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Imagerie moléculaire des maladies
Neurodégenératives
Pourquoi?

» Diagnostic précoce
= Diagnostic des populations a risque
= Appliquer le traitement aux bons patients

= Suivi efficacité des traitements

évolution cible (plaques..)
» Adapter la posologie

=Aide aux developpements des traitements



Diagnostic Precoce des
Maladies Neurodégeneratives

Matural History of
Neurodegenerative Disorder

Preclinical
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Phase Asymptomatique

Modification des parametres de la neurotransmission
avant signes cliniques

Modified from DeKosky and Marek, Science 2003; 302:830
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Notion biomarqueurs
« caracteristique qui est objectivement mesuree et evaluée comme un
indicateur de processus
biologiques normaux ou pathologiques, ou de reponses
pharmacologiques a une intervention therapeutique»
(definition du National Institute of Health, US).

Notion Médecine Personnalisée / Stratifiee

terme consistant en un abus de langage a proscrire et a remplacer par le
terme médecine « stratifiee » compte tenu du fait que la validation du couple
marqueur/traitement est
fondee sur une approche populationnelle classique de validation de

therapeutique.
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@ 2014 Florbetapir
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Cibles Moléculaires Maladie d’Alzheimer

I Vergote et al Médecine Nuclaire xxx { 2007) xo—xx

Neurone émetteur

Neurone présynaptique

Neurone postsynaptique
Synapse cholinergique
TSPO (Translocator Protien (18 kDa))
PBR (d'aprés http://lecerveau.mcyill.ca/flash/index_d himl)




Risk Factors Plagues & Tangles Cognitive Impairment
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Revising the definition of Alzheimer’s disease:
a hew lexicon
Bruno Dubois, et al 2010

Lancet Neurol. 2010 Nov;9(11):1118-27

+1984 NINCDS-ADRDA criteria stipulated that diagnosis of
AD during life could only be “probable”, whereas a “definite”
diagnosis required post-mortem histopathological
confirmation (Neurology 1984; 34: 939-44.)

*Qver the past two decades, it has become increasingly
possible to identify in-vivo evidence of the specific
neuropathology of AD by use of validated and disease specific
biomarkers



Biomarqueurs de la Maladie d’Alzheimer
2010

Pathophysiologicai  Topographical
markers markers
Cerebrospinal fluid
Amyloid B, Yes No
Total tau, phospho-tau Yes No
PET
Amyloid tracer uptake Yes No
Fluorodeoxyglucose No Yes
Structural MRI
Medial temporal atrophy No Yes
AD=Akheimer's disease.
Table 1: Categorisation of the current, most-validated AD biomarkers

B Dubois et al. Lancet Neurol. 2010 Nov;9(11):1118-27



Maladie d’Aizheimer

IRM 8F-FDG

sensibilité = 93%
spécificité = 63%
précision = 82%
Hoffman J et al, JNM 2000




Biomarqueurs de la Maladie d’Alzheimer

Pathophysiological  Topographical
markers markers
Cerebrospinal fluid
Amyloid 8, Yes No
Total tau, phospho-tau Yes No
PET
Amyloid tracer uptake Yes No
Fluorodeaxyglucose No Yes
Structural MRI
Medial temporal atrophy No Yes
AD=Alzheimer’s disease.
Table 1: Categorisation of the current, most-validated AD biomarkers

B Dubois et al. Lancet Neurol. 2010 Nov;9(11):1118-27



Maladie d’Alzheimer CHRU l—'/

Atrophie parenchymateuse et élargissement des ventricules (en
relation avec densité neuronale)
» Réduction du volume hippocampique:
30-40% : formes modérees

20-30% : formes légeres
10-12% : stade tres précoce (MMS 27)
Jack Neurology 1992, 1999, Hampel J Neurol Sci 2002, Killiany Arch Neurol
1993, Cuenod Arch Neurol 1993, Lehericy AJNR 1994




Biomargueurs de la Maladie d’Alzheimer

Pathophysiological  Topographical
markers markers
Cerebrospinal fluid
Amyloid B, Yes No
Total tau, phospho-tau Yes No
PET
Amyloid tracer uptake Yes No
UOrodeOoxyglucose No Yes
Structural MRI
Medial temporal atrophy No Yes
AD=Alzheimer's disease.
Table 1: Categorisation of the current, most-validated AD biomarkers

B Dubois et al. Lancet Neurol. 2010 Nov;9(11):1118-27
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Benzothiazoles
Chester Mathis, Julie Price, Pittsburgh Pennsylvania



RIB in Controls, MCI, AD

Control MCI Patients AD
Subject MCI-1 MCI-2 MCI-3 Patient

Some MCI’s have control-like PIB levels, some have
AD-like levels, and some have intermediate levels

Price et al., JCBFM 25:1528 (2005)
Lopresti et al., J Nu¢l\NMed 46:1959 (2005)

Courtesy: Julie Price )
6 éme Rencontres Convergences Santé Hopital Tours-21-23 Septembre2011
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Fig. 2. PIB retention in one MCI converter, one MCI non-converter, one AD patient, and one healthy control. The PET scans show PIB retention at a sagittal
and longitudinal section at the level of the basal ganglia. Red indicates high, vellow medium and blue low PIB retention. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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PET imaging of amyloid deposition in patients
with mild cognitive impairment

Anton Forsberg *, Henry Engler®. Ove Almkyvist™"#, Gunnar Blomquist?, Goran Hagman",
Anders Wall®, Anna Ringheim®, Bengt Lingstrom ', Agneta Nordberg *"*



Amyloid Plagues tracers
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Imagerie des plaques amyloides
18F-AV-45
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DRIGINAL ARTICLE

Using PET with "F-AV-45 (florbetapir) to quantify brain
amyvloid load in a clinical environment

N, Camus « I Taytus b, Harre « B Desgranges »
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Forbatapir PET scans B-amyioid antibody 4GB immunotisiochemisiny

Participant ago at goath, 82y

p-Amyloid burdan = 0.15%
Low likalihood of Alzhamar dscasa

Meaan cortical SUVr =087, PET scom =0

E Participant ags 2t death, 78y

f-Amyloid burdan — 7.63%
Hgh kelhood of Alzheimer cisenss

B Paticipant age & death, 7O y p— BT B g
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fAean cortical SUVY — 1.17,PLT score.2
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St < = o= 4
Mean cortical SUVR= 1,88, PET scom =4 High Fkeihood OFADtaimer & ob

Sagitial and axial viens of positron emrsssion lomogtaphic (PET) scans of repfesentalive patients The vertical baes Indicate e rar ge of seautomaled quanttalive
of the rabic of cortical t belar signal(SUri scores. The maximum cotor (red) corresponds to an SUVr ot appresdmatsly 2.2, The AGS immunonistochem
Istry shows précuncus gray matter with 2ggre gated -amydoid (red) using a 3-amino-9-cthyl-carbazol chromogen stalnand counterstained with aod blue 123 fordzinal
magnincaton x5

278 JAMA January [0 2011—Vol 303, No. 5 (Reprinled 02011 American Medical Assoctation AT righis reserved
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FIGURE 2. Brain uptake distribution of 8F-GE067 in
healthy 64-y-old male subject (top), compared with 68-y-
old male AD patient (bottom). Transverse, sagittal, and
coronal sections indicate absence of specific gray matter
uptake of '®F-GE067 and aspecific uptake in white matter,
pons, and thalamus. Images represent standardized uptake
value Whole-Body Biodistribution and Radiation ~ 185 and 105
min & Dosimetry of "*F-GE067: A Radioligand for In 3| study.
Viveo Brain Amyloid Imaging P P B e

Michel Kook, Dewi M. Lewis?, Chelsdopber Buckley®, Natulie Nelzsen”, Mailieu Yandeabokeke'. David ). Brooks?*
Rik Vandenberghe™”, st Koo Vaor Laere!
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AV45, Florbetapir, Amyvid®
Eli Lilly & Co. and Avid Radiopharmaceuticals Inc

Flutemetamol Vizamyl¥¢,
Healthcare, Medi-Physics IncGE

Florbetaben Neuraceq®
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Cibles Moléculaires
Maladie de Parkinson

Neurotransmission
Dopaminergique




Parkinson disease

Dopaminergic
System
Main targets:

en

"~ |F-DOPA
Transporter / D A T
Synaptic_ * ° o (Flzaeﬁgt'ake-sne
S
cleft *B Receptors (D2R): \
Interaction-site
D1- D2 R
like

Adapted from K. Tatsch, U. Munich, A Catafau, Barcelona



Maladie de Parkinson
et Neurotransmission

Quels outils pour
les D2R?

Différentes familles

Benzamide
Butyrophenone
Ergolene




Dopamine D2 receptors

PET [18Ffallypride

SPECT
[1231]IBZM

Preparations magistrales



¥F-Fallypride in 2 Normal Velunteer
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Maladie de Parkinson
et
Neurotransmission

Quels outils pour
le DAT

derivés Cocaine




TROPANE : COCAINE et ANALOGUES

Faible spécificté:
Affinité DAT, SERT, NET

Rapide in vivo Métabolisme

Faible Sélectivité:
Affinité : Kijy=27nM, Kigzg=3 nl

8-CIT Stable In vivo
Boja et al. 1991; Innis et al.1993



TROPANE : COCAINE et ANALOGUES

» High affinity for the DAT
» Usable in vivo in human

Inconvenient:

p-CIT » High affinity for the 5-HTT

Boja et al. 1991; Innis ef al 1993 > Inyyivo kinetics

Improved selectivity for the DAT

IPT
Goodman et al. 1994; Kung et al. 1995
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123]-FP-CIT (Datscan)




1251-PE2I

caudate

putamen .’ : f\

Histologie

Autoradiographie Post Mortem (Homme)

U 619 Tours et KI Stockholm



[11CJPE2l in'human-brain -

A
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Sagittal Transaxial Coronal

Human brain scintigraphy:
10 to 60 min after of 293 MBq [11C]-PE2I

Karolinska Institut and CHU Tours Eur J Nucl Med Mol Imaging. 2003



Traceur 18F pour le DAT

LBT-999

Imaging of the Striatal and Extrastriatal Dopamine
Transporter with "F-LBT-999: Quantification,
Biodistribution, and Radiation Dosimetry in
Nonhuman Primates

Fluorine-18, Carbon-11

Jonay Vercowllie®. Michael O, Stabin’, Catirine Jonsson”, Denis Gudlosean™, and Ohriseer Halkdin®'

J Nucl Med 2011; 52:1313-1321

™~

0 2 4 8 8 10 12 14 16

Time (min)

U 930, Cyclopharma

Anckea Varmne', Viadimir Stepasov’, Ryuy Nukao ', Miklos Todh!', Balies Gulyas®, Patrik Emoad®, fean Bemand Deloye®



SPECT Imaging of Tc-99m TRODAT -1
In Normal and Parkinson’s Subjects

Transaxial, SPECT unages of human brain at 3 hr. post 1v injection
of 20 mCi of [*"@T¢]TRODAT-1 for normal and Parkinsonian
subject, respectively.

Hank Kung et al



SPECT du Systeme Dopaminergique
dans la Maladie de Parkinson

PSP
MSA

PD ET

Pre-synaptic: DAT
123.FP-CIT

Post-synaptic: D, R
123].1BZM
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AZD2184: a radioligand for sensitive detection of f}=amyloid
deposits

Allan E. Johnson,* Frediik Jeppsson,t Johan Sandell.f David Wensbo,i Jan A, M. Neclissen,§
Anders Juréus * Peter Sutm, ] Henrietia Norman, ¥ Lars Farde ] ** and Samucl P. S, Sveasson™

*Disease Hiology YMalecular Pharmamlagy, tMedicsal Chemistry §DUPK and Diwovery Medicine, AevaZemoca RAD,
Sadorsalie, Swodon
** Deparimiest of Clinival Newesclence, Karolinka beander, Stockhole Sweden
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Very low white matter
binding!
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[11C]AZD2184 — in human subjects

Control AD Patient

= Uniform low uptake
In control subjects

= |n AD patients high
binding in brain
regions with
expected deposition
of amyloid plaques
= [ow binding In
regions not
associated with
amyloid plaques

Horizontal

Sagittal

Christer Halldin, N
Karloinska Institutet Noy o 135



18F]-AZD4694 — in human subjects

Clinical Validation of "F-AZD4694, an Amyloid-B-Specific

Peak Ratio PET Radioligand

w2, Ambon Forberg™, Chmaler Halldin®, Fer Jalin', Magnus Schoa '
Poter bnatrien '~ Katuming Viumits. Samie] Ssemson®, and Lars Fazde' =

Lot Caclent '~ Maria Enbuoter Knhage

AD patient(AD9)

J Nucl Med 2012; 53:415-424
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FIGURE 3. Sampls horizontal and sagtta
scen Oof "F-AZDASM paak matio @21

33 min), ats ratio 51.63 min) SUVR, and
relaranoe Logan DVR ymages ovwenald on
MR images for AD patsent and CS. SUVR
MAges Wi & SMOOThad 10r vSUBZ A0 N with
DACAEEN Niter with full width &t half mge-
mum of 5 mm. Color scalé windows wérs
sst in 3uch & way that cortical binding In
AD patient SpOears COMDEADS DEtwaen
ma&thods

AD patient

Control hubject




[18F]-AZD4694 — in human subjects
J Nucl Med 2013; 54:1-7

Déeveloppé
par Navidea

18F-AZD4694 and ""C-PiB PET imaging in 4 subjects
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Cibles Moléculaires Maladie d’Alzheimer

I Vergote er al Médecine Nuc¥aire xxx (2007) xo—xxx

Neurone émetteur
Neurone présynaptique

Neurone postsynaptique
Synapse cholinergique

PBR (T8pR{ThapsiocatorRiotier a8 dbash/index_d himl)
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Marqueurs de dégénéerescence
urofibrillaire

transp axon. rétrogr.

microtubules

neurofilaments _
transp axon. antérogr.

tubuline

Protéine Tau (Tubulin Associated Unit)

- associee aux microtubules : réle physiologique dans la stabilisation
des microtubules (permet croissance, transport axonal...)

- fonction regulée par des mécanismes de phosphorylation

Protéine Tau phosphorylée
Dans la MA : Hyperphosphorylation anormale de la protéine Tau
- agrégation intraneuronale sous forme de DNF
- lyse neuronale
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Fig. 1. Chemical structure of currently available tau radiotrdCore ol them have been evaluated in clinical studies.
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Traceurs Specifiques des DNF

doi: 10 1093/brain/awr038 Brain 2011 134; 1089-1100 | 1089

BRAIN

A JOURNAL OF NELROLOGY

"®F-THK523: a novel in vivo tau imaging ligand for
Alzheimer's disease

Michelle T. Fodero-Tavoletti,’* Nobuyuki Okamura,? Shozo Furumoto,® Rachel S. Mulligan,*
Andrea R, Connor,"” Catriona A. Mctean,” Diana Cao,® Angela Rigopoulos,®

Glenn A. Cartwright,® Graeme O'Keefe,* Sylvia Gong,* Paul A. Adlard,"” Kevin J. Barnham,™?*”
Christopher C. Rowe,? Colin L. Masters,” Yukitsuka Kudo,® Roberto Cappai,’* Kazuhiko Yanai®
and Victor L. Villemagne™®’

Department of Pathology, The University of Mebourne, Victoria, 3010, Audralia

B2t Molecular and Biotechnology Institute, The University of Melboumne, Victoria, 3010, Austraks

Department of Pharmacology, Graduate School of Medicine, Tohoku University, Senda, 980-8575, lapan

Department of Nuclear Medidne and Centre for PET, University of Melbourne, Austin Health, Victoria, 3084, Austraka
Department of Anatomical Pathology, The Alfred Hospital, Victoria, 3181, Australa

Ludwig Institute for Cancer Research, Austin Hospital, Victoria. 3084, Austraiia

The Menty Health Research Instituts, Victorla, 3010, Austraia

Innavition of New Biomedical Enginéering Centre, Tohoku Universty, Sendai, 980-8575. Japan
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Saturation Binding
18F.AV-1451¢PHF
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Figure 4: Representative Saturation Binding Isotherm of 18F-AV-1451 to PHF tau
exfracted from AD brain.
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75-year-old
Normal
Amyloid-MMSE 30

79-year-old
Normal
Amyloid + MMSE 29

70-year-old
Ml
Amyloid + MMSE 26

68-year-old
AD dementia
Amyloid + MMSE 23
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Dosage LCR/Imagerie Moléculaire
Complementarité/Competition?

Analyse des couts



Lésions microscopiques de la MA CcHRuU ‘?k |

"~ - y
" ancbowd

Conséquences dans le Liquide Céphalo-Rachidien LCR

| B-amyloide -z R t TAU et P-TAU

= marqueurs biologiques de la maladie d’Alzheimer
DOSAGE POSSIBLE




Objectif des dosages ? Pour qui ?

Apporter une aide pour le diagnhostic
de la maladie d’Alzheimer

Recommandations de la HAS de 2011
« Le dosage dans le LCR des protéines Tubulin Associated Unit (TAU)
totales, phospho-TAU et AB1-42 peut étre réalise en cas de doute
diagnostique et en particulier chez les patients jeunes »

HAS

HAUTE AUTORITE DE SAMNTE



Interprétation des résultats

Index IATI @1 Phospho-Tau {(INNOTEST amy loid tau index)

: BTl=1,2atPTan =60 &lp desvakom ¢
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AB42, TAU et p-TAU normales : profil biochimique normal

AB42 <N, TAU et p-TAU > N : profil biochimique MA ou MA pré-
démentielle




Strategie de dosages des marqueurs
du LCR dans la MA

Principe tests : technique immunoenzymatique type ELISA

Dosages conjoints :
» B-amyloide, 4,
Sensibles mais peu spéecifiques
« Tau

* p-Tau Spécifique mais peu sensible

=> Combinaison des 3 dosages :
- sensibilité : 77 a 90%
- spécificité : 90 a 97%
(Blennow et al., 2006, Gabelle et al., 2013)
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B rosition Paper .
Place des biomarqueurs

@ Advancing research diagnostic criteria for Alzheimer’s

CeVaet

disease: the IWG-2 criteria

Bruno Dubees, Howard HFddmon, Clavdio Jocowe, Hard d Hampel, fose L us Molinuevg K g Slennow, Steven T Dellosky, Ser ge Gauthier
Dernis Sdkog Rondal Bd ernan, Sifane Coppa Sebastion Crutchy, Sehastionn Engdbarghs Giovanni B frsoni Nick CFax, Dougias Galaska,
Mane Odie Habel, Gregory A ficha AgnetaNor dberg, Flarence Pasquirr, Gl Rabinovic] Philippe Robert, Christopher Rowe, Stephen Salloway
Mane Sanwzin Stzphone £ pelbaum, | comando C de Sourg, Sruno Valilay, Mid or | Vaser Lon Schneider, Yoakov Stern, Philp Scheleng

Jdfreyl (wmmings

Lancet Neurol 2014; 13: 614-29
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( Pané 1: ING-2 criteria for typical AD (A plus B at any stage) J

A Specific clinical phenotype
» Presence of an early and significant episodic memory impairment (isolated or
associated with other cognitive or behavioural changes that are suggestive of a mild
cognitive impairment or of a dementia syndrome) that includes the following
features:
« Gradual and progressive change in memory function reported by patient or
informant over more than 6 months
«  Objective evidence of an amnestic syndrome of the hippocampal type,* based on
significantly impaired performance on an episodic memory test with established
specificity for AD, such as cued recall with control of encoding test

B In-vivo evidence of Alzheimer’s pathology (one of the following)
«» Decreased A, ., together with increased T-tau or P-tau in CSF

« Increased tracer retention on amyloid PET

» AD autosomal dominant mutation present (in PSEN1, PSEN2, or APP)
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Movement disorders 2
Imaging insights into basal ganglia function,
Parkinson’s disease, and dystonia
A Jon Stoessl, Stephane Lehericy, Antonio P Strafella
Lancet 2014
« Recent advances in structural and functional imaging
have greatly improved our ability to assess normal
functions of the basal ganglia, diagnose parkinsonian
syndromes, understand the pathophysiology of
parkinsonism and other movement disorders, and detect
and monitor disease progression.

« Radionuclide imaging is the best way to detect and
monitor dopamine deficiency, and will probably continue to
be the best biomarker for assessment of the effects of

disease-modifying therapy »
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Differential Diagnosis in Alzheimer’s
Disease and Dementia with Lewy Bodies
via VMAT2 and Amyloid Imaging

Victor L. Villemagne®*9 Nobuyuki Okamura® Svetlana Pejoska® John Drago®¢
Rachel S. Mulligan® Gaél Chételat®” Graeme O'Keefe® Gareth Jonesd
Hank F. Kung? Michael Pontecorvo” Colin L. Masters® Daniel M. Skovronsky9"
Christopher C. Rowe®

*Mental Health Research Institute, "Howard Florey Institute, and “Centre for Neuroscience, University of
Melbourne; and 4Pepartment of Nuclear Medicine and Centre for PET, Austin Health, Melbourne, Vic., Australia;
*Department of Pharmacology, Tohoku University School of Medicine, Sendai, Japan; finserm-EPHE-Université
de Caen/Basse-Normandie, Unité U823, GIP Cyceron, CHU Cote de Nacre, Caen, France; ?Radiology, University of
Pennsylvania, and "Avid Radiopharmaceaticals Inc., Philadelphia, Pa., USA
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Imagerie moléeculaire CHRUHK
de la neuroinflammation
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Maladie d’Alzheimer

Healthy woman aged 74 y PK 11195

"CPK11155

P

Cagnin, Lancet, 2001

Okelfo, Neurology. 2009



Imagerie moleculaire
de la neuroinflammation
PBR/TSPO

Résultats controversés

Dépendants de |la phase de la maladie?

Evidence for Astrocytosis in Prodromal Alzheimer Disease
Provided by ''C-Deuterium-r.-Deprenyl: A Multitracer
PET Paradigm Combining "'C-Pittsburgh Compound

B and "*F-FDG

Stephen F Carter®!, Michael Scholl*!. Ove' Almkvist'2, Anders Wall®, Henry Engler’ <. Bengt Lingstrimn®#,
and Agneta Nordberg'7

J Nucl Med 2012; 53:3746 .o,
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FIGURE 2. Representative paametnc im-
ages of "'C-DED binding (siope).

Evidence for Astrocytosis in Prodromal Alzheimer Disease

Provided by ''C-Deuterium-r-Deprenyl: A Multitracer

PET Paradigm Combining ''C-Pittsburgh Compound

B and "F-FDG

Stephen E Carter*!, Michael Schiil*!. Ove Almkvist'2, Anders Wall’, Henry Engler’#, Bengt Lings J NUC| Med 2012; 53:37-46

and Agneta Nordberg'7
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DPA-714, a New Translocator Protein—Specific =

. S . . . 5 1:'.1‘.&'r\wi|‘|.
Ligand: Synthesis, Radiofluorination, and ol
= T -zl Inserm
Pharmacologic Characterization M

Michelle L, James', Roger R. Futon?, Johnny Vercoullie®, David J, Henderson?, Lacette Garmeaw?®, Sylvie Chalon’?,
Frederic Dolle®, Silvia Sellert®, Denis Guilloteay®, ind Michsel Kassiou™*

Baseline ; "F-DPA-T14

ey - -

Pro-treatment : V"F-DPA-714 + PK11195 (1.5 mglhg)




TSPO binder / non binder

Mixed-Affinity Binding in Humans with 18-kDa Translocator

Protein Ligands
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Ratio of Specific Signal for HABs, MABs, and LABs with

Different TSPO Ligands

Ligand LAS MAS HAB
PBR28 1 282 553
P0G 1 9.2 123
DAAYTI06 1 29 4.7
PBR11Y 1 25 4.0
DPA173 1 2.7 4.4
PK11195 1 0.9 08

Knowledge Of subjects’ binding patterns will be-required to accurately quantify
TSPO expression in vivo using PET.
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Imagerie moléculaire des maladies
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Perspectives
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CONCLUSION

A Jon Stoessl, Stephailaenég{?%% Antonio P Strafella

Radionuclide imaging is the best way to detect and
monitor dopamine deficiency, and will probably continue to
be the best biomarker for assessment of the effects of
disease-modifying therapies
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