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1. Abstract

Alzheimer's disease (AD) is among the most prevalent and socially impactful neurodegenerative
diseases worldwide. One of the most significant pathophysiological alterations is the occurrence
of microgliosis, defined as an immune reaction in which the central nervous system’s (CNS) res-
ident immune cells, microglia, respond to pathological processes, including the accumulation of
amyloid deposits. This reaction generally manifests itself years prior to the clinical onset of initial
symptoms. Consequently, the early and non-invasive detection of microglia activation holds con-
siderable diagnostic and therapeutic potential. This could be used to assess the progression of the
disease or to monitor immunomodulatory treatments.

Currently used radioligands, such as translocator protein (TSPO, 18 kDa)-targeting positron
emission tomography (PET) radioligands, exhibit a limited cellular specificity. In contrast, the
Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) is a promising biomarker. It is ex-
pressed selectively in the CNS on microglia, playing a pivotal role in their activation. The objec-
tive of this doctoral thesis was to develop and preclinically validate a TREM2-specific, antibody-
based PET radioligand. Furthermore, a methodology has been developed that facilitates en-
hanced quantification of TREM2-PET data through the implementation of image-derived blood
normalization. This methodology has been validated through its application in two distinct dis-

ease models.

For this purpose, an antibody directed against murine TREM2 with (ATV:4D9) and without (4D9)
integrated brain shuttle system was used. The ATV (Antibody Transport Vehicle) technology en-
ables the radioligand to pass the blood-brain barrier (BBB) by interacting with the human trans-
ferrin receptor (hTfR). In the study, the antibodies were conjugated with 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) and radiolabeled with copper-64. Subsequently, the antibodies were
tested in vitro for radiochemical parameters, affinity and stability. PET imaging was performed
in an AD mouse model (B6.Cg-Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax, homo-
zygous for hTfR; hereafter referred to as 5xFAD;TfRmvwhv) with a wild-type control (C57BL/6], ho-
mozygous for hTfR; hereafter referred to as WT;TfR™v) and hTfR-negative controls at three
time-points: 2 h post-injection (p.i., early), 20 h p.i. (intermediate) and 40 h p.i. (late). For valida-
tion, ex vivo biodistribution analysis and autoradiography were performed. In addition, a cell
type-specific investigation of signal origin was performed by single-cell radiotracing (scRadio-
tracing) in another amyloidosis model (B6(Cg)-Appt™!1Pnli/], homozygous for the amyloid beta
precursor protein with the Swedish (KM670/671NL), Arctic (E693G), and Austrian (T714I) muta-
tions (APPsAA), homozygous for hTfR; hereafter referred to as APPSAA; TfRmwhv) For human trans-
lation, a human-specific TREM2 antibody (14D3) was radiolabeled and tested in post-mortem
brain slices from AD patients by in vitro autoradiography and validated against immunohisto-

chemistry.
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In the second study, we developed and validated a blood-level normalization strategy for anti-
body-based TREM2 PET imaging. Using PET scans from TREM2 knock-out (TREM2 KO) and
C57BL/6] (henceforth designated as wild-type (WT)) mice injected with [#Cu]Cu-NODAGA-
ATV:4D9, image-derived blood activity was extracted from the heart and correlated with ex vivo
blood levels using Statistical Parametric Mapping (SPM). This enabled the establishment of a
voxel-wise normalization approach that improved inter-individual comparability of TREM2 PET
signals. Validation was performed by correlating normalized PET signals with TREM2 protein
levels in peripheral organs (bone marrow, liver, spleen, lung), measured using Meso Scale Dis-
covery (MSD) technology. This approach was further tested across two different disease models
(myocardial infarction and AD (APPSAA;TfRmvw/hv)), demonstrating utility for imaging TREM2 not
only in the brain but also in peripheral organs, thereby broadening the potential applications of

the radioligand.

The developed radioligands were obtained with high radiochemical purity (> 97.3%), radiochem-
ical yield (> 67.1%), and specific activity (1.0-1.4 MBq/ug). Conjugation of the chelators to the
ATV:4D9 antibody did not affect the agonistic potency toward the TREM?2, and the stability of
the radioligand was maintained over 48 h. Analysis of the PET and biodistribution data revealed
that the 20 h p.i. PET time-point could be identified as optimal in terms of signal-to-noise ratio.
The ATV technology enabled a 4.6-fold increased uptake of the radioligand [#Cu]Cu-NODAGA-
ATV:4D9 in the brain of hTfR-expressing mice. PET and autoradiography data showed signifi-
cantly increased radioligand accumulation in microglia-rich regions of the cortex and hippocam-
pus of AD mice compared to wild-type controls. The selective accumulation of radioligand in
microglial cells (94.8%) was confirmed by scRadiotracing. In addition, the cellular uptake could
explain the signal increase in the AD mouse model compared to the wild-type. In vitro autoradi-
ography on human post-mortem brain tissue from patients with AD showed increased cortical
binding of the human-specific radioligand (cortex-to-white matter ratio 2.4 + 0.2, median + SD),
which was consistent with TREM2 immunohistochemistry (cortex-to-white matter ratio 2.4 + 0.5,
median + SD).

The second study showed a significant correlation between the blood values extracted from PET
images and the blood values obtained ex vivo (R? = 0.9680, p < 0.0001, linear regression). Image-
based blood normalization proved to be more robust in detecting signal clusters in TREM2 PET
compared to traditionally used percentage of injected dose (%ID) normalization. TREM2 signals
from the group comparison correlated significantly with the measured TREM2 protein levels in
the target organs (R2 = 0.7450, p < 0.0003, linear regression). In disease models, TREM2-positive
macrophages in the infarcted area of the heart and activated microglial cells in the AD model
were reliably detected after blood normalization and correlated with signals from ex vivo autora-
diography (myocardial infarction: R? = 0.8584, p = 0.0001; AD: R? = 0.6902, p = 0.0008, linear re-

gression).

The results of this study show that [#Cu]Cu-NODAGA-ATV:4D9 holds strong potential as a ra-
dioligand for the non-invasive in vivo visualization of TREM2-positive microglial cells. The com-

bination of a specific targeting antibody and the use of ATV technology enables efficient brain
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uptake and allows PET-based imaging of an antibody-based radioligand of TREM2 beyond the
BBB for the first time. The quantitative evaluation of TREM2 PETs has significantly improved
detection sensitivity and accuracy of true biological TREM2 expression by the newly established
method of blood normalization.

TREM2 PET thus offers potential for early diagnosis of AD, improved monitoring of disease pro-
gression, and the accompanying evaluation of therapies, such as anti-amyloid-f3 therapies re-
cently approved by the Food and Drug Administration and European Medicines Agency. In ad-
dition, other indications, such as glioblastoma and other chronic inflammatory diseases, could
also benefit from TREM2 PET. The first clinical TREM2 PET trial has begun. The results of the
clinical TREM2 PET examinations are expected soon and will provide decisive insights into the

future potential of the molecular imaging method of TREM2 PET.
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2. Zusammenfassung

Die Alzheimer-Erkrankung zahlt zu den haufigsten und gesellschaftlich relevantesten neurode-
generativen Erkrankungen weltweit. Eine ihrer zentralen pathophysiologischen Verdnderungen
ist die Mikrogliose: Eine Immunreaktion, bei der die Mikrogliazellen, die residenten Immunzel-
len des zentralen Nervensystems, auf pathologische Prozesse wie Amyloidablagerungen reagie-
ren. Diese Reaktion manifestiert sich in der Regel Jahre vor dem klinischen Auftreten erster
Symptome. Eine friihzeitige, nicht-invasive Erfassung der Mikrogliaaktivierung ware daher so-
wohl diagnostisch als auch therapeutisch von groiem Wert. Diese konnte etwa zur Einschatzung
des Krankheitsverlaufs oder zur Uberwachung immunmodulierender Therapien genutzt wer-
den.

Bisher eingesetzte Radioliganden, wie die gegen TSPO gerichteten PET-Radioliganden, weisen
jedoch eine eingeschrédnkte zelluldre Spezifitat auf. Der TREM2 stellt demgegeniiber einen viel-
versprechenden Biomarker dar, da er im zentralen Nervensystem selektiv auf Mikrogliazellen
exprimiert wird und eine zentrale Rolle bei deren Aktivierung spielt. Ziel dieser Promotionsar-
beit war es daher, einen TREM2-spezifischen, antikorperbasierten PET-Radioliganden zu entwi-
ckeln und praklinisch zu validieren. Dartiber hinaus wurde eine Methodik entwickelt, die eine
verbesserte Quantifizierung der TREM2-PET-Daten mittels bildbasierter Blutnormalisierung er-

moglicht. Diese Methodik wurde in zwei verschiedenen Krankheitsmodellen getestet.

Hierzu wurde ein gegen murinen TREM2 gerichteter Antikorper mit (ATV:4D9) und ohne (4D9)
integriertem Brain-Shuttle-System genutzt. Die ATV-Technologie ermoglicht dem Radioliganden
durch Interaktion mit dem humanen Transferrinrezeptor die Passage der Blut-Hirn-Schranke. Im
Rahmen der Studie wurden die Antikorper mit dem Chelator p-NCS-benzyl-NODAGA konju-
giert und mit Kupfer-64 radioaktiv markiert. In der Folge wurden die Antikorper hinsichtlich
radiochemischer Parameter, Affinitat und Stabilitat in vitro gepriift. PET-Bildgebung wurde in
einem Alzheimer-Mausmodell (5xFAD;TfRmw/h) mit einer Wildtyp-Kontrolle (WT; TfRmwhv) sowie
hTfR-negativen Kontrollen an drei Zeitpunkten durchgefiihrt: 2 h p.i. (friih), 20 h p.i. (mittel) und
40 h p.i. (spat). Zur Validierung wurden ex vivo Biodistributionsanalysen und Autoradiographien
durchgefiihrt. Dariiber hinaus erfolgte eine zelltypspezifische Untersuchung der Signalherkunft
durch scRadiotracing in einem weiteren Amyloidose-Modell (APPSAA;TfR™whv), Zur humanen
Translation wurde ein human-spezifischer TREM2-Antikorper (14D3) radiomarkiert und an
postmortalen Hirnschnitten von Alzheimer-Patienten mittels in vitro Autoradiographie getestet
und gegen Immunohistochemie validiert.

In der zweiten Studie wurde eine auf Blutlevel basierende Normalisierungsstrategie fiir die An-
tikdrper-basierte TREM2-PET-Bildgebung entwickelt und validiert. Anhand von PET-Scans von
TREM2 KO- und WT-Mausen, denen der Radioligand [#Cu]Cu-NODAGA-ATV:4D9 injiziert
worden war, wurde die aus den Bildern abgeleitete Blutaktivitdt aus dem Herzen extrahiert und
mithilfe von SPM mit den ex vivo Blutwerten korreliert. Dies ermdglichte die Etablierung eines

voxelbasierten Normalisierungsansatzes, der die interindividuelle Vergleichbarkeit von TREM2-
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PET Signalen verbesserte. Die Validierung erfolgte durch Korrelation der normierten PET-Sig-
nale mit den TREM2-Proteinspiegeln in peripheren Organen (Knochenmark, Leber, Milz, Lunge),
die mittels MSD-Technologie gemessen wurden. Der Ansatz wurde anschliefend an zwei Krank-
heitsmodellen (Myokardinfarkt und Alzheimer (APPSAA;TfRmuw/hv)) getestet und zeigte seine Niitz-
lichkeit fiir die Bildgebung von TREM2 nicht nur im Gehirn, sondern auch in peripheren Orga-

nen, wodurch sich das Anwendungsspektrum des Radioliganden erweitert.

Die entwickelten Radioliganden wurden mit einer hohen radiochemischen Reinheit (> 97,3%),
radiochemischen Ausbeute (> 67,1%) und spezifischen Aktivitat (1,0-1,4 MBq/ug) gewonnen. Die
Konjugation der Chelatoren an den ATV:4D9-Antikorper beeinflusste nicht die agonistische
Wirksamkeit gegentiber dem TREM?2 und die Stabilitdt des Radioliganden blieb iiber 48 h erhal-
ten. Die Analyse der PET- und Biodistributionsdaten ergab, dass der 20 h p.i. PET-Zeitpunkt im
Sinne des Signal-zu-Rausch Verhdltnisses als optimal identifiziert werden konnte. Die ATV-Tech-
nologie ermoglichte eine 4,6-fach erhchte Aufnahme des Radioliganden [#Cu]Cu-NODAGA-
ATV:4D9 im Gehirn von hTfR-exprimierenden Mausen. PET- und Autoradiographiedaten zeig-
ten eine signifikant erhohte Radioligandenanreicherung in mikrogliareichen Regionen des
Cortex und Hippocampus von Alzheimer-Mausen im Vergleich zu Wildtyp-Kontrollen. Die se-
lektive Anreicherung des Radioliganden in Mikrogliazellen (94,8%) wurde durch scRadiotracing
bestatigt. Zudem konnte die zelluldre Aufnahme die Signalerhéhung im Alzheimer-Mausmodell
gegeniiber dem Wildtyp erklédren. Die in vitro Autoradiographie an humanem post-mortem Hirn-
gewebe von Alzheimerpatienten zeigte eine erhdhte kortikale Bindung des human-spezifischen
Radioliganden (Kortex-zu-weifser Substanz-Ratio 2,4 + 0,2; Median + SD), die mit der TREM2-
Immunhistochemie iibereinstimmte (Kortex-zu-weifler Substanz-Ratio 2,4 + 0,5; Median + SD).
Die zweite Studie ergab eine signifikante Korrelation zwischen den aus dem PET-Bild extrahier-
ten Blutwerten und den ex vivo gewonnenen Blutwerten (R? = 0,9680, p < 0,0001; Lineare Regres-
sion). Die bildbasierte Blutnormalisierung erwies sich als deutlich robuster im Detektieren von
Signalclustern im TREM2 PET im Vergleich zur klassischen %ID-Normalisierung. Die TREM2-
Signale aus dem Gruppenvergleich korrelierten signifikant mit den gemessenen TREM2-Protein-
leveln in den Zielorganen (R? = 0,7450, p < 0,0003; Lineare Regression). In Krankheitsmodellen
konnten TREM2-positive Makrophagen im Infarktareal des Herzens sowie aktivierte Mikroglia-
zellen im Alzheimer-Modell nach Blutnormierung zuverlassig detektiert werden und korrelier-
ten mit Signalen der ex vivo Autoradiographie (Myokardinfarkt: R? = 0,8584, p = 0,0001; Alzhei-
mer: R2=0,6902, p = 0,0008; Lineare Regression).

Die Ergebnisse dieser Arbeit zeigen, dass [#Cu]Cu-NODAGA-ATV:4D9 ein vielversprechender
Radioligand fiir die nicht-invasive Bildgebung von TREM2-positiven Mikrogliazellen in vivo ist.
Die Kombination aus einem spezifischen Antikorper und dem Einsatz der ATV-Technologie er-
moglicht eine effiziente Aufnahme im Gehirn und erstmals eine PET-basierte Bildgebung eines
Antikorper-basierten Radioliganden des TREM2 jenseits der Blut-Hirn-Schranke. Die quantita-
tive Auswertung von TREM2 PETs wurde durch die neu etablierte Methode zur Blutnormalisie-
rung erheblich gesteigert, indem sie die Detektionsempfindlichkeit erhdhte und die Ubereinstim-

mung mit der tatsachlichen biologischen TREM2-Expression verbesserte.
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TREM2 PET bietet somit das Potenzial fiir eine frithzeitige und spezifische Diagnose bei der Alz-
heimererkrankung, ein verbessertes Monitoring der Krankheitsprogression sowie die beglei-
tende Evaluation von Therapien, etwa der kiirzlich von der Food and Drug Administration und
der European Medicines Agency zugelassenen Anti-Amyloid-p-Therapien. Dariiber hinaus
konnten auch andere Indikationen wie das Glioblastom oder andere chronisch-entziindliche Er-
krankungen von TREM2 PET profitieren. Es erfolgte der Beginn der ersten klinischen Anwen-
dungen. Die Resultate der klinischen TREM2-PET-Untersuchungen werden zeitnah erwartet und
werden entscheidende Erkenntnisse iiber das zukiinftige Potenzial der molekularen Bildge-

bungsmethode TREM2 PET liefern.
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3. Introduction

It is estimated that someone in the world develops AD approximately every five seconds (1). AD
is the best-known and most prevalent form of dementia and represents an enormous global chal-
lenge. It accounts for up to two-thirds of all cases of dementia (2, 3). The World Health Organiza-
tion estimated that, as of 2019, more than 55 million people worldwide were living with dementia
(4, 5). Projections indicate that the number of people with dementia could increase to approxi-
mately 78 million by 2030 and 139 million by 2050 due to population aging (4, 6). The global cost
of dementia poses an enormous economic burden. It was estimated to be around $1.3 trillion in

2019 and is expected to double by 2050 (4, 7).

The social and medical urgency of AD is significant. The Alzheimer's Association defines AD as
"a type of dementia that affects memory, thinking, and behavior" (8). AD is associated with a
progressive loss of independence that hinders individuals from performing daily activities,

thereby imposing a substantial burden on both the affected individuals and their families (9, 10).

Despite extensive research and economic efforts, a cure remains elusive, and existing pharmaco-
logical interventions offer only modest benefits (2). Recently, amyloid-beta(A{3)-targeting mono-
clonal antibodies, such as donanemab and lecanemab, have shown potential in slowing disease
progression by targeting A aggregates (11, 12). Meanwhile, symptomatic therapies, most nota-
bly cholinesterase inhibitors (donepezil, galantamine and rivastigmine) and the N-methyl-p-as-
partate (NMDA) receptor antagonist memantine, may temporarily relief cognitive symptoms (13-

16).

The diagnosis of AD currently relies on a combination of clinical assessment and confirmation
based on biomarkers, typically using cerebrospinal fluid or plasma analysis or PET imaging of
A and tau protein (17, 18). However, these biomarkers primarily reflect established pathologies
and may not capture early disease progression (17).

Emerging evidence underscores the pivotal role of neuroinflammation, and that microglial acti-
vation plays a central role in the early stages of disease pathogenesis long before clinical symp-
toms appear (19, 20). These findings pave the way for novel imaging biomarkers that could enable
earlier diagnosis and potentially more effective therapeutic interventions. The underlying hy-
pothesis states that identifying pathological changes early and initiating therapy before irreversi-
ble neurodegeneration occurs could lead to disease-modifying effects (21, 22). The need for early
detection and personalized therapeutic monitoring highlights the importance of developing

novel imaging approaches.
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3.1 AD and the Role of Microglia

3.1.1 Neuropathological Hallmarks of AD

Alois Alzheimer first described the cardinal histopathological features of AD over a century ago
and these features remain valid today (23). These comprise the accumulation of AB plaques in
the extracellular space and the presence of intracellular neurofibrillary tangles, which consist of
tau proteins in a hyperphosphorylated state. Moreover, they are accompanied by widespread

synaptic dysfunction, neuronal loss, and progressive cognitive decline (memory loss) (24-28).

Although refined over the years, the amyloid cascade hypothesis continues to serve as the central
framework for understanding AD pathogenesis. This hypothesis proposes that the aggregation
of A[3 peptides initiates a cascade of pathological events, including tau hyperphosphorylation,
neuroinflammation, synaptic degradation, and neuronal death, ultimately leading to dementia
(29-31). More recent evidence highlights the role of the innate immune system, particularly the
activation of microglia, in amplifying and possibly initiating these processes in the very early
stages of the disease (20, 32-34). Studies have demonstrated that the activation of microglial cells
emerges with the onset of amyloid deposition in the brain, decades before symptoms of memory

loss appear (19, 35).

Importantly, AP deposition is not uniformly distributed across the brain. Instead, it accumulates
preferentially in the neocortex and hippocampus, which are regions involved in memory for-
mation and cognitive processing (36-39). The topography has clinical relevance for functional im-
aging approaches aiming to visualize AD pathology and is reflected in pathological staging sys-
tems, such as Braak staging (40) and Thal phases (41).

3.1.2 Role of Microglia in Neurodegeneration

Microglia, which comprise approximately 10% of all brain cells, are the resident immune cells of
the CNS (42-44). Under physiological conditions, they are essential for immune surveillance, syn-
aptic pruning and the maintenance of homeostasis. In response to pathogenic stimuli such as
aggregated AP, microglia become activated and undergo extensive transcriptional and functional

reprogramming (42, 45, 46).

Recent transcriptomic studies have identified a specialized subpopulation of activated microglia
in AD. These cells are characterized by the upregulation of genes such as TREM2, ApoE and
Clec7a and the downregulation of homeostatic markers such as P2Y12 and Tmem119. Experi-
mental evidence suggests that activated microglia fulfill a neuroprotective function in the early
stages of the disease by promoting AP phagocytosis and forming compact barriers around the
plaques (45, 47, 48).

However, chronic activation of microglia can have detrimental effects, as it promotes the release

of pro-inflammatory cytokines, oxidative stress and synaptic toxicity. The duality of beneficial
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and detrimental microglial responses highlights the complexity of their role in neurodegenerative

diseases (45, 49, 50).

Activation of microglia is no longer considered a secondary response to protein aggregation, but
rather a primary driver of disease progression. Due to the spatial co-localization of activated mi-
croglia with A{3 plaques, particularly in the cortex and hippocampus, there is growing interest in
identifying distinct microglial phenotypes as diagnostic markers and therapeutic targets in AD

(32,51, 52).

3.2 TREM2 Biology and Imaging Potential

3.2.1 TREMZ2 Structure, Signaling and Function

TREM2 is a type I transmembrane receptor of the immunoglobulin superfamily that is primarily
expressed on cells of the myeloid lineage. TREM2 is composed of an extracellular immunoglobu-

lin-like domain, a transmembrane region and a short intracellular domain (53, 54).

TREM2 functions by interacting with two adapter proteins: DNAX-activating protein of 12 kDa
(DAP12) and DNAX-activating protein 10 (DAP10) (54-56). Upon binding to its ligands, which
include phospholipids, sulfatides (and many other unknown compounds (57)), DAP10/12 is
phosphorylated, triggering intracellular signaling cascades. These cascades include the activation
of the tyrosine kinase SYK (spleen tyrosine kinase, SYK), followed by many pathways, including
phosphatidylinositol 3-kinase (PI3K) and extracellular-signal-regulated kinase (ERK). The result
of this process is the initiation of phagocytosis, survival and anti-inflammatory responses in my-

eloid cells (53, 58-61).

An additional aspect of TREM2 is its cleavage by the proteases disintegrin and metalloproteinase
domain-containing protein 10 or 17 (ADAM10/17) within the stalk region, generating soluble
TREM2 (sTREM2), which is detectable in the cerebrospinal fluid and blood (62-64). Although its
exact role is still being investigated (65-69), elevated levels of STREM2 in the cerebrospinal fluid
of individuals with early-stage AD are believed to reflect microglial activation in response to

neuronal injury, suggesting that sTREM2 could be a useful fluid biomarker (70-74).

TREM2 is essential for the phenotypic transition of microglia from a homeostatic to a disease-
associated state. In the context of AD, TREM2 is involved in the response of microglia to the ac-
cumulation of AP and neuronal injury (53). This makes TREM2 a key modulator of immune ac-

tivity in AD and a promising research target.

3.2.2 TREM2 in CNS and Periphery

In the CNS, TREM2 is expressed almost exclusively by microglia, the resident immune cells of

the brain (75, 76). During neurodegenerative processes, such as AD, TREM2 expression is upreg-
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ulated and particularly enriched in the vicinity of AP plaques, where it facilitates microglial clus-
tering and the containment of amyloid pathology. As previously mentioned, sSTREM2 can be

found in the cerebrospinal fluid (42, 53).

In peripheral tissues, TREM2 is expressed on a wide range of myeloid cells, including macro-
phages, dendritic cells, granulocytes, and tissue-resident macrophages such as Kupffer cells, sple-
nocytes and osteoclasts (77-82). Although its general role in phagocytosis and tissue repair re-
mains consistent, the precise function and ligand specificity of TREM2 can vary between com-

partments (57).

3.2.3 Relevance as a Biomarker and Potential Target

TREM2 has emerged as an attractive target in AD research due to its robust genetic, spatial and
functional associations with disease pathology. A breakthrough occurred in 2013 with the iden-
tification of coding variants in TREM2 (83, 84), most notably the R47H mutation (substitution of
arginine with histidine at position 47). This mutation impairs ligand binding to the receptor and
significantly increases the risk of late-onset AD (85-90). Genetic evidence underscores TREM2's
role in disease onset and progression. In contrast, TREM2 overexpression has been shown to have

protective effects, such as enhancing A clearance and modulating microglial activity (91).

The key role of TREM2 to regulate the microglial response to A3 and the spatial co-localization
of TREM2-positive microglia with amyloid plaques make TREM2 a promising biomarker for in
vivo molecular imaging. Unlike traditional neuroinflammation markers, such as TSPO, which are
expressed by multiple cell types and are subject to genetic variability in binding affinity (92, 93),
TREM2 offers a more specific readout of microglial activation. Its selective expression, upregula-
tion in early disease stages, and functional involvement in immune modulation make it a poten-
tial target for diagnostic imaging and a possible entry point for therapeutic intervention, while

boosting beneficial microglial functions (94, 95).

By visualizing TREM2 expression in vivo, it may be possible to monitor disease progression and

evaluate therapies designed to modulate microglial response.

3.3 Molecular Imaging of Neuroinflammation

3.3.1 PET Imaging Principles and Applications

PET is a highly sensitive, non-invasive imaging modality that enables the three-dimensional vis-
ualization and quantification of biological processes at the molecular level. PET has become an

essential tool in many disciplines including oncology, cardiology and also neurology (96).

PET relies on radioligands, which are molecules that selectively bind to biological targets in vivo
and are labeled with positron-emitting radioisotopes ([3* decay). Among the most commonly used
PET isotopes is fluorine-18 (*8F), which has a physical half-life of approximately 110 minutes and

favorable imaging characteristics (97).
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Following intravenous injection, the radioligand circulates systemically and accumulates in re-

gions where the target of interest is expressed, driven by the affinity and target density.

When the radionuclide undergoes [3* decay, the emitted positron travels a short distance in the
tissue (typically <2 mm in soft tissue, (98)) before it encounters an electron. The resulting annihi-
lation generates two photons with energies of 511 keV that are emitted nearly simultaneously in
opposite directions (= 180° apart). These photons are detected as coincident events by a ring of
scintillation detectors within the PET scanner. The detection of multiple such events enables the
reconstruction of high-resolution three-dimensional images of the spatial distribution of the ra-
dioligand within the body. Hybrid systems such as PET/CT (computed tomography, CT) or
PET/MRI combine functional and anatomical data with spatial resolutions below 4 mm for mod-
ern systems (99). For further technical information on the PET imaging methodology and recon-

struction algorithms, please refer to (100).

PET offers unique advantages in brain imaging. It allows for in vivo quantification of receptor
density, protein aggregation and immune cell activation. Additionally, PET enables longitudinal
studies in patients, providing a tool for monitoring disease progression or therapeutic efficacy

over time (101).

In AD, PET imaging plays a central role in visualizing hallmark pathologies including A{3 plaques
and tau tangles. Recently, PET has been used to evaluate neuroinflammatory processes, particu-
larly microglial activation and reactive astrogliosis, offering new insights into immune-related

mechanisms of AD pathogenesis in vivo (102, 103).

3.3.2 State of the Art and Limitations of TSPO Imaging

TSPO, also known as the peripheral benzodiazepine receptor, is the most widely used PET target
for imaging neuroinflammation (104). TSPO is expressed in the outer mitochondrial membrane
and upregulated during neuroinflammatory responses in activated glial cells, including micro-

glia, astrocytes and infiltrating macrophages (92, 93).

The first and one of the most widely studied TSPO PET radioligand is (R)-N-(["'C]methyl)-N-(1-
methylpropyl)-1-(2-chlorophenyl)isoquinoline-3-carboxamide ((R)-[''C]PK11195). It provided
proof-of-concept and high affinity to TSPO, but was limited by poor signal-to-noise ratio, low
brain penetration and a short half-life (20 min for carbon-11) (105, 106). Second- and third-gener-
ation TSPO radioligands such as N,N-diethyl-2-[2-(4-(2-['*F]fluoroethoxy)phenyl)-5,7-dime-
thylpyrazolo[1,5-a]pyrimidin-3-yl]acetamide ([**F]DPA-714), N-Acetyl-N-(2-[""C]methoxyben-
zyl)-2-phenoxy-5-pyridinamine ([''C]PBR28) and (45)-N,N-diethyl-9-[2-['¢F]fluoroethyl]-5-meth-
oxy-2,3,4,9-tetrahydro-1H-carbazole-4-carboxamide (['F]GE-180) have demonstrated improved

binding properties in the brain (107-109). However, key limitations remain:

i) Lack of cellular specificity:
TSPO is not exclusively expressed in microglia, making it difficult to determine the

origin of the signal (93).
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ii) Genetic variability:
A single nucleotide polymorphism (rs6971) affects the TSPO ligand affinity, dividing
patients into high-, mixed- and low-affinity binders (110, 111).

iii) Context sensitivity:
TSPO levels increase in response to various stimuli such as neurodegeneration, in-

jury and peripheral inflammation (112).

Despite these limitations, TSPO PET imaging has advanced the understanding of neuroinflam-
matory processes in AD (113-115). Researchers are now moving toward identifying more selec-

tive targets (116).

3.3.3 TREM2 as an Emerging PET Target

TREM2 provides superior cellular specificity compared to TSPO. It is predominantly expressed
by microglia in the brain under both physiological and pathological conditions and is not subject
to polymorphisms that affect binding affinity. Furthermore, TREM2 upregulation reflects an ac-
tivation state of microglia that is closely linked to neurodegeneration and neuroinflammation in
AD. These features make TREM2 a promising next-generation target for PET imaging of neuroin-
flammation (70, 117).

Recent advances in radioligand engineering enabled the development of antibody-based PET ra-
dioligands that target TREM2. Unlike conventional small-molecule radioligands, antibodies pro-
vide exceptional target specificity and a high affinity for extracellular epitopes expressed on cell
surfaces (118). However, due to their large molecular size (~ 150 kDa for immunoglobulin G, IgG),
full-size antibodies have a limited ability to cross the BBB, with < 0.1% of the injected dosage
reaching the brain (119-126), posing a significant challenge for imaging the brain (127, 128).

To overcome this limitation, researchers have designed bispecific antibodies that combine a high
affinity moiety for TREM2 with an additional binding moiety that targets the transferrin receptor
1 (TfR1). The TfR1 facilitates receptor-mediated transcytosis across the BBB, allowing for effective
delivery of radioligands into the brain tissue (94) (Figure 1).
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Figure 1. Schematic illustration of a bispecific antibody (anti-TfR1 and anti-TREM2) crossing the BBB.

[#IImADb1729-scFv8D3cL, a bispecific antibody-based radioligand targeting TREM2 and TfR1,
was the first TREM2-targeting radioligand tested preclinically in vivo in the brain. However, this
radioligand failed to demonstrate clear visual and quantitative differentiation between AD and
control mice (129). In contrast, the radioligand developed in this study, [#Cu]Cu-NODAGA-
ATV:4D9, showed a statistically significant accumulation of PET signals in the cortical and hip-

pocampal regions of AD mouse models and enabled distinction between genotypes (130).

This approach represents a novel way of linking innate immune activation to disease progression

in AD.
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3.4 Considerations for the Development of Antibody-based
TREM2 PET Radioligands

3.4.1 Antibody Engineering and BBB Penetration

Antibody-based PET radioligands provide high specificity for extracellular targets (e.g., TREM2);
however, their development is challenging, particularly regarding BBB penetration (124, 131,
132).

The use of bispecific antibodies has emerged as a key strategy for overcoming this limitation (see
Table 1 for a review of alternative strategies). This involves combining a high-affinity binding
domain for a molecular target (e.g., TREM2) with a second specificity that enables receptor-me-
diated transcytosis. This is most commonly achieved by targeting the TfR1 (133).

Depending on the antibody design, the TfR1-targeting domain can be (I) attached, for example,
as a single chain variable fragment (scFv) to the IgG backbone or (II) integrated into the antibody

backbone (94).

Table 1. Overview of potential alternative strategies to improve BBB penetration for antibody-based radioligands.

Strategy Mechanism Advantages Limitations References
TfR1-mediated  Receptor medi- Efficient BBB Requires affinity (134, 135)
transcytosis ated transcytosis transport tuning; risk of
peripheral  off-
targeting
Insulin recep- Receptor medi- Alternative Less validated (136, 137)
tor-targeting ated transcytosis route
shuttles
Antibody frag- Size reduction Improved brain Rapid clearance; (138, 139)
ments (e.g., access lower stability
scFv)
Nanoparticles Encapsulation Versatility with Limited ~ CNS (140, 141)
or conjugation high payload targeting speci-
with  targeting ficity;  transla-
ligands tion challenges
Intranasal de- Direct access via Non-invasive; Low and varia- (142, 143)
livery olfactory epithe- bypasses BBB ble brain bioa-

lium

vailability
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Focused wultra- Temporarily Local, transient Requires spe- (144, 145)
sound opens BBB with BBB opening cialized equip-
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and microbub- ative patients
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In our studies, we employed a full-length IgG antibody (4D9) that is reactive to mouse TREM2
(146). The antibody was modified by incorporating a TfR1-binding module, called ATV, into the
backbone of the antibody. Additionally, the fragment crystallisable region was modified
(L234A/L235A) to eliminate effector functions, thereby minimizing immune-mediated cytotoxi-

city (147).

Notably, the amino acid sequence of TREM2 differs between humans and mice, particularly in
the extracellular domain (53). Consequently, the antibody binding and cross-species reactivity
must be validated for each construct. Our radioligand targets mouse TREM2 and cannot be di-
rectly applied to humans without re-engineering. Furthermore, the antibody construct
(ATV:4D9) used in our study binds to an epitope present in both membrane-bound TREM2 and
sTREM2 (146). This has implications for radioligand specificity and the interpretation of in vivo
PET signals.

These strategies demonstrate the technical difficulty of delivering biologics to the CNS and high-
light the rationale behind our bispecific receptor-mediated approach. Successful brain uptake of
[¢*Cu]Cu-NODAGA-ATV:4D9 in preclinical evaluation confirmed the potential of these con-

structs for imaging neuroinflammation (130).

3.4.2 Radiolabeling and Chelator Systems

For PET imaging, antibody constructs must be labeled with positron-emitting radionuclides. In
the context of PET imaging of neuroinflammation, the relatively slow pharmacokinetics of full-
sized antibodies require the use of isotopes with longer half-lives to allow for sufficient target
accumulation at a later imaging time-point. Simultaneously, the unbound radioligand should be

eliminated from the system at this time (148).

Copper-64 (**Cu) (t12=12.7 h) is particularly suitable for such applications. It has a favorable half-
life and well-established radiochemistry, and can be efficiently incorporated into antibody-based
radioligands using chelator systems. Its positron emission properties (3: 17.5% (0.653 MeV)) pro-
vide sufficient image quality with slightly lower resolution than that of traditionally used fluo-

rine-18 (149, 150).



Introduction 16

Other radionuclides used in antibody-based PET imaging include (151):

i) Zirconium-89 (39Zr) (ti2=78.4 h)
It allows for very late time-point imaging but may show accumulation in bones due
to the release of free ¥Zr in vivo, especially if the chelation is suboptimal.

ii) Iodine-124 (124]) (t12=100.2 h)
However, it is prone to in vivo dehalogenation, which limits its use.

iif) Gallium-68 (%Ga) (ti2= 68 min)
It is commonly used for imaging peptides and small-molecules but is less compatible
with full-sized antibodies for brain imaging because of its shorter half-life and lower

image quality.

Radiometals such as copper-64 cannot be directly attached to antibodies, so bifunctional chelators
are used instead (152). These chelators must match the ionic radius, oxidation state and coordi-
nation chemistry of the selected radionuclide (153). In our studies we used p-NCS-benzyl-
NODAGA, a macrocyclic chelator with strong affinity for Cu(Il). The isothiocyanate group of p-
NCS-benzyl-NODAGA reacts with the primary amine groups (lysine residues) that are located
on the antibody surface, forming stable thiourea bonds. This conjugation strategy offers excellent
in vivo stability and labeling efficiency under mild conditions. However, this conjugation strategy

is non-specific because of the abundance of lysine residues (154, 155).

Conjugation of the chelator to the antibody should be site-specific to preserve the antigen-binding
affinity and pharmacokinetics. Modern conjugation strategies include maleimide-thiol chemistry
(e.g., via engineered cysteines), enzymatic methods and click chemistry. These approaches allow
for consistent chelator-to-antibody ratios and reduced variability in biodistribution and clearance

(156, 157).

3.4.3 Preclinical Imaging in AD Mouse Models

Mice (Mus musculus) do not develop AD naturally. Nevertheless, mouse models of AD are indis-
pensable in AD research and have been developed with great effort to better understand the
pathophysiology of AD and evaluate therapeutic strategies (158, 159). The mice are generated as
transgenic mouse models by overexpressing human genes carrying mutations associated with
autosomal dominant Familial Alzheimer's disease (FAD, (160)) that accelerate disease progres-
sion. These mutations are randomly integrated into the mouse genome and include the substrate
beta-amyloid precursor protein (APP, (161, 162)) gene, the proteases presenilin 1 (PSEN1, (163)),
and the presenilin 2 (PSEN2, (164)) gene, all of which play central roles in A (165) plaque for-

mation.

The transmembrane glycoprotein APP is cleaved by proteolytic secretases, which leads to the
formation of A. The presenilin encodes the catalytic subunit of the y-secretase complex respon-

sible for the cleavage (166).
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More recent generations include knock-in (KI, (167)) and knock-out (KO, (168)) mice, which are
often generated using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR,
(169)) gene editing technology to accurately represent human AD pathologies and avoid the over-
expression of human AD genes. Mouse models vary widely in the extent to which they exhibit
AD-relevant features, including Ap and tau accumulation, glial activation, neurodegeneration,

and cognitive or behavioral impairments (159, 170).

No mouse model fully reproduces the complexity of sporadic AD in humans, which remains a
major limitation for translational research (170-172). However, multigenetic mouse models com-

bining Ap, tau and neuroinflammation are being developed to address this gap (173-176).

In our studies, we employed two complementary amyloidosis models: B6.Cg-Tg(APPSw-

FlLon,PSEN1*M146L*L286V)6799Vas/Mmjax (hereafter 5xFAD), and APPSAA,

One of the most widely used amyloidosis models is the transgenic 5xFAD mouse line (159). These
mice express human APP and PSEN1 with five FAD mutations: The Swedish mutation (APP,
KM670/671NL), which increases total AP production via enhanced cleavage of the APP via the (3-
secretase; the Florida (APP, 1716V) and London (APP, V717I) mutations, both increasing the
A[42/A[40 ratio; and PSEN1 mutations M146L and L286V, which further promote Ap42 produc-
tion (177, 178). In hemizygous animals, amyloid plaques appear in the cortex and hippocampus
as early as 2-4 months of age (177), with female mice showing a more severe pathology than males
(179, 180). Microgliosis begins at around four months and is spatially associated with A3 plaques
(179).

The APPsAA Kl line incorporates a humanized A sequence into the endogenous mouse APP gene
with three AD-related mutations: the Swedish mutation (KM670/671NL), which enhances total
Ap levels; the Arctic mutation (E693G), which accelerates A3 protofibril formation; and the Aus-
trian mutation (T714I), which increases the A[342/A{340 ratio. From four months of age, homozy-
gous APPSAA mice develop progressive amyloid plaque accumulation, cerebral amyloid angiop-
athy, and are associated with microgliosis and dystrophic neurites. Importantly, the gene expres-
sion profiles of phagocytic plaque-associated microglia in this model significantly overlap with
those observed in the human AD brain. TREM2 expression levels are also elevated in brain lysates

of APPSAA mice (181).

We used both of these mouse models in our studies, all well as versions with an additional KI of

the hTfR gene to enable brain uptake of TfR1-targeting radioligands.

In addition to amyloidosis models, TREM2 KO mice were used in the second study to validate
radioligand specificity and investigate improved PET quantification strategies. These mice lack
TREM2 expression and were compared with wild-type controls in the context of image-derived
blood normalization. Their inclusion was essential for demonstrating the biological relevance of

PET signal differences.

All lines were bred on a WT background, which served as the wild-type control to account for

non-AD-related effects.
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3.4.4 Outlook on Clinical Translation

The translation of PET radioligands from preclinical to clinical applications involves technical,
regulatory and biological considerations. In the case of TREM2 imaging, it requires careful adap-
tion of radioligand production and quality control is required to comply with Good Manufactur-

ing Practice standards (182).

While preclinical studies rely on high-expression models and small-animal PET scanners with
high nominal spatial resolution (~ 1 mm), the relative resolution of clinical PET (~ 4-5 mm) is
comparable or even favourable when scaled to the human brain (99, 183-187). In fact, with suc-
cessful BBB penetration and adequate target engagement, the larger brain volume in patients may
even allow for improved signal distribution and reduced spill-over from surrounding structures,

such as the skull.

Nevertheless, TREM2 expression levels in the human brain are generally lower and more heter-
ogeneous between AD patients vs. non-AD controls than in AD mouse models and respective
mouse controls (188, 189). Additionally, injected activity in humans remains significantly lower
relative to body weight than in animal studies (190, 191). This may affect the signal intensity and
contrast, requiring optimized acquisition protocols and robust image processing strategies to en-

able reliable quantification and interpretation of clinical TREM2 PET scans.

The first clinical applications have been initiated in patients. Although these studies are beyond
the scope of this dissertation, they are an important translational step that will contribute to un-

derstanding the diagnostic value of TREM2 PET.

3.5 Improved Quantification Strategies for TREM2 PET

3.5.1 Challenges in Quantifying Antibody-Based Radioligands

The quantification of antibody-based PET signals in the brain presents specific challenges, pri-
marily due to the slow pharmacokinetics of these large biomolecules and the late imaging time-
points, which are typically required to achieve adequate tissue contrast. Unlike small-molecule
radioligands, IgG antibodies demonstrate delayed tissue penetration and prolonged circulation
time. Consequently, imaging is often performed 24 hours after injection to allow for sufficient

radioligand accumulation in the target tissue and clearance from the blood (124, 131).

These characteristics complicate the use of standard metrics, such as %ID- or standardized uptake
value-(SUV)-normalization, which assume a relatively stable distribution of radioligands at the
time of imaging (192-194). For TREM2 PET in particular, the slow accumulation of radioligands
in brain regions with low target expression can lead to a high background signal from circulating
radioligands. This reduces image contrast and can mask subtle but biological meaningful differ-

ences in TREM2 expression.
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Additionally, antibody uptake in the brain is generally low and target expression in neuroinflam-
matory conditions such as AD is relatively diffuse, unlike the focal expression patterns observed
in brain tumors, for example. These factors require tailored quantification strategies that consider

systemic radioligand availability and variability between subjects.

One conceptual consideration comes from the well-established “free drug hypothesis”: Only the
unbound fraction of a drug in plasma is available to interact with its target (195, 196). Therefore,
blood levels must be carefully considered when interpreting tissue uptake, especially at late im-
aging time-points, when distribution and clearance kinetics vary significantly across subjects or

genotypes.

3.5.2 %ID Normalization vs. Blood-Based Approaches

The aim of quantitative PET imaging is to derive biological information from the distribution of
radioligands in the tissues in vivo. This can be particularly challenging for antibody-based radi-

oligands due to their slow blood clearance, low brain penetration and variable target expression.
A variety of semiquantitative approaches exist. They include:

Injected dose normalization (%ID or SUV)

Static metrics, such as %ID (measured as the percentage of decay-corrected injected activity per
gram (or cubic centimeter) of tissue (%ID/g)) and SUV, are commonly used in PET quantification.
They normalize tissue activity to the injected dose (and optionally to body weight in the case of
SUV) under the assumption that radioligand distribution has reached a relatively stable equilib-
rium and is homogeneously distributed throughout the body (192).

|p measured radioactivity per gram tissue [%

%—= x 100
° g total injected radioactivity [Bq]

measured radioactivity per gram tissue [%] X animal weight [g]
SUV =

total injected radioactivity [Bq]

However, this assumption is often inaccurate for antibody-based imaging. Due to the slow clear-
ance of antibodies from the blood and their prolonged circulation, a substantial portion of the
radioligand may still be in the vascular compartment at the time of imaging, resulting in the
overestimation of tissue uptake. Moreover, residual activity at the injection site can lead to over-

estimation of the injected dose, further compromising quantification accuracy (197, 198).

Blood level normalization
In contrast, blood level normalization, such as dividing tissue uptake by blood activity, offers a
semiquantitative correction for systemic ligand availability.

Blood level = measured radioactivity per gram tissue

0 = x 100
% g measured radioactivity per gram blood
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Importantly, blood-based normalization uses blood activity (caution, in the case of PET imaging
whole blood levels, not plasma levels) measured at the time of imaging, accounting for the radi-
oligand’s current pharmacokinetic state. This is particularly relevant for antibody-based radiolig-
ands, where imaging is often performed at delayed time-points (e.g., > 24 h p.i.) when the sys-
temic distribution may still be changing.

Although not an ideal substitute for full kinetic modeling (199), it more accurately reflects phys-
iologically meaningful ligand availability at the time of measurement than SUV or %ID alone.
Blood normalization has been used in both preclinical and clinical studies, particularly in the
context of dynamic PET scans. In these cases, an image-derived input function is often used,
where vascular structures with high radioligand signals and minimal partial volume effects (e.g.,
the left ventricle, ascending aorta, carotid arteries or femoral arteries) are segmented directly.
This non-invasive estimation of blood activity over time can then be used to normalize tissue

uptake or serve as an input for kinetic modelling (200-204).

In our follow-up study, we demonstrated that normalizing TREM2 PET images to blood radioac-
tivity levels is essential for comparing groups with different levels of target expression. For ex-

ample, it was necessary when comparing WT vs. TREM2 KO mice.

3.6 Aims

The aim of this study was to develop and validate the first microglia-specific TREM2-targeting
PET radioligand with an integrated brain shuttle system, enabling the imaging of activated mi-
croglia in AD using PET. Mouse models of AD and control mice were included to test both the
TREM2-targeting approach for imaging AD pathology via PET and the utility of the integrated
brain shuttle system. Additionally, in vitro autoradiography was conducted as a pilot study for

translation into human imaging.

Furthermore, the quantitative analysis of TREM2 PET imaging was optimized. Methodologically,
blood normalization was compared to the standard %ID normalization and validated in mouse

models of AD and myocardial infarction.
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Figure 2. Graphical Abstract of the doctoral thesis. A visual representation of the application, validation and optimi-

zation of the TREM2 PET methodology. Created with BioRender.com.
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4. Content of the Doctoral Thesis

In this chapter, the most important results are outlined, followed by a concise discussion of the
results. Each publication was assigned a sub-chapter. A methodological explanation is provided

in the "Method Box" for any method that the author primarily employed during her studies.

4.1 Targeting Microglia in AD: A PET Imaging Approach with
Copper-64 labeled TREM2 Antibodies

The study (130) presented in the first paper investigated the hypothesis that a TREM2-targeting
radioligand could be an effective tool for visualizing activated microglia involved in neuroin-
flammation associated with AD pathology. A radioligand based on a TREM2-targeting antibody
with and without an integrated brain shuttle system (known as ATV, (147)) was developed and
preclinically evaluated in a mouse model of AD (5xFAD, (179)). This study also tested the hy-
pothesis that a brain shuttle system is essential for PET imaging to deliver sufficient antibody-
based radioligands to the brain. Furthermore, the specific binding of radioligands to microglial
cells at the cellular level was investigated. Finally, the potential for translating this approach to
human PET imaging was explored in a pilot project using human brain tissue from AD patients

and validated by in vitro autoradiography and immunohistochemistry.

Radioligand Design and Validation

TREM2-targeting antibodies with (ATV:4D9, (205)) and without the brain shuttle (4D9, (146))
were conjugated with the chelator p-NCS-benzyl-NODAGA (conditions: 7 umol chelator, 27
nmol antibody, 0.1 M sodium phosphate buffer, pH 8.5, 4 °C, overnight) to form NODAGA-
ATV:4D9 and NODAGA-4D9. These were radiolabeled with copper-64, a positron-emitting radi-
onuclide (T12=12.7 h, 17.5% [3* emission) well suited for antibody-based PET imaging (206-208).
Following conjugation, an spectroscopy-based arsenazo assay (209) confirmed an average of 1-2
chelators per antibody. A low number of chelators per antibody is optimal to preserve immuno-
reactivity and avoid changes in biodistribution (156). A p-SYK phosphorylation assay (146) using
HEK293 Flp-In cells stably expressing mouse TREM2 verified that antibody binding was not com-
promised by chelator conjugation, which could potentially accrue because chelator conjugation
is region-unselective and could bind to the antibody epitope, impairing the antibody binding site.
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis, (210)) confirmed anti-
body integrity after modification.

Radiolabeling with [¢#Cu]CuCl; (conditions: 100-200 pig antibody, 100-200 MBq, 0.1 M ammonium
acetate buffer, pH 5.6, 30 min) yielded [#Cu]Cu-NODAGA-ATV:4D9 and [#Cu]Cu-NODAGA-
4D9 with a radiochemical yield of 67.1%, purity of 97.3% and specific activity of 1.0 + 0.2 MBq/ug.
High-performance liquid chromatography (211) and SDS-PAGE confirmed the intact size of the

radioligands.
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[¢#Cu]Cu-NODAGA-ATV:4D9 remained stable after incubation in murine plasma at 37 °C for 48
h, and ex vivo analysis 20 h p.i. confirmed the molecular integrity and absence of free copper-64

(via radio-thin-layer-chromatography).

In Vitro Autoradiography Results
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Figure 3. In vitro autoradiography of a representative AD mouse brain (5xFAD;TfR™/hu) vs, a blocked control and

pathology-free WT control. Red arrows highlight the cortex. Adapted from (130), licensed under CC BY 4.0.

Following radioligand modification and radiolabeling, in vitro autoradiography was conducted
on brain slices from 5xFAD;TfR=whumice (n = 4), which express AD pathology, and WT;TfRmw/hu
mice (n = 3) as a control to test the potential of the radioligand [#Cu]Cu-NODAGA-ATV:4D9 in
terms of functionality and specificity. A 1000-fold molar excess of non-radioactive ATV:4D9 was
used as a negative control, a strategy known as self-blocking. In vitro autoradiography is concep-
tually similar to direct immunohistochemistry. Perfused brain slices are incubated with the radi-
oligand, and the distribution patterns of the radioactive substances are visualized by capturing
decay emissions on a phosphor imaging plate, which is subsequently read out using a laser scan-
ner (212, 213). The autoradiography revealed specific binding of the radioligand in the cortex and
hippocampus of 5xFAD;TfR™w/hu mice, co-localizing with the topography of activated microglia
in this mouse model (214-217) (Figure 3). Blocked sections and WT;TfRmuw/hu controls showed min-
imal radioactivity signals, confirming the specificity of radioligand binding. Quantitative analysis
of the cortex-to-cerebellum ratio revealed a 1.7-fold higher uptake in 5xFAD;TfR™*h* mice com-

pared to WT,;TfRmwhumice.

In Vivo PET Imaging and Biodistribution
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Figure 4. Average TREM2 PET images 20 h p.i. of AD mouse brains vs. WT controls harboring the hTfR for the brain
shuttle system (5xFAD;TfRMW/hu gand WT;TfRMv/hu) and without the brain shuttle (5xFAD and WT). Red arrows indicate
the cortex and hippocampus. Adapted from (130), licensed under CC BY 4.0.



Content of the Doctoral Thesis 24

Encouraged by the promising in vitro results, we proceeded with in vivo PET/CT imaging to assess
the radioligand distribution in mice. Four groups of mice were used: the 5xFAD;TfR™h AD
model and WT;TfR™/ as a control with the working brain shuttle system using [*Cu]Cu-
NODAGA-ATV:4D9, and the corresponding 5xFAD and WT mice without the working brain
shuttle system using [*#Cu]Cu-NODAGA-4D9 as radioligand. TREM2 PET/CT scans were con-
ducted at three time-points: Early (2 h p.i.), medium (20 h p.i.), and late (40 h p.i.) to identify the

optimal imaging time-point.

Our analysis revealed that the best imaging time-point for detecting significant differences in the
brain between the groups, in terms of signal-to-noise ratio, was 20 h p.i. At this time, we observed
enhanced signal differences in the hippocampus, which is a small and challenging brain region
for imaging, compared to the frontal cortex (Figure 4). These findings are consistent with those
of previous studies in literature, suggesting that antibody-based PET imaging benefits from later
imaging time-points due to prolonged circulation times (218-220). Notably, the 40 h p.i. time-
point was excluded due to limited signal-to-noise ratios. A comprehensive overview of the PET

image processing workflow is provided in Method Box 1 (Figure 5).

Method Box 1. PET Co-registration and Normalization Workflow

Objective: Enable inter-mouse comparisons and group-averaged PET analysis.

Step 1: Crop CT and PET scans to one mouse image per file

Step 2: Co-register PET to CT (manual adjustment as needed)

Step 3: Align CT to a CT template (record transformation matrix)

Step 4: Apply transformation matrix to PET image

Step 5: Normalize individual CT brain to a CT template using non-linear deformation (stretch/compress)

Step 6: Apply final transformation to PET - results in template-matched, shape-normalized PET images for quantitative anal-

ysis

Figure 5. Method Box 1. PET image processing workflow.
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Figure 6. Radioligand uptake in perfused brains at 20 h p.i. One-way ANOVA/Tukey's multiple comparison test, p <
0.01 (**). Adapted from (130), licensed under CC BY 4.0.

After TREM2 PET, the brains were collected after perfusion to remove radioactive signals from
the blood (clear images of radioligand levels from the blood). The hTfR-mediated transcytosis
facilitated significantly higher brain uptake of the radioligands in mice with the working brain
shuttle system (Figure 6). At 20 h p.i., 5xFAD;TfR™/ mice showed a 4.6-fold higher brain uptake
compared to 5xFAD mice, while WT; TfR=w/h mice exhibited a 4.4-fold higher uptake compared
to their counterparts without the brain shuttle system. This confirms that the TfR1-mediated
transport system plays a key role in facilitating the delivery of radioligands into the brain (147,
205), enhancing the imaging signal in both AD and wild-type mice.

A comparison of the radioligand concentrations in the brains of the subjects in our study with
data reported in the literature for bispecific radioligands targeting either TREM2 or AP and the
TfR1 revealed higher brain concentrations in our study (124, 129). However, even higher concen-
trations in the brain were observed when using a smaller TfR1-targeting bispecific tribody con-
struct (over 1 %ID/g, (221)), which is matching the uptake seen with low-molecular-weight radi-

oligands.
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Radioligand Uptake and Regional Specificity
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Figure 7. Radioligand uptake in the cortex of the brain 20 h p.i. after perfusion. One-way ANOVA/Tukey's multiple
comparison test, p < 0.01 (**). Adapted from (130), licensed under CC BY 4.0.
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We observed a significantly increased radioligand uptake in the frontal cortex (and hippocam-
pus), where pathology of AD is high (214, 215), at 20 h p.i. in AD vs. WT control mice (%ID/g:
5xFAD;TfRmwh (0.902, WT,; TfRmuw/hu (0,548, 5xFAD 0.480, WT 0.289, n = 5-6 per group), demonstrat-
ing that the radioligand is capable of revealing TREM2-related signal enhancement (Figure 7).
We benchmarked the cortical signal difference of [Cu]Cu-NODAGA-ATV:4D9 in TREM2 PET
between 5xFAD;TfR»whu and WT;TfRmwhu to different TSPO-targeting radioligands and found
higher %ID/g (1.64 vs. 1.22-1.38, (222-225)) and SUV (1.45 vs. 1.07-1.42, (117, 226-229)) ratios for
our TREM2-targeting radioligand.

Role of TfR1 Binding in Brain Uptake

Next, we explored how much of this brain uptake is attributed to TfR1 binding vs. TREM2 bind-
ing, since we have a bispecific radioligand in the case of [#Cu]Cu-NODAGA-ATV:4D9. We con-
ducted an experiment on the brain uptake in WT;TfR™/humice (n =5 per group) with low TREM2
expression with the radioligand [#Cu]Cu-NODAGA-ATV:ISO (an isotype control that binds only
TfR1) at 20 h p.i. and compared it to the brain uptake of [#Cu]Cu-NODAGA-ATV:4D9 (both TfR1
binding and TREM2 binding) and found that 80% of the total brain uptake was due to TfR1 bind-
ing. Since there was the same amount of TfR1 expression in 5xFAD;TfRmwhuand WT; TfR™hmice
(205), we concluded that the significant signal enhancement in the cortex of 5xFAD; TfR™w/hu mice
was due to TREM2 expression.

Moreover, no statistical difference between genotypes in whole brain radioactivity level meas-
urements seems reasonable in comparison, as PET allows regional assessment of radioligand up-
take.

It should also be noted that the fraction of cortical TREM2 signal in 5xFAD;TfR™huand 5xFAD
mice remained constant. The brain shuttle system is responsible for higher radioligand uptake

but does not account for a larger relative fraction of TREM2 binding.
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The regional TREM2 PET sensitivity is likely to increase in clinical applications because of the
higher resolution relative to brain size and the reduced effect of adjacent spill-overs from the skull

into the brain.

Ex Vitro Autoradiography Results
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Figure 8. Ex vivo autoradiography of a representative AD mouse brain (5xFAD;TfR™w/hu) ys, WT control, 20 h p.i. and

after perfusion. Red arrows mark the cortex. Adapted from (130), licensed under CC BY 4.0.

Ex vivo autoradiography 20 h p.i. confirmed regional radioligand distribution in brain slices from
5xFAD;TfRmvh and WT,;TfRmw/humice (n = 2 each, different regions analyzed), further validating
the cortical enrichment of TREM2 signals (Figure 8). For ex vivo autoradiography, (perfused)
brains are sliced into approximately 20 pm thick slices and the biodistribution of a radioactive

substance is shown on a phosphor storage plate generated by the pattern of decay emissions (212,
213).

Cell-Type Specificity via scRadiotracing
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Figure 9. Radioactivity measurements per single cell in the microglia (cluster of differentiation 11b, CD11b) enriched
and depleted fractions. (Microglia blue, neurons yellow, astrocytes pink, oligodendrocytes gray). Adapted from
(130), licensed under CC BY 4.0. Created with BioRender.com.

Next, we aimed to examine the specificity of the radioligand [#Cu]Cu-NODAGA-ATV:4D9 for
microglia cells by conducting scRadiotracing (230, 231), a method that allows to determine the
radioactivity per single cell, on aged APPSAA; TfRmhumice (n=4, 20 + 1 month, high TREM2 levels
(181)). scRadiotracing confirmed the high selectivity of the radioligand for microglial cells against

non-microglial cells (6.9x10-1° vs. 3.6x10-1* %ID/cell) (Figure 9, see Figure 10 for the methodology).
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It is important to note that CD11b, which is a surface protein on microglial cells (232), was used
as a general microglial marker. This limits direct conclusions about TREM2-specific binding at

the cellular level.

Method Box 2. Single-Cell Radiotracing Workflow

Objective: Quantify tracer uptake per microglia and non-microglial cells.
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Step 1: Inject tracer, allow uptake

Step 2: Sacrifice mouse, dissect brain (or other organ, tumor), measure total activity (gammacounter)

Step 3: Prepare single-cell suspension (enzymatic + thermal + mechanical)

Step 4: Remove cell debris and red blood cells

Step 5: Label microglia cells with magnetic CD11b-antibody beads

Step 6: Magnetically separate microglia (enriched vs depleted fractions)

Step 7: Perform fluorescent labeling for purity check. The same surface antigen (CD11b) can be used again.
Step 8: Measure radioactivity in each fraction (gammacounter)

Step 9: Count cells using flow cytometry - calculate activity per single cell (final unit %ID/cell)

Figure 10. Method Box 2. Workflow of scRadiotracing. Created with BioRender.com.

Translational Application in Human AD Tissue

Immunohistochemistry Autoradiography Blocked
autoradiography

Figure 11. Representative TREM2 immunohistochemistry and in vitro autoradiography as well as blocked in vitro
autoradiography of a human brain section from an AD patient. Adapted from (130), licensed under CC BY 4.0.

Finally, we conducted a pilot experiment for translation into clinical imaging. We radiolabeled a
human-specific TREM2 antibody (14D3, (233)) and performed in vitro autoradiography and im-

munohistochemistry (TREM2, A-beta, tau protein) on post-mortem brain tissue sections from AD
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patients (n = 6). TREM2 immunohistochemistry and autoradiography of the brain sections re-
vealed co-localization, particularly in cortical regions, while subcortical white matter exhibited
minimal to no radioligand accumulation (Figure 11). Our results confirmed a spatial correlation
between increased TREM2 expression and the presence of AD-related hallmarks, including Af3
deposits and tau pathology. This aligns with the findings in literature that TREM2-positive mi-
croglia cluster around amyloid plaques in both mice and patients (234, 235). Immunohistochem-
istry and autoradiography yielded comparable cortex-to-white matter ratios (median + SD 2.4 +
0.5 and 2.4 + 0.2, respectively), thereby supporting the reliability of both approaches for detecting
TREM2. Blocking experiments using the non-radioactive 14D3 antibody at a molar ratio of 1000:1
relative to the radioligand resulted in minimal residual signal, indicating low levels of non-spe-

cific binding in the autoradiography assay.

In the context of my shared first authorship "PET imaging of microglia in Alzheimer’s disease using
copper-64 labeled TREM?2 antibodies” (130), the results were published in Theranostics in September
2024.

4.2 Enhancing Quantitative Analysis of TREM2 PET Imaging:
Image-Derived Blood Normalization in Mouse Models

This follow-up study, published in the second paper (236), built upon the findings of the initial
study and tested the hypothesis that normalizing PET images to radioligand levels in the blood
provides a more accurate quantitative representation of TREM2-specific signals than the standard
normalization of the %ID. This is of high interest, as current research highlights TREM2 as a mo-
lecular target of interest for both diagnostic imaging and therapeutic intervention (129, 237-239).
First, we examined whether image-derived radioactivity values of the blood, which were seg-
mented from PET scans, could be substituted for manually sampled blood values. We then in-
vestigated the hypothesis that blood-normalized PET images would better reflect biological
TREM2 biodistribution than %ID normalization. To test this hypothesis, we compared the differ-
ences in TREM2 signal between WT and TREM2 KO mice (240) to TREM2 protein expression in
peripheral organs. Finally, we validated and confirmed the superiority of the blood normaliza-
tion approach for enhanced quantitative TREM2 analysis in two disease models: AD
(APPsas;TfRmuhv) and myocardial infarction, employing SPM, ex vivo autoradiography and im-

munohistochemistry.
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Validation of Image-Derived Blood Segmentation
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Figure 12. The figure illustrates the volumes-of-interest (VOIs) utilized for blood segmentation from the heart. Man-
ual segmentation of PET images using a spherical VOI. SPM-derived VOI employed in a data-driven approach to seg-
ment radioactivity levels from the blood. A significant correlation between blood samples of WT and TREM2 KO
mice (n = 11 each) obtained ex vivo following PET imaging and the segmented blood radioactivity levels derived
from PET utilizing a data-driven approach. Linear regression, 95% confidence interval. Adapted from (236), licensed
under CC BY 4.0.

First, we investigated whether PET image-derived blood radioactivity levels could be substituted
for measurements of manually drawn blood samples. This approach would have several ad-
vantages, including a reduction in workload and the ability to perform image analysis with blood
normalization of PET images, even in cases where blood samples were not obtained. Therefore,
we segmented the blood levels from TREM2 PET scans of WT and TREM2 KO mice (n =11 per
group) with [#Cu]Cu-NODAGA-ATV:4D9 20 h p.. In a first approach, we used a manually
placed sphere (r = 2 mm) in the blood pool of the heart (Figure 12). In the second approach, a
data-driven approach using SPM (SPM12 in MATLAB (v2011-R2016), (241)) was employed to
find a region in which PET signal intensity significantly correlated with ex vivo blood levels (the
SPM workflow is summerized in Figure 13). This data-driven volume-of-interest (VOI) (12.1
mm?®) was also located in the cardiac blood pool (Figure 12). Both methods demonstrated a sig-
nificant correlation with the actual blood measurements (manual R?= 0.9492, data-driven R? =
0.9680, linear regression). A slight underestimation of data-driven blood levels can be attributed
to special alignment variability across animals.

To assess a potential bias between the measurement methods, a Bland-Altman analysis (242) was
conducted, which revealed a more systematic offset and reduced variability in the data-driven
method (bias 171 kBq/g, SD 150 kBq/g) than in the manual approach (bias 17 kBq/g, SD 171
kBq/g). Possible reasons for these discrepancies include partial volume effects and discrepancies
in the calibration of the methods.

Despite minor biases, the data-driven method offered superior scalability, robustness, and repro-

ducibility, and was therefore used for all further image normalization in this study.
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Method Box 3. Statistical Parametric Mapping (SPM) Applications

Objective: Detect significant voxel-wise correlations and group differences in PET images.

Application 1: Correlation Analysis (Image vs Vector)

a
PET signal

Ex vivo blood levels t-value t-value

Aim: Find voxels where PET signal intensity correlates significantly with ex vivo blood levels

Step 1: Preprocessing (registration of image to template, smoothening with Gaussian filter)

Step 2: Model design (PET signal as dependent, blood levels as predictor, statistical analysis: linear regression)

Step 3: Compute voxel-wise linear regression (t-values for each voxel)

Step 4: Generate statistical parametric map (each voxel is a significant t-value, higher t-value means a higher correlation)

Step 5: Apply multiple testing correction (e.g., False Discovery Rate or Bonferroni)

Application 2: Group comparison

A B t-value t-value

Aim: Identify significant regional signal differences between groups

Step 1: Preprocessing as above

Step 2: Set up design matrix (group assignments)

Step 3: Perform voxel-wise group t-test or ANOVA

Step 4: Generate statistical parametric map (each voxel is a statistical value (e.g., t-value), higher t-value means a higher dif-
ference between groups)

Step 5: Apply multiple testing correction as above

Figure 13. Method Box 3. SPM applications used in this study. Created with BioRender.com.



Content of the Doctoral Thesis 32

Assessing Signal Differences After Normalization

SPM analysis
Blood level normalization %ID normalization

Figure 14. SPM maps were generated for group comparisons between WT and TREM2 KO mice (n = 11 each) of
TREMZ2 PET images after normalization to blood levels and %ID, and overlaid onto a CT template. Two-sample t-test,
p < 0.05. Adapted from (236), licensed under CC BY 4.0.

We next investigated whether blood-normalized or %ID-normalized PET images would lead to
higher spatial differences in radioactivity signals in WT mice, which express a moderate amount
of TREM2 on microglial cells in the brain and macrophages in the periphery, and TREM2 KO
mice, which lack TREM2 expression (240). We used an SPM-based voxel-wise group comparison
and found enhanced signal difference for blood level-normalized PET images, especially in the

liver and bone, which are both organs that express TREM2 (53) (Figure 14).

Validation Using TREM?2 Protein Expression
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Figure 15. Schematic illustration of segmented organs. And a relative TREM2 comparison of SPM t-values of these

organs, representing the difference of the group comparison between WT and TREM2 KO mice (n = 11 each) and
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quantified TREM2 protein levels in WT mice (n = 3) by MSD analysis. Mean + SD. Adapted from (236), licensed under
CCBY 4.0.

In order to validate the blood normalization method, we determined whether the observed en-
hanced PET signal differences in TREM2 radioligand between the two mouse groups reflected
the actual biological TREM?2 distribution. We compared the SPM-derived t-values from the group
comparison (WT vs. TREM2 KO mice) of the bone marrow, lung, spleen and liver to TREM2
protein levels in WT mice measured by MSD (MesoScale Discovery, Maryland), an immunoassay
that quantifies proteins.

Blood-normalized PET images exhibited higher t-values across all organs in comparison to %ID-
normalized images (Figure 15). The t-values of the organs derived from blood-normalized PETs
also demonstrated relative alignment with the TREM2 protein quantification for the bone mar-
row, lung and spleen and significantly correlated (R? =0.9990, p < 0.0001, linear regression). The
observed discrepancy in TREM2 radioligand intensity in these organs (a direct difference, no SPM
analysis) among the PETs of the groups confirmed a significant correlation with TREM2 protein
expression levels (R? = 0.9950, p = 0.0451, linear regression). However, it is important to
acknowledge that the observed correlation was predominantly driven by bone marrow.

The t-value of the liver demonstrated a considerable elevation in relation to TREM2 protein quan-
tification levels, which can be attributed to the predominance of excretion over specific TREM2

binding.
Application in an AD Mouse Model

SPM analysis
Blood level normalization %ID normalization

Immunohistochemistry
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Figure 16. SPM maps were generated from group comparisons between WT;TfRM/huand APPSAA; TFRMY/hu mice (n = 6
each) of TREM2 PET images after normalization to blood levels and overlaid on an MRI template. Two-sample t-test,
p < 0.05. Representative ex vivo autoradiography of a perfused APPSAATfRMU/hu brain slice and immunohistochemis-
try of the adjacent brain slice (DNA (4',6-Diamidin-2-phenylindol, DAPI) in blue, microglia (ionized calcium-binding
adapter molecule 1, Ibal) in yellow and TREM2 in red). Red arrows indicate increased TREM2 signals. Adapted from
(236), licensed under CC BY 4.0.



Content of the Doctoral Thesis 34
Following the validation of blood normalization for TREM2 PET, we applied the method in a

mouse model of amyloidosis (APPSA4; TfRmwhv) that expresses high TREM2 levels in comparison
with WT,;TfRmh controls (181). We performed a second SPM group analysis to investigate the
spatial differences between both groups using PET images that had been normalized to the blood
level or %ID. Blood-normalized PET images exhibited stronger differences in the cortex and hip-
pocampus, both high TREM2-expressing regions (234, 235), when compared to the %ID normal-
ized images (Figure 16). Ex vivo autoradiography of APPSAA;TfRmuwhu confirmed a 2-fold signal
difference between the cortex and basal-ganglia, and immunohistochemistry showed a 3-fold dif-
ference for TREM2 in the plaque-surrounding microglia. The localizations obtained from both

methods aligned with the regions highlighted by SPM analysis after blood level normalization.

Application in a Myocardial Infarction Mouse Model

PET images Orientation help
Myocardial infarction
A A
L
&G A 2
v
&3
P )
N 4
Ex vivo autoradiography
Myocardial infarction
LAD
Iigation\,,X

Infarct {

region \7 \

£
S
=
©
S
g
0

Figure 17. Representative PET images (overlaid onto a CT) and correlating autoradiography images of the infarct
region in the heart of a left anterior descending artery-(LAD)-ligated WT mouse (myocardial infarction model) and
the same region in the heart of a sham-operated WT mouse. Illustrations show the planes of the images and are

shown for orientation. Created with BioRender.com. Adapted from (236), licensed under CC BY 4.0.

Our second disease model to apply the blood normalization method was a mouse model of my-
ocardial infarction. TREM2 PET was performed in WT mice (n = 6) five days after left anterior
descending artery (LAD) ligation, which causes oxygen deprivation (243). Four sham-operated
mice were used as controls. Ex vivo autoradiography of the infarcted region of the heart was per-
formed on day seven after surgery, as high TREM2 expression has been reported in literature in
the infarcted region of LAD-ligated mice between days five and seven after surgery (244, 245).
PET images and corresponding ex vivo autoradiography demonstrated strong TREM2 radiolig-
and accumulation in the infarcted region and minimal signal in sham mice (Figure 17). The vari-

ability in TREM2 radioligand intensity in the infarcted region is probably due to ligation place-
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ment, resulting in variable infarct sizes (246). The signal intensity in infarcted zones in PET cor-

related more strongly with ex vivo autoradiography when blood normalization was used, con-
firming the superiority of this method also in the second disease mouse model. Blood levels were
segmented from the carotid artery in this case, to avoid potential spill-overs from the infarcted

heart tissue.

Throughout the study, image-derived blood levels did not show significant differences between
the compared mouse cohorts, suggesting that pathological changes in blood radioligand levels

were minimal in our study.

The results were published in my second first-author paper, “Image-Derived Blood Normalization
of Antibody-Based TREM2 PET in Mouse Models of Amyloidosis and Myocardial Infarction” (236), in
The Journal of Nuclear Medicine in July 2025.
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5. Conclusion and Outlook

AD poses a great threat to our society. While it takes approximately two hours to read this thesis,
1440 individuals worldwide developed AD during that time, highlighting the urgency for novel

diagnostic and therapeutic strategies.

This thesis presents the first microglia-specific PET radioligand capable of visualizing TREM2-
expressing microglia in mouse models of AD and TREM2-expressing macrophages in a myocar-
dial infarction model. Integration of the brain-shuttle technology (in this case, ATV) into the ra-
dioligand design enabled efficient BBB penetration, allowing CNS access of an antibody-based
radioligand, an important step toward broadening this technology in molecular imaging.
Additionally, we conducted in vivo autoradiography and immunohistochemistry studies target-
ing human TREM2. These early translational data are promising and support the transition to
clinical PET applications.

Furthermore, we demonstrated that enhanced detection and quantification of TREM2 is possible

when PET images are normalized to account for the blood levels.

A central aim was to develop a radioligand capable of detecting TREM2 in vivo. We achieved this
by demonstrating that the bispecific radioligand [#Cu]Cu-NODAGA-ATV:4D9 enabled the vis-
ualization of activated microglia in AD mouse models and, notably, TREM2-expressing periph-
eral macrophages in a myocardial infarction model. The ATV system proved to be essential, fa-
cilitating a 4.6-fold increase in brain uptake. Preliminary human tissue experiments further sup-

port the clinical relevance of TREM2 targeting radioligands.

The second major aim was to improve the quantitative PET analysis. We hypothesized that nor-
malizing PET images to radioligand blood levels, rather than standard %ID normalization, would
provide a more biologically accurate representation of the TREM2 expression. This hypothesis
was fully supported by our data, both in terms of increased signals in pathologically TREM2-rich

regions and correlation with protein levels in relevant organs.

Implications of this work: TREM2 PET opens new possibilities for the selective imaging of micro-
glial activation. Currently available radioligands, such as those targeting TSPO, lack the neces-
sary specificity to visualize these activation states selectively. Brain shuttle technology, which is
already used for therapeutic antibody delivery, has now been proven successful in PET imaging
as well, making antibody-based radioligands with target regions in the brain more attractive. Our
results also emphasize the importance of image normalization to blood levels, especially for mol-
ecules with slow pharmacokinetics, such as antibodies. This insight enables the re-evaluation of

existing imaging datasets with improved accuracy.

While the translational potential is clear, some limitations must be considered. The [6*Cu]Cu-
NODAGA-ATV:4D9 radioligand binds to both TREM2 (including soluble TREM?2) and hTIR,

with the latter accounting for a substantial fraction of the total brain uptake. Adjusting the affinity
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ratios or increasing the molar activity may help future studies to improve TREM2 PET. Addition-
ally, differences between human and murine TREM2 expression must be considered, as well as
the anatomical challenges of PET in small animal brains, where spill-overs from the skull may
affect accuracy more than in humans.

The study also used whole blood radioligand levels for normalization, which may not fully reflect
the unbound radioligand available in the plasma. Although no significant differences in blood
levels were observed between the groups, it remains unclear whether this reflects true biological

realities or opposing effects canceling each other out.

This research process also brought some unexpected findings. While the brain shuttle improved
brain uptake, it did not proportionally increase the amount of TREM2-specific signals. Future
designs could adjust the antibody affinities or explore alternative shuttle systems. Additionally,
we encountered variability in infarct size in the myocardial model, highlighting the need for pre-

cise standardization of disease induction protocols.

Despite these challenges, our study lays a solid foundation for future TREM2 PET imaging. Lon-
gitudinal studies will be essential to assess whether this radioligand can effectively track micro-
glial activation and therapeutic responses over time. Its potential use in clinical trials, particularly

those involving anti-inflammatory or anti-A{3 therapies, appears promising.

We have recently started TREM2 PET in patients, with the radiochemical translation successfully
conducted by the author. The first clinical results are expected soon and will shed light on the

future potential of TREM2 PET.
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6. Publications

6.1 List of Publications
Articles
The following research articles are summarized to a cumulative dissertation in this thesis:

1. Monireh Shojaei*, Rebecca Schaefer*, Kai Schlepckow, Lea H. Kunze, Felix L. Struebing,

Bettina Brunner, Michael Willem, Laura M. Bartos, Astrid Feiten, Giovanna Palumbo,
Thomas Arzberger, Peter Bartenstein, Gian C. Parico, Dan Xia, Kathryn M. Monroe,
Christian Haass, Matthias Brendel*, Simon Lindner*: PET imaging of microglia in Alz-
heimer's disease using copper-64 labeled TREM2 antibodies

Theranostics, 2024, doi: 10.7150/thno.97149 (IF 13.3)

*contributed equally

2. Rebecca Schaefer, Lea H. Kunze, Marlies Haertel, Yeqian Zhu, Kai Schlepckow, Michael

Willem, Laura M. Bartos, Giovanna Palumbo, Lukas Tomas, Christian Schulz, Steffen
Massberg, Rudolf A. Werner, Maximilian Fischer, Dan Xia, Kathryn M. Monroe, Chris-
tian Haass, Matthias Brendel*, Simon Lindner*: Image-Derived Blood Normalization of
Antibody-Based TREM2 PET in Mouse Models of Amyloidosis and Myocardial In-
farction

Journal of Nuclear Medicine, 2025, doi: 10.2967/jnumed.125.269472 (IF 9.1)

Further articles, which are not part of the thesis:
Jonathan A. Gernert*, Laura Sanzo*, Hanna Zimmermann, Franziska Thaler, Letizia Vogler, Jo-

hannes S. Gnérich, Lisa Tagnin, Simon Lindner, Benjamin Kugelmann, Rebecca Schaefer, Gerard

N. Bischof, Sabrina Katzdobler, Rudolf A. Werner, Giinter U. Hoglinger, Johannes Levin, Nicolai
Franzmeier, Boris Rauchmann, Robert Perneczky, Martin Kerschensteiner, Tania Kiimpfel’, Mat-
thias Brendel”: [*¥F]fluorodeprenyl-D2 PET for assessment and monitoring of astrogliosis in
anti-LGI1-IgG Autoimmune Encephalitis

Submitted to EJNMMI (£84957f9bccel12d) (IF 7.6)

Emanuel Joseph, Lea H. Kunze, Rebecca Schaefer, Giovanna Palumbo, Benjamin Kugelmann,

Stephan Wagner, Sven Lammich, Regina Feederle, Michael Willem, Rudolf A. Werner, Matthias
Brendel, Simon Lindner: Design, Synthesis and Preclinical Evaluation of a brain-permeable
PET Tracer for P2Y12R Imaging in the Brain

Journal of Medicinal Chemistry, 2025, doi: 10.1021/acs.jmedchem.5c00457 (IF 6.8)



Publications 39

Melissa J. Antons, Sandra Kloiber-Langhorst, Heidrun Hirner-Eppeneder, Rebecca Schaefer, Jen-
nifer Stueckl, Giovanna Palumbo, Rosel Oos, Felix Herr, Simon Lindner, Sibylle Ziegler, Matthias
Brendel, Jens Ricke, Maurice M. Heimer*, Clemens C. Cyran*: [F]JFDG-PET/CT imaging for re-
sponse characterization of experimental melanomas to anti-PD-L1/anti-CTLA-4 immunother-

apy
Submitted to Molecular Imaging and Biology (63843b33d7a85e70) (IF 2.5)

Lea H. Kunze, Giovanna Palumbo, Johannes Gnoérich, Karin Wind-Mark, Rebecca Schaefer, Si-

mon Lindner, Franz-Josef Gildehaus, Sibylle Ziegler, Matthias Brendel: Fibrillar amyloidosis and
synaptic vesicle protein expression progress jointly in the cortex of a mouse model with -
amyloid pathology

Neurolmage, 2025, doi: 10.1016/j.neuroimage.2025.121165 (IF 4.5)

Laura M. Bartos, Sebastian T. Kunte, Stephan Wagner, Philipp Beumers, Rebecca Schaefer, Artem

Zatcepin, Yunlei Li, Maria Griessl, Leonie Hoermann, Karin Wind-Mark, Peter Bartenstein,
Sabina Tahirovic, Sibylle Ziegler, Matthias Brendel, Johannes Gnorich: Astroglial glucose uptake
determines brain FDG-PET alterations and metabolic connectivity during healthy aging in
mice

Neurolmage, 2024, doi: 10.1016/j.neuroimage.2024.120860 (IF 4.5)

Monireh Shojaei, Qihui Zhou, Giovanna Palumbo, Rebecca Schaefer, Janne Kaskinoro, Pirjo

Vehmaan-Kreula, Peter Bartenstein, Matthias Brendel, Dieter Edbauer, Simon Lindner: Develop-
ment and Preclinical Evaluation of a Copper-64-Labeled Antibody Targeting Glycine-Alanine
Dipeptides for PET Imaging of C90rf72-Associated Amyotrophic Lateral Sclerosis/Frontotem-
poral Dementia

ACS Pharmacology & Translational Science Journal, 2024, doi: 10.1021/acsptsci.4c00037 (IF 3.7)

Maria Meindl, Artem Zatcepin, Johannes Gnorich, Maximilian Scheifele, Mirlind Zaganjori,

Mattes Grof3, Simon Lindner, Rebecca Schaefer, Marcel Simmet, Sebastian Roemer, Sabrina

Katzdobler, Johannes Levin, Giinter Hoglinger, Ann-Cathrin Bischof, Henryk Barthel, Osama Sa-
bri, Peter Bartenstein, Thomas Saller, Nicolai Franzmeier, Sibylle Ziegler, Matthias Brendel: As-
sessment of [18F]PI-2620 Tau-PET Quantification via Non-Invasive Automatized Image De-
rived Input Function

European Journal of Nuclear Medicine and Molecular Imaging, 2024, doi: 10.1007/s00259-024-
06741-7 (IF 7.6)

Laura M. Bartos, Sabrina V. Kirchleitner, Zeynep Ilgin Kolabas, Stefanie Quach, Alexander Beck,
Julia Lorenz, Jens Blobner, Stephan A. Mueller, Selin Ulukaya, Luciano Hoeher, I1zabela Horvath,

Karin Wind-Mark, Adrien Holzgreve, Viktoria C. Ruf, Lukas Gold, Lea H. Kunze, Sebastian T.
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Kunte, Philipp Beumers, Ha Eun Park, Melissa Antons, Artem Zatcepin, Nils Briel, Leonie Ho-

ermann, Rebecca Schaefer, Denise Messerer, Peter Bartenstein, Markus J. Riemenschneider, Si-

mon Lindner, Sibylle Ziegler, Jochen Herms, Stefan F. Lichtenthaler, Ali Ertiirk, Joerg C. Tonn,
Louisa von Baumgarten, Nathalie L. Albert*, Matthias Brendel*: Deciphering sources of PET
signals in the tumor microenvironment of glioblastoma at cellular resolution

Science Advances, 2023, doi: 10.1126/sciadv.adi8986 (IF 11.7)

*contributed equally

Oral Presentations

Rebecca Schaefer, Lea H. Kunze, Kai Schlepckow, Michael Willem, Marlies Hartel, Laura M. Bar-

tos, Franz J. Gildehaus, Giovanna Palumbo, Dan Xia, Kathryn M. Monroe, Christian Haass, Mat-
thias Brendel, Simon Lindner: Evaluation of Antibody-based TREM2 PET in mice: Contrasting
Image-Derived Blood Normalization with the Standard %ID Normalization Method

26™ International Symposium on Radiopharmaceutical Sciences, Gold Coast, Queensland May

11-15, 2025

Marlies Haertel, Rebecca Schaefer, Ha Eun Park, Leonie Hoermann, Kai Schlepckow, Christian
Haass, Joseph W. Lewcock, Kathryn M. Monroe, Nathalie L. Albert, Louisa von Baumgarten, Si-
bylle Ziegler, Simon Lindner, Matthias Brendel, Laura M. Bartos: PET imaging using a Copper-
64 labeled TREM2 antibody with blood-brain barrier transport vehicle facilitates selective as-
sessment of tumor associated immune cells in glioblastoma mice

EANM Congress 2024, Hamburg, Germany, October 19-23, 2024

Rebecca Schaefer, Marlies Haertel, Lea H. Kunze, Laura M. Bartos, Giovanna Palumbo, Kai

Schlepckow, Christian Haass, Joseph W. Lewcock, Kathryn M. Monroe, Matthias Brendel, Simon
Lindner: Evaluating the cellular binding specificity of a copper-64 labelled antibody transport
vehicle enabled TREM2 PET tracer using scRadiotracing in mice

Annual Meeting of the German Pharmaceutical Society, DPhG, Miinster, Germany, September

23-26, 2024

Rebecca Schaefer, Giovanna Palumbo, Kai Schlepckow, Kathryn M. Monroe, Christian Haass,

Peter Bartenstein, Matthias Brendel, Simon Lindner: scRadiotracing: Eine neue Methode zum
Nachweis zellspezifischen Tracer-Uptakes

29t Annual Meeting of the AGRR, Bad Salzuflen, Germany, September 28-30, 2023
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Laura Sanzo, Jonathan Gernert, Letizia Vogler, Mirlind Zaganjori, Simon Lindner, Rebecca

Schafer, Andrew Stephens, Martin Kerschensteiner, Tania Kiimpfel, Matthias Brendel: Assess-
ment of [FID2-Deprenyl as an inflammation tracer in LGI1 positive limbic encephalitis

SNMMI Annual Meeting, Chicago, Illinois, USA, June 24-27, 2023

Poster Presentation

Marlies Haertel, Rebecca Schaefer, Lea H. Kunze, Ha E. Park, Leonie Hoermann, Kai Schlepckow,

Franz J. Gildehaus, Christian Haass, Joseph W. Lewcock, Kathryn M. Monroe, Nathalie L. Albert,

Louisa von Baumgarten, Sibylle Ziegler, Simon Lindner, Matthias Brendel: Blood-Brain Barrier
Penetrating Copper-64 TREM2 Antibody Enables Targeted PET Imaging of Tumor-Associated
Immune Cells in Glioblastoma Mouse Models

26" International Symposium on Radiopharmaceutical Sciences, Gold Coast, Queensland May

11-15, 2025

Emanuel Joseph, Lea H. Kunze, Giovanna Palumbo, Rebecca Schéfer, Benjamin Kugelmann,

Stephan Wagner, Sven Lammich, Regina Feederle, Michael Willem, Rudolph A. Werner, Franz
Josef Gildehaus, Matthias Brendel, Simon Lindner: Design, synthesis and preclinical evaluation
of a novel brain-permeable P2Y12R PET ligand

26™ International Symposium on Radiopharmaceutical Sciences, Gold Coast, Queensland May

11-15, 2025

Lisa Tagnin, Julia Dornreich, Marianthi Zeinaki, Letizia Vogler, Laura Sanzo, Sabrina Katzdobler,
Alexander Jack, Alexander Bernhardt, Boris Rauchmann, Sophia Stocklein, Marcel Simmet,

Emanuel Joseph, Simon Lindner, Rebecca Schifer, Norman Koglin, Andre Mueller, Andrew W.

Stephens, Jonathan Gernert, Franziska Hopfner, Giinter Hoglinger, Robert Perneczky, Tania
Kiimpfel, Martin Kerschensteiner, Franziska Thaler, Johannes Levin, Matthias Brendel: Feasibil-
ity of Short Imaging Protocols for ['*Flfluorodeprenyl-D2 PET in Autoimmune Encephalitis
and Multiple System Atrophy

63 Annual Meeting of the DGN, Bremen, Germany April 2-5, 2025

Melissa Antons, Sandra Kloiber-Langhorst, Heidrun Hirner-Eppeneder, Rebecca Schaefer, Jen-
nifer Stueckl, Giovanna Palumbo, Rosel Oos, Simon Lindner, Sibylle Ziegler, Matthias Brendel,
Jens Ricke, Maurice Heimer, Clemens C. Cyran: Multi-time-point [*FIFDG-PET/CT for moni-
toring a combined anti-PD-L1/anti-CTLA-4 immunotherapy in a murine melanoma model
with multiparametric immunohistochemical validation

EANM Congress 2024, Hamburg, Germany, October 19-23, 2024



Publications

42

6.2 Contribution to Paper |

“PET imaging of microglia in Alzheimer's disease using copper-64 labeled TREM2 antibod-

ies.” (130)

The contribution to the first paper published in Theranostics is shown in the following table for

better overview.

Table 2. Contributions to paper I.

Figure or Table Contribution Comment

Figure 2B Data curation, Formal analysis =~ Re-analysis of data previously an-

alyzed by Monireh Shojaei.

Figure 3B Data curation, Formal analysis -

Figure 6A-F Conceptualization, Data cura- Conceptualization together with
tion, Formal analysis, Investiga- Kathryn M. Monroe, Matthias
tion, Methodology, Validation =~ Brendel and Simon Lindner. In-

vestigation: Radioligand applica-
tion together with Giovanna Pa-
lumbo.

Figure 7 Data curation, Formal analysis, Investigation and Methodology
Investigation, = Methodology, for Immunohistochemistry by Fe-
Validation lix Struebing.

Figure S1 Data curation, Formal analysis, )

Investigation, =~ Methodology,
Validation
Figure S2 F+G Conceptualization, Data cura- Conceptualization together with

tion, Formal analysis, Investiga-

tion, Methodology, Validation

Kathryn M. Monroe, Matthias

Brendel and Simon Lindner.

Figure S3 B-D

Conceptualization, Data cura-
tion, Formal analysis, Investiga-

tion, Methodology, Validation

Conceptualization together with
Kathryn M. Monroe, Matthias
Brendel and Simon Lindner. In-
vestigation: Radioligand applica-
tion together with Giovanna Pa-

lumbo.
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Figure S4 Conceptualization, Data cura- Conceptualization together with
tion, Formal analysis, Investiga- Kathryn M. Monroe, Matthias
tion, Methodology, Validation Brendel and Simon Lindner. In-

vestigation: Radioligand applica-
tion together with Giovanna Pa-
lumbo.

Figure S5 Data curation, Formal analysis Re-analysis of data previously an-

alyzed by Monireh Shojaei.

Figure S6 Data curation, Formal analysis -

Figure S8 Conceptualization, Data cura- Conceptualization together with
tion, Formal analysis, Investiga- Kathryn M. Monroe, Matthias
tion, Brendel and Simon Lindner.

Figure S9 Conceptualization, Data cura- Conceptualization together with
tion, Formal analysis, Investiga- Kathryn M. Monroe, Matthias
tion, Methodology, Validation Brendel and Simon Lindner. In-

vestigation: Radioligand applica-
tion together with Giovanna Pa-
lumbo.

Figure S10 Conceptualization, Data cura- Conceptualization together with
tion, Formal analysis, Investiga- Kathryn M. Monroe, Matthias
tion, Methodology, Validation =~ Brendel and Simon Lindner. In-

vestigation: Radioligand applica-
tion together with Giovanna Pa-
lumbo.

Table S1 Data curation, Formal analysis Re-analysis of data previously an-

alyzed by Monireh Shojaei.

Table S6 Conceptualization, Data cura- Conceptualization together with
tion, Formal analysis, Investiga- Kathryn M. Monroe, Matthias
tion, Brendel and Simon Lindner.

Table S7 Conceptualization, Data cura- Conceptualization together with

tion, Formal analysis, Investiga-

tion,

Kathryn M. Monroe, Matthias

Brendel and Simon Lindner.
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Graphical Abstract Visualization -

Whole paper Data interpretation, Visualiza- Data interpretation, Writing — re-
tion, Writing — review & editing view & editing together with Kai

Schlepckow, Kathryn M. Monroe,

Christian Haass, Matthias Bren-

del and Simon Lindner.

6.2.1 Rationale for shared first authorship

The results of two different PhD projects, each focusing on a different aspect of a shared topic area,
were combined into a single publication with the aim of presenting a comprehensive narrative.
The data collection for these projects was conducted independently by the respective PhD stu-
dents. Monireh Shojaei's contributions included the development of the radioligand and the pre-
liminary studies on radioligand distribution. My PhD project was built upon these foundations,
with a focus on demonstrating the specificity of the radioligand for microglial cells. In addition, I
played an instrumental role in the data analysis and interpretation, the review and editing process

of the manuscript, ultimately leading the resubmission process.

6.3 Contribution to the Paper Il

“Image-Derived Blood Normalization of Antibody-Based TREM2 PET in Mouse Models of
Amyloidosis and Myocardial Infarction.” (236)

The contribution of the second paper published in the Journal of Nuclear Medicine was the idea
of the study, leadership of investigation, methodology, formal analysis, data interpretation, data
curation, project administration, and revision of the study on the normalization of TREM2 PET
data. Initially, I synthesized the radioligand and conducted the mouse experiments (with tech-
nical assistance from Lea H. Kunze, Marlies Haertel, Laura Bartos, and Giovanna Palumbo; heart
operations were performed by Yeqgian Zhu, Dan Xia conducted the TREM2 protein quantifica-
tion). I measured the radioactivity of the blood samples obtained using a gamma counter and
analyzed them. I reconstructed and processed the acquired small-animal PET/CT data (including
cropping, co-localization, transformation and normalization). The methodology for the protocol
for PET/CT data analysis was developed in collaboration with Matthias Brendel. Next, I corre-
lated the resulting PET data with the collected blood data or analyzed them in multiple linear
regressions and group comparisons using SPM. Additionally, I segmented organ-specific radio-
activity values from the mouse using Imalytics Preclinical Software. In this context, I was en-

trusted with the selection of suitable software and purchase of a license for the clinic. The creation
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of all figures within the manuscript was my responsibility. The initial manuscript draft was au-

thored by me and was subsequently corrected and expanded by my co-authors. Furthermore, I

completed two rounds of revision.
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