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1. Abkidrzungsverzeichnis

Um eine Ubereinstimmung mit den in den Publikationen verwendeten Abkiirzun-

gen zu gewabhrleisten, wurden einige davon aus dem Englischen Gbernommen.

AB

AD
CBD
CBS
CSF
CT
EMA
FDA
FDG
GMV
LAB
MAPT
MRT
NFT
NMDA
PSP
RT
STREM2

TSPO

B-Amyloid

Alzheimer-Krankheit

Kortikobasale Degeneration

Kortikobasales Syndrom

Zerebrospinale Flussigkeit

Computer-Tomographie

,European Medicines Agency*

,Food and Drug Administration®

Fluordesoxyglucose

Volumina der grauen Substanz

Low-affinity-binder”

Mikrotubuli-assoziierte Protein Tau
Magnet-Resonanz-Tomographie

Neurofibrillares Knauel

N-Methyl-D-Aspartat

Progressive Supranukleére LA&hmung
,Repeat“Tauopathie, z.B. 4RT: 4-Repeat-Tauopathie
“soluble triggering receptor expressed on myeloid cells 2”

Translokatorprotein
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4. Einfahrung in die Thematik

In den vergangenen hundert Jahren ist die Lebenserwartung der Bevdlkerung, ins-
besondere in Industrienationen, gestiegen (1). Dies ist ein beeindruckendes Zeugnis
fur den Fortschritt der Medizin und stellt uns gleichzeitig vor die Herausforderung
einer immer alter werdenden Bevolkerung. Mit steigendem Alter einer Bevélkerung
steigt auch die Pravalenz altersbedingter Erkrankungen und somit die sozio6kono-
mische Belastung fur das Gesundheitssystem (2). Laut einer Analyse des Statisti-
schen Bundesamtes im Jahr 2022 hat sich die Zahl der Patienten, die aufgrund einer
Alzheimer-Krankheit (AD) stationédr behandelt werden mussten, sowie die Gesamt-
zahl der AD-bedingten Todesfalle seit dem Jahr 2000 mehr als verdoppelt (3). Vor
diesem Hintergrund wird im Bereich der neurodegenerativen Erkrankungen intensiv
Forschung betrieben, um praventive, diagnostische und therapeutische Fortschritte

auf diesem Gebiet zu erzielen.

Diese Dissertation zielt darauf ab, das Gehirn auf struktureller und molekularer
Ebene bei verschiedenen neurodegenerativen Erkrankungen, speziell innerhalb des
Spektrums der Tauopathien, zu analysieren und daraus potenzielle pathophysiolo-
gische sowie diagnostische Schlussfolgerungen abzuleiten. Der Fokus liegt hierbei
auf der Kombination bildgebender Verfahren (PET-CT, MRT) mit klinischen Unter-

suchungen.
4.1. Tau und Tauopathien

Das Mikrotubuli-assoziierte Protein Tau (MAPT) spielt neurophysiologisch eine wich-
tige Rolle bei der Aufrechterhaltung des axonalen Transports, indem es die dynami-
sche Mikrotubuli-Instabilitat moduliert und deren Zusammenbau férdert (4, 5). Tauo-
pathien wiederum sind eine Gruppe neurodegenerativer Erkrankungen, charakteri-
siert durch die Aggregation abnormaler Tau-Proteine im Gehirn (6, 7). Tauopathien

weisen charakteristische Muster auf: Das Tau-Protein wird im menschlichen Gehirn



in sechs verschiedenen Isoformen durch alternatives Splicing des MAPT-Genes auf
Chromosom 17q21.31 exprimiert (7). Fur die verbreitete molekulare Klassifizierung
der Tauopathien in 3R-, 4R-, gemischt 3/4R-Tauopathien (3RT, 4RT, 3/4RT) ist das
Vorhandensein von drei oder vier sogenannter ,Tandem-Repeats® in der Mikrotubuli-
Bindungsdomane des Proteins von Bedeutung, wobei physiologisch die 3R- und 4R-
Tau Isoformen ungeféhr gleich vertreten sind (8). Posttranslationale Modifikationen,
wie Hyperphosphorylierung, sowie die Aggregation in verschiedenen morphologi-
schen Variationen, einschlie3lich neurofibrillarer Knauel (NFT), Neuropil-Faden und
neuritischer Plagues, beeinflussen die Tau-Funktion wesentlich (8, 9). AuRerdem
kann das Tau-Protein je nach Krankheitsentitat unterschiedliche Zelltypen betreffen,
darunter ausschlie3lich Neurone oder eine Kombination aus Neuronen und zusatz-
lich Gliazellen, wie Astroglia und Oligodendroglia (7, 8). Und ein weiteres Charakte-
ristikum ist die Tau-Belastung in verschiedenen anatomischen Regionen und die
spezifische Ausbreitung von friihen zu spaten Krankheitsstadien (10), sowie die Aus-
breitung entlang funktional vernetzter Regionen (11, 12). Der im Volksmund wohl
bekannteste Vertreter der Tauopathien ist die Alzheimer-Krankheit (AD), eine sekun-
dare 3/4RT. AD wird als sekundéare Tauopathie bezeichnet, da hier weitere Biomar-
ker, wie das B-Amyloid (AB) eine pathogenetische Rolle spielen (13, 14) und die Tau-
Ablagerung beeinflusst (15). Vertreter der primaren Tauopathien sind neben Weite-
ren die 4RT progressive supranukledre Lahmung (PSP) und die 4RT kortikobasale
Degeneration (CBD) (16), sowie die 3RT Frontotemporale Demenz (,Pick’s dise-

ase”) (8).

4.2. ATI(N): AB, Tau und Neurodegeneration — Welche Rolle spielt die

Neuroinflammation?

Auf Basis der Erkenntnisse tUber die sekundare Tauopathie AD wurde das ATN-Sys-

tem entwickelt. Das A steht fir den Biomarker AB, welcher eine Kaskade auslost,
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und die Tau-Akkumulierung beschleunigt (T) und neurodegenerative Prozesse be-
dingt (N) (17-19). Da es sich hierbei um ein simplifiziertes Modell handelt und davon
ausgegangen werden muss, dass weitere Mediatoren im neurodegenerativen Pro-
zess eine Rolle spielen, wurde ATN zu ATX(N) weiterentwickelt. Das X soll hierbei
weitere magliche Biomarker reprasentieren, wie neuroimmune und synaptische Dys-
funktionen oder Funktionsalterationen der Blut-Hirn-Schranke (20, 21). Insbeson-
dere die Neuroinflammation (zellular aktivierte Mikroglia, abgekurzt mit ,I“) riickte in
den Fokus als X-Parameter, dann ATI(N). Einige Studien propagierten die Neuroin-
flammation in Interaktion mit AR als Tempo-Geber der Tau-Ausbreitung tUber die
Braak-Stadien hinweg (10, 22, 23), oder als direkter Einflussfaktor auf die fortschrei-
tende Neurodegeneration (24). Andere Studien legten einen ahnlichen Einfluss von
AB und Tau auf die Neuroinflammation nahe (25). Als messbares Surrogat veran-
derter neuronaler Aktivitat (Neurodegeneration) kdnnen unter anderem der Verlust
von grauer-Substanz-Volumina (GMV) in der MRT, reduzierte Perfusionseigenschaf-
ten in Frihphasen der PET (26-28) oder ein reduzierter regionaler Glucosestoff-
wechsel in der 8F-Fluordesoxyglucose(-FDG)-PET (29) betrachtet werden. Mikrog-
lia-Zellen gehdren zur Fraktion der Gliazellen, und sind beféhigt zur Differenzierung
in Makrophagen zur Phagozytose und Antigen Prasentation (30). Sie bilden somit
einen essenziellen Teil der zerebralen Immunantwort. Die Aktivierung der Mikroglia
erfolgt bei jeglicher Art von pathologischem Insult und verandert so ihre zellulare
Morphologie in vielfaltige aktivierte Phéanotypen (30, 31). Mikrogliale Aktivierung
kann neuroprotektive Effekte aufweisen (32-34), zum Beispiel durch Eliminierung
von nicht-funktionalen Synapsen (35). Andererseits zeigt sich insbesondere bei chro-
nisch mikroglialer Aktivierung ein neurotoxisch degenerativer Zustand, der mit der

Freisetzung proinflammatorischer Zytokine einhergeht (36).

4.3. Phanotypische Vielfalt
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Tauopathien manifestieren sich in einem klinisch heterogenen Spektrum. In der ini-
tialen Phase offenbart sich die AD h&aufig durch Stdérungen des episodischen Ge-
dachtnisses, raumlich-zeitliche Desorientierung, Aufmerksamkeitsdefizite sowie
durch nicht-kognitive Symptome wie eine Hyposmie oder eine depressive Verstim-
mung (37, 38). In fortgeschrittenen Stadien emergieren Beeintréachtigungen des de-
klarativen Gedachtnisses, Orientierungsverlust hinsichtlich Situation und Identit&t,
semantische Paraphasien sowie apraktische Stérungen. Ergdnzend manifestieren
sich motorische Dysfunktionen, beispielsweise ein Parkinsonismus, neuropsychiat-
rische Symptome wie Halluzinationen sowie neurovegetative Stérungen, die Schlaf
und Kontinenz beeintrachtigen (37, 38). Auch bei primaren Tauopathien ist das Kli-
nische Spektrum vielfaltig. Das kortikobasale Syndrom (CBS) ist durch asymmetri-
sche extrapyramidale (Rigor, Dystonie, Myoklonus) und kortikale Symptome (Apra-
xie, sensorische Defizite, "Alien-Limb-Phanomen") charakterisiert (16, 39, 40). In
circa 50 % der CBS-Falle liegt eine CBD oder eine PSP zugrunde, wahrend in etwa
25 % der Falle eine AD als Atiologie identifiziert wird (,atypische AD“) (41). Das
Richardson-Syndrom reprasentiert das klassische Bild einer PSP, gekennzeichnet
durch eine friihe posturale Instabilitat und okulomotorischen Dysfunktionen (42-47)
und auch durch eine CBD verursacht werden (39). Sowohl PSP als auch CBD kén-
nen sich phanotypisch als Verhaltensvariante der frontotemporalen Demenz, als
nicht-flissige agrammatische Variante der primar progressiven Aphasie, als isolierte
Sprachapraxie oder als progressive Gangstorung prasentieren (16). Parkinsonis-
mus, die primare Lateralsklerose und spét einsetzende zerebellare Ataxie stehen

ebenfalls im Zusammenhang mit der PSP-Pathologie (16).
4.4. Diagnostische Moglichkeiten

Die klinische Diversitat von Tauopathien verdeutlicht, dass eine definitive Diagnose
oft erst postmortal anhand einer Autopsie erfolgen kann. Angesichts neuer, zielge-

richteter therapeutischer Ansatze (siehe Kapitel 4.5.) gewinnt eine moglichst préazise
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in vivo Charakterisierung der zugrundliegenden Pathologie zunehmend an Bedeu-
tung. Eine ausfihrliche Anamnese und korperliche Untersuchung, erganzt durch
zielgerichtete funktionelle Tests, sind zentrale Bestandteile eines multimodalen di-
agnostischen Verfahrens, das zusatzlich Labor- und Liquordiagnostik sowie bildge-

bende Techniken umfasst.

Nuklearmedizinische Methoden zur molekularen Exploration des Gehirns haben in
den vergangenen Jahrzehnten einen Stellenwert in der neurologischen Diagnostik
erlangt. In der klinischen Praxis haben sich die Fluor-18 AB PET-Tracer Florbetapir
(Amyvid®) (48), Flutemetamol (VizamylI®) (49, 50) und Florbetaben (Neuraceq®) (51,
52) in vivo etabliert und bilden einen Baustein in der Differenzialdiagnostik von De-
menzsyndromen. In der Entwicklung von Tau-PET Tracern ist die komplexe histopa-
thologische Diversitat des Tau-Proteins im menschlichen Gehirn, wie in Kapitel 4.1.
dargelegt, fur die Bindungseigenschaften der Tracer essenziell und erfordert daher
eine spezifische Bewertung fur jede einzelne Krankheitsentitat. Im Jahr 2020 mar-
kierte die Zulassung des ersten Tau-PET Tracers, 8F-AV-1451 (Flortaucipir, Tau-
vid®), durch die ,Food and Drug Administration“ (FDA) einen signifikanten Fortschritt
in der klinischen AD-Diagnostik (53). Dieser gehort zur ersten Tracer-Generation,
welche eine relevante ,Off-Target“-Bindung an Strukturen wie Monoaminoxidasen,
Neuromelanin oder Eisen aufweist, eine bevorzugte Affinitat an das bei AD dominie-
rende 3/4R-Tau und eine verminderte Affinitat zu 4R-Tau (54, 55) besitzt. Angesichts
dieser Einschrankungen sind derzeit Tracer der zweiten Generation in der Entwick-
lung, die darauf abzielen, die Limitationen ihrer Vorganger zu Gberwinden, darunter
18F-P1-2620. Dieser zeichnet sich durch geringe ,Off-Target“-Bindung an Monoami-
noxidasen aus (56, 57) und zeigt neben einer hohen in vivo Affinitat zu 3/4R-Tau bei
AD (58) auch eine Affinitdt zu 4R-Tau bei PSP in vitro (12, 56, 59). Des Weiteren
ermdglicht 18F-P1-2620 in vivo eine Unterscheidung von PSP-Patienten und Kontroll-

personen (60), was ihn zu einem vielversprechenden Biomarker fir die
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Differenzierung verschiedener Demenzformen, einschlielich 4R-Tauopathien,
macht (61, 62). Die Neuroinflammation lasst sich mittels TSPO (18 kDa Translokator
Protein)-PET auf aktivierte Mikroglia regional quantifizieren (63, 64), wobei sich in
den letzten Jahren der Tracer 18F-GE-180 bei AD und 4RT etabliert hat (65, 66). Eine
wichtige Limitation an dieser Bildgebung ist die vom genetischen Polymorphismus
des TSPO-Gens abhéngige Bindungsaffinitat, und die dadurch geringere Tracer-Bin-
dung bei Individuen mit sogenannten ,low-affinity“-Bindungsstatus (LAB) versus
,medium-affinity“- und ,high-affinity“-Bindungsstatus (67-69). AuRerdem wurde *8F-
GE-180 wegen einer variierenden Kinetik kritisiert, die im Sinne einer durch Neuro-
degeneration bedingten Stérung der Blut-Hirn-Schrankenfunktion begrenzten Tra-
cer-Aufnahme verstanden wird (70), wobei weitere Studien zeigen konnten, dass die
Tracer-Bindung nicht mit der Integritat der Blut-Hirn-Schranke assoziiert ist (65). Ne-
ben den PET-Techniken kénnen AB, Tau und Neuroinflammation auch mittels zere-
brospinaler Flissigkeit (CSF) erfasst werden (ABi-42/AB1-40-Quotient, Gesamt-Tau
und Phospho-Tau, sTREM2). TREM2 (,triggering receptor expressed on myeloid
cells 2%) ist ein membrangebundener Rezeptor, welcher von Mikroglia-Zellen expri-
miert wird und die Immunantwort steuert. STREM2 ,soluble-“, lasst sich im Liquor
messen und wird mit einer verlangsamten kognitiven Verschlechterung bei AD in

Verbindung gebracht (71).
4.5. Therapeutische Aussichten

GemaR den aktuellen wissenschaftlichen Erkenntnissen existieren innerhalb der Eu-
ropaischen Union keine etablierten kausalen Behandlungsmethoden fur Patienten,
die an AD, CBD oder PSP leiden. In den frihen Stadien der AD erweisen sich Ace-
tylcholinesterase-Inhibitoren wie Donepezil, Galantamin und Rivastigmin als thera-
peutisch wirksam. In den fortgeschrittenen Phasen der Erkrankung wird zwar der N-
Methyl-D-Aspartat (NMDA)-Antagonist Memantin eingesetzt, jedoch zeigt dieser nur

eine begrenzte klinische Wirksamkeit (72, 73). Bei CBD und PSP liegt der
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Schwerpunkt auf supportiven Therapieansatzen, einschliel3lich Ergotherapie, Logo-
padie und Physiotherapie. Speziell bei CBD-Patienten kann die Verabreichung von
L-Dopa eine Linderung der motorischen Symptome bewirken, und lokale Injektionen
von Botulinumtoxin kdnnen bei Dystonien hilfreich sein (74, 75). Uber diese etablier-
ten Therapien hinaus befinden sich zielgerichtete molekulare Behandlungsstrategien
in der intensiven Forschung. Nach kontroversen Ergebnissen in klinischen Studien
wurde der AB-Antikérper Aducanumab (Aduhelm®) im Jahr 2021 von der FDA unter
der Bedingung weiterfuhrender Studien auf dem US-Markt zugelassen (76, 77). Eine
Zulassung in der Europaischen Union durch die ,European Medicines Agency”
(EMA) scheiterte im selben Jahr aufgrund unzureichend klarer Studienergebnisse.
Weitere AB-Antikdrper, wie Lecanemab (Legembi®, FDA-Zulassung 2023 (78)) oder
Donanemab, zeigten vielversprechende Studienergebnisse und befinden sich in der
Prufung fur eine EU-Zulassung (79, 80). Die gegenwartige Forschung zur Entwick-
lung von Tau-Antikdrpern (zum Beispiel Tilavonemab (81, 82) oder Semorinemab
(83, 84)) hat bislang noch keine eindeutigen Ergebnisse bezuglich ihrer Wirkung auf
Krankheitsverlaufe erbracht, zeigte jedoch, dass sich der Antikérper im zentralen
Nervensystem anreichert und das freie Tau im CSF reduziert. Neben AB- und Tau-
Antikoérpern, wird auch die Neuroinflammation als Ansatzpunkt neuartiger Therapien

unter die Lupe genommen (85, 86).

4.6. Wissenschaftliche Fragestellungen
Fragestellung I: Das pathophysiologische Wechselspiel zwischen ATN-Biomarkern
(AB, Tau, Neurodegeneration) und Neuroinflammation wurde bisher hauptsachlich
in Studien untersucht, die sich auf ein typisches AD-Kontinuum konzentrierten. Doch
auch bei den primaren Tauopathien PSP und CBD wird der Neuroinflammation eine
Rolle in der Krankheitspathogenese beigemessen (87) und A ist eine gangige Ko-
Pathologie. Weiter identifizierte eine Studie aus dem Jahr 2021 vier verschiedene

Verlaufe der Tau-Ausbreitung bei AD (88) und lasst auf individuell heterogen-
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anatomische Ausbreitungsmuster schlie3en. Eine Untersuchung der Zusammen-
hange zwischen ATN-Biomarkern und Neuroinflammation in einer Kohorte beste-
hend aus Patienten mit typischer AD, atypischer AD, sowie mit 4R-Tauopathie
konnte tiefergehende Einblicke in die zugrundeliegenden pathophysiologischen Pro-
zesse ermoglichen. Um der Heterogenitat der Biomarker-Ausbreitungswege gerecht
zu werden, kdonnte neben einer Gruppenanalyse auch eine Analyse auf Einzelpati-
entenniveau von wissenschaftlichem Wert sein. In diesem Zusammenhang konnte
die spezifische AT-assoziierte Neuroinflammation sowohl im klinischen Schwere-
grad der Erkrankungen reflektiert werden, was wesentlich zur Bewertung der Krank-

heitsprogression beitragt, als auch mit sSTREM2-Parametern assoziiert sein.

Fragestellung Il: Eine prazise ante-mortem Diagnose der zugrundeliegenden Patho-
logie bei dementiellen Syndromen wird im Kontext molekularer Therapien zuneh-
mend wichtiger. Der Tau-PET-Tracer 8F-PI-2620 hat sich in verschiedenen Studien
durch seine geringe ,Off-Target“-Bindung an Monoaminooxidasen (56, 57) hervor-
getan und kann sowohl 3/4R Tau (58), als auch 4R Tau (12, 56, 59, 60) abbilden.
Die Anwendung von 8F-P1-2620 als in vivo Biomarker fur das CBS und dessen Fa-
higkeit, zugrundeliegende molekulare Entitdten zu differenzieren, kénnte bedeu-
tende therapeutische Implikationen haben und helfen, den klinischen Verlauf einer

Erkrankung einzuschatzen.



16

5. Zusammenfassung

In Bezug auf die erste wissenschaftliche Fragestellung wurden Assoziationen von
AB, Tau und Neurodegeneration (Perfusion, Atrophie) mit Neuroinflammation (akti-
vierte Mikroglia) bei 18 Patienten mit typischer AD, 11 mit AD-CBS und 26 mit 4RT
analysiert und im Kontext klinischer Parameter evaluiert. Die ATI(N)-Biomarker zeig-
ten eine heterogene Akkumulation bei den verschiedenen Studiengruppen. Genauer
wurden die hochsten AB-PET- und Tau-PET-Signale in kortikalen Hirnregionen von
Patienten mit typischer und atypischer Alzheimer-Krankheit gefunden, wahrend Pa-
tienten mit 4RT niedrige AB-PET-Werte und eine Uberwiegend subkortikale Tau-Ak-
kumulation aufwiesen. Ein erhdhtes Biomarker-Signal der Neuroinflammation
(TSPO-PET) wurde vor allem in Tau-, nicht aber in AB-PET-positiven Hirnregionen
beobachtet. Um der regionalen Heterogenitét gerecht zu werden, wurde auf Einzel-
patientenniveau eine multiple Regressionsanalyse durchgefiihrt. Das Regressions-
modell identifizierte Tau in allen Studiengruppen als starksten Pradiktor flr aktivierte
Mikroglia. In beiden AD-Gruppen zeigte AB ebenfalls einen signifikanten Einfluss auf
aktivierte Mikroglia, nicht jedoch 4RT, obwohl AB als Kopathologie bekannt ist. Die
TSPO-Tracer-Spezifitat von 18F-GE-180 wurde durch das Aufheben einzelner Asso-
ziationen bei einer separaten Studiengruppe mit LAB-Status (n = 7) bestétigt. Eine
multiple Regression innerhalb der einzelnen Studiengruppen zeigte, dass trotz star-
ker Tau-Aggregation ein weiterer Anstieg der aktivierten Mikroglia zu verzeichnen
war, wahrend bei bereits mafiger AB-Ablagerung ein Plateau erreicht wurde. Dies
deutet darauf hin, dass aktivierte Mikroglia stark mit der Tau-Aggregation bei etab-
lierter AD und mit der AB-Ablagerung bei milden kognitiven Beeintrachtigungen kor-
reliert. AbschlieRend korrelierte eine erhohte individuelle Tau-assoziierte Mikrog-
liaaktivierung signifikant mit hoherer Depressivitat und mit einer schlechteren moto-
rischen Leistung. Im Gegensatz dazu zeigte AB-assoziierte Mikrogliaaktivierung eine

gunstigere Wirkung auf klinische Parameter (signifikant positive Interaktionseffekte
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zu Tau). Weiter wurde eine hohe A-, aber niedrige Tau-assoziierte Mikrogliaaktivie-
rung bei Patienten mit AD-Pathologie mit einem Anstieg von STREMZ2 in Verbindung
gebracht. Patienten mit 4RT zeigten einen gegenteiligen Effekt, was auf unterschied-
liche Verlaufe der Mikroglia-Phanotypen im Verlauf von priméaren und sekundéaren

Tauopathien hinweisen kénnte.

Im Rahmen der zweiten wissenschatftlichen Fragestellung wurde der klinische Nut-
zen des Tau-PET-Tracers '8F-PI-2620 untersucht, insbesondere hinsichtlich seiner
Fahigkeit, bei CBS-Patienten die zugrundeliegende Pathologie zu identifizieren und
potenzielle Krankheitsverlaufe abzubilden. Der Tracer zeigte eine spezifische Bin-
dung in subkortikalen (Putamen und Globus pallidus externus) und kortikalen Zielre-
gionen (dorsolateraler préafrontaler Kortex) bei CBS-Patienten sowohl mit ApB-
(AB(+)CBS, n = 11) als auch ohne AB-Pathologie (AB(-)CBS, n = 34) im Vergleich zu
einer Kontrollgruppe. Die AB(-)CBS-Gruppe zeigte zusatzlich im Globus pallidus in-
ternus und im Nucleus subthalamicus eine subkortikale Bindung. Die AB(+)CBS-
Gruppe wiederum zeigte eine Bindung in multiplen kortikalen Regionen, und ein Ver-
gleich mit Patienten, die an typischer AD (n = 12) leiden, offenbarte eine zuséatzliche
Anreicherung im pra- und postzentralen Gyrus. Die semiquantitative Tau-PET-Posi-
tivitat (91 % bei AB(+)CBS und 65 % bei AB(-)CBS) steht in Einklang mit friiheren
histopathologischen Daten. Das Putamen und der Globus pallidus externus zeigten
die hochste Diskriminierungsrate in der gesamten CBS-Kohorte im Vergleich zu den
Kontrollen, im Gegensatz zu einer friheren Studie mit PSP (Richardson-Syndrom),
bei der der Globus pallidus internus, Nucleus subthalamicus und Substantia nigra
die hochste Diskriminierung zeigten. Das CBS lasst hier eine Verschiebung zu Hirn-
arealen mit hoherer Hirnfunktion erkennen. Die klinischen Skalen und subkortikalen
18F-PI-2620 Signale korrelierten untereinander gut bei AB(-)CBS-Patienten, wahrend
bei AR(+)CBS-Patienten die kortikalen Signale gut untereinander korrelierten. Spe-

zifisch korrelierte bei AB(-)CBS die Krankheitsdauer positiv mit dem Signal im
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DLPFC und der PSP-CDS-Scores stark mit dem Signal im Gyrus postcentralis. Bei
AB(+)CBS zeigte der PSP-CDS- und der PSPRS-Score positive Korrelationen mit
subkortikalen Signalen. Eine semiquantitative Analyse zeigte, dass die Lateralisie-
rung des subkortikalen 18F-PI-2620-Signals die Asymmetrie der klinischen Symp-
tome entsprechend der kontralateralen Hemisphare zum klinischen Phanotyp wider-
spiegelte. Die ¥F-PI-2620 Tau-PET-Bildgebung fungiert als effektiver Biomarker zur
Beurteilung von Patienten mit CBS, indem sie heterogene Neuropathologien in

AB(+)CBS- und AB(-)CBS-Fallen aufdeckt und mit klinischen Parametern korreliert.
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6. Abstract

In relation to the first scientific query, associations between A, tau, and neurodegen-
eration (perfusion, atrophy) with neuroinflammation (activated microglia) were ana-
lyzed in 18 patients with typical AD, 11 with AD-CBS, and 26 with 4RT, and evaluated
in the context of clinical parameters. The ATI(N) biomarkers exhibited heterogeneous
accumulation across the study groups. Specifically, the highest AB-PET and Tau-
PET signals were identified in the cortical brain regions of patients with typical and
atypical Alzheimer's disease, whereas patients with 4RT exhibited low AB-PET val-
ues and predominantly subcortical tau accumulation. An increased biomarker signal
for neuroinflammation (TSPO-PET) was predominantly observed in tau-positive, but
not AB-PET-positive, brain regions. To account for regional heterogeneity, a multiple
regression analysis was performed at the individual patient level, identifying tau as
the strongest predictor of activated microglia across all study groups. In both AD
groups, A also significantly influenced activated microglia, unlike in 4RT, despite A3
being known as a copathology. The specificity of the TSPO tracer ¥F-GE-180 was
confirmed through the nullification of certain associations in a separate study group
with LAB status (n = 7). A multiple regression within individual study groups revealed
that despite significant tau aggregation, an increase in activated microglia was ob-
served, whereas a plateau was reached with already moderate A deposition. This
suggests that activated microglia correlate strongly with tau aggregation in estab-
lished AD and with AB deposition in mild cognitive impairments. Increased individual
tau-associated microglial activation significantly correlated with higher depression
and worse motor performance. Conversely, AB-associated microglial activation had
a favorable effect on clinical parameters (significant positive interaction effects with
tau). High AB- but low tau-associated microglial activation in patients with AD pathol-

ogy was associated with an increase in STREM2. Patients with 4RT exhibited an
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opposite effect, suggesting different trajectories of microglial phenotypes in the

course of primary and secondary tauopathies.

In the context of the second scientific query, the clinical utility of the Tau-PET tracer
18F-P1-2620 was investigated, specifically regarding its ability to identify underlying
pathology in CBS patients and to map potential disease trajectories. The tracer
demonstrated specific binding in subcortical (putamen and external globus pallidus)
and cortical target regions (dorsolateral prefrontal cortex) in CBS patients both with
and without AB pathology (AB(+)CBS, n =11; AB(-)CBS, n = 34) compared to a con-
trol group. The AB(-)CBS group further showed subcortical binding in the internal
globus pallidus and subthalamic nucleus. Conversely, the AB(+)CBS group exhibited
binding in multiple cortical regions, and a comparison with patients suffering from
typical AD (n = 12) revealed additional enrichment in the pre- and postcentral gyrus.
The semi-quantitative Tau-PET positivity (91% in AB(+)CBS and 65% in AB(-)CBS)
is consistent with previous histopathological data. The putamen and external globus
pallidus exhibited the highest discrimination rate across the entire CBS cohort com-
pared to controls, contrasting with a previous study on PSP (Richardson syndrome)
where the internal globus pallidus, subthalamic nucleus, and substantia nigra
showed the highest discrimination. CBS indicates a shift towards brain areas asso-
ciated with higher brain function. Clinical scales and subcortical *8F-PI1-2620 signals
correlated well among AB(-)CBS patients, whereas in AB(+)CBS patients, cortical
signals correlated well with each other. Specifically, in AB(-)CBS, disease duration
positively correlated with the signal in the DLPFC, and PSP-CDS scores strongly
correlated with the signal in the postcentral gyrus. In AB(+)CBS, both PSP-CDS and
PSPRS scores showed positive correlations with subcortical signals. A semi-quanti-
tative analysis revealed that the lateralization of the subcortical 8F-P1-2620 signal
reflected the asymmetry of clinical symptoms according to the contralateral hemi-

sphere to the clinical phenotype. The 18F-PI1-2620 Tau-PET imaging serves as an
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effective biomarker for assessing patients with CBS, unveiling heterogeneous neu-
ropathologies in AB(+)CBS and AB(-)CBS cases and correlating with clinical param-

eters.
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B-amyloid (AB) and tau aggregation as well as neuronal injury and atrophy (ATN) are the major hallmarks of Alzheimer's disease
(AD), and biomarkers for these hallmarks have been linked to neuroinflammation. However, the detailed regional associations of
these biomarkers with microglial activation in individual patients remain to be elucidated. We investigated a cohort of 55 patients
with AD and primary tauopathies and 10 healthy controls that underwent TSPO-, AB-, tau-, and perfusion-surrogate-PET, as well as
structural MRI. Z-score deviations for 246 brain regions were calculated and biomarker contributions of AB (A), tau (T), perfusion
(N1), and gray matter atrophy (N2) to microglial activation (TSPO, 1) were calculated for each individual subject. Individual ATN-
related microglial activation was correlated with clinical performance and CSF soluble TREM2 (sTREM2) concentrations. In typical
and atypical AD, regional tau was stronger and more frequently associated with microglial activation when compared to regional
AB (AD: Br = 0412 +0.196 vs. B = 0.142 + 0.123, p < 0.001; AD-CBS: B = 0.385 + 0.176 vs. Bo = 0.131 +0.186, p = 0.031). The strong
association between regional tau and microglia reproduced well in primary tauopathies (Bt = 0.418 + 0.154). Stronger individual
associations between tau and microglial activation were associated with poorer clinical performance. In patients with 4RT, sSTREM2
levels showed a positive association with tau-related microglial activation. Tau pathology has strong regional associations with
microglial activation in primary and secondary tauopathies. Tau and AB related microglial response indices may serve as a two-
dimensional in vivo assessment of neuroinflammation in neurodegenerative diseases.

Molecular Psychiatry; https://doi.org/10.1038/541380-023-02188-8

INTRODUCTION

Tauopathies account for the majority of neurodegenerative
disorders. These include the secondary 3/4-repeat tauopathy
Alzheimer’s disease (AD) as the most prevalent form of dementia
in societies with aging populations [1]. Primary tauopathies, such
as Pick’s disease, progressive supranuclear palsy (PSP), or
corticobasal degeneration (CBD) are characterized by abnormal

tau protein aggregation with three or four microtubule-binding-
domains [2, 3]. However, regardless of the distinct neuropathol-
ogy, there is also overlap in clinical phenotypes, for example, in
corticobasal syndrome (CBS), which can be characterized by 3/4-
repeat AD-like tau or 4-repeat tau (4RT) aggregation [4].

The neuropathological cascade of AD is characterized by the
triad of accumulation of extracellular B-amyloid (AB) plaques,
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fibrillary tau aggregates in neurons, and microgliosis and
astrogliosis [5-9]. In AD, this is conceptualized as the ATN
sequence, where (-amyloidosis [A] is thought to precede and
accelerate tau pathology [T] that leads to neurodegeneration [N]
[10], now expanding towards an ATX(N) system, where X
represents novel candidate biomarkers for additional pathophy-
siological mechanisms such as neuroimmune dysregulation,
synaptic dysfunction or blood-brain-barrier alterations [11].

In AD and primary tauopathies, neuroinflammation represents
an important mediator of protein aggregation and spread as well
as disease progression, creating a positive feedback-loop in the
disease cascade [12-15] and could serve as a valuable “X”
parameter of ATX(N), then termed ATI(N). In this context,
molecular imaging with 18kDa translocator protein (TSPO)
positron-emission-tomography (TSPO-PET) for stratification and
monitoring of neuroinflammation could become crucial for
targeting and assessing response to immunomodulatory therapies
and has spurned the development of a wide range of tracers for
human studies [16-19]. However, despite several studies with tau
and TSPO tracers [20-22], ATI(N)-like schemes and interactions
have only rarely been investigated in atypical AD or primary
tauopathies, although AR copathology is common in 4RTs [23].

A detailed understanding of the pathophysiological interplay
between the accumulation of misfolded proteins (i.e. AR and tau)
and their contribution to neuroinflammation may provide deeper
insight into mechanistic pathways [24]. In recent years, several
multi-tracer studies in cohorts composed mainly of patients along
the typical AD continuum revealed discrepant findings. Some
investigations attributed the equal influence of AR and tau to
microglial activation [25], while others supported the interaction
of AB and microglia activation to set the pace for subsequent tau
spread [12, 26]. The effects of microglial activation on cognition
are thought to be strongly mediated by gray matter atrophy [27],
and activated microglia have been correlated with parietal
atrophy post mortem [28]. Thus, we aimed to investigate the
interplay between ATI(N) biomarkers and microglial activation in a
cohort composed of primary and secondary tauopathies, includ-
ing atypical and typical AD. We analyzed the regional hetero-
geneity of ATI(N) biomarker alterations in tauopathies and we
computed the partial contributions of ATN biomarkers to
microglial activation at the individual patient level. Furthermore,
we questioned the shape and magnitude of expurgated regional
associations between aggregation of A and tau with microglial
activation. Finally, we correlated the individual AB- and tau-related
microglial responses with clinical performance and cerebrospinal
STREM2 (soluble triggering receptor expressed on myeloid cells 2)
levels.

MATERIAL AND METHODS

Study design

We enrolled patients with typical AD, AD-CBS, and 4RTs as well as healthy
controls from ActiGliA, a prospective cohort study at Ludwig-Maximilians-
University (LMU), approved by the local ethics committee (project-number
17-755; human PET analyses project-numbers 17-569, 19-022). Written
informed consent was obtained from all participants in accordance with
the Declaration of Helsinki. Requirements for inclusion were tau- and
TSPO-PET, and T1w-MRI if available, within a time period of 18 months
(mean time difference: 2.9+ 4.4 months). AB-PET was tolerated up to
24 months prior to the remaining examinations (mean time difference:
6.7 +8.3 months). Tau-PET had to be conducted with dynamic emission
recording to ensure the availability of the early-phase as an “N” biomarker.
Patients with a low affinity TSPO binding status were assigned to a
separate “LAB” study group regardless of their clinical diagnosis.

Patients with dementia, mild cognitive impairment (MCl), or subjective
memory decline (SCD) due to AD were diagnosed according to the
diagnostic criteria of the National Institute on Aging [29]. All patients with
AD had a positive AB-PET scan and were allocated to the “typical AD"
group. Clinical diagnosis of CBS was made as defined in the MDS-PSP
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criteria [30]. All enrolled CBS patients also fulfilled the Armstrong criteria of
probable or possible CBD-CBS [31]. Only CBS patients with negative family
history of Parkinson’s disease and AD were included. The positivity or
negativity of the AB-PET scan defined the allocation into “AD-CBS” or “4RT"
study groups.

Group level TSPO-PET data of this cohort was previously published for
patients with AD, 4RTs, and controls [32, 33]. Group level tau-PET data of
this cohort was partially published for patients with AD, AD-CBS, 4RTs, and
controls [21]. Group level data of early-phase imaging (['®Flflutemetamol
and ['®F]PI-2620) of parts of the cohort were previously published for AD-
CBS and 4RTs [34, 35]. All reported data are unpublished.

PET imaging

PET data acquisition, reconstruction, and post-processing. For all PET
procedures, including radiochemistry, acquisition, and pre-processing, we
used an established and standardized protocol [21, 32, 35, 36]. Patients
were scanned at the Department of Nuclear Medicine, LMU, using a
Biograph 64 PET/CT scanner or a harmonized Biograph mCT (Siemens,
Erlangen, Germany). In brief, ['®F]GE-180 TSPO-PET recordings (average
dose: 179 + 13 MBq) with an emission window of 60-80 min after injection
were obtained to measure microglial activation [32]. ['®Flflutemetamol AB-
PET recordings (average dose: 185 + 16 MBq) with an emission window of
90-110 min after injection were performed for assessment of fibrillar AR
accumulation [36]. Dynamic ['®F]PI-2620 tau-PET (average dose: 188+ 15
MBq) with emission recording 0-60 min after injection was performed to
quantify tau aggregation. Static frames of the perfusion phase
(0.5-2.5 min) [35] and the late phase (20-40 min) [37] were reconstructed.

PET image analysis. Several established processing pipelines
[21, 32, 34, 35, 37] were executed to ensure reproducibility by different
analysis methodology. We performed all PET data analyses using PMOD
(v3.9; PMOD Technologies LLC; Zurich; Switzerland). The primary analysis
used static emission recordings which were coregistered to the Montreal
Neurology Institute (MNI) space using non-linear warping (16 iterations,
frequency cutoff 25, transient input smoothing 8 x8x8 mm’) to tracer-
specific templates acquired in previous in-house studies [21, 32, 35, 36].
Given the strong binding differences between positive and negative AB-
PET images, we used positive (number of subjects in the template: n,= 15)
and negative (n.=27) AB-PET templates after classification of the ApB-
status by a visual read by a single rater. A unified template was used for
TSPO-PET (n, = 11). Tau-PET images were coregistered to early (mixed ['°F]
PI-2620 and ['®FIFlutemetamol; n,=15) [38] and late phase (n,= 28)
templates without distinction of tau-positivity.

Intensity normalization of all PET images was performed by calculation
of standardized uptake value ratios (SUVr) using the cerebellum as an
established pseudo-reference tissue for TSPO-PET [39]. The cerebellum was
selected as the best compromise of a unified pseudo-reference tissue since
it was also validated for ['®Flflutemetamol [40] and ['®FIPI-2620. To
account for tau-positive areas in the cerebellum and to avoid spill-over of
adjacent extracerebral structures, the dentate nucleus as well as superior
and posterior layers of the cerebellum were excluded. Using the
Brainnetome atlas [41], the brain was parcellated into 210 cortical and
36 subcortical volume-of-interests (VOIs), and standardized-uptake-value-
ratios (SUVr) were calculated for all four PET read-outs. Per subject, the
standardized regional deviation of SUVr (z-score) was calculated versus
previously established age- and sex- matched normal cohorts for ['®F]
flutemetamol (number of controls: n. = 13, [34]), ['*FIGE-180 (n. = 13, [42)),
early ['®FIPI-2620 (n. = 14, [43]) and late ['®FIPI-2620 (n. = 14, [4]).

Structural MR imaging

Three-dimensional T1-weighted (T1w) MRI data were collected for the
majority (60/72) of the cohort as reported previously [33]. The data were
coregistered into the MNI standard space using the PNEURO tool (V3.9;
PMOD Technologies LLC) and segmented into all 246 Brainnetome atlas
VOIs. In this step, regional gray-matter-volumes (GMV), for analysis of
possible brain atrophy, were collected. As described above, we used age-
and sex- matched controls for the calculation of standardized z-scores
(ne=13).

DNA extraction and SNP genotyping

Since the binding properties of second-generation TSPO ligands have been
found to depend on genetic polymorphism of the TSPO gene [44, 45], all
individuals underwent rs6971 single nucleotide polymorphism (SNP)
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genotyping and were classified as low, medium, or high affinity binder
(LAB, MAB or HAB). For this purpose, whole-blood samples were sent to the
Department of Psychiatry of the University Hospital Regensburg for
genotyping. Genomic DNA was extracted from 4 ml of whole blood using a
QIAamp DNA Blood Maxi kit (Qiagen, Hilden, Germany) according to the
manufacturer's protocol. DNA quality was assessed by optical absorbance
and gel electrophoresis. Exon 4 of the TSPO gene and exon/intron
junctions were amplified by PCR and sequenced using the Sanger method
with the following primers: ex4-FAGTTGGGCAGTGGGACAG and ex4-R-
CAGATCCTGCAGAGACGA. Sequencing data were analyzed using Snap-
Gene software (GSL Biotech; http://snapgene.com).

sTREM2

SsTREM2 concentrations were measured in all available CSF samples (4RT
14/26, AD-CBS 7/11, AD 10/18) by a modified assay based on the
previously described sTREM2 ELISA using the MSD platform [46-48]. This
assay was designed to selectively detect STREM2 coming from the
cleavage of the full-length protein. Prior to data analysis, the sTREM2 data
were log-transformed.

Clinical assessments

As a part of the ActiGliA protocol, patients underwent comprehensive
clinical examinations. Some of these data were used to compare ATN-
related microglial activation with clinical performance. In this work, the
PSP-rating scale (PSPRS: 0-100) [49], the motor-examination of the
Movement Disorder Society revised form of the Unified Parkinson's
Disease Rating Scale (UPDRS: 0 - 100) [50] and the Geriatric Depression
Scale (GDS: 0-15) [51] were analyzed. In addition, the Montreal Cognitive
Assessment scale (MoCA: 0-30) [52] and the Mini-Mental State examination
(MMSE: 0-30) [53] were evaluated. For patients without MoCA but MMSE,
the MMSE was converted to a comparable MoCA score [54]. For simplicity,
other clinical performance data collected by ActiGliA are not further
mentioned.

Statistics

For statistical calculations, SPSS (V25; IBM; Ehningen; Germany) and R
(V4.1.2; R Core Team; 2021; Vienna; Austria) were used. Unless declared
otherwise, the significance level was set to 0.05. The day of Tau-PET
examination was used to define the age of the patients. Due to the lack of
significant ['®FIGE-180 binding differences between individuals with MAB
and HAB status [55], the rs6971-SNP status was not used as a covariate
after the exclusion of individuals with LAB status.

Biomarker positivity classification. To assign patients to specific study
groups, PET images were visually rated for AR-PET-positivity (single expert
reader). In addition, an optimal cutoff based on a sensitivity / specificity
tradeoff was defined for each of the 246 Brainnetome VOIs for each
biomarker (excluding GMV) using single-region-ROC-analysis (cutoff:
criterion of the point on the ROC curve closest to the point 0,1 [56, 57]).
For semi-quantitative AB-PET we defined the threshold to best discrimi-
nate the AD groups (AD-CBS and typical AD) from 4RT and CTRL. For TSPO-
PET, tau-PET, and perfusion, the optimal cutoff was determined to
discriminate 4RT, AD-CBS, and AD against CTRL. For every patient and
biomarker, we summed up the positivity of the five regions with the
highest area-under-curve (AUC) values and calculated another optimal
cutoff via roc analysis to finally declare a patient as biomarker positive or
negative.

Demographics, clinical performance, and sTREM2. To test for group
differences in demographic data, a 1-way analysis of variance (ANOVA)
was used for age, sSTREM2, and MoCA. Sex and rs6971-SNP were subject to
a chi-square (x°) test. With significant ANOVA or x’-test, multiple posthoc
unpaired two-tailed Student’s t-tests were subsequently performed
between all groups (unadjusted for multiple testing).

Multiregion analyses. A descriptive heatmap was created by calculating
arithmetic means (x) within 24 composed Brainnetome regions [58] from the
acquired z-scores and displayed in color scale per patient group and
biomarker. Thereby, all X >2 were set equal to 2, and all X< —2 were set
equal to —2. For each of the 24 composite regions, the frequency of patients
with peak z-scores (highest z-score along all 24 regions) was determined and
visualized relative to the total amount of patients per group. These
arithmetic means and biomarker peak distributions of the 24 brain regions
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were then tested for intercorrelations between those biomarkers (4RT, AD-
CBS, and AD pooled) using linear Pearson’s correlation (r).

Regression models. For each subject, a multiple linear regression model
was defined to analyze the influence of the independent ATN variables (A
A, Tau T, Perfusion N1, GMV N2) on microglial activity (I), taking all 246
Brainnetome VOIs into account. The obtained standardized B-coefficients
of ATN were visualized by a combined violin-box-plot. Within each
diagnosis group, the B-coefficients of the four independent variables were
tested for group differences using ANOVA with age and sex as covariates.
Multiple post-hoc tests (dichotomous ANOVA, age, and sex corrected) were
performed if there was a significant group difference. False discovery rate
(FDR, six tests) correction to decrease the risk of a-error-accumulation was
applied. Furthermore, each p-value was Bonferroni adjusted for a total of
five diagnostic groups.

As a supplementary analysis, similar to the methodology explained
before, we ordered all B-values from the single-patient regression per
biomarker and tested for group differences between the five diagnostic
groups. Post-hoc analysis and correction for multiple testing were
performed using FDR (ten tests) and Bonferroni (four biomarkers). To
analyze the influence of ATN on microglial activity at the group level,
multivariate linear regression models (covariates: age, sex, subject-ID, and
all other ATN biomarkers) were applied (including all 246 Brainnetome VOI
z-scores of all patients per group). Partial regressions were analyzed and
fitted values were used to classify a VOI as biomarker positive or negative.
For ATN, the z-score cutoff for the classification of positivity was
determined at >2 (AT) and <—2 (N). The z-score cutoff of | was set >0,
to ensure inclusion of regions with low-level inflammation above the
average of controls. Proportions of I+ A+/ |+ T+/ I+ N+ to the total
amount of A+/ T+ / N+ VOIs were calculated.

Correlation and interaction analyses. Spearman'’s rank correlation (r;) was
used to analyze the relationship of clinical parameters and sTREM2 with
AT-related microglial activation, in a cohort of composed 4RT, AD-CBS, and
AD patients. Correlation analyses were adjusted for sex, age, global-
patient-TSPO-load (mean z-scores of 246 VOIs), and global-patient-AT-load
(mean z-scores of 246 VOIs of the respective biomarker). When significant
correlations were observed, individual correlation sub-analyses were
conducted within 4RT and AD (AD, AD-CBS). For sTREM2, we primarily
separated the cohort into a group with AD-pathology (AD-CBS, AD) and a
group with 4R-tauopathies. No correction for multiple testing due to the
exploratory character was applied in these analyses. Subsequently, Aand T
were tested for interaction effects.

RESULTS

Demographics

The analyzed cohort consisted of 26 patients with 4RTs, 11
patients with AD-CBS, 18 patients with typical AD, 7 mixed LABs,
and 10 controls who received examinations with all ATN imaging
biomarkers (Table 1). Age, sex, and sTREM2 did not differ between
subgroups of the cohort. A significant group difference for rs6971
SNP status was identified (4RT: MAB/HAB = 7/18, AD-CBS: MAB/
HAB = 5/6, AD: MAB/HAB = 8/8, CTRL: MAB/HAB = 7/2, x* = 8.575,
p =0.036). The MoCA scores of the controls were found to be
significantly higher than those of 4RT, AD-CBS, and AD. AD-CBS
showed significantly lower MoCA scores than 4RT and AD (4RT:
22.8+ 4.6, AD-CBS: 17.6 £ 6.6, AD: 22.4+ 6.2, LAB: 22.0+ 7.5, CTRL:
28.6 + 1.6, F =5.175, p = 0.001). Further demographic statistics are
displayed in Table 1. Demographics of larger tracer specific control
cohorts that were used for the calculation of individual z-scores
are reported in Supplemental Table 1.

Strong regional heterogeneity of ATN biomarker alterations
in primary and secondary tauopathies

First, we investigated regional alterations of microglial activity, AB,
tau, perfusion, and GMV in our cohort of primary (4RT) and
secondary (typical AD, AD-CBS) tauopathies at the group level.
Frequencies of overall biomarker positivity across subgroups are
illustrated in Fig. 1A. As expected from previous studies [4, 21] we
found the highest levels of AB-PET and tau-PET signals in cortical
brain regions of patients with typical and atypical AD, whereas
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patients with 4RTs showed low AB-PET levels and subcortical
predominance of tau accumulation (Fig. 1B). TSPO-PET signal
increases were abundantly observed in tau-, but not AB-PET
positive brain regions (tau-TSPO: r=0.312, p =0.008 / AB-TSPO:
r=0.071, p=0.552). Regional peak distribution of “N” biomarkers
followed the individual patterns of tau- (tau-perfusion: r = 0.246,
p=0.037 / tau-atrophy: r=0.270, p=0.022), but not AB-PET

Molecular Psychiatry

(AB-perfusion: r=—0.023, p=0.851 / Ap-atrophy: r=0.035,
p=0.771). TSPO-PET levels were distinctly higher in primary and
secondary tauopathies with MAB and HAB status when compared
to a mixed cohort (n=2 AD, n =4 4RT, n=1 healthy control) of
low-affinity binders (Fig. 1C).

Importantly, we found a scattered distribution of individual ATN
peak regions within subgroups of primary and secondary
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Fig. 1 Determination of ATI(N) biomarker positivity and ATI(N) biomarker heterogeneity using a multiregional analysis. A Overall ATI(N)
biomarker positivity of all included subjects for I(TSPO)-, A(AB)-, T(tau)- and N(perfusion, early tau)-PET at the group level. Single-region-ROC-
analyses were applied to identify regions (n=5) that discriminate best among the study groups (maximum area-under-curve) for each
biomarker. For each region an individual cutoff was set based on a sensitivity/specificity tradeoff and patients were classified as biomarker-
positive or —negative based on the averaged regions that allowed the most optimal discrimination. Please note that AD also includes AD
pathological change according to NIA-AA. B Heterogeneity of regional ATI(N) biomarker peak distribution. The heatmap was determined by
calculating arithmetic means (x) within 24 composed brain regions (from z-scores) and displayed in color scale. All X > 2 were set equal to 2
and all X < —2 were set equal to —2. The brain region with the highest z-score was determined for each study participant and the peak region
frequency was plotted proportionally (%) to the number of patients in one group. C Comparison of TSPO-PET levels in patients with primary
and secondary tauopathies and medium- and high-affinity TSPO binding status when compared to a mixed cohort (n =2 AD, n=44RT,n=1
healthy control) of individuals with low-affinity TSPO binding status using the same methodological approach as in (B). D Regional ATI(N)
biomarker PET signal alterations at the group level. Within each study group, the mean z-score of each Brainnetome region was calculated and
plotted as surface projections (lateral and medial view) and axial slices of the basal ganglia. AD Alzheimer’s disease, AD-CBS corticobasal
syndrome with AD-pathology, 4RT four-repeat tauopathies, LAB low affinity binder, CTRL healthy controls, TSPO 18-kDa translocator protein,

ﬁﬁ p-amyloid, GMV gray-matter-volume, PET positron-emissions-tomography, ROC receiver-operating-characteristic.
|

tauopathy subgroups (Fig. 1D). Highest AB-PET z-scores in
individual patients with typical AD were observed in temporal
(44.4%) and parietal lobe (33.3%), as well as cingulate gyrus
(16.7%) and amygdala (5.6%), whereas individual patients with
AD-CBS had highest AB-PET z-scores in the middle and superior
temporal gyrus (45.5%), parietal lobe (18.2%), cingulate (18.2%)
and frontal cortices (18.2%). As expected from previous work [4],
the highest individual tau-PET alterations in patients with 4RTs
were observed in the basal ganglia (26.9%), but heterogeneity of
peak signal alterations was observed with involvement of limbic
regions (23.1%), parietal (19.2%), frontal (15.4%) and temporal
(3.8%) cortices. In line with previous pattern classification [59], we
found various peak regions of individual tau-PET not only in AD-
CBS but also in typical AD, with a predominance of temporal
regions (50.0%) but peaks in the precuneus (22.2%), occipital
cortices (16.7%) as well as limbic regions (11.1%).

Regional Tau-PET is closely associated with the individual
microglia response in primary and secondary tauopathies
Given the strong regional heterogeneity of A and tau accumula-
tion in primary and secondary tauopathies, we applied a multi-
regional regression model to investigate the detailed associations
of ATN biomarker alterations with microglia activation at the
individual patient level (Fig. 2A). In 4RTs, Tau-PET contributed
significantly to the regional explanation of TSPO-PET
(Br=0.418+0.154/p < 0.001 in 88% of individuals), whereas ApB-
PET did not (B4 = —0.030+0.124/p < 0.001 in 15% of individuals;
Fig. 2B/C). Perfusion (Bn;=0.218+0.176/p <0.001 in 54% of
individuals) and GMVs (Bn, = 0.026 +0.108/p <0.001 in 12% of
individuals) were associated with regional TSPO-PET in individuals
with 4RTs but did not exceed controls at the group level
(Supplemental Fig. 1). The positive character of these regional
associations suggested an unspecific coupling of regional tracer
signals by perfusion and atrophy. Within the 4RT subgroup, the
explanation of TSPO-PET alterations by tau-PET distinctly
exceeded the explanation by “A” and “N” biomarkers (Fig. 2B).

In patients with AD-CBS and typical AD, we observed a
significant explanation of regional TSPO-PET by AB-PET (AD-CBS:
Ba=0.131£0.186/p<0.001 in 64% of individuals; AD:
Ba=0.142+£0.123/p <0.001 in 33% of individuals) and tau-PET
(AD-CBS: Br=0.385+0.176 / p < 0.001 in 82% of individuals; AD:
Br=0412+0.196/p < 0.001 in 83% individuals; Fig. 2B/C), but
explanation by perfusion and GMVs did again not exceed the level
of controls (Supplemental Fig. 1). Tau-PET indicated the strongest
regional relations with TSPO-PET in both AD groups among all
ATN biomarkers (Fig. 2B).

In the subgroup of mixed LABs, we did not observe a significant
explanation of the TSPO-PET signal by ATN biomarkers (p = 0.420).
Associations between tau-PET and AB-PET with TSPO-PET were
obliterated in individual cases with LAB status (Supplemental
Fig. 2). Noteworthy, the individual positive associations between
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perfusion and TSPO-PET were still present for cases with LAB
status, pinpointing the unspecific regional association between
perfusion and TSPO uptake patterns when the tracer cannot bind
the target.

Incremental tau aggregation is associated with high regional
activation of microglia

To test for regional associations between ATN biomarkers and
microglia activation at the disease level, we applied a partial
regression model to study the specific association of single ATN
parameters with TSPO-PET, controlled for all other ATN biomar-
kers, age, sex, and subject-ID.

When pooling VOI-specific data across 4RT subjects (26 patients
with 246 Brainnetome VOIs), 6396 analyzed brain regions revealed
high proportions of TSPO-positive (14 ) regions among T+ (82%)
but a low proportion of TSPO-positive regions among A+ (48%)
and N+ (27%) regions (Fig. 3A). There was a weak partial
association between regional AB (B = 0.030, p = 0.011) with TSPO
but a strong partial association between regional Tau and TSPO
(3=10.381, p<0.001; Fig. 3A). The partial association between
perfusion and TSPO (B =0.270, p <0.001) was driven by lower
TSPO-PET signals in regions with strong decreases in perfusion
(Fig. 3A).

Both AD cohorts (2706 analyzed regions of AD-CBS and 4428
analyzed regions of typical AD) revealed similar partial associa-
tions between regional ATN biomarker alterations and TSPO-PET.
There was a weak but significant regional association between AR
and TSPO in patients with AD-CBS (B=0.117, p<0.001) and
typical AD (3=0.117, p<0.001; Fig. 3B/C). Regional tau again
appeared as the strongest driver of TSPO-PET signals in AD-CBS
(B=0.357, p<0.001) and typical AD (B=0.412, p<0.001) with
high proportions of regional TSPO-PET positivity in regions with
significant tau accumulation (AD-CBS: 81%, typical AD: 79%;
Fig. 3B/C). Perfusion indicated a significant association with TSPO-
PET signals for both AD subgroups (Fig. 3B/C). Controls validated
the applied thresholds of ATN positivity and indicated only a few
A+, T+, and N+ regions (Fig. 3D).

Associations of AB- and tau-associated microglial response
with clinical performance and sTREM2

Finally, we tested if individual associations between AB and tau
with microglial activation were correlated with indices of clinical
severity and sTREM2. The rationale was to investigate if specific
“A" or “T" associated microglial activation can be linked to
improved or deteriorated clinical performance. Tau associated
microglial activation revealed a general association with worse
clinical performance (Fig. 4). Patients indicated more depressive
symptoms (ry = 0.460, p = 0.011) and worse results on the UPDRS
scale (r; = 0.503, p = 0.006), when patients had high associations
between regional tau and microglial activation. We observed a
significant interaction effect between AB and tau associated

Molecular Psychiatry
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Fig. 2 Multiregional regression analysis to determine the association of ATN biomarkers with microglial activation at the individual
patient level. A Methodological workflow: PET and MRI data were spatial normalized to tracer specific templates acquired in previous in
house studies (Montreal Neurology Institute (MNI) space) and parcellated into 210 cortical and 36 subcortical brain regions. PET-tracer uptake
and gray-matter-volumes (GMV, from MRI) were transformed into z-scores with age- and sex-matched controls. A multiple linear regression
model was performed (I = g + BaXa + PrXt + PniXnt + Pn2Xnz + €) at the single-patient-level and standardized coefficients () were derived for
each ATN biomarker. B f-coefficients were visualized as a combined violin-box-plot and show the association of ATN biomarkers with
microglia activation, each dot representing a single subject. Within each diagnosis group, the B-coefficients of the four independent variables
were tested for group differences using ANOVA with age and sex as covariates. Multiple posthoc tests (dichotomous ANOVA, age, and
sex corrected) were performed if there was a significant group difference. Combined false discovery rate (FDR, six p-values) and Bonferroni
(five p-values) correction were applied to decrease the risk of a-error-accumulation. *p < 0.05, **p < 0.01, ***p < 0.001. C Heatmap indicates the
significance of ATN biomarker contribution to microglia activation resulting from the regression analysis in different diagnostic subgroups.
Orange: p < 0.001. Gray: p 2 0.001. The percentage was calculated as the proportion of significant regression models of patients, relative to
the total number of patients in the diagnostic group. Plus and minus signs were used to indicate the positivity or negativity of the associated
p-coefficients. AD Alzheimer’s disease, AD-CBS corticobasal syndrome with AD-pathology, 4RT four-repeat tauopathies, LAB low affinity binder,
CTRL healthy controls, TSPO 18-kDa translocator protein, Ap f-amyloid, GMV gray-matter-volume, PET positron-emissions-tomography, MRI
magnetic-resonance-imaging, MNI Montreal Neurology Institute, ANOVA analysis of variance, FDR false discovery rate.
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Fig. 3 Multiregional regression analysis to determine the association of ATN biomarkers with microglial activation at the group level. A
multiple linear regression model was performed (I = fo + PaXa + PrXr + PnXn + @ge + sex + subject-ID + €) at group-level for (A) 4RT, (B) AD-
CBS, (C) AD, and (D) CTRL using z-scores of all single regions of all individuals combined. The standardized coefficient () and the associated
p-value were calculated. Fitted values of the partial regressions were used to classify a VOI as biomarker positive or negative. For ATN,
the z-score cutoff for the classification of positivity was determined at >2 (AT) and <—2 (N). The z-score cutoff of | was set >0. Proportions of
14+ A+ / I+ T+ / 14 N+ to the total amount of A+ / T+ / N+ VOIs were calculated. AD Alzheimer’s disease, AD-CBS corticobasal syndrome with
AD-pathology, 4RT four-repeat tauopathies, CTRL healthy controls, TSPO 18-kDa translocator protein, Ap p-amyloid.

microglial activation for UPDRS (T =2401, p=0.019) and GDS
(T=3.581, p<0.001), suggesting that microglial response to
different protein aggregation may have opposite effects on brain
function and clinical severity. Significant correlations were further
examined to determine whether they were driven by a specific
patient subgroup. The correlation of tau-associated microglial
activation with GDS appeared to be driven by the AD cohort (4RT:
rs = 0.354, p = 0.150; AD + AD-CBS: ry = 0.758, p = 0.029), whereas
the correlation between tau-associated microglial activation and
UPDRS appeared to be driven by the 4RT cohort (4RT: ry = 0.593,
p =0.007; AD + AD-CBS: ry= —0.698, p = 0.190). There were no
correlations, nor interaction effects for MoCA or PSPRS. The AD-
group showed a significant interaction effect when AB-associated
TSPO-PET signals and tau-associated TSPO-PET signals were
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correlated with sSTREM2 (T = 2.732, p = 0.011; Fig. 5). This indicated
that high AB-TSPO associations but low tau-TSPO associations are
linked with sSTREM2 increases at the individual patient level.
Contrary, patients with 4RT showed high STREM2 levels when
regional TSPO-PET was associated with tau-PET (ry=0.705,
p = 0.034), which may indicate different trajectories of microglia
phenotypes in the course of primary and secondary tauopathies.

DISCUSSION

We provide the first study that uses a regional resolution of ATI(N)
PET and grey matter volumes in a combined cohort of primary
and secondary tauopathies to investigate the detailed associations
between the accumulation of misfolded proteins, perfusion, and
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Fig. 4 Correlation of AT associated microglial activation with clinical performance. Standardized coefficients f (single patient regression),
to detect Af (A)- and tau (T)- associated microglial activation, were correlated with clinical performance scores (Spearman’s correlation
coefficient, r,). For statistical calculations, 4RT, AD-CBS, and AD were pooled. . =4RT, A = AD-CBS + AD. Correlation analyses were adjusted
for sex, age, global-patient-TSPO-load (mean z-scores of 246 VOIs), and global-patient-AT-load (mean z-scores of 246 VOIs of the respective
biomarker). No correction for multiple testing was applied. Subsequently, A and T were tested for interaction effects. AD Alzheimer’s disease,
AD-CBS corticobasal syndrome with AD-pathology, 4RT four-repeat tauopathies, LAB low affinity binder, CTRL healthy controls, TSPO 18-kDa
translocator protein, Ap f-amyloid, GMV gray-matter-volume, MoCA Montreal-Cognitive-Assessment-Scale, MMSE Mini-Mental State

Examination, UPDRS Unified-Parkinson’s-Disease-Rating-Scale
Geriatric-Depression-Scale.

volume changes with microglial activation. We find distinct
heterogeneity of regional distribution patterns of ATI(N) biomar-
kers among patients with tauopathies. Regional accumulation of
tau was the strongest predictor of microglial activation in
individual patients with primary and secondary tauopathies,
whereas AP, perfusion, and gray matter volumes indicated only
weaker associations with regional TSPO-PET. Individual associa-
tions between ATN biomarkers and microglial activation were
abrogated in low-affinity binders, demonstrating in vivo specificity
of ['®FIGE-180 to TSPO. Finally, we obtained preliminary evidence
of worse clinical performance when microglial activation was
associated with tau at the individual patient level.

The major finding of our study revealed that, among all ATN
biomarkers, aggregated tau has the closest link with colocalized
microglia activation in primary tauopathies and AD. Thus, our
study confirmed joint accumulation of tau and microglial
activation in typical AD [12] and adds evidence of similar regional
trajectories in 4RTs and atypical AD. Several clinical and preclinical
investigations indicated that both AB and tau are closely related to
PET and histological measurements of increased microglial activity
[12, 15, 25, 60-62]. However, the detailed interplay between ATN
biomarkers and neuroinflammation was discussed controversially.
Even at the stage of single ATN biomarkers, distinct subtypes of
microglia activation have been shown to occur in response to AB
accumulation, depending on disease stage [63]: a protective
neuroinflammatory response that could be beneficial due to
phagocytosis of neurotoxic AB species, and a detrimental one with
negative effects that leads to inhibition of synaptic functioning
and increased cell death [63, 64]. Furthermore, atrophy was found
to mediate the effects of both tau pathology and neuroinflamma-
tion on cognition in AD [27]. We hypothesized that regression
models of multiple biomarkers in different brain regions could
deepen the understanding of the ATI(N) biomarker interplay with |
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(motor

part), PSPRS Progressive-Supranuclear-Palsy-Rating-Scale, GDS

as an index of microglial activation. The application of this
approach at the individual patient level enabled us to directly
compare the partial influence of ATN biomarkers and we clearly
observed a stronger association between regional aggregation of
tau with microglial activation than did AR deposits. This finding
could be related to exhausted microglia at advanced stages of AB
accumulation [65]. Patients with typical and atypical AD showed a
significant influence of regional AR on microglial activation but
this association was not found in 4RTs. This is of particular interest
since subthreshold levels of AB occur in 4RTs [66] but do not have
a major impact on neuroinflammation according to our data.
With regard to therapy monitoring, it is of tremendous interest
to understand associations between ATN biomarkers and neuroin-
flammation during the progressive aggregation of misfolded
proteins in the brain. Thus, we also applied a model comprising all
individual regional ATN biomarker data within groups of patients
with 4RTs, typical AD, and atypical AD, again exploring the
associations of the individual ATN biomarker adjusted for the
remaining indices. Importantly, we found that, in a cross-sectional
design, microglial activation still continuous to rise coupled with
increasing tau pathology at stages with very high tau accumula-
tion in primary and secondary tauopathies (Fig. 3). Contrary, TSPO-
PET associations with regional Ap aggregation tended to peak or
plateau at stages of moderate A abundance. This observation fits
a recent study, suggesting that microglial activation correlates
strongly with tau aggregation in established AD and with AR
deposition in MCI [25]. Furthermore, two other studies indicated
specific associations between AB and neuroinflammation at early
stages of AP pathology [67, 68]. Thus, targeting tau associated
microglial activation could still be beneficial at later stages of the
disease, whereas modifying AB associated microglial activation
may be only beneficial at early disease stages [48]. Understanding
differences in microglia phenotypes associated either with Ap or
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Fig.5 Correlation of ATN associated microglial activation with sTREM2. Standardized coefficients f (single patient regression), to detect Ap
(A)- and tau (T)-associated microglial activation, were correlated with sTREM2 data (Spearman’s correlation coefficient, r;). The statistical
analysis was calculated for the combined AD group (AD-CBS + AD), and the 4RT group. . =4RT, A = AD-CBS + AD. Correlation analyses
were adjusted for sex, age, global-patient-TSPO-load (mean z-scores of 246 VOIs), and global-patient-AT-load (mean z-scores of 246 VOIs of the
respective biomarker). No correction for multiple testing was applied. Subsequently, A and T were tested for interaction effects. AD
Alzheimer’s disease, AD-CBS corticobasal syndrome with AD-pathology, 4RT four-repeat tauopathies, LAB low affinity binder, CTRL healthy
controls, TSPO 18-kDa translocator protein, Ap f-amyloid, GMV gray-matter-volume, sSTREM2 soluble triggering receptor expressed on myeloid
cells 2, PSPRS Progressive-Supranuclear-Palsy-Rating-Scale, MMSE Mini-Mental State Examination.

tau aggregation will likely have a major impact on selection of
appropriate immunomodulatory strategies.

The relevance of regression models at the individual patient
level was pinpointed by the observation of distinct heterogeneity
of regional ATN biomarker alterations in patients with 4RTs and
AD. In line, four distinct trajectories of tau deposition were
recently identified in typical AD, which implies that pathology
originates and spreads through distinct networks in the different
subtypes [59, 66]. Distinct regional patterns of neurodegeneration
were similarly reported for 4RTs [69]. This heterogeneity implies
that conservative regional assessments at the group level limit the
possibility to capture the full picture of ATN biomarker alterations
because effects in single regions are diminished by differing
regional peaks of pathology.

An exploratory analysis of our study suggested that strong
regional associations between tau and microglial activation
indicated worse clinical performance at a cross-sectional level of
analysis in patients with primary and secondary tauopathies. This
finding is in line with improved cognition in tauopathy models
with NLRP3 inflammasome knock-out [70]. In contrast, the
individual regional association of microglial activation with A
showed a more beneficial effect on clinical performance indices in
patients with AD. Supporting this claim, levels of STREM2 were
specifically associated with AR related but not tau related
microglial activation in our cohort, while STREM2 was reported
to be associated with reduced cognitive decline in AD [71]. In this
regard, TREM2 may slow AD progression and reduce tau-driven
neurodegeneration by restricting the degree to which B-amyloid
facilitates the spreading of pathogenic tau [72]. Our observations
also had similarities to serial preclinical studies in mouse models,
where microglial activation was correlated with worse outcome
parameters in the P301S tau model [61], but with improved spatial
learning performance in PS2APP [73, 74] and App™°F [17] AB
models. A clinical study in patients with AD also suggested that
anterior temporal [''CJPK11195 binding, a region with abundant
tau but low AB deposition is associated with progressive cognitive
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decline [75]. In this regard, our individual index of tau- and ApB-
associated microglia activation could serve to account for regional
heterogeneity and standardized quantification of the multidimen-
sional neuroinflammatory response. This may enable stratification
for immunomodulatory therapies by identification of patients with
a high risk of future clinical deterioration [75].

The characteristics of the used molecular imaging biomarkers
for the assessment of ATI(N) need to be considered for the
interpretation of our results. A strength of this study is given by
the use of the novel tau-PET tracer ['°FIPI-2620 which proved
absent of off-target binding to monoamine oxidases [76], high
affinity to 3/4R-tau in AD [77] and also high affinity to recombinant
4R tau fibrils and PSP brain homogenate [76]. Colocalization of
['8FIPI-2620 binding with 4R tau in micro-autoradiography [76]
and quantitative agreement of autoradiography and immunohis-
tochemistry [66, 78] as well as in vivo discrimination of PSP [21]
and CBS [4] from controls highlight the potential of this
radioligand. Since currently available tau-PET tracers were
optimized to detect AD-related tau tangles, the used tau-PET
tracer shows differential binding characteristics to different tau
isoforms, which is relevant in the described patient cohorts.
Predominant 3/4R tau isoforms of patients with AD patients
comprise favorable energetic and kinetic properties with regard to
['®FIPI-2620 binding, compared to predominant 4R tau isoforms
of primary tauopathies [79]. In this regard, ['®FIPI-2620 showed
higher specificity to 4R tau in comparison to other second-
generation tau-PET tracers in vitro [80]. In consideration of
stronger binding to AD-related tau tangles compared to 4R-tau
aggregates in primary tauopathies, the availability of a tau tracer
with higher affinity to non-AD tau could even lead to stronger tau-
related effects in the group of patients with 4R-tauopathies.
Furthermore, early-phase ['®F]PI-2620 PET indicated feasibility for
perfusion surrogate imaging in patients with AD and 4RTs [35, 43],
which was applied as an “N” biomarker in the current study. ['®F]
flutemetamol is an FDA and EMA approved AB-PET tracer and is
characterized by fast brain uptake, fast clearance, and excellent
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binding properties to AR deposits in vitro and in vivo [81]. TSPO-
PET represents a sensitive biomarker for monitoring immunomo-
dulation and can act as a surrogate for activated microglia. Several
TSPO radioligands allow monitoring neuroinflammation in AD and
4R-tauopathies [18] and we were able to show that ['®F]GE-180
recapitulates the expected topolo%/ of microglial activation in
4RTs [22] and AD [33]. However, [ “FIGE-180 has recently been
criticized for limited uptake across the blood-brain-barrier [22, 82]
since blood-brain integrity can be disturbed in neurodegenerative
disorders with a potential impact on tracer kinetics [83, 84]. We
circumvented blood-brain-barrier related perfusion alterations and
interrogated them as a potential cofounder by the inclusion of a
perfusion surrogate as an “N” biomarker into our regression
model. With this approach, we were able to show that perfusion
has a substantial impact on ['®FIGE-180 binding, but our model
also allowed us to determine the specific perfusion-adjusted
impact of tau and AP pathology on TSPO-PET signal alterations.
More importantly, we were able to show that associations
between regional tau and AB accumulation with microglial activity
were lost in low-affinity-binders. Furthermore, regional TSPO-PET
signals were distinctly lower in participants with low-affinity
binding status when compared to medium and high affinity
binders. Thus, our data provide evidence of the specificity of the
["8FIGE-180 TSPO-PET signal in patients with neurodegenerative
diseases.

Limitations of the study include that we cannot draw detailed
conclusions about the cell type specificity of the TSPO-PET signal to
activated microglia, since we did not measure associations with
reactive astrocytosis by glial fibrillary acidic protein or a PET
radioligand targeting reactive astrocytes. Furthermore, our study
enrolled patients based on state-of-the-art clinical diagnosis but was
not enriched by neuropathological confirmation. Thus, although the
characterization of our patients was based on several biomarkers
and detailed clinical work-up, misdiagnosed patients need to be
considered as potential confounders in this study population.

CONCLUSION

A multi-regional regression model of PET and grey matter volume
can serve for a personalized assessment of specific “A (Amyloid) T
(Tau) and N (Neurodegeneration)” related microglial response rates.
Tau pathology dominates the regional associations of these ATN
biomarkers with microglial activation in primary and secondary
tauopathies, while strong regional heterogeneity of ATN biomarker
alterations needs to be considered at the individual patient level.
Tau and AR related microglial response indices showed differential
associations with cognitive performance and sTrem2-levels and
may serve as a two-dimensional index for in vivo assessment of
neuroinflammation in neurodegenerative diseases.

AVAILABILITY OF DATA AND MATERIALS

The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.
Supplementary information is available on MP’s website.
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ABSTRACT: Background: Corticobasal syndrome is
associated with cerebral protein aggregates composed
of 4-repeat (~50% of cases) or mixed 3-repeat/4-repeat
tau isoforms (~25% of cases) or nontauopathies (~25%
of cases).

Objectives: The aim of this single-center study was to
investigate the diagnostic value of the tau PET-ligand
['®F]PI-2620 in patients with corticobasal syndrome.
Methods: Forty-five patients (71.5 + 7.6 years) with cor-
ticobasal syndrome and 14 age-matched healthy con-
trols underwent ['®F]PI-2620-PET. Beta-amyloid status
was determined by cerebral f-amyloid PET and/or CSF
analysis. Subcortical and cortical ['®F]PI-2620 binding
was quantitatively and visually compared between
p-amyloid-positive and -negative patients and controls.
Regional ['8F]PI-2620 binding was correlated with clinical
and demographic data.

Results: Twenty-four percent (11 of 45) were p-amyloid-
positive. Significantly elevated ['®F]PI-2620 distribution
volume ratios were observed in both p-amyloid-positive
and B-amyloid-negative patients versus controls in the
dorsolateral prefrontal cortex and basal ganglia. Cortical

S

\

['®F]PI-2620 PET positivity was distinctly higher in
p-amyloid-positive compared with p-amyloid-negative
patients with pronounced involvement of the dorsolateral
prefrontal cortex. Semiquantitative analysis of ['®F]PI-
2620 PET revealed a sensitivity of 91% for f-amyloid-
positive and of 65% for p-amyloid-negative cases, which
is in excellent agreement with prior clinicopathological
data. Regardless of f-amyloid status, hemispheric later-
alization of ['®F]PI1-2620 signal reflected contralateral pre-
dominance of clinical disease severity.

Conclusions: Our data indicate a value of ['®F]PI-2620
for evaluating corticobasal syndrome, providing quantita-
tively and regionally distinct signals in p-amyloid-positive
as well as p-amyloid-negative corticobasal syndrome. In
corticobasal syndrome, ['®F]PI-2620 may potentially
serve for a differential diagnosis and for monitoring dis-
ease progression. © 2021 The Authors. Movement Disor-
ders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society

Key Words: tau; PET; corticobasal syndrome; four-
repeat tauopathies; Alzheimer’s disease

Corticobasal syndrome (CBS) is a rare adult-onset
disorder characterized by a combination of cortical
signs and movement disorder signs. Clinically, CBS can
be diagnosed using the Movement Disorder Society
(MDS) criteria for progressive supranuclear palsy
(PSP)" or the corticobasal degeneration (CBD) criteria.”
The pathology of CBS is characterized by 4-repeat
(4R) tau aggregation in CBD and PSP (approximately
50% of patients) or by mixed 3-repeat/4-repeat
(3R/4R) tau aggregation in Alzheimer’s disease
(AD) pathology (about 25%)."* The 4R tauopathies
are characterized by intracellular aggregates of tau
isoforms with 4 repeats in the microtubule-binding
domain in neurons, astrocytes, and oligodendrocytes.
There are proposals to classify CBD and PSP as closely
related variants within a coherent disease spectrum,
that is, 4R tauopathies." In rare cases, CBS with rapid
decline and early death after diagnosis can occur in
prion disease® or C90rf72 mutation carriers.” Antemor-
tem misdiagnosis of CBS and the underlying patholo-
gies is very common®’ because of a lack of reliable
biomarkers and overlapping phenotypes of the different
neuropathologies.*'* Diagnostic biomarkers are only
available for CBS with underlying AD pathology,
including p-amyloid (AB) PET and quantification of A,
total, and phosphorylated tau concentrations in cere-
brospinal fluid (CSF).""'* The definite diagnosis of the
different neuropathological entities underlying CBS
relies on postmortem examination. The precise ante-
mortem diagnosis of the molecular pathologies in

individual CBS patients, however, becomes more
important, as molecularly targeted therapies for the
underlying proteinopathies are being developed.*'°

Multiple radioligands for PET are currently investi-
gated for their potential to detect tau deposits in vivo.
In the first generation of tau-targeting tracers, off-target
binding, for example, to monoamine-oxidase B,'*'’
limited the specific visualization of tau burden
in vivo.'®"” The newer tau PET ligand ['®F]PI-2620%°
showed less off-target binding to monoamine oxidases,
high affinity to 3R/4R tau in AD and recently also rev-
ealed binding in the 4R tauopathy PSP.?!

Therefore, we investigated the utility of ['*F|PI-2620
as an in vivo biomarker for CBS and its heterogeneous
underlying molecular entities.

Material and Methods

Participants and Clinical Evaluation

The study cohort is embedded in Activity of Cerebral
Networks, Amyloid and Microglia in Aging and
Alzheimer’s Disease (ActiGliA), a prospective cohort
study at Ludwig-Maximilians-University —(LMU),
approved by the local ethics committee (project number
17-755; see File S1 for details; human PET analyses
project numbers 17-569 and 19-022). Written informed
consent was obtained from all participants in accor-
dance with the Declaration of Helsinki.
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Clinical diagnosis of CBS was made as defined in the
MDS-PSP criteria.' All enrolled patients also fulfilled
the Armstrong criteria of probable or possible CBD-
CBS.? Only patients with negative family history for
Parkinson’s disease and AD were included.

Disease duration was defined as the time between
symptom onset and clinical assessment. For clinical rat-
ing, we used the PSP rating scale (PSPRS)?*? and the PSP
clinical deficits scale (PSP-CDS).>* Functional indepen-
dence was measured using the Schwab and England
Activities of Daily Living (SEADL) scale.** Cognitive
state was assessed with the Montreal Cognitive Assess-
ment (MoCA) scale.”® The Dementia Apraxia Test
(DATE)*® was used for assessment of buccofacial and
upper limb apraxia. Verbal fluency was tested using the
lexical fluency task from the Frontal Assessment
Battery.?’

AP concentration and Ap ratio in CSF and ['*F]
flutemetamol PET served for assessment of the Ap sta-
tus (see Methods section, below). In healthy controls,
['®F]florbetaben PET within 12 months prior to study
inclusion was also accepted. In case of B-amyloid posi-
tivity in CSF or PET, patients were classified as CBS
with underlying AD pathology (Ap-positive CBS; Ap[+]
CBS).'? In case of p-amyloid negativity (Ap-negative
CBS; AB[—]CBS), patients were subclassified as CBS
with either “suggestive” or “probable” underlying 4R
tauopathy.>%%’

The ['®F|PI-2620 PET was performed in 45 CBS
patients (see Methods section, below). Distribution of
["®F]PI-2620 tracer binding of 8 patients included in
the current report has already been reported
previously.”!

Results were compared with 14 age-matched cogni-
tively healthy individuals without motor or cognitive
signs or symptoms (CTRL). Four were scanned in
Munich, and 10 were scanned in New Haven or Mel-
bourne.?! There were no statistically significant differ-
ences in binding characteristics of ['*F|PI-2620 between
external and inhouse controls (Table S1 in File S1).

The regional ['®F]PI-2620 distribution of Ap(+)CBS
and AB(—)CBS patients in the central region for pattern
analysis was compared with 12 patients with typical
AD dementia or mild cognitive impairment (MCI)
according to the diagnostic criteria of the National
Institute on Aging and Alzheimer’s Association'? from
the ActiGliA cohort. The AD cohort has partially been
published previously.>!

PET Imaging

Tau-PET Acquisition and Analysis
The ['8F]PI-2620 acquisition, reconstruction, and
harmonization across scanners at the Department of
Nuclear Medicine at LMU were performed as described

[ 18
["8F]P1-2620
L

PET IN CORTICOBASAL SYNDROME

previously?" (see File S1 for details). The subcortical
target regions (putamen, globus pallidus externus,
globus pallidus internus, subthalamic nucleus, sub-
stantia nigra, dentate nucleus, midbrain), the dorsolat-
eral prefrontal cortex (DLPFC), and the medial
prefrontal cortex were identical to the earlier analysis
in PSP. Motor cortex, temporal mesial, temporal lat-
eral, parietal, anterior cingulate gyrus, and postcentral
cortical target regions of the Hammers atlas®® were
introduced as additional target regions. The maximum
distribution volume ratio (DVR) of bilateral regions
was used for group comparisons with account for
asymmetric tracer distribution in CBS. All images of
clinically left-dominant CBS patients were flipped for
image visualization. Voxels with a DVR > mean value
(MV) + 2 standard deviations (SDs) of the controls
were defined as positive and the percentage of positivity
was calculated in AB(+)CBS, AB(—)CBS, and typical
AD. The comparison was performed qualitatively. To
address potential differences in tracer affinity to 4R-
and 3R/4R tau,”® we generated binarized voxel-based
maps of ['®F]PI-2620 positivity for all patients and
compared the percentage of voxel positivity between
AB(+)CBS and AB(—)CBS. The 12 AB-positive patients
with typical AD were processed the same way and com-
pared with CBS patients.

Assessment of Af Status

['®F]Flutemetamol, or ['®*F]Florbetaben, PET in some
controls, was primarily used to detect Ap deposition,
indicating underlying AD pathophysiology. Eighty-four
percent of CBS patients (38 of 45) and 100% of control
subjects underwent AB-PET imaging as described previ-
ously®3? (see details in theFile S1). CSF Ap was
assessed in 87% of patients (39 of 45) and in all
patients without AB-PET. Threshold for Ap ratio (Ap
[1-42]/Ap [1-40]) was set to <5.5% according to stan-
dardized laboratory diagnostics at LMU.

Statistical Analyses

SPSS (V25; IBM, Ehningen, Germany) was used for
statistical testing. Statistical significance was set at
P < 0.05. Age, PSPRS, PSP-CDS, DATE, SEADL, verbal
fluency test, disease duration, and MoCA were com-
pared between the different study groups (AB[+]CBS,
AB[—]CBS, controls) by a 1-way analysis of variance,
whereas sex was subject to a chi-square test. ['*F|PI-
2620 DVRs of predefined target regions (maximum
value of bilateral regions) were compared between the
study groups by multivariate analysis of variance
including age and sex as covariates as well as false dis-
covery rate correction®® for multiple brain regions. A
region-based classification was performed by a semi-
quantitative analysis, defining regional DV R > MV
+ 2 SD of the controls as positive. One positive target
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region classified the subject as positive (dichotomous)
for the ['*F]PI-2620 scan.

Partial correlations (Pearson’s coefficient of correla-
tion [R]) were calculated for ['®*F|PI-2620 DVR in
predefined regions (maximum value of bilateral regions)
with PSPRS, PSP-CDS, SEADL, DATE, disease dura-
tion, verbal fluency test, and MoCA, controlled for age
and sex. The analysis was performed separately for Ap
(+)CBS and AB(—)CBS.

Asymmetry of ['®F|PI-2620 PET scans was judged
visually and semiquantitatively. An expert reader rated
the presence of asymmetric tracer distribution of the
whole scan taking cortical and subcortical regions into
account (none, left, right). The asymmetry index for
["®F|PI-2620-binding asymmetry was calculated using a
subcortical volume of interest composed of the putamen
and the globus pallidus because the topology of asym-
metry in cortical regions was too heterogeneous for a
standardized quantification. Clinical symptoms were
graded for asymmetry as 0 (both sides equally affected),
1 (mild clinical asymmetry), 2 (moderate clinical asym-
metry), or 3 (strong clinical asymmetry) for left and
right hemispheres based on a movement disorder spe-
cialist’s neurological examination and clinical score
findings in the PSPRS and DATE. Agreement of visual
['8F]PI-2620-PET asymmetry and the presence of con-
tralateral clinical symptom asymmetry (=1, asymmetric)
was assessed by Fleiss-Kappa. For semiquantitative

analysis, Spearman’s coefficient of correlation (r,) was
calculated between the asymmetry index of ['*F|PI-
2620 PET and clinical asymmetry.

Results

Demographics and Amyloid Status

Performance of ['®F|PI-2620 PET occurred in
45 patients (71.5 + 7.6 years) and 14 age-matched con-
trols without clinical evidence of neurodegenerative dis-
eases (67.4 = 9.5 years). Detailed demographic and
clinical data of the study sample are provided in
Table 1. Single patient data are provided in File S1
(Table S2 in File S1).

As positive controls for the Ap PET and CSF ana-
lyses, we used data from 12 patients with typical AD
(8 women, 4 men; 67.0 + 8.1 years; 6 with dementia,
6 with MCI), reported in detail elsewhere.?! In all AD
cases, the AP status was positive in both CSF and PET.

In the sample of the current study, all 14 controls
were amyloid negative (AB[—]) in Ap PET. In all
34 CBS patients with both Ap PET and CSF available,
the Ap status was consistent for both biomarkers (8 Ap[
+1/26 AB[ —]).

Twenty-four percent of the CBS cohort (11 of 45)
were amyloid positive, indicating AD pathology with
atypical, nonamnestic clinical manifestations. Seventy-

TABLE 1 Demographics at group level
Demographics All CBS AfB(+) CBS AB(—) CBS CTRL
n 45 11 34 14
Sex 18 3/27 @ 33/8¢Q 153/19 @ 53/9¢9
Age at examination (y) 715+ 7.6 762 + 4.6°¢ 69.9 £ 7.9° 67.4£9.5
Age at disease onset (y) 68.7 77 73.5 + 4.6° 67.1+79°¢ n.a.
Disease duration (mo) 32T =197 32.0 £ 20.1 32:8 £ 19.3 n.a.
PSPRS 25.7 £ 12.0 233156 265133 n.a.
PSP-CDS 2105110 2240 1.9 £ 0.6 n.a.
SEADL 64.8 + 17.8 66.7 £ 8.2 642 198 n.a.
Verbal fluency test 17100 14+1.1 1:8 =171 n.a.
MoCA 213 61 16.9 +7.3%¢ 22.6,£:652%S 288+ 1.6
DATE 413+ 13.2 32.6 + 12.6° 439 + 12.4¢ n.a.
AB-positive PET (['*F]flutemetamol or [**F| 9/38 9/9 0/29 0/14
florbetaben)
AB-positive CSF (A ratio < 5.5%) 10/41 10/10 0/31 0/4
Diagnostic allocation 11 atypical AD with 17 probable CBD-CBS, n.a.
CBS 17 possible CBD-CBS?,
24 probable 4R
tauopathy,
10 s.0. PSP-CBS'
Data are presented as mean + standard deviation, unless indicated otherwise. Demographics were statistically tested by ANOVA or chi-square test.
*P < 0.05; °P < 0.01 of group differences between study population and controls; “P < 0.05 of group differences between AB-positive and AP-negative CBS patients.
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FIG. 1. Voxel-based differences in ["®F]PI-2620 binding in predefined tauopathy target regions. (A) Average ['°F]PI-2620 distribution volume ratio (DVR) bind-
ing maps presented as axial overlays on a standard MRI template for all study groups (AB[+]CBS, n = 11; A[-]CBS, n = 34; and controls (CTRL), n = 14).
Extracerebral voxels were masked. Images from patients with left-dominant symptoms were flipped. (B, C) ['®F]PI-2620 DVR comparison between Ap(+)
CBS, AB(—) CBS, and CTRL for 14 evaluated subcortical (B) and cortical (C) target regions. Statistics derive from multivariate analysis of variance including
age and sex as covariates and false discovery rate correction for multiple brain regions. Error bars indicate standard error. *P < 0.05; **P < 0.01; ***P < 0.001
indicate significant ["®F]PI-2620-DVR group differences of Aj(+)CBS and Ap(—)CBS versus CTRL. [Color figure can be viewed at wileyonlinelibrary.com]
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six percent (34 of 45) were amyloid negative (Ap[—]
CBS), of which 10 qualified for “suggestive of PSP with
CBS phenotype” and 24 for “probable 4R tauopathy™’;
17 cases each fulfilled the diagnosis of CBS with “possi-
ble CBD” or “probable CBD,” respectively.>

Age at examination of AB(+)CBS patients (76.2 +

4.6 years) was significantly higher compared with both

AB(—)CBS (69.9 + 7.7 years, P = 0.0156) and controls
(67.4 £ 9.5 years, P = 0.0097). The 2 groups did not
significantly differ with regard to disease duration/
severity, activities of daily living, and verbal fluency
(Table 1).

MoCA was significantly reduced versus controls
(28.8 + 1.6) in both AB(+)CBS (16.9 + 7.3, P = 0.004)

TABLE 2 ["*FJPI-2620-PET results at group level

['®F]PI-2620 distribution volume ratio Cohen’s d
Subcortical AB(-)  AB(+)
target CBS/ CBS/
regions AB(—)CBS, n = 34 AB(+)CBS, n = 11 CTRL, n = 14 CTRL CTRL
Globus 1.143 % 0.104 (1.107-1.179)° 1.144 +£ 0.083 (1.088-1.200)* 1.037 £ 0.063 (1.000-1.073) 1.242 1.453
pallidus
externus
Globus 1154 £ 0.098 (1.120-1.189)°  1.146 £ 0.065 (1.102-1.189)  1.053 £ 0.089 (1.002-1.105)  1.082 1.190
pallidus
internus
Putamen 1.171 &+ 0.094 (1.139-1.204)° 1.174 £ 0.088 (1.115-1.232)" 1.028 + 0.061 (0.992-1.063) 1.813 1.926
Subthalamic 1.192 + 0.079 (1.165-1.220)" 1.148 + 0.085 (1.091-1.205) 1.085 + 0.103 (1.025-1.144) 1.173 0.672
nucleus
Substantia 1.171 £ 0.067 (1.147-1.194) 1.121 £ 0.077 (1.069-1.172) 1.118 &+ 0.070 (1.077-1.158) 0.769 0.037
nigra
Dentate 1.135 + 0.065 (1.112—-1.158) 1.117 £ 0.043 (1.088-1.146) 1.103 #+ 0.031 (1.085-1.121) 0.630 0.385
nucleus
Midbrain 0.999 £ 0.070 (0.975-1.024) 0.962 + 0.078 (0.909-1.014) 0.975 £+ 0.071 (0.935-1.016) 0.337 —0.184
Cortical AB(-) AB(+)
target CBS/ CBS/
regions AB(—)CBS, n = 34 AP(+)CBS, n = 11 CTRL, n = 14 CTRL CTRL
MPFC 0.942 + 0.073 (0.916-0.967) 1.043 £ 0.149 (0.943-1.143)"  0.910 £ 0.062 (0.874-0.947) 0.455 1.156
DLPFC 0.979 £ 0.061 (0.957-1.000)"  1.093 £ 0.195 (0.962—-1.224)"  0.925 + 0.045 (0.899-0.951) 1.000 1.186
Motor 0.893 £ 0.105 (0.856-0.930)  1.064 £ 0.257 (0.891-1.237)"  0.861 = 0.099 (0.804-0.919) 0.307 1.040
cortex
Anterior 0.849 + 0.059 (0.828-0.870)  0.902 =+ 0.138 (0.809-0.995)  0.874 + 0.088 (0.823-0.925) —0.332 0.243
cingulate
gyrus
Postcentral ~ 0.891 £ 0.071 (0.866-0.916)  1.021 & 0.244 (0.857-1.184)"  0.879 = 0.071 (0.838-0.920) 0.173 0.788
gyrus
Parietal 0.942 £ 0.065 (0.919-0.965) 1.080 £+ 0.277 (0.894-1.266)"  0.928 =+ 0.073 (0.885-0.970) 0.207 0.753
lobe
Temporal 0.963 £ 0.047 (0.946-0.979)  1.049 £ 0.087 (0.991-1.107)  0.965 % 0.057 (0.932—0.998) —0.039 1.147
mesial
lobe
Temporal  0.955 + 0.045 (0.939-0.970)  1.073 £ 0.142 (0.977-1.168)"  0.958 + 0.051 (0.929-0.988)  —0.079 1.072
lateral
lobe

-8 : x . 3 WY - . ;
Values represent regional group means of ['"F]PI-2620 distribution volume ratios as determined by PET imaging, the standard error, and their 95% confidence interval in
predefined subcortical and cortical brain areas and the effect size Cohen’s d. Single subject values are illustrated in Figure 1. Significance levels are indicated by *P < 0.05,
PP < 0.01, “P < 0.001. P values were derived from multivariate analysis of variance with age and sex as covariates and false discovery rate correction for multiple brain regions.
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{ ['®F]PI-2620 PET IN CORTICOBASAL SYNDROME
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FIG. 2. Regional ['®F]PI-2620 PET positivity. (A) AB(—)CBS, n = 34; (B) AB(+)CBS, n = 11; (C) typical AD, n = 12. (A-C) ['®F]PI-2620 PET percentage
positivity of single voxels was calculated in a 2-step approach. First, binarized maps of ['®F]PI-2620 PET positivity were calculated for each patient
against controls (MV + 2 SD control threshold). Second, the percentage positivity within the groups of AB(-+)CBS, Ap(—)CBS, and Ap(+)-typical AD was
calculated and illustrated. Arrows highlight the pre- and postcentral gyri that are spared from tracer deposition in Ap(+) typical AD but rich in tracer
deposition in Ap(+)CBS. (D) For a multiregion classifier for diagnosis of CBS by ['®F]PI-2620 PET, semiquantitative classification (red, positive;
green, negative) of CBS target regions was performed by applying a threshold of mean + 2 standard deviations as obtained from the controls without
objectified memory impairment and with intact motor function. One positive region defined the scan as global positive (Global). AB(—)CBS patients are
arranged according to the MDS-PSP criteria." [Color figure can be viewed at wileyonlinelibrary.com]

and AB(—)CBS (22.6 + 5.2, P = 0.0124), with Ap(+)
CBS patients significantly more affected by cognitive
impairment than AB(—)CBS patients (P = 0.0126).

The DATE yielded significantly lower scores (indicat-
ing more prominent apraxia) in AP(+)CBS patients
(32.6 + 12.6) compared with Ap(—)CBS
patients (43.9 + 12.4, P = 0.0294).

Distribution of ['®F]PI1-2620 Binding

Predefined subcortical regions of interest had signifi-
cantly elevated ['®F]PI-2620 DVRs in both CBS groups
versus controls, with the strongest differences in puta-
men (Fig. 1A,B; Table 2). AB(+)CBS displayed higher
['®F]PI-2620 DVRs compared with controls in several
cortical target regions (Fig. 1A,C; Table 2). Ap(—)CBS

patients showed higher ['*F]PI-2620 DVRs compared
with controls in the DLPFC (Fig. 1A,C; Table 2).

In both CBS groups, regional subcortical ['*F|PI-
2620 positivity (threshold > MV + 2 SD of controls)
was of similar magnitude (Fig. 2A,B). Ap(+)CBS
patients yielded regional ['®F]PI-2620 positivity com-
pared with AB(—)CBS in cortical areas, most pro-
nounced in the central region and prefrontal cortex
(Fig. 2A,B). Only AP(+)CBS patients also showed
regional ['8F]PI-2620 positivity versus controls in pre-
and postcentral gyri, which were spared in Ap(+) typi-
cal AD patients with amnestic syndromes,”' used as a
positive control data set (Fig. 2B,C).

A multiregion classifier for ['*F]PI-2620 using a DVR
threshold (>MV + 2 SD of controls) was calculated to

Movement Disorders, 2021 7
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FIG. 3. Correlations between clinical symptoms and ['®F]PI-2620 PET in CBS. (A) Correlation matrix between ['®F]PI-2620 DVR in all evaluated target
regions and clinical parameters. Color coding illustrates partial correlations (Pearson’s coefficient of correlation, red, positive; purple, negative) with cor-
rection for age and sex. The analysis was performed separately for Ap-positive and AB-negative CBS patients. Only associations with a significance of
P <0.05 are illustrated. (B-E) Key associations between parameters of disease duration/progression and ['®F]PI-2620-DVR data. R/P values derive
from partial correlation, controlled for age and sex. (F) Asymmetric clinical presentation (@asymmetry grading between left- and right-dominant symp-
toms) as a function of the ['®F]PI-2620 PET asymmetry index in n = 41 CBS patients. The degree of association was calculated by Spearman’s correla-
tion coefficient. (G) Exemplary subcortical ['®F]PI-2620-DVR binding in a clinically right-dominant patient (upper row) and a clinically left-dominant
patient (lower row). [Color figure can be viewed at wileyonlinelibrary.com]

identify CBS patients based on PET data (Fig. 2D). This
approach yielded a sensitivity of 71% for the total
cohort (32 of 45), of 91% for Ap(+)CBS, and of 65%

for AP(—)CBS.

Cortical ['®F]PI-2620 binding in predefined target
regions was positive in 47% of all patients (21 of 45),
in 82% of AB(+)CBS patients (9 of 11), and in 35% of
AB(—)CBS patients (12 of 34); see Figure 2D. The
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DLPFC was the most frequently involved cortical target
region compared with controls (Ap(+)CBS, 73%; Ap
(—)CBS, 32%).

Associations of ['®F]PI-2620 Binding with
Clinical Symptoms

To assess the potential of ['®*F|PI-2620 as a bio-
marker of disease severity, a correlation analysis of
["*F]PI-2620 DVR in predefined target regions and clin-
ical parameters was performed.

Figure 3A shows a correlation matrix between all tar-
get regions and clinical parameters. In general, clinical
scales correlated well with each other in AB(—)CBS, but
less so in AP(+)CBS patients. Also ['®F]PI-2620 DVRs
in subcortical regions correlated well with each other in
AB(—)CBS patients, but less so in AB(+)CBS patients.
Inversely, ['*F]PI-2620 DVRs in cortical regions corre-
lated well with each other in AB(+)CBS patients, but
less so in Ap(—)CBS patients.

Key associations between ['®F|PI-2620-DVR data
and clinical parameters corrected for age, sex, and mul-
tiple comparisons are displayed in Figure 3B-E.

In AB(—)CBS, but not AP(+)CBS, disease duration
was positively correlated with ['"*F|PI-2620 DVRs in
the DLPEC (R = 0.405, P = 0.029; Fig. 3A,B). Also,
PSP-CDS scores were positively correlated with ['F]PI-
2620 DVRs in cortical regions (Fig. 3A), most pro-
nounced in the postcentral gyrus (R = 0.492,
P = 0.009; Fig. 3C) in AB(—)CBS, but not AB(+) CBS.
In AP(—)CBS patients, ['**F|PI-2620 DVR in subcortical
target regions did not correlate significantly with clini-
cal parameters.

In contrast, in AP(+)CBS patients, PSP-CDS scores
were positively correlated with ['*F]PI-2620 DVRs in
subcortical regions (Fig. 3A), most pronounced in the
substantia nigra (R = 0.881, P = 0.009; Fig. 3D). Also,
PSPRS scores were positively correlated with ['F]PI-
2620 DVR in the subthalamic nucleus (R = 0.910,
P = 0.004; Fig. 3A,E) in AB(+)CBS, but not Ap(—)CBS.
Verbal fluency positively correlated with ['®F]PI-2620
DVR in several cortical areas (Fig. 3A) only in AB(+)
CBS patients. Tracer binding did not significantly corre-
late with MoCA, DATE, or SEADL.

With regard to asymmetry of phenotype manifestations,
asymmetric presentation of subcortical and cortical symp-
toms coincided on the same side of the body in all
patients (see File S1 for details). An observer-blinded
visual read of the asymmetry of ['*F|PI-2620 tracer
uptake matched the contralateral clinical dominance in
75% of cases (see Table S3 in File S1). A semiquantitative
analysis of asymmetry indicated that lateralization of the
['®F]P1-2620 signal reflected asymmetry of clinical symp-
toms in CBS to the hemisphere contralateral of the clinical
phenotype (r, = —0.536, P < 0.001; Fig. 3F). Figure 3G
shows an exemplary subcortical ['*F]PI-2620-DVR
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binding in a clinically left-dominant patient and right-
dominant patient.

Discussion

We present the first study applying the novel tau PET
tracer ['*F|PI-2620 in a cohort of CBS patients with
underlying probable 3R/4R- or 4R tauopathy. Our data
indicate elevated tracer retention in cortical and subcor-
tical brain areas of AB(+)CBS and AP(—)CBS patients
when compared with cognitively healthy controls with-
out motor symptoms. Strongest binding differences
between CBS patients and controls were seen in the
putamen and in the globus pallidus. Cortical binding
was higher and more frequent in AB(+)CBS compared
with AB(—)CBS patients, with DLPFC being the most
frequently positive cortical area in both subgroups. In
additional, AB(+)CBS patients showed an elevated ['*F]
PI-2620 binding in pre- and postcentral gyri in contrast
to amnestic AD patients. A positive ['*F]PI-2620 PET
was observed in 91% of AP(+)CBS patients and in
65% of all AB(—)CBS patients, which is in excellent
agreement with prior clinicopathological data. Af sta-
tus in amyloid PET and CSF was coherent in all CBS
patients, with AP positivity in 24%. Asymmetry of
['8F]PI-2620-PET binding corresponded to the contra-
lateral dominance of the clinical phenotype.

The main question still remained: if the next-
generation tau-PET ligands have the ability to capture
4R tau in vivo. Subcortical brain areas are subject to
several relevant  off-target  sources such as
neuromelanin, iron, or microhemorrhage,** but partic-
ularly cortical binding in 4R-tauopathy patients could
substantiate the claim to image 4R tau in vivo. Our pre-
vious ['"®F]PI-2620 investigation revealed blockable
tracer binding in cortical autoradiography of deceased
PSP patients, but we were not able to show an elevated
cortical signal of PSP patients against controls at the
group level by PET in vivo.>! In the current study, we
found a significantly elevated binding in the DLPFC of
AB(—)CBS patients compared with controls, which was
still present after correction for multiple comparisons.
Our observation fitted topologically to the cortical pre-
dilection sites of CBD, involving the motor cortices,
which are also characterized by the strongest neuronal
injury.>* Thus, although we acknowledge missing
autopsy validation in CBS patients, our data provide
the first promising data suggesting in vivo 4R-tau detec-
tion in an AB(—)CBS cohort by a next-generation tau
tracer with limited off-target binding.>° As a potential
caveat, we note that the tracer binding observed in our
study could still derive from a neuropathological pro-
cess very closely paralleling tau pathology. Claims of
4R-tau binding in vivo indeed need to be interpreted
with caution because a quantitative correlation between
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["®FJAV-1451 PET and 4R-tau burden in autopsy has
been reported*® despite the low or absent autoradiogra-
phy binding of this tracer.>*?” Earlier studies with the
2-arylquinoline ['*F]THKS351 suggested to detect tau
in CBS in vivo,®® but the majority of the signal was
afterward reported to depend on monoamine oxidase
binding.>* However, a very recent study of ['*F|PM-
PBB3 also showed tracer binding to 4R tau in vitro and
pathology controlled in vivo retention was observed in
the motor cortex of few CBS patients.*” There have
been previous studies evaluating ['*F]JAV-1451 PET in
CBS, showing an increase in tracer uptake in the motor
cortex and basal ganglia contralateral to the clinical
phenotype,*'** but these studies investigated substan-
tially smaller CBS cohorts and only 1 study compared 2
AB(+)CBS and 6 AB(—)CBS with each other.*?

Together with our study, this suggests that PET imag-
ing of tau pathology is potentially feasible in CBS with
fluorinated next-generation tracers with less off-target
binding. Barring head-to-head-comparison studies, it is
not possible to ascertain which tau-PET tracer performs
better than the other.

Importantly, the cortical ['®F|PI-2620 signal of Ap(+)
cases was stronger and more widespread compared
with that of AP(—)CBS cases. This fits to the lower
affinity of the compound reported for 4R-tau binding
compared with 3R/4R tau,*® which was also reflected
by different kinetic profiles in vivo.”! Thus, affinity dif-
ferences need to be taken into account when comparing
['8F]PI-2620-PET data quantitatively. To circumvent
this issue, we calculated the percentage of patient posi-
tivity per voxel in subgroups of AB(+)CBS and Ap(—)
CBS, which is less sensitive to differences in the binding
magnitude. This approach showed that AB(+) and Ap
(—) cases had a similar frequency of ['*F]PI-2620 posi-
tivity in the basal ganglia but Ap(+)CBS patients had
more frequent ["®F]PI-2620-positive voxels in the cor-
tex compared with AP(—)CBS patients. The putamen
and the external part of the globus pallidus showed the
highest discrimination rate in the whole CBS cohort
against controls. Noteworthily, our data in PSP with
Richardson syndrome patients indicated the best dis-
crimination between patients and controls for the inter-
nal part of the globus pallidus and also had more
frequent elevation in the subthalamic nucleus and the
substantia nigra.?! Thus, patterns of ['*F]PI-2620 bind-
ing differed in CBS compared with PSP, indicating a
shift in ['"*F|PI-2620 binding toward brain areas with
higher brain function when compared with our clinical
PSP series, composed predominantly of Richardson
syndrome patients.

Interestingly, cognition was more impaired in AB(+)
CBS than in AB(—)CBS patients, whereas motor symp-
toms did not differ between the 2 groups. This fits with
the high frequency of ['*F]PI-2620 positivity in the sup-
plemental motor areas of both groups, whereas

parietotemporal areas were only affected in the AB(+)
CBS group. In addition, we noted a correlation of the
[**FIPI-2620 DVRs in cortical regions in Ap(+)CBS,
whereas Ap(—)CBS ['*F]PI-2620 DVRs in subcortical
regions correlated with each other.

In contrast to our AP(+)CBS cohort, the pre- and
postcentral gyri in amnestic AD patients are usually
spared of tracer deposition,”' which may serve as an
important diagnostic clue for AD patients with different
phenotypes.

Even though ["*F]PI-2620 binding was higher in cor-
tical regions in patients with atypical AD with the CBS
phenotype, there was no significant correlation between
cognition and tracer retention. Relatively low correla-
tions between ['®F|PI-2620 binding and the clinical
phenotype (cognition, apraxia, verbal fluency) may
stem from variable or nonlinear sensitivity of clinical
rating scales for the assessment of CBS, especially for
AB(+) patients. Surprisingly, different CBS-relevant
clinical rating scales correlated weakly or not with each
other in our cohort of AB(+)CBS patients, whereas the
same scales correlated well with each other in the AB
(—)CBS group.

Importantly, we found a positive association between
disease duration and ['®F]PI-2620 binding in the
DLPFC in AB(—)CBS, which indicates that neuropa-
thology potentially increases during the disease course
in this area. In previous studies, the relation of disease
duration or disease severity and early tau-tracer binding
has been shown to be inconsistent when 4R tauopathies
were assessed.'*'>*45 A limitation of the correlation
analysis between tracer uptake and disease duration
may also be caused by a discrepancy between subjective
symptom onset and clinical assessment of cognitive and
motor dysfunction, as disease duration is defined as the
time between subjective symptom onset and PET imag-
ing. Also, it has to be taken into account that our anal-
ysis of comparisons between clinical data and ['*F]PI-
2620 binding DVRs, was corrected for age and sex, but
not for multiple comparisons. Nonetheless, the correla-
tion matrix may already give an impression of potential
correlations in larger cohorts.

Longitudinal studies will need to address if an
increase over time can be monitored by ['®F]PI-2620
PET in CBS.

Amyloid PET and CSF assessments were used to
detect the p-amyloid status and were fully matched in
all patients, indicating for the first time in CBS patients
that both methods serve as a reliable biomarker to pre-
dict AD pathology. Either examination may be used for
clinical decision taking in CBS patients.

The observed proportion of 24% of the cohort being
AP positive fits well with the expected distribution of
AD neuropathology in CBS® and indicates a coherence
of postmortem pathology and antemortem biomarker—
based classification for Ap(+)CBS. Proportions of cases
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with negative Ap PET and negative ['*F|PI-2620 PET
(35%, 12 of 34) are similar to non—4R tauopathy
autopsy results of 31% in clinical CBS cases.” How-
ever, we note a limited sensitivity of the tracer, espe-
cially for diagnosis of suggestive of PSP-CBS.

Our more general rating of asymmetry of clinical
symptoms corresponded very well with contralateral
dominance of ['®F|PI-2620 binding, suggesting that
neuropathology is detected where it causes brain
dysfunction.

Given the nature of a rare disease, the relatively small
number of 45 CBS patients, of whom 11 patients were
AP positive, needs to be considered as a limitation of
our study. Furthermore, as all observed patients are still
alive, so far there is no autopsy validation available of
the studied clinically diagnosed cases. Taken together,
longitudinal PET studies and autopsy validation are
needed for further exploration of in vivo tau PET as a
diagnostic and progression biomarker in CBS.** The
current AB(+) and AB(—)CBS study population will be
followed clinically and by serial tau PET to address
these questions.

Conclusion

Our results show that ['®F]PI-2620-PET imaging is a
useful biomarker for evaluation of CBS, facilitating
detection of heterogeneous neuropathology with differ-
ences in tracer binding between probable 3R/4R
tauopathy AP(+)CBS and AP(—)CBS cases. ['*F|PI-
2620 is a sensitive marker to detect tau binding in Ap
(+)CBS with underlying AD pathology. Elevated corti-
cal tracer binding in the DLPFC was found in both
probable 3R/4R and AB(—)CBS cases. Hence, ['*F|PI-
2620 PET may serve as a molecular diagnostic marker,
detecting tau pathology in various cortical and subcor-
tical sites. Thus, the combination of ['®F]PI-2620 with
AP status (PET or CSF) in CBS may allow the identifi-
cation of CBS patients for tau-targeting therapeutic
trials.

Future work with autopsy validation and longitudi-
nal imaging and clinical assessment in CBS patients will
have to investigate sensitivity to change, that is, the use-
fulness of ['®F]PI-2620 as a progression biomarker and
as possible target-engagement marker for therapeutic
studies. ®
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