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Epidemiology

Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease in
adults.

Relatively rare disease

Incidence: ™ with age
average age of onset: 58—60 years
highest incidence: 60-79 years
stable/increase
approximately 1.68 (range 1-2.6) cases per 100 000 persons annually
average survival from onset to death: 2—4 years (respiratory failure)

Prevalence: expected to increase due to aging in population and increased life
expectancy
approximately 6 cases per 100 000.



Definition

Amyotrophy = muscle loss
Lateral sclerosis = axonal loss in the lateral
spinal cord columns

First description: French neurologist Jean-
Martin Charcot in 1869 (Charcot’s disease in
France).

ALS, aka “Lou Gehrig's disease,” is a
progressive and fatal neurodegenerative
disorder affecting motor neurons in

the brain and spinal cord.

The clinical features reflect the presence and
location of upper or lower motor neuron
degeneration at a given time.

With voluntary muscle action progressively
affected, patients in the later stages of the
disease may become totally paralyzed.

Lou Gehrig: baseball player
died of ALS in 1941

ALS

ASSOCIATION



Clinical presentation

About one-third of patients have bulbar
onset, more common in women.

Bulbar functions involve activities of the
oropharyngeal muscles.

Symptoms include dysarthria, dysphagia
(usually for liguids more than solids),
difficulty chewing, and hypersalivation.
There is usually difficulty holding

the mouth closed or pursing the lips.

The oculomotor nuclei are spared until
“end-stage” and brainstem sensory
pathways are not affected.

Lower motor neurons (LMN)

Brainstem cranial motor nerve nuclei or anterior horn
cells

LMN dysfunction is characterised by muscle weakness,
atrophy, and fasciculations

Upper motor neurons (UMN)

Betz cells in layer V of the primary motor cortex
UMN dysfunction is characterised by increased and
pathological reflexes (including Hoffmann's sign,
Babinski, and snout), pathological spread of reflexes,
preserved reflexes in a weak limb, and spasticity

Bulbar amyotrophic lateral sclerosis

Phenotype presents with weakness starting in the
muscles controlling speaking and swallowing
Both LMN and UMN signs are present

Classical amyotrophic lateral sclerosis

Phenotype presents with muscle weakness starting in the
limbs; both LMN and UMN signs are present



Diagnhostic
criteria

Considerable phenotypic
heterogeneity in ALS presentation

Cognitive and behavioural changes
in >60% of pts

Frontotemporal dementia in about
15% of pts (ALS and FTD continuum)

Revised El Escorial criteria for diagnosis of amyotrophic

lateral sclerosis (ALS)

Diagnostic category

Features

Clinically definite ALS

Clinically probable ALS

Clinically probable
ALS - laboratory-
supported ™

Clinically possible ALS*

Upper and lower motor
neuron signs in bulbar and
at least two spinal
(lumbosacral, thoracic, or
cervical) regions or

Upper and lower motor neuron
signs in three spinal regions

Upper and lower motor neuron
signs in at least two regions
(bulbar or spinal) with some
upper motor neuron signs
rostral to the lower motor
neuron signs

Clinical evidence of upper and
lower motor neuron signs in
one body region or of upper
motor neuron signs in one
region and EMG findings of
lower motor neuron
involvement in at least two
body regions

Upper and lower motor neuron
signs in only the bulbar or
only one spinal region or

Upper motor neuron signs in
two or more regions or

Lower motor neuron signs
rostral to upper motor neuron
signs

“Other diagnoses are excluded by appropriate neuroimaging and lab-

oratory studies.
EMG, electroymyogram.



Neuropathology of ALS

TDP-43 cytoplasmic inclusions in
dentate granules of hippocampus

B=

atrophic anterior horns and
demyelinated corticospinal tracts

A=

diffuse cytoplasmic TDP-43
deposition in spinal cord MNs

E=

ubiquitin- and TDP-43-positive inclusions

in spinal cord MNs

C-D=



Genetics of ALS

Mendelian familial ALS = 10-15% (incomplete penetrance in some kindreds)
Substantial genetic componenent in (apparently) sporadic ALS

Year  Locus Gene Inhentance Famillsl  Sporadic  Disesse-assockated Orther associated phenotypeas® Refs.
— )" =y mechanism
1983 21|:|!?.11< s000 ) Autosomal dominamt, 12 1-2 COxldative stress, exciotoxicEy,  Frontotempora] dementia, 19
AUtoEOIE| recessive, mitochondrial dysfunction, spastic tetraplegia snd axial
de nowo axonal transport disruption v potonia
1884 23QIZ2 NEFH futosomaldominant  Unknown  Unknown  Awxonal transport disroption soonal Charcot-karke-Tooth by ¥
disease type 2CC
I 2g33d ALSZ futosomalrecesshve  Unbnown Unknown  wesicular trafficking defects Juvenila primary Lataral Fale)
sciarosks, Infantile hereditary
spastic paraplegla
7003 ?piad DCTV? autosomaldominant  Unknown  Unknown  Axonal transport disroption Distal hareditary motor 4
neuropathy type VIR, Permy
syndrome
2004 20q12.32  WAPE Autosomaldominant  Unknown Unknown  Protecstasis defects Finkal-typ= spinal muscular HE
sirophy
2004  Dg3413  SETX Autosomaldominant  Unknown Unknown  altered ribostasts Autosomal recasslve fea |3
spinocansbeliar stata type 1
006 Iph2 CHMFP2E aurtosomaldominant  Unknown  Unknown  Proteostasis defects, veslcular  Frontotemporal dementia HIMNE
— trafficking defects
200E  1p383227 ( TARDEF Autosomal dominant, 4 1 altered ribostasts, Frontotemporz] dementta 3E.39
autosomal recesshe, nucieccytoplasmic transport
de nowo defacts
2009 15|:|11.2< Fus , autosomal dominant, 4 1 Alterad ribostasls, Frontotemporal dementia, 4647
autosomEl recesshe, nucieocytoplasmic transport  essential tremor
de nowo defacts
2040 Spiad VCP Autosomal dominant, 1 Proteostasts defects Frontotemporal dementta, 144
de novo Charcot-marie-Tooth disease
type 2¥, Inclusion body myopathy
with early-cnsst Paget diseaza
2040 15034 SPGH Autosomal recessive Unknown Unknown  DMAdamage Heredltary spestic paraplegls, 3]
Charcot-marie-Tooth disease
ype 2X
o0 10pIa OPTN futosomal dominant, < & autophagy, Inflammation Aduit-onsst primary open-angle 320
autnsomeal recesshve glaucoma
20 XpdilA LBCLNZ ®-Inkad dominant ] Protecstasks defects Mone iy
JoH  5g353  SOSTMT furtosomal dominant 1 Autophagy, Inflammation Frontotempors] dementta, distal 32
myopathy, childhood-onset
ne rathon with ataxta,
dystonta and gaze palsy, Pagat
disaase of bone-3
_—
ki) | A0 7 Autophagy, global RNA Frontotemporz] dementia 55,56

and? ( Coorf72 ) furtosomal dominant

alterztions, Intracsallulsr
trafficking defects,
rucieocytoplasmic trarsport
defacts, proteostesls defects

Mature Reviews Genetics | Volume 24 | September 2023 | 642-658



Year Locus Gene Inheritance Familial Sporadic Disease-associated Other associated phenotypes® Rafs.
=)’ )y mechanism
b N o ) PrNT Autosomal dominant < « Impaired axonal growth and mone 273
cytoskaletsl organization
I3 Tpiss HMRNWPAZBT  Autosomal dominant  Unkbnown Unknmown  Altered ribostasis Inclusion body myos!tls with 224
early-onset Faget disezse with or
without frontotermiporal dementia
7, multleystem protenopatiy
303 1291313 HNRNES) sutosomal dominant,  Unknown Unknown  Altered ribostasis Inclusion body myosltls with 224
de novo early-orset Paget disesse with or
without frontotemiporal dementia
3, multisystem proteinopat by
J0i4 2035 TLAEAA Autosomal dominant -« < Impaired axonal growth and Frontotemporal demeantiz 235
cytoskeletsl organizstion
2014 50212 MATR2 autosomal dominant < < alterad ribostasts [vistal myoipathy with vocal cord 26
and pharyngesl weakness
204 23giE3  CHCHDMO  Autosomaldominamt < L Miitochondrial dysfunction Frontotamporsl dementia, spinal xn
muscular atrophry (Jokela typal,
tsptabed mittochondrial myopathy
305 12gi42 TBK? Autosomal dominamt « Autophagy, Inflammation Frontotempors] dementis 112
2006 4qa3 NEK? reot astabiished 3 2 DMA damage, Impaired short-nb thoracic dysplasla 6 TNZ14
cyloskalets| organization and  with or without polydactylism
call cycle
JE  1Ep133 CCNF Asutosomal dominant 4 2 Protecstasks defects Frontotemporal dementia 228
e Hg??a CRAFSM Mok establlshed Unknown Unknown  Impaired cytosheletsl Azl spondylometaphyseal W07
onganization dysplasia, retinal dystrophy with
meacular staphyioma
3017 10QI23 ANNATT Autosomaldominant  Unknown Unknown  Dysreguilstion of calcium Inclusion body myopathy and bl
homacetasis and stress brain white mattar abnormallties
granule dynamics
J0i8 120133 KIFBA Autosomal dominant < « Impaired cytoskeletsl Charcot-Marie-Tooth typa 2, T2.73
onganization and axonal hereditary spestic paraplegla
trareport
J018  10QZAH  ERLWI Autosomal recessive Unknown Unknown  Dysreguilation of Inositol Hereditary spastic paraplegis T
1,4.5-trisphosphate
Intracallular lon channels
I8 3pTa GLTEON Autosomal dominant  Unknown Unknown  Impalred gangBoside Mone 230
synthasls
08 17gM2 DNACT Mok established Unknown  Unknown Mot established one 84
0N Apiea HTT Autosomal dominant  Unknown Unknown Mot established) Huntington disease, Lopses- o
nucieccytoplasmic transport Maciel-Rodan syndrome
defacts
0T SqI2AH SPTLCT De NowD: Unkbnown  Unknown  Disruption of sphingolipid Hereditary sanscry and o796
metzbolism autonomic neuropathy type 14

Ganes ara listed cheonologically based an thair year of dscosery. *Percantage of amyotrophic lateral solerosis | AL E) cases axplained by mutstions inthe comesponding discase-causing ganes.

SPhanotypas assoclated with the ganes axtractad from tha Oning Mendellzn inheritance in Man database.

Nature Reviews Genetics | Volume 24 | September 2023 | 642-658



> 200 SOD1 mutations in ALS

Health

ALS
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TARDBP mutations
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ALS-FTD continuum: a focus on genetic variants

ALS-FTD continuum

Motoneurons: Frontotemporal cortices:
* muscle weakness behavior disorders
muscle atrophy ee——— language impairment
fasciculations executive deficits
dysarthria and dysphagia emotional lability

COGNITION

ALS ALS-FTD
| | ]

VAPB TARDBP vCP |(CHCHD10

ALS2 TBK1 OPTN
FUS

GNR

FTD=frontotemporal dementia De Marchi et al., Genes 2023, 14(8), 1658



TDP-43 functions
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Mutations in the known
ALS genes explain:

76% fALS

25% SALS




Gene-environment interactions

Environmental and lifestyle risk factors:

agricultural and industrial chemicals

occupations

cigarette smoking

heavy exercise

More recently: alcohol consumption
educational attainment
physical exercise
dyslipidemia
smoking

Agelng

&

ALS

Motor neurons

Epigenetic mechanisms:

DNA methylation
miRNA dysregulation
chromatin remodelling
histone modifications

mediate the effect of
environmental factors on ALS
pathogenesis

Environment and lifestyle
» .ji -‘
i olls

Genetlc mutations

Genetic modifiers

Nature Reviews Genetics | Volume 24 | September 2023 | 642-658



Pathophysiology
W
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Pathophysiology, genetic causes and risk factors

Glial dysfunction  Oxidative stress Excitotoxicity
{ S0D1, 505TM1

Neurcinflammation
TBK1, OPTN, C9orf72, \ i
Dysregulated vesicle
UBQLN2 3 S—— | transport L—\\“\ﬂ; ¥ j}ﬁ
a0 SPG11, VABR ALSNZ, ol Y~
o \L FIG4, CAV1, OPTN, NEK1 Y J
D 9,
. =
~ b s Impaired protein homeostasis Qﬁﬂ% :
Mitochondrial dysfunction |I ?-Elj ES;;;ES; CYorf72, SQSTM1 ﬂ I‘E“ﬂ:;

UBQLNZ, OPTN, SOD1,
;—N SIGMAR1, TBK1, FUS, VABP

J

Impaired DNA damage repair Axonopathy

FUS, C21orf2 ALSZ, ANXA11, SIGMAR1,
FIG4, VAFB, TUBA4A, SQOS5TM1,
PRN1, CCNF, SPG 11, KIF5A,
Ezzlr:c?cl;l:;:?a smic || / Aberrant RNA metabolism KANK1, C210rf2, OPTN
transport | | (3 HnRNFA1, TARDBF, UBQINZ, ATXNZ,
FUS, TARDBF, C9orf72 UI FUS, SEXT, ANG, MATR3, C9orf72

Nature Reviews Drug Discovery | Volume 22 | March 2023 | 185-212



ALS drugs (1)

faulty protein

1. Tofersen (BIIBO67, Qalsody) DN e B . iigproitin outiiiie ol aackom
Delivery Method: Intrathecal injection

(lumbar puncture) —
-genetically targeted therapy approved by é % N AV,

the FDA in 2023 to treat mutant SOD1-

fALS. &

-targets RNA produced from

mutated SOD1 genes to block toxic SOD1

proteins from being made, helping improve e, ég » o

ALS symptoms and slow down progression
of the disease.

2. Edaravone

Delivery Method: IV or oral suspension (can be administered by mouth or via feeding tube)
The FDA approved Edaravone as an IV treatment for ALS in 2017 followed by an oral
suspension in 2022. Edaravone is an antioxidant molecule, intended to slow the loss of
physical function and the progression of ALS by preventing nerve damage.



ALS drugs (Il)

3. Riluzole

Delivery Method: Tablet, thickened liquid (Tiglutik), or oral film (Exservan)

Rilutek (now generic) was the first FDA-approved drug to treat ALS (1995). It is taken as a
tablet. A thickened liguid form of riluzole called Tiglutik was approved by the FDA in
September 2018, followed a year later by an oral film formulation called Exservan. Riluzole is
intended to slow the progression of ALS by blocking the release of glutamate.

4. Dextromethorphan HBr and Quinidine Sulfate (Nuedexta)

Delivery Method: Capsule

-approved in 2010 in US and prescribed to help treat pseudobulbar affect (PBA), which can
cause frequent, involuntary, and unpredictable episodes of crying or laughing that are
exaggerated or don’t match how the person truly feels

-may also help improve bulbar function in people living with ALS whether they experience
PBA or not.



ALS terapeutic targets

Cell therapies Multiple targets

Clinical trials Clinical trial Preclinical

» Neuronata-R M5Cs = AMX0035 » M102-5[+]-apomorphine

* NurOwn M5C-astrocyte

like cells

* AstroRx Genetic therapies

* RAPA-501 T cell therapy Clinical trials Preclinical
= S50D1 ASO (Tofersen) » AAVS C90rf72 repeat expansion
* COorf72 ASOs (BIIB-078, *» Progranulin neurotrophic factor

WVE-004) » Cryptic exon splicing in STMNZ (QRL-201)

= FUS AS0 (ION-363) » AAV-FUS [CTx-FUS)

* AraxinZ ASO (ION-541) » Censavudine reverse transcriptase inhibitor
targeting transposon activation

Clinical trials
» Edaravone

U
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o | sl
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* Trametinib MAPK inhibitor

L] TUDCAHID"’E !_,_/"_'___..rf—"',i';'l ﬁ "'#l,_— Clinicaltrié_ih o ﬁ‘} T

& s e|lF2B activator (DML-343)
N }, / = Bosutinib autophagy promoter Troponin activator
Ta breclincal Clinical trials
Lol reclinica # Reldesemtiv — Fast 2
e \Q\ » elF2B activator rtol muscle tromand

- AnLve e skeletal muscle troponin
» Ataxin 2 inhibitor activator

MNeurasinflammation

Clinical trials
» Zilucplan C5 inhibitor

» Aldesleukin riL-2 Glutamate toxicity Hyperexcitability

* 1gG4 Clg mAb Clinical use Preclinical

» Anti-CD40 ligand mAb * Riluzole * Kv7 ion channel opener
« CSF1R blocker (BLZ-945) (ORA-244)

* Pegcetacoplan C3 regulator .

« RIPK1 inhibitor (DNL-788) MNucleocytoplasmic transport defects

= Masitinib Clinical trial

» Ibudilast » Exportin-1 inhibitor (BIIB-100) Nature Reviews Drug Discovery | Volume 22 | March 2023 | 185-212



Autophagy - ALS
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ALS patients and contributes to TDI?’-43 accumulation
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Rationale and Aim

TDP-43 is degraded not only by UPS and
macroautophagy but also by CMA

through interaction between Hsc70 and
ubiquitinated TDP-43
(Huang et al., J Cell Sci. 2014)

!

To investigate the existence of
systemic alterations of CMA in ALS patients and
their role in TDP-43 accumulation



Subjects

Ctrl SALS
n =30 n =30
Gender, M/F 16/14 16/14
Age, yr et R e
Onset, B/S N/A 9/21
Duration, mo N/A 32'(%_23)‘"5
ALSFRS-R N/A 24-(2_31;)-2
s
PEG, yes/no N/A 8/22
NIV, yes/no N/A 11/19
Riluzole, yes/no N/A 26/4




Methods
PBMCs isolation through density gradient centrifugation

diluted whole

blood

buffy coat
Ficoll (PBMCs)
Protein expression - WB

IF

FRA (insoluble proteins)
Dot blot (soluble proteins)

Gene expression - real time PCR



Jd hsc70 in PBMCs

Confirmation of hsc70 reduction in
lymphoblastoid cell lines (LCLs)
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= lamp2A in PBMCs
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Conclusions (1)

Hsc70 expression is reduced in sALS PBMCs

Lamp2A is unchanged, but negatively correlated with disease
duration

v

No marked CMA alterations in ALS PBMCs

Possible role for CMA dysfunction in patients with
longer disease duration



N TDP-43 protein J, TDP-43 mRNA
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Perinuclear TDP-43 distribution in sALS

DAPI TDP43 MERGE
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SALS
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Arosio et al., Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration 2019




P insoluble TDP-43 = soluble TDP-43
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Hsc70 knock-down I~ TDP-43 protein levels in
human SH-SY5Y cells

A
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:I:§ 125+ .
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e '
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Arosio et al., Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration 2019



Conclusions (ll)

 TDP-43 insoluble protein levels are increased and TDP-43 is
mislocalized in sALS PBMCs

v

PBMCs recapitulate a pathological phenotype typical of
motor neurons

* Hsc70 reduction induces TDP-43 protein increase

v

Hsc70 reduction is a pathogenic mechanism contributing to
protein accumulation =) hsc70 as possible therapeutic target
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Genetics of ALS

Mendelian familial ALS = 10-15% (incomplete penetrance in some kindreds)
Substantial genetic componenent in (apparently) sporadic ALS

Year  Locus Gene Inhentance Famillsl  Sporadic  Disesse-assockated Orther associated phenotypeas® Refs.
— )" =y mechanism
1983 21|:|!?.11< s000 ) Autosomal dominamt, 12 1-2 COxldative stress, exciotoxicEy,  Frontotempora] dementia, 19
AUtoEOIE| recessive, mitochondrial dysfunction, spastic tetraplegia snd axial
de nowo axonal transport disruption v potonia
1884 23QIZ2 NEFH futosomaldominant  Unknown  Unknown  Awxonal transport disroption soonal Charcot-karke-Tooth by ¥
disease type 2CC
I 2g33d ALSZ futosomalrecesshve  Unbnown Unknown  wesicular trafficking defects Juvenila primary Lataral Fale)
sciarosks, Infantile hereditary
spastic paraplegla
7003 ?piad DCTV? autosomaldominant  Unknown  Unknown  Axonal transport disroption Distal hareditary motor 4
neuropathy type VIR, Permy
syndrome
2004 20q12.32  WAPE Autosomaldominant  Unknown Unknown  Protecstasis defects Finkal-typ= spinal muscular HE
sirophy
2004  Dg3413  SETX Autosomaldominant  Unknown Unknown  altered ribostasts Autosomal recasslve fea |3
spinocansbeliar stata type 1
006 Iph2 CHMFP2E aurtosomaldominant  Unknown  Unknown  Proteostasis defects, veslcular  Frontotemporal dementia HIMNE
— trafficking defects
200E  1p383227 ( TARDEF Autosomal dominant, 4 1 altered ribostasts, Frontotemporz] dementta 3E.39
autosomal recesshe, nucieccytoplasmic transport
de nowo defacts
2009 15|:|11.2< Fus , autosomal dominant, 4 1 Alterad ribostasls, Frontotemporal dementia, 4647
autosomEl recesshe, nucieocytoplasmic transport  essential tremor
de nowo defacts
2040 Spiad VCP Autosomal dominant, 1 Proteostasts defects Frontotemporal dementta, 144
de novo Charcot-marie-Tooth disease
type 2¥, Inclusion body myopathy
with early-cnsst Paget diseaza
2040 15034 SPGH Autosomal recessive Unknown Unknown  DMAdamage Heredltary spestic paraplegls, 3]
Charcot-marie-Tooth disease
ype 2X
o0 10pIa OPTN futosomal dominant, < & autophagy, Inflammation Aduit-onsst primary open-angle 320
autnsomeal recesshve glaucoma
20 XpdilA LBCLNZ ®-Inkad dominant ] Protecstasks defects Mone iy
JoH  5g353  SOSTMT furtosomal dominant 1 Autophagy, Inflammation Frontotempors] dementta, distal 32
myopathy, childhood-onset
ne rathon with ataxta,
dystonta and gaze palsy, Pagat
disaase of bone-3
_—
ki) | A0 7 Autophagy, global RNA Frontotemporz] dementia 55,56

and? ( Coorf72 ) furtosomal dominant

alterztions, Intracsallulsr
trafficking defects,
rucieocytoplasmic trarsport
defacts, proteostesls defects
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Encoded protein:
-RNA binding protein involved in transcription, alternative splicing, mRNA transport, mRNA
stability, mRNA biogenesis
-also located at the neuromuscular junction and associated with the transcriptional
regulation of acetylcholine receptors in the neuromuscolar junction

FUS (fused in sarcoma)

RNA metabolism disruption as pathogenic mechanism in ALS

FUS mutations are associated with nuclear to cytoplasmic mislocalization and formation of
cytoplasmic inclusions of the mutated protein (similar to TDP-43)
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PY-NLS
SYGQ-rich Gly-rich RRM RGG-ZnF-RGG . c
S57del G156E  G1875 G230C 5402 P411delinsGGGG  S462F R495% H517Q/P
G1915 R234L/C G466V-is-X  G507D R518G/K
R216C R244C KS10R/E R521C/G/MH/L
G225V M254V S513P R522G
R514G/S R5245MT/W
G515C P525L
MNLS
I RRM1 RRM2 Gly-rich C
D189G K263E G2875  A315T  N345K  S379P/C
N2ETS G290A A321W/G G34BC/V A3B2T/IP
N267S S282N Q331K N3525 1383V
G2o4A/N S332N R361S  G384R
G2955/R G335D0 P3E3A WaBsG
G2985  M337V  Y374X  N390D/S
M311Y  Q343R N378D S383L
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CI90ORF72 (chromosome 9 open reading frame 72) expansion

A NON-PATHOLOGICAL B PATHOLOGICAL
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B | 54 kDa ] §
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Variant 2 (NM_018325) - Variant 2
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Pathways affected by C90RF72 HRE in ALS/FTD

Both|loss of function

of C90ORF72 and

gain of toxicity|from RNA foci and dipeptide repeat

proteins (DRPs) contribute to the disease progression.

Abnormal microglia activation
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FUS and COORF72 as therapeutic targets

to target post-translational FUS acetylation using HDAC inhibitors

Jacifusen, an ASO targeting FUS mutations, was designed in 2019 to target
FUS mRNA and prevent FUS protein production

In 2022, ASO targetig CO9ORF72 mutation (results in cellular and animal
models, and in 1 pt with mutation. Need for additional clinical trials.



