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ALS genetics

familial ALS (fALS) 5%
sporadic ALS (sALS) 95%
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monogenic ALS
10% 15% of all ALS cases
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c9orf72 (40%

TARDBP (5%
SOD1 (20%)

FUS (5%
minor genes (~30, <5%)

UNKNOWN

ALS HERITABILITY COEFFICIENT (h2): 0.54



Key figure
‘ \S O S Schematic representation of the effect of antisense oligonucleotides (ASOs) on different targets in

amyotrophic lateral sclerosis (ALS)
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ASQOs

Table 1. Overview of the different ASOs developed for ALS

Target
SOD1

CO9orf72

FUS

Ataxin-2
Stathmin-2
UNC13A
SYF2
PIKFYVE

Name of ASO
BIIBOG67=tofersen=
Qalsody

BIIBO78

WVE-004

ASO5-2 = afinersen
ION363 = jacifusen

BIIB105
QRL-201
NA

NA
AS-202

RNase H

Yes

Yes
Yes
Yes

Yes

Yes
No
No
e

Yes

Clinical studies
Phase 3

Open label study
Phase 1/2
Phase 1/2
Individual patient

Individual patients

Phase 1-3

Phase 1/2

Phase 1

No, only preclinical
No, only preclinical

No, only preclinical

Status
Finished [9]
Ongoing
Stopped
Stopped
Finished [22]

One patient
finished [26]
and ongoing

Ongoing
Ongoing
Ongoing
NA
NA
NA

Van Daele et al., Trend Mol Med 2024

Trial registration no.
NCT02623699"
NCT03070119*"
NCT03626012""
NCT04931862"|
NAZ

NA

NCT04768972"
NCT04494256™"
NCT05633459"
NA

NA

NA



RNA-based therapies: the case of SOD1

RNase-H-mediated ASO
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Preclinical anfisense strategy
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A critical achievement
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An antisense oligonucleotide against SOD1 delivered >W & @
intrathecally for patients with SOD1 familial amyotrophic
lateral sclerosis: a phase 1, randomised, first-in-man study 3;
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TimothyM Miller, Alan Pestronk, William David,Jeffrey Rothstein, Ericka Simpson, Stanley H Appel, Patricia L Andres, Katy Mahoney,
Pegqy Allred, Katie Alexander, LyleW Ostrow, David Schoenfeld, Eric A Macklin, Daniel ANorris, GeorgiosManousakis, Matthew Crisp,

Richard Smith, C Frank Bennett, Kathie M Bishop, Merit E Cudkowicz |0n iS Pharmaceuticals

Methods Tn this randomised, placebo-controlled, phase 1 trial, we delivered 1SIS 333611 by intrathecal infusion using
an external pump over 11-5 h at increasing doses (015 mg, 0-50 mg, 1:50 mg, 3-00 mg) to four cohorts of eight patients Lancet Neurol 2013, 12: 435-42
with SODI-positive amyotrophic lateral sclerosis (six patients assigned to ISIS 333611, two to placebo in each cohort).
We did the randomisation with a web-based system, assigning patients in blocks of four. Patients and investigators T T T T T T T 1
were masked to treatment assignment. Participants were allowed to re-enrol in subsequent cohorts. Our primary Delivered intrathecally (mg)
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Findings Seven of cight (88%) patients in the placebo group versus 20 of 24 (83%) in the ISIS 333611 group had
adverse events. The most common events were post-lumbar puncture syndrome (3/8 [389%] vs 8/24 [339%]), back pain

(4/8[50%] vs 4/24 [17%]), and nausea (0/8 [0%] vs 3/24 [13%]). We recorded no dose-limiting toxic effects or any safety Z
or tolerability concerns related to ISIS 333611, No serious adverse events occurred in patients given ISIS 333611, B
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Tofersen* is a gapmer ASO that selectively targets SOD7 mRNA

Ié}
05 Tofersen mediates
RNase H-dependent degradation
of SOD1 mRNA to reduce the

synthesis of SOD1 protein’

The NEW ENGLAND A Function Mmm:uzl ALSFRS-R Score Percentage of Predicted Slow Vital Capacity Handheld Dynamometry Megascore

Overall
JOURNAL o MEDICINE o
3 _\\?——
ESTABLISHED 1N 1812 JULY 9, 2020 voL 383 NO.2 - :—/_W
g — Tofersen 100mg (N=10)
Phase 1-2 Trial of Antisense Oligonucleotide Tofersen <
for SOD1 ALS
M. Cudkowicz, P. Shaw, P.M. Andersen, N. A 155, 5. Ladha R — i =
h, Maragakis, CJ. McDermott, A. Pestronk, ) an Damme, Fast-Progression Subgroup 2 92
C.F tt, R. Lane, A. Sandrock, H, Runz, D. Nestorov 50 o
I. Chang, M. McNeill, L. Fanning, S 1 ’ --- Placebo (N=4)
40 — y +«: Tofersen 100 mg (N—4)
@ 30 H
Table 1 ing ir Thiree A p. § §
a 20 &
Placeba Tofirsen, 20 mg  Tofersen, d0mg  Tofersen,60mg  Tofersen, 100 mg
Event (N-12) (N-10) o N-9) n-10) 10
nurmber of participants (percent) o
Any adverse event 12 (100) 10 (100) 9 (100) 9 [100) 10 (100) 1‘5 2‘9 5'7 8‘5
Hesdache 7 (58) 440) 20 L] 6160)
Procedural pain 5 (47) 440 11 1py 7 (70} 50
Post-kumbar punctire gyndrame 329 4(4) 333 1) 330) 40
Fall 329 3(30) 1y 212 3150)
Back pain o 1(10) 1y 1y 5 (50) g 30 '§
Nasophummgits 18 220) ] ] 1oy 8 20 H]
Upper respiratary tract infection o 4 (40) [ ey o a
CSF proten cancentration in- 1) o o 1y 1q10) 10
creased
CSF white-cell count increased o 0 1y 103 o o T T T T
Pain in ammor leg 2 o 1y 5 SeE) 1529 s7 85
i I or Tial
Dizziness 125 0 [ [} 110} ial Day
MNeck pain I25) 0 [ 1y [}
* The placebo group includes al the participants wha had been assigned to receive placebo in any dosematched cohort. CSF denotes cere. B Change from Baseline
brospinel fukd Total ALSFRS-R Score Percentage of Predicted Slow Vital Capacity Handheld Dynamometry Megascore
. Overall
b — a4l 15 — Placebo (N=12)
& o & — = Tofersen 100 mg (N=10)
[ S—— bE 41 q 104
Tofersen : 28 50
—— 20mg (N=10) § 85 )
Placebo (N=12) 40 mg (N=9) w 16 23 1
— 60mg (N-9) Tu
—— 100 mg (N=10) 52 57 s
Fast-Progression Subgroup
12 s o
| -=- Placebo (N=4)
% & % o 104 - Tofersen 100 mg (N=4)
=2 2 2 ®
@ o v = s
s e E 5
2% 104 8 § =
g2 = = ]
- “ %3
2t : R :
3o B T A [
23 o8 Other Subgroup
% 9 15+ -.= Placebo (N=8)
ts & 8] o 19 .- Tofersen 100 mg (N=6)
g 8 ;ﬁ = 05
o 0.6 v S 2
H =
g §
T T T T = 16 2
Baseline 15 29 57 85 4 a !
Study Da -2 4 -1s
dy D2y 5 7 s7 85 525 57 8 5 2
Trial Day Trial Day Trial Day
Figure 1. Effect of Tofersen Ti on Total Superoxide Di: i

(SOD1) Protein Concentrations in Cerebrospinal Fluid.



Early-start
group

Delayed-
start group

TOfe r'sen | N SO D 1'A LS (April 25, 2023 FDA approuval)
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Adjusted mean (¥SE) change from

baseline in ALSFRS-R total score

VALOR OLE
(placebo-controlled) (open-label tofersen)
0,0
-2,0
-4,0
-6,0
-8,0
-10,0
| worsening
-12,0 T r r r r r r r r r r r 1
0 4 8 12 16 20 24 28 32 36 40 44 48 52
Weeks
n=36 36 33 29
n=72 66 63 58

Tofersen in SOD1-ALS

The NEW ENGLAND JOURNAL of MEDICINE

“ ORIGINAL ARTICLE ”

Trial of Antisense Oligonucleotide Tofersen
for SOD1 ALS

T.M. Miller, M.E. Cudkowicz, A. Genge, P.J. Shaw, G. Sobue, R.C. Bucelli, A. Chio,
P.Van Damme, A.C. Ludolph, J.D. Glass, J.A. Andrews, S. Babu, M. Benatar,
C.J. McDermott, T. Cochrane, S. Chary, S. Chew, H. Zhu, F. Wu, |. Nestorov,
D. Graham, P. Sun, M. McNeill, L. Fanning, T.A. Ferguson, and S. Fradette,

for the VALOR and OLE Working Group*

-—-O— Placebo + delayed-start tofersen
—@— Early-start tofersen

Adjusted mean difference:

3.5 (95% CI: 0.4, 6.7), p=0.0272

Effect on clinical function (ALSFRS-r)

courtesy of Biogen



Adjusted mean (¥SE) change from

Adjusted mean (*SE) change from
baseline in HHD megascore

baseline in % predicted SVC

Tofersen in SOD1-ALS

VALOR

(placebo-controlled)

OLE

(open-label tofersen)

-15 4
-20 4
‘Worsening
-25 T T T T T T T T T T T T 1
0 4 8 12 16 20 24 28 32 36 40 44 48 5
Weeks
n=36 34 25 20 20
n=72 59 52 39 38
VALOR OLE
(placebo-controlled) (open-label tofersen)
0,0
-0,1 1
-0,2 1
-0,3 1
-0,4 4
-0,5 1
lWorsening
-0,6 T T T T T T T T T T T T 1
0 4 8 12 16 20 24 28 32 36 40 44 48 52
Weeks
n=36 35 27 24 25
n=72 64 58 a7 42

-=-0— Placebo + delayed-start tofersen
—@— Early-start tofersen

Adjusted mean difference:
9.2 (95% CI: 1.7, 16.6), p=0.0159

-=-O— Placebo + delayed-start tofersen
—@— Early-start tofersen

Adjusted mean difference:
0.28 (95% Cl: 0.05, 0.52)
p=0.0186

Improvement in HHD megascore from
baseline to Week 52:

Delayed-start tofersen: 8.1%
Early-start tofersen: 26.9%
Difference: 18.8% (95% CI: 1.4, 36.2)

Effect on respiratory function (SVC)

Effect on muscle strenght (HDD megascore)

courtesy of Biogen



Open questions

effect on survival (death, permanent ventilation)
magnitude of effect (stabilization? reversal?)

effect on different SOD1 mutations

timing of intervention (pre-symptomatic individuals?)
side effects?

use of NfL as surrogate biomarker capable to predict
clinical benefit

Tofersen reduces total CSF SOD1 (target engagement)
VALOR

(placebo-
controlled)

Tofersen reduces plasma NfL (reduced axonal injury and neurodegeneration)

Trends suggest slowing of clinical decline in tofersen-treated participants

OLE
(open-label

fofersen) Earlier initiation of tofersen reduced decline in strength, function, and quality of life

Earlier initiation of tofersen reduced risk of death or permanent ventilation and death

Predicted benefit on clinical outcomes (at Week 28)

for each 10 pg/mL reduction of plasma NfL (at Week 16)*

ALSFRS-R total score 0.77 (p=0.0038)
Percent-predicted SVC 1.45 (p=0.0706)
HHD overall megascore 0.029 (p=0.1303)

ALSAQ-5 total score 2.194 (p=0.0056)
EQ-5D-5L utility score 0.017 (p=0.0894)

*Example for a participant with a baseline plasma NfL level equivalent to
the sample mean for ITT completers (96.78 pg/mL)

courtesy of Biogen



The NEW ENGLAND JOURNAL of MEDICINE

“ BRIEF REPORT ”

SOD1 Suppression with Adeno-Associated
Virus and MicroRNA in Familial ALS

Christian Mueller, Ph.D., James D. Berry, M.D., Diane M. McKenna-Yasek, R.N.,
Gwladys Gernoux, Ph.D., Margaret A. Owegi, M.D., Lindsay M. Pothier, B.S.,
Catherine L. Douthwright, Ph.D., Dario Gelevski, B.S., Sarah D. Luppino, B.S.N., R.N.,
Meghan Blackwood, B.S., Nicholas S. Wightrnan, B.S., Derek H. Oakley, M.D., Ph.D.,
Matthew P. Frosch, M.D., Ph.D., Terrence R. Flotte, M.D., Merit E. Cudkowicz, M.D.,
and Robert H. Brown, Jr., D.Phil., M.D.
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needed
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Figure 1. Slow Vital Capacity, Functional Status, and Histologic Analysis of Spinal Cord in the Study Patients.
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ASO-based therapies for c9-ALS

BIIBO78

* no clinical benefit

* 60 mg dose = placebo

* 90 mg worse than placebo
* decreased DPR CSF levels

* increased NfL plasma levels

WVE-004
e safe
* no clinical benefit

e decreased DPR CSF levels

ASO5-2
* individual patient

e finished
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Jacifusen in FUS-ALS

Analysis of FUS gene mutation in familial  Phenotype Analysis of Fused in Sarcoma Mutations in

. . . . ARTICLES e T
am).fotrophlc lateral scl'ero'sm within an Amyotl'ﬂphlc Lateml SC]QI'OS]S ol org O A9 0Z1 TS0 medicine
Itahan cohort Ticozzi et al., Neurology 2009 Grassano et al., Neurol Genet 2022 —
orel . e
s Antisense oligonucleotide silencing of FUS

expression as a therapeutic approach in
amyotrophic lateral sclerosis

Vladislav A. Korobeynikov 1%, Alexander K. Lyashchenko 2%, Beatriz Blanco-Redondo 5%,
Paymaan Jafar-Nejad ' and Neil A. Shneider 0=

FUS ALS I USI VN

= <1% of ALS cases
= early onset

Phase Il clinical trial
(ION-363)

= axial and proximal (shoulder and pelvic girdle) symmetrical weakness and wasting
= phenotype: LMN>>>UMN

= rapid progression
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Korobeynikov et al., 2022



Challenges to gene therapy in ALS

Gain vs Loss of Function

GOF+LOF genes
TARDBP

non degrading ASOs
(splicing of UNC13A, STMIN2)

Non-Viral Strategy

pre-mRNA @

Alternate Splicing ;

Antisense Oligonucleotides

Protein Translation

leA MRNA @ ;

LU e
Functional
Protein

mRNA Degradation

GOF genes
SOD1, (FUS?)

degrading ASOs
(RNAI, genome editing)

LOF genes

TBK1, NEK1, GRN, OPTN...

gene delivery
suppressor tRNAs

(nonsense mutations)

small activating RNAs
(promoters, enhancers)

B shRNA orm-RNAO AAV-Mediatel Gene Silencing

A“MM mRNA | “Target DNA

Small RNA
K» T A Wy
LU g

mRNA Degradation CRISPR/Cas9

Diminished Neurotrophic Support

AAV-Mediated Gene Delivery

e®

% Episomal Establishment

Neurotrophic Support Restored

All ALS genes?

genome editing
(CRISPR/Cas9, ZFP-TF, TALEN)

RNA base editing
(AIMers, CRISPR/Cas13, ...)

Amado DA & Davidson BL, Mol Therapy 2021



ALS as TDP-43 protheinopathy

TDP43+ cytoplasmic inclusions in >95% of
all ALS cases
(except SOD1, FUS)
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Upstream modulation of TDP-43

c Control TDP-43 Atx2E? TDP-43 + Atx25° TDP-43; Atx2*' /+

ATXNZ2 intermediate-lenght polyQ

Ataxin-2 intermediate-length
expansions are a risk factor of ALS

polyglutamine expansions are associated
with increased risk for ALS

Elden AC et al, Nature 2012

Risk alleles increase ATXN2 stability and
reduce its degradation

ATXN2 recruits TDP-43 into stress granules
and promote aggregation

)

P-4 1 MRNA levels
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and reduces a Progression of BIIB105 in Participants With Amyotrophic Lateral
ATXN2 levels directly correlate with TDP-43 p Sclerosis (ALS) and Participants With the ALS Ataxin-2 (ATXN2)

toxicity in yeast, fly, mouse models Becker LA etal, Nl Genetic Mutation —
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Phenotypic rescue of TDP-43 mouse model
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S . BEHNE g & Mitigating a TDP-43 proteinopathy by
platform against ATXN2 g 40 . . d .
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Day Zeballos C. MA et al, Nat Commun 2023



BIIB105* is an intrathecally administered ASO being investigated
for the treatment of broad ALS

Reduction of ATXN2 may improve TDP-43 toxicity and clinical outcomes in ALS'23

- " 100+ Survival
b Preclinical observations! :
: Median survival

Functionality

5
Q

0 ’
® t

> . : - ) N > B Control ASO 23 days

Wildtype Atxn2 reduction increases survival and functionality and T s0- B Aain 3 A0 32 doys E
reduces TDP-43 pathology in yeast, fly, and mouse models a S
® g TN

if 20 40 120 140 160 §' " " P

m ‘m, Becker et ol Nal:::. 2017 m (dly!)

Becker et al. Nature 2017

Survival in ALS patients
with ataxin-2 repeats

m Human genetic evidence??

Intermediate repeat PolyQ expansion (30-33)
in ATXN2 results in 7x increased risk of ALS and
is associated with a more aggressive phenotype

o

Cumulative survival
o
-

Green: 2 31 repeats
Blue: <31 repeats

0.00 260 5.00 7.50 10.00 1250
Chio et al. Neurology 2015

Phasey14 Phase 2 Phase 3 Phase 4
BIIB105
Studies

* Discovered by lonis Pharmaceuticals

ALS, amyotrophic lateral sclerosis,
1. Becker LA, et al. Nature. 2017,544:367-71. 2. Elden AC, Nature. 2010,466:1069-75. 3. Chio A, et al. Neurology. 2015,84:251-8
4. NCT04494256. Available from: b [clinicaltrials gov/ct2/show/NCT 4 Accessed October 2020,



Downstream modulation of TDP-43

Healthy Neuron TDP-43 Splicing Targets UNC13A, Stathmin-2, etc
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TDP-43 physiologically suppresses the
splicing of crypting exons (CE)

LoF leads to abnormal inclusions of CE with
formation of truncated proteins (STMN2) or
reduced expression via RNA-mediated decay
(UNC13A)

Survival probability stratified for rs12601932 polymorphism

UNC13A Genotype ~~ AA/AC ~~ CC

UNC13A is a risk factor for ALS
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Downstream modulation of TDP-43

Healthy Neuron
Nuclear TDP-43
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Translation

Truncated Proteins or Loss of Expression
(or a larger protein in the absence of PTC)

TDP-43

physiologically

splicing of crypting exons

suppresses
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LoF leads to abnormal inclusions of CE with
formation of truncated proteins (STMN2) or
reduced expression via RNA-mediated decay

(UNC13A)

STMN2 is a CNS-specific protein that
binds tubulin dimers and regulates

microtubule stability.

Loss of STMN2 promotes degeneration
of injured axons, while overexpression
of STMN2 delays degeneration after

injury.

Loss of STMN2
neuropathy in mice
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A tool for genome editing:

CRISPR-Cas9

Scientist Spotlight

CRISPRCas9 has been touted as one of the most
revolutionary discoveries of the decade. Meet Dr. Jennifer
Doudna and Dr. Emmanuelle Charpentier, the first two
women to ever hold the Nobel Prize in Chemistry together for
their discovery of CRISPR-Cas9. Growing up in small towns,
Dr. Doudna and Dr. Charpentier (in the USA and France,
respectively) never expected that this would happen to them.

System against Viruses: CRISPR-Cas9

Streptococcus bacterium -’
Virus \\1\\-‘/

s O
e ‘
i

@ Cas9 complexes % _ \ .
with the tracrRNA ( Cas9 | RNase Il
and crRNA duplex \._ ARRNA

@ RNA duplex
cleavage by
ANaso Il

Lﬁﬂ o mﬁ L Mﬁ

CrRNA

Cleavage
by RNase Il

Reinfection by
the same virus

o PAM (protospacer adjacent motif)
in the viral genome enabl
9- ted recognition and
cleavage of target DNA.

iral DNA s inserted into the bacterial genome
in between the repeated CRISPR sequences.

tracrRNAs recognize CRISPR RNA sequences and target
Cas9 enzymes to the CRISPRRNA.

The CRISPR RNA:tracrRNA duplex is cleaved If

2020 Nobel Prize in Chemistry

s infected by

generated during the first infection recognizes PAM motifs
inthe viral genome, enabling target-DNA recognition and
Cas9-mediated cleavage to prevent re-infection

off of the longer pre-crRNA

=y
Doudna & Charpentier Key Discoveries

2009-2011
Mechanisms and structures

of Cas proteins uncovered

\
2011 —/ — 2012

 Dr. Doudna and Dr. Charpentier
begin to study CRISPR-Cas9 together®

* Dr. Charpentier discovers tracrRNA* k4
(e genome editing’

The CRISPR-Cas9 Genetic Scissors

When researchers edit a
genome using the CRISPR-Cas9
genetic scissors, they artificially
construct a single guide RNA
(sgRNA), which matches the
DNA code where the cut is to

Target \ be made.

sequemi,’%X

Non-homologous Homology-di
@ end joining (NHEJ) @ repair (HDR)

Donor - .
Immﬂ template i Fononeesd g Agriculture

Error-prone
repair

|

The scissor protein, Cas9, forms
a complex with the sgRNA, and
directs the scissors to the
precise location in the genome
where the cut will be made.

Applications

CRISPR-Cas9 revolutionized  genome
its precision, speed, and
permits its use in a near
limitless. range of applications. Since its
discovery, scientists have been using the
technology to cure diseases, discover new
treatments, and for precision medicine. It
doesnit stop there: beyond human disease,
CRISPR-Cas9 is being used to manufacture
biofuels, engineer better crops, and more.
These advances, made possible by the
discovery of CRISPR-Cas9, will change lives
worldwide.

M ngustrial
T T Al L

Mutation Inserted DNA

Gene disruption by small
insertions or deletions

Dr. Doudna and Dr. Charpentier
demonstrate how Cas9 works in
vitro, laying the groundwork for

Gene correction or insertion
by assisted recombination

N
discovery

2013 — 2014-2019
Or. Doudna publishes a paper on Established a deep understanding
RNA-programmed genome editing in human cells® of Cas9 structure and function

2014
Dr. Doudna and Dr. Charpentier
describe RNA-mediated
conformational activation of Cas9”

Nobel Prize in Chemistry
awarded to Dr. Doudna
and Dr. Charpentier’

\— 2017-2020
Dr. Doudna and Dr. Banfield discover
and develop new Cas editing tools

© BioRender 2020



Take home messages

High genetic heterogeneity

High pathomechanistic heterogeneity

RNA-based therapies are powerful tools, but each ALS-associated gene likely

requires a different approach

Upstream/downstream modulation of TDP-43 could be a promising strategy

also for sporadic ALS cases

Side effects?
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