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The Human Eye, Retina & Retinal Disease
Rods, Cones & Retinal Pigment Epithelium (RPE)



Human Retina

Eye translates light into electricity



Introduction

Retinal Cells &
Circuitry

Adapted from The
Neurology of
Vision by
JD Trobe
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The Phototransduction Cascade
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The Retinoid Cycle
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The Human Genome, Genotypes & Phenotypes
IRD Genetics



Introduction
Basic Genetics

® Humans: 20.338 genes x 2 (= 3.200.000.000 bp (x2))
® Non-coding genes 22.521

® pPseudogenes 14.638
® Gene transcripts 200.310

® |nherited retinal & ON diseases: 317 genes (281 cloned) (https://sph.uth.edu/retnet)



Variants in Genes
Five Classes

pen TN WM mmm o o E— Em Em Em Em Em Em oy

Benign Likely benign “Uncertain significance Likely pathogenic
>90% certainty | ' > 95% certainty
Polymorphism ? 77 ?

Adapted from Dr Caroline VAN CAUWENBERGH



Introduction
Inherited Blindness

World population: 7.9 x 10° individuals
Blind people: 43.4 x 10° individuals (1/3 w/ genetic basis)
Inherited Retinal Disorders (IRDs): 5.5 x 10° individuals (1/1400 individuals)

Most due to mutations in genes expressed in photoreceptors and/or RPE



Patient Referral Pathway

N

Referral to ocular genetics specialist essential ‘
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Ocular Genetics Evaluation
Approach

® Ask the right questions in language patient can understand
® About nature of visual complaints
® About time of onset of visual symptoms
® Draw a pedigree
® Support clinical Dx w/ specialised imaging, psychophysics & electrophysiology
- “‘cdeep phenotyping”

® Take blood samples & confirm Dx w/ molecular testing “genotyping”



Classification of Inherited Retinal Disease
Towards Precision Medicine

Phenotypic Classification (examples)

Genotypic Classification (examples)

Generalised outer retinal dystrophies
* Rod-cone dystrophies (isolated & syndromic)
« Cone-rod dystrophies (isolated & syndromic)

perbucth Stationary retinopathies
: el - Achromatopsia
Inherited « CSNB
QUETE Macular dystrophies

IDyS 1€5 Bl Chorioretinal dystrophies
| » Choroideraemia

« Gyrate atrophy

« Bietti corneocrystalline chorioretinal dystrophy

* Chorioretinal dystrophy RPEG65-related
Transretinal dystrophies

« XL retinoschisis
Inner retinal dystrophies or optic neuropathies

« LHON (isolated & syndromic)

« ADOA (isolated & syndromic)

A Textbook and Atlas

Puech B, De Laey J-J, Holder GE, Editors,
Inherited Chorioretinal Dystrophies. Springer
Heidelberg New York Dordrecht London, 2014

ABCAA4-related retinopathy (AR)

« Maculopathy

« Cone dystrophy

« Cone-rod dystrophy
RPEG5-related retinopathy

* AR Leber congenital amaurosis

« AR EORD

* AR Rod-cone dystrophy

« AD Chorioretinal dystrophy (p.Asp477Gly)
CNGB3-related retinal disease

* AR Progressive cone dystrophy

AR Achromatopsia
CLN3-related retinal dystrophies

* AR Isolated rod-cone dystrophy

* AR Neuronal ceroid lipofuscinosis

Sarwar Zahid - Kari Branham

Dana Schlegel - Mark E. Pennesi

Michel Michaelides - John Heckenlively
Thiran Jayasundera

Retinal Dystrophy
2 Atlas

@ Springer

Zahid, S et al. Retinal Dystrophy Gene
Atlas. Springer Heidelberg New York
Dordrecht London, 2018



Gene Therapy for IRDs

Strategies, Vectors, Delivery Routes & Trials



Genetic Therapies for Inherited Non-Ocular Diseases
Current Status

J

J

(nusinersen) 2mngsn

Glybera®
(alipogene tiparvovec)

. ® .
Spinraza® (nusinursen) Zolgensma® (onasemnogene

Antisense oligonucleotide for spinal

AAV1-LPL for reverse lipoprotein lipase muscular atrophy (AR) abe parvove C-XIO |)
deficiency (AR); Conditional approval by : . ® Approval by FDA 2016 & EMA 2017 AAV9-SMNZ1 for spinal muscular atrophy (AR)
EMA 2012, withdrawn 2017 Strimvelis (GSK269273) Registered trademark of Biogen  Approval by FDA 2019 & Conditional approval by EMA 2020

Autologous CD34+ enriched cell fraction containing
CD34+ cells transduced w/ retroviral vector that
encodes for human ADA cDNA sequence for severe
combined immunodeficiency due to adenosine I Ibm e I d g

deaminase deficiency (AR) (atidarsagene autotemcel)
Approval by EMA 2016
Registered trademark of GlaxoSmithKline

Registered trademark of uniQure Registered trademark of AveXis (Novartis)

Libmeldy® (atidarsagene autotemcel)

Ex vivo autologous haematopoietic SC gene therapy expressing

e Isulfatase 1 for metachromatic leukodystrophy (AR)
skysona ok
. _ Approval by EMA 2020
Zynteglo® (betibeglogene autotemcel) (livaldogené autotemee) Registered trademark of Orchard Therapeutics
Autologous CD34+ cells encoding RA-Thr87GIn-globin gene ® ]
for adult & pediatric beta-thalassemia (AR) S kySO Na (e I IVd Id ogene
Approval by EMA 2019 & FDA 2020 autotemcel) Roctavian® (valoctocogene

Registered trademark of bluebirdbio _
Gene therapy for early, active cerebral

adrenoleukodystrophy (CALD) (XL) dlfoXapa rvovec-rvox)

Approval by EMA 2019 & FDA 2020 AAV5.—S-MN1 for haemophilia A (XL)
Conditional approval by EMA 2022

Registered trademark of bluebirdbio
Registered trademark of BioMarin



From B Tian et al.,
Pharmaceutics 2022
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Genetic Therapies for IRDs
Strategies: Gene Augmentation & AONSs
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Genetic Therapies for IRDs
Strategies: CRISPR/Cas 9 e

Drug Deliv Rev, 2021
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Gene Therapy for IRDs
Use of Different Strategies

From EJ Simons & | Trapani,
Hum Gene Ther 2023

®m Gene replacement B
= AON
Optogenetics
Gene-independent
Genome Editing

natural AAV
82.7%

Gene therapy approaches (A) and viral vectors (B) exploited in clinical trials for IRD treatment. IRD, inherited retinal disease.



Ocular Gene
Therapy

Trials

From B Tian et al.,
Pharmaceutics 2022

One-time

MeiraGT UK Il _ _ NCT03252847,
AAV2/5 AAV2/5-RPGR RPGR coding sequence subretinal Phase 1/2, 3
Ltd. . NCT04671433
X-linked retinitis Injection
pigmentosa Six-time
NightstaRx
9 _ AVAVES! BlIB112 RPGR coding sequence subretinal Phase 1/2 NCT03116113
Ltd./Biogen L
injection
4D Molecular One-time
_ R100 capsid 4D-125 Codon-optimized RPGR gene intravitreal Phase 1/2 NCT04517149
Therapeutics N
injection
Applied Genetic G Protein-Coupled Receptor One-time
PP | AGTC-501 (rAAV2tYF- _ P P | NCT03316560,
Technologies AAV2tYF Kinase 1 (GRK1) and RPGR subretinal Phase 1/2, 2/3
GRK1-hRPGRco) , L NCT04850118
Corp. coding sequences injection
Coave Subretinal
_ AAV2/5 AAV2/5-hPDE6B PDEG6B gene R Phase 1/2 NCT03328130
Therapeutics injection
One-time
STZ eye trial - rAAV.hPDEGA PDEG6A gene subretinal Phase 1/2 NCT04611503
injection
King Khaled Eye _
e Subretinal
Specialist AAV2 rAAV2-VMD2-hMERTK VMD2-hMERTK gene vector o otion Phase 1 NCT01482195
Hospital J
Nanoscope Multi-Characteristic Opsin 1 gene One-time
Therapeutics AAV2 vMCO-1 _ P J intravitreal Phase 1/2 NCT04919473
o expression. cassette N
Retinitis pigmentosa Inc. injection
GS030 (rAAV2.7m8- _ _ ]
. _ Channel rhodopsin ChrimsonR- One-time
GenSight CAG-ChrimsonR- N _ _
_ ) AAV2 _ tdTomato gene with Visual intravitreal Phase 1/2 NCT03326336
Biologics tdTomato)-Medical ) . N
_ Interface Stimulating Glasses injection
Device
Nuclear Hormone Receptor One-time
Ocugen AAV5 OCU400 P subretinal Phase 1/2 NCT03326336
(NR2E3) gene .
injection
Nanoscope Multi-characteristic opsin (MCQO) One-time
Therapeutics AAV2 vMCO-101 _ P intravitreal Phase 2 NCT04945772
gene expression cassette L
Inc. injection
University of Rab-escort Protein 1 (REP1 Subretinal
ty AAV2 rAAV2.REP1 ) ( ) . Phase 1/2 NCT01461213
Oxford coding sequence injection
AAV2-hCHM (human . ]
Spark _ ] Rab-escort Protein 1 (REP1) Subretinal
_ AAV2 choroideremia gene, ) L Phase 1/2 NCT02341807
Therapeutics coding sequence injection

same as REP1)




Ocular Gene
Therapy

Trials

Adapted from B Tian et al.,
Pharmaceutics 2022

Rab-escort Protein 1 (REP1 Subretinal
Byron Lam AAV2 AAV2-REP1 ) ( ) S Phase 2 NCT02553135
coding sequence injection
Choroideremia 4D Molecular Codon-?ptimized Rab-e_scort .One-ftime
) R100 4D-R100 Protein 1 (REP1) coding intravitreal Phase 1 NCT04483440
Therapeutics .
sequence injection
Rab-escort Protein 1 (REP1) One-time
STZ eye trial AAV2 rAAV2.REP1 _ subretinal Phase 2 NCT02671539
coding sequence .
injection
E Y Rab-escort Protein 1 (REP1) One-time
' AAV2 rAAV2.REP1 ) subretinal Phase 1/2 NCT02077361
MacDonald coding sequence N
injection
NCT00516477,
Spark LUXTURNA, voretigene One-time Phase 1, 1/2, 5- NCT01208389,
Therefpeutics AAV2 neparvovec-rzyl (AAV2- RPE65 gene subretinal year follow-up, 3, NCT03597399,
Leber congenital hRPE65v2) injection 15-year follow-up NCT00999609,
P—— NCT03602820
, One-time
MeiraGTx UK Il ) Phase 1/2, long- NCT02781480,
AAV2 AAV2/5-OPTIRPEGS RPEG65 gene subretinal
Ltd. R term follow-up NCT02946879
injection
. . One-time
University tgAAGT6 (rAAV _
AAV2 RPEG5 gene subretinal Phase 1/2 NCT00643747
College, London 2/2.nRPE65p.hRPE65) R
injection
Applied Genetic One-time
Technologies AAV2 rAAV2-CB-hRPE65 RPEG65 gene subretinal Phase 1/2 NCT00749957
Corp injection
Autosomal recessive Atsena One-time
Leber congenital Therapeutics AAV5 SAR-439483 GUCY2D gene subretinal Phase 1/2 NCT03920007
amaurosis Inc. injection
) One-time
GenSight : . . .
Biologics AAV2 GS010 (rAAV2/2-ND4) ND4 gene (mitochondrial) intravitreal Phase 3 NCT03293524
Leber Hereditary injection
Optic Neuropathy Self- One-time
Byron Lam complementary SCAAV2-P1ND4v2 ND4 gene (mitochondrial) intravitreal Phase 1 NCT02161380
AAV2 injection
One-time
MeiraGTx UK Il AAV2/8-
AAV2/8 CNGA3 gene subretinal Phase 1/2 NCT03758404
Ltd. hG1.7p.coCNGA3 N
injection
Applied Genetic One-time
PP _ AGTC-402 (rAAV2tYF- _
Technologies AAV2 CNGA3 gene subretinal Phase 1/2 NCT02935517
PR1.7-hCNGA3) o
Corp injection
Applied Genetic One-time
i AGTC-402 (rAAV2tYF-
Achromatopsia Technologies AAV2 ( CNGA3 gene subretinal Phase 1/2 NCT02935517
PR1.7-hCNGA3) C
Corp injection
Applied Geneti One-ti
ppie er_le ° AGTC-401 (rAAV2tYF- ne I_me
Technologies AAV2 CNGB3 gene subretinal Phase 1/2 NCT02599922
PR1.7-hCNGB3) e
Corp injection
Variant Late-Infantile Amicus Self- One-time
Neuronal Ceroid Therapeutics complementary scAAV9.CB.CLNG6 CLNG6 Gene intrathecal Phase 1/2 NCT02725580
Lipofuscinosis P AAV9 injection
National Eye One-time
Institute (N;I) AAVS AAV8-scRS/IRBPhRS RS1 gene intravitreal Phase 1/2 NCT02317887
X-linked Juvenile injection
Retinoschisis Genetic One-time
Technologies AAV2 rAAV2tYF-CB-hRS1 RS1 gene intravitreal Phase 1/2 NCT02416622
Corp injection




Genes & Inherited Retinal Diseases (IRDs)
Leber Congenital Amaurosis (LCA) as a Model



Leber Congenital Amaurosis

Symptoms & Signs

® No or little sensitivity for visual stimuli from birth
® Vvariable aspect of retina
® ERG abolished or profoundly abnormal

® Autosomal recessive inheritance

Leber T: Uber retinitis pigmentosa und angeborene amaurose

Graefes Arch Klin Exp Ophthalmol, 15, 13-20, 1869

LCA is responsible for 18% of legal blindness in children worldwide Theodor Karl Gustav von Leber
19 Feb 1840 - 17 Apr 1917



Leber Congenital Amaurosis

Symptoms & Signs

No or little sensitivity for visual stimuli from birth
Variable aspect of retina
ERG abolished or profoundly abnormal

Autosomal recessive inheritance

® Hyperopia

e Sluggish pupillary responses
® Oculodigital sign

® Keratoconus

® Occasional photophobia



o 24 LCA genes:

GUCY2D on 17p13.1
RPE65 on 1p31
CRXon 19913.3
AIPL1 on 17p13.1
CRB1 on 1931-g32.1
RPGRIP1 on 14q911.2
MERTK on 2914.1
RDH12 on 14924.1
IMPDH1 on 7931.3-32
TULP1 on 6p21
CEP290 on 12921-922
LCA5 on 6g11-916
SPATA7 on 14924
OTX2 on 14q21-22
IQCB1 on 3¢g21.1
PDE6G on 17925
KCNJ13 on 2q37.1
RD3 on 1932
NMNATI on 1p36
DTHDI1 on 4p14
CAPB4 on Xpll.4
GDF6 on 8922.1
IFT140 on 16p13.3
PRPHZ2 on 6p21.1

LCA & EORD
Genotypes

® 6 early-onset RP genes:

RDH12 on 14923.3
LRAT on 4931.2
MERTK on 2914.1
TULP1 on 6p21.3
SPATA7 on 14924
ADAMTS18 on 16qg23.1

70% of patients
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The Retinoid Cycle
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RPE65-Related IRD

Timeline of Discoveries

® Discovery of RPE65 gene: Hamel CP, Jenkins NA, Gilbert DJ, Copeland NG,
Redmond, TM: The gene for the retinal pigment epithelium-specific protein
RPEG6S is localized to human 1p31 and mouse 3, Genomics, 20, 509-512, 1994

Prof Christian HAMEL
1955-2017

® Mutations in RPE65 cause retinal disease:

® Marlhens F, Bareil C, Griffoin JM, Zrenner E, Amalric P, Eliaou C, Liu SY, Harris E,
Redmond TM, Arnaud B, Claustres M, Hamel CP, Nat Genet, 17, 139-141, 1997

® Gu SM, Thompson DA, Srikumari CR, Lorenz B, Finckh U, Nicoletti A, Murthy KR,
Rathmann M, Kumaramanickavel G, Denton MJ, Gal A, Nat Genet, 17, 194-197,
1997
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RPE65-Related IRD

Unique

® RPE65 expressed in RPE: retinal pigment epithelium-specific protein 65kDa
®Disproportionately normal outer retinal structure given degree of visual loss

®\Nindow of opportunity to treat

AF Wright, Editorial, NEJM, 372, 1954-1955, 2015



Gene Therapy for RPE65-IRD

From Animal Models to Approved Therapy in Humans



Gene & Genetic Rx for IRDs
Eye = Ideal Treatment Target

Genetic Rx
Sepofarsen (17-mer AON) directed
against CEP290 pre-mRNA

e Accessible for injection
e Allows real-life evaluation
e [mmune priviliged

Intravitreal Injection

tic nerve

!
el
- S 'o—.

Adeno-Associated Virus
AAV2-CRA-RPE65

Lamina

é
Subretinal Injection



Gene Supplementation Commonly Used Viral Vectors

Courtesy of
Shannon L Boye, PhD
UFI at Gainesville, FL, USA

Adenovirus Lentivirus
Viral Genome ss or ds DNA
Cloning capacity <5.0 kb

https://www.ncbi.nim.nih.gov/pubmed/24742766

Large carrying capacity Non pathogenic Large carrying capacity
Relatively non immunogenic
Genome remains episomal
Persistent transgene expression
Infects dividing and non dividing cells
Serotype variability

CONS immunogenic Small carrying capacity Genome integration
Inefficient transduction of non dividing cells



Gene Rx w/ Voretigene Neparvovec
Development = Hacking Path through Jungle with Machete

On the “Path”
to Luxturna Approval

Courtesy of David Mann, Back to the Machete, Aug 3, 2012



Gene Therapy f~ RDFf  ralatad | CA Effective
in Briard Dogs

Courtesy of
Jean Bennett, MD, PhD

Briard dog treated w/ subretinal rAAV.RPE65

GM Acland et al, Nat Genet, 28, 92-95, 2001
GM Acland et al, Mol Ther, 16, 458-465, 2005



LCA
Treatment in RPE65-related LCA

® Gene Rx for RPE65-related LCA successful in dogs (2001)

® ] Bennett & co-workers, Philadelphia, PA, USA

® Gene Rx for RPE65-related LCA safe & successful in humans (2008)
® R Ali & co-workers, London, UK
® ] Bennett & co-workers, Philadelphia, PA, USA

® WW Hauswirth & co-workers, Philadelphia, PA & Gainesville, FL, USA



LCA

Gene Rx Current Trials

® 8 clinical trials (5 USA, 1 UK, 1 Israel, 1 France) started between 2007 and 2009
® Total of 98 patients
® No vector-related issues

® Trials differed in: subject ages, vector dose, volume (0.15-1.0 ml), promoter,
retinal area targeted, outcome measures, etc.



LCA
Gene Rx Trial @ CHOP

® L eber congenital amaurosis (RPE65-related)

® Children’s Hospital of Philadelphia (CHOP), Philadelphia, PA, USA & Naples, Italy &
Ghent, Belgium (NCT00516477 & NCT01208389)

Phase 1 & Phase 1 Follow-On; 12 patients; age > 8 yrs; rAAV2-CBA-hRPE65

Age-dependent effects of RPE65 gene therapy for Leber’s
congenital amaurosis: a phase 1 dose-escalation trial

Albert M Maguire™, Katherine A High™, Alberto Auricchio, | Fraser Wright, Eric A Pierce, Francesco Testa, Federico Mingozzi, Jeannette L Bennicelli,
Gui-shuang Ying, Settimio Rossi, Ann Fulton, Kathleen A Marshall, Sandro Banfi, Daniel C Chung, Jessica |l W Morgan, Bernd Hauck, Olga Zelenaig,
Xiaosong Zhu, Leslie Raffini, Frauke Coppieters, Elfride De Baere, Kenneth S Shindler, Nicholas ] Volpe, Enrico M Surace, Carmela Acerra,

Arkady Lyubarsky, T Michael Redmond, Edwin Stone, Junwei Sun, Jennifer Wellman McDonnell, Bart P Leroy, Francesca Simonelli, Jean Bennett

Lancet 2009: 374: 1597-605




Gene Rx w/ Voretigene Neparvovec
Development History

Multiple milestones
RPEG6S5 mutations in humans identified!?

Phase 1 follow-on
Contralateral eye

niected (i
l ' wit !

Canine model safety/efficacy studies* ¢
Non-human primate safety studies* s

2012 20132 2015 2016 2017

Phase 1 initiated Phase 3
Unilateral study; worse

eye Injected (n=12)% dose

Initiateds: FRase J

1st Results announceds?

escalation (3)

Clinical

aSpark Therapeutics begins operations

1. Marlhens et al. Nat Genet. 1997;17:139-141. 2. Gu et al. Nat Genet. 1997;17:194-197. 3. Narfstrom et al. Invest Ophthalmol Vis Sci. 2003;44:1663-1672. 4.
Data on File. Spark Therapeutics. 5. Jacobson et al. Human Gene Ther. 2006;17:845-858. 6. Maguire et al. Lancet. 2009;374:1597-1605. 7. Bennett et al. Lancet.
2016 8. Russell et al. Abstract presented at: Retina Society 48th Annual Scientific Meeting; October 7-11, 2015; Paris, France. 9. Maguire et al. Abstract presented

at: American Academy of Ophthalmology Meeting 2015; November 14-17, 2015; Las Vegas, NV.



Phase lll Trial Design: A Multicenter, Open-label, Randomized, Controlled Crossover Study

DD

Baseline First Second
mobility testing Intervention eye  eye
group
level n=21 ITT DO, DOg
S S (20 mITT/ .
Eligibility Randomization safety) Ol (n=20) :
'screening (2:1 intervention to [
Study fully control; completed in :
enrolled in 2014) : |
2013 | First Second
Assignment Control ! eye eye
(balanced for age group DO, | N .. |
and screening 5 n|=_|]|g I'l': ; Y?c_ o el Y1_‘
MLMT perf 9 mITT/ safety "
patformance) Di (n=9) Crossover to receive
intervention
F : ; S . ; _ Endpoints:
Key inclusion criteria: Dosing regimen: * Primary: MLMT performance (bilateral)
* Age ?3 years _ 1.5x 10" vg/leye in 0.3 mL « Secondary: FST testing, MLMT (assigned first eye), and VA
* Confirmed RPE65 mutations = @ Eyes treated separately 6— « Exploratory: Goldmann and Humphrey VFs
+ Sufficient viable retinal cells 18 days apart « Safety: AEs, physical and ophthalmic examinations, and laboratory tests/

AE, adverse event; C, control; D, day,; DI, delayed intervention; FST, full-field light sensitivity threshold; ITT, intent-to-treat; mITT, modified intent-to-treat; MLMT, Multi-Luminance Mobility Test; n, number of patients; Ol, original intervention;
RPE, retinal pigment epithelium; US, United States; VA, visual acuity; VF, visual field; vg, vector genome; Y, year
Russell S, et al. Lancet. 2017,390:849-860

S Russell, et al.:Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in subjects with RPE65-mediated inherited retinal dystrophy: a randomised,
controlled, open-label phase 3 trial, Lancet, 2017



Gene Rx Phase 3
Trial Endpoints

® Primary endpoint: change in bilateral performance in multi-luminance mobility test
(MLMT) at 1 year after injection
® MLMT conducted at up to 7 standardized illumination levels
® Secondary endpoints:
® Full-field light sensitivity threshold (FST)
® MLMT, assigned first eye

® Best-corrected visual acuity (BCVA)



Gene Rx Phase 3

Lux
score Multi-Luminance Mobility Test
6 1 lux
Moonless summer night or . ,
indoor night-light s Mobility course layout (1 of 12 standardized templates)
5 4 lux 2 Raised .
Outdoor parking lot at night or Foam id nd nd d lnd bnd b
Christmas tree lights
4 10 lux 1
An hour after sunset in a city | 4 | cess Hole
setting or a bus stop at night
ole
3 T Hol » r G | G <—I Foam
: [Siep | r— —
\U 9 \J C 3 =
9 125 lux T l Grass f| T
A half hour before sunrise or the
interior of a shopping mall or train or —
bus at night s Raised T
Hole
1 250 lux —|—]—|<
Interior of an elevator or office —
hallway L |
0 400 lux . Y e IStyrofoam object or cone. *Foam is a

Office setting | raised foam block. 3Waist-high object

S Russell, et al.: Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in subjects with RPE65-
mediated inherited retinal dystrophy: a randomised, controlled, open-label phase 3 trial, Lancet, 2017
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