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11 Beitrag zu Paper |

Development and preclinical evaluation of coppe64 labeled antibody targeting glycineal-
anine dipeptides for PET imaging of C9orf72 associated amyotrophic lateral sclerosis/ fron-

totemporal dementia

1.1.1 Contributions Summary

1 Method development including the modification and labeling of antibodies, conducting ex-
periments, data analysis, and statistical analysis
1 The initial draft of the paper was written by Monireh Shojaei

1.1.2 Detailed Contributions

Section Responsibility & Contribution Text

Method Development and Es-
tablishment for Antibody
Modification and Labeling
Methods

[#*Cu]Cu-NODAGA-MAb1A12 -

. . ) Figure B, 1C, 1D, 1E,
HPLC (UV and Radio), Radi®LC, in
Quality Control vitro stability, SDSPage Ex vivoradio Figure S2A, S2B, S2C, S2D
TLC
Figure 4D, 4E

In vitro autoradiography on the brain

section of GA Camk2a, WT

In vitro experiment Figure 2E, 2F, 2G, 2H

Specificity (Blocking) experiment

PET/CT imaging (Animal handling/ex-

periment) of two mouse groufs=24), Figure 3A, 3B, 3C, 3D

PET/CT including GA Camk2aand WT at 2h, Figure S4
20h, and 40h p.i.
Biodistribution (Animal handling/experi
Biodistribution, ment) of two mouse grouga=24), in- Figure 4A, 4B, 4C
o _ cluding GA Camk2aand WT at 2h,
Statistical analysis 20h, and 40h p.i., along with related da Table S2
and statistical analysis.

Ex vivo autoradiography, Ex vivoautoradiography experiment o Figure 4F, 4G, 4H

GA’ Camk2aand WT, along with re-
Statistical analysis lated data analysis.
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Manuscript writing Initial draft =

1.2 Beitr aperu ||

PET i maging of microglia i n6dhlbelechTREMAEantidbdiesdi s e

1.2.1 Contributions Summary

1 The project was initiated by Monireh Shojaei

1 Method development including the modification and labeling of antibodies, conducting ex-
periments, data analysend statistical analysis

1 The initial draft of the paper was written by Monireh Shojaei

Rationale for the Division of First Authorship:

1 The merger of two projects within a thematic complex, and the temporal offset of both
doctoral theses

1.2.2 Detailed Contributions

Section Responsibility & Contribution Text
64Cu]CuU-NODAGA-ATV:4D9,
Development and Establish- [ ] Table 1 (Cozhé)rt 1A, 1B, 2A,
ment of Methods for Antibody [6“Cu]C-NODAGA-4D9, )
Modification and Labeling
[¢Cu]Cu NODAGA14D3 Table 2
Quality Control HPLC (UV and Radio), RadidLC, in Figure S2A, S2B, S2C, S2D
y vitro stability S2E, S3A

In vitro autoradiography on the brain
. o /hi . /h
In vitro Autoradiography section of XFAD;TfR™W/h WT; TfRmu/hu

Figure 1A, 1B
Specificity (Blocking) experiment
Biodistribution (Animal handling/experi
ment) of 4mousegroups (n=72) includ- Figure 2A, 2B, 2C,
Biodistribution, ing SXFAD;TfR™/ WT; TfRMuY
5XFAD, WT at 2h, 20h and 40h p.i., Figure S5
Statistical analysis
along with related data and statistica Table S1, S2

analysis.
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PETI/CT,

Statistical analysis

PET/CT imaging (Animal handling/ex-|

periment) of 4nousegroups (n=72) in-

cluding XFAD; TfR™/ WT; TfR™/
5xFAD, WT at 2h, 20h and 40h p.i.,

along with related data and statistica
analysis.

Figure 3A, 3B, 3C, 3D
Figure S6
Table S3, S4, S5

SPM,

Statistical analysis

PET-to-biodistribution correlation, SPM
image generation

Data analysis

Figure 4A, 4B, 4C
Table S8, S9

Ex vivoautoradiography,

Statistical analysis

Ex vivoautoradiography experiment of
mousegroups including
5XFAD;TfR™/ \WT; TfR™/Y 5XFAD,
WT at 2h, 20h, and 40h p.i., along wit
related data and statistical analysis.

Figure 5A, 5B, 5C

Human anti-TREM2 autora-
diography

Autoradiography on the brain section ¢
AD patient

Figure S12C

Manuscript writing

Initial draft
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2. Summary

Purpose:

Neuroinflammation is a central process in response to brain injuries. As a complex process, neu-
roinflammation is challenging to assess comprehensimehyo, making its exact role in neuro-
degenerative diseases (NDDs) uncléwwever,some aspects of neuroinflammation such as mi-
croglia activation can be assessed/ivo using imaging techniques like Positron Emission To-
mography (PET). PET imaging of activated microglia serves as a biomarker for neuroinflamma-
tion, providing valuable iformationaboutthis process in living subjectisataids in detecting and
diagnosing NDDst an early stagET is a norinvasive imaging technigueell-suitedfor this
purpose due to its high sensitivity and spatial resolutidinroglial activation and function are
strongly associated with an immune receptor called Triggering Receptor Expressed on Myeloid
Cell 2 (TREM2).In the first part of this study, | developed threePET-radiotracer sthat bind
specifically to mouseand human TREMZ2. | did investigations to evaluatehe tracer in vitro

and in vivo. TREM2 PET imaging allows observation of how microglial cells behave during dis-
ease progressiohe physiology and mechanisms of activated microgdia be monitored and
measuredn vivo, which provides valuable data associated with neuroinflammatiowarious
NDDs.

The second part of this studys focused on developing a radioligand that specifically binds

to the poly(glycinealanine) (poly-GA) protein. A comprehensive preclinicakevaluationof the

tracer was conductedooth in vitro and in vivo. Poly-GA proteinresults from thenconventional
translation ofthe (G4C2)n repeat expansiom the C9orf72gere. Poly-GA proteinis asociated

with Amyotrophic Lateral Scleros{$\LS) and Frontotemporal Dementia (FT,R2rcumulang in
theneuronal cytoplasmic inclusisof FTD/ALS patientsPoly-GA is toxic and can be transmitted
between cells, spreading its toxicity to other célllse development of a tracer that specifically
binds to PolyGA could potentially facilitate thimm vivomonitoring of PolyGA protein's accumu-
lation and distribution. This, in turn, may enable the tracking of disease progression in FTD/ALS
patients with C9orf72 mutations, offering a new tool for research assessment

Methods:

Radidracerdevelopmentfor both TREM2 and Pol5A targetsrelies primarily on monoclonal
antibodiegmADb), due to their high specificity and affinityor TREMZ2 the 4D9 antibody and its
variant with arengineered transport vehickeTV:4D9, were usedThe antibody transport vehicle
(ATV) binds tothe human transferrin receptor (hTfR) aodercomeghe transcytosidimitation

of the antibodybased raditwaceracrosshe bloodbrain barrier (BBB).The mAb1A12 antibody
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was usedo developthe poly-GA tracer To enable delivery of the radionuclide to the TREM2
and Poly-GA targets, | modified each antibody by conjugating it with the chelatop-NCS-
benzyFNODAGA. The affinity of the modified PolyGA antibodyandthe potencyof the modi-
fied TREM2 antibog were assesseeach antibody was radiolabeled with coppei64 using
optimized conditions to achieve high radiochemical puritf RCP) and specific activity (As)
while maintaining the antibody's structural integrity and binding affinity. The stability of
each tracer was investigatiedvitro (using HPLC) anax vivo(using SDSPAGE and radiel LC

of gel). In vitroautoradiographwas conductednthebrain sections of transgenic mice to evaluate
thet r a diading and to predict their suitability for subsequentivo experimentsFollowing
the in vitro characterization of receptor distribution and density in brain tissues, | conducted
in vivo evaluation of the tracer using PET imaging.To find the optimal tracer uptake and high
image quality, the scamweredoneat 2 h, 20 h, and 40 postinjection(p.i.). In addition to PET,
biodistribution vasusedto characterizé&acer enrichment in the brain and otbegansFor thein
vivo characterization of REM2 tracersthe 5xFAD mouse model was used. This mouse model is
genetically engineerdd expressnutations associated wikizheime diseas€AD). In this AD
mouse modelamyloid pathologyeads to a significantbetaamyloid (Ab) plaqueaccumulation in
cortical and hippocampal brain regions, associated mittroglid activation. Wild-type mice
(WT) were used as a negative contrbb test the potential of ATV antibody to enharmain
uptake over the BBBanamyloidogenesisnouse modekxpressinghe genetically engineered
hTfR alongside its native murine transferrin receptor (muTSRFAD; TfR™/") was usedwild-
type mice (WT; TIRY") were also included faromparison.

For translating to human imaging, the 14D3 antibody, which specifically binds to human
TREM2, was usedThe 14D3 antibody, which specifically binds to human TREM2, was con-
jugated with p-NCS-NODAGA chelator and subsequently radiolabeled with coppef4 un-
der optimized conditions. The resulting®*Cu]Cu-NODAGA -14D3 radiotracer was then uti-
lized forin vitro autoradiography studies on human brain tissue sections to evaluate its binding
characteristics and distribution in Alzheimer's disease pathology.

For PolyGA imaging | usedtransgenic mic€Tg) that expres&FR(GA)175specificallyin ex-
citatory neuronsinder the control of the Camk&are driver.This mouse model mimics aspects
of Poly-GA pathology associated with FTD/ALS diseases. As a control gtawged wildtype
(WT) mice that do not express the R@A protein.

Results:
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Antibody modification did not impadREM2 and PolyGA binding The ¢Cu-labeled antibod-
ies were obtained with high RCP, radiochemical yield (RCY), andAs. The binding of
ATV:4D9 to TREM2 and mAb1A12to Poly-GA targetswasdemonstratedto be specific The
stability of each tracer (copperchelator complex)was verifiedin vitro and ex viva
TREM2-PET imaging revealetigher tracer uptake in the cortex and hippocampusxB6AD
mice compared to WTIn addition,the brain uptake in mice expressih@fR was higher than in
those lackindhTfR. This result is due to activeacerbasedantibody transport via hTfR over the
BBB. Imaging at three different time points revea®&th p.i.as a robust imaging time poifthe
findings from PET imaging were further supportedeiyivoautoradiography analysiglevated
TREM2 tracer binding in the cortex of AD patients was demonstrated using hoiwvigno auto-

radiography.

My initial evaluation of thg®*Cu]CuUNODAGA-mAb1A12, usingin vitro autoradiography on
brain slices fronTg mice, revealed a higher tracer uptake in the neocortex and hippoceonpus
pared to the WTThis result aligns withhte highesPoly-GA expressiorin these brain regi@as
measuredy animmunoassay experimerRoly-GA PET scans at thrdeme pointsrevealedhe
highest tracer uptake in the cortextainsgenic micealigning with thein vitro expermert. Fur-
thermore, the most significant difference in tracer uptake between transgeMéTamice was
revealed at 20 p.i., establishing it as a suitable timpeint for imaging.Biodistribution studies

showeda higher uptake at 20 h p.i. in the brain§ gimice.

Conclusion:

In this study, severaltracers were developedtargeting TREM2 and Poly-GA. These novel
tracers represent significant advancements in molecular imaging for neurodegenerative dis-
eases, potentially facilitating earlier diagnosis and providing new tools for evaluating thera-
peutic interventions.

The P*Cu]Cu-NODAGA-ATV:4D9 tracer revealed the potential to image TREM2 for the first
time in vivo. The ATV engineering fonTfR binding and transcytosis overcomes the BBB re-
striction for antibodybased PET radiotracefSuture studies should focus on optimizing these
tracers for clinical translation and exploring their applications in a broader range of neuro-
logical conditions.

The[%*Cu]CUWNODAGA-mAb1A12isintroducedas the first developed Pe(gA tracer. ltproved

to beafavorabletracer for preclinical imaging of C9orf72 ALS/FTD diseasesiouse modsl

While this study focuses on antibodypbased approaches due to their wekstablished high
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specificity and affinity, future research could explore these alternative targeting strategies

to potentially overcomethe limitations of BBB penetration.
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3. Zusammenfassung

Zweck:

Neuroinflammation ist ein zentraler Prozess im Gehirn und ein pathologisches Merkmal vieler
neurodegenerativer Erkrankungen. DidsanplexeProzess kann jedoctichtumfassendn vivo
dargestellt werden, sodass seine genaue Rolle unklar bleibt. Mikrogliazellen sind die priméren
Immunzellen im zentralen Nervensystem. Sie sind die Haupttreiber der Neuroinflammation. In
einem gesunden Gehirn befinden sich Mikroglia in einem homoostatiZeis¢éand. Beneurode-
generativen Vorgangen, wie der Ablagerung von AmyRl@ques, wechseln sie in einen aktivier-

ten ZustandDie Funktion der Mikroglia ist stark mit einem Immunrezeptor namens Triggering
Receptor Expressed on MyeloidlSe (TREM2) verbunden. Der Verlust der TRENFRNnktion
beeinflusst direkt die Aktivitat der Mikroglia. Die Quantifizierung dysregulierter Mikrogliazellen

im Fruhstadium ist entscheidend fur das Verstandnis der Neuroinflammation, was bei der Erken-
nung undDiagnose von neurodegenerativen Erkrankungen eine wichtige Rolle spielt. Aktivierte
Mikroglia kbnnenin vivo mittels PositronefemissionsTomographie (PET) untersucht werden.
PET ist eine nichinvasive Bildgebungstechnik, die sich aufgrund ihrer hohenfiaighkeit

und raumlichen Auflésung fur diesen Zweck eigthet.ersten Teidieser Studievurdeein PETF
Radiotraceentwickelt der spezifisch an TREM2 bindet. Mit KleiniBET kénnenPhysiologie

und Veranderungen von Mikrogliazellen wahrend des Krankheitsvertaufgo iberwacht und

evaluiertwerden.

Der zweite Teil dieser Studie konzentriert sich auf die Entwicklung eines Radioliganden, der spe-
zifisch an das PolGlycin-Alanin)-Protein(Poly-GA) bindet. PolyGA-Protein entsteht durch die
unkonventionelle Translation dé54C2)n RepeatErweiterungm C9orf72Gen. PolyGA-Protein

ist mit Amyotropher Lateralsklerose und Frontotemporaler Demenz (FTD/ALS) assoziiert und
reichertsich in den neuronalen zytoplasmatischen Einschliissen von FTERAtiénten an. Poly

GA ist toxisch und kann zwischen Zellen ttb&gen werden, woduratsseine Toxizitat auf an-

dere Zellen Uberéigt Die Entwicklung eines Tracers, der spezifisch an #lybindet, konnte
verwendet werden, um PeHA in vivo zu detektiererund somit die Verfolgung des Krankheits-
verlaufs bei FTD/ALSPatienten zu ermdglichen.

Methoden:

Die Entwicklung von Radiotracern fur sowohl TREM2 als auch &y basierthauptsachlich

auf monoklonalen Antikérpern (mAbjia diese einbohe Spezifitdt und Affinitéaufweisen Fur
TREM2 wurde der 4DAntikorper und seia Variante mit einenTransportvehikel, ATV:4D9,
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verwendet. Das Antikdrperransportvehikel (ATV) bindet an déumanenTransferrinRezeptor
(hTfR) und Uberwindet diBlut-Hirn-Schranke (BBB)nittels rezeptorvermittelter Transzytose
Der mAb1A12Antikorper wurde zur Entwicklung des PeGA-Tracers verwendetUm Radio-
nuklide an die TREM2und PolyGA-Targetszu transportierenwurde jeder Antikdrper kovalent
mit einem Chelatop-NCS-benzyENODAGA, modifiziert. Die Affinitat des modifizierten Poly
GA-Antikorpers und did-unktionalitatdes modifizierten TEM2-Antikdrpers wurden tetétigt.
Die Antikorperwurden mit Kupfer64 markiert. Die Stabilitéat jedes Tracers wusdgohlin vitro
als auchex vivountersuchtin-vitro-Autoradiographie wurde aHirnschnitten von transgenen
Mausen durchgefiihrt, um die Bindung und Spezifitat der entwick¥@®rmarkierten Antikor-
per zu bewerten und ihre Eignung fur nachfolgandevo-Experimente vorherzusagen. Die Tra-
cer wurdenn vivomittels PEFBildgebung evaluiertUm den Zeitpunktler optimalen Tracerauf-
nahme zu finden, wurde der Scan 2 h, 20 h und 40 #yvahgefuhrt. Zusatzlich zur PET wurde
Biodistributiorsexperimeng durchgefuihrtum die Anreicherung des Tracers im Gehirn und in an-
deren Organen zcharakterisierent=Ur diein vivo Charakterisierung der TREMPracer wurde
das 5xFADMausmodell,ein Modell derAlzheimerKrankheit, verwendet. WildtyyMause wur-
den alsNegatikontrolle verwendetUm das Potenzial des AFXntikdrpers zur Verbesserung
der Gehirnaufnahme tber die BBB zu testen, wurd&xdifD-Mausmodell verwendet, das den
hTfR (5xFAD; TIR""Y) exprimiert.Entsprechendwildtyp-Mause (WT; TIR“") wurden eben-
falls zum Vergleich einbezogedm die Translationzu einer klinischen Anwendung zu adressie-
ren,wurde der 14D3Antikorper verwendet, der spezifischlammaneSREM2 bindetDer14D3
Antikorper wurde modifiziert undmit Kupfer-64 markiert. Die1l4D3Tracer wurde dr die in-
vitro-Autoradiographieanhumanen Hirngewebeschnittearwendet

Fur die PolyGA-Bildgebung wurden transgene Mause (Tg) verwendet, die(GRFL75 in exzi-
tatorischen Neuronen exprimierggsteuertiurch Camk2&Cre Dieses Mausmodell stellt die ty-
pische PolyGA-Pathologiedar, die mit FTD/ALSErkrankungen einhergehen. Als Kontroll-
gruppediente einWildtyp-Mausmodell, das PolA nicht exprimierte

Ergebnisse:

Die chemische Modifikation der Antikdrper hatte keimachteligenEinfluss auf die Bindung an
ihre jeweiligen Targets, TREM2 und PgBA. Die Markierung der Antikorper mit Kupféi4
wurde mit hoher radiochemischer Reinheit, radiochemisgbsbeutaund spezifischer Aktivitat
erreicht. Die Antikdrper ATV:4D9 undhAb1A12binden spezifisch an TREM2 bzw. PaBA.
Dies wurde durch ein Blockierungsexperiment mit einem #@6b6en Uberschuss an niataid-

oaktivem Antikorper bestatigt. Die Stabilitat jedes Trad&upferChelatorKomplex) wurden
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vitro undex vivobestatigt Die Anreicherung der Tracer im Gehirn der Mause wurde mittels PET
Bildgebungin vivocharakterisiert. Eine hohere Traceraufnahme wurde im Kortex und Hippocam-
pus von 5xFABMausen im Vergleich zu WildtyMausen beobachtet. TREMZET zeigte, dass

die Gehirnaufnahme bei Mausen, die hTfR exprimieren, hoher war als bei denen, eldkéh
exprimieren. Dieses Ergebnis ist auf den aktiven Antikorpertransport durch hTfR Uber die Blut
Hirn-Schranke zurtckzufiihreie Bildgebung zu dieverschiedenen Zeitpunkten zeigte, dass
20 h p.i. ein robuster Bildgebungszeitpunkt ist. Mikrogleache Regionen im Kortex und Hippo-
campus erklaren die erhdhte Radiotraceraufnahme in den Gehirnen von 5xFAB ‘MNRusen,

was durch eine voxeleise Korrelation zwischen der Hirnanreicherung aus Biodistribution und
TREM2 PET gezeigt wurde. Dexvivo-Autoradiographiergebnisse bestétigten die PETgeb-
nisse. Eine erhohte kortikale TREMZacerbindung auf Gewebeschnitten von AlzheHRatien-

ten wurde durh humanen-vitro-Autoradiographie nachgewiesen.

Die erste Bewertung de$*Cu]Cu-NODAGA-mAb1A12 mittelsin-vitro-Autoradiographie an
Gehirnschnitten von transgenen Mausen zeigte eine hohere Traceraufnahme im Neokortex und
Hippocampus im Vergleich zu Wildtyllausen Dieses Ergebnis stimmt mit der héchsten Poly
GA-Expression in diesen Gehirnregionen Ubensasdurch einlmmunoassapestatigt wurde.
Poly-GA-PET-Scans zu drei Zeitpunkten zeigten die hochste Traceraufnahme im Kortex von
transgenen Mausen, was mit dewvitro-Experiment tbereinstimmt. Daruber hinaus wurde der
signifikanteste Unterschied in der Tracdranme zwischen transgenen und \Mausen 20 p.i.
festgestelltwas diesen Zeitpunkt als geeigneten Bildgebungszeitpunkt bedba¢id@iodistribu-
tionsstudie zeigte eine hohere Traceraufnahme in den Gehirnen von transgenen Mausen 20 Stun-
den nach InjektiorDa der Antikorper eine landsologischeHalbwertszeit hat, zirkuliert er lange

im Blutkreislauf.

Schlussfolgerung:

In dieser Studie wurden Tracer entwickelt, die auf TREM2 und-B&lyabzielen Jeder Tracer
wurde mittels nichinvasiver PETBildgebungin vivo evaluiert. Der {*Cu]Cu-NODAGA-
ATV:4D9-Tracer zeigte das Potenzial, TREMRvivo zu visualisierenDie ATV-Technologie
erhohte die Effizienz des Transports antikdrperbasierter-R&liotracer Uber die Bhiirn-
Schranke. TREMPET ermoglichte die Detektion und Quantifizierung aktivierter Mikrogliazel-
len in vivo unter Verwendung eines ADlausmodells. Dies kdnnte eine nitzliche Methode zur
Untersuchung der Neuroinflammation bei weiteren inflammatorischen Erkrankungen sein.

Im zweiten Teil dieser Studieurde [**Cu]CuUNODAGA-MAb1A12 als erstePoly-GA-Tracer
vorgestellt. Dieser erwies sich als ein geeigneter Tracer fur die préklinische Bildgebung von
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C9orf72 ALS/FTDErkrankungen in Mausmodelleiirotz eingeschrankter Diffusion tber die
Blut-Hirn-Schranke wurden hochwertige PBilder generiert Ein mAbLA12-Antikorper, der
sich die rezeptorvermittelte Transzytose zu Nutze macht, kdnnte jedoch die Gehirnaufnahme des

Tracers Uber die IBt-Hirn-Schrankeerheblich verbessern.
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4. I ntroducti on

4.1 Neurodegenerative Diseases

Neurodegenerative diseasee a group of disorders characterized by progressive dysfunction and
loss of neurons in the central nervous syst@MS). * In NDD, nerve cells are lost in an irreversi-
ble processgausingcognitive and physical decliria patients?* While dementia primarily af-

fects adults, it can occasionally impact younger populations and, rarely, even children

There were more than 55 million people with dementia worldwide in 2019. This statistic, reported
by the World Health Organization (WHO), specifically refers to individuals agezhd@lder.

There are almost 10 million new cases @héntia every yeaf.In 2021, nearly 1.8 million people

in Germany lived with dementia aged 40 and above, and 1.7 million were in the age group of 65
and above. Predictions suggest that the number of affected individuals aged 65 and above could
increase to 2.8 million by 20560.2 The German Center for Neurodegenerative Diseases (DZNE)
estimated that the financial impact of dementia in Germany will roughly inciease33 billion

euros in 202@o nearly 195 billion euros by 2060

Dementia is a broad term that encompasses various types of cognitive disdlatezisner's dis-
ease is the most prevalent form of dementia, accounting for roughithinds (5660%) of all
cases® 1° Anotherform of dementia i§TD, which affectsthe behavior and language of patients.
8 10FTD occurshetweerthe ages o#5 and 65 years ofd andis closely relatetb ALS. 12 13ALS

is anotheNDD that affects the motor neurgrmswusing muscular atrophy and paralysis in patients
14 Protein accumulationn the CNSis critical in many NDDs Notably, AD ischaractrized by

i ntracel | ul arandtanprotenddpositiotp® aque s

Similarly, tau, TDR43, and FUS proteins can also be seeRTiD and ALS"*® Furthermore,
ALS/FTD patientswith C9orf72 mutationshowdipeptide repeat proteins (DPRS) in their CNS.

13 The proteinaccumulationscan contribute to neuroinflammatigrwhich may worsemeuro-
degeneration ?° Lecanematfrecommendedby EMA?! for treatmentand FDA-approved)
andAducanumal{fFDA-approvedl ar e t her apeuti c anti bodi es d e
hei mer 6 ¢*26BimsadyaRilezole, which gained approval in 1995 as an oral tablet, and
edaravone, approved in 2017 as an intravenous infusion, are two medications for ALS that slow
the progression of the diseade > However, these treatments do not address the main causes of

these diseases. Instead, they decelerate disease progression and extend the longevity. of patients
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Neuroinflammatiorhastwo contradictoryfunctionsin the brain defensive angrotective While
the inflammatory responses candretective againstariouspathogenschronicinflammaiton can
be harmful by prevening tissue repajrwhich leadso neuronal damagé&everalfactorssuch as
genetic mutatiomndprotein aggregationan caus sustainednflammation 2% 2’ Theprimary res-
ident macrophagesnicroglia 28, and astrocyte® 2° 3%are the mairtausesof chronic inflamma-
tory processs Persisteninflammatory responsesay eventually result iNDDs. 2® Therebre,

understanding neuroinflammation is esseritiatietecing and diagnasg NDDs at an early stage.

4.2 Molecular Imaging using Positron Emission Tomography (PET)
PETIis animaging technique&videly used asn effective diagnostic tool for various diseases,

cluding NDDs.3! PET is a comnonly usedimaging tehniquein modern nuclear medicinand

its applicatiols spardiverse regionsf the body It enablesioninvasivemeasuementand moni-

toring of disease progression and quantificatddmiological processswith high sensitivity * 3*

33 At theclinical level this techniquds often paired witrcomputedtomography(CT) (PET/CT),
offering acomprehensivperspectiven both morphological and functional dat43® The process
begins with the introduction of a radiotracer into the patient's bloodstream.

A radiotracer is a molecule labeled with radioactive isot@@esonuclides) specificallydesigned

for particularmolecuks within the bodyreferred to asargets A receptor, protein accumulation,

or transportecan servasatargetfor specific disease Radiotraces have highaffinity and spec-

ificity toward their intendedtarges. The distribution of radiotracers within the body is detected
using highly sensitive scintillation detectors arranged in a ring configuration around the patient.
These detectors capture the annihilation photons resulting from positron emission, enabling the
reconstruction of thredimensional images of radiotracer concentrattér’ A protonin thenu-
cleustransformsnto aneutron whichleads topositron( % emission The positrors emittedfrom
radionuclides annihilatewith surrounding electrons in thargeedtissue, reeasingtwo photons

( aw)th a definecenergy of 511 ke\th oppositedirectiors (Figure 1).The PET scanner captures
thesephotonpairs.In parallel, a CT scan employsrdys to create a detailed image of the body's
anatomyLater the software reconstrsthe location of the annihilation eveiithe fusion of PET

and CT images provides valualievivo information 38 39

Several positroemitting radionuclides are used for diagnostics, includiRgt2= 110 min),*C
(tr2=20 min),%*Cu (2= 12.7h), °8Ga (/2= 67.6min), and*®0 (t2= 2 min). 3> 37
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FIGURE 1 T h e* décay of a nucleus releases a neutrino (n) and a positron (e*), which interacts with surrounding
electrons, losing kinetic energy through collisions. After slowing down, the positron annihilates with an electron (ew),

producing t wo photons (92) wi t h a defined energy of
Created usingthe Al-assi sted figure generation wor kf-Assisted Figers Genardb ed i n
tiono.

4.3 Radiopharmaceuticals (Radiotracer s)
A radiopharmaceuticqbr radiotraceronsists of aarrier moleculgeradiolabelledwith a radio-

nuclide.Depending on the target protein and the application of radiotrtheszarrier molecule
can bea small organic moleculer a biomoleculesuch as an antibody or peptide 4

To develop new radiotracersjstessential to first identify specific proteins or cell surface recep-
tors (biomarkers) relevant to the pathology or process being investi¢até@nce a suitable

biomarker is identified, the next step is to develop or select a targeting molecule with high binding
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affinity and selectivity for that biomarker. Antibodies often serve as ideal targeting agents for this
purpose due to their high specificity and affiniBespite the immunogenigotential and large

size (about 150 kDa), which limitheir ability to pass across the BBB fmain imaging®, their

high specificity to their targanhakesthemoptimal carrier molecules for radiotraceSompared

to small molecules, antibodies typically exhibit supemovivo stability, with halflives ranging

from days to weeks?! Theyoften demonstrate higher affinity for their targets, with dissociation
constants (Kd) frequently in the nanomolar to picomolar rafigie makeshem essential biolog-

ical agents for diagnostic and therapeutic purposes. Their high affinity and spe@8aityinlow
background noise and higjuality images*® 4’ Thelast step ofadiotraceidevelopmenis radio-
labeling It is critical that the radiolabeilg does noimpair the binding ability and affinity of the

binderfor its target Figure2 providesa schematic representation of radiopharmaceuticals.

Radiopharmaceutical

Target Receptor Targeted Linker Chelator Radioactive
Protein Molecule compound

FIGURE 2: Schematic representation of radiopharmaceuticals comprising four main components: 1) radioactive com-
pound, 2) Chelator/Bifunctional chelator (BFC) and radiometal complex: BFC used in peptide-based radiopharmaceu-
ticals, 3) linker: connects the radionuclide to the targeted molecule, and 4) targeted molecule: can be an antibody that

specifically binds to the target protein. Adapted from 48
Created usingthe Al-assi sted figure generation wor kf-Assisted Flgers Gengrdb ed i n
tiono.

The selection of an appropriate radionuclide is essential in the development of a new radiotracer,
especiallythosebased on antibodiek the following chapter, the importance of thisliscussed

in detail
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4.4 Radionuclides
Radionuclides are unstaldéomic nuclethatpossess an excess amount of energy, neutrons, and

protons.In addition to naturdy occurringradionuclidesthey can beatrtificially produced Neu-
trontrich radionuclides are typically produced in nuclear reactors, while primfomadionuclides

are generally produced ayclotrons

PETuses small amounts of radiotracersletect biological processes and changbs.choice of
radionuclidefor the development afadiotracersparticularly when working with antibodiere-

quires considering several fundamental factors:

1) The physical properties ttieradionuclide such asheradiation dosef theradionucliden the

bodyyt he type of r ad,iragiationenergyand ihehalfdife of thebadionbiclide o )

2) The chemical propertigsuch asn vivo stability, radiochemical purity, and specific activity

3) Thelabelingmethodusedfor the antiboées whethercovalent binding or chelatiof?

Antibodies are large molecules having a siz&€50kDa. They have a long biological hdife in

the bloodstream, ranging from several days to weeks. This extended duration in the bloodstream
requires a radionuclide with a longer physical Hi#df that allows imaging at later time poirtts
generatéigh-quality PET images’® To achieve optimal imaging, the physical Hit of a radi-
onuclide should ideally match or slightly exceed the biologicatitialbf an antibodyAddition-

ally, longer halflives radionuclideare weltsuited forinvestigating the slower kinetics of labeled
antibodies with long biological halives. *° This ensures thadufficient radioactivity remains

when the antibody reaches its target and optimal biodistribution is achieved. In addition, the signal
to-background ratio is favorable at the time of imaging and unnecessary radiation exposure to the

patient is minimized*®: %0

18F (2= 109.8 min, bmax = 634 Ke\) and®Ga (2= 67.62min) are twofavorablepositron
emitting radionuclids widely used for PET imaging?! 4*9Sc (k2= 3.97 h, ba n demitier)is an
interesting radionuclide used for therapy and diagrettat provides images with higher contrast
than®8Gaprimarily due to its lower mean positron energy (0.63 MeV vs 0.83 Me¥@a). This
results in a shorter positron range, leading to better spatial resolution and image ¥zal(ty.
= 78.80 h, bmax= 897 KeV)and®Cu (2= 12.7 h, bmax= 653 KeV)aretwo preferredradiometas
with longer halflives for antibody labeling and PET imaging at later time poiBbth radiowu-
clides, 89Zr and®Cu, have lowpositron energywhich leads to better imagesolution °28%Zr has
some dawbacls, such aiighe ner gy o eatongershalftfe (38.4kh) thdicollectively

result in an unfavorable absorbed démsepatients 53 In contrast, opper64 with a halflife of
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12.7h, emerges as the preferred radionuclide for labeling antib@b#s®°Zr and®*Cu allow for
imaging at later time points due to their relatively long-ha#s, which is beneficial for antibody
based tracers. Howevé&fCu offers the advantage of lower radiation exposure to the patient com-

pared td®Zr, while still providing a sufficient time window for imaging.

4.5 Copper-64
Copper64 @4Cu), with a half-life of 12.7h, is themostcommonlyusedisotopeamongits groups

(°°Cu,®'Cu,%*Cu,and®’Cu) for medicaluse(Tablel). The 12.7hour halflife of copper64 enables
its production at centralized cyclotron facilities atsddistribuion to otherimaging centersThis
enhanesits accessibility for clinical and research applicatioiile the production of copper
64 is complex, this radionuclide's 1zhhalf-life allows for imaging at later time points post
injectionwhichis advantageous for antibothased tracers with slower pharmacokinet@spper
64 emitsb™ (38 %, max= 0.579MeV) andb* (18 %, max= 0.655MeV) particles andundergoes
electron capture (EE€44%) with an internal conversion to gamma radiation=(0.47%,
1346KeV) (Figure 3) >4 °°

64

B“" 29C“..._ -

61.52 % 12.7004h -
%)

1345.75 keV

Ni

28
Q*=1675.03 keV

FIGURE 3: Decay scheme and energies of copper-64 (b-, b*, and EC). Adapted from 56

Because ofhese ensison types copper64 can be used fatiagnosic ( %) and theraputic (
purposesThismakesit an interesting radionuclide among all lelnged radionuclides®” 8 The

therapeutic effect o€opper64 is mainly due to the highnearenergytransfer (LET)of Auger
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electrons rather than its beta radiation. These Auger electrons are particularly effective for treating
micrometastases because of their short range and high ionizing power when they entiveells.
ever, there are some limitations for therapeutic use: 1) The therapeutic Bt@eiignificantly

greater than the diagnostic amount, raising concerns about toxicityalf2)fe of “Cu may be

too short for some therapeutic purposes. 3) The average absorbed radiation dé%@firomy

be insufficient to treat greater tumors adequately.

A list of copperradioisotopes and their respecta@plicatiors is provided in the table below:

Average en-  Average en-
Type of de- ergy o ergy-o

Half-life e 2 Application
cay emissions emissions
(KeV) (KeV)
. b +=93% . .
60, -
Cu 23.7 min EC = 7% 970 Diagnostic
b +=61% . .
61 -
Cu 3.33h EC = 39% 500 Diagnostic
. b +=97% . .
62 -
Cu 9.76 min EC = 204 2910 Diagnostic
b +=17.6% Diagnostic
54Cy 12.7 h b- = 38.5% 278 191 T
EC = 43.9% Py
67Cu 61.83 h b- = 100% - 141 Therapy

TABLE 1: Copper radioisotopes and their applications in nuclear medicine. Five isotopes (¢°Cu, !Cu, 62Cu, %*Cu, and
67Cu) are particularly relevant for medical use. Copper-64 with a 12.7 h half-l i f e, d etc alf €, vmakidghth
potentially suitable for both diagnostic imaging and therapeutic applications, though its therapeutic use remains
investigational. Adapted from 58

Two main methods are routinely used fbeproductionof %Cu: reactor and cyclotrebased
methodsThe cyclotronbased methois the most commonlysed forutilizing the ®*Ni(p,n)?“Cu
reaction Copper64 production can be accomplishtbdough either fully automatedr custom

built systemto ensure consistent and efficieynthesisof radioisotope The production of*Cu
involves a multistep automated process. Initially®*i(SO4) solution is electroplated onto a
shuttle in a closed systefRigure4A-B). Following theplating step the nickel target is purified,
dried, and transported to the cyclotron for pratoadiation(Figure4C target). Afterirradiation,

the shuttle returns to the dissolution cell (Figure 4A) where the irradeigetis dissolvedThe
resulting solution containinCu and other byproducts is transferred to a purification cell. In this
cell, ion exchange chromatography is employed to segd€ierom other radionuclidgFigure

4B). Shortlived copper isotopes are allowed to decay, whileotontaminants (including nickel
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isotopes and cobali5,-57, and-61) are removed using varying concentrations of HCI (6 M and
4 M) (Figure4B). Thepurified ®*Cu is then eluted from the column using 0.1 M HCI (Figure 4D),

yielding the final #*Cu]CuCk product ready for subsequent radiochemical applicatidns.

Plating of
A) 64N B)

Electrochemical cell: Purification:

*  ©Ni plating on shuttle *  Anion exchange chromatography
»  Dissolution of irradiated %Cu Using 6 M, 4 M, and 1 M HCI

*  Transfer
Dissolution

of the
irradiated
640y

Shuttle delivery
to cyclotron and
back

O D)

Cyclotron: Final preparation:

* %Ni(p,n)**Cu *  [%*Cu]CuCl,
* Cooling

FIGURE 4: Schematic representation of automated copper production. The 8Ni(SO4)2 solution circulates between cells
A and B in a closed electrochemical system. The nickel deposited on a shuttle is delivered into a cyclotron for irradiation
via a delivery pipe. During the irradiation, the shuttle is cooled from above by helium gas and from below by water.
After the irradiation, the shuttle is sent back to cell A to dissolve irradiated copper. After the dissolution, the copper
solution is purified from other nuclides in cell B. The [**Cu]CuCl: is transferred to the cell D for the final preparation.
Adapted from 5°

4.6 Radiochemistry
A highly effective and reliable proceks develojng radiotracerss antibody conjugation. In this

method, arantibody ismodifiedusinga chelatorandthenlabded with a radioactive isotop€he-
lators arechemicalcompoundsvith one or mordree electron pa#(electron don®). Theyform
coordinaton bonds witha centralmetal ion(cation) creatinga cagelike structure A bifunctional
chelator bind covalentlyto antibodies on one sidehelats a radiometal on the other sidnd
delivers aradiometalo thetargetmolecule ¢ Antibody modification using a chelatserves as a
onestepradiolabelingprocessThis simplifiesandacceleratethe procesandredu@sthe poten-
tial risks ofmultiple administrationsThe selection of chelator and meitah is an important step.

Choosinga suitablechelating agent depends on thedation state anghysical properties dahe
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radiometal ion®° In addition the chelator muste specific for the metal iorThe stability of che-
lator-metal iors is crucialin preventingtranschelation anthe release of free metal ioms vivo.
The kinetic inertness of the complex is another impoftator, as the complegdemonstratede-
ligation behavior in the acidic state (p+2).

The uniquecoordination chemistry afopperenables ito beusel in PET imaging Copper64
forms stable complexes with various chelasgstemghat can be linked to biologically relevant
molecules® 62Copper has three oxidation stated),landlll. Cu(l) and Cu(lll) complexesire
unstableanddifficult to obtain,respectivelywhich makes them unsuitatfie radiopharmaceuti-
cal applicationsln contrast, Cu(ll), which has a d9 configuration and coordination numbers of 4
to 6, can form stable complexes with amines, imines, and bidentate lig@w@szamacrocyclic
ligands are the most commonly used chelators for reactind@ith such a®OTA, and TETA

61 Due to the geometrical features of macrocyclic ligands, éhegncethe kinetic and thermody-
namic stability of*Cucomplexesp-NCS-benzytNODA-GA is another macrocyclic ligand used
for chelating®“Cu, exhibitinghigh stabilityin vivo. >3 53The structuref three macrocyclic ligands

suitable for“Cu complexing igrovidedin Figure5.

FIGURE 5 Structure of certain macrocyclic chelators that form complexes with copper: a) DOTA, b) TETA, c) p-NCS-
NODA-GA.

Createdusingthe Allassi sted figure generation wor k f-Assusted Flgere Genearab ed i n
tiono.

The pretargeting method israalternative approach for attaching a radioisotope to an antibody
(Figure6). ®* A bivalent antibody is injected into the bayinteract with its targetnitially before
introducing a small radiotraceFhe small radiotracer specifically binds to the bivalent antibody

and enables PET imagimg the targetn vivo.
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1)

.-""Imaging

~._ Uptake via

Uptake via", Pre targeting approach

Antibody .

2) Radiotracer injection

FIGURE 6: Schematic representation of a two-step pre-targeting strategy. In the first step, a bivalent antibody is injected
into the body and allowed to interact with its target, which can take several days to accumulate in the target. After the
clearance of non-bound antibodies from the blood, a small radiotracer is injected into the body.
Createdusingthe Allassi sted figure generation wor k f-Asssted Figare Genarah e d |

tiono.

Several methods such asetantibodyhapten (streptavidibiotin) °, antibodyoligonucleotide
conjugatior®, and bioorthogonal Dielalder click chemistry?® aredeveloped for the prtarget-

ing approach. However, these stratedaes complexities and cost challengdleat restrict their
widespread applicatioR® One significant drawback tiis approach ishe timeconsuminghature

of eachstep In addition, heeffectiveness of this method is highly dependent on the precise dosage
of the antibody. Using either excessive or extremely low dosages can signifiopaigt out-
comes®’ Given theelimitations, thisthesisfocuses orleveloping radiotracers for PET imaging

of activated microglia and PGIBA protein by directly modifying antibodies with tipeNCS
NODAGA chelator.
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4.7 PET Imaging of Activated Microglia Targeting TREM2
Neuroinflammation is a significant feature in many NDF¥s%° Microglia cellsarethe resident

macrophages in the braamdare consided the main driver®f neuroinflammationMicroglia

have their exclusive origiria erythromyeloid progenitors located in the yolk sac (Y8)!

In a homeostatic statmicrogliamaintain normal brain function and surveil the brain environment
for abnormalities’% 72 "3In response tmeuronal injuriesmicrogliaact as the primary defes
mechanism?® %8Theyshift from a homeostatic state an activated phenotyp@mownasdisease
associated microgliaDAM). """ In chronic pathological conditions, microglia can persist in an
activated state, leading to sustained activation and perpetuation of chronic inflammatory processes
in the central nervous systefn’” "®Microglial morphology is not limited to two distinct states
They exist in various intermediate states between the homeostatic and activateé fo¢(Rigure

7), allowingthem to display a wide range of functions depending on the specific environment in
which they are situated: 8 Microglia transform from their resting morphology, characterized by
long branches, to a rounded and formless shape termed amd@Féi&when microglia are in

their activated phenotype, they play ianportantrole in responding to injuries in the braifhis
response triggers the secretion of various substances, includimgammatorycytokines such

as tumor necrosis facted (TNF-U) and interleukins IL-1b, and IL-6), chemokinesand other
mediatorssuch ageactive oxygen and nitrogen species (ROS and RAS)vell agthe expression

of nitric oxide synthase (iINOS$nd cyclooxygenas2 (COX-2). These substances contribute to
the inflammatory response anthy modulateéhe progression of neuroinflammatiof?: 8
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FIGURE 7: Different types of Morphological states of microglia in the human brain: a) Ramified or resting microglia:
characterized by small cell bodies and long, branched processes b) Mildly activated hyper-ramified microglia have
increased branching and lengthening of processes, along with proinflammatory cytokine secretion. ¢) Bushy morphol-
ogy represents intermediate activation, with swollen processes and enlarged cell bodies. d) Amoeboid or phagocytic
microglia have round macrophage-like shapes, few processes, and are linked to high proinflammatory activation, oxi-

dative radicals, and microglial apoptosis. 2, 3, 84, 85
Createdusingthe Allassi sted figure generation wor k f-Asasted kigare Genarab ed i n
tiono.

Dysregulation of immune responseghe CNSoccusin the early stages &§DDs and maylay

a significant role in disease progression even before the manifestation of NDD patPfofSdy.

This highlights the importance of imaging activated microglia, a hallmark of neuroinflammation,
for the early diagnosis of NDDs and consequently the application of a broader range of therapy
options forpatients &

The most commonly used biomarker for imaging neuroinflammation is the 18 kDa translocator
protein (TSPO)®” TSPOis expressed ithe mitochondrial membranandits overexpression is
observedn brain injury and neuroinflammatiof®°° Therebre, TSPO can be detected usiag
radiotracerThefirst generation ofthe TSPGPET tracer![C]-(R)-PK11195 revealed some lim-
itations including a short halflife of *1C, low signaito-background réo, and challenging radio-
chemistry 2% 92[*F]GE180 tracertargeting TSPQs the thiregeneration tracerevealed signif-
icantbrain uptakewith alonger halflife as well agmoreaffinity for the TSPO® It is important

to mention thaT SPOPET has certain limitations for imaging cerebral neuroinflammation. TSPO
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PET cannot distinguish between different microglial phenotyihesefore, cannot provide spe-
cific information on the function of activated microgliESPO isalsoexpressed on various kinds

of cells, notably astrocytes and other neuronal cells, decreasing the specificity of activated micro-
glia imaging & % Furthermorethe existence of allelic variations within human populations ex-
hibiting lower TSPO binding levelimits the application oTSPOPET in diagnostics® Given

these limitations of TSP®ET, there is murgentneed to identify and develop alternative PET
biomarkers that offemore specificity for activated microglia. Such biomarkers would not only
enhance the accuracy of neuroinflammation imaging but also praddtitonal informatiorabout
microglial activationlevelsin variousneurodegenerative conditions.

Microglia functionand activationare strongly associatedvith a typel transmembrane protein
known as th&REM2. %69 TREM2, which isan immure receptoy can befound on microglia in

the brain. Bone osteoclasts, dendritic cells, and other macrophagejaless TREM29%102
TREM2 is composed of two main pargghich are an extracellulammunoglobulin(lg)-like do-
main(V-type)and a short cytoplasmic taif> The full-lengthTREM2is associatdwith a DNAX-
activating proteinAP12) thatregulatesarious microgliabctivities'%*such asnicrogliamigra-

tion, 19 proliferation, ”® lipid processing'®® and phagocytosi®f Ab plagque 1% 1%’ Moreover
TREM2regulateghe state of microglial cells within the brain ahéirtransition from homeosta-

sis toDAM. 7> %108, 109\jicroglial cellsplay acrucialrole in the development of NDD$Vhile
numerous genetic factors influence microglial activation, mutations within the TREM2 gene's cod-
ing sequence have gained significant attention as key risk factors. These TREM2 variants stand
out among the various genetic components associated vdgtbgimal function in NDDg!10 111
Homozygous variants of TREM2 are associated Wiku Hakol&?, while heterozygous TREM2
variants are linked teariousNDDs such as ADfrontotemporal Lobe dementi&TD-L), orALS.

110, 111, 11317 TREM2 polymorphismis associated with laten s et Al zhei mer 6 s di
110, 111, 18Fy|l TREM2 can be cleaved byroteins called ADAM10/17 intsoluble TREM2
(STREM32), which can be detected in CSF and blood pla®oth TREM2 mutations within the

IgG domain (pr66M and p.Y33C)Y" 119 and withinthe stalk region (p.H157Y}" affectthe

levels of STREM2 in the CNS amdsult in a loss of TREM2unction. 12 121 ossof TREM2
function maintains microglia in a homedstastatewhich prevens them from transforming into

DAM. Thisresutsin reduced phagocytic activityf microglia cells’ 1°®Consequently, microglia
cannoteffectively combat amyloid patholodgading toincreased A plagueaccumulation??
Various studieshavedemonstrated eangeof agonistic antiTREM2 antibodieghattargetboth

mouse and humafREMZ2. 122 The agonisticAL002 antibodyis a monoclonal antibody against
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human TREM2 (hTREM2andhas showra reductiono f  plaQue aggregatiort?® In another
study, the agonistic DNL919 antiboghyhich targets hTREM% currently undergoing a phase 1
clinical trial with healthy adults. The trial aims to evaluate the safety, tolerability, and pharmaco-
kinetics of the DNL919 antibody.

TREM2 as a importantplayer for various NDDs may be a promising biomarker for imaging of
activated microgliaMonitoring of microgliain vivoover timeis achievable by development of a
tracer targeting TREM2Microglia imagingprovides crucial informationon activation levels of
microglia and NDD progressioithisis essentiafor anearly diagnosistimely interventios and
prompt treatmerfor patients Table2 providesa summaryof developed tracetargeting TREM2

in NDD, cancer, and atherosclerosis

Tracer Target
8Ga-NOTA-COG1410 % Mouse TREM2 on TAMs
124]labelled antibody fragments 126 hTREMZ2 in gastric carcinoma
[*2*IlmAb1729-scFv8D3CL ©° Mouse TREM2 for Neuroimaging
[**Cu]Cu-NODAGA-4D9 tracer (this work) 2 Mouse TREM2

[(*Cu]Cu-NODAGA-ATV:4D9 tracer (this

work) 27

Mouse TREM2

[¢*Cu]Cu-NODAGA-14D3 tracer (this

work)*2?

hTREM2

TABLE 2: Development of Tracers Targeting TREM2 in Various Diseases.

Despitea fewattempts to develop radiotras¢argeting TREMZ2 in neuroscience, no successful
vivo imaging has been achievelleier et al.developed?4JmAb1729-scFv8D3. tracer for
TREM2imaging This tracerconsists of?4-labeled mAb1729 for TREMBinding andscFv8D3
for TfR-mediated transcytosi® The tracer revealedlaw affinity for TREM2, high blood reten-
tion andpotentialfor rapid eliminationfrom the targesite Consequently hte tracer was ineffec-
tive for in vivoimaging of TREM2 and couldonly detet it ex vivo ©°
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Many questions remain open regarding ttmatribution of microglia to neuroinflammation and
diseasgrogressionTherefore, development of new tracers targeting TREM$ provide an un-
derstanding of microgliadés functional rol e a
The 4D9 monoclonal antibodysed in this works an agonistic armmouse TREM2 antibodyl'he

4D9pr omotes TREM2 signaling and signif®¥mant]l y
vitro investigations have revealed that the 4D9 antibody binds with high affinity to the stalk region

of full-length TREM2 on the cell surfacéD9 antibodystabilizsTREM2 on the cell surfacand
activaesSYK signalingthat resultsn improved phagocytic activity of microglié® ®”: 126To en-

hance the penetration of the agonistic 4D9 antibody across the 8B8nsferrin binding site,

ATV, was engineered fahe 4D9antibody 2° The bispecific ATV:4D9 antibody bindsit the

ATV site to thehTfR on the endothelial cellenabling aractive transport over BBB2% 130
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4.8 Poly-GA
In the second part of this studyjeveloped and evaluated the first tracer targeting-@@lypro-

tein, selected as a biomarker for PET imaging of COaréf&edfrontotemporal dementi@&TD)

and amyotrophic lateral sclero$ALS). ALS and FTD were historically viewed as separata-
rodegenerativelisorders, but recent genetic discoveries, particularly mutatiorseirC9orf72

gene, have revealed significant overlap between the two condiEamuwse8). ALS-FTD combi-

nation is a case in which patients exhibit both dised$e$éResearch indicates thalimost 50%

of ALS patients have symptoms like those observed in cases witR?M@eover at the time of

ALS diagnosis, roughly 15% of patients fulfill the diagnostic criteria for FFBConversely, a
similar percentage of FTD cases display motor function abnormalities characteristic of ALS. This

overlap underscores tikemplexrelationship between these two neurodegenerative disotéfers.

Clinical
Genetical

Pathological

FIGURE 8: FTD and ALS are two forms of NDD that reveal clinical, genetic, and pathological similarities.
Createdusingthe Allassi sted figure generation wor k f-Assisted Flgere Genaradb e d i
tiono.

The most prevalent symptoms obtar neuron loss in AL&remuscle weakness and progressive
paralysis %1 The loss of upper and lower motor neurons in FTD léagsogressivalifficulty

with speakingchanges in personalitand behavioral changég®!*® A significant number of ge-
netic factors are associated witte development of ALS and FTO’he most commo@among
thesds the hexanucleotide repeat expangiGsCz)nin the C9orf7yene, foundn 5 to 10% of alll
affectedpatients 12 13 17. 133, I3rhe expansion of the C9orf72 repeat is associated with multiple
pathological processes, includitige aggregation diarmful dipeptide repeat proteiria healthy

individuals, the repeat ranges from 2 to up to 23 hexaotigds 3" 13®However, in patients with
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C9orf72mediated ALS/FTD, the expansion repeats are more than 30, ofteredaind thou-
sands.The toxic DPR proteins are highly likely to accumulate in neuronal cytoplasmic and nuclear
inclusion of affected patients’® Five different dipeptide repeat proteiresult fromthis abnormal
translation of GC; including PolyGA, Poly-GP, PolyPA, PolyGR, and PolyPR. 135 139, 140

Poly-GA inclusions are more commonly observed in the brains of ALS/FTD patients compared to
other types of dipeptide repeat (DRRYteins* 141Poly-GA transmission between cells, which
occurs in both cell culture and animal maléed seen as the causkthe progress of neurodegen-
erative disease$?*144Poly-GA accumulatesnainly in neuronal inclusiothat are predominantly
located in the cerebellum, hippocampus, and neocorteases of FTD with TDR3 pathology

and motor neuron disease with TB pathology* The detection of toxic polBA aggregates
associated with the C9orf72 gene is an effective method for identifyingGlpathology. A

study demonstrated the presence of toxic DPR pathology in human brain tissue linked to hexanu-
cleotide repeat expansiois the C9orf72 gene using pelyA immunohistochemistry on pest
mortem samples“® However, b date there areno reports that havsuccessfully detected pely
GAin vivo.

Zhou et al 202@emonstrated that the developedbl1A12 antibody**’ binds specifically to Poly

GA protein and results in reducing etdkcell transmission and aggregation of PG 142 Treat-

ing the cells usingnti-GA antibodesshowed blocking seeding activity vitro. Therefore Poly-

GA can be considered abiomarker and its imaging usingAb1A12 antibody!® provides us

usefulinformation about C9orf72 pathology.
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5. Study

5.1 General Part and Chemistry

| developedantibod/-basedradiotraces to image TREM2 and PolyGA. Antibodies were em-
ployed as carrier molecules in the development of radiotracers because of their high specificity
and affinity (Table 3).

Antibody Target
4D9 '® Mouse TREM2
ATV:4D9 12° Mouse TREM2
14D3 "¢ Human TREM2
1A12 Mouse Poly-GA protein

TABLE 3: The 4D9 antibody and its human transferrin-engineered version bind to the stalk region of mouse TREM2,
while the 14D3 antibody binds to the human TREM2. The mAb1A12 antibody binds to the Poly-GA protein in mice and
reduces cell-to-cell transmission of Poly-GA.

The4D9, ATV:4D9, 14D3, andnAb1A12 antibodiesveremodified usingp-NCSNODAGA. A

high number of chelatosanlead to changes in biodistribution gootertially induceimmunore-
activity. Therefore, the number of chelators per antibody must be carefully optimized to maintain
the antibody's immunoreactivity and desired biodistribution propeld&ag the asenazo assay

the numbepf chelators per antibody wagtermined to bew.

Specifically, 12 chelators were bound to 4D9 and ATV:4D9 antibodies, aBdvére bound to

the mAb1A12 antibody(Table 4) When an antibodyindergoes modificatignvarious changes

may influence its binding affinity to its receptdrmerefore, the affinity of NODAGALA12 to
Poly-GA and the potency of NODAGAD9 and NODAGAATV :4D9to trigger TREM2 down-
stream effectaere investigated using ELISA and AlphaLISA, respectivielgsultsdemonstrated
thatthe structural changesthe antibodies did not affect their binding to their targetstro. The
radiolabeling process with coppé4 was performed under optimized conditions (42 rpm,

30-45 minutes), yielding products with high radiochemical purity (RCP). The reaction parameters
were carefully selected to balance efficient labeling with preservation of antibody in(Eggiye

9).
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[®*cujcucl,

-

42°C, 400 r.p.m.

FIGURE 9: The chemical conjugation of the lysine residues on the antibody to the p-NCS-NODAGA chelator was

followed by the labeling of the modified antibody using copper-64.

Created using the Allassi sted figure generation wor kf | cAssistedeFgare i bed i
Generationo.

The stability of each tracevas then investigateid vitro (HPLC) andex vivo(SDSPAGE and
radioTLC of gel) (Table 4) The radiotarceisstability is an important factor fatelivering the
radionuclide tahe correspondingeceptorin vivo. Detached radiometal vivocan accumulate in
the liver due to its interaction with certain enzyrsash as ceruloplasmfi. Thein vitro andex
vivo experiments revealed no frééGu]CuCk or [**Cu]Cu-NODAGA, confirming the stability of
the radiometaNODAGA complex and tracer stability

Chelators per In Vitro Stability

) Ex Vivo Stability
Antibody

Antibody

HPLC

ATV:4D9 1-2 Stable over 48 h ﬂ No free Copper-64
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I Intact radioracer

1 No free copper-64
4D9 1-2 Not tested

I Intact radioracer

1 No free copper-64
1A12 1-3 Stable over 24 h

1 Intact radioracer

TABLE 4: The number of chelators per antibody was determined using a spectrometric assay. The potency of
[6*Cu]Cu-NODAGA-ATV:4D9 and the affinity of [¢*Cu]Cu-NODAGA-mAb1A12 for their respective targets were con-
firmed by AlphaLISA and ELISA experiments. The in vitro stability of each tracer was initially examined in murine
plasma. Both [#*Cu]Cu-NODAGA-ATV:4D9 and [#*Cu]Cu-NODAGA-mAb1A12 demonstrated stability over 48 h and
24 h, respectively. Additionally, ex vivo stability analysis was performed using SDS-PAGE and radio-TLC of plasma
samples from each tracer injected into WT mice. The intact radiotracers were revealed using SDS page. Furthermore,
no other proteins were observed that might have been radiolabeled via trans-chelation. The absence of free copper-64
was subsequently verified through radio-TLC.

The traces 6pecificity and distribution were evaluated using mouse brain sea@tivitso. The
specificity of the tracers in the presence of native antibodies was coneititdatain sections
from transgenic mice using a blacl experiment (Tabl&). Each tracer demonstrated specificity

for its target.

Tracer In Vitro Autoradiography Specificity

1 Complete block of

Increased tracer uptake in the
TREM2 tracer P targets
frontal cortex

9 Specific binding

1 Complete block of
Tracer accumulation in the targets

Poly-GA tracer ,
cortex and hippocampus

1 Specific binding

TABLE 5: A summary of the results of in vitro experiments. Tracer-receptor binding was initially investigated using in
vitro autoradiography on the brain section of 5XFAD;TfR™"U mice vs. WT for the TREM2 tracer and GA+CamK2ax+
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mice vs. controls for the Poly-GA tracer. In the presence of a 1000-fold excess of cold antibody, a complete block of
targets was observed in the brains of transgenic, demonstrating the specificity of each tracer to its target.

In the next step, each tracer veagracerizedin vivo. The evaluation of tracers in living organisms

is crucial to investigate tracéairget binding, their penetration across the BBB in the CNS, their
biodistribution in the brairanddistribution inorgans over time. Furthermore, the pharmacokinet-
ics, metabolismand washoubf each tracer can be assessed in a living organism. In this context,
noninvasive PETCT imaging of small animals is an effective tool to investigate the regional
uptake of tracersver time. PET imaging enables longitudinal imaging with low radiation expo-
sure.In the presented study 4fiinute CT scans were conducted, followed byn3fute static

PET scans at 2, 20, and 40 h @ET/CT imaging at 2t p.i. showed the strongest difference
between Tg micand controldor each tracer. Due to the slow kinetics of the antibody and the

half-life of copper64, the time points atl2 and 4th postinjection were not suitable for imaging

Exvivoanalyses were performed followimgvivoPET/CT imaging to evaluate the biodistribution

and pharmacokinetics of the radiotracer. €keivobiodistribution study complements timevivo

imaging data, offering a more detailed understanding of tracer behavior at the organ and tissue
level. In addition, it potentially elucidates any-tdfget accumulation or unexpected pharmacoki-

netic properties. For this purpose, the brain and varioyshesal organs were collected and meas-

ured by a gamma countgostmortem. This quantitative approach enabled precise determination

of tracer accumulation in each organ. The resulting data were processed and expressed as either
Standardized Uptake Values (SUV) or percentage of injected dose per gram of tissug. (%ID/g
(Table 6)These metrics provide normalized measures of tracer uptake, making it easier to compare

across different experimental conditions and between subjects

Target Definition
Poly-GA imaging SuUV z
TREM2 imaging %ID

TABLE 6: After performing in vivo and ex vivo experiments, the data were analyzed and presented as SUV for the
Poly-GA and %ID/g for the TREM2 target.
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5.2 TREMZ2

The crucial roleof TREM2in regulating microglia signatuend itsassociatiorwith AD was the
reason for selecting TREM2 as the biomarker for the first part dttitly. The development of a
new radiotracer targeting TREM2 enables the monitoring of micreglization andnay also

provide an understanding of microgliabds func

The agonistic 4D9 antibod{ was developed based on the discovefiyTREM2 shedding at
p.H157 by ADAM 10/171% The 4D9 antibody binds to tiEREM2 epitopenearthe cleavage

site, inhibiting TREM2 shedding@ndtherapeutically simulating the protective TREM2 signaling.

To improve the BBB permeability of 4D9, the ATV shuttle was engineered to 4D9. This is an
hTfR binding siteand enables active transport of bispecific AZD9 into thebrain.*?® Usingthe

TfR to enhance the active transport of therapeutic antibodies is an effective technique for increas-
ing antibody accumulation in the CN8&.For TREM2 i magi ng, an Al zh
(5XFAD) carrying five mutations related tamyloid precursor proteinAPP) and presenilin
(PSEN1)was usedAPP V7171 (London), APP KM670/671NL (Swedish), APP 1716V (Florida),

and PSEN. The 5xFAD mice exhibit early betamyloid (Ab-42) plaque accumulation in the cor-

tex and hippocampus at the age of 2 months, which is associated with microglial activation.
TREM2 is expressed at higher levels in the white matter and hippocampus regions of the CNS in
this mouse rmadel compared to other regions. It has been demonstrated that the expression of
TREM2 increases with ag¥® 1°°At 6-7 months of age, the mice show the highest APP expression
and related high microglial activation, which may elevate tracer uptake and consequently maxim-
ize TREM2 PET imaginglherefore, performing PET imaging at this age in the mouse model may
reveal the highest tracer uptake in the brinraddition to evaluating the TREM2 binding ability

of the 4D9 tracer in 5XFAD and its corresponduifgl-type C57BL/6model, the ATV 4D9tracer
(hTfR-modified bispecifiantibod/) wasevaluated irmmouse model assed with a human trans-

ferrin receptor knochn (5xFAD; TfR™). This allows the activeansportof the traceinto the

CNS (Figure 10) Thus, it is possible to compare tracer uptake in mice lacking the hTfR, where
transport occurs througtassive diffusion, with uptake facilitated by an active recemiediated
mechanism across the BBB. As a control group, 4ifte hTfR knockin mice (WT; TfR™/MY

were shown to be suitable for this purpose.
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ATV:4D9 tracer

Microglia

FIGURE 10: Schematic representation of active transport via the transferrin receptor (TfR). The ATV:4D9 tracer binds
to the human transferrin receptor (hTfR) via its ATV binding site, allowing it to penetrate the BBB. Additionally, the

tracer interacts with TREM2 on microglial cells through its antibody component.
Createdusingthe Allassi sted figure generation wor k f-Asasted Figare Genarab ed i n
tiono.

The App™; TIR™"mouse model represents anothetependent AD mouse modeilat was
used inscRadiotracingexperimentdo prove cellular selectivity for microglidrable 7 lists the

tracers targeting mouse and human TREM2 and the respective mouse models in which they were

tested.
Tracer Mouse line
[¢*Cu]Cu-NODAGA-4D9 5xEAD
[*Cu]Cu-NODAGA-4D9 WT

[*Cu]Cu-NODAGA-ATV:4D9 5XFAD; TfRMu/hu
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[¢*Cu]Cu-NODAGA-ATV:4D9 WT; TfR™Whu
[¢*Cu]Cu-NODAGA-ATV:4D9 AppSAA; TERMuhU
[¢*Cu]Cu-NODAGA-14D3 Human brain tissue with AD

TABLE 7: A list of mouse lines used for in vivo experiments: Each tracer was intravenously injected into the tail of the
corresponding mouse group. The PET/CT scan was performed in a time series of 2, 20, and 40 h p.i..

TREMZ2-specifictraces revealedigh specificityfor their corresponding targdincreased tracer
uptake was observed in frontal cortex of Tg mice compared to thexspondig WT group. The
brain uptake ofhe P*Cu]Cu-NODAGA-ATV:4D9 tracer in the brain dhehTfR knockin mouse
model was significantly higher thamthose without the hTfR knoeik. Thiscan be explained by
improved BBB penetrance of tfréCu]CuUNODAGA-ATV: 4D9tracerby utilizing the ATV tech-
nology. Specifically, the {*Cu]Cu-NODAGA-ATV:4D9 uptake in the brain &xFAD; TfR™/Mu
micewas 4fold higher tharin 5xFAD mice,and there was 4-tld higheruptakein the brain of
WT; TFR™" mice compared to WTThe schematiaepresentationf the [(*Cu]CUNODAGA-
ATV:4D9 bindingto TREMZ2 is shown in Figur#l.
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TREM: (P 23 ATV Shuttle
g 5\ ATV:4D9 Tracer
Microglia ATV:4D9
cell tracer

Ig-like domain

137

ATV shuttle

Extracellular

Disease-associated microglia Cytosol C terminal

FIGURE 11: The copper-64 radiolabeled bispecific ATV:4D9 antibody binds to the stalk region of TREM2 and inhibits

the ADAM10/17 mediated shedding of TREM2 on the activated microglial cells. Adapted from 123

Created usingthe Al-assi sted figure generation wor kf-Assisted Flgers Gengrdb ed i n
tiono.

Biodistribution analysis corroborated the PET resultsmadnstrating enhanced cerebral uptake
attributable to hTfRmediated binding Additionally, elevatedoneuptake was observed, which

can be attributed to the tracer's affinity for TREM2 and TfR in the brwareow. This is consistent

with the abundant expression of TREMR2bone osteoclasts, dendritic cells, and other myeloid
cells 9101151 andTfR1 receptor expression in bone marrawaddition toits expression in brain
endothelial cellsFurthermorethe TREM2 PET findingsvere crossvalidated using magnetic cell
sorting The ex vivoautoradiograpy analysis of brain sections from hT#Xpressing mice ¢o
firmedthein vivo TREM2 PETimaging patterndmmunohistochemistry and vitro autoradiog-
raphy on human brasampledrom Alzheimer's disease patients, utilizing #me-human TREM2

14D3 antibody, demonstrated the potential translational applicability of the 14D3 tracer for clinical
TREMZ2 imaging



5 Study 49

5.3 Poly-GA

The accumulation of the toxic PeyA repeat protein within neuronal cytoplasmic inclusions in
C9orf72 patients highlights PGI$A as a potential biomarker for imaging in ALS/FTD diseases.

A novel radiotracer targeting Pe(yA could facilitate themonitoring of disease progression in
ALS/FTD patients, thereby providing valualsdormationon the pathogenesis of C9orfaaso-

ciated ALS/FTD

Developing a tracer for less abundant proteins is challengitigpughTDP-43 is one of the most
pathological characteristics of FTD/ALS, its low abundance makes it unsutsialeiomarker

for this purposePoly-GA aggregatecan be transmitted between celléis toxic proten is sig-
nificantly foundin the neuronal cytoplasmic and nuclear inclusiof affected patients® This
makes it a suitable candidate biomarkerAo6/FTD imaging

Severalanti-GA antibodies targetingoly-GA aggregates have been developed, including IgG2a,
IgG2c, and IgG1 isotypes. A pharmacokinetic study by Orion Pharma in C57BL/6JOLaHsd mice
showed that the 1gG2a antibody had higher exposure levels in the CNS compared to the other two
isotypes. Thereire, the IgG2a antibody was chosen as the carrier molecule for developing the
tracer targetingroly-GA. The developed 1A12 therapeutic antibody32aisotype revealed the
ability to inhibitintracellularPolyZ5A aggregation and block the seeding actieityC9orf72brain
extracts. Thus, PoBsAAirected immunotherapy magduceDPR aggregation and slow disease
progression irC9orf72ALS/FTD. 148

For PolyGA PETimaging, ROSA26 GFRGA)175*/,'Camk2aCre" /' mice werechosen The
Camk2aCre mouse line expressBsly-GA specifically in excitatory neuron3he highest ex-
pression occurs at4 months, making this age range a favorable time for-Bélyimaging.In
contrast, the GA’ Camk2aCre' / mice do not expresRoly-GA and were selected as the control
group. Using an immunoassay, R@WA expression was quantified in the brain regions and organs
of GA-Camk2a miceln the brain, the cortex and hippocampus revealed the highest expression,
while the cerebellum showed the lowest PGKx expression compared to otheaim regionsand

was selected as the reference redoonhedata analysis. TabBpresentshe Poly-GA tracerand

mouse modelused forin vivotracer evaluation

Tracer Mouse line

64 _ - _ -
[**Cu]Cu-NODAGA-mAb1A12 GA*! Camk2a-Cre */
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[**Cu]Cu-NODAGA-mMAb1A12 GA*/ Camk2a-Cre' '

TABLE 8: The transgenic and control mouse lines used for in vivo experiments: the tracer was intravenously injected
into the tail of the mouse. The PET/CT scan was performed in a time series of 2, 20, and 40 h p.i..

Poly-GA imagingat threetime poinsrevealedhattheantibody entexdthe braindespite the BBB
restriction Thehighesttracer uptakelifferencesnvereobservedetween Tg andontrolsat 20 h
p.i. although overall tracer uptake in the brain was Baly-GA imagingat 20 h p.iwasafavor-
able time point for imagacquisition.The schematic representation of the binding of*tiG]Cu-
NODAGA-mMADb1A12 to Poly-GA proteinis illustratedin Figure12. Regional GApathology was
detected byn vitro autoradiography as expressed by a highéVYRcrx/ceL ratioin Tg micecom-
pared tocontrols Organbiodistributionresults verein alignment with PET images, confirming
higher PolyGA tracer in the brain of Tgnicethanin controls PET results were verdd by ex

vivo autoradiographyn mouse brain sectien

Acceptor Cell

Donor cell

Poly-GA aggregate { P 3 1A12 Tracer (p, 7 Nucleus

FIGURE 12: Schematic representation of the binding of [¢*Cu]Cu-NODAGA-mMAb1A12 to Poly-GA protein. Toxic Poly-
GA proteins can be transmitted to other cells. The [#*Cu]Cu-NODAGA-MAb1A12 binds to both cytoplasmic and
extracellular Poly-GA aggregates, allowing for the monitoring of Poly-GA levels. Adapted from 142

Created using the Al-assi sted figure generation wor kf | eAssistedeFsgare i b e d

Generationbo.
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6. Concl usi ©unt |aonodk

This study aimed to develop novel radioligands targeting TREM2 and@&lyn vitro andin
vivoevaluations were conducted to assesfuhetionalityand pecificity of thedevelopedracers
to their respective targets.

Thefirst part of thisresearclpresentsa significantsteptowardsdevelopng more effectivePET
Imaging agents fovisualizing microglialactivation in Alzheimer's disease through TREM2 tar-
geting The previously developgd?®4JmAb1729-scFv8D3CLtracer byMeier et al was ineffec-

tive for in vivo imaging of TREM2 and could only detecteik vivo.The developed®Cu]Cu
NODAGA-ATV:4D9 presented in this woris the first tracer that enables image TRENivo.
[*“Cu]Cu-NODAGA-ATV:4D9 showed remarkably higher brain uptakarits nonBBB pene-

trant counterparivhich is attributed to ATV technologylhe superior BBB penetratiomf
[6“Cu]Cu-NODAGA-ATV:4D9 comparing other studies potentially offensre sensitive and ac-
curate imaging oT REM2.

However, the tracezould notdistinguish between TREMi&a CNS and sTREM2Further inves-
tigation is necessary to optimitee TREM2 traceiand address current limitatiari$e application

of TREM2 PETimaging could extend to other NDDs involving microglial activatioraddition,

based on these preclinical findings, TREM2 RE&gingshowspotentialfor translation to human
research

The second part of this study introduced a new radiotracer c@dCu-NODAGA-mAb1A12

which is specifically designed to target p@A protein associated with COorfgen This study
demonstrated that the antibody successfully enters theibraocordance with previous pharma-
cokinetics studies.

Despite its limited ability to cross the BBB, the tracer produced-tpigtiity images in preclinical
studies. Future research should focus on improving the brain uptake of this tracer across the BBB.
Two suggested strategies to overcome this limitation include exploring alternative targeting ap-
proaches or engineering antibodies that bind to TfR1. Developing a tracer based on small mole-
cules that bind to the PGI$A protein could be an alternative apach. The transferrin receptor
binding fragment (scFv8D33$ a singlechain variable that binds specifically to mouse IfRy
attaching the scFv8D3 fragment to the 1A12 antibody, the antimagyvercome the BBB lim-
itation. Although PET/CT imaging allows for regional monitoring of tracer uptake, it cannot dif-
ferentiate between cytoplasmic and extracellular fyuptake. Developing a tracer with higher

specificity and affinity for cytoplasmic PGI$A can be achieved by engiering the tracer to target
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epitopes unique to cytoplasmic P@BA. For example, Celbenetrating Peptides (CPPs) can fa-
cilitate the delivery of tracers directly into the cytoplasm, thereby enhancing specificity for cyto-
plasmic PolyGA.
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ABSTRACT: Aggregating poly(glycine-alanine) {poly-GA) is derived from
the unconventional translation of the pathogenic intronic hexanucleotide
repeat expansion in the C9orf72 gene, which is the most common genetic
cause of frontotemporal dementia (FTD) and amyotrophic lateral ‘sclerosis
(ALS). Poly-GA accumulates predominantly in neuronal cytoplasmic
inclusions unique to C9rf72 ALS/FTD patients, Poly-GA is, therefore, a
promising target for PET/CT imaging of FTD/ALS to monitor disease
progression and therapeutic interventions. A novel “’Cu-labeled anti-GA
antibody (mAbIAI2) targeting the poly-GA protein was developed and
evaluated in a transgenic mouse model, It was obtained with high
radiochemical purity (RCP), radiochemical yield (RCY), and specific activity, and showed high stability in vitro and ex vivo and
specifically bound to poly-GA. The affinity of NODAGA-mAb1A12 for poly-GA was not affected by this modification. [*'Cua]Cu-
NODAGA-mADbIAI2 was injected into transgenic mice expressing GFP-(GA) 55 in excitatory neurons driven by Camk2a-Cre and in
control littermates. PET/CT imaging was performed at 2, 20, and 40 h post-injection (p..) and revealed a higher accumulation in
the cortex in transgenic mice than in wild-type mice, as reflected by higher standardized uptake value ratios (SUVR) using the
cerebellum as the reference region. The organs were isolated for biodistribution and ex vivo autoradiography. Autoradiography
revealed a higher cortex-to-cerebellum ratio in the transgenic mice than in the controls. Results from autoradiography were validated
by immunohistochemistry and poly-GA immunoassays, Moreover, we confirmed antibody uptake in the CNS in a pharmacokinetic
study of the perfused tissues. In summary, [**Cu|Cu-NODAGA-mAb1A12 demonstrated favorable in vitro characteristics and an
increased relative binding in poly-GA transgenic mice compared to wild-type mice in vivo. Our results with this first-in-class
radiotracer suggested that targeting poly-GA is a promising approach for PET/CT imaging in FTD/ALS.

KEYWORDS: Copper-64, mAbl1A12, PET/CT, poly-GA, FTD/ALS
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F rontotemporal dementia (FTD) is a clinical syndrome’
caused by the degeneration of frontal and temporal lobes.”
Depending on the affected regions, the main symptoms are
changes in behavior and personality or speech and language
deficits." ™" Amyotrophic lateral sclerosis (ALS) is a related
neurodegenerative disorder,” characterized by loss of cortical
and spinal motor neurons, which leads to progressive paralysis
and ultimately respiratory failure.™ ™ Both neurodegenerative
diseases show genetic, clinical, and pathological overlap, e.g,
ALS patients develop mild FTD-like symptoms and vice
versa. A (G,C;), hexanucleotide repeat expansion upstream
of the C9r{ 72 (chromosome 9 open reading frame 72) coding
region' is the most common known genetic cause of ALS and
FTD in the western world and is found in 3—10% of all
patients.”®*” Unconventional translation of bidirectional
repeat transcripts”’" """ results in five different dipeptide
repeat proteins (DPR): poly-GA, poly-GP, poly-PA,"" poly-
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GR, and poly-PR."" Selective expression of poly-GA, -GR, and
PR causes toxicity in various cell and animal models. The
DPR proteins accumulate in neuronal inclusions, predom-
inantly in the cytoplasm and less commonly in the nucleus.”*
Poly-GA inclusions are by far the most abundant and the other
DPR proteins co-aggregate less commonly,”*™'” Poly-GA can
be transmitted from cell to cell and is a key driver of disease
development.” ™" Poly-GA protein expression could contrib-
ute to cytoplasmic mislocalization and accumulation of
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Figure 1. Characterization of NODAGA-mAbIAL2 in vitro. (a) Determination of ECy, values for NODAGA-mAbIAI2 (0.017 pg/mL) and

mAbIA12 (0.015 gg/mL) by ELISA. (b) Rep ive HPLC ck

of cold standard (NODAGA-mAbIA12) in PBS, R, = 10.8 min at

280 nm (UV channel) and [*'Cu]Cu-NODAGA-mAbIAL2, R, = 11.0 min (radioactivity channel). (¢) Radio-TLC of [*'Cu]Cu-NODAGA-
mAbIAI2 on ITLC-SG chromatography paper, R (tracer) = 0.0-0.1; R, (*'Cu) = 0.9—1.0, (d) SDS-PAGE of [*Cu]Cu-NODAGA-mAbIA12
(A), NODAGA-mAb1AIZ (B), and mAbIAI2Z (C) with antoradiography (D) and a radio-TLC scan of the SDS-PAGE gel. (e) Stability of
["Cu]Cu-NODAGA-mAbIAI2 in murine plasma over 24 h, as measured by SEC-HPLC (radioactivity channel).

phosphorylated TDP-43 in both patients and transgenic
mice.”" """ The anti-GA antibody 1A12*" binds specifically
to poly-GA proteins and thereby decreases cell-to-cell
transmission and aggregation of poly-GA and subsequent
TDP-43 mislocalization in cell culture.”'” Antibody therapy
and active vaccination targeting poly-GA are promising
therapeutic strategies.'”" Interestingly, poly-GA inclusions
are already present prior to disease onset”’ and may contribute
to the long prodromal disease phase with atrophy detectable
20 years prior to clinical onset, but correlate poorly with the
degree of neurodegeneration in symptomatic cases.”"*
Based on these data, visualizing poly-GA aggregates in living
patients could improve our understanding of C9rf72
pathogenesis by allowing longitudinal studies from prodromal
to end-stage diseases. Moreover, PET imaging of poly-GA
pathology would be an attractive pharmacodynamic biomarker
for future clinical trials, In this work, we developed a new
radiotracer based on mouse monoclonal anti-GA antibody
1A12 for positron emission tomography. The tracer is able to
visualize regional poly-GA pathology in a conditional mouse
model expressing poly-GA in the neocortex and hippocampus.

B RESULTS AND DISCUSSION

Radiolabeling Did Not Impair the Affinity or Stability
of mAb1A12. To enable “'Cu-labeling, we chemically
conjugated the chelator p-NCS-benzyl- NODAGA to lysine
residues of the mAb1A12 IgG2a antibody, resulting in the
formation of a stable thiourea bond. The number of chelators
per antibody was determined to be 1-3 using an arsenazo
assay’ " (Supporting Figure S1).

The functionality of the unmodified and modified antibodies
(0.5 pg/mL) was verified by enzyme-linked immunosorbent
assay (ELISA) using a dilution series of GST-(GA),; antigen
(Figure 1a). The ECg values of NODAGA-mAb1AI2 and
mAbIA12 were comparable (0.017 vs 0,015 yg/mL). These
results confirmed that antibody modification using NODAGA
did not impair the binding affinity of mAbl1A12.

Next, NODAGA-mAbIAI2 was radiolabeled with [*'Cu]-
CuCl, (Figure 1blc). The [®*Cu]Cu-NODAGA-mAbIA12
was obtained in high radiochemical purity (RCP) of 97.9
1.9% (n = 3) and specific activity (A,) of 1.0 + 0.3 MBq/ug (n
= 8). No [*CulCu-NODAGA complex or no free [*'Cu]-
CuCl, was observed in the final product (Supporting Figure
§2). In addition, SDS-PAGE, subsequent autoradiography, and
a radio-TLC scan of the SDS-PAGE gel confirmed the high
purity of the modified and radiolabeled antibodies (Figure 1d).
To assess tracer stability, [**Cu]Cu-NODAGA-mAbIA12 was
incubated in mouse plasma, and stability was investigated by
SEC-HPLC in a time series from 0.5 to 24 h. The tracer
remained intact in the mouse plasma for at least 24 h (Figure
le).

[**Cu]Cu-NODAGA-mAb1A12 Detects Regional Poly-
GA Pathology Using In Vitro Autoradiography. To
confirm that the labeled antibody specifically targets cellular
poly-GA inclusions, we used in wvitro autoradiography

bined with i histochemistry, taking advantage of a
transgenic mouse model expressing high levels of GFP-
(GA)2s:

CNS-wide expression of the GFP-(GA) ;5 transgene using
the Nestin-Cre driver’ results in weight loss and weakness
requiring termination at 6-=7 weeks of age. To allow
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Figure 2. [*'Cu]Cu-NODAGA-mAb1A12 specifically detects poly-GA p
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IHC overviews of brain sections from () transgenic and (d) wild-type mice. In vifro autoradiography of sagittal brain sections of (e) GA*Camk2a*
Tg and (f) wild-type mice, Intense signals are observed in the neocortex and hippocampus of the Tg mice (arrows). (g) In vitro autoradiography of
the brain sections of the transgenic mice treated with tracer and a 1000-fold excess of native antibody shows a complete block of the signal. (h) The
brain sections of transgenic mice revealed a higher cortex-to-cerebellum ratio than wild-type mice (mean =+ SD, unpaired t-test; p < 0.05).

experiments in adult mice and comparison of poly-GA-
expressing and -nonexpressing regions within each animal,
we used Camk3a-Cre to drive poly-GA expression specifically
in excitatory neurons” (Figure 2a). Immunohistochemistry
(THC) with mAB1AI2 confirmed regional expression in the
neocortex, striatum, and hippocampus with minimal staining in
the cerebellum, consistent with the known expression pattern
of Camk2a-Cre™ (Figure 2b—d). In addition, we quantified
poly-GA levels in the brains of transgenic (Tg) mice using a
poly-GA immunoassay (Supporting Figure S3 and Table S1).
The highest poly-GA concentration was observed in the cortex
and hippocampus, the lower levels in the midbrain and
brainstem, and the lowest in the cerebellum. Control (WT)
mice only showed negligible background staining,

We incubated sagittal brain sections from Tg and WT mice
with [*Cu]Cu-NODAGA-mAbIA12. In vitro autoradiography
showed elevated tracer accumulation in the cortex and
hippocampus of GA*Camk2a® Tg brain slices compared to
wild-type (Figure 2¢,2f), which is consistent with the results of
IHC and poly-GA immunoassay, The cerebellum reveals

unspecific uptake in both transgenic and wild-type sections,
qualifying the cerebellum as a reference region. To verify the
specific interaction between the radiotracer and its target poly-
GA, we performed a blocking experiment. The brain sections.
of transgenic mice were treated with the radiotracer in the
presence of a 1000-fold excess of unlabeled antibodies, which
resulted in a low-level homog, background signal (Figure
2g) similar to that of nontransgenic controls. Thus, [*Cu]Cu-
NODAGA-mAb1A12 shows high specificity for its target poly-
GA in mouse tissues.

To obtain a quantitative readout from the in vitro
autoradiography experiments, the cortex-to-cerebellum ratio
(Ratiopy/cpr ) was calculated in brain sections from transgenic
(n = 6) and wild-type (n = 4) mice. The log, (Ratioqrycar)
was 0.05 £ 0,09 (mean % SD) for Tg and —0.03 £ 0.05 for
WT mice (Figure 2h),

PET Imaging 20 h Post-Injection Shows the Strongest
Difference between Tg and WT Mice. To assess the novel
poly-GA tracer in vivo, we used combined PET/CT in paly-GA
transgenic and wild-type mice and analyzed the kinetics of
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Figure 3. [*‘Cu|Cu-NODAGA-mAbIAI2 specifically detects neocortical poly-GA pathology in transgenic mice by PET. (a) Graphical
representation of the PET study design, (b) PET SUVR images of the brains of Tg vs WT mice (n = 8) at 2, 20, and 40 h p.i. The color code shows
the mean PET signal normalized to that of the cerebellum. Note that the basal brain regions initially take up antibodies regardless of genotype. At
20 h p.i, clear enrichment of the PET tracer is seen in the neocortex {arrows), (c) Differential PET images (% SUVRA) showing transgene-specific
enrichment in the cortical areas (arrows). (d) SUVR,.icne in the cortex and hippocampus of Tyg and W' mice, measured by PET at 2, 20, and 40
h pi. (n = 8) (mean + SD, two-way analysis of variance (ANOVA) and Sidak's test for multiple comparisons, p < 0.05 (*) and <0.01 (*¥)).
Circles in the images below the graph indicate the VOIs {(volume of interests) used to quantify tracer uptake (purple: CTX; red: HIP).

CNS uptake in a time series covering 2, 20, and 40 h post-
injection (p..) since the uptake of antibodies across the
blood=brain barrier and into aggregate-bearing neurons may
be slow (Figure 3a).

Standardized uptake value ratios (SUVRy, /001 ) were used
to visualize cortical tracer uptake in the PET images (Figure

3b) (SUV-scaled PET images are shown in the Supporting
Figure 54). PET images showed a higher SUVR,,,/cpr ratio m
the transgenic mouse brains than in the control group. This
result was most evident in axial slices after 20 h p.i., particularly
in the cortical band. To further illustrate this result, Figure 3c
shows the difference of SUVRy,co (%ATg-WT) in the
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Figure 4. Ex vivo evaluation of [™Cu]Cu-NODAGA-mAbIA12 shows an intact radiotracer and confirms the regional PET distribution pattern by
autoradiography. (a) Graphical representation of the biodistribution study design. (b) SUV of [**Cu]Cu-NODAGA-mAbIAL2 in organs of WT

and Tg mice at 20 and 40 h pi. (n = 4), d i
Tyg vs WT mice (n = 4), d

biodictrik

d by biodistrit

(mean + SD). (c) SUV of [**Cu]Cu-NODAGA-mAb1A12 in the brains of
at 20 and 40 h pi. (mean + SD, unpaired t-test, p > 0.05). (d) Autoradiography of SDS-

PAGE gel loaded with plasma from two [*Cu]Cu-NODAGA-mAbIAI2-injected CS7BL/6] mice (A, B). (¢) Radio-TLC of plasma from
[*Cu]Cu-NODAGA -mAbIA12-injected CS7BL/6] mice on ITLC-SG chromatography paper, R, (tracer) = 0.0—0.1, Ex vivo autoradiography of
brain sections from (f) transgenic and (g) wild-type mice. (h) Cortex-to-cerebellum ratio from ex vivo autoradiography sections of a representative
transgenic and wild-type mouse {unpaired t-test, p < 0.0001).

brains of transgenic and wild-type mice. The strongest
differences in SUVRy,,,/cp can be detected in the cortical
band 20 h p.i. At 40 h p.i, PET signals became noisy due to
low radioactivity levels in the brain, which may be explained by
the decay of copper-64 (12.7 h half-life). Nevertheless, patches
of enhanced SUVRy,,.cp. difference in the cortex are clearly
visible.

Next, we quantified the SUV from the cortex and
hippocampus normalized to the SUV in the cerebellum
(SUVRy /o) to compare the wild-type and transgenic
mice. The VOIs (volume of interests) were carefully chosen to
exclude regions rich in the vasculature, such as the ventricles

and meninges. The SUVR /o in the cortex and hippo-
campus of transgenic mice was significantly higher (up to 27%)
than that in wild-type animals at 20 and 40 h p.i,, indicating the
sensitivity of this approach in distinguishing pathological from
normal physiological states (Figure 3d). The SUVRy,,,, cpy in
the hippocampus decreased over time, whereas the
SUVRy,cpp, in the cortical band increased. Analysis of
variance revealed a significant effect of genotype and time on
tracer uptake in each brain area (Supporting Data).

Ex Vivo Analysis Confirms Enrichment of Anti-GA
Tracer in the Brain of poly-GA Mice. To further analyze the
biodistribution of [*'Cu]Cu-NODAGA-mAbIA12, the isolated
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organs of transgenic and wild-type mice were measured in a y
counter at 20 and 40 h p.i,, and the tracer uptake was expressed
as SUVs (standardized uptake values) (Figure <4a4b and
Supporting Table S2). There was a trend toward higher tracer
uptake in the brain of the transgenic mice after 20 h compared
to the wild type (Figure 4c). Most of the tracer remained in the
blood circulation, as expected for antibodies. Increased tracer
uptake was detected in the bone (SUV = 1.76) and spleen
(SUV = 2.83) of transgenic mice at 40 h p.i. compared to that
at 20 h pi. (bone: 1.04, spleen: 1.84). Quantification of poly-
GA levels in the peripheral organs of Tg and WT mice revealed
only low poly-GA concentrations, indicating off-target binding
of the antibody in these organs (Supporting Figure §3 and
Table S1). To verify that no radiometal was detached from the
complex, we performed ex vivo stability analysis using SDS-
PAGE and radio-TLC of plasma samples from [*Cu]Cu-
NODAGA-mAblAI2-injected CS7BL/6] mice at 20 h pi.
SDS-PAGE revealed an intact radiotracer and hardly any other
proteins that might have been radiolabeled via transchelation
(Figure 4d). Moreover, radio-TLC confirmed the absence of
unbound copper-64 (Figure Je). Release of the radiometal
would also result in the accumulation of radioactivity in the
liver due to its association with enzymes such as
ccmloplasmh\.:" However, we did not observe any significant
accumulation of radioactivity in the liver aver time. Thus, we
conclude that the complex is stable in vivo within the time of
investigation and decomplexation does not occur,

To confirm CNS exposure to the 1A12 antibody, we
performed a pharmacokinetic study in wild-type CS7BL/
6]OlaHsd mice that received a single dose of 1A12 antibody
(1gG1, 1gG2a, or 1gG2c subtype, 30 mg/kg, s.c.). For this
study, mice were extensively perfused with PBS prior to tissue
collection before measuring antibody levels by immunoassay
for up to 28 days after administration (Supporting Figure 55
and Table §3). Pharmacokinetic data unequivocally prove
CNS exposure of the IgG2a isotype 1A12 antibody. 1A12
variants of the mlgG1 and mlgG2c isotypes also reached the
CNS but at lower levels,

Ta validate the PET results, we performed ex wvivo
autoradiography on transgenic and wild-type mouse brain
sections after 20 h p.i, and the final PET/CT scans (Figure
4f4g). Visual assessment was impaired by interference signals
from the vessels. To account for the uptake of the radiotracer
in the brain parenchyma, we drew regions of interest excluding
the vessels, and cortex-to-cercbellum ratios were calculated.
Quantitative analysis of 25 sections of a representative mouse
from each group confirmed a higher cortex-to-cerebellum ratio
in transgenic mice compared to the wild-type control (1.09 %
0.15 vs 0.86 + 021, mean = SD) (Figure 4h), which is
consistent with the results from IHC and ex vivo poly-GA
quantification in various brain regions by immunoassay.

In this study, we developed and evaluated a *Cu-labeled
monoclonal anti-GA antibody (mAb1A12) as a novel tracer for
the PET imaging of C9arf72 FTD/ALS. The tracer clearly
showed an increased signal in the brain of poly-GA-expressing
mice in vivo, cc with the beneficial effects observed in
anti-GA i therapy strategies,' ™" but due to limited
penetration of the blood=brain barrier, the signal-to-noise
ratio was rather low.

PET tracers for A (such as PiB) have been instrumental as
pharmacodynamic markers in large clinical trials to evaluate
the efficacy of treatments aimed at reducing brain Af-
deposits.”” While small-molecule tracers for intracellular Tau

are approaching clinical use, the development of suitable PET
tracers for other less-abundant protein aggregates associated
with neurodegenerative diseases (NDD), such as a-synuclein
and TDP-43, has proven to be more challenging, which may be
explained by the lower amounts compared to Aff and Tau.

Monoclonal antibodies are one of the most important classes
of biological agents used for targeted therapy and diagnostics.
They exhibit several advantages, such as high affinity and
specificity for their target and low background signal."""
Because highly specific antibodies can be raised against almost
any target molecule, monoclonal antibodies have become
increasin&x popular for molecular imaging and radionuclide
therapy.”™" However, the large size of antibodies (150 kDa)
greatly limits delivery across the blood—brain barrier (BBB)."
However, 0.1—0.5% of unmodified antibodies reach the CNS,
and the Aff antibodies aducanumab and lecanemab have been
appraved for the treatment of Alzheimer's disease. Antibodies
targeting intraneuronal aggregates are in clinical trials for Tau
and a-synuclein.”’ Attempts have been made to facilitate
delivery across the BBB, for example, by targeting the
transferrin receptor (TfR). Transferrin receptor ligands
promote the active transport of large cargo via transcytosis
across brain endothelial cells. As a result, high-resolution PET/
CT images can be obtained with radiolabeled bispecific
antibodies, e.g., targeting AS'" A similar strategy would
likely improve the signal-to-noise ratio for our tracer.

Two important factors to be considered in the development
of a new tracer based on antibodies are the choice of the
radiometal and a suitable chelator since the high stability of the
radiometal—chelator complex in vivo and the half-life of the
radionuclide are important factors given the slow and
inefficient delivery to the CNS.™ Zr-89 is very common to
radiolabel antibodies due to its long half-life, and **Ze-DFO*
complexes demonstrate good in vive stability and have been
applied in numerous clinical studies. However, high-energy 7
emissions with high abundance in combination with a longer
half-life are rather unfavorable in terms of absorbed doses. In
this study, we selected the positron emitter copper-64, due to
its half-life of 12,7 h, which enables imaging also at late time
points, and its low positron energy, which results in high-
resolution images. Moreover, its coordination chemistry is well
understood, and several available chelators form complexes
that are stable in vivo,””" We conjugated the mAblAI2
antibody to p-NCS-benzyl-NODAGA since antibody mod-
ification and radiolabeling with copper-64 can be achieved
under mild conditions, especially innocuous pH. In addition,
the [**Cu|Cu-NODAGA complex is highly stable in vivo.
Radiolabeling was performed with high RCY and high RCP.
The tracer was also shown to be stable for at least 24 h in
murine plasma. The antibody was modified in a nonselective
fashion, with the inherent risk of compromising target binding
if the chelator interacted with the antibody epitope. However,
ELISA confirmed that the binding affinity was not impaired
after chemical modification, In vitro autoradiography showed
tracer accumulation primarily in the neocortex and hippo-
campus of transgenic mice, consistent with immunohistochem-
ical staining and the known Camk2a-Cre expression pattern,
resulting in high poly-GA levels in these regions. The
cerebellum was chosen as an internal reference region since
the expression of poly-GA is low in this brain area and is not
susceptible to any significant variation between animals.
Therefore, the calculation of SUV ratios (SUVR) is a valuable
tool for quantifying region-specific tracer uptake in the brain.
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The SUVR values were significantly higher in Tg mice than in
WT mice. Tracer hinding to the poly-GA inclusions is highly
specific, as shown by a blocking experiment in the presence of
an excess of native antibodies.

Based on the favorable in vitro characteristics, tracer
pharmacokinetics were assessed in vivo using a novel transgenic
mouse model that allows conditional expression of GFP-
(GA) 3¢ in excitatory neurons in the neocortex, hippocampus,
and striatum using Camk2a-Cre because widespread expres-
sion in the CNS using Nestin-Cre resulted in a severe
phenotype that would make PET/CT studies difficult.” Using
Camk2a-Cre, mice develop cognitive deficits and reach the
humane endpoint around 30 weeks of age compared to
approximately 6 weeks of age for Nestin-Cre (in-depth
characterization in preparation, Zhou et al.). The PET/CT
imaging revealed increasing and most prominent enrichment of
the [‘fCu]Cu-NODt\GA-mAblAlZ tracer in the cortex of
transgenic mice over time compared to that of WT,
represented by higher SUVRy /i values. Both genotype
and time significantly influence tracer uptake. PET images also
indicate that 20 h p.i. is a favorable time point for image
acquisition, Differential SUVR PET/CT images at 20 h p.i.
show nearly optimal tracer distribution, whereas very early
time points fail to identify clear distribution differences due to
the slow uptake of antibodies across the BBB. Late time points
are less useful due to the decay of “Cu, resulting in low
radioactivity levels and low signal-to-noise ratios, leading to
inferior image quality and poor accuracy of PET data, Relative
differences in the images between transgenic and control mice
are comparable to those seen with established amylmd-
radiotracers used for PET imaging in Alzheimer's disease,”
Moreover, our data were obtained using a small-animal PET
scanner with limited spatial resolution compared to human
imaging. Due to the low resolution of PET/CT, we cannot
distinguish between intracellular uptake of antibodies and
binding of anubod:es to extracellular poly-GA transmitted
between cells.'” These data support the development of an
active and passive immunization therapeutic nEProach for poly-
GA by showing target engagement in vivo,'

Consistent with the known poor penetration of antibodies
through the BBB, tracer uptake in the brain is rather low. Still,
our single-dose pharmacokinetic study proved that the
antibody is able to penetrate the BBB, supporting the
observation that the radiotracer enters the brain in sufficient
amounts to obtain robust PET signals, despite high antibody
levels in the vasculature. Whereas biodistribution revealed only
a trend toward higher CNS retention in Tg animals 20 h pii,
PET and ex wvivo autoradiography showed a significant
difference between the two groups. The lack of significant
biodistribution differences between genotypes at the group
level is reasonable since regional analysis by PET and
autoradiography allows for a local assessment of tracer uptake
alterations, whereas biodistribution accounts for the overall
tracer uptake in the brain, including basal activity levels. This
shows that PET is an extremely valuable tool to detect regional
differences in brain uptake, which cannot be achieved using
other methods.

Biodistribution showed higher signals in the bone and spleen
of transgenic mice after 40 h compared to 20 h post-injection,
Presumably, the tracer also accumulates in the hematopoietic
system over time, which may be driven by off-target binding of
the radiotracer since poly-GA levels in the peripheral tissue
were negligible. The antibody levels in the whole blood of Tg

mice were also high. However, ex vivo autoradiography
demonstrated a significant difference in the cortex/cerebellum
ratio, clearly demonstrating that the uptake can be attributed to
specific binding to poly-GA aggregates and that it is not just
perfusion-driven. THC and biochemical assessment of paly-GA
levels confirm high target expression in brain regions,
consistent with the expression pattern of the Camk2a-Cre
driver.”” These data fully corroborate the increased signals in
PET and ex wvivo autoradiography, thus providing strong
evidence that the antibody enters the bram and that the signal
is not derived from the vasculatare.

The distribution of poly-GA in our mouse model is different
from human C9orf72 r\L&/l‘TD because the cerebellum is
largely spared in these mice."'" The mouse model may show
more peripheral expression than patients, who express poly-GA
mainly in the CNS and to a lesser extent in the muscle and
testis, ™" In C90rf72 patients, poly-GA pathology is hlﬁhl‘y
abundant in the neocortex, hippocampus, and thalamus,
would be interesting to test whether the onset of poly- GA
pathology in C9rf72 mutation carriers con'clatcs with the
prodromal atrophy reported in these regions.” PET may also
be useful to track poly-GA pathology in therapeutic studies in
future clinical trials. Therefore, clinical translation of a poly-GA
tracer is highly desired; however, improving BBB transmission
through a shuttle system will likely be required to improve the
signal-to-noise ratio for clinical use.

B CONCLUSIONS

Herein, we present the first poly-GA targeting radiotracer and
provide comprehensive in vitro, in vive, and ex vivo data
demonstrating that [*Cu]Cu-NODAGA-mAbIA12 is a useful
tracer for preclinical C9orf72 ALS/FTD imaging. Despite low
BBB penetration, high-quality images were obtained. To
enhance tracer uptake in the brain, the 1A12 antibody can

be engi d for recep diated transcytosis via the TR,

B MATERIALS AND METHODS

The supporting information provides detailed information on
the materials and experimental procedures, including methods,
figures, and data for ELISA, SDS-PAGE, in witro stability
experiments, immunohistochemistry, PET/CT statistics, the
arsenazo spectrometric assay, poly-GA immunoassay, the
pharmacokinetics study, biodistribution, HPLC, radio-TLC
chromatograms, and SUV-scaled PET images.

Animals. Floxed GA-stop mice were described previously
and maintained at the CS7BL/6] background. Briefly, GFP-
(GA) sy genes encoding nonrepeating alternate codons
downstream of a floxed stop cassette encoding a puromycm
resistance gene followed by SV40 polyadenylanon signal were
integrated at the Rosa26 safe harbor,™ Lrossmg GA-stop with
Camk2a-Cre (Tg(Camk2a-cre)93KIn)"" and subsequent ex-
cision of the stop cassette resulted in DPR expression
throughout Camk2a-positive excitatory neurons (ROSA26
GFP-(GA),;; %; Camk2a-Cre £). The full phenotypic
characterization of this mouse line will be reported in another
article, which is currently under preparation. We compared
(ROSA26 GFP-(GA) s +; Camk2a-Cre +) transgenic mice
(Tg) and GA% Camk2a-Cre —/~ littermate controls that did
not express poly-GA referred to as wild-type (WT) mice (47
months, 15-33 g).

Antibody Modification. The mAb1A12 antibody mod-
ification was performed with p-NCS-benzyl-NODAGA (2,2
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(7-(1-carboxy-4-( (4-isothiocyanatobenzyl Jamino ) -4-oxobu-
tyl)-1,4,7-triazonane-1 4-diyl)diacetic acid, CheMatech, Mac-
rocycle Design Technologies) in metal-free phosphate buffer
(pH 8.5, 0.1 M) as follows. The 1A12 antibody (4 mg) was
dissolved in 1 mL of metal-free phosphate buffer (0.1 M, pH
8.5). An excess amount of dissolved p-NCS-benzyl: NODAGA
(3.8 mg, 100 pL, 7.3 pmol) in metal-free phosphate buffer (0.1
M, pH 8.5) was added to the antibody solution. The reaction
mixture was incubated overnight at 4 °C."" The mixture was
purified using either Microcon centrifugal filter units (Ultracel
30 kDa, 0.5 mL, Merck Millipore Ltd.) or Amicon ultra-
centrifugal filter units (Ultracel 30 kDa, 0.5 mL, Merck
Millipore Ltd.). The buffer was changed to metal-free
ammonium acetate (0.5 M, pH 6.8) by centrifugation
(20,817, 20 min, 4 °C, Centrifuge 5810 R, Eppendorf).
Quality control of the conjugated antibody was performed by
HPLC (Agilent Technologies, 1200 series) using a Phenom-
enex column (BioSep 5 gm SEC-s 4000 500 A LC Column
300 mm X 7.8 mm) with 0.1 M sodium phosphate buffer (pH
7.2, isocratic run, 1 mL/min, 20-30 min). NODAGA-
mAbIAI2 eluted at R, = 10.0 min, as detected by UV
adsorption (280 nm).

Radiolabeling. NODAGA-mAbIAI2 was centrifuged (S
min, 20,817g, 4 °C, Ultracel 30 kDa, 0.5 mL, Merck Millipore
Ltd.) in order to decrease the reaction volume to 200 ul. of
ammonium acetate buffer (0.5 M, pH 6.8) before labeling,
Next, 100—150 MBq [**Cu]CuCl, was added to NODAGA-
mAbIAI2 (100 pg). The pH was adjusted to 5.6 using
ammonium acetate buffer (0.1 M, pH 5.5). The mixture was
incubated for 30—45 min, with gentle shaking at 400 r.p.m. at
42 °C. The reaction mixture was purified using Microcon
Centrifugal filter units, and the buffer was changed to
phosphate-buffered saline (ABX) for injection into mice. For
quality control, radio-TLC on ITLC-SG glass microfiber
chromatography paper (Agilent Technologies, Folsom, CA)
was performed with sodium citrate buffer (0.1 M, pH 5.0) as
the mobile phase (R; (tracer) = 0.0, R; ([*'Cu]CuCly) = 0.9, R,
([%Cu]Cu-NODAGA) = 0.3), Furthermore, radio-HPLC
showed a retention time of 11.0 min for [**Cu]Cu-
NODAGA-mAb1AI2.

Autoradiography. Brain sections from GA + Camk2a +
Tg vs WT' mice were deparaffinized in xylene followed by
washing with 100, 99, 95, and 70% ethanol and water. The
sections were preincubated in 50 mM Tris-HCI (pH 7.4, RT,
10 min) and then incubated with a masimum of 1 MBq/mL of
[**Cu]Cu-NODAGA-mAbIA12 in phosphate butfer (pH 7, 60
min, RT). To determine specificity, brain sections from GA
Camk2a + Tg mice were preincubated with a 1000-fold excess
of nonlabeled mAbIAI2 (300 pg) in the presence of ~0.3
MBq [*'Cu]Cu-NODAGA-mAbIA12 (0.3 yg). The sections
were washed with cold Tris-HCI + 5% ethanol (pH 74, 1 X 5
min, 4 °C), followed by distilled water (RT, 5 s). Finally, the
sections were dried at RT for 1 h. Ex vivo autoradiography was
performed on the transgenic and wild-type mice after 20 h p.i,
After the PET/CT scan, one hemisphere of the brain was
isolated and fixed on a polymer (Tissue-Tek O.C.T.
compound). The brain was frozen at =20 °C and cut into
sagittal sections of 20 ym thickness using a Leica CM 1860
cryostat machine. All brain sections were exposed to a
phosphor imaging plate for 24 to 30 h in the dark at RT
and then scanned with a CR-Reader (CR35 BIO, DURR
MEDICAL). The images were analyzed using Aida Image
Analyzer software (v.4.50.010, Elysia-raytest GmbH), A

manually drawn region of interest (ROI) was placed in the
cerebellum as a pseudoreferencing tissue. After background
subtraction, intensity normalization of all sections was
performed by calculating the brain-to-cerebellum (CBL) ratios.

Small-Animal PET/CT Imaging. Mice (4—7 months)
were injected with 9.7 + 2.4 MBq of [*Cu]Cu-NODAGA-
mAbIA12 (corresponding to 10.3 & 3.0 ug per mouse) in 200
pL of phosphate buffer via the lateral tail vein under isoflurane
anesthesia, The mice (n = 8) were scanned first with CT
(70kVp/650 pA, exposure time 300 ms, Helical 1.0 pitch). The
scan was followed by 30 min static animal PET imaging (with
coincidence mode 1-5 in | scan position) 2, 20, and 40 h
post-injection (p.i.), Small-animal PET imaging was carried out
under constant anesthesia with isoflurane (1.5% at 1.5 L flow
per minute) with a Mediso Nanoscan PET/CT (Budapest,
Hungary). PET/CT images were reconstructed using the Tera
Tomo 3D algorithm (4 iterations and 6 subsets) and analyzed
using PMOD (version 3.5; PMOD Technologies Ltd., Zurich,
Switzerland), PET images of each mouse were co-registered
with CT images of the corresponding mice, The images were
aligned to the magnetic res ¢ imaging (MRI) brain
atlas. Volumes of interest (VOIs) were drawn to assess tracer
enrichment in different brain regions (from the atlas and
manually as spheres). Standard uptake value (SUV) ratios were
calculated by dividing the SUV of interest by that of the
cerebellum, Average and differential (%SUVRA (Tg-WT))
PET images were g ed from all ed mice (n = 8 per
group) at 2 b, 20 and 40 h p.i.

Biodistribution. The biodistribution of [*'Cu]Cu-NODA-
GA-mAb1A12 was studied in GA # Camk2a + Tg vs WT mice
at 20 and 40 h p.i. (n = 4). After PET/CT scanning, the mice
were transferred to the anesthesia box for isoflurane overdose
and euthanized by cervical dislocation. Mouse organs including
the brain, heart, kidneys, liver, bone, muscle, spleen, pancreas,
lungs, and blood were collected for biodistribution analysis.
The brain was divided into two hemispheres. One hemisph
was used for biodistribution together with the other organs.
The mass and radioactivity of each organ were measured ina 7
counter (HIDEX AMG y Counter, version 1.6.0.0, counting
time of | min, counting window of 450-570 keV).

Statistical Analysis. Statistical analyses were conducted
using GraphPad Prism 8.4.3 and 9. Unpaired Student’s t-test,
two-way ANOVA, or pairwise Sidak's multiple comparison
tests were performed, as indicated in the captions. Statistical
significance was set at p > 0.05 (ns), < 0.05 (*), < 0.01 (**),

< 0.001 (**#), and <0.0001 (*%*%),
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SUPPLEMENTAL METHODS

MATERIALS

Chemicals and materials were purchased from Merck, VWR, Thermo Fisher Scientific, CheMatech, Roche,
Agilent, Eppendorf. and Sigma Aldrich, and were used as received without any purification. [¥Cu]CuCl; was
obtained from the Department of Preclinical Imaging and Radiopharmacy. University Hospital Tuebingen,

Germany.,

ELISA

The Nunc MaxiSorp™ flat-bottom 96-well plates were incubated with recombinant GST-(GA),« produced in E.
coli * 7 in PBS overnight at 4°C at various concentrations (0.5. 0.1, 0.02, 0.004, 0.0008, 0.00016, 0.00032 and
0 ng/ul). After 1 h incubation in blocking solution (1% BSA, 0.05% Tween 20 in PBS), 0.5 pg/ml of mAb1A12
or NODAGA-mAbIA12 were added for | h. After three washes with 0.05% Tween 20 in PBS, anti-GA antibodies
were detected with anti-mouse HRP. 3,3",5,5"-Tetramethylbenzidine was used as chromogenic substrate, After
stopping the reaction with 2 M H,80y, the absorbance was read at 450 nm. Two technical replicates were measured

for each sample. ECy; values were calculated using Quest Graph ECy, Calculator, AAT Bioquest, Inc.

SDS-PAGE

Antibody integrity was assessed by SDS-PAGE under non-reducing conditions. Unmodified antibody mAblA12,
modified antibody NODAGA-mAbIA12 and labeled antibody [**Cu]Cu-NODAGA-mAbIA12 (0.4 pg, PBS)
were incubated with SDS sample buffer at 90°C for 10 min, loaded onto an 8% Bolt Bis-Tris Plus gel and run with
MOPS buffer at 200V for 35 min. Spectra™ Multicolor Broad Range Protein Ladder (Thermo Fisher Scientific)
served as standard, Coomassie staining (SimplyBlue Safestain, Thermo Fisher Scientific) was performed
overnight, 2 mL of 20% aq. NaCl (w/v) were added to 20 mL of stain to avoid decrease of sensitivity. Radioactive
read out of the gel was done via radio-TLC (miniGita, raytest, iTLC-SG, 0.1 M sodium citrate buffer pH 3) and
autoradiography. The gel was exposed to a phosphorimaging plate for four hours, scanned with a CR-Reader

(CR35 BIO, Diirr Medical), and analyzed using Aida Image Analyzer software.

Antibody integrity was analysed ex vivo in plasma samples from [*Cu]Cu-NODAGA-mAbIA12 (46.0 + 4.1 MBq.
C57BL/6J, n = 3. 2 males and | female) injected mice 20h p.1. Blood was collected from the heart in EDTA tubes
(Sarstedt Microvette 100 K3E). Tubes were centrifuged (3000 = g, 5 min) and the top layer (plasma) separated.
Plasma concentrations were quantified by radioactivity measurements using a gamma counter. SDS-PAGE was
performed as previously described, with the exception that 0.13 pg of antibody was loaded per well,

Autoradiography and radio-TLC were performed accordingly.

IN VITRO STABILITY

The stability of *'Cu-labeled NODAGA-mAbIAI2 was determined in mouse plasma. Anaesthetized mice
(1soflurane) were killed by cervical dislocation. Then, murine blood was collected by cardiac puncture and
transferred to an Eppendort tube. Murine plasma was separated from blood cells by centrifugation (Mini spin
centrifuge. Eppendorf) for 10min at 3000 » g and then stored at -20°C. 113MBq of
[Cu|Cu-NODAGA-mAbIAI2 in 70 uL phosphate-bulfered saline were incubated in 200 pL. murine plasma
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(gentle shaking at 400 r.p.m, 37°C, 24 h). 10 pL of sample were taken at 30 min, | b, 1.5 h, 2 h, 15 h, 20 h, and
24 h for stability measurements using HPLC (Agilent Technologies, 1200 series, Phenomenex column,
BioSep ™ 5 ym SEC-5 4000 500 A LC Column 300 x 7.8 mm, with 0.1 M sodium phosphate buffer, pH 7.2,

isocratic run, | mb/min, 20 - 30 min).

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed on § um paraffin-embedded tissue sections as deseribed previously ¥ using
the following antibodies: GFP (632381, Takara 1: 250), poly-GA (1A 12, 1gG1 mouse, purified and biotinylated,
1:500), Ix Anti-HA high Affinity Rat monoclonal antibody clone 3F10 (11867423001, Roche), recombinant anti-
mouse 1gG2a antibody [RM107] (ab190463, Abcam). After deparaffinization and dehydration, heat-induced
antigen retrieval was performed with citrate buffer (pH 6) for 20 min in the steamer. Slides were then blocked and
incubated with primary antibody overnight at 4°C. Slides were washed and detected with the DCS supervision 2
Kit (DCS mnovative diagnostic-system) according to the manufacturer's instructions. Bright-field images were

taken on a Leica DMi8 fluorescence microscope (Leica).

STATISTICAL ANALYSIS OF SUVRs FROM PET/CT IMAGES

The results (Two-way ANOVA) revealed that genotype alone has a significant effect in CTX (F(1.14) = 22.92, p
= 0.0003) and HIP (F(1.14) = 20.34, p = 0.0005) on tracer uptake. Additionally, time shows a significant
correlation with tracer uptake in CTX (F(1.717, 24.04) = 8.710, p = 0.0021) and HIP (F(1.835, 25.69) = 14.11, p
= 0.0001. A significant interaction effect between genotype and time in the CTX (F(2,28) = 0.7942, p = 0.4618)
and HIP ((F(2.28) = 0.3210, p = 0.7281) could not be observed, Pairwise Sidak’s multiple comparison tests were
conducted to examine differences between the genotype at each time point for each brain region (Fig. 3d). We
found that there were statistically significant differences in tracer uptake between the genotype in CTX at 2 h p.i.
(p=0.0416), at 20 h p.i. (p=0.0011) and at 40 h p.i. (p= 0.0106), and in HIP at 20 h p.i. (p = 0.0065) and at 40 h
p-i. (p= 0.0181), No significant differences were observed at 2 h p.i. (p = 0.0637) in HIP.
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SUPPLEMENTAL FIGURES

FIG. S1 ARSENAZO SPECTROMETRIC ASSAY
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Validation of Lambert Beer’s law. The adsorption was measured at different concentrations of Cu(AAIIT); in a

solution of 0.15 M NH.OAc at pH 7.0 in a 1.0 mL cuvette using a UV-Vis spectrophotometer. Linear regression,
R*=1.9957.

FIG. S2 HPLC AND RADIO-TLC
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(A) HPLC chromatogram of p-NCS-benzyl-NODAGA, R, = 13.6 to 14.2 min at 280 nm (UV channel). (B) HPLC
chromatogram of [*CuJCu-NODAGA, R, = 13.8 min (radio channel). (C) Radio-TLC of [*Cu]CuCl; on ITLC-

SG chromatography paper, Ry = 0.9, (D) Radio-TLC of [*Cu]Cu-NODAGA on ITLC-SG chromatography paper,
R1 =0.5.
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FIG. S3 POLY-GA IMMUNOASSAY
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The poly-GA immunoassay was performed to measure poly-GA in different tissue of GA-CFP mice as described
previously with slight modification (Zhou et al, 2020). Mouse tissue samples were homogenized in 400ul to 600ul
of RIPA bufter (137 mM NaCl, 20 mM Tris pH 7.5. 10% glycine, 1% Triton X-100, 0.5% Na-deoxycholate. 0.1%
SDS. 2 mM EDTA, protease and phosphatase inhibitors, benzonase nuclease) using homogenizer (Precellys).
Samples were incubated with shaking at 4°C for 20 min and centrifuged at 13,000 g for 10 min at 4°C, Supernatant
was then collected for immunoassay analysis and protein concentration was determined by Bradford assay,
Streptavidin Gold multi-array 96-well plates were incubated with biotinylated anti-GA clone 1A 12 overnight at
4°C and blocked with 1% BSA, 0.05% Tween 20 in PBS for | h. Equal amounts of samples were added in duplicate
wells for 1.5 h, followed by 1.5 h incubation with the secondary sulfo-tag labeled u-GA clone 1A12, Serial dilution
of recombinant RR-(GA)-RR in blocking buffer was used to generate a standard curve. The intensity of emitted
light upon electrochemical stimulation was measured using the MSD QuickPlex 520, and the background was
corrected by the average response obtained from blank wells, Data are given as mean + SD, unpaired t-test, p <

0.0001,
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FIG. S4 SUV SCALED PET IMAGES
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Tracer uptake in brains of Tg and WT mice at 2 h p.a, (left), 20 h p.i. (center) and 40 h p.i. (right) expressed as

standard uptake values (SUV).

FIG, S5 CNS EXPOSURE OF THE 1A12 ANTIBODY
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Study Design

The pharmacokinetics of 1 A12 antibodies was investigated in plasma and brain of C37BL/6JOlaHsd mice (male,
3-6 animals/group). Mice were administered a single dose (30 mg/kg s.c.) of 1A12 antibodies of different 1gG
isotypes (IgG1, 1gG2a, 1gG2c). Sampling times for plasma were 0.5 h. 6 h, 1 d,2d,3d, 7d, 14d. 21 d, 28 d p.i.
and for brain tissue 2 d, 7 d, 14 d and 28 d p.i. (compare Table S3). Before tissue collection mice were perfused

with PBS. Samples were analyzed by anti-DPR ELISA using GST-(GA),s antigen.
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Anti-DPR ELISA

Plasma samples were diluted with (0.1% Tween in PBS (1:50000 - 1:1000000), brain was homogenized into 10 =
v/w, and concentration was adjusted to 10-14 mg/mL (1:10-1:40 dilution with 0.1% Tween in PBS). 96-well
covalent binding plates (Thermo Fisher Scientific) were coated overnight at 4°C with 10 ng GST-(GA),s per well.
After | hour blocking (PBS with 2% BSA and 0.1% Tween-20), serial dilutions of plasma or brain tissue samples
of 1A 12 antibodies (mlgG1, migG2a, mIgG2e, 4-9000 pg/ml.) were added to the wells, incubated for 2 hours on
a shaker. and detected after a I-hour incubation on a shaker with HRP-conjugated antibodies (rabbit anti-mouse
1gG1-HRP, dilution 1:10000; goat anti-mouse IgG2a-HRP, 1:1000; goat anti-mouse IgG2c-HRP, 1:10000),
Signals were developed using Pierce™ TMB Substrate Kit (Thermo Fisher Scientific) and detected via
spectrophotometry at 450 nm.
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SUPPLEMENTAL TABLES

TABLE S1 POLY-GA IMMUNOASSAY DATA

Poly-GA concentration

pg/mg tissue Te wr
Hippocampus 0.365 + 0.026 0.004 + 0,001
Cortex 0.728 + 0,072 0.004 = 0.001
Midbrain 0.072 + 0,008 0,003 + 0.000
Cerebellum 0.036 + 0,005 0.012 £ 0.001
Brainstem 0.075 + 0.007 0.004 = 0.001
Muscle 0.009 + 0.002 0.009 + 0.002
Spleen 0.004 + 0.001 0.007 = 0.001
Liver 0.016 + 0,001 0.043 < 0.004
Lung 0.025+0.013 0.019+0.017
Heart 0.129 £ 0.010 0.156 = 0.011
PBMC -0.006 + 0.003 0.001 +0.015
Bone marrow 0.001 £ 0.000 0.000 = 0.000
TABLE S2 BIODISTRIBUTION DATA 20 h AND 40 h p.i.
Y 20h 40h
Mean + SD Tg WT Te WT
Brain 0.16 +0.01 0.14 +0.03 0.13+0.02 0.13=0.02
Heart 1.354£0.24 1,34+ 0.21 1.08 = 0.28 L1010
Kidney 141 +0.25 2.24+0.76 1.35+0.25 148 =0.14
Pancreas 0,76 +0.15 0.72£0.12 0.65=0.13 0.53+0.07
Spleen 1.84 4 0.63 1.75+0.14 2,834 0.30 1.41 £0.25
Muscle 0.24+0.04 0.26 £ 0.06 0.27 = 0.04 0.23 = 0.06
Bone 1.04 +0.25 0.75 + 0.07 1.76 + 0.98 0.67 = 0.26
Lung 240+ 0.25 2.35+0.06 241 +028 1.81+0.32
Liver 1.88 +0.61 2.62+0.64 2.06=0.28 2.55=030
Blood 497+0.74 5.20+0.76 455+ 1.05 3.46=1.13
TABLE S3 PHARMAKOKINETIC DATA OF THE 1A12 ANTIBODY
Cui C AUC K
Drag | Tissue | (b pgrg) | (ugfmhpgi) | Gl gy | 9= ® | (aiCaen)
1A12- Brain 257+0.97 0.43 +£0.04 742 272 0,024
migGl Plasma 121 + 38 13+2 31107 202
1A12- Brain 4,73+ 1,97 0.57 +0.29 1549 183 0,034
migG2a Plasma 159 + 28 7+12 45632 121
1A12- Brain 3.23+ 1.33 0.77 +0.06 975 411 0,016
mlgG2c Plasma 21527 29+ | 62522 239
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Abstract

Triggering receptor expressed on myeloid cells 2 (TREM2) plays an essential role in microglia activation
and is being investigated as a potential therapeutic target for modulation of microglia in several
neurological diseases. In this study, we present the development and preclinical evaluation of #Cu-labeled
antibody-based PET radiotracers as tools for non-invasive assessment of TREM2 expression.
Furthermore, we tested the potential of an antibody transport vehicle (ATV) that binds human
transferrin receptor to facilitate transcytosis of TREM2 antibody-based radiotracers to the CNS and
improve target engagement.

Methods: A TREM2 antibody with an engineered transport vehicle (ATV:4D9) and without (4D9) were
covalently modified with pNCS-benzyl-NODAGA and labeled with copper-64. Potency, stability, and
specificity were assessed in vitro followed by in vivo PET imaging at the early 2 h, intermediate 20 h, and late
imaging time points 40 h post-injection using a human transferrin receptor (hTfR) expressing model for
amyloidogenesis (SxFAD; TfRmshu) or wild-type mice (WT;TfRmhv), and hTfR negative controls. Organs
of interest were isolated to determine biodistribution by ex vivo autoradiography. Cell sorting after in vivo
tracer injection was used to demonstrate cellular specificity for microglia and to validate TREM2 PET
results in an independent mouse model for amyloidogenesis (App5aA; TfRmih), For translation to human
imaging, a human TREM2 antibody (14D3) was radiolabeled and used for in vitro autoradiography on
human brain sections.

Results: The “Cu-labeled antibodies were obtained in high radiochemical purity (RCP), radiochemical
yield (RCY), and specific activity. Antibody modification did not impact TREM2 binding. ATV:4D9 binding
proved to be specific,c and the tracer stability was mainwined over 48 h. The upuake of
[#Cu]Cu-NODAGA-ATV;4D9 in the brains of hTfR expressing mice was up to 4.6-fold higher than
[“#Cu]Cu-NODAGA-4D9 in mice without hTfR. TREM2 PET revealed elevated uptake in the cortex of
S5xFAD mice compared to wild-type, which was validated by autoradiography. PET-to-
biodistribution correlation revealed that elevated radiotracer uptake In brains of SxFAD;TfRm'v mice
was driven by microglia-rich cortical and hippocampal brain regions. Radiolabeled ATV:4D9 was
selectively enriched in microglia and cellular uptake explained PET signal enhancement in AppSA4; TR
mice. Human autoradiography showed elevated TREM2 tracer binding in the cortex of patients with
Alzheimer's disease.
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Conclusion: [*Cu]Cu-NODAGA-ATV:4D9 has potential for non-invasive assessment of TREM2 as a
surrogate marker for microglia activation in vivo. ATV engineering for hTfR binding and transcytosis
overcomes the blood-brain barrier restriction for antibody-based PET radiotracers. TREM2 PET might
be a versatile tool for many applications beyond Alzheimer's disease, such as glioma and chronic

inflammatory diseases,

Keywords TREM2, ATV:ADY, copper-td, microglia, PET

Introduction

Neurodegenerative  diseases (NDD) are
characterized by the gradual degeneration and loss of
neurons within the central nervous system (CNS) [1,
2]. This neuronal damage leads to cognitive and
movement dysfunctions observed in diseases like
Alzheimer’s (AD) and Parkinson’s disease (PD).
NDDs are also associated with the accumulation and
misfolding of amyloidogenic proteins [3, 4]. In
addition, neuroinflammation is observed in many
NDDs and chronic inflammation contributes
significantly to the development and pathology of the
disease [5, 6].

Microglia, the main resident macrophages in the
CNS, exhibit different phenotypes depending on the
specific conditions of the brain microenvironment [6].
In the healthy brain, resting microglia persist in a
homeostatic state and play a crucial role in immune
surveillance and maintaining brain homeostasis [7, 8].
Upon a challenge such as accumulating amyloid
pathology, microglia activate a defensive gene
network [9, 10]. Microglia that respond to
pathological  challenges, have a  common
transcriptional signature and are referred to as
disease-associated microglia (DAM) [7, 11-13]. Under
persistent inflammatory conditions, microglia can
remain activated losing their normal protective
function and mediate chronic inflammatory processes
[13-15]. The dysregulation of the immune defense in
the CNS seems to be an important factor in NDD
progression and particularly emerges at an early stage
in TREM2 late-onset Alzheimer’s disease variants,
even before other NDD pathologies come into play [8,
9, 16]. Early diagnosis of NDDs is of utmost
importance for patients as more therapy options can
be applied [16]. In this respect, positron emission
tomography (PET) is an ideal diagnostic tool as it is a
non-invasive  imaging technology with  high
sensitivity and allows for accurate target detection
and quantification at spatial resolution. Further,
regional analyses of the entire brain by PET can
identify heterogeneous target profiles and can detect
regional changes by longitudinal imaging schemes,

The most investigated PET biomarker for
activated microglia in the brain and spinal cord is the
18 kDa translocator protein (TSPO). TSPO is
associated with the activation of microglia and is

regarded as a distinctive characteristic  of
neuroinflammation. The initial tracer developed to
target TSPO, (R)-[""C]PK11195, had certain drawbacks
such as challenging radiochemistry, a short half-life
and a low signal-to-noise ratio [17, 18]. Among others,
["F]GE-180 is a widely used third-generation TSPO
tracer with longer half-life, improved brain uptake
and higher affinity [19]. Although TSPO imaging
provides useful clinical information, several
drawbacks remain. Allelic variants in human
populations with low TSPO binding hamper a
broader use of TSPO PET for in vivo diagnostics [20].
Furthermore, TSPO PET signals are not entirely
specific to microglia, as TSPO is also expressed by
endothelial cells, astrocytes and neurons [21].
Limitations of TSPO as an imaging approach for
microglia led us to investigate other biomarkers that
are more microglia-specific, such as Triggering
receptor expressed on myeloid cells 2 (TREM2) [16,
22, 23].

TREM2 is a type-1 transmembrane protein that
plays an essential role in microglial functions [24, 25|
and their transition from a homeostatic state to DAM
|7, 11, 26, 27]. Microglia combat amyloid pathology by
phagocytosis and encapsulation of amyloid plaques
[11, 24, 28, 29]. TREM2 polymorphism, which has
been reported previously as risk factor for late-onset
AD (LOAD) [30, 31], impairs microglial activation
leading to reduced AP plaque clearance [24, 32].
Therapeutic approaches targeting TREM2 largely
focus on agonistic antibodies stimulating protective
microglial functions in the brain during the preclinical
stage of AD [33]. However, methods to assess direct
target engagement are not available yet, and utilize an
indirect measure of binding to soluble TREM2 present
in biofluids [12]. TSPO PET is not a suitable biomarker
as it does not selectively represent TREMZ2-activated
microglia. Thus, TREM2 PET would allow regional
assessment of the TREM2-positive DAM subset and
could be used as a novel biomarker to directly
monitor CNS target engagement in preclinical studies
and clinical trials.

Previous attempts to image TREM2 highlight the
challenges in the CNS. In contrast, in the periphery,
Shi et al. reported “Ga-labeled COG1410, an
ApoE-derived peptide that targets TREM2 on
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tumor-associated macrophages (TAMs) for the
diagnosis of gastrointestinal tumors [34], and '*I- and
“mTec-labeled antibody fragments showing potential
for targeting human TREM2 in gastric carcinoma [35]
and lung cancer [36]. For neuroimaging, Meier et al.
presented a '*-labeled TREM2 antibody with a
linked single-chain variable fragment that binds
transferrin receptor to target TREM2 in AD mice.
Using PET, the tracer was unable to image TREM2 in
vivo, but could visualize TREM2 ex vivo [8].

In our study, we focused on the development of
a TREM2-targeting PET imaging agent based on the
monoclonal agonistic antibody 4D9 that binds to the
mouse TREM2 stalk region, N-terminal to the
cleavage site of TREM2 [12], and competes with
a-secretase-mediated  shedding and  subsequent
release of soluble TREM2 (sTREM2) [12, 37-40].
TREM2 agonism is mediated by: 1) TREM2
stabilization at the cell surface by lowering TREM2
shedding; 2) Activation of phospho-SYK signaling
downstream of TREM2 by antibody-mediated
receptor cross-linking. These mechanisms lead to an
increase in phagocytic uptake of AP fibrils by primary
mouse microglia i wvitro [12]. To overcome the
blood-brain barrier (BBB), which effectively restricts
the delivery of antibodies into the brain, we
engineered an ATV-enabled version of the mouse 4D9
antibody for use in our studies [41]. The ATV
selectively binds to the apical domain of the human
transferrin receptor (hTfR) and facilitates active
transport of the antibody into the brain parenchyma
via TfR-mediated transcytosis within endothelial cells
(41, 42].

We developed and evaluated two new
radiotracers targeting TREM2, [#Cu]Cu-NODAGA-
ATVADY and [#Cu]Cu-NODAGA-DY, ie. the
antibody chemically modified with the chelator
NODAGA, which forms a complex with the
radioisotope copper-64. These tracers enabled us to
image TREM2 in the CNS of an AD mouse model. The
effectiveness of tracer delivery into the brain was
strongly enhanced by the ATV technology. Cell
sorting after {n vivo radiotracer injection proved
microglia-specific binding of ATV:4D9.

Materials and Methods
Detailed information on materials and
experimental procedures are provided in the

supplemental materials, including patient tissue,
chemicals, p-SYK assay, arsenazo spectrophotometric
assay, HPLC and TLC chromatograms, stability
measurements, biodistribution data, PET images,
Cohen’s d calculations, tracer uptake data from
regression analysis and flow cytomelry data.

Animals

All animal studies were carried out according to
the German animal protection regulations and
protocols, and a veterinarian was in charge of them
(ROB-55.2-2532.Vet_02-21-156; ROB-55.2-2532.Vet_02-
19-26). The animals were obtained from The Jackson
Laboratory, Sacramento, CA, United States and
Charles River, Sulzfeld, Germany. Mice were housed
in isolated ventilated cages (IVC) at 23-26 °C and
humidity levels of 55-60%, including a 12-hour
light/dark cycle. Prior to the study, all mice were
given at least two weeks of care and acclimatization.
Following mouse cohorts were selected:

1A) 5xFAD (B6.Cg-Tg(APPSwFILon,PSENT*M1
461.*L286V)6799Vas/ Mmijax), (n =18, female = 9, male
= 9)

1B) C57BL/6], hereafter referred to as wild-type
(WT) mice (n = 18, female = 8, male = 10)

2A) 5xXFAD;TfR=w/hu (hemizygous for 5xFAD,
homozygous for TfR™ /), (n = 18, female =9, male =
9

2B) WT;TfRmu/M (homozygous for TR/, (n =
18, female = 9, male = 9)

3) AppSMWTR™/h (homozygous for Appsi4,
homozygous for TERm/w), (n = 4)

Mice from cohorts 2A, 2B and 3 express human
transferrin receptors, with the apical domain of
human TfR knocked into the mouse TIR locus. This
approach preserves the native murine transferrin
binding domain and retains the majority of the
transferrin receptor gene [42], Mice from cohort 1 and
2 were age-matched (6-7 months) and included males
and females. Cohort 3 mice (all male) were 19.7 + 1.1
months old to ensure high TREM2 expression levels.

Antibody modification

4D9, ATV:4D9 and ATV:ISO conjugation to the
chelator 2,2'-(7-(1-carboxy-4-((4-isothiocyanatobenzyl)
amino)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic
acid (p-NCS-benzyl-NODAGA) was done as follows:

3.8 mg (7.3 pmol) p-NCS-benzyl-NODAGA was
dissolved in a metal-free phosphate buffer (0.1 M,
100 pL, pH 8.5) and added to the antibody mixture (4
mg antibody in 1 mL PBS buffer). After the incubation
of the reaction mixture (overnight, 4 °C) [43], the
mixture was purified by Microcon® centrifugal filter
units (Ultracel® 30 kDa, 0.5 mL, Merck Millipore Ltd).
The HPLC (Agilent Technologies, 1200 series) quality
control was done using a Phenomenex column
(BioSep TM 5 m SEC s 4000 500 A LC Column 300 x
7.8 mm) and sodium phosphate buffer (0.1 M, pH 7.2,
1 mL/min) as eluent. NODAGA-4D9 and bispecific
NODAGA-ATV:ADY antibodies revealed a retention
time of 10.3 min and 10.4 min respectively in the UV
channel at 280 nm, The number of chelators per
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antibody was determined using a spectrometric
arsenazo assay as reported elsewhere [44].

Radiolabeling

NODAGA-4DY, NODAGA-ATV:4D9 or
NODAGA-ATV:ISO antibodies (100-200 pg) were
incubated with 100-200 MBq of [#Cu]CuCl; in a
metal-free ammonium acetate buffer (0.1 M, pH 5.6,
42 °C). After the reaction (30 min), the buffer was
changed to phosphate-buffered saline (ABX) via
ultrafiltration (14000 g, 4 °C). Quality control was
performed by radio-TLC (ITLC-5G glass microfiber
chromatography  paper, Agilent Technologies,
Folsom, CA) and radio-HPLC (BioSep TM 5 m SEC s
4000 500 A LC column 300 x 7.8 mm, 0.1 M sodium
phosphate buffer, pH 7.2, 1 mL/min). The retention
factors in the TLC analysis were R; ([*Cu]Cu-
NODAGA-4D9) = 0.0, R/ ([#Cu]Cu-NODAGA-
ATVADI) = 0.0, R ([#Cu]CuCly) = 1.0, Ry ([Cu]Cu-
NODAGA) = 05. [*Cu]Cu-NODAGA-4D9 and
[#Cu]Cu-NODAGA-ATV:4D9 revealed a retention
time of 103 and 10.7 minutes, respectively, by
radio-HPLC.

Autoradiography

Brain  sections of 5xFAD;TfRmu/bu and
WT;TER™/h  mice were pretreated with buffer
solution (50 mM Tris-HCI, pH 7.4, RT, 10 min) and
then incubated with [#Cu]Cu-NODAGA-ATV:4D9
(0.1 to 0.5 MBq) in phosphate buffer (pH 7, 60 min,
RT). To verify specificity, a 1000-fold excess of
unlabeled ATV:4D9 antibody (2000 pg) was added to
2 MBq of [#Cu]Cu-NODAGA-ATV:4D9 (1.3 ug), and
each section was incubated with 0.1 MBq of the tracer.
Sections were rinsed first with cold Tris-HCl + 5%
ethanol (pH 7.4, 1 X 5 min, 4 °C), distilled water (RT, 5
sec.) and then dried for 1 h at RT. For ex vive
autoradiography, one brain hemisphere was isolated,
fixed with polymer gel (Tissue-Tek® O.CT.
Compound), and frozen at -20 °C. The brain tissues
were cut in sagittal sections of 20 um thickness using a
Leica CM 1860 cryostate. All brain sections were
exposed to a phosphor imaging plate and placed in a
dark cassette. After 24 to 30 h exposure, the plate was
scanned by a CR-Reader (CR35 BIO, DURR
MEDICAL). The Aida Image Analyzer v 450 software
was used for image analysis. A manually drawn
region of interest (ROI) was placed in the cerebellum
as a pseudo-reference tissue. After background
subtraction, intensity normalization of all sections
was performed by calculation of brain-to-cerebellum
(CBL) ratios. Human brain sections were
deparaffinized (xylene, xylene:EtOH 1:1, 100% EtOH,
95% EtOH, 70% EtOH, 50% EtOH, dH>0, 3 min each),
unmasked via antigen retrieval (Tris/EDTA pH 9.0,

heat-induced in a pressure cooker, boiling for 3 min),
blocked (5% BSA in PBS/ Triton (0.25% v/v) for 1 h at
RT), incubated with [*Cu]Cu-NODAGA-14D3 (0.1
MBq or an added 1000-fold excess of unlabeled 14D3
antibody, 1 h at RT), and washed (PBS, 3x10 min).
Subsequent steps were carried out in accordance with
the methodology for murine brain sections. For
human brain sections; white matter (WM) was used as
the internal reference region, and cortex-to-white
matter ratios are given.

Small animal PET

Mice from cohorts 1 and 2 were administered
13.1 £ 3.2 MBq [#Cu]Cu-NODAGA-4D9 (n = 29) or
10.2 £ 1.3 MBq [#Cu]Cu-NODAGA-ATV:4D9 (n = 30)
(corresponding to 8.1 + 1.1 pug and 10.2 + 1.9 pg per
mouse) in 150 pul. phosphate buffer by intravenous
injection through the tail vein. Table 1 indicates which
tracer was applied to which individual mouse model.
The PET scan (Mediso Nanoscan PET/CT, 70
kvp/650 pA, exposure time 300 ms, Helical 1.0 pitch,
with coincidence mode 1-5 in 1 scan position) was
conducted 2 h, 20 h, and 40 h post-injection (n = 8 per
time point, 30 min emission time). The mice were
continuously anesthetized with isoflurane during the
scan. PET images were reconstructed using the Tera
Tomo™3D algorithm (4 iterations and 6 subsets). The
resulting images were analyzed using PMOD (version
3.5; PMOD Technologies Ltd.). The CT and PET
images of each mouse were aligned and registered to
the magnetic resonance imaging (MRI) mouse brain
atlas. An average image was generated for each group
at 2 h, 20 h and 40 h p.i. Volumes-of-interest (VOIs)
were manually placed in the hippocampus and cortex
to assess tracer uptake by calculating the percentage
of injected dose per gram of tissue (%I1D/g). Cohen’s d
was calculated to estimate effect sizes. PET-to-
biodistribution correlation analysis was performed
using  whole-brain  voxel-wise SPM  analysis
(Wellcome Department of Cognitive Neurology,
London, UK) in MATLAB (v2011-R2016) [45]. The
correlation was considered significant if p < 0.05.
Data-driven cluster VOIs from SPM analysis were
used for regression coefficient calculation and
comparison of tracer uptake (%ID/g) between all
groups.

Mice from cohort 3 were administered 38.1 +
12MBgq [#Cu]Cu-NODAGA-ATVADY (n = 4)
(corresponding 30.5 £ 1.0 ug per mouse) into the tail
vein, PET imaging was performed and analyzed at
20 h p.i. following the protocol described above. PET
signal increases of cohort 3 (in contrast to
WT;TfRmu/hi - of cohort 2B) were quantitatively
compared with radioactivity of isolated microglial
cells (single cell Radiotracing (scRadiotracing), see
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