=Pl Novel Therapeutic Approaches for CNS Diseases

" CNS and Therapy Development

General principles

" AB immunotherapy against Alzheimer’s Disease

" Gene therapy for CNS diseases
Example of AAV as gene delivery system for the CNS

Lipid Storage Diseases — ex vivo gene therapy for MLD

Amyotrophic Lateral Sclerosis — RNAi against SOD1
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EPFL  Exvivo gene therapy for lipid storage disorders

» | eukodystrophies: genetic CNS disorders — progressive neurologic deterioration

Metachromatic leukodystrophy (MLD) is caused by mutations leading to a deficiency of the lysosomal enzyme arylsulfatase A
(ARSA)

Build-up of sulfatides — cerebral demyelination and loss of neurons

Affects both oligodendrocytes and Schwann cells (PNS and CNS)

Most common late infantile form (accounting for 50% of cases): onset at 2 yrs of age, fatal within a few years

Seizures, impaired swallowing, muscle wasting, paralysis, and dementia

”/l}, ﬁ“\§ :

Normal gene
(ARSA or WASP)

Lentiviral
vector

Hematopoietic
stem cell

Metachromatic leukodystrophy (ARSA gene) (bone marrow)

+Halted disease manifestation or progression

Both conditions

+No clonal domination 18 to 24 months
+Hematopoietic stem cell self-renewal after therapy
and multilineage potential Transduced cell

Wiskott-Aldrich syndrome (WASP gene)
«Pretreatment eczema resolved
«Frequency of infections decreased

«Platelet counts improved
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EPFL  Exvivo gene therapy for lipid storage disorders

Metabolism of sphingolipids

GM2
Sulfatides * Tay-Sachs
Metachromatic GM3 Ceramide
leukodystrophy l‘ ‘Xtrihexuside

Galactocerebroside Fabry's

Glucocerebroside
\ #G“"“‘h; sphingomyelin

Ceramide Niemann-Pick

BM harvest or
stem cell SIN LV (ADA-SCID, WAS, CGD, B-thal, SCD, ALD, MLD, MPS-1, Fanconi)
mobilization \

nep B 05— ([ S« [
( J J
/\ 5'LTR 3 TR

\/ HSPCs

Stable transduction
with lentiviral vector
for gene addition

+/— Patient
conditioning

= Cavazzana, M. et al. Nat Rev Drug Discov 18, 447-462 (2019)
Daniel-Moreno, A. et al. Bone Marrow Transplant 54, 1940-1950 (2019)

Future: accurate gene editing by guided nuclease
and corrected cell selection

Hematopoietic stem cells

Monocytes T lymphocytes Erythrocytes Megakaryocytes Neutrophils
NLRP3 PD-1 HBB FIX ELANE
CSF1R* TGF-f FANC Fvin CFTR
ARSA* CCR5
ABCD1*

Blopd brain barrier Enzyme replacement

in the periphery

and in the CNS using
transplantation

of hematopoietic stem cells

Microglia




EPFL  Exvivo gene therapy for lipid storage disorders

= Engraftment of LV transduced progenitors in the bone marrow in patients treated by hematopoietic stem cell gene therapy
= 1 ARSA activity in granulocytes and in the CSF
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= Improvement of the Gross Motor Function Measure [GMFM] _ ) o )
= Correction of extensive and severe demyelination in MLD patient
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cPFL  Motoneuron Diseases

BRAINSTEM
(BULBAR)
LOWER
MOTOR
NEURONS

Major motoneuron disorders:

tongue

axon bundles
(nerves)
|

Spinal Muscular Atrophy (SMA)

rib muscles
involved in

= Affects mostly children breathing

= |Loss of lower motoneurons
= Caused by loss of SMN function
= Lack of muscle tone, fatal

SPINAL

LOWER

MOTOR
NEURONS

Amyotrophic Lateral Sclerosis (ALS)

\*‘

= Adult onset MOTOR NEURON

» Loss of upper and lower motoneurons ) O o2

= Complex etiology %@

= Near complete paralysis of skeletal musculature \_7 \ - on

» Fatal within 2-5 years s e vt \Pa“essigna's Naurormscuar
Myelin )H - !

Muscle
fiber —
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EPFL  Gene therapy for Spinal Muscular Atrophy
Clinical trial for Zolgensma (scAAV9-cba-fISMN)

Patients: SMA type |, 2 copies of SMN2 Dosing: 1.1814 VG/kg body weight
Treatment: <1.5 months old, intravenous administration
Milestones achieved Event-free survival
L Stand alone .
) sit lalone : : Walk alone . i
r 1 14-month ov'erall survival b 1.0 .
Child 1
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=PFL Gene therapy for Spinal Muscular Atrophy
Clinical trial for Zolgensma (scAAV9-cba-fISMN)

Child 1
Child 2
Child 3
Child 4
Child 5
Child 6
Child 7
Child 8
Child 9
Child 10
Child 11
Child 12
Child 13
Child 14

Patients: SMA type I, 2 copies of SMN2

Milestones achieved

Stand alone

I
i L
1 Sit alone } T

Walk alone

14-month overall survival

Treatment: <1.5 months old, intravenous administration

T
3 4 5 6 7 8 9 10

Age (months)
O Age at dosing A Age atvisit

@ Stands alone®

@ Walking alone®

11

T T
12 13 14 15 16

(%) Sitting without support®

Dosing: 1.1814 VG/kg body weight

SMN expression is restored in various tissues

a Spinal cord SMN expression b Spinal cord SMN expression
Onasemnogene abeparvovec- | Onasemnogene abeparvovec- Non-treated Unaffected control patient
treated patient 1 with SMA treated patient 2 with SMA patient A11-2 with SMA (approximale age-matched)
- ~,~,. ‘ \ - ",_"‘.f‘ : % ”' ' L | oA !
e TRASSIH R T . . S ,...‘ ‘1','4
E : TER A__:-..‘“_ & - A ORI -
—_— . ’ . N ke e N A\ A ‘* \.
g - ri’ ,,..'h\_- ) ~ ﬁ - k
o it I T Yo %, M |
Yo 4 - Bt S € et 48 - 2 2 TS
e _;,;‘ PRIV TN ¥ o ..‘ 6‘:!'
R s A= — O ies
R O N, =
\';.;"‘2‘;'7;~1" - L4 :'
[%) -~ - %) P~ - ~ oy ~
] R ST W,
§ *%}\Qw’grv : < & 3
v v T
o, e ~ .
AL T Yire Vv 4
» \.?3"3"", (LM ‘Cb’ S
- #"v"_ G\ — - — ——
!‘y"‘, piagdesc v . o=k
SRR 1 R R -~ R
- 2 >4 "_-~-T“ T -
5| - e, .“, 4 -~ \
2 o R o TN ; s
ol o ,'g:';\ g Q# ~0 S
S ~ ", fl
Pk v RN SR R e
,.‘ Jae. (.“- —_“. * e— rs —' —

Nature Medicine | VOL 28 | July 2022 | 1381-1389c
Nature Medicine 2021 27(10):1701-1711



EPFL  Gene therapy for Spinal Muscular Atrophy

Clinical trial for Zolgensma (scAAV9-cba-fISMN)
Patients: SMA type |, 2 copies of SMN2

B BIO480

Treatment: <1.5 months old, intravenous administration

CHOP INTEND score

CHOP INTEND total scores

3 6 9 12 15 18
Age at visit (months)
—e— Child1  —e— Child2 —e— Child3 Child 4 —e— Child 5
—o—Child6é =—e— Child7 —e— Child8 =—e— Child9 —e— Child 10
—e— Child 11 —e— Child 12 —e— Child 13 Child 14
NeuroNEXT - Healthy control

Nature Medicine | VOL 28 | July 2022 | 1381-1389c

-

Bayley gross motor raw scores

Dosing: 1.1814 VG/kg body weight

60
50 1 —— Child 1
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14 16

>1200 children treated with Zolgensma

= 79% were able to stand independently

= 7 were able to stand in the normal
development window

= Cost: 2.1 M$



cPFL  Gene therapy: question 2

A.

The intravenous injections of Zolgensma is the first effective disease-modifying gene

therapy for a neurological disease.

What do you think has been the parameter(s) critical for efficacy?

The use of a promoter allowing for SMN expression

in key cell types

The use of a highly active SMN variant

The dose of vector injected

The use of an AAV capsid able to enter the central

nervous system following peripheral injection

25%

25%

25%

25%
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=PFL  Amyotrophic lateral sclerosis (ALS) 58

= motor neuron degeneration leading to skeletal muscle paralysis
= fatal within 2-5 yrs, locked-in syndrome, respiratory failure
= no effective treatment available

F . r Therapeutic strategy: reduce the level of
ﬁ ‘ ﬁ;\ “ toxic factors (mutated SOD1 protein,
ALS mutated C90RF72 RNA)
FF S gﬂotor neuron FF S
| < TS (Y |\
% ﬁd ﬁd Current approaches:

s £ b = antisense oligonucleotides
(tofersen: phase | — Il trials)

B BIO480

Nijssen, J. et al, Acta Neuropathol (2017) 133: 863.



=PFL Amyotrophic lateral sclerosis (ALS)

Cell therapies Multiple targets
Clinical trials Clinical trial Preclinical
* Neuronata-R MSCs * AMX0035 * M102-5[+]-apomorphine
* NurOwn MSC-astrocyte
like cells
* AstroRx Genetic therapies
* RAPA-501T cell therapy Clinical trials Preclinical
B * SOD1 ASO (Tofersen) * AAVS C90rf72 repeat expansion
N ¥, P * Corf72 ASOs (BIIB-078, * Progranulin neurotrophic factor
\ oA WVE-004) * Cryptic exon splicing in STMNZ (QRL-201)
) AR \ * FUS ASO (ION-363) « AAV-FUS (CTx-FUS)
| e i g\ W) Ly > * Ataxin2 ASO (ION-541) * Censavudine reverse transcriptase inhibitor
motor neuron degeneration v >R SQP) Corrr syt

leading to skeletal muscle & _ @ N s Oxidative stress

Clinical trials

paralysis. < 3 n.& -. S _ _ v | il
= fatal within 2-5 yrs, locked-in Mitochondria AN A,

. - o - it ) -

syndrome, respiratory failure. Clioicalulas 8 Proteostasis

« TUDCA alone H ‘ N Clinical trials
0 &L * Trametinib MAPK inhibitor
= no effective treatment « ¢lF 28 activator (DNL-343) o
‘ - * Bosutinib autophagy promoter Troponin activator
available for sporadic ALS. : - '§ — Clpiatvios
! e * elF2B activator skeletal muscle troponin
» : T * Ataxin 2 inhibitor activator
Neuroinflammation E 4
Clinical trials l '
: i‘g’:ﬂf’;&i;{‘ I;ibitor 4N Glutamate toxicity Hyperexcitability
1 = | A

= IgG4 Cluq mAb A Clinical use Preclinical
* Anti-CD40 ligand mAb * Riluzole * Kv7 ion channel opener
* CSFIR blocker (BLZ-945) (QRA-244)

. P t lan C3 lat .
3 Rflgl(cf ‘z:\?é" t‘:::' (m;f.%g, ot Nucleocytoplasmic transport defects

* Masitinib Clinical trial
* Ibudilast * Exportin-1 inhibitor (BIIB-100)

B10480

® Nat Rev Drug Discov 2023;22(3):185-212. doi: 10.1038/s41573-022-00612-2



EPFL  ALSis linked to genetic causes and SOD1 pathology

FUS 1aRDBP s TARDBP
C90ORF72 SOD1 : c C90RF72
OPTN, VCP, Amyotrophic Lateral Sclerosis L SOD1
\ J// SQSTM1, PFN1, y P (

UBQLN2
OPTN, VCP,
— SQSTM1, PFN1,
UBQLN2

85-90% 10-15 %
sporadic familial

Unknown
Unknown

Normal SOD1 enzyme Therapeutic strategy:

SH
Mutations, oxidation, _
Zn depletion reduce the level of toxic
< —> mutated SOD1 protein.

Misfolded Current approaches:

SOD1 _
= antisense
o “Aggregation - Gain of toxic function” oligonucleotides
S ) (tofersen: phase | — llI
0 — degeneration of motoneurons trials)



=PFL  SO0D1 mutations and Amyotrophic Lateral Sclerosis

(G148D]

Ch21
V48A

gKAvaL Lo E\,\\1\—\avGDNTAGCTSAG/DHF/VP

Lé KGD PVOG///VFEOKESNGPVKVWGS\Y\G\‘ é &

= Neural Regeneration Research 18(7):p 1427-1433, July 2023. | DOI: 10.4103/1673-5374.361535



£PFL Gene therapy: question 3

One consider a gene therapy approach against SOD1 as a treatment for SOD1-related
familial ALS.

What would you consider as a realistic strategy? (consider gain- or loss-of-function as a
cause of SOD1 toxicity as well as the number of mutations)

25% 25% 25% 25%

——— e — =

A. Silence selectively the mutated SOD1 protein by

RNA interference
B. Gene edit the mutated SOD1 allele

C. Overexpress the normal SOD1 protein

D. Silencing all forms of the SOD1 protein to reduce

overall SOD1 level l
/—_—. L




=PrL  Gene therapy: neuromuscular system

Targeting human SOD1 with antisense oligonucleotides

Proof-of-concept in high-copy SOD1 G93A mice

i.c.v. ASO administration

= WT, inactive ASO at day 50 and day 94 (300 pg)
== SOD1; inactive ASO
' 100 1-CV. == SOD1;ASO 1, 5 weeks i.c.v. 100- — |nactive ASO
S —
3 ‘ ASOf1
o 754 =
g-so- a 501
2
% 25- °
=
©)]
0 T T T T T T T 0 b v v
5 7 9 11 18 15 17 150 200 250
Age (weeks) Age (days)

Phase I/ll - Phase lll clinical trials with Tofersen (20 — 100 mg)

B BIO480

McCampbell A et al, JCI 2018



cPrL

Tofersen
(modified ASO against hSOD1 Sclits willi wenkness
mRNA) Sonfinmian SoDY mutinon

Repeated intrathecal injections

Plasma Nfl level
VALOR OLE

(placebo-controlled) (open-label tofersen)

0.50-

O Y T P O [ N T N |
12 16 20 24 28 32 36 40 44 48 52
Weeks

o
B -
00 =

Miller T, ANAAM 2021
Miller T et al, NEJM 2020
Miller T et al, ENCALS 2022

B BIO480

Antisense oligonucleotide to reduce SOD1 expression: phase lli trial

P Tofersen 100 mg :
Randomization H

(2:1) . OLE
N=108 - Tofersen 100 mg
1 EoEsssnsms = s = \ 1
- Placebo S =HTyedre
I s e e
28 weeks
VALOR OLE
(placebo-controlled) (open-label tofersen)
. worsening
-15 | I N S B B R B B B e
0 4 8 12 16 20 24 28 32 36 40 44 48 52
Weeks
(Q Placebo > Delayed-start tofersen, n = 36 36 33 29 28
@ Early-start tofersen, n = 72 66 63 58 57
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L Vector-based RNA interference against SOD1

S0D1 gene miRNA gene

RNA Pl a
\ l \', \ l '/, \ /
PROMOTOR I PROMOTOR l
‘ MUTATION

pri-miRNA =0=0
5’ AAAR 3

SOD TmRNA m

premiRNA =0=0 Eies

SOD7 mRNA
DEGRADATION

VIRAL
pri-miRNA

VIRAL
shRNA

siRNA

Therapeutic approach:

= AAV-mediated RNA interference against SOD1

MRNA: expression of an artificial micro RNA

Objectives:

=  Suppress SOD1 expression in key cell types within

the spinal cord.
= Avoid potential side effects in off-target tissues.

= Single administration.

Possibility for therapeutic application in SOD1 ALS

patients
Van Zundert et al, Neurosci Lett 2016



EPFL  Multiple cell types contribute to ALS pathogenesis

B6.Cg mutated SOD1
transgenic mice

Motoneurons

A
\/\}\_J\J\J

ER stress
A Mitochondrial
; failure
Microglia
Neuronal
circuit

B BIO480

66

Skeletal
muscle

NMJ loss
atrophy



=P~L Gene therapy: question 4

For gene therapy against mutated SOD1 to be successful, assuming that you have an

effective vector for each of them, which cell type would you target?

25% 25% 25% 25%

A. Mainly glial cells (astrocytes and
microglia)

B. Mainly motoneurons

C. Mainly the skeletal muscle

D. Approaches targeting two or more
key cell types should be preferred




=PFL  Gene therapy: neuromuscular system

MiRNA silencing of human SOD1 expression in the spinal cord

hSOD1 mRNA hSOD1 protein
RISC
'J.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I. )
SOD1 silencing in hSOD1 silencing in
motoneurons astrocytes

hSOD1

@ E ChAT hSOD1

(RNA interference)

Ctrl
Ctrl

E BIO480
AAV6:miR SOD1
AAV9:miR SOD1



cPFL  Gene therapy: neuromuscular system

In vivo silencing of SOD1 in astrocytes protects neuromuscular junction innervation

miR SOD1 RNAI
in astrocytes

N > Axonal
sprouting
%, facilitated

Innervation of

o
(o0]
S muscle
m

[ |

wild-type

Type IIB - Type IIA - Type |

Occupancy of 100
neuromuscular junctions

] wild-type

IN
<)

B ALS mice - RNAi ctrl

% of occupied NMJ

[ ALS mice - RNAi GT 20

8
wild-type

[] ALS mice 0

ALS mice

ALS mice treated with RNAiI GT

******

P100
Age [days]

******

- I
6

P140 End stage



=PFL  Ggene therany: question 5

From these data, what is your strategy for the most effective approach for RNA interference against
mutated SOD1 ?

Indicate all correct answers.

25% 25% 25% 25%

A. Design a vector to target as many astrocytes as
possible by increasing the vector dose.

B. If possible, design a single vector to target
multiple cell types, preferably astrocytes and
neurons.

C. Co-inject the astrocyte-targeting vector with a
second AAV to target mutated SOD1 in
neurons.

D. Target mutated SOD1 in the entire central
nervous system using a vector with non-cell
selective expression of RNAI.




cPiL
miR SOD1
syn1 gfaABC D
B E- —E Al
a single
AAV vector
N
miRNA CO&
CC& targeting SOD1
astrocytes 4§ 4 7 neurons
Rescue of neuron-glia interaction
to protect the neuromuscular function

W Target ALS

Targeting SOD1 in neurons & astrocytes to synergize therapeutic efficacy

miR SOD1

= hSOD1 RNAI in neurons

to optimize neuroprotection

= hSOD1 RNAI in astrocytes

to promote muscle innervation

— Synergistic
effects ?
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L Targeting SOD1 in neurons & astrocytes with a single AAV vector provides

maximized therapeutic efficacy

[

———

Intrathecal inj.

CMAP, Swimming performance

P140 End
stage
MN, NMJ

o wild-type mice
m SOD1 mice + PBS

m SOD1 mice + AAV-syn1-RFP-miR SOD1
m SOD1 mice + AAV-syn1/gfaABC,D-miR SOD1

Motoneuron survival

at end stage
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=prFL Targeting astrocytes in addition to neurons for SOD1
RNAI has potent effects on the motor function

10—

EERET S

Time to reach the platform [s]

0—— i i | i |
10 12 14 16 18 20
Weeks
o wild-type mice m SOD1 mice + AAV-syn1-RFP-miR SOD1

m SOD1 mice + PBS m SOD1 mice + AAV-syn1/gfaABC.D-miR SOD1

ALS SOD16%3A + AAV9-s

= e

LA

yn1/gfaABC;



EPFL  Bicistronic vector for miR SOD1 expression in neurons and
glia has potent neuroprotective effects on SOD1 ALS mice

miR SOD1 miR SOD1
syn1  gfaABC.D AAVO ICV injection
[H pA hGH intr. I | I B-glob. intr. pA }—-ﬂ ggg?gg?’t/?lmice
(P1-3)

— SOD1 G93A non-treated
SOD1 G93A + AAV9-miR SOD1 [4E10 VG]
SOD1 G93A + AAV9-miR SOD1 [3E11 VG]
SOD1 G93A + AAV9-miR SOD1 [2.4E11 V@]

Survival proportions Rotarod
_ 100- 1
2 — 150
% L
s 3
S = 100-
2 50 5]
o )
@ £
-5 i= 507
o
0 T —— Or———T———7 T T 71 1
100 200 300 50 100 150 200 250 300 350
Days elapsed Days

W Target ALS



=P~L  CNS cell type-specific promoters limit transgene expression in peripheral tissues

Macaca fascicularis

(a) Anatomy of spinal
subarachnoid space

RIGHT

ANTERIOR
POSTERIOR

- AAV9-miR
SOD1
injection

dura mater /

L1
spinal cord_

W Target ALS

_subarachnoid space
—dura mater

/—— pia mater

“spinal cord

5813 VG

Gutierrez-Montes C et al, 2021

Valdés P et al, unpublished

Anterior horn

of the spinal cord
[RNA/miRNAscope] 40 -

Number of cells

~ “ > “ ' }
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Il AAV9-miR SOD1

Venllral Liver

spinal cord

SOD1 mRNA

Intensity of SOD1 mRNA signal
[% of non-transduced cells]

0 1-5 510 >10

miR SOD1 expression

1 ™ Control tissues

B AAV9-miR SOD1

? 0.10-
'
Z
o
o
D
Q 0.05-
3 005
(7}
x
£
0.00 . N
Ventral Liver
spinal cord



=PFL " Gene therapy for the CNS and sensory organs

" Gene therapy for the CNS

General principles

" Viral vectors
Adeno-Associated Viral vector

" Applications of gene therapy in the CNS:
Lipid Storage Diseases — ex vivo gene therapy for MLD
Spinal Muscular Atrophy — SMN overexpression

Amyotrophic Lateral Sclerosis — RNAi against SOD1

" Sensory organs:

Blindness enzyme replacement
functional rescue by optogenetic

Deafness inactivation of defective allele for protection of cochlear function

B BIO480



=PFL Eye function: physiology

Sclera

/

Ganglion Bipolar _/
cells cells Rods

Cones

B BIO480



EPFL  Eye function: physiology

Cellular organisation of the retina

Retinal cell
e types are
LCA, RP) organized into
Horizontal cells i about 30
Bipolgscﬁg circuits

Amacrine cells .o
(CN) =X

v

parallel image
processor

Ganglion cells
(glaucoma, LHON)

B BIO480

Roska, B., Sahel, J. Restoring vision. Nature 557, 359-367 (2018) doi:10.1038/s41586-018-0076-4
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L Eye diseases

Retinal degeneration: retinitis pigmentosa

Ll v e
| . &
[ A

rd1/rd1 retina (Pde6b gene):
Photoreceptor degeneration

1.5 mio of people affected

> 60 genes identified

Blindness typically develops before 60 yrs
of age.

Rod-cone dystrophy

Normal retina




=PFL  Eye diseases: gene therapy

Gene therapy for the treatment of blindness:
gene transfer to the retina with AAV vector

Subretinal Intravitreal

@?%!g]l :{ililf!i]l

Inner nuclear é; S;Q“ 6’”

layer /9
;:‘![n uo "\ (uw( ?‘

subretinal

ooooooo

il

V}@.i A"A
“5 '6”‘ 8&?
‘, Z“S'é:y‘ ‘z“"( '?

_,_«-Smszo

Photoreceptors

RGC

intravitreal

Dalkara D & Sahel J-A, Comptes Rendus Biologies 337(3), 2014



cPFL  Eye diseases: gene therapy

RPEG65 deficiency: a genetic cause of Retinitis pigmentosa

Rpe65-/- mice

( Pigment eplthelium\

| 6 months 1 year
NN NN
|_CH,0H T T
All-trans-retinyl ester 11-cis-retinol ; 1
NAD* ) ; L e ;
T NADH ; i W o
W CH,OH é:\)\/)V : P :
/AR S VN : ; Tl
All-trans-retinol ~ ACHO 5 ; 3 W e VT /.
11-cis-retinal : R Nl 5
_ T ¢ J : s\ \ - /
Rod NS i : 7
~AaA-CH,0H M ) S
D CHO § @ ;‘* N }\ I 4 o ’,.‘

All-trans-retinol
11-cis-retinal

NADP* l
NADPH

WCHO (QE (o; = Photoreceptor degeneration (rods)
. hv = Loss of external segment
All-trans-retinal . . .
Rhodopsin = Progressive evolution towards blindness

- 7 (Leber’s congenital amaurosis)
Visual cycle

B BIO480



cPFL Eye diseases: gene therapy

Gene therapy for retinitis pigmentosa

) Subretinal
subretinal

RPE (°]

rAAV2-cba-RPE65 (S8

LUXTURNA™ (voretigene neparvovec)

Patients: biallelic carriers of genetic mutation in RPE65
(>3 yrs old), injection of 1.5%x101" VG per eye

intravitreal inner limiting membrane
MLMT=multi-luminance mobility test FST=full field light sensitivity threshold
P Mudmomimprovement .- 40
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=PFL  Eye diseases: gene therapy
Progressive retinal degeneration in Retinitis pigmentosa

Loss of rods _ Loss of outer segments Loss of coneg

Inner retina
SSive remodehng

Healthy retind -, . Progress

: " 4
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SR JODUCDIDOO ; O
5 alale ;
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Time / retinal degeneration

Kleinlogel et al., 2020, Physiol Rev 100: 1467—-1525



=PFL  Eye diseases: gene therapy
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Optical nerve

Visual cortex

Dalkara D & Sahel J-A, Comptes Rendus Biologies 337(3), 2014

Gene therapy for blindness: optogenetics for vision restoration
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Retinitis pigmentosa:

L

Partial recovery of visual function in a blind patient after optogenetic therapy

optogenetic vector (AAV2.7m8)

encoding the light-sensing

channelrhodopsin ChrimsonR

via single intravitreal injection

into the worse-seeing eye

to target mainly foveal

retinal ganglion cells

B BIO480

Occipital electrodes:
0,,0,,0,
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Nature Medicine volume 27, pages 1223-1229 (2021)



=PFL " Gene therapy for the CNS and sensory organs

" Gene therapy for the CNS

General principles

" Viral vectors
Adeno-Associated Viral vector

" Applications of gene therapy in the CNS:
Lipid Storage Diseases — ex vivo gene therapy for MLD
Spinal Muscular Atrophy — SMN overexpression

Amyotrophic Lateral Sclerosis — RNAi against SOD1

" Sensory organs:

Blindness enzyme replacement
functional rescue by optogenetic

Deafness inactivation of defective allele for protection of cochlear function

B BIO480



=PrL  Ear diseases

Deafness: genetic causes and treatments

= Deafness affects 250 mio. people worldwide
= 50% of the cases of prelingual deafness have a genetic cause

= Current state-of-the-art treatment for deafness: cochlear implants

B BIO480



PFL  Inner ear physiology

Inner ear anatomy and cochlear function

EXTERNALEAR . MIDDLE EAR ' INNER EAR
N \

Semicircular canals

The pinna
b Oval window

directs sound Nerves
waves into Vestibular
the ear.
Tympanic
membrane
Round window To pharynx
Internal
. in
Jogular vel Eustachian tube
o
s}
<
)
m
||

http://www.cochlea.eu/en

Scala vestibuli

Perilymph

Endolymph
(tight compartment)
Scala media

Organ of Corti

Scala tympani



~L Inner ear physiology

Linear tonotopical organization of the auditory pathway and organ of Corti

O

0] cmRHOHCR
R a0

7% IHC 3’1

/? jq'zw Outer hair cells
' Inner hair cells

Peripheral auditory pathway
Organ of Corti

Spiral ganglion neurons

B Bl0480

Michanski S, et al. PNAS 116: 6415-6424, 2019



=PFL Inner ear physiology

Primary auditory pathway:

relays from the cochlea to the cortex

ACXx: auditory cortex
MGB: medial geniculate body (thalamus)
IC: inferior colliculus

SOC: superior olive

CN: cochlear nuclei

B BIO480

http://www.cochlea.eu/en



=PFL Inner ear physiology
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Cochlear hair cells

Responsible for
signal transduction,
coding frequency
and intensity

Change in shape
in response

to sound
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cPrL  Ear diseases

Genetic forms of deafness

= Hereditary forms of deafness are caused by the dysfunction or the loss of cochlear hair cells.

= Mutations in the TMC1 gene account for 4-8% of genetic forms of deafness in some populations.
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= KawashimaY, JCI 121(12), 2011



cPFL  Ear diseases

Genetic forms of deafness

= Hereditary forms of deafness are often caused by the dysfunction or the loss of cochlear hair cells.

= Mutations in the TMC1 gene account for 4-8% of genetic forms of deafness in some populations.
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=PrL  peafness gene therapy: CRISPR/Cas9 to target the mutated Tmc allele
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=PrL  peafness gene therapy: CRISPR/Cas9 to target the mutated Tmc allele

Mouse embryonic fibroblasts (Tmc1 +/Bth)

MEF Tme1t*

I
‘UJL
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Wu J et al, Molecular Therapy, 2020
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=PrL Ear diseases: gene therapy

Novel generation AAV vectors: Anc80L65, AAV-PHP.B

more efficient vectors for the transduction of cochlear hair cells

RWM

(>1E11 VG) AAV - Anc80 AAV - PHP.B
Apex

Utricle injection

Injection pipette

Mid weess nr

Base

Géléoc G & Holt JR, Science 344, 2014 PHPB
Askew C et al, Sci Transl Med 7(295), 2015 )
Landegger LD et al, Nat Biotech 2017
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=PFL  Deafness gene therapy: CRISPR/Cas9 to target the mutated Tmc allele

CRISPRCas9 targeting of the Bth allele leads to mutation-specific gene inactivation

by insertion / deletion following non-homologous end joining.

AAV-PHP.B AAV-PHP.B
Cas9 gRNA AAV-PHP.B
dgRNA vector

\ / E@ tracrRNA m
Guide RNA/ tracr RNA

Cas9 e
Cas9 vector
Genomic DNA cmyv
y

PAM sequence

TR R ITTTTTITNIN
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Wu J et al, Molecular Therapy, 2020
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Sound pressure level (dB)

AAV-PHP.B gene therapy with CRISPR/Cas9 — Bth specific gRNA
restores auditory brain stem response in Tmc1 Bth/+ mice
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=PFL Gene therapy: question7

In your view, what are the main challenges of CRISPR/Cas RNA-guided gene
editing to rescue CNS genetic disorders in vivo?
[ rank the following answers from highly likely to unlikely ]

A. Effective delivery of CRISPR/Cas + gRNA to 2% soo pooe po rome
large cell populations. — — — 20% 20%

B. Chromosomal reorganization caused by
imperfect DNA repair mechanisms.

C. Effective and precise CRISPR/Cas gRNA —
guided DNA cleavage.

D. Off-target effects of CRISPR/nuclease in the

host genome due to non-specific sequence
targeting.

E. Poorly effective DNA repair mechanisms in
post-mitotic cells. ,—l I . l




=PFL " Gene therapy: ethical considerations

Ethical considerations for gene therapy applications

® « Primum non nocere »

“Somatic” gene therapy (no modification of the germ line)

Local administrations are preferred to systemic treatments

Not applicable during embryonic development

One-time treatment

Long-term follow-up of the patients

B BIO480



=PrL  Gene therapy: ethical considerations

Risk / benefits evaluation

" Secondary effects

" Biosafety

" Therapeutic benefits

® One-time treatment

" Disease severity?
" Existing alternative treatments?

" |s the treatment affordable?

B BIO480





