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Abstract

Xiong, M. 2023. Visualising neurodegeneration in the living brain. Preclinical evaluation
of PET radioligands. Digital Comprehensive Summaries of Uppsala Dissertations
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ISBN 978-91-513-1727-4.

With an ageing population, the number of people suffering from Alzheimer’s disease (AD)
and Parkinson’s disease (PD) escalates yearly. Pathological hallmarks of AD and PD include
aggregated proteins and synaptic dysfunction. Developing imaging probes targeting specific
pathological hallmarks is highly valuable in aiding early diagnosis and treatment assessment.

The thesis focused on evaluating positron emission tomography (PET) imaging probes that
can visualise different pathological changes in preclinical models of neurodegeneration. Ligands
targeting synaptic vesicle protein 2A (SV2A), alpha-synuclein (aSyn), and amyloid-beta (Ap)
are investigated.

In paper 1, we compared synaptic density in transgenic AD and PD mouse models to their
wild-type age-matched controls using SV2A PET. In the hippocampus, lower synaptic density
was found in the PD mice compared to the control. In paper II, we continued using SV2A
PET and studied synaptic density in ageing mice. Synaptic density remained steady for most
of the lifespan but slightly decreased in old age. In paper III, we developed and evaluated
five antibody-based PET radioligands targeting aSyn aggregates. By conjugating anti-aSyn
antibodies with the transferrin receptor (TfR) binder 8D3, we increased antibody brain entry
significantly. These bispecific antibodies displayed high specificity and selectivity to aSyn
aggregates. The most promising candidate successfully imaged brain-deposited aSyn but was
unable to detect endogenously expressed aSyn in PD mouse models. In light of this, further
investigation of antibody brain entry, distribution, and elimination is needed. Thus, in paper
IV, we used microdialysis to compare the brain pharmacokinetics of a bispecific antibody
targeting TfR and AP and its regular monospecific version that only binds to AB. The bispecific
antibody showed distinct pharmacokinetics and entered the brain more efficiently than the
regular antibody. Lastly, in paper V, we studied the impact of anti-Af antibody treatment on
amyloid PET. AD mice were short-term treated with anti-Af antibody mAb158 and underwent
[''C]PiB ex vivo autoradiography. We found a trend indicating that the treatment reduced the
['C]PiB signal despite no reduction in total AB levels.

Our results contribute to an increased understanding of PET radioligands imaging
neurodegeneration. Furthermore, it provides valuable information for designing and developing
new PET radioligands.
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“Though the journey is far and long, I shall search up and down.”
—Qu Yuan
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Abbreviations

AADC Aromatic amino-acid decarboxylase

Ap Amyloid-beta

AD Alzheimer’s disease

APP Amyloid-beta precursor protein

AUC Area under the curve

aSyn Alpha-synuclein

Binax Target density

Bq Becquerel

BW Body weight

CA Cornu ammonis

Cimg Image-derived radioactivity concentration
Cr Radioactivity concentration in plasma (blood)
Cr Radioactivity concentration in tissue (brain)
CSF Cerebrospinal fluid

CT Computed tomography

Da Dalton

DLB Dementia with Lewy bodies

EC Electron capture

FA Formic acid

FOV Field of view

GABA Gamma-Aminobutyric Acid

GFAP Glial fibrillary acidic protein

HRP Horseradish peroxidase

Iba Ionised calcium-binding adaptor molecule
ID Injected dose of radioactivity

IDIF Image-derived input function

ISF Interstitial fluid

Ky Rate constant of radioligand from plasma to tissue
LB Lewy body

LDL Low-density lipoprotein

LN Lewy neurite



LTP
MAO
MRI
MSA
NAC
NeuN
NMDA
PBS
P2X5R
PD
PET
PS1
ROI
ROS
scFv
SN
SNCA
SNARE

SPECT
SUV
SV2A
TAC
TBS
TBST
TCM
TfR
ThS/ThT
TLC
TSPO
VAMP2
Vr

wt

Long-term potentiation
Monoamine oxidase-B
Magnetic resonance imaging
Multiple system atrophy
Non-amyloid beta component
Neuronal nuclear antigen
N-methyl d-aspartate
Phosphate-buffered saline
Purinergic receptor P2X subunit 7
Parkinson's disease

Positron emission tomography
Presenilin 1

Region of interest

Reactive oxygen species
Single-chain variable fragment
Substantia nigra

Synuclein alpha gene

Soluble N-ethylmaleimide-sensitive factor attachment
protein receptor
Single-photon emission computed tomography

Standardised uptake value
Synaptic vesicle protein 2A
Time-activity curve
Tris-buffered saline
Tris-buffered saline with triton
Tissue compartmental model
Transferrin receptor
Thioflavin S/Thioflavin T
Thin-layer chromatography
Translocator protein
Vesicle-associated membrane protein 2
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Introduction

Positron emission tomography (PET) has been used widely for central nervous
systems (CNS) diseases since the 1980s when Reivich and Kuhl first used a
fluorine-18 (‘°F) radiolabelled glucose analogue, '‘*F-fluorodeoxyglucose
(FDG), to measure cerebral blood volume in humans'. Nowadays, PET is a
strongly embraced imaging technique for many neurodegenerative diseases,
including Alzheimer’s disease (AD) and Parkinson’s disease (PD), by which
the diseases can be diagnosed, and the progression can be followed based on
different pathological features. Currently, PET ligands that bind to amyloids,
synaptic proteins, receptors and enzymatic targets are used in clinics for AD
and PD, while many other ligands are still under development. Developing a
PET ligand targeting disease-specific proteins is a high priority as it enables
early and accurate diagnosis and can help to evaluate treatment effects.

The roads to new radioligands are filled with excitement but also chal-
lenges.

Neurodegenerative diseases

Neurodegenerative diseases are a group of disorders characterised by dysfunc-
tion, degeneration and ultimately death of specific neuronal cells in the brain.
Although different diseases exhibit distinct hereditary and sporadic condi-
tions, they share many common pathological features, such as aggregated pro-
teins, dysregulated synapses, and neuroinflammation. AD and PD are the most
common neurodegenerative diseases. The number of people affected is in-
creasing each year, partly due to the increasing life span in the population but
also attributed to improved methods to detect and diagnose diseases. Most AD
and PD cases are idiopathic and uncommon among people younger than 50,
making age the largest risk factor for developing the diseases™”.

Parkinson’s diseases

PD was first described by James Parkinson in 1817%. The neuropathological
characteristics of the disease were later defined as Lewy bodies and Lewy
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neurites, prominently occurring in the substantia nigra (SN)*°. Alpha-synu-
clein (aSyn) was identified as a component of the Lewy body (LB) and Lewy
neurite (LN) 180 years after the first PD description’®. The discovery of aSyn
inclusions in LB and LN also linked PD to dementia with Lewy bodies (DLB)
and multiple system atrophy (MSA)”'’. Recent studies suggest that early
pathological changes in aSyn occur in multiple tissues, such as the skin and
colon, which could enable early and new diagnostic opportunities'""'2.

Motor symptoms are the centre of clinical diagnostic criteria for PD'*. Pa-
tients with PD can experience movement difficulties, including resting trem-
ors, rigidity, akinesia, and posture imbalance'®. They are also commonly af-
fected by non-motor symptoms, including cognitive impairment, sleep dis-
turbances, depression and loss of smell'>. Magnetic resonance imaging (MRI)
and dopaminergic neuroimaging sometimes corroborate in clinics to exclude
PD because current imaging markers cannot distinguish PD from other disor-
ders giving rise to parkinsonism.

The majority of PD cases arise in a sporadic form. However, studies of
disease-causing genes provide valuable insights into disease mechanisms, di-
agnosis and treatment. Gene mutations linked to PD only account for 5-10%
of the PD population'®. Among many known genes linked to PD, point muta-
tions and whole gene multiplications of the aSyn encoding gene, synuclein
alpha (SNCA), have been confirmed to be associated with familial and spo-
radic PD*!". The results also suggest that higher expression of wild-type aSyn
can trigger neurodegeneration '*1°,

Gender differences in PD have been a topic receiving substantial attention
for a long time. Although epidemiological data suggests that men have higher
morbidity of PD, the risks of developing both motor and non-motor symptoms
are higher in women once the disease has started”**'. The sex-related disease
pattern also makes it more challenging to search for a common biomarker for
routine clinical practice.

Unfortunately, no disease-modifying treatment exists for PD yet, but cer-
tain treatment strategies may provide relief of the symptoms. The most com-
mon medication for PD is still Levodopa, a drug that increases dopamine lev-
els since low dopamine concentration is linked to parkinsonism***. On the
positive side, many drug candidates are currently being studied in clinical tri-
als, from dopamine receptor agonists to anti-aSyn aggregation therapies®*, and
the results from these studies will be revealed in the coming years.

Alpha-synuclein

Alpha-synuclein is a 140 amino acid (aa) presynaptic protein predominantly
expressed in the brain and enriched in presynaptic nerve terminals®?’. The
protein consists of three regions: a positively charged N-terminal amphipathic
region (aa 1-60), a hydrophobic mid-region containing the non-amyloid [
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component (NAC) domain (aa 61-95), and a negatively charged acidic C-ter-
minus region (aa 96-140). The N-terminal region can associate with lipids,
which can be attributed to the formation of o-helixes by the 11 aa repeats®.
The mid-region was first discovered in plaques associated with AD and was
particularly involved in conformational change and amyloid-like aggrega-
tion?”*>3°, The C-terminal is proposed to contain protein-molecule interaction
sites that interact with synaptic vesicles®', and is the site where the most post-
translational modifications occur?.

The aSyn protein has been reported to exhibit many functions at the syn-
apse related to protein interaction, dopamine metabolism, neurotransmitter re-
lease and synaptic plasticity’***. Alpha-synuclein binds to many proteins,
mainly at the presynaptic terminal, including proteins of soluble N-ethylma-
leimide-sensitive factor attachment protein receptor (SNARE) and dopamine
transporter’>~°. It can promote SNARE-complex assembly by cross-bridging
SNARE vesicle-associated membrane protein 2 (VAMP-2), which is essential
in synaptic vesicle docking in the exocytosis pathway*>-*.

Further, aSyn can impact dopamine metabolism. It can inhibit dopamine
biosynthesis by reducing tyrosine hydroxylase activity and regulates the recy-
cling pool of dopaminergic synaptic vesicles’’ . In addition, aSyn is assumed
to affect neurotransmitter release because of the presynaptic localisation and
interaction with other synaptic vesicle proteins. Knocking out aSyn can induce
changes in synapse structure, size or synaptic protein expression®*“**'. Some
studies indicate aSyn enhance synaptic transmission and endocytosis in neu-
rons***, whereas a decrease in neurotransmitter release or no effect has also
been reported®****. Inconsistent results from these studies suggest that aSyn
may not be responsible for neurotransmission and synaptic plasticity via direct
action on the release machinery but rather play a role in the organisation of
different synaptic vesicle pools in the pre-synapse*®#>4,

Alpha-synuclein is a natively unfolded protein with significant conforma-
tional plasticity*’*®. The protein varies from a distinct secondary structure el-
ement to a wide range of high molecular weight assemblies and deposits as
intracellular inclusions. The debate regarding the native form of the aSyn
structure in the disordered state has lasted for years with controversial results
from different studies**°. However, it is widely accepted that aSyn aggre-
gates are formed from soluble monomers via oligomeric intermediates, or pro-
tofibrils, into insoluble fibrils, which are composed of several protofilaments
with a cross B-sheet structure’’? (Fig. 1).
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Monomer Dimer Oligomer/protofibril Fibril

Fig. 1. Aggregation pathway for aSyn. Monomeric proteins undertake conformation
changes and subsequently aggregate to soluble oligomers and protofibrils, and later to
larger insoluble fibrils.

Further, oligomers may represent the most toxic aggregation state of aSyn>***,
Oligomers can affect multiple cellular pathways and lead to intracellular cal-
cium dysregulation, mitochondrial abnormalities, and synaptic dysfunction®>"
>’ Phosphorylation of aSyn at the Ser-129 position can promote the accumu-
lation of oligomeric aSyn in vitro and accelerate the formation of aSyn inclu-
sions™*,

Alzheimer’s disease

Psychiatrist and neuropathologist Alois Alzheimer first documented AD in
1901 and published his observations in 1906°°. Two major neuropathological
hallmarks characterise the disease: extracellular plaques composed of amy-
loid-beta (AB)®' and intraneuronal fibrillary tangles consisting of abnormally
phosphorylated tau protein®. Apart from plaques and tangles, inflammation®,
axonal degeneration®, synapse and neuronal loss are also associated with AD
pathology®%. Subsequently, memory loss is usually the first sign of AD, but
the pathological process starts decades earlier than the occurrence of cognitive
symptoms. Accordingly, cognitive tests, diseases-related protein measure-
ments in cerebrospinal fluid (CSF) and brain imaging are used in AD diagno-
§igt768

In general, women are more likely to develop AD than men considering
women’s overall longer life span®’. Besides common risk factors such as
apolipoprotein E (APOE) genotype, sex-specific risk factors differ in AD. One
example of such a risk factor is depression. Depression was associated with a
higher incidence of mild cognitive impairment (MCI) and probable demen-
tia’'. Compared to men, women who suffer from AD are twice as likely to
develop depression, and the probability of dementia is significantly increased
for women with a history of depression’?.

For AD, cholinesterase enzyme inhibitors and antagonists to N-methyl d-
aspartate (NMDA) receptor are current symptomatic treatments. In order to
modify the underlying disease pathology and halt disease progression, most
immunotherapies aim to eliminate AP aggregates from the brain by using anti-
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AP antibodies. After many failures, encouraging news came last year from
phase III data of the anti-A monoclonal antibody, Lecanemab. It is an anti-
body with a higher affinity for soluble A protofibrils while having a slightly
lower affinity for AP fibrils, i.e. the main constituents of plaques. Patients who
received the highest dose of Lecanemab (10 mg/kg bi-weekly) displayed a
decrease in amyloid burden™. More importantly, cognitive decline in the
treated group was 27% slower compared to the placebo group” . Also, the an-
tibody Aducanumab has shown promising results in clinical trials, but its effi-
cacy was limited in some studies and has been debated’™.

Amyloid-beta

The AP peptide is a 39-43 aa peptide produced by cleavage of the transmem-
brane A precursor protein (APP), where APP is first cleaved by B-secretase,
followed by y-secretase’. The cleavage of APP can lead to different isoforms
of AB. AB40 and AP42 are the major forms of the AP peptide in the brain,
differing by a slight structural difference at the C-terminus, resulting in differ-
ent aggregation characteristics. AP42 is more prone to aggregate than
AB40777 A decreased AP42/AP40 ratio and reduced AB42 concentration in
CSF are biomarkers used for AD diagnosis. Notably, these CSF biomarkers
have unique trajectories during disease development. CSF AB42 and AB40
decline before brain amyloid can be detected by PET and reach a plateau when
amyloid PET signals are still increasing’®.

The AP aggregation pathway is similar to aSyn, starting with misfolded
monomers that aggregate into soluble fibrils and eventually into insoluble fi-
brils and AP plaques” (Fig. 1). The “amyloid cascade hypothesis” suggests
that excessive AP production and accumulation lead to progressive synaptic
and neuronal injury, ending in widespread neuronal dysfunction and demen-
tia®. The diffuse nature of soluble protofibrils makes it easier to interact with
cell membranes that ultimately cause neuronal damage. Cells exposed to AP
protofibrils are associated with more oxidative damage by reactive oxygen
species (ROS) generation and mitochondria dysfunction® 3. It can also dis-
rupt cell membrane integrity by interfering with voltage-dependent Ca** chan-
nel and NMDA receptors, causing abnormal Ca?* influx and inhibiting long-
term potentiation (LTP)*%,

Ageing synapse

A synapse is a functional unit in the brain that passes information between
neurons. The stability of the synapse depends on synaptic morphology and
plasticity. During ageing, the reduction of presynaptic proteins, such as syn-
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aptophysin, is related to the overexpression of histone deacetylases*®*’. Acet-
ylation of synaptic active zone protein regulated by histone deacetylases has
been found to promote synapse degradation, suggesting epigenetic factors
play a role in modifying synaptic proteins in ageing®’**. Various groups re-
ported different results regarding synaptic morphology in ageing. Both de-
creased and stable synapse numbers in the hippocampal and cortical regions
haven been described through ultrastructure studies®. The variance in sample
size, brain regions and analytical methods may cause these controversial re-
sults®. Studies in nonhuman primates and rats have also proposed that
changes in synaptic morphology are associated with brain regions and the
shape type of spines’ . In the group of dendritic spines, thin spine density is
more altered in ageing compared to the mushroom spine as it forms smaller
and weaker synapses’* %

Throughout life, synaptic connections weaken or strengthen, causing
changes in their functions to maintain neurotransmission. This process is also
known as “synaptic plasticity”. Synaptic plasticity is crucial for cognitive
functions such as learning and memory. Many studies have proved that im-
paired synaptic connectivity is one of the major neuropathological features in
ageing and neurodegenerative diseases’. Compared to a widespread loss of
neurons in neurodegenerative diseases, cognitive-impaired ageing is instead
associated with a disturbance of synaptic plasticity’®*®. Cognitive-impaired
ageing has been linked to defects in LTP induction and maintenance®. In par-
allel to morphology, synaptic plasticity in regions involved in hippocampal

and cortical circuits is most vulnerable to age-related change'®.

PET imaging of AD and PD

Functional imaging has been used in clinical routine, enabling pathology de-
tection in small brain areas and tracking pathological changes’. Developing a
PET radioligand to visualise amyloid is one of the major achievements in mo-
lecular imaging for diagnosing neurodegenerative diseases.

The first well-accepted amyloid PET radioligand was carbon-11 (''C) la-
belled Pittsburgh compound B, [''C]PiB'%". Structurally, it is an analogue of
thioflavin-T, a histological dye for staining B-sheet structures in aggregated
proteins'®. However, the short half-life of ''C and the need for an on-site cy-
clotron hampers its broader use. After the successful synthesis of [''C]PiB,
three fluorine-18 (**F) labelled compounds have been developed and approved
by U.S. Food and Drug Administration (FDA), namely ['*F]Florbetapir,
['®F]Florbetaben and ['"*F]Flutemetamol'® %, While these radioligands have
over 90% sensitivity and are used primarily to detect amyloid'"’, they bind to
all B-sheet structures with similar nanomolar range affinities'®'*. This makes
them less specific for AP, thus undermining the detection accuracy when pa-
tients have mixed pathologies. Also, amyloid PET signals saturate while the
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disease still accelerates''™!!!, which is less optimal for longitudinal monitoring

of disease progression. Moreover, [''C]PiB binding was reported to be very
low in some gene mutation carriers, such as AD patients with Arctic APP mu-
tation, as this mutation increases the amount of diffuse AP aggregates while
reducing the fibrillar AP format''?. Hence, developing a radioligand that can
specifically bind to diffuse and soluble A aggregates or, even better, can dis-
tinguish different A species is still of great interest.

Besides amyloid PET, tau PET is believed to be a prognostic tool in AD as
tau correlates better with AD severity than AP and displays distinct spreading
schemes in different neurodegenerative diseases''*!''*. The first approved tau
PET ligand was ['®F]flortaucipir''>. Established tau PET ligands have high
sensitivity to distinguish AD and non-AD neurodegenerative diseases''®. Fur-
ther, the signals strongly correlate with cognitive impairment in advanced AD
and serve this purpose better than amyloid PET'"""'"°, Still, current tau PET
imaging is challenged by off-target binding and conserved ability to differen-
tiate tau aggregates in non-AD tauopathies'**'?',

Since PD is related to the loss of dopaminergic neurons, several radiolig-
ands targeting the dopaminergic system are available for PD diagnosis'*. For
example, ['*F]fluoro-L-dopa can image L-aromatic amino-acid decarboxylase
(AADC) activity for assessing the presynaptic dopaminergic pathway, while
['*F]FE-PE2I that targets the dopamine transporter can measure the reuptake
of dopamine from the synaptic cleft into the synapse'**'?*. Further, several
ligands, such as ['*F]fallypride, target dopamine receptors to evaluate receptor
density. As for imaging of pathological proteins, however, no radioligand can
directly visualise and quantify aSyn in PD despite extensive efforts to develop
such a radioligand'?. One of the most promising PET radioligand candidates
for aSyn imaging developed by AC Immune was only able to visualise aSyn
in patients with MSA. This could be due to the lower amount of aSyn in the
PD brain compared to MSA and the different conformation of aSyn aggre-
gates in the two diseases'?.

In addition, PET radioligands targeting immune factors such as translocator
protein (TSPO) have been explored. Upregulated TSPO expression is found
in reactive astrocytes and microglia, a pathological feature in AD and PD'%’.
TSPO PET is used in clinics to monitor immunomodulatory therapies, alt-
hough it lacks cellular specificity'*. Other neuroinflammation markers such
as monoamine oxidase-B (MAO-B) and purinergic receptor P2X;R are also
used and investigated as PET targets'*'*°. The main challenge for PET imag-
ing of neuroinflammation is the localisation of a distinct target, as neuroin-
flammation markers tend to be expressed in several cell types and modulated
by different pathways.

As discussed previously, the density and functionality of synapses are es-
sential for cognition, and changes in synaptic plasticity and transmission effi-
cacy are strongly associated with AD and PD pathology. In AD, cognitive
decline correlates better with synaptic dysfunction than extracellular plaque
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load or tau®®"*""1¥ suggesting synaptic loss is an earlier marker than cognitive

impairment'**!*>. Thus, imaging of synaptic density is a rational strategy to
estimate cognitive function and brain degeneration. Starting from [''CJUCB-
J and its analogues'**'**, a number of radioligands have been developed to
directly visualise synaptic density through binding to synaptic vesicle glyco-
protein 2A (SV2A)"** ! SV2A is ubiquitously and abundantly distributed in
the human and mouse brain'**!**. [''CJUCB-J PET studies have linked neuro-
degeneration with loss of synaptic density in humans and animals'*"-'*'%¥ AD
patients displayed an approximate 40% reduction in radioligand binding com-
pared with healthy controls'*. Also, the binding of [''C]JUCB-J in substantia
nigra in early PD patients was significantly lower than in the control
group'*!'*. In combination with other biomarkers, imaging of synaptic den-
sity could be especially useful in drug development, both in the preclinical
setting when testing new compounds in animal models and later in the clinical
trials of candidate drugs.

Recently, studies used [''C]JUCB-J PET to investigate if the method could
reveal synaptic density changes during ageing'*'*?. Two studies in human
subjects suggested unaltered [''C]JUCB-J retention during ageing after ac-
counting for brain atrophy'**!*!. This confirms the histological findings that
synaptic density is relatively stable during healthy ageing. Andersen et al.
(2022) also measured the glucose metabolism by ['*F]JFDG and reported that
the change in glucose metabolism was not consistent with [''CJUCB-J altera-
tion in the same brain region. Hence, the different patterns of synaptic density
and glucose metabolism during ageing indicate that several mechanisms are

involved in healthy ageing'™.

Antibody PET

The blood-brain barrier (BBB)

The BBB separates the brain from the systemic circulation. It is a highly reg-
ulated microenvironment that maintains brain homeostasis. Physiologically,
the BBB shields the brain from toxic substances originating from the periph-
ery and filters harmful compounds from the brain back to blood circulation.
Local impairment of the BBB can exist in the brain during pathological con-
ditions, such as neurodegenerative- and inflammation-related diseases'*>'**.

The BBB is composed of a microvascular endothelium, astrocytes, base-
ment membrane, pericytes and neurons'> (Fig. 2). The brain microvascular
endothelial cells have distinctive functions, including the responsibility for
composing and regulating tight junctions'*. Astrocytes and pericytes support
the endothelial cells for proper function and integrity'*"'**. Neurons can mod-
ulate BBB permeability and produce unique enzymes'>'®,
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Fig. 2. Illustration of the BBB and molecule passage through it.

Tight junctions that connect the endothelial cells of the BBB are the main el-
ements for restricting paracellular transport. Consequently, the BBB only al-
lows small hydrophilic molecules to pass into the brain by paracellular
transport. Lipophilic molecules < 400-500 Da may pass through the BBB by
passive diffusion, while glucose and amino acids can enter the brain via spe-
cialised transporters. Large molecules, such as peptides and proteins, need to
pass through the BBB by receptor-mediated transcytosis or charge-dependent
absorptive transcytosis. Receptor-mediated transcytosis at the BBB is essen-
tial for the brain delivery of ligands such as transferrin, insulin, and low-den-
sity lipoprotein (LDL)'®". Low BBB permeability is a concern when develop-
ing new drugs for brain disorders'®*. Very low amounts of PET radioligands
for CNS targets are usually administered, commonly referred to as “tracer
dose”. In line with this, the radioligands should be based on molecules with
excellent BBB permeability to reach the brain parenchyma sufficiently.

Bispecific antibodies

By far, the majority of PET radioligands are based on small “drug-like” mol-
ecules. Although small molecules with characteristics such as high lipophilic-
ity can pass the BBB, they often exhibit high unspecific binding in the lipo-
philic environment of the brain. In addition, some small molecules developed
for imaging of specific protein aggregates exhibit cross-reactivity to other
pathological proteins'®'®. For example, most molecules developed as PET
radioligands for imaging aSyn deposits also bind to the B-sheet structure of
the AP fibrils, which are also seen in the PD with dementia and DLB
brains %%,
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Antibodies have long been explored as PET radioligands to avoid off-target
and unspecific binding in oncology'®’. Despite being highly specific for their
target, antibodies have not been considered as CNS radioligands because of
their low uptake in the brain'®. Various mechanisms such as utilising endog-
enous transport(er) systems and focused ultrasound have been explored to en-
hance brain uptake for large molecules'®'7?. Among them, the transferrin re-
ceptor (TfR) transcytosis system with bispecific antibody constructs that bind
both a primary brain target and the TfR on brain endothelial cells has proved
to be a promising strategy to facilitate brain delivery via receptor-mediated
transcytosis' > !>, Several radiolabelled bispecific antibodies targeting AP
and TfR have been described and tested in vivo'’®'°. In these studies, the rat
anti-mouse TR binding antibody, 8D3"¥"'8! was fused to antibodies against
AP to generate bispecific antibody constructs. The bispecific antibodies dis-
played greater brain uptake (up to 80-fold) than their corresponding unmodi-
fied IgG antibody format and, when radiolabelled, successfully detected A
in transgenic mouse brains'’*!®, Thus, engineered antibodies are becoming a
new possibility for brain imaging and novel treatments of neurodegenerative
disease'®* 1% However, several challenges remain before antibody-based PET
can be translated to applications in the human brain. First, the homology of
the TfR sequence between rodents and humans is around 90%. This hampers
the direct translation of PET radioligand candidates from mouse to human,
although antibodies binding to the human TfR exist'®*. Second, the weeks- or
months-long biological half-life of IgG antibodies does not match the minutes-
or hours-long radioactive half-life of commonly used radionuclides in PET.
When imaging the brain, long circulation of radiolabelled antibodies will con-
tribute to the background signal from the blood, thus masking the brain-de-
rived signals.

Studies using antibody fragments instead of full-sized IgGs as PET radi-
oligands to accelerate elimination are ongoing'’”"'*¢. Meanwhile, the concept
of “pretargeted imaging” using biorthogonal click chemistry in the CNS can
also help to postpone the injection of radioactivity, enabling PET scans later
when systemic and unbound antibody has been cleared'®’. Pretargeted imag-
ing is based on the administration of antibodies prior to the administration of
a small molecule carrying the radioactive label. The two components, anti-
body and small molecule, will conjugate in the body, allowing the usage of
short-lived radionuclides'®. For some targets, such as oSyn, the third chal-
lenge comes from the intracellular location and low target density. Most of the
aSyn aggregates are located inside the cell, while little is present in extracel-
lular space”'®. Therefore, antibodies do not only need to cross the BBB but
also have to pass the cell membrane to interact with the target.
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Quantification of dynamic PET images

Kinetic modelling is a tool to estimate and quantify the pharmacokinetics of a
radioligand in dynamic PET studies. Kinetic modelling strives to assess vari-
ous factors for mathematical analysis of the dynamic processes of a radiolig-
and in a specific time course. The brain, blood, and other intravascular com-
ponents can be considered as different compartments into which the radiolig-
and can distribute'”’. In order to describe the dynamic processes of the radi-
oligand in a complete model, including perfusion, specific binding, and non-
specific binding, several equations that describe the radioligand concentration
in each compartment over time can be used simultaneously to estimate these
parameters. However, depending on the radioligand used, one or two key pa-
rameters most often correlate with the property under investigation. For ex-
ample, the brain-to-blood concentration ratio (the distribution volume Vr in
PET nomenclature) is often calculated as an estimate of total brain delivery'®!.
Many models thus require the measurement of radioligand concentrations in
both blood (blood sampling) and brain (PET).

...........
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binding
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Fig. 3. Model describing radioligand behaviour in blood and brain. In the blood, only
free radioligand in plasma is available for brain delivery, although total plasma con-
centrations are usually used as an input. In the brain, radioligand can exist in unbound
form (free) and bound forms (specific binding and non-specific binding).

If a region is devoid of the target (or if the target in the region is unaltered), it
can usually be considered a “reference tissue”'*%. In such cases, using a refer-
ence model to estimate binding properties without plasma or blood input is
possible, which means that blood sampling may be unnecessary. Reference
tissue-based methods are appreciated, especially when working with small an-
imals, as the small blood volume in rodents makes frequent blood sampling
challenging.

For the same reason, using image-derived input function (IDIF) constitutes
an attractive non-invasive alternative to arterial sampling in small animal PET.
Several regions, such as the heart, vena cava and femoral arterial, have been
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validated in rodents as a site from where the IDIF can be extracted'**'*°. How-
ever, the small organ size in rodents requires a PET and CT/MRI scanner with
high spatial resolution. Moreover, partial volume effects, including both spill-
in (higher radioactivity concentration surrounding the region-of-interest) and
spill-out effect (lower radioactivity concentration in the surrounding region-
of-interest), heavily influence the use of IDIF in rodents'”’. Partial volume
effects will either overestimate or underestimate the true IDIF radioactivity'*®.
Correcting the IDIF with in vitro analysis of blood samples is preferable to
overcome the artefacts introduced by the IDIF application. Moreover, gener-
ating a population-based input curve can reduce the variation of IDIFs ob-
tained from single animals. It can also help to obtain a good and robust esti-

mation of radioligand brain retention'®’.
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Methodology

Animal models

Four mouse models of AD and PD pathology were used in the thesis (Table
1). Transgenic mouse models Thy-1 aSyn (L61) and (Thy-1)-h[A30P] (A30P)
lines were used to study aSyn-induced PD pathology'****. Moreover, trans-
genic tg-ArcSwe and A precursor protein gene APP knock-in mouse model,
N-GF wwere used to study Ap-related pathology®*'2*,

Table 1. Research mouse models used in the thesis.

Model Name L61 A30P tg-ArcSwe AppN-oF
Backeround (C57BL/6 % C57BL/6 C57BL/6 C57BL/6
& DBA/2)
Allele pairs heterozygous homozygous  heterozygous homozygous
. . SNCA: SNCA: APP: APP:
Modification . . . .
transgenic transgenic transgenic knock-in
Mutations - A30P Swe, Arc Swe, Arc, Ibe
Used in study Paper I, I1I Paper 111 Paper I, II, V Paper IV

Heterozygous transgenic L61 model mice overexpressing human wild-type
aSyn maintained on a C57BL/6 x DBA/2 background and age-matched non-
transgenic wild-type controls (referred to as wt-L61 in Paper I) were used in
Paper I and III. The L61 model reproduces several features of sporadic PD
and has been well-characterised in several studies?**2%>2%,

L61 mice display a robust amount of aSyn already at 2-3 months of age,
and the brain concentration of aSyn increases dramatically with age®**2%,
High pathology accumulation is observed in the thalamus, basal ganglia, sub-
stantia nigra, brainstem, hippocampus and cortex***?**%_Some studies have
reported a reduction of striatal dopamine and dopamine transporter in L61
mice’®*7. However, like most other PD models, L61 do not mimic the loss
of dopaminergic neurons observed in PD patients®”. Still, L61 mice develop
motor impairments such as hind limb clasping, and this behaviour worsens
progressively with age, especially in males®****>*% Moreover, compared to
non-transgenic mice, loss of cortical and hippocampal CA3 neurons together
with degeneration of presynaptic terminals has been reported in L61
mice207209
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A30P mice overexpressing human aSyn with the A30P-mutation under the
Thy-1 promoter on a C57BL/6 background were also used in Paper I11. A30P
mice exhibit loss of dopaminergic neurons, possibly due to the mutant A30P
aSyn expression, which has a stronger effect than wt aSyn on several path-
ways related to neuronal development and synaptic signalling?'®2'2,

Two AD mouse models were used to study Ap-related pathology. The
transgenic heterozygous mouse model tg-ArcSwe is maintained on a C57BL/6
background and overexpresses the human APP gene with the Arctic (E693G)
and Swedish (KM670/671NL) mutations under the murine Thy-1 promoter.
The concentration of soluble AB protofibrils is elevated at one month of age*'.
The model develops dense-core amyloid plaques that are detectable when
mice are five to six months old, followed by a higher A burden with increas-
ing age®'*"*. Development of plaque pathology is initiated in the cerebral cor-
tex, hippocampus and thalamus, and spreads to the whole brain at later stages
of pathology progression®’!?'*. However, detailed information about neuronal
loss and synaptic dysfunction in this model is lacking. We used tg-ArcSwe
and age-matched littermate wild-type control mice (in Paper I, referred to as
wt-ArcSwe) to study synaptic dysfunction related to A pathology. In addi-
tion, wild-type mice of C57BL/6 background were also used in Paper II to
investigate a potential age-related difference of SV2A PET imaging and in
Paper IV to study the delivery of bispecific antibodies to the brain with mi-
crodialysis. In Paper V, tg-ArcSwe mice were used to study if antibody treat-
ment can block the binding of amyloid radioligands rather than decrease AP
pathology and, in this way, reduce the PET signals.

APP knock-in mouse model of AD, App""“* with the Swedish (Swe,
“NL”), Arctic (Arc, “G”), and Iberian (Ibe, “F”’) mutations was used in Paper
IV. Even without overexpression of APP, the three mutations result in an early
onset of AP deposition in App™““ brain tissue starting at 2 months, display-
ing an increasing amount of total AB and AB42/AB40 ratio. The fast aggrega-
tion of AB continuously increase total brain AP levels with age, leading to

synaptic alteration and memory deficiency”.

Establishment of an aSyn deposition model

The present thesis also includes establishing an aSyn deposition mouse model
used in Paper III. The deposition model is a straightforward method to test
radioligand binding to aSyn in vivo.
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In short, wt-L61 mice were
placed under anaesthesia with
isoflurane and fixed in a stere-
otactic frame. After local anal-
gesia and skull exposure, the
stereotactic frame was attached
to a microsyringe and set to the
correct coordinates to provide
an accurate position for the in-
jection site. A hole was drilled
in the skull at the injection site,
leaving the dura intact. Then,
PBS or aSyn fibrils generated
from recombinant human aSyn

2 mm

o

-2.6 mm

- 0.2 mm Bregma

Fig. 4. Description of fibril deposition
surgery. Cx: cortex. Str: striatum.

monomers were slowly injected into the dorsal striatum (Fig. 4). The presence
of fibrils was verified by immunohistochemistry staining and amyloid PET.

Antibodies

Anti-aSyn and anti-AP antibodies used in the thesis are listed in Table 2.

Table 2. Antibodies used in the thesis.

Bispecific antibodies

%

scFv-803
(TIR)

Unmodified format (IgG)

Used in
study ~210 kDa ~ 150 kDa
RmADb48-scFv8D3 RmAb482"
paper(ll  RMADSYNO2-scFv8D3 RmAbSyn022'8
(anthoSyn) RMAD3BE2-5cFv8D3 RmAb38E22!!
RmAb38F-scFv8D3 RmAb38F2!!
RmAb15-scFv8D3 RmAb152!!
Paper IV Ab3D6-scFv8D3 RmAb3D6'
(anti-Ap)
o) RmAb1582"

In Paper III and IV, both bispecific and IgG formats of antibodies were pro-
duced for comparison. As previously described, the bispecific antibodies are
generated by fusing the C-terminal end of the light chain of an IgG2c back-
bone to a single-chain variable fragment of the rat anti-mouse TfR antibody
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8D3 (scFv-8D3)'®. The scFv-8D3 domain dramatically increases brain uptake
of the antibody through TfR-mediated transcytosis'’**'°>. To mimic the clinical
studies of Lecanemab, mAb158, the murine parent version of Lecanemab, was
used at a high dose of 50 mg/kg to treat transgenic animals in Paper V. For
antibody production, the DNA sequences encoding the antibodies were cloned
into a pcDN3.4 vector. Plasmid DNA was then amplified in E. coli (Top10)
cells and transfected to the human Expi293 cells. The cells were incubated for
approximately one week before harvesting and purified by an AKTA protein
purification system with a protein G column®'¢.

Radiolabelling

Radioligands used for each study are listed in Table 3. '*F, ''C and tritium (*H)
were used to label small molecule radioligands, while iodine-125 ('*I) and
iodine-124 ('*I) were used for radiolabelling antibodies.

Table 3. Radioligands used in the thesis.

Small molecules Antibodies
; R
Paper 1 [1'C]UCB-J Paper Il ['*I]RmAbs’
Paper 11 ["*F]SynVesT-1 ["*I]RmADb48-scFv8D3
[*HJUCB-J [*I]JRmAbSyn02-scFv8D3
Paper IIL, V [!'C]PiB Paper IV ['ZI]RmAb3D6
['ZIIRmAb3D6-scFv8D3

* All anti-aSyn antibodies are given in Table 2.

Radionuclides '*F and !'C are the two most commonly used radionuclides for
PET imaging, especially in the clinical setting. The main advantage of these
two radionuclides is their pure positron (") emission (> 96% for both) during
decay. This reduces the noise detected by PET, and further, it decreases the
required amount of injected radioactivity and leads to less radioactivity expo-
sure for the subject under investigation. It is crucial to keep the injected mass
of the radioligand low when performing PET experiments to avoid eliciting a
pharmacological effect while allowing for enough radioactivity for PET-based
quantification and visualisation’. Besides suitable half-lives (109.8 min for
'8F and 20.4 min for ''C)**! for PET investigations that commonly include data
collection during an hour, the short positron range of '*F and ''C due to their
low endpoint energy contributes to high spatial resolution when detected by
the PET scanner. This is especially important for PET imaging in rodents with
a limited brain size?*.

26



The half-life of *H is 12.3 years, and it undergoes beta minus (B°) decay,
emitting electrons that can only travel a small distance through the air (around
6 mm)*?'. Thus, *H-labelled ligands cannot be used in PET imaging. Never-
theless, since hydrogen exists in nearly all organic compounds, this isotope of
hydrogen is abundantly used in biological research.

Radionuclide '*’I decays by 100 % electron capture (EC) to an excited state
of tellurium-125 ('*Te), which immediately decays by gamma emission of
maximum energy of 35 keV into the ground state '*Te. The low energy of the
photons limits the use of '*I in PET imaging. Still, the relatively long half-life
(59.5 days) facilitates the detection of '*I-labelled compounds in single-photon
emission computed tomography (SPECT) imaging and other gamma-counting
related radioimmunoassays during an extended period after injection?'.

124 is also a B* emission nuclide with a half-life of 4.2 days®*'. Although
the radionuclide has a complex decay scheme with only 23 % B+ emission
decay of relatively high energies®*, data correction by modern PET scanners
allows for its use in PET with radioligands associated with slow pharmacoki-
netics, such as antibodies.

In the thesis, SV2A PET ligand [''CJUCB-J was used in Paper I to esti-
mate synaptic density***. In Paper II, we used another SV2A radioligand,
["*F]SynVesT-1?%. The two compounds based on pyrrolidinone pharmaco-
phore display similar affinity and specificity to SV2A?*® (Fig. 5), but '*F ena-
bles multiple scans per production.

A B

Fig. 5. Chemical structures of [''CJUCB-J (A) and ['®F]SynVesT-1 (B).

Additionally, amyloid PET radioligand [''C]PiB'"! was used in Paper III to
image and confirm fibril-like structures after intracranial deposition of aSyn,
and in Paper V to assess if the [''C]PiB signal was changed due to antibody
binding to AP deposits. The three ligands were synthesised and produced in
the PET centre at Uppsala University Hospital. [’HJUCB-J was commercially
available (Novandi Chemistry AB, Sweden).

Antibodies were radiolabelled with '*I and '**I (PerkinElmer, The Nether-
lands) in Paper III and Paper IV using the Chloramine-T method, which ox-
idises the radioiodide ion to radioiodine by enabling electrophilic attack of the
phenolic ring of tyrosine residues on the target antibodies?”’. The addition of
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the reducing agent sodium metabisulphite was used to stop the iodination re-
action. The labelled antibody was purified and isolated with size-exclusion
chromatography cartridges (NAP-5).

Autoradiography

Autoradiography is a common method for determining the spatial distribution
of a radioligand and, thereby, the distribution of its target on brain tissue sec-
tions. Once the target density (Bmax) is known, autoradiography can be used to
determine the distribution, affinity, and selectivity of radioligand binding to the
target. Both in vitro and ex vivo autoradiography was used in Papers II-V. Table
4 shows the purpose of using different autoradiography methods in the papers.

Table 4. Aims of autoradiography used in different papers.

In vitro autoradiography Ex vivo autoradiography

Paper  To determine age-related changes
11 in the Brax of SV2A
To determine specificity and se- To confirm successful intracranial

P .. .. .
?ﬁer lectivity of ['>I]JRmAbs on mouse deposition of aSyn fibrils
and human brain tissue
To compare the brain distribution
Paper . . . .
v - of a bispecific antibody to its un-
modified format
Paner To compare [''C]PiB binding af-
\l; - ter PBS and antibody administra-

tion

In vitro autoradiography is carried out by applying an excessive amount of the
radioligand directly on tissue sections, which allows the radioligand to bind to
all potential targets, including both intracellular and extracellular targets, cir-
cumventing uptake limitation caused by the BBB and cell membranes. After
washing, the sections are exposed to a phosphor imaging plate.

Compared to in vitro autoradiography, ex vivo autoradiography relies on
exposing cryosections prepared from brains isolated from radioligand admin-
istered mice directly to a phosphor imaging plate.

When combined with immunohistochemical staining of tissue markers, the
origin of radioactivity detected by autoradiography can be confirmed. For ex-
ample, in Paper III, we showed that the radioactivity detected by ex vivo au-
toradiography originated from aSyn fibril deposition.
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PET/CT imaging

PET is based on detecting compounds labelled with radioactive radionuclides
that predominately decay by positron emission (also known as B+ decay). In
the tissue, the positron collides with an electron and annihilates, emitting two
gamma-ray photons (511 keV each) sent out in opposite directions. Within the
PET scanner, the annihilation photons will be detected to determine the origin
of the annihilation event, and with this information, 3D images can be cre-
ated”?®?*, Regions showing high intensity in PET images represent the loca-
tion of a large number of annihilation events, i.e. where the radioligand is
abundant. PET images are often fused with CT or MRI to combine functional
and anatomical imaging information®’.

In Paper I, both transgenic and wild-type animals from the tg-ArcSwe and
L61 models underwent 60 min dynamic PET scans with [''CJUCB-J and a 3-
min CT scan in a Triumph®Il PET/SPECT/CT scanner (TriFoil Imaging, Inc.,
Field of View (FOV) = 8.0 cm). In Paper 11, a recently described radioligand
targeting SV2A, ['*F]SynVesT-1, was used to investigate potential changes in
synaptic density during ageing in C57BL/6 mice. In the study, animals were
PET scanned for either 90 min or 60 min using a nanoScan® PET/MRI 3T
scanner (Mediso, Medical Imaging Systems, Field of View (FOV) = 10 cm)
followed by a CT obtained in a nanoScan® SPECT/CT scanner. In Paper III,
in vivo PET imaging was first conducted with [''C]PiB, a ligand bound to all
forms of amyloid, which helped to verify the position of the injected aSyn
fibrils in the deposition model. Further, tg-L61, A30P and wt-L61 were
scanned with ['*IJRmAbSyn02-scFv8D3 and ['*I]JRmAb48-scFv8D3 in an
attempt to visualise endogenously expressed aSyn pathology.

PET images based on summed decay events within time frames of varying
lengths during the 60 or 90 min scan were reconstructed and co-registered
with the help of individual CT images to a standardised MRI-based atlas of
the C57BL/6 mouse brain **'. Selected brain regions were outlined based on
the atlas to produce regions of interest (ROIs) that were applied to the dynamic
set of PET images to generate regional time activity curves (TACs). Radiolig-
and concentration in these ROIs was quantified either as a percentage of in-
jected dose per gram tissue (%ID/g) (Eq. 1) or by weight normalised stand-
ardised uptake values (SUV) (Eq. 2).

Cime (t
%ID/g = IE() x 100% Eq. 1
Cimg (t) Eq 2
SUV = —= :
ID/BW

Eq. 1 and Eq. 2 show the determination of %ID/g and SUVs (g/mL) at time t, respec-
tively. Cimg is the radioactivity measured in the ROIs, ID represents the injected dose
of radioactivity, and BW represents animal body weight.
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Kinetic analysis of radioligand binding

The method to prepare data for subsequent kinetic analysis of radioligand
binding in Paper I and II was based on previous publications '*>'*®, We used
an IDIF to substitute blood sampling during the PET scan. The blood IDIF
was obtained by manually drawing an ellipsoid ROI (1.3 mm X 1.3 mm x 1.3
mm) in the left ventricle of the heart based on CT and the first two frames of
PET images. Although the accuracy of this method can be debated, it provides
a fast and fairly easy approach. It allows for a reliable comparison between
individual animals and offers a practical alternative when blood sampling is
not feasible.

In Paper I and 11, several kinetic models were investigated and applied to
the data, namely a one-tissue compartmental model (1TCM), a two-tissue
compartmental model (2TCM), and the Logan plot with blood input. We fo-
cused on the two macro parameters: volume of distribution (Vr, ml/cm®) and
the rate constant describing the delivery rate of the radioligand to the brain
(K1, ml/(cm*xmin) as they are more stable than individual rate constants'”
(Fig. 6 and Table 5).

Cr

Fig. 6. Diagram of ITCM (A) and 2TCM (B). Cp is the radioligand concentration in
plasma (or blood), and Cris the radioligand concentration in the tissue. K;is the rate
constant describing radioligand delivery from plasma to tissue, whereas k» is the efflux
coefficient from tissue to blood. Based on 1TCM, the concentration of tissue com-
partment (Cr) is considered the sum of C; and C,. C; represents the radioligand con-
centration not specifically bound to the target, and C, represents the radioligand con-
centration that specifically binds to the target. Rate constants k3 and k4 signify the
input and output rate coefficients between the two compartments, respectively.

The 1TCM is the simplest compartmental model with only two compartments
and two rate constant parameters (Fig. 6A). The first compartment is the
plasma or blood compartment used to derive the “input function”, which is an
equation describing the radioligand concentration in blood or plasma (Cp) over
time. The second compartment describes the radioligand in tissue. The con-
centration in the tissue (Ct) depends on radioligand concentration in plasma,
influx, and outflow rates. Together, C, and Cr determine V1 (Eq. 3).
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Cr Eq.3
Vi= & q
The 1TCM is not always sufficient for describing tissue distribution, and it
may therefore be expanded to a model that includes a higher number of com-
partments, e.g. the 2TCM (Fig. 6B). Besides the blood compartment, the tissue
compartment is divided into two compartments. The first tissue compartment
describes free and nonspecific radioligand binding, while the second describes
the radioligand that specifically binds to the target in the tissue.

Independent of any particular model structure, graphical analysis methods
have been developed to obtain quantitative estimates of radioligand uptake.
The Logan plot is a robust linear graphical analysis method to estimate the
brain-to-blood distribution of a PET ligand. Because the Vr is decided based
on the linear phase of the graph (Fig. 7), visual control of the linearity of the
plots is important when using this method****. All important parameters in
ITCM, 2TCM and Logan plot are shown in Table 5.

SR =

Fig. 7. Simplified graphical analysis of [!!CJUCB-J time-activity data using the Logan
plot based on blood input. The data used to estimate the linear phase (blue line) are
indicated as green squares. Unused data is marked in grey. Cp is the plasma concen-
tration of the radioligand (Bg/ml). Cr is the radioligand concentration (Bq/ml) in the
region of interest.

In Paper I, we also calculated the model-independent ratio of the area under
the TACs in brain and blood (AUChinniood) as a substitute for Vr (Eq. 4).

AUChtinrgion Fq.4

AUChrainblood =
brain/blood AUCblOOd
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Table 5. List of important outcome parameters in kinetic modelling

Parameters Estimated Meaning
models

Unidirectional transport of the radioligand
Ky ITCM, 2TCM from the plasma or blood compartment to
the first tissue compartment
Rate constant describing the unidirectional

k ITCM, 2TCM .
: ’ transport back from tissue to the blood
ITCM, 2TCM., The ratio of the radlohganq coqcentra‘uon in
Vr tissue to total concentration in plasma at
Logan plot -
equilibrium
ks 2TCM Tl.le associati.on ra.te (?onst.ant of the ligand
with the specific binding sites
ke PTCM The dissociation rate constant of the target-

radioligand complex

Note: the same parameters have different equations in different models.

Microdialysis

Microdialysis is an in vivo method that allows for continuous measurement of
free, unbound analytes. It can quantify antibody concentration in the intersti-
tial fluid (ISF) and provide information about the brain pharmacokinetics of
administrated antibodies. So far, microdialysis has mainly been used to inves-
tigate small molecular drugs, but recently also to successfully measure and
screen potential TfR-binding antibody candidates®> 7. The microdialysis
probe implanted into the target brain tissue of the animal is a small “Y”” shaped
catheter containing an inlet and outlet port with a semi-permeable membrane
located at the bottom tip (Fig. 8A). The membrane has a large molecular
weight cut-off at 3 MDa that allows extracellular molecules to diffuse into the
perfusate. The perfusate in the syringe mimics the extracellular fluid and is
slowly pumped through the inlet port to the membrane. The dialysate then
carries solutes out from the outlet port (Fig. 8B). Dialysate is collected for
neurochemical analysis, and the target chemical in the dialysate is called an
analyte. In our case, it is the antibody under investigation.
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Fig. 8. Molecule exchange around the semi-permeable membrane of the microdialysis
probe (A). Image adapted from Chaurasia et al. (2007)%%. Flow chart of in vivo mi-
crodialysis (B). The setup of the surgical insertion of the microdialysis probe is similar
to the surgery used for the deposition model shown in Fig. 4. The microdialysis guide
cannula was inserted into the left hippocampus (Hipp) and secured on the skull.

In Paper IV, we tracked the ISF concentration of ['*IJRmAb3D6 and
['*IJRmAb3D6-ScFv8D3 by microdialysis. A guide probe was inserted into
the hippocampus through stereotaxic surgery one week before the experiment.
The guide was changed to a dialysis probe one day before the actual microdi-
alysis experiment and the injection of the radiolabelled antibody. During the
microdialysis, a push and pull system was used based on two synchronised
pumps maintaining the perfusion flow. The dialysate was collected for later
biochemical analysis (Fig. 8).

Brain homogenisation

Brain homogenates are widely used in the preclinical evaluation of both en-
dogenous and exogenous molecule concentrations in the brain. We mainly
measured AP and aSyn levels in the studied mouse models. Measuring the
concentration of different forms of Af and aSyn in the isolated brain can pro-
vide valuable information on disease progression and treatment effects.

In the thesis, brain homogenisation and protein extraction were used in all
studies except in the study described in Paper II, which only included wild-
type mice. Generally, we performed a serial extraction in tris-buffered saline
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(TBS) or phosphate-buffered saline (PBS), TBS-triton (TBST), and formic
acid (FA) using brain tissue from either selected regions or whole hemispheres
(Fig. 9). The homogenisation was conducted by a bead-based automated ho-
mogeniser Precellys® Evolution (Bertin Technologies) and the process was
adapted from published protocols*>**°. The composition of proteins varies in
different fractions. At least in theory, the TBS/PBS fraction contains soluble
molecules, the TBST fraction contains the membrane-associated proteins,
while the FA fraction represents the insoluble protein deposits.

Brain homogenate fractions
L )

Centrifugation TBS/PBS TBST FA

Homogenization W@W
TBS/PBS a

Supernatant
EEE—

Pellet

T Resuspend with: TBST/FA

Fig. 9. Flow chart of brain homogenisation.

Thin-layer chromatography (TLC)

TLC was used to check the radiometabolites in plasma and brain samples and
also to investigate the stability of radiolabelled antibodies. In Paper II, me-
tabolite analysis was done with brain homogenates to investigate if any radi-
ometabolites were present in the brain. In Paper III and IV, TLC was used to
examine if '] was attached to the antibodies in the plasma, brain and the brain
ISF or if free '°I was detected, which could be a sign of deiodination.

A drop of plasma, brain homogenate, or brain ISF dialysate was applied to
a TLC plate and put in a solvent chamber. After the solvent was run for around
5 cm, the plate was dried and exposed to a phosphor imaging plate and scanned
with a phosphor imager. When checking for deiodination, small molecules
(e.g. free '*°T) move with the solvent, while larger molecules, such as antibod-
ies, stay at the application spot. A reverse-phase aluminium TLC plate (silica
gel) was used in the metabolite study for ['*F]SynVesT-1. Here, polar com-
pounds move with the soluble phase, while less polar compounds stay closer
to the starting line.

Enzyme-linked immunosorbent assay (ELISA)

ELISA is an immunoassay based on antibody-antigen interactions. It is a
quantitative method for detecting and measuring antibody or antigen concen-
tration in solution. Several types of ELISA exist for different purposes de-
pending on the combination of antigens and antibodies. Paper I-V mainly
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used indirect ELISA and sandwich ELISA. The combination of antibodies and
the description of measurements are shown in Table 6. The secondary anti-
body is often conjugated with horseradish peroxidase (HRP). This enzyme can
catalyse the oxidation of 3,3°,5,5’-tetramethylbenzidine (TMB)-substrate,
turning the chromogen from colourless into blue-green colour and generating
a colourimetric signal with an intensity that is correlated to the amount of de-
tection antibody. The redox reaction is stopped by acid application, and the
complete TMB reaction leads to a yellow product with a significant absorb-
ance at 450 nm**°. The biotin-streptavidin conjugation system is often used in
immunoassays, including ELISA. The two molecules bind to each other with
high specificity and affinity, and biotin can often be added to biomolecules
with simple and fast procedures.

Table 6. Set-up of ELISA in the thesis.

Indirect ELISA Sandwich ELISA
Substrate
/ Secondary &.
antibody
Secondary
Substrate S antibody 4’ k\

unlabelled

 antibody

- Radiolabelle

antibody

Detectio;’

! Antigen
4
Immobilised antibody

Immobilised ;
antigen

o anti-mouse 1gG anti-AB40
;I:t?l(;zl/hsed mouse TfR anti-Ap42
anﬁﬁ o AB protofibril mAb3D6

oy aSyn oligomer anti-aSyn antibody MJFR1

Detection i biotinylated-3D6
antibody: anti-aSyn antibody Clone 42
Secondary . , Streptavidin-HRP
antibody: HRP anti-mouse IgG F(ab”), HRP anti-mouse IgG F(ab’),

Substrate: TMB TMB
To quantify the binding af- To quantify the concentration
Purpose: finity of antibodies before of proteins in brain homoge-
and after radiolabelling nates.
HRP: horseradish peroxidase. TMB: 3,3’,5,5’-tetramethylbenzidine.

Staining

Immunohistochemistry staining is based on a similar principle of protein-pro-
tein interaction as in ELISA but relies on antibody binding to antigens on tis-
sue sections. For chromogen staining, the secondary antibody was often con-
jugated with HRP, and fluorophore-labelled secondary antibodies were used
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for immunofluorescence staining. Besides immunohistochemistry staining
with antibodies, fluorescent dyes such as thioflavin-S (ThS) and thioflavin-T
(ThT) can be directly applied on sections to visualise the fibrillar structure of
amyloid**'. All three types of stainings were used in the thesis, and the target
of interest, antibody (for immunostaining) and dye (for simple staining) used
in each paper are listed in Table 7. Chromogen staining was only used in Pa-
per III to investigate aSyn and AP pathologies in post-mortem human brain
sections. Subsequently, the signals were examined by a bright-field micro-
scope (Nikon Eclipse 80i). Signals of all fluorescence staining were examined
by a fluorescence microscope (Zeiss Observer Z.1).

Table 7. Target and ligand used in staining protocols

Target Antibody used Dye used
Paper 11 SV2A anti-SV2A
P Neuronal nuclear anti-NeuN
aSyn RmAb48, RmAbSynO2
Paper 111 APP RmAb3D6
aSyn fibril - ThS
Astrocyte anti-GFAP
Paper IV Microglia anti-Ibal
Paper V AP1-42 anti-Ap42
amyloid plaques - ThS

NeuN: neuronal nuclear antigen. GFAP: glial fibrillary acidic protein. Ibal: ion-
ised calcium-binding adaptor molecule.
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Aim

The overall aim of the thesis was to evaluate novel PET radioligands that can
visualise diverse pathological changes in preclinical models of neurodegener-
ation. The specific aims were the following:

Paper I

To characterise the binding of SV2A PET radioligand [''CJUCB-J in one AD
(tg-ArcSwe) and one PD (L61) transgenic mouse model. Most importantly, to
compare synaptic density in the transgenic models to age-matched wild-type
control mice by using [''C]JUCB-J PET.

Paper 11

To investigate if synaptic density decreases in ageing mice using the second-
generation SV2A PET radioligand ['*F]SynVesT-1. Moreover, to compare the
pharmacokinetics of ['*F]SynVesT-1 in three age groups of mice.

Paper 111

To use an antibody-based PET radioligand to image aSyn brain pathology in
mice with intracranial aSyn deposits and PD mouse models.

Paper IV

To explore and compare brain pharmacokinetics of AB-targeting monospe-
cific antibody mAb3D6 and bispecific antibody mAb3D6-ScFv8D3 using mi-
crodialysis in a knock-in AD mouse model.

Paper V

To investigate if anti-AB treatment with antibody mAb158, i.e. the murine
version of clinically investigated Lecanemab, inhibits the binding of amyloid
PET radioligand [''C]PiB.
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Results and discussion

Synaptic density change in neurodegenerative disease

Due to neurodegeneration, reduced synaptic density has been described in AD
and PD patients, and this decrease has been visualised with [''CJUCB-J
PET'#!141% The synaptic loss has also been seen in some AD mouse mod-
els'*®, but it has not been studied in any PD mouse model previously'*”. Thus,
we investigated synaptic density by [''CJUCB-J PET imaging in tg-ArcSwe
and L61 mouse models and compared the PET signals to those obtained in
non-transgenic wild-type age-matched controls, wt-ArcSwe and wt-L61. Re-
tention of [''CJUCB-J in the mouse brain was first explored by model-free
outcomes: AUC and AUChprinbiood ratio were calculated based on the TACs in
the brain and the blood. In the studied brain regions, AUC in L61 and wt-L61
were generally higher than in the tg-ArcSwe and wt-ArcSwe mice.

Moreover, the transgenic mice displayed somewhat lower AUC than their
respective wild-type control groups. However, no significant differences be-
tween transgenic and wild-type mice in AUC were found after post hoc cor-
rection in any studied regions, including blood. Taking radioactivity in the
blood into account, the brain-to-blood partition coefficient, AUChrainiood ratio,
was calculated. Similar to AUC, AUChrinnlood Tatio did not reveal a difference
between tg-ArcSwe and wt-ArcSwe. However, the AUChrainniood 0f L61 mice
was around 12% lower than that observed in wt-L61 and was significantly
decreased in the hippocampus (p = 0.04).

Next, we explored the model-based outcome, Vr, to estimate brain reten-
tion of [''CJUCB-J. Overall, transgenic mice tended to have lower Vr than
age-matched wild-type controls in all studied brain regions. Vt of tg-ArcSwe
was approximately 5% lower than wt-ArcSwe, and V1 of L61 was around 12%
less than observed in wt-L61. Despite an overall positive interactive effect of
genotype on Vrin the L61 model (1ITCM-Vr, Feenotype (1, 96) = 17.44, p <
0.0001), post hoc analysis did not reveal a difference between transgenic L61
mice and wild-type controls, wt-L61.

A previous study identified a 26% difference in hippocampus binding be-
tween APP/PS1 and wild-type mice'*. The group differences between tg-
ArcSwe and age-matched wild-type mice in our study were much smaller than
the previously reported differences between wild-type and AD mice. This dis-
crepancy is probably a consequence of the choice of the mouse model and
analysis method. The APP/PS1 model exhibits more aggressive AP pathology
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caused by mutations in both the APP and the presenilin 1 (PS1) genes. Tg-
ArcSwe, however, only harbours 4 PP mutations. As for the method of analy-
sis, Toyonaga et al. (2022) used a reference tissue-based kinetic model with
the brain stem or the whole brain as the reference region, while our measure-
ments were based on an input function. We also found that Vr generated by
the three kinetic models correlated well with AU Chrainblood, €specially in L61
mice, indicating that AUChrainblood cOuld be used as an alternative to full kinetic
modelling in mice for simple and fast analysis.

Furthermore, we tried to correlate PET data with pathology. Levels of AB;.
40, APi-42, and total aSyn in the hippocampus, cortex and cerebellum of the
PET-scanned mice were measured by ELISA. No direct correlation was found
in any brain regions between the PET estimates and respective Ap or aSyn
pathology. The measurements confirmed the existence of related pathology in
the respective mouse models and the absence of pathology in the wild-type
controls. The most abundant AP pathology was located in the cortex, while
the cerebellum contained the lowest regional level of pathology. The variance
in Vr between tg-ArcSwe and wt-ArcSwe matched the abundance of the pa-
thology, e.g. the largest difference in Vr between tg-ArcSwe and wt-ArcSwe
was in the cortex. In the L61 model, transmission electron microscopy results
did not indicate a lower number of synapses in the L61 mouse compared to
the wt-L61 mouse in the cortex, hippocampus and cerebellum, suggesting a
resistant synaptic density during the progression of aSyn pathology in this
model.

We concluded that the synaptic density in tg-ArcSwe and L61 did not dra-
matically decrease compared to wild-type controls. Meanwhile, several group
comparisons were close to becoming significant (e.g. AUCaiamusilood: p = 0.05
for L61 versus wt-L61), and a large variation existed in ELISA. Thus, we be-
lieve that large groups of animals are needed to detect differences between
models of neurodegeneration and wild-type mice with [''CJUCB-J. Further-
more, these potential differences are relatively subtle.

The study also suggested that age could affect synaptic density. The AUC-
brainblood Tatio and Vt were reduced in the older wt-ArcSwe compared to
younger wt-L61 mice. This result was not anticipated when designing the
study, and the comparison was not completely accurate as the two groups of
wild-type mice had slightly different genetic backgrounds to match their trans-
genic littermates (Table 1). Nevertheless, it was in line with some previously
published results using wild-type mice of C657BL/6 genetic background'**!¢,
Thus, in Paper I1, the influence of age on synaptic density using wild-type
mice from the same strain of wt-ArcSwe (C57BL/6) was investigated.
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Synaptic density in ageing

Based on the findings in Paper I, we continued to investigate synaptic density
in ageing. The study included three age groups of C57BL/6 mice (3-4 months,
12-14 months, and 17-19 months), and a second-generation PET radioligand
for SV2A imaging, ["*F]SynVesT-1, was used instead of [''CJUCB-J. The two
radioligands display similar pharmacokinetics, and the thalamus, striatum, and
hippocampus displayed the highest brain retention. We also compared the
1TCM-Vr for [''CJUCB-J (Paper I) and the I TCM-Vr for ['"*F]SynVesT-1
generated in Paper I in the same age group of mice (17-20 months) and found
no difference between the two radioligands in any of the studied regions.

PET data analysis was similar to that in Paper I. Brain retention of
["*F]SynVesT-1 was estimated by AUC of the TACs, and kinetic modelling
was based on a heart IDIF. No difference in AUC was found between age
groups. However, the Vr of ['*F]SynVesT-1 exhibited a “bell-shape” relation
with the highest Vr found in the middle-aged group. The 10 % difference of
ITCM-Vr between the 3-4 months old mice and the 17-19 months old mice
(p = 0.0284) was smaller than the 12% difference between the 12-14 months
and the 17-19 months mice (p = 0.0032). Overall, synaptic density was
slightly decreased in the 17-19 months old mice with no age-dependent dif-
ference at the regional-specific level. This is consistent with electron micros-
copy findings in humans that indicate a decline of synaptic density in the
frontal cortex in subjects older than 74 years***. Also, human SV2A PET stud-
ies conducted in healthy subjects concluded that synaptic density is relatively
stable during most of the lifespan. The apparent minor drop in synaptic density
in subjects over 80 years old could result from brain atrophy, and this change
was not significant after partial volume correction'>*'*!, Although we could
not examine possible brain atrophy with a detailed MRI, C57BL/6 mice may
exhibit a similar loss in cortical brain region after the age of 17 months**, e.g.
the oldest mice included in the study.

Later, we measured SV2A and the number of neurons using immunohisto-
chemistry. Quantification of stainings was conducted in hippocampus CA1
and CA3 regions, constituting the information centre of the hippocampal and
corticocortical circuits, passing information in several principal path-
ways****%_ Synaptic density in these regions is likely to be altered in cogni-
tive-impaired ageing'®. Nevertheless, consistent with the PET, SV2A was not
altered between age groups, and the number of neurons also remained stable.

We believe the steady synaptic density measured in our study could have
at least two explanations. One explanation is that SV2A lacks sensitivity as a
target for capturing synaptic density changes in healthy ageing. SV2A is dis-
tributed abundantly in the whole brain, mainly in glutamatergic and GABAer-
gic synapses, but the expression of excitatory and inhibitory synapses differs
between brain areas®**>*, and not all synapses are vulnerable to ageing”**.
Whether SV2A PET could capture the sophisticated but subtle synaptic
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changes during healthy ageing remains to be studied. Two studies using inde-
pendent component analysis for SV2A PET data, however, did conclude that
age is associated with the intensity of the PET signals'**%*°.

The other explanation is that dramatic synaptic loss only happens in cogni-
tive-impaired ageing but not in healthy ageing. Since cognitive impairment in
ageing has enormous individual variation** and we did not include animals
based on behaviour tests, nor did we conduct a longitudinal study using the
same animals, our results could reflect a mixed group of both cognitive-im-
paired and healthy animals. Thus, the results should be interpreted with cau-
tion.

Quantification of SV2A PET

We explored several different kinetic models for the quantification of SV2A
PET in our mouse models. Without a true reference region in SV2A PET im-
aging, we concluded that reference tissue-based kinetic models, albeit used by
others'***! were not applicable. Instead, V1 was generated from 1TCM,
2TCM, and the Logan plot based on an IDIF acquired from the left ventricle
of the heart'?>'*®. All three models described the [''CJUCB-J data well with-
out any further correction of the IDIF. Considering the goodness-of-fit param-
eters, the 1TCM proved more robust, as the 2TCM failed to converge for a
few animals. Therefore, I TCM was chosen to further characterise [''C]JUCB-
J PET in mice. This was consistent with published results from humans and
rodents'?"1%¢%2  However, it should be noted that using Vr derived from
2TCM or the Logan plot would not have changed the conclusion regarding
differences in synaptic density between pathology models and wild-type con-
trols. For ['*F]SynVesT-1, metabolite and plasma-to-whole blood corrections
were needed””. As expected, based on these previous studies and human
data'®, 2TCM with a metabolite-corrected IDIF described the data best, alt-
hough also 1TCM performed well.

The acquisition time of the [''CJUCB-J scan was 60 min. The kinetics of
["*F]SynVesT-1 was somewhat slower than for [''CJUCB-J, and the published
results in wild-type and APP/PS1 mice by the time we started our study sug-
gested that a 90-min acquisition was preferable®'. To evaluate if the acquisi-
tion time of ['*F]SynVesT-1 could be shortened, we correlated Vr estimated
from 90-min PET data to the estimates from 60-min data in all studied brain
regions. In all kinetic models, Vr estimated from 90 min and 60 min PET data
were in excellent agreement in all brain regions (p < 0.0001). Good correla-
tions were also shown for K; (p < 0.0001). Based on the ratio of V1, gomin and
V1, 90min (VT, 60min/ VT, 90min), We observed that compartmental models overesti-
mated Vrby around 9%, while the Logan plot overestimated Vrby 13% when
60-min data was used. Thus, we concluded that a 60-min acquisition time was
enough to quantify ['*F]SynVesT-1 binding in mice if a compartmental model
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was used for analysis. The shortening of the scanning time is consistent with
the findings of Vr time stability between 120 and 60 min, as reported in a

recent study>>>.

Visualising aSyn with antibody-PET

Aggregates of aSyn are one of the hallmarks of PD besides synaptic dysfunc-
tion. The distribution and transmission of aSyn aggregates in different brain
regions are of great interest for understanding the disease progression in PD
and other synucleinopathies. Bispecific antibodies engineered to cross the
BBB via TfR have proven to be a promising strategy for antibody modulation
of intrabrain targets. Moreover, AP pathology in transgenic AD mice can be
imaged through PET using radiolabelled bispecific RmAbI58-
scFv8D3 178179234255 'We then focused on developing new radioligands for im-
aging aSyn based on bispecific antibodies. Five antibodies with slightly dif-
ferent binding profiles towards aSyn and mouse TfR were generated (Table
2). All antibodies display high affinities for larger aSyn oligomers and proto-
fibrils.

We first characterised the in vitro properties of the '*’I- and '**I-labelled
antibodies. After radiolabelling, affinities of the bispecific antibodies towards
mouse TfR were slightly reduced but the affinities towards aSyn remained
constant (Paper III, Fig. 2). Autoradiography with '*I-labelled antibodies
showed that the binding of the bispecific antibodies to brain sections prepared
from L61 mice was generally higher than the binding observed for unmodified
antibodies. This became more evident after blocking sections with unlabelled
antibodies (self block) or 8D3 (mouse-T{R block), suggesting that the positive
signals were mainly derived from antibody binding to aSyn. Two bispecific
antibodies, RmAb48-scFv8D3 and RmAbSynO2-scFv8D3, with the highest
selectivity for aSyn aggregates over monomers, were tested on human post-
mortem tissue sections. Sections from PD, AD, and MSA patients and a non-
demented elderly control were used. The bispecific antibodies showed specific
binding to putamen sections from MSA patients and substantia nigra sections
from PD patients. Furthermore, the antibodies did not specifically bind to AD
and control brain sections, indicating their high selectivity towards aSyn over
AP. This discrimination between aSyn and AP is especially desirable as the
development of PET radioligands targeting aSyn based on small molecules
has been hampered by cross-reactivity towards Af.

For in vivo characterisation, an initial biodistribution study was performed
in wild-type mice. Brain retention of the '*I-labelled bispecific antibodies in
mice 2 h post-injection was 26- to 63-fold higher than the brain retention ob-
served with their unmodified IgG formats. Next, ['**I]RmAbSynO2-scFv8D3
was evaluated in the aSyn deposition model in which the intracranially depos-
ited aSyn fibrils were visualised as a high-intensity spot, while no signal was
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detected with ['**IJRmAbSynO2 (Paper III, Fig. 6). In addition, no signal was
derived from the PBS injected brain with either radioligand. Further, the two
most promising bispecific antibody-based ligands, ['**IJRmAb48-scFv8D3
and ['"**IJRmAbSynO2-scFv8D3, were injected into L61, A30P mice and
wild-type controls. Mice were PET scanned for 60 min at 72 h post ligand
injection. Despite high brain uptake and specific binding to aSyn in vivo in
the deposition model, the two ligands displayed low brain uptake in all brain
regions and could not detect human aSyn expressed in the transgenic mice. In
addition, no difference was observed between L61 and A30P compared to
wild-type controls. The reason for this could be the intracellular location of
aSyn. PET ligands must likely also pass the cell membrane after crossing the
BBB to interact with the intracellular aSyn. It has been shown that neurons
express TfR, and TfR-binders are found inside neurons****’. Thus, in theory,
intracellular targets can be reached. However, the amount of ligand available
for transport into the cell will depend on the unbound ligand concentration in
ISF (Fig. 10). In this experiment, we did not determine the concentration of
['**IJRmAb48-scFv8D3 and [**I]JRmAbSyn02-scFv8D3 in the ISF. Thus, the
question regarding the free fraction of bispecific antibodies in ISF remained.

Understanding the pharmacokinetics of bispecific
antibodies

To further understand the kinetics of bispecific antibodies in the brain, in par-
ticular in the ISF, we studied and compared brain pharmacokinetics of Af-
targeting bispecific antibody RmAb3D6-scFv8D3 and unmodified monospe-
cific antibody RmAb3D6 using microdialysis in Paper IV (Fig. 10).

Fig. 10. Microdialysis measures the unbound drug in interstitial fluid (ISF).
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Antibody RmAb3D6 is the murine version of the clinically studied antibody
Bapineuzumab. Microdialysis was performed after intravenously injecting
App™-“F and wild-type C57BL/6 control mice with '*I-labelled antibodies.
Dialysates representing ISF in the hippocampus were collected and analysed.
The concentration of ['*IJRmAb3D6-scFv8D3 in the ISF increased through-
out the measurement, while ['*IJRmAb3D6 reached a plateau after approxi-
mately 5 h. At 6 h post-injection, ['*’I]JRmAb3D6-scFv8D3 concentration was
2-fold higher than the ['*IJRmAb3D6 concentration in the ISF. Meanwhile,
the total brain concentrations differed 8-fold, indicating that a large portion of
the [ I]JRmAb3D6-scFv8D3 remained associated with the brain, potentially
bound to some extent to the capillaries'®®. At 24 h post-injection, brain con-
centration of ['*I]JRmAb3D6-scFv8D3 in wild-type mice fell sharply to the
same level as ['“IJRmAb3D6. However, in App™ " mice, the
['*I]JRmAb3D6-scFv8D3 concentration was still significantly higher than that
observed for ['*IJRmAb3D6 (p = 0.024). In both App™-F and wild-type
mice, the ISF-to-plasma ratio of ['*’I]JRmAb3D6-sScFv8D3 was higher than
that of ['*IJRmAb3D6 (wild-type: p = 0.0062; App™~“*, p = 0.0003), sug-
gesting that ['*I]JRmAb3D6-scFv8D3 enters the brain parenchyma and that
the total brain concentrations are not based on antibody residing in the endo-
thelial cells of the BBB.

Ex vivo autoradiography after microdialysis indicated that the distribution
of ['"*IJRmAb3D6-scFv8D3 was uniform, while ['*IJRmAb3D6 accumulated
around the probe insertion area, similar to the control mice which were in-
jected with a high concentration of sodium ['*IJiodide. Further, immunohisto-
chemistry staining of Ibal and GFAP suggested an elevated inflammation
level around the probe area, indicating that the insertion of the cannula had
triggered an immune response. This has not been discussed in previous micro-
dialysis studies with antibodies**>*****°. The compromised BBB and the acti-
vated immune response could lead to inaccuracies in the antibody concentra-
tion measurements in the ISF and is more critical for regular monospecific
antibodies with low delivery across the BBB.

The study confirmed that the bispecific antibody had a distinct kinetic pro-
file, crossed the BBB, and reached the ISF better than the monospecific anti-
body. In addition, this is the first microdialysis study aiming to understand the
brain pharmacokinetics of bispecific antibodies targeting TfR and Af. Despite
the challenges, microdialysis remains a unique method to follow the brain
pharmacokinetics of radiolabelled antibodies in real time.

Antibody treatment effect on PET imaging

Most clinical studies of therapeutic anti-Af antibodies have used amyloid PET
to include subjects in the trials and to assess drug effects’***". The PET results
in recent clinical trials of anti-AB antibodies Aducanumab™ and
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Lecanemab™*% initiated the study in Paper V. Successful elimination of A
plaques after 12-18 months of treatment was indicated by a substantially de-
creased amyloid PET signal in patients. In many cases, patients even became
“amyloid-negative” and were thus comparable to healthy controls. However,
this decrease in brain amyloid as measured by amyloid PET has not been
matched by a similar substantial effect on cognitive function and brain AP
pathology reduction after treatment has so far not been investigated by exten-
sive post mortem analyses of brain tissue isolated from AD patients®®'. Thus,
we investigated if amyloid PET signals are altered after a short-term anti-A
antibody treatment and if the potential alteration is caused by clearance of A
or partly by blocking the binding sites of the amyloid PET radioligands.

In the study, in vitro ThS staining was first performed on brain sections
prepared from tg-ArcSwe mice and pre-incubated with RmAb158 or PBS.
Next, age-matched tg-ArcSwe mice were treated with RmAb158 or PBS for
three weeks before being i.v. administered with [''C]PiB and euthanized at 40
min post-injection. The isolated brain was extracted and divided into two hem-
ispheres. Ex vivo autoradiography was performed using one hemisphere, and
radioactivity in the other hemisphere was measured by gamma-counter for
SUYV calculation and subsequently homogenised for total AB40 and APB42 de-
tection.

The integrated density of in vitro ThS staining in the frontal cortex was
similar on brain sections pre-incubated with RmAb158 and PBS. Next, brain
tissue sections prepared from animals treated with either RmAb158 or PBS
prior to [''C]PiB administration were studied in ex vivo autoradiography. Alt-
hough RmAb158-treated animals tended to display a lower [''C]PiB binding
than PBS-treated animals, no group differences were found. Consistent with
this, SUV in the cerebrum and cerebellum was similar in the two treatment
groups. AP pathology measured by ELISA in brain homogenates indicated
that the two treatment groups had comparable amounts of ABi.40and ABi4 in
the brain. This suggested that the short-term treatment did not reduce the
amount of AB plaques that can be visualised by [''C]PiB. This was anticipated
as the study was designed to enable investigation of RmAb158’s ability to
block [''C]PiB binding rather than its influence on the actual pathology. More-
over, [''C]PiB binding correlated with AB40 brain levels, i.e. the dominant
pathology in the tg-ArcSwe brain, and thus, demonstrated that [''C]PiB bind-
ing reflects AP pathology in the tg-ArcSwe brain. The study supported the
notion that reduced the amyloid PET signal in clinical trials is mainly due to
the elimination of amyloid.
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Conclusion and future perspectives

From ["*F]FDG to [''C]PiB, and from small molecules to antibody-based lig-
ands, PET imaging in neurodegenerative diseases has not had a very long his-
tory but is a fast-developing field. With a better understanding and deepened
knowledge of the diseases and associated pathology progression, new ligands
for visualising different pathological features of neurodegenerative diseases
are emerging every year. Sometimes with joy, sometimes with distress. Still,
we manage to obtain valuable information on the way.

In the initial studies, we optimised a modelling method based on IDIF in
tg-ArcSwe and L61 transgenic mouse models, which can be used to charac-
terise new ligands in the future. Our data suggested that [''C]JUCB-J PET can
display decreased synaptic density in tg-ArcSwe and L61 mouse models but
only in the regions with the most abundant pathology. Moreover, the cross-
sectional study using ['*F]SynVesT-1 proposed that synaptic density was
somewhat decreased in the oldest group, but the overall synaptic density was
rather unchanged with potentially some fluctuations, indicating the highest
synaptic density in the middle-aged group. Admittedly, conducting a longitu-
dinal study using the same animals and measuring the synaptic density change
along ageing would be more beneficial. Still, the two studies indicated that
C57BL/6 is a suitable and stable mouse model for studying ageing synapses.
The studies also established quantification methodology for SV2A PET in
translational imaging.

Traditional PET radioligands are small molecules. With proper character-
istics such as high lipophilicity, small molecules can cross the BBB, but lack
of specificity and selectivity may cause a high background signal. This re-
mains an unconquered challenge for PET ligands in PD and AD imaging, es-
pecially for developing radioligands for aSyn. In this thesis, bispecific anti-
bodies are proposed as an alternative solution. To prove this concept, we de-
veloped antibody-based PET ligands targeting aSyn aggregates with high
specificity and selectivity, and tested the approach for in vivo imaging of
aSyn. Using this strategy, we could target extracellular deposits of aSyn, but
not endogenously expressed intracellular aSyn. We, therefore, conclude that
for successful aSyn imaging, a ligand must enter the cytoplasm after crossing
the BBB to reach the intracellular aSyn aggregates. A new antibody design or
a new transporter system may thus be needed.
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Microdialysis is an advanced but somewhat complicated and time-consum-
ing procedure. However, it provides unique information about free drug con-
centrations compared to the total concentrations measured by PET imaging.
The study conducted within the project enhanced our understanding of the
brain pharmacokinetics of bispecific antibodies targeting TfR and AB. How-
ever, the long biological half-lives of antibodies would ideally require longer
study times than the 24 h used in the present study. It would be interesting to
track the entire kinetic profile of a regular antibody and compare it to the
bispecific antibody to fully understand the potential benefits of bispecific
brain-penetration antibody formats. Moreover, comparing the kinetics of
RmAb3D6 and RmAb158, i.e. two different A antibodies, would also be en-
lightening. It may provide new information for the future design of anti-Af
antibodies.

The development of amyloid PET radioligands stimulates the advancement
of diagnostic imaging techniques and provides benefits for clinical trials of
anti-Ap immunotherapies for AD. Through the [''C]PiB study in RmAb158
treated mice, we hope to contribute to an increased understanding of how am-
yloid PET results should be interpreted when antibody intervention is present
and to assist in the design of effective AB-specific PET radioligands.
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Popular science summary

The elderly population in many countries is growing remarkably fast, and we
are entering an ageing society. Dementia is not a part of healthy ageing. It is
a syndrome of brain diseases with impaired cognitive function that affects
daily life. Currently, around 50 million people worldwide have dementia,
which is expected to triple by 2050, making it a global public health priority®**.

Dementia is commonly seen in patients with neurodegenerative diseases.
Alzheimer’s diseases (AD) and Parkinson’s disease (PD) are the two most
common neurodegenerative diseases. During disease progression, the brain's
functional information unit, the synapse, is gradually compromised and even-
tually degenerates, accompanied by neuronal death. Since synaptic loss
strongly correlates with cognitive decline, imaging brain synapses provides an
approach for mapping functionally impaired synapses in AD and PD. Positron
emission tomography (PET) is a molecular imaging technique that can visu-
alise various targets in the brain. A PET scan is an imaging test based on in-
jecting a trace amount of radiolabelled molecules (radioligand) in the living
subject (normally through the vein) and detecting the abnormal distribution of
the radioligand in diseased conditions. It is widely used to assist in the diag-
nosis of cancer, heart diseases, and brain disorders. However, current PET
radioligands are not ideal for diagnosing AD and PD. Therefore, developing
suitable PET radioligands for the early and accurate detection of the two dis-
eases is of great interest.

In Paper I, a PET radioligand targeting a synaptic protein, SV2A, was used
to look for synaptic loss in AD and PD mouse models. Because SV2A is a
membrane protein expressed on most of the synaptic vesicles, imaging of
SV2A can estimate the density and location of functional synapses. SV2A
PET revealed that synaptic loss only occurred in PD mice in the hippocampus,
a brain region with an important role in learning and memory. It also suggested
that the largest difference between mice with AD pathology and age-matched
healthy controls was in regions with the most abundant pathology, such as the
cortex. However, the pathology did not correlate with the SV2A PET signals,
suggesting that several mechanisms are involved in cognitive impairment.
These findings are consistent with PET results obtained in humans, which in-
dicate that synaptic loss is not present in the whole brain but only located in
specific regions such as the cortex and hippocampus.
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Moreover, we used SV2A PET in three age groups of healthy mice and
studied synaptic alteration during ageing. Interestingly, synaptic density did
not gradually decrease with age. The middle-aged group had the highest syn-
aptic density overall, followed by the young and the old age groups. This dif-
ference was based on a whole brain level. However, when looking at specific
brain regions, e.g. the hippocampus, no difference in synaptic density was
found between the age groups. The relatively stable synaptic density indicates
that the synapse is fairly resistant to ageing. Together with other evidence in
Paper 11, it is concluded that synaptic dysfunction rather than density is more
critical in cognitively impaired ageing.

Several pathological proteins are responsible for neurodegenerative dis-
eases. Amlyoid-beta (AP) aggregates are believed to be one of the leading
causes of AD. In comparison, alpha-synuclein (aSyn) aggregates are respon-
sible for PD. The natural form of AP and aSyn exist in the healthy human
body. Under diseased conditions, AP and aSyn misfold and aggregate, turning
into soluble assemblies (oligomers and protofibrils) and eventually insoluble
plaques (fibrils). Different pools of AP and aSyn aggregates have unique fea-
tures and can cause distinct body damage. Recent studies aim to develop a
PET radioligand targeting the most toxic pool of AP and aSyn aggregates:
protofibrils.

One of'the challenges in developing such a radioligand is specificity, mean-
ing that the radioligand should only bind to its target. The other challenge is
that the ligand must cross the blood-brain barrier (BBB) and reach the target
in the brain. Traditional PET radioligands based on small molecules can cross
the BBB but sometimes lack specificity, as they tend to bind to other structures
in addition to the primary target. Antibody-based radioligands are highly spe-
cific but can barely cross BBB. Taking advantage of existing brain transport
systems, we designed the antibody in a bispecific format and used a strategy
named after the Trojan horse to carry the antibody into BBB. On the blood
side, the bispecific antibody binds to the transferrin receptor, TfR (the
“horse”), which is highly expressed in regular blood vessels and typically car-
ries iron into the brain. Here, the TfR will carry the bispecific antibody across
the BBB to the brain, where it is released from the TfR and can bind to its
primary target. In Paper III, we tested five bispecific antibodies with high
specificity towards aSyn protofibrils as potential PET radioligands. The prom-
ising candidate successfully imaged deposited aSyn in the brain but failed to
visualise endogenously expressed human aSyn in PD mouse models. We
speculate that this is due to the intracellular localization of most of the aSyn
pathology in the mouse models, making it unavailable to the bispecific anti-
body.

In order to gain more insight into the properties of bispecific antibodies
entering the brain, we conducted a microdialysis study to discover the per-
centage of injected antibodies that can truly reach the target. We compared the
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brain concentration profile of the bispecific antibody and its unmodified mon-
ospecific format, i.e. we investigated brain absorption, distribution, and elim-
ination in Paper IV. We concluded that the bispecific antibody has a distinct
brain concentration profile that differs from the unmodified antibody. Net ab-
sorption of the bispecific antibody continued during 6 h of measurement but
was almost zero for the unmodified antibody after 5 h. A larger portion of the
bispecific antibody entered the brain from blood and was distributed to the
whole brain, while the unmodified antibody circulated in the blood and had
limited distribution in the brain. After 24 h, there was still a substantial amount
of bispecific antibody left in the brain, but hardly any unmodified antibody.
The study indicated that bispecific antibodies better cross the BBB and could
thus constitute a class of improved pharmaceuticals for brain disorders.

Despite its many advantages, microdialysis is an invasive method that re-
quires the insertion of an experimental probe into the brain. In the study, we
raise the caution of inflammation caused by the microdialysis probe insertion,
potentially leading to the accumulation of antibodies around the probe region
due to the possible damage caused to the brain tissue. This can lead to inaccu-
racy in the estimation of antibody concentration measurement.

Despite limited BBB penetration, two antibodies targeting Ap have shown
positive treatment effects and have recently been conditionally approved as
AD treatments in the US. Same for other clinical trials of anti-Ap therapies,
two major assessments of treatment effect were amyloid PET and cognitive
tests. Based on amyloid PET, the signals decreased significantly and even be-
came negative after the treatment, indicating that anti-Ap therapies reduce Ap
plaque load. However, this did not match with the continuous drop in cogni-
tive abilities of the patients. It raises the concern that the anti-Ap antibodies
somehow block PET signals without thoroughly clearing A, causing an over-
estimation of the AP removal. In Paper V, we tested this hypothesis in an AD
mouse model. The study indicated that amyloid PET imaging represents major
AP pathology in the brain. The reduction of PET signals in clinical trials was
caused by the removal of AP plaques.

In the thesis, we tested various PET radioligands to visualise different as-
pects of physiology and pathology in AD, PD and ageing. We aim to find PET
radioligands that can contribute to an increased understanding of underlying
biological processes in these conditions and enable differentiation between
healthy and diseased conditions. We believe that our studies help to enhance
the knowledge of how results obtained with these PET radioligands should be
interpreted and aid in developing novel PET ligands for AD and PD.
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