29/06/2019

@f@the home of neurology

5th Congress of the European Academy of Neurology

Oslo, Norway, June 29 - July 2, 2019

Teaching Course 1

Mitochondrial diseases for beginners (Level 1)

Mitochondrial diseases of the brain

Thomas Klopstock

Munich, Germany

Email: thomas.klopstock@med.uni-muenchen.de



29/06/2019

ean

£ Congress nf the June £8 - 2y @
Furopscan ASociemy
of Newrnieqgy

congress 2015
- @ Teaching Course 1 d14:45-18:15

Mitochondrial diseases for beginners (Level 1)

Mitochondrial diseases of the brain

: N
SyNergy DZNE
_ WET German Contor for
Siatarms Heuiciogy Thomas Klopstock N s
—_ I 1 = > .

Disclosures




29/06/2019

Mitochondrial diseases of the brain

Sensarineural
| hearing loss
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t » Ptosis

* Selzure related stroke/
metabolic stroke

* Epilopsy

* Ataxia

* Migraine

* Dementia

* Parkinsonism

* Developmental delay

* Paychiatric or
mood disorder

* Dovelopmental
regression

* Progressive axtemal
ophthalmoplegia

* Opric atrophy

* Ratinitis pigmentosa

Gorman et al, 2016

MELAS - Mitochondriale Enzephalomyopathy, Lactic Acidosis and stroke-like episodes

Manifestations l Manifestations

« Stroke-like episodes

* Dementia * Myoclonus
>90% * Epilepsy * Ataxia
* Lactic acidemia * Episodic altered consciousness
* RRF on muscle biopsy 25%-49% * Gait disturbance
. . * Depression
* Hemiparesis K
. L. * Anxiety
* Cortical vision loss « Psvchotic disorders
7%-89% * Recurrent headaches .y ;
. ) * Diabetes mellitus (type 1 or 2)
* Hearing impairment
* Muscle weakness * Optic atrophy
* Peripheral neuropathy : :;:Egcr)nentary LU
* Learning disability * Motor developmental dela
50%-74% * Memory impairment <25% P Y

! Apraxia !

* Recurrent vomiting
* Short stature

* Basal ganglia calcification

* Cardiomyopathy

* Cardiac conduction abnorm.
* Nephropathy

« Vitiligo

El-Hattab et al, 2018
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The phenotypical spectrum of the m.3243A>G mutation

Hypacusis

Respiratory...

Migraine

Exercise intolerance
Glucose Intolerance
Depression

Gl Symptoms
Ataxia

No Encephalopathy
Muscle Weakness
Epilepsy

Ptosis

SLE

¥ 49%
Y 47%
Y 44%
) 43%
) 36%
) 35%
) 29%
) 29%
}26%
¥ 25%
121%
0% 30% 40% 50%

) 65%

mtDNA mutation
mostly m.3243A>G

60%

70%

Radelfahr et al, Poster X

MELAS - Imaging

Sharfstein etal, 1999
+A herpes not so simplex”

Gieraerts et al, 2013

« cortical pattern

* independent of vascular territories
* occipital, temporal > parietal >> frontal
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MELAS - Imaging

Dynamic Lesion

Day 4 9 14 29 Patient with MELAS (40 yrs) E, F: HMPAO-SPECT
MELAS 47 yof, DWI, A, B, C: FLAIR at days 4, 9, 14 at days 5, 19: initial
expansion to posterior expansion and edema hyperperfusion left

lizuka et al, 2003 D: fettunterdriickte Bilder day 29 temporal  iizukaetal, 2007

Cortical hyperintensity, cortical laminar necrosis

MELAS - Imaging

Stroke-like episodes and lesions
* may recover completely or incompletely
e but after multiple episodes predominantly occipital atrophy

Pathophysiological hypothesis

MELAS, 29 yrs

first stroke-like episode Neuronal energy defiCiency
l - g
Neuronale Hyperexcitability
- -l - -
Epileptic Activity
o
Cortical Edema
MELAS, 39 yrs l
After multiple stroke-like
episodes; severe dementia Neuronal Loss
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Stroke-like lesions beyond MELAS

* Alpers-Syndrom
with mutations in the mitochondrial
Polymerase gamma gene (POLG)

* SCAE (spinocerebellar ataxia and epilepsy)
with mutations in the mitochondrial
Polymerase gamma gene (POLG)

own patient, 30 yrs

Diagnostics of MELAS resp. its associated mutations

.ragged red fibers*
in muscle biopsy

10
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Therapy of MELAS

/

Ng et al, in preparation Consensus-based Guidance for The Management of
Mitochondrial Stroke-like Episodes

We do not advocate the use of L-arginine in the treatment of stroke-like
episodes. There is no robust scientific evidence. RCT needed.

Antiepileptic Tx

Acute i.v.:
* Levetiracetam
* Phenytoin

* Phenobarbital
* Lacosamide

* Midazolam
Later p.o.:

* Levetiracetam
+ Topiramate

* Lamotrigine
Cave:

* Valproate

I T [ [

Tarnopolsky 1997 Kreatin 6 MELAS crossover ! Laktat
1 MiMy 21-x-21 => klinisch
Glover 2010 Coenzym Q 15 MELAS crossover 1 Laktat
11 CPEO 60-67-60 = klinisch
1 LHON — MRS Gehirn
3 diverse
Kaufmann 2006 Dichloroacetat 30 MELAS crossover —> MRS Gehirn
90-x-90 = Klinik
111 Abbruch wg.
Neuropathie !!!
The KHENERGY Study: Safety and Efficacy Phase lla
of KH176 in Mitochondrial m.3243A>G
Spectrum Disorders
Midian CH, Juscn', Suskis Koone', Pad de Luat', Phoun Hermeaar”, Peter Fickbers”, Edwin Spass’, Phase llb

Rypho Bevkeoma', Julice Beyrath”, b Gevotheis”, Cheis Verluaah and Jan Semcitink !
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Mitochondrial diseases of the brain
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Sensarinewral | |« Selzure related stroke/
| hearing loss | metabolic stroke
! * Epilopsy
* Ataxia
* Migraine
* Dementia
* Patkinsonism
* Deyelopmental delay
* Paychiatric or
mood disorder
* Dovelopmental
regression

MERRF

('« Ptosis
* Progressive extemal ;
ophthalmoplegia Leigh sy.

* Opvic atrophy
l * Ratinitis pigmentosa | - ‘
\ - .
e

LHON

Gorman et al, 2016
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MERRF - myoclonic epilepsy and ragged-red fibres

* a multisystemic mitochondrial disease that is characterised by myoclonus, seizures,
cerebellar ataxia, and mitochondrial myopathy with ragged-red fibres.
* 80-90 % of cases caused by the m.8344A>G mutation of the mtDNA

13
The phenotypical spectrum of the m.8344A>G mutation
German mitoNET cohort N = 34; black bars - ’
Italian MITOCON cohort N= 34; grey bars i
Phrpmdiont iy ' ‘
Mancuso et al, 2013; Altmann et al, 2016 '"o"’;""m“h”‘ AR X
14
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Diagnostics of MERRF resp. its associated mutations

.ragged red fibers*
in muscle biopsy

(r. 0. N

N 113
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Mitochondrial diseases of the brain
:';,'_':. Nemosoglul
S ciend by — e n
- . it ‘ Sensatineural * Seizure related stroke/
——— — { heanng loss metabolic stroke
oo B ) | * Epilopsy
- s B * Ataxia
b Sy &ﬂ.‘;;ﬁr’ﬁ}? 1 » Migraine
vt pn 3] 9 AL e * Dementia
e l 'Ir'r y 9 * Patkinsonism
4 —— A= — * Developmental delay
a .._;;‘ * Pyychiatric or
-"__-—»—ﬁ ‘ ! mood disorder
£ | * Dovelopmental
: -‘___'j regression
mendity — T —{ o Ptos
.mum_.vl | = Progressive extemal Leigh s
Kol ophthalmoplegia gh sy.
«-—-—J. - e * Opvic atrophy
* Ratinitis pigmentosa | ‘- '
LHON

Gorman et al, 2016
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Leigh syndrome: infantile subacute necrotizing encephalomyelopathy

» fatal disorder of early childhood
* showing psychomotor regression, movement disorders and brain stem dysfunction
* symmetrical lesions in basal ganglia and brain stem in imaging and pathologically

* Caused by many different mitochondrial defects, both mtDNA- and nuclear-encoded

Biochemistry

Genetics

Complex |
Complex I
Complex llI
Complex IV
Complex V
PDHC

nuclear and mtDNA subunits
nuclear subunits SDHA
nuclear assembly factor
nuclear assembly factors
mtDNA

X-chromosomal subunit

17

Leigh syndrome imaging

ECHS1 mutations, 3 patients aged 1, 2, and 15 yrs (Haack et al, 2015)

Complex Il defect, 1 yof, dystonia (Baertling et al, 2014)

18



29/06/2019

Leigh syndrome diagnostics

raava xew

19
MRI imaging patterns in mitochondrial diseases
Two pathognomic patterns
* Cortical hyperintensity (stroke-like lesion)
eg in MELAS, POLG
* Hyperintensity basal ganglia and brain stem
eg in Leigh syndrome
Two unspezific patterns
* Leukenzephalopathie
eg in MNGIE, KSS
* Cerebral atrophy
eg in CPEO, KSS
20

10
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Mitochondrial diseases of the brain
[ > Neurological
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- = ] * Epilopsy
=== & e BT > Atwia
——= Sy prpop— (it ) it * Migraine
<1 - o .3
v 1 0 oy S p o * Dementia
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-
)
. —— ——- LHON
Gorman et al, 2016
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Leber's Hereditary Optic Neuropathy (LHON)
* Estimated as the most frequent / ! \
mitochondrial disease —

= Minimum prevalence: {5
= 1in31.000: North of the UK
\

= 1in 39.000: Netherlands

NG

P ——
= 1in50.000: Finland
m.11778G>A ND4 ~70%
=  mtDNA mutation relative frequencies: m-3460G>A ND1 ~14%
m.14484T>C ND6 ~12%
] ~90% m.11778, m.3460, m.14484 \\Rare Mutations mtDNA ~5-1y
=  Most frequent: ~70% m.11778G>A
=  Exception!!! ~¥90% m.14484T>Cin praser ot al, 2010 oo
patients of French-Canadian descent ISVIanetal.,IZOZOgOB
ruijt et al.,
(due to founder event) Puomila et i 2007

Yu-Wai-Man et al., 2011

22
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Leber's Hereditary Optic Neuropathy (LHON)

= Predominantly affects young adult males

Lebers hereditary optic neuropathy with late
disease onset: clinicat and molecular
characteristics of 20 patients

- -
= M>F -
= Age at onset: range 4 — 82 yrs R .
=  peak of onset: 2nd and 3rd decades
] (< 12yrs)
= |ate-onset LHON (> 50 yrs) - :
Iy

23

LHON: Clinical manifestations

Off-chart (ETDRS)
Painless acute/ subacute progressive vision loss

Sequential affection of 1st and 2nd eye E DZP ': FPR ¥
(after a median of 6-8 weeks) (~75%) RDF UV
or URZ V H

vvvvv

both eyes affected from onset (~25%)

Progression in days/weeks/months, then stability i e

24

12
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LHON: Clinical manifestations

OCT: Reduced temporal circumpapillary RNFL
thickness

A
ol}‘
G
B
=
1

Fundoscopy: Papilledema in the acute phase,
later optic atrophy, temporal predominant
Visual fields: Bilateral central scotoma

Mild hyperemia of the Prominent temporal optic
disc (acute vision loss of  nerve pallor (first eye
— the second eye) affected 6 months before)

25

LHON: Pathogenesis & ,,window of opportunity*

RGCs may remain viable for prolonged periods of time! —>

) Chronic
2 2
Asymptomatic phase Subacute phase - phase?

Secondary
etiologic
factors®

Reduced RGC
function®

Mitochondrial
dysfunction

In the acute/subacute phase, RGCs are inactive .
but are still viable®* Loss of Terminal

In some patients, this is reversible and vision viston vision loss
may be recovered>*
Y
Recovery of Spontaneous or
vision* L drug-induced recovery of RGC function

2014; 1:1-6.

1. Stone EM et al. J Clin Neuroophthalmol. 1992; 12:10-4; 2. Carelli V et al. Acta Ophthalmologica. 2016; 94:S256; 3. Howell N. Vision Res.1998; 38:1495-504; 4. Gueven N. Biol Med.

26
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LHON: Natural history & goals of therapy

Verbessyung
deor Schachario
Erholung
Stabilisierung
>
Erkrankungsbeginn 1 2 3 4 5 Jahre

goals of therapy

Clinically Relevant Recovery (CRR)
Clinically Relevant Stabilization (CRS)

Quelle: 1. Hasham S et al. ARVO 2016, Seattle, USA. Poster 5085.; Bild: Santhera pharmaceuticals.

27

RHODOS (Rescue Of Hereditary Optic Disease Outpatient Study)

S 10 10BN urakvanr170 Oram 200 4 134; 26772606 | 2677

BRAIN
A randomized placebo-controlled trial of
idebenone in Leber's hereditary optic neuropathy

Thomas Klopstock,” Patrick Yu-Wai-Man,” " Konstantinos Dimitriadis,” Jacinthe Rouleau,”
Suzette Heck,” Maura Bailie,”** Alaa Atawan,”*? Sandip Chattopadhyay,” ** Marion Schubert,’
Aylin Garip,” Marcus Kernt,” Diana Petraki,” Christian Rummey,” Mika Leinonen,” Ginther Metz,”
Philip G. Griffiths,?** Thomas Meler” and Patrick F. Chinnery®?*

* double-blind, randomized, placebo-controlled, parallel group trial
* 85 LHON patients in 3 centers (Munich, Newcastle, Montreal)
* largest trial to date in an mtDNA-associated disease

28
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Expanded Access Program (EAP)

established in late 2011 following an increasing number
of unsolicited requests from physicians for access to the drug

Idebenone 300 mg orally 3 times dailyP

1
Month 60

patients
n = 872

T
Month 0

Item to be scored CRR 50%
Light Perception RHODOS -+
Hand Motion 404 .
Counting Fingers
1.60 1.62 1.64 1866 1.68 I
30'% o ".(;-," o
R
cto )
0% 4 ”
1.0 logMAR
E— 0% Biinaied
am em
CRS
FROM DASELINE '
Catarino et al, submitted
29

Expanded Access Program (EAP)

Idebenone 300 mg orally 3 times dailyP

1
Month 60

LHON patients

n = 87°
(from 38 sites)

[
Month 0

Item to be scored CRR RHODOS EAP
Light Perception 100%
Hand Motion
Counting Fingers b 80%
1.60 162 1.64 166 1.68 I EE «08 «1.0
it =z logMAR  JogMAR
E"E gonw -4 [0 at OL
=3
T 2
v ow
£ ; 40%
2
==
= 20%
1.0 logMAR =
—> 072
. 1
CRS Raxone Placebo Raxone' Raxons'
Treatment duration: Yresomem sureson
. . 6 months IR 20N - ST Wymonths*
Catarino et al, submitted

15
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EAP-CRR: Time to first recovery

Pahizsts (%)

Em em

12m

FROM SBASELINE

18w 28 m*

FROM
NADWR

Total patients with CRR=41 patients (100%)
Treatment duration of at least 18-24 months is

needed to maximize the probability of observing
an initial CRR

Catarino et al, submitted

100

x0

"

1 L] L 4
0 O 12 s 24

o in trestment e RN

T
W
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EAP: Average magnitude of VA recovery

Mean effect size of ~6 lines
in responders after 16 month

Off - chart
FNPRZ
EZHPV
DPNFR 14 -
RDFUV ~6 lines
UR Z VH
HNDRU (32 letters)

)

0.8

n=34/69 responders with CRR at last assessment

Catarino et al, submitted

Average visual acuity at nadir and last
observation in patients CRR by mutation

1.8

1.6 Nadir

0.6

0.4

Visual Acuity [logMAR]

Last Observation
0.2

0.0

All G11778A G3460A T14484C

In patients with recovery in both eyes, the eye with the
best recovery is reported

32

32
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Idebenone development program in LHON

S
Orphan Drug
Designation Approved in
(2007) ) the EU’ ),
— l pr— e —
( 2005 ) ( 2010 ) ( 2015 )—

'-_.ﬂ-'--— »_A___—"——

RHODOS? RHODOS OFU" EAP3 711 Case Record
(Obnarvatonsl (E xpanded Accann
n=-gs Folbow-up) Program)
SHix momth, doubde-tiled
sbo-control RCT

n= 111 3

n=58

Obgervatianal follow. up
% aged 1464 stuty af patents from
RHODGCE il

1tural hestary
1h o large
n of unireated

Realworld patiert
acoess prograen in 10
coumMines ang 38
coantars

33

LHON - Gene therapy

» unmet need at least for idebenone non-responders
+ the eye as an ideal organ for gene therapy
Iremune-pridleged, doesd system
Intraviraal Ingections Introdkice ganetic matanal ciosa 10 tangat cells
= Show tumover of retinal cells support long-lerm exprassicn of lransduced penes
+ AAV vector has proven safety and efficacy for transduction of retinal cells
* BUT: the mutation is not in a nuclear gene but in the mitcchondrial DNA TSV T YR

<> allotopic expression Lo 1
. ﬁ My v" 5
3 R - - it 3 }
- = - °
Ny . . fg_sm-f E— »

whne Dy
TS T TS

Fatnal oet Marsduced Vidi-tpe Wi tgoe mANA Finady 1o widype
mih vectr coslsTng minchondrsd gene dairaced by NTS e hond i polen i
wola-hype metachardnl TcrEed n e chnctly 33 pot/scmen varelocaiad iraice e
oare nxieus 0cpted af the ioshondnGe, wham 1

0NN sufoce, Felings esevygy

whiare proden syréhesie rodutoon

Coute

34
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Mitochondrial diseases of the brain

waofookal
'[Sensadineural | [« Selzure related stroke/
hearing loss metabolic stroke
= * Epilopsy
| * Ataxia
* Migraine
* Dementia
* Patkinsonism
* Developmental delay
* Paychiatric or
mood disorder
* Dovelopmental
regression
* Ptosis
* Progressive extemal ]
ophthatmoplegia Leigh sy.
* Opric atrophy
| * Ratinitis pigmentosa x
OF
- iy LHON
Gorman et al, 2016
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Networks
Antragstellung fur die Férdermafinahme o
Translationsorientierte Verbundvorhaben ¥ | Jizio™
im Bereich der seltenen Erkrankungen .
mitoNET
German Network for mitochondrial disorders
Principal Titlo of - ) X
No linvmatigator |titation | GURT et | # n the vam
1 | De. Kogatock LMU Minchen Coord el | Cocrdi Menlaeng, Pr ing of resuls
Dr Prokoach WM the
Dr. Kemblum | Univ. of Bosn
21| Ov. Prckisch | TU Minchen TGENE TACRCIIar G03No20cs b7 whol Dancme end RNA
Dr Fremnger | Chidren Hoapta sequencng
Reutingen
22 | De, Keemer TU Minchen moYALD Valdation platiorm for wanants of uncenain
De. Peckisch TU Minchen sgeiicance by fuscticnsl complemenaton
2°3 | De. Pwtenar Uriv. Greitsvald | milchMETABD Bomathe di y fer di = and
Dv._ Kastonmider | TU Minchen troooment by metabolomics
26| D¢, Witsp Univ. of Frandfie | miPROT [ Date mokcular path n and
Dv. Meisthofar | MP| Berin trestment ellects by preteosics end complisonics
&*1 | De. Kiopatoch LMU Minchen MCREGISTRY | Clncal regiaty | | and Seal
D Bichner LMU Ménchen
Dv. Gapnowr TU Minchen
4°2| De. Si EMEL Hedelteg| miAVEAR eHeath project Lo evaluste uthty of vearsitle scSvly
De. Kemblum Urew, of Bomn - . dor hture clnical
De. Kogatock LMU Minchen trials
5 |Ov.havsnger | TU Minchen TVRGAMFLE | T0 coliect Taciogical malenss end maka ham
lmleh fot siochendial redearch % A R ots e
38
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Global Networks

Mitochondrial Disorders:

GENO

-

£ R bvedt Vistniwvd b s Catl b Mrapeadhs 1%
Tiatetahetnd Nesnend) Petgets ot Nam Dussses™

I T from a world-wide registry to medical genomics, toward molecular mechanisms and new therapies
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