpolarized. This hyperpolarization reduces the release of the neurotransmitter glutamate
at the synaptic terminal and triggers downstream visual signaling.

To date, more than 100 mutations in CNGA3 and more than 50 mutations in CNGB3 were
found to cause inherited ACHM in humans [7]. CNGB3 mutations are more prevalent
(estimated fractional prevalence: 50 %) in Europe and the United States, whereas CNGAS3 is
the most frequent disease gene in the Middle East and China (estimated fractional prevalence:
60 %). Most CNGB3 mutations are nonsense, frameshift or splice mutations resulting in
truncated or strongly impaired channel proteins [2, 5]. However, the majority of CNGA3
mutations are missense mutations affecting only single amino acid residues of the protein [2,
5]. All other known ACHM genes, except ATF6, also encode for essential components of the
cone phototransduction cascade, e.g. subunits of the cone PDE complex (PDE6C and
PDEGH) or the guanine nucleotide-binding protein (G protein), (GNAT2) which signals
between rhodopsin and the PDE. Absence or malfunction of any of those phototransduction
genes results in functional impairment of the signaling cascade. However, the exact
mechanisms linking mutations in these phototransduction genes to the ACHM pathology
have not been established yet. The latest addition to the ACHM genes is ATF6, which
encodes for a transcription factor involved in the unfolded protein response. It was suggested
that an-increased susceptibility to ER stress-induced damage during retinal development

underlies the pathology of ACHM in patients with ATF6 mutations [8].
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In summary, ACHM is genetically well characterized. The majority of cases are linked to
CNG channel gene mutations. Mutations in the four non-CNG channel encoding ACHM
genes are much less frequent and together account for less than 6 % of the cases. Not yet

identified putative ACHM genes could account for approximately 5 % of the cases.

Animal models of Achromatopsia

Several engineered and naturally occurring small and large animal models of ACHM exist
(Table 1). The first described animal model was the Cnga3 knockout (KO) mouse, which
helped establishing the molecular basis of CNGA3-linked ACHM (ACHM2, OMIM #21690)
[9]. Genetic inactivation of Cnga3 in mice leads to selective loss of cone-mediated light
responses [9] accompanied by progressive degeneration and cell death of cones [10]. In
addition, a naturally occurring mouse model of ACHM2 - the cpfl5 mouse with a Cnga3
point-mutation - was described with a phenotype similar to the Cnga3 KO mouse [11].
Moreover, a sheep model of ACHM2 was identified with diminished cone, but normal rod
function [12, 13]. Affected lambs were homozygous for a mutation in the Cnga3 gene that
results in substitution of amino acid R236 by a stop codon [12]. Recently, two spontaneous
canine models of ACHM2 have been described [14]: a German shepherd, carrying a
CNGAZ3/p.R424W mutation and a Labrador retriever with a CNGA3/p.V644del mutation.
Small and large animal models also exist for CNGB3-associated ACHM (ACHM3, OMIM
#262300). Knockout of Cngb3 in mice results in strongly reduced, but not absent cone
function and progressive cone photoreceptor degeneration [15, 16]. The residual cone
function in this model can be attributed to irregular homomeric CNGAS3 channels transported
to the outer segments in absence of CNGB3 protein [17]. In addition to the Cngb3 knockout

(KO) mouse, several spontaneous dog models exist that carry recessive mutations in exon 6
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or a genomic deletion of the entire CNGB3 gene and present with a clinical phenotype of
day-blindness [18-20]. Mouse models also exist for the other less frequent ACHM genes [21-

24].

Development of gene supplementation therapy

Clinical management of ACHM is currently limited to specialized genetic counseling, the use
of low vision aids, tinted contact lenses or glasses to reduce symptoms of photophobia [3,
25]. However, no curative treatment for ACHM exists. The availability of suitable animal
models and recombinant adeno-associated virus (rAAV) vectors as efficient and safe retinal
gene transfer vectors allowed for the preclinical development of novel ACHM gene therapies.
As described above, ACHM is caused by missense or loss-of-function mutations that are
inherited in an autosomal recessive manner. Therefore, this disease is a very attractive
candidate for so-called gene supplementation approaches. Gene supplementation aims at
complementing affected cone photoreceptor cells with a healthy copy of the disease-causing
gene. In the following paragraphs, we will provide an overview on rAAV vectors, review

current preclinical activities and finally summarize ongoing clinical trials.

rAAV vectors as gene therapy tools

AAVs are small (25 nm diameter), non-enveloped and non-pathogenic viruses that belong to
the Parvovirus family and Dependovirus genus and accordingly depend on the presence of
adeno-, papilloma- or herpes-viruses for replication [26]. The wildtype AAV genome consists
of approx. 4.7 kb single stranded DNA with two open reading frames (rep and cap) flanked

by two inverted terminal repeats (ITRs) [26]. ITRs are 145 bp palindromic sequences forming
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hairpin-loops and are critical components required for proper AAV genome packaging,
transcription and other essential functions [27, 28]. There are several properties that render
AAVs perfectly suited as neuronal (and in particular retinal) gene transfer vectors: (1) Their
small genome can be easily manipulated and recombinant AAVs are easy to produce and
purify. (2) The only AAV genomic sequences that have to be present in a typical AAV
expression (cis) plasmid are the two “flanking” ITRs [29, 30], (3) Thus, the viral reading
frames rep and cap can be excised from the AAV genome and provided in trans during the
rAAV production process using helper plasmids (or helper virus e.g. adenovirus). Thereby,
approx. 4.5 kb cargo capacity between the ITRs becomes available for a gene expression
cassette. (4) Helper virus-free protocols have been established for the production of rAAV
particles-in eukaryotic cells or in insect cells [31, 32]. In these protocols, the cis plasmid with
the desired gene expression cassette, the rep and cap expressing plasmids and the helper
plasmid containing the adenoviral helper genes E1A, E1B, E2A, E4, and VARNA are co-
transfected into producer cells (e.g. HEK293 cells) [32, 33]. rAAVs can then be isolated from
the cell culture supernatant or the lysed cells and purified using standard gradient
centrifugation, chromatography and size exclusion techniques [32, 33]. (5) Various naturally
occurring or engineered AAV capsids are available allowing for packaging of pseudotyped
rAAV of different serotypes with distinct properties, e.g. specificity for different cell types
[34, 35]. (6) Finally, rAAVs are considered as very save gene therapy vectors with low
immunogenicity and toxicity [28, 36]. After transduction, the rAAV vector genome stays
predominantly in an episomal state. Although studies suggest that rAAV vectors can integrate

into the host genome, no major insertional mutagenesis issues have been reported [37-39].
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Gene supplementation therapy: preclinical studies

Successful proof-of-concept animal studies for rAAV-based gene supplementation therapy
exist for CNGA3, CNGB3 and GNAT2 [11, 40-43]. In the past, we have utilized the well
characterized Cnga3 KO mouse model to evaluate rAAV-mediated Cnga3 gene
supplementation as a potential treatment of CNGA3-linked ACHM [42]. In this approach, we
subretinally applied AAV5-Y719F-pseudotyped vector particles that expressed the mouse
Cnga3 c¢DNA under control of a mouse S-opsin promoter [42]. We showed that such gene
supplementation was able to restore cone-specific visual processing in the central nervous
system of Cnga3 KO mice. Treated Cnga3 KO retinas were able to generate cone-driven
light responses. The treatment had also beneficial effects on retinal morphology and
degenerative cellular processes. For instance, the therapy normalized pathologically elevated
cellular cGMP levels in cones, delayed cone cell death and diminished the inflammatory
response of Muller glia cells that is typical for retinal degenerations [10]. Follow-up studies
suggest that the therapeutic effect was long-lasting (e.g. stable for at least 8 months after
treatment) [44] and could be applied at more advanced disease stages (e.g. at 1 or 3 months of
age) [44]. Moreover, a positive therapeutic outcome was also obtained using rAAV vectors
pseudotyped with other capsids (e.g. AAV8) and alternative cone-specific promoters (e.g. a
human red/green opsin promoter, cone arrestin) [44]. A similar Cnga3 gene supplementation
approach was described by another group using the cpfl5 mouse, a naturally occurring Cnga3
mutant mouse model [11]. This approach was based on an AAV5-pseudotyped vector with a
gene expression cassette containing the murine Cnga3 cDNA under control of the ubiquitous
chicken B-actin promoter. Using this vector, a substantial restoration of cone-mediated ERG,
normalization of visual acuity and contrast sensitivity, and arrest of cone degeneration was
described. The therapeutic effect was observed for at least 5-months post-injection [11]. More

recently, a successful gene supplementation was also described for the Cnga3 mutant sheep
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model [45]. The approach utilized AAV5-peusodtyped vectors expressing either mouse
Cnga3 or_human CNGA3 under control of a 2.1 kb human red cone opsin promoter. An
impressive restoration of cone function (ERG) and daylight vision was accomplished which

was maintained up to 3 years after treatment.

Successful rAAV-based gene supplementation was also achieved in animal models of
CNGB3-related ACHM [40, 41]. Subretinal delivery of AAV5-peusodtyped vectors
expressing human CNGB3 under control of a 2.1 kb human red cone opsin promoter led to
long-term restoration of cone function and daylight vision in two canine models of CNGB3-
related ACHM [41]. Interestingly, the treatment was less efficient if treated dogs were
already at a more advanced stage of disease [41]. To circumvent this phenomenon, the same
group combined the gene therapeutic approach with the administration of ciliary neurotrophic
factor (CNTF) [46]. CNTF is known to cause a temporal deconstruction of photoreceptor
outer-segments. This reversible effect leads to immature photoreceptors with a temporal
shortening of outer segments and reduction of gene expression. In combination with such
CNTF-mediated deconstruction and regeneration the gene therapy was also successful in

advanced stage Cngb3 dogs (14 to 42-month-old).

Another approach tested the efficacy of a CNGB3 gene supplementation therapy in Cngh3
KO mice [40]. This approach was based on an AAV8-pseudotyped vector containing a
human cone arrestin promoter driving the expression of human CNGB3. When delivered
subretinally, this vector led to reconstitution of heterotetrameric cone CNG channels,
improvement of retinal morphology and prolonged survival of cones. Moreover, the therapy
resulted in a long-term improvement of retinal function in Cngh3 KO mice, which was shown

by the restoration of cone ERG amplitudes and improvement in visual acuity. Interestingly,
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successful restoration of cone function was also observed when the treatment was initiated at
6 months of age. However, restoration of normal visual acuity was only possible when
treatment was applied to 2-4 weeks old animals [40].

A successful gene supplementation therapy was also described for GNAT2-linked ACHM
[43]. In this study, the naturally occurring Cpfl3 mouse line was used, a hypomorph Gnat2-
mutant with residual protein expression and impaired cone ERG responses (approx. 25 % of
normal level at 4 weeks of age), but no obvious cone degeneration. In this approach, an
AAV5-pseudotyped vector carrying the mouse Gnat2 cDNA driven by the 2.1 kb human red
cone opsin promoter was delivered into the subretinal space of Cpfl3 mice of various ages. A
clear positive effect of the gene supplementation could be observed at the level of cone ERG

and optomotor behavior for at least 7 months after treatment [43].

Clinical trials with Achromatopsia patients

ACHM has previously been considered as a stationary disease: The cone ERG is either
missing from birth or the functional loss does not progress with age. However, techniques for
high resolution in vivo retinal imaging like optical coherence tomography (OCT) and
adaptive optics (AO) and studies on animal models revealed that ACHM is often associated
with progressive cone degeneration [10, 47, 48]. Pathological changes include mild to
moderate alterations in cone inner and/or outer segment morphology or in more severe cases
substantial loss of foveal cones [47, 48]. In most cases, such degenerative changes can only

be observed in aged patients, but were occasionally also seen in younger patients [3, 47-51].

The principle of ACHM gene supplementation therapy relies on the presence of “rescuable”

cone photoreceptors, e.g. morphologically intact cones that have not yet entered a progressed
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degenerative state, which would not allow them to escape cell death. Therefore, increased
amount of natural history data and correlation of clinical with genetic data is needed to
ascertain an optimal and accurate definition of the window of opportunity for each candidate
gene supplementation patient.

The very encouraging preclinical results have led to the initiation of various translational
projects aiming at developing gene supplementation therapies for the more common forms of
CNGA3- and CNGB3-linked ACHM. A phase I/1l clinical trial conducted by the RD-CURE
consortium encompassing clinicians and researchers from the University Eye Hospital
Tibingen and the Ludwig-Maximilians-University Munich was initiated in November 2015
(NCT02610582). The exploratory, dose-escalation study tests safety and efficacy of a single
dose subretinal delivery of rAAV8.hCNGAS to one eye of patients with ACHM caused by
CNGA3 mutations [52]. By the end of 2016 the interventional phase was completed and study
results will be reported within 2017. The second ongoing phase I/Il clinical trial concerns
CNGB3-linked ACHM (NCT02599922) and is sponsored by Applied Genetic Technologies
Corp (AGTC) in collaboration with the National Eye Institute (NEI). This study also has a
non-randomized, open-label and dose-escalation design and tests safety and efficacy of
rAAV2tYF-PR1.7-hCNGB3 in patients with ACHM caused by mutations in CNGB3.
Another phase I/11 clinical trial in patients with CNGA3-linked ACHM sponsored by AGTC

(NCT02935517) is expected to enroll the first patient in 2017.

Outlook
Although there is currently no cure for ACHM, the current research developments provide
hope for future treatment of this inherited disorder. Previous activities in the field of retinal

gene therapy focused on conditions that were not primarily caused by mutations in
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photoreceptor genes. This has led to the pivotal clinical trials in patients with RPE65-linked
LCA and.in Choroideremia (CHM) patients [53]. The two ongoing clinical trials in ACHM
patients (NCT02610582 and NCT02599922) are now paving the way for the group of

inherited eye diseases caused by mutations in photoreceptor genes.
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Figure 1. Simulation illustrating daylight vision in Achromatopsia patients. Flower meadow
as seen with normal vision at daylight (left panel). Patients with Achromatopsia are unable to
distinguish colors, have markedly reduced visual acuity and are hypersensitive to ambient

light (right panel).
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Table 1. Current status of gene therapy for Achromatopsia
'Online Mendelian Inheritance in Man (omim.org) registry number. *Proof-of-concept (POC) studies
of gene supplementation therapy in relevant animal models. *Clinical Trails.gov registry number.

Gene Full Gene Name  OMIM! Animal Models POC » CI'D'C%I
Studies Trials
. . Dog [14]

Cyclic nucleotide [11, 42, NCT02610582,
CNGA3 600053 Mouse [9] [11]

gated channel alpha 3 Sheep [12, 13] 45] NCT02935517

Cyclic nucleotide Dog [18-20] [40, 41,
SNIEIEE gated channel beta 3 LS Mouse [15, 16] 46, 54] NGz
GNAT2 ~ C Protein subunit 139340 Mouse [21] [43] i

alpha transducin 2

PDE6C Phosphodiesterase 6C 600827 Mouse [22] - -

PDE6H Phosphodiesterase 6H 601190 Mouse [23] - -

Activating

Al transcription factor 6

605537 Mouse [55-57] - -
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