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Abstract

Schlein, E. 2023. One-click away from higher contrast. Improvements to peripheral clearance
for same-day immunoPET in Alzheimer’s disease. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1927. 76 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1765-6.

The brain is a challenging target for antibody-based positron emission tomography
(immunoPET) to image amyloid-beta (AB). Antibodies detect pathology with high sensitivity,
but due to their size and biological half-life, they cause a high background radiation, if
radiolabelled. Antibodies fused to transferrin-receptor (TfR) binders can penetrate the BBB via
receptor-mediated transcytosis.

In this thesis, I evaluated several methods to reduce the biological half-life for bispecific
antibodies, which bind to AP and TfR, to reduce the time between injection and imaging.

In paper I, we studied two different clearing approaches — direct clearance and induced
clearance — to reduce blood concentrations of a monospecific and a bispecific, brain penetrating
antibody, for enhanced contrast. The direct clearing approach was too efficient to show a benefit
for brain imaging. The induced clearing strategy, based on the inverse-electron demand Diels
—Alder (IEDDA) reaction of a TCO and a tetrazine, proved the concept of induced clearance
for the monospecific antibody, but not for the bispecific antibody. For paper II, we changed
the antibody design and compared a bispecific antibody with its corresponding monospecific
variant, both with and without a mutation that attenuated binding to the neonatal Fc receptor
(FcRn), to decrease antibody circulation time in vivo. The mutation reduced the blood half-life
and we suggested an imaging time 12 to 24 h after injection. In paper 111, we radiolabelled both
FcRn mutated antibody constructs with fluorine-18, to compare their pharmacokinetic profiles
in WT mice with PET imaging over 9 h. The bispecific antibody, that showed higher brain
uptake, was then injected into WT and AD mice (App"*°"). PET scanning 12 h after injection
revealed higher antibody retention in App™“* compared to WT mice. In paper IV, we tested
two novel tetrazines for their potential to be used as pre-targeting agents. Pre-targeting describes
a two-step approach with the aim to achieve a high contrast PET image. First a TCO-modified
antibody is injected and after a while a second substance, a radiolabelled tetrazine is injected.
Successful pre-targeting requires a tetrazine which can penetrate the brain and then be efficiently
cleared. We could show that both fluorine-18 labelled tetrazines entered the brain, where one
of them was more efficient than the other.

In conclusion we have shown that it is possible to increase the peripheral clearance of
radiolabelled antibodies and get one step closer to same-day immunoPET imaging.
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Nothing in life is to be feared, it is only to be understood — Marie Curie
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Introduction

Alzheimer’s disease

Old age is characterised by an array of age-related conditions, including Alz-
heimer’s disease (AD). Symptoms of AD include decline with speech or lan-
guage, difficulty performing spatial tasks, obsessive or impulsive behaviour,
memory impairment and other diminishing in domains of cognition. Before
any symptoms of AD arise, pathological processes in the brain start and the
slow progression of neurodegeneration begins.' As the name indicates, neu-
rodegenerative diseases describe a group of conditions in which the damage
or loss of neural function is a key process, causing an impairment of brain
functions such as learning, memory and orientation. Dementia is an umbrella
term for a condition caused by different diseases, of which AD is the most
common one.'

Genetic mutations are responsible for up to 1% of early onset AD cases
and the majority of AD cased are called sporadic AD. Neuropathological hall-
marks of AD are extracellular dense core plaques consisting of amyloid-beta
(AP) and neurofibrillary tangles which are composed of aggregated tau pro-
tein.” Pathological changes, such as AP aggregation, followed by tau aggrega-
tion, atrophy of the brain and clinical decline can be observed 15-20 years
before clinical symptoms of AD arise. These processes seem to plateau shortly
after clinical onset.*> Biomarkers, to detect these early changes, as well as
therapy options, which stop or slow the disease progression are needed.

Amyloid-beta and the amyloid cascade hypothesis

AP is a proteolytic cleavage product of the amyloid precursor protein (APP).
APP is expressed throughout the body in three isoforms, where the shortest
variant (695 isoform) is expressed in the brain by neurons and astrocytes.® To
produce AP, APP is processed by enzymatic cleavage in two steps. First, B-
secretase cleaves off the N-terminal domain of APP, resulting in the release
of a soluble APP fragment (SAPPp). The remaining C-terminal APP fragment
is then further processed by y-secretase. As a result of different y-secretase
cleavage sites on APP, AP peptides ranging from 38 to 43 amino acids are
produced. The most common forms of AP peptides are 40 and 42 amino acids
in lengths, where Ap40 is 10-times more produced in the brain.”® AB42 con-
tains 2 more amino acids at the C-terminus that influence its hydrophobicity
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and therefore its propensity to aggregate and to accumulate in the brain tissue.®
The aggregation of AP is believed to start with misfolding of the protein,
which starts to aggregate into soluble oligomers and protofibrils, which even-
tually form insolube A fibrils that finally deposit in the form of plaques (Fig.
1). Soluble AP42 aggregates are associated with early forms of pathology in
AD’ and are thought to induce a cascade of downstream events that eventually
lead to AD, as postulated by the amyloid cascade hypothesis. This hypothesis
was initially proposed in 1992'° and it pinpoints the accumulation of AP as
the main cause of the disease.'""'* This initiates hyperphosphorylation, aggre-
gation and accumulation of the tau protein, which in turn leads to synaptic
failure, neurodegeneration and brain atrophy. All these events are accompa-
nied by inflammation, which overall occurs by activation of the immune sys-
tem in the brain, more specifically microglia and astrocytes. These glial cells
try to remove the toxic proteins as well as dying cells, which establishes a
chronic inflammation. Due to cell loss, the brain shrinks and shows a de-
creased ability to metabolise glucose which eventually results in compromised
brain functions.'

A number of physiological functions of AB have been proposed, such as
synaptic regulation and memory formation in hippocampus, as well as facili-
tation of neuronal growth and survival. It has been observed that Ap is prone
to an effect called hormesis, which means that at low (physiological) concen-
trations the afore mentioned processes could get enhanced, whereas at high
(pathological) concentrations these processes get inhibited."*"* Further, A
has been suggested to be involved in repairing leaks in brain vasculature® as
well as being protective against oxidative stress, toxins and pathogens,?'** the
latter through a specific protective antimicrobial effect?.

Soluble Insoluble

fifiﬁﬂiﬁ}ﬂi&mﬂm:m

e —@p— M —

i
Dimer

Oligomers

Maonomer
(misfolded)

Amyloid plaque
Protofibrils

Figure 1. Aggregation of AB. Adapted from Rebecca Faresjo Melander’s thesis
(2023)
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AP targeted therapy

Since the proposal of the amyloid cascade hypothesis, an obvious aim for AD
therapy has been to reduce the AP burden in the brain. Different targets have
been explored so far, such as decreasing the - or y-secretase pathways to sup-
press AP production and accumulation, or by increasing the clearance of al-
ready existing AP deposits.** Each of this targets has led to a number of de-
veloped treatment strategies. The B-secretase pathway is mediated by the [3-
site APP cleaving enzyme 1 (BACE1) and has been the target for several clin-
ical trials with small molecules*. It has also been explored in our group.”
After several failures, clinical trials on BACE1 inhibitors were stopped.”® An-
other target for drug development was the receptor for advanced glycation end
products (RAGE), a cell surface receptor, which is linked to increased A
plaque formation.?” This receptor has been shown to cause inflammation in
the brain and was hypothesized to increase AB clearance when blocked.”’ But
the clinical trials for the RAGE antagonist have been stopped as phase 3 clin-
ical trials did not meet the primary endpoints.?®

Not just small molecules, but also antibodies for AP clearance were ex-
plored in clinical trials. Initially, many trials failed** and this has sparked dis-
cussions on the optimal aggregation state of A for therapy, where different
target strategies have been explored.” Three antibodies which were developed
for AD therapy will be further described due to their current importance for
drug development and relevance for this thesis. Two of these have been con-
ditionally approved by the FDA and increased the hope for future therapy.**>'
This is the first time since the discovery of AD that a disease modifying treat-
ment may be offered to patients.

Bapineuzumab

Bapineuzumab is a humanised IgG1 antibody, based on the mouse antibody
3D6 that binds with high affinity to the N-terminus of AP (amino acid 1-5).
This epitope is available in all aggregation forms of AP and it thus binds to
both soluble and fibrillar AP of different structures. This antibody was the first
monoclonal antibody to enter human testing in clinical trials. In a 12-month
phase 1 clinical trial, a subset of treated patients showed abnormalities, visu-
alized with MRI imaging, that were identified as microhemorrhages. These
microhemorrhages occurred in patients which received the highest dose of
5 mg/kg. Due to these findings, the Alzheimer’s Association Research
Roundtable coined the term amyloid-related imaging abnormalities (ARIA) —
more specifically ARIA-edema (ARIA-E) for vasogenic edema and ARIA-H
to describe microhemmorhages.*” The clinical trials to explore the possibility
of bapineuzumab as therapeutic medication were stopped in 2012 due to in-
sufficient therapeutic effect. Clinical data revealed no effect of bapineuzumab
to protect patients participating in the trials from cognitive and functional de-
cline, despite positive biomarker results.*
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Lecanemab

Lecanemab is the humanised IgG1l version of the pidity
mouse monoclonal antibody mAb158 that binds selec- pUE— I
tively to large, soluble AP protofibrils at the N-termi-
nus of AB (amino acids 1-16).* It binds selectively to | ‘{ ’ ’
AP aggregates via avidity.*® As figure 2 describes, af- X £

finity refers to the strength of a single interaction be- (]
tween antibody and antigen. Avidity however de- il

scribes the total strength of all non-covalent interac-

tions, meaning for example the combined binding with ~ Figure 2. Difference be-
both arms of an IgG antibody. Thus, mAb158 binds tween affinity and avidity.

with low affinity to A monomers, but with high avid-

ity to AP aggregates, which contain multiple monomeric units.

In 2019, a Phase 3 clinical trial was started and by October 2022, positive top-
line results were reported. After 18 months of treatment, the antibody had
slowed down the cognitive decline by 27%. In addition, two-thirds of the
treated group became amyloid-PET negative within 18-months and had an
overall positive outcome on biomarkers with few ARIA side-effects *® This
antibody was recently granted a conditional FDA approval®® and will be mar-
keted by the name Leqembi®.

Aducanumab

Aducanumab is a human IgG1 antibody which is targeted against Ap aggre-
gates and binds to the N-terminus of AR (amino acids 3-7).***" In 2021, the
FDA conditionally approved this antibody,’' causing a controversial response
amongst the scientific community.*®** The controversy included doubts re-
garding the benefits versus the risks of the treatment, more specifically regard-
ing ARIA side-effects, especially considering the modest impact the treatment
had on cognition.*>* The antibody will be marketed by the name Aduhelm®.

Even though antibodies with their high target specificity are extremely at-
tractive for therapy, there have been concerns regarding the economic costs.*

Fluid Biomarkers

Fluid biomarkers are currently used in AD diagnosis, especially markers
measured in Cerebrospinal fluid (CSF), which are sampled via lumbar punc-
ture. The CSF is a protective liquid which is surrounding the entire brain and
responsible for clearing waste products. Due to its close proximity and con-
nection to the brain, CSF partly reflects the biochemical environment of the
brain.*>4¢

The clinically used CSF markers for AD diagnosis are AB42 or a ratio of
AB42/AB40, as well as total tau (t-tau) and phosphorylated tau (p-tau). In
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patients with AD, the accumulation of AP42 in the brain increases, which
causes the soluble AP42 in CSF samples to decrease. However, the AB42/40
ratio has a better prediction value for pathological changes within the brain
than each value on its own, as it takes into account the naturally occurring
variation in AB production.*”*

T-tau can be used to evaluate general neurodegeneration, as it is not just
elevated in AD but also increased in traumatic brain injury and other demen-
tias.**" The elevated level of p-tau in CSF samples, is an indication of neu-
ronal damage and pathological tau phosphorylation in the brain.”!

CSF sampling is considered to be invasive. Blood biomarkers are more ac-
cessible, and therefore less expensive. New techniques are emerging to detect
soluble AP oligomers and to predict AD with high accuracy and sensitivity.**
Further, p-tau markers such as p-taul81, p-tau217 and p-tau231 show great
diagnostic potential in differentiating AD from other neurodegenerative dis-
eases. Interestingly, they seem to closer reflect the brain’s AP pathology rather
than the tau pathology.>* This year a new tau blood maker was published,
which shows potential to differentiate AD from non-AD. This new biomarker
is called brain-derived tau (BD-tau) and represents an immunoassay which
was developed using a monoclonal antibody (Taul.5H3) which selectively
binds CNS tau isoforms.®

Fluid biomarkers are an important tool for cost efficient diagnosis of AD.
However, as they are collected in the periphery, they can only serve as a proxy
of processes that occur inside the brain. In this respect, PET imaging can give
better insight about the spatial distribution of the pathology and thereby about
the disease processes in the brain.

Amyloid PET Imaging in AD

In order to understand and prevent the progression of neurodegeneration, vis-
ualising the processes in the brain is crucial. A big breakthrough in the field
of AP imaging was the introduction of the small molecule PET-tracer carbon-
11-labelled Pittsburgh Compound B ([''C]PIB). [''C]PIB is a thioflavin-T de-
rivative that binds to the beta-sheet of insoluble amyloid fibrils, and it was the
first PET amyloid tracer developed to image AP deposits in AD patients.®"**
[''C]PIB is labelled with carbon-11, which has a half-life of 20 min. The short
half-life makes it necessary for the production facility to be on-site and limits
therefore its distribution. Second generation amyloid tracers were developed
using fluorine-18 as radioisotope. This isotope has a half-life of 110 min,
which facilitated the possibility to transport the tracer from the production site
to scanner sites. Three fluorine-18 labelled tracers, Florbetapir, Flutemetamol
and Florbetaben are approved by the FDA.® These imaging tracers have given
valuable information about Ap pathology and have been extensively used for
AD therapy clinical trials.
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A drawback of current amyloid tracers is the exclusive binding to the dense
amyloid core of insoluble AP plaques. Amyloid deposition displays a plateau
around the time of clinical disease onset and may therefore not accurately de-
pict the entire proceedings of the disease.®*® Further, soluble and diffuse AB-
aggregates, such as oligomers and protofibrillar A, that are seen as more
toxic, are not monitored with these tracers.**¢’

ImmunoPET imaging of A}

Antibodies are a class of molecules which is characterised by their high affin-
ity and specificity for their respective target. PET imaging with antibody-
based tracers, immunoPET, has been shown to have certain advantages in spa-
tial resolution, image quality and quantification.®® The concept to use antibod-
ies for imaging purposes is more than two decades old,*” but was explored
mainly for cancer imaging so far. An immunoPET ligand which can bind all
forms of AP would be attractive as it could be used to follow the changes
during the whole development of A pathology in AD. As nonfibrillar AP
oligomers and protofibrils have been observed to have a dynamic profile dur-
ing disease progression, they could be a better imaging target than amyloid
plaques. Due to the specific binding to their target, antibody-based imaging
ligands could thus be more suitable than small molecules like [''C]PIB for
imaging of dynamic processes such as disease progression and the effects of
therapy. In our group we have developed a number of antibody tracers which
target AP aggregates in AD mouse and rat models.””’* We have also compared
the performance of an iodine-124 labelled antibody-based tracer with
["'C]PIB. [''C]PIB failed to display AP pathology devoid of dense-core
plaques, which made it less dynamic than the antibody ligand in terms of de-
tecting different stages of disease progression.’' In addition, while the anti-
body detected effects of AP lowering treatment both at an early’® and late®
stage of AP pathology, [''CJPIB could not detect the effects of treatment in
either of two mouse models of AP pathology.”® Moreover, antibody-based
PET corresponds well with ex vivo analysis of AD mice brain pathology.”

An important advantage of immunoPET is target specificity and as an an-
tibody can in principle be produced against any protein antigen, the variety of
potential targets is unlimited. Thus, there is a potential for further development
in regards of new targets, including for example neuroinflammation targets
such as TREM27” and GFAP®, or other protein aggregates such as alpha-synu-
clein.”

But challenges in the immunoPET development of antibody-based tracer
remain. The long blood half-life of antibody based tracer requires the use of
radioisotopes with matching half-lives, which would cause issues regarding
logistical planning for clinical applications. The radiation exposure for the pa-
tient would be high and the hospitals would have to isolate the patient, to limit
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the exposure to personnel. A short time between injection and image acquisi-
tion are preferred in clinics as it allows the use of radioligands radiolabelled
with fluorine-18, which gives high resolution images and, due to its short half-
life, minimizes the exposure of the patient. An additional challenge in devel-
opment of immunoPET tracers for brain targets is the blood-brain barrier
(BBB), which is an obstacle in delivery of drugs to the brain, especially large
molecules such as proteins.

Drug delivery over the Blood Brain Barrier

The brain is the centre of the human being and due to its importance a highly
protected organ. The interstitial fluid (ISF) of the brain and the blood plasma
show distinctly different compositions, which is why the BBB is of great im-
portance for the stability of the brain microenvironment. It is composed of a
continuous endothelium without fenestrations, enabling it to act like a selec-
tive barrier that prevents substances in the blood from reaching the central
nervous system (CNS). Pinocytotic vesicles are not very densely distributed
in its endothelium, which is indicating that this barrier is not as permeable, as
other organ endothelia. Beyond this, surrounding astrocytes and pericytes sup-
port and regulate the BBB, helping to maintain it.***? The paracellular flux of
ions and hydrophilic solutes through the BBB is restricted by the inter-endo-
thelial transmembrane tight junction proteins. This results in a high electrical
resistance and explains the low permeability of polar molecules.®*

Despite the restricted access, the BBB allows lipophilic and hydrophilic
substances the transport over the barrier via passive (diffusion) or active
transport. There are five different possible ways of a substance to enter the
brain across the BBB:

Simple diffusion

Facilitated diffusion

Active transport

Adsoptive transcytosis

Receptor mediated transcytosis®

Nk B

Due to their size of >150 kDa, antibodies usually do not pass the BBB, and
their brain concentration has been reported to be about 0.1% of their serum
concentration.*® When normalised to the weight of the brain, our lab could
show concentrations of 0.03-0.14%ID/g of radiolabelled antibody in the brain
of a mouse.”™*"* To overcome the issue of low brain delivery, the IgG based
antibodies can be modified to get transported into the brain via receptor me-
diated transcytosis.”® The transferrin receptor (TfR) has been intensively stud-
ied for this purpose.’*? Referred to as “molecular Trojan horse”, this method
could increase the concentration of a bispecific antibody, which consists of an

19



IgG base conjugated to single-chain variable fragments (scFv) of an anti-
mouse TfR antibody, called 8D3, up to 80-fold higher, compared to non-mod-
ified antibody.”’ The name “Trojan horse” was chosen, to emphasize the al-
ternative use of the transferrin receptor, as the physiological role of TR is the
transport of iron over the BBB into the brain.”

TfR mediated transcytosis has been widely used in preclinical studies of
drug delivery and several key factors have been identified for successful de-
sign of a BBB crossing antibody. The antibody should not interfere with the
innate function of the TfR, which is why many antibodies which bind the TfR
are designed to bind the apical domain of the receptor.”’***’ Further, the af-
finity to the TfR plays a crucial role in the efficiency of brain delivery. A
nanomolar range (50-100 nM”® or 6-10 nM”’) has been proposed as optimal
TfR affinity. A monovalent interaction is preferred over a bivalent interaction,
as the bivalent interaction could lead to a clustering of TfR on the cell surface
and eventually lysosomal degradation.’®!®12 Higher affinity binders might
be trapped in the blood vessels and sorted into lysosomes for degradation, in-
duced by receptor clustering.”®!%'% but if the TfR affinity is too low, the brain
delivery will be insufficient.'” The injected dose also has to be considered, as
tracer dosing requires higher affinity binders to increase the uptake’, whereas
at high doses, low affinity binders are better suited to achieve high brain up-
take.”® The pH plays a crucial influence as well, as antibodies bind to the TfR
at physiological pH, but dissociate from the receptor at lowered pH.”*'* An-
other important influence is the way the antibody binds, its valency. All in all,
the design of the bispecific antibody matters.

Our group could design various constructs of antibodies which are capable
of passing the BBB, by linking a transferrin receptor (TfR) binding antibody
8D3 to antibodies against AP for receptor mediated transcytosis’®’"7>197:108 ap
increased uptake in the brain could be observed.'”

Recombinant antibody engineering

Since the introduction of the hybridoma technology in the 1970s, the produc-
tion of monoclonal antibodies became easier and fundamental improvements
in protein research could be achieved.'"
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Antibodies are used in various ways,
one of which is imaging. Generally
therapeutic antibodies belong to the
Immunglobulin G (IgG) isotype. This
isotype is the most abundant in human
serum. Four subclasses have been re-
ported which differ in their hinge and
Cu2 domain. Antibodies are comprised
of four polypeptide chains; two identi-
Figure 3. General structure of [gG anti-  ¢3] heavy chains and two light chains,
})soc(lii};bgfgzl_the knobs-into-hole design (it 4 "gverall molecular weight of
around 150 kDa. The heavy and light
chains are connected via disulphide bonds and consist of constant (constant
heavy - CH and constant light - CL) and variable domains (variable heavy -
VH and variable light — VL, Fig. 3). The target specific binding region of an
antibody is consisting of the variable domain of heavy and light chain, and
together with the Cxl domain they form the Fab region. The fragment crystal-
lisable (Fc) region is composed of the Cy2 and Cy3 and has several functions,
such as extending the circulation time in vivo, as well as binding to immune
cells to induce phagocytosis or activation of immune processes, so called ef-
fector functions.'"!

The high specificity of the antibodies to their antigen makes them a promising
tool for targeted in vivo radio imaging. With protein engineering many differ-
ent antibody formats can be achieved. Besides conventional IgGs, formats
based on antibody fragments can be generated either by enzymatic digestion,
to obtain e.g. F(ab’), and Fab fragments, or by recombinant design and ex-
pression, resulting in e.g. single-chain variable fragments (scFv), single do-
main antibodies (sdAb), diabodies etc.''? All of these antibody constructs
come with their own set of advantages and challenges in the context of radio
imaging applications. Full-length IgGs and larger antibody fragments exceed
the glomerular filtration cut off (60 kDa) and increase the radiation-burden on
the liver due to the hepatic clearing route. Further as the neonatal Fc receptor
increases the serum half-life, by protecting the antibody from catabolism, the
biological half-life of the antibody needs to be matched with long-lived radi-
onuclides.'*!'"> Smaller constructs have been developed to increase the clear-
ance time of unbound tracer from blood and to achieve a higher target to back-
ground ratio. Naturally occurring, smaller antibodies are shark derived immu-
noglobolins (IgNARs)''® or camelid derived heavy chain antibodies
(HCADs)."” The variable domain of these antibodies (VNAR, VHH) can be
isolated and used as a single domain antibody, with a molecular weight of
15 kDa and fast pharmacokinetics in vivo.'"® These small molecules are well

21



perceived in the cancer imaging field,'*'* but have their own set of limita-
tions as well, like high kidney retention, due to their path of clearance'*""'** or
a low accumulation in the target tissue, due to fast blood clearance.'*

Bispecific antibodies are of great interest for both therapeutic and diagnostic
applications. In general the term bispecific for antibodies means, that an anti-
body can bind to two different antigens simultaneously.'** In our lab we have
used different bispecific antibody designs, such as a F(ab’)2 fragment of the
humanised version of the AP protofibril selective mAb158, connected to a full
8D3 antibody. As well as a recombinant version of mAb158 where two single
chain variable fragments (scFv) of 8D3 were fused to the C-terminus of the
light chains. Another design included a tribody consisting of two scFv158
connected to a Fab-8D3 or a scFv3D6 connected to an scFv8D3.'* Each of
these designs were evaluated for their potential as immunoPET tracers and
showed their own set of benefits and challenges. For this thesis we wanted to
create a bispecific antibody construct which is based on an IgG, connected to
one Fab fragment of 8D3 (Fig. 4). To achieve this goal we used the knobs-
into-holes antibody design. This established method utilises the heavy chains
of the antibody for heterodimerization. Here a knob variant was obtained by
exchanging two small amino acid with big amino acids on the first Cy3, like
T366W, where T with an IMGT volume class of 116.1 A? is considered small
and W with a volume of 227.8 A® is considered big.'** IMGT is an abbrevia-
tion for international ImMunoGeneTics information system®, which provides
standardised data about immunogenetics and immunoinformatics.'”” For the
hole, four large amino acid were exchanged with small amino acids on the
second Cy3."?® For further stabilisation additional disulphide bridges were im-
plemented.'?*13

Besides changing the structure of IgG antibodies to allow heterodimeriza-
tion, other ways to engineer antibodies can be used to modify their in vivo
behaviour. We further included a mutation to the knob-into-hole design which
is common for therapeutic antibodies. The Fc region of antibodies has several
effector functions. For an imaging agent, which is circulating in an organism
for several days, silenced effector functions are desirable. This can be
achieved by eliminating binding to the Fc-y receptor in through introduction
of the following mutations to the IgG Fc region: L234A, L235A, P329G
(LALA-PG). IgG1 type antibodies have a high level of innate cytotoxic func-
tions, which causes an immune response via two different pathways."*' Either
the complement-dependent cytotoxicity (CDC) or the antibody-dependent,
cell-mediated cytotoxicity (ADCC). The CDC initiates an immune response
where protein components of the serum attack pathogens via the activation of
a biochemical cascade.'*? During the ADCC response an effector cell of the
immune system lyses the cell the antibody is bound to."**'** The mutation
L234A and L235A have been shown to effectively reduce the ADCC re-
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sponse, as they are important for the Fc-y receptor binding on the Cy2 do-
main."* The P239A mutation has in addition been shown to effectively reduce
the CDC activity, without disturbing the ADCC activity.'*

Besides being important for effector functions, the Fc domain also plays an
important role for the serum half-life of antibodies."*’ Binding to the neonatal
Fc receptor (FcRn) is believed to recirculate an antibody and to extend its bi-
ological half-life."*® By mutating the binding region for the FcRn on the Fc-
domain of the antibody, H310A/H435Q (HAHQ), a reduced blood half-life
could be shown, but has to our knowledge not yet been applied to neuroimag-

ing.139_143
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Figure 4. Structure of antibodies which were used in this thesis. In paper I we
used RmADb 158 in a monospecific or bispecific format with single chain variable
fragments of 8D3. For paper II and I1I we used Bapineuzumab with two different
designs. A monospecific or bispecific design, which was created by using the
knob-into-hole design to containing a Fab8D3. All antibodies included LALA-
PG mutations (indicated as black box in Fc region), and two constructs contained
the HAHQ mutation (indicated as white box in Fc region).
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Radionuclides

An atom is composed of a
nucleus at the centre and one
or several electrons orbiting
around it, according to
Bohr’s atomic theory. Pri-
marily the nucleus is built
from protons and neutrons -
all together called nucleons.
By definition an atom consists of an equal number of protons in the nucleus
as number of electrons orbiting, giving a balanced charge. The chemical prop-
erties of an element is determined by the electronic configuration, whilst the
nuclear arrangement defines the stability and radioactive decay of the nucleus.
In the context of radiochemistry, the term nuclide is important.

The mass number A, atomic number Z and the arrangement of nucleons
identify the species of nuclides (Fig. 5). Especially the term isotope is of im-
portance, as it describes nuclides of the same atomic number, with the same
chemical properties, but with different mass number (by different number of
neutrons).'** For this work, an important example of a radioactive isotope of
fluorine is fluorine-18, as well as of Iodine is iodine-125.

Radioactive isotopes are instable due to their uneven number of neutrons
and protons. Because of that they undergo radioactive decay. Several different
types of decay are possible, but for this thesis the positron (B*) decay is of
importance to know. A radionuclide, which is positron rich decays via posi-
tron emission, accompanied by a neutrino v. The emitted positron reacts with
an electron in its surrounding. This process is called annihilation and emits
two photons with an energy of 511 keV. These photons are detected by the
PET-camera.'®

Figure 5. Atomic number.

lodine-124 and lodine-125

In our lab we primarily use two iodine isotopes for our studies, iodine-124 and
iodine-125.

lodine-124 has a half-life of 4.18 days and is produced in a reactor via the
Te(p,n)'**1 reaction, which is one of eight different production
paths.''#!%%197 Jodine-124 became of interest for antibody labelling since im-
aging with an iodine-124-labelled HMFGI antibody could be demonstrated in
1991."8°15! This radionuisotope is attractive for immunoPET as its half-life
matches with the biological half-life of antibodies. It decays to tellerium-124
by emitting 23% beta+-emissions with a mean positron energy of 2138 and
819 keV. But during the decay of iodine-124, gamma-rays occur as well,
where 50% of these have an energy of 603 keV, causing a background activity

24



on PET-images, as they cannot be distinguished from 511 keV annihilation
photons by the PET-scanner.'>

A drawback for iodine-124 usage is that it is not feasible to be used for
detecting primary thyroid cancers, stomach cancers, and urinary malignancies
(e.g., bladder cancer and prostate cancer) as the thyroid and the stomach can
scavenge iodide produced by deiodination. Further, this non-residualizing ra-
dioisotope is cleared via the urinary tract.'>?

lodine-125 is produced in a nuclear reactor via neutron capture,
12%Xe(n,y)'*Xe—>'%1. As the name indicates, a target nuclide captures a neu-
tron and the resulting excited nucleus releases energy as gamma-rays. lodine-
125 has a half-life of ca. 60 days. It decays to 100% via electron capture to a
metastable state of tellerium-125 and finally to a stable form of tellerium-125,
emitting a 35 keV gamma-ray (7%). The radionuclide can be bought commer-
cially in dilute sodium hydroxide solution.'** Todine-125 can be used for
SPECT imaging and has similar drawbacks regarding the investigation of cer-
tain body areas, as iodine-124.

Fluorine-18

Fluorine-18 is a cyclotron produced radionuclide commonly produced with
oxygen-18 enriched water, '"*O(p,n)'*F. The nuclide is recovered as F- from
the oxygen-18 water, which can be reused afterwards. The radionuclide has a
half-life of ca. 110 minutes, in which the nuclide decays back to oxygen-18
by emitting 97% positron-emission (0.6335 MeV) and 3% electron capture
(1.6555 MeV). It often is used to label glucose to produce 2-['*F]Fluoro-2-
deoxy-D-glucose (FDG). Fluorine-18 is an attractive radionuclide for PET im-
aging, as it has a short half-life and a low energy positron emission.'* The
short half-life is practical, as it lowers the amount of time healthy tissue will
be exposed to radiation. Due to its low positron energy, fluorine-18 displays
an advantageous positron range effect, which describes the distance a positron
has to travel within a tissue before annihilation occurs. In other words, the
annihilation event takes place close to the position of the radioisotope, result-
ing in an accurate display of position, which in direct connection creates a
high resolution of PET-images.'>**® Fluorine-18 is suitable for incorporation
into organic structures. Several prosthetic groups can be used to be fluorine-
18 labelled and bound in a stable way to lysine residues of antibodies, such as
N-Succinimidyl-4-['®F]-fluorobenzoate (['*F]SFB)"’ or ['"*F]Fluorobenzalde-
hyde (["*F]FBA)."*® In this thesis we labelled tetrazines with fluorine-18 and
used the IEDDA reaction to label our antibodies.’
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Radiometals

Radiometals have been broadly studied and can be found in clinical applica-
tions. They are of interest for antibody labelling due to their straightforward
labelling methods, large range of available half-lives and decay properties.'”
Two radiometals which have been explored for molecular imaging of the brain
are zirconium-89 and indium-111,¢%1!

Indium-111

Indium-111 has a half-life of 2.8 days. It can be produced in a cyclotron via
"Cd(p,n)'"'In and emits y-rays which makes it suitable for SPECT imag-
ing.162 Several chelators can be used for this radiometal, like 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-
1,4,7-triacetic acid (NOTA), diethylenetriaminepentaaceticacid (DTPA) and
deferoxamine (DFO).'** Our lab has experimented with tetrazine-DOTA and

a bispecific antibody to explore the use of this radiometal for brain imaging.

Zirconium-89

Zirconium-89 has a half-life of 3.3 days and it decays by positron emission
(22.3%) to metastable yttrium-89.'%* It can be produced in several different
ways, where the ¥Y (p,n)*Zr and Y (d,2n)*Zr reaction are the most common
one.'® It has been used extensively in the imaging field due the matching half-
life with the circulation time of antibody-constructs.'®®!%” Zirconium-89 can
be coupled to antibodies via bifunctional chelators, where a reactive group
enables the coupling to lysine or cysteine residues.''? Clinically used chelators
are NCS-DFO and DFO-N-suc,'®*'% as well as the recently developed DFO*-
NCS.' A recent study showed that the choice of chelator is important to im-
age intrabrain targets and DFO*-NCS is preferred over the other explored al-
ternatives.'”!

Bio-orthogonal reactions for brain-imaging

Conventional IgG antibodies have a size of around 150 kDa and possess a long
biological half-life. For them to be used for imaging purposes, the physical
half-life of the used radionuclide needs to be matched, forcing the use of long-
lived isotopes, such as iodine-124 or zirconium-89.'> However, in clinical
practise a long circulation time of a radiolabelled compound is viewed as un-
reasonable,'” as it will result in a high dose of activity.'”> A novel strategy to
avoid this issue could be pre-targeting and/or the use of a clearing agent.

The pre-targeting concept can be divided into two steps. In the first step a
modified antibody (or any other type of nanomedicine) is injected and is al-
lowed to circulate for a longer period of time to accumulate in the target tissue.
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In the second step, a radiolabelled small molecule is injected, interacts with
the modified antibody and allows imaging of the target region.'” The second-
ary imaging agent should ideally have fast pharmacokinetics and clear from
the blood rapidly to provide a high-quality image and a lower radiation burden
on healthy tissue.

The concept of pre-targeted imaging or immunotherapy was conceived al-
ready in the mid-1980ies, but immunogenic responses were clear drawbacks
from the first generation pre-targeting approaches, which changed with the
development of bio-orthogonal reactions.'”*!”® Bio-orthogonal reactions are
defined as biochemical reactions which do not interfere with the functional
groups within the living organism. The term was coined in 2003 and the meth-
odology received a Nobel prize in chemistry in 2022.'""!7® Several bio-orthog-
onal reactions exist,’” but the Inverse-electron-demand Diels—Alder
(IEDDA), also called tetrazine ligation, is the most relevant for this thesis. The
IEDDA was pioneered by Fox and co-workers, who showed that the reaction
between an electron-deficient tetrazine and a highly strained trans-cy-
clooctene (TCO) could take place in complex media like cell lysates.'s*!®!
This led to several pre-targeting proof of concepts in vitro followed shortly
after,'®* as well as in vivo,'® as well as in the brain.'®*
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Methodology

Mouse models

Experiments for paper I and paper IV were conducted using WT mice as
well as a transgenic AP pathology model (tg-ArcSwe), both maintained on a
C57BL/6 genetic background. Tg-ArcSwe expresses human Af precursor
protein (ABPP) with the Swedish (KM670/671NL)'® and Arctic (E693G)'®¢
mutations, causing an early onset of AP pathology, starting with intracellular
aggregation, followed by parenchymal plaque formation."®” The plaque for-
mation progresses with age and plaques can be found in cortex, hippocampus,
and thalamus, as well as in the cerebellum in later stages. The dense core
plaques of tg-ArcSwe are similar to the pathology found in humans.'*®

Experiments for paper II and paper III were performed in WT mice as
well as in the human ABPP knock-in mouse model App™*%* maintained on a
C57BL/6 background. The App™ ¢ model carries the Swedish (APPP
KM670/671NL), the Arctic (ABPP E693G) and the Iberian (1716F) ABPP mu-
tations and displays cortical AP deposits already at 2 months of age.'®® In ad-
dition to the pathology manifestation of the Arctic and Swedish mutation, the
Iberian mutation causes an elevated ratio of AB42/AP4o. The pathology consists
of smaller AP deposits and shows less abundant dense core plaques, as well
as an overall diffuse AB-plaque pathology.'®

All procedures described in this study were approved by the Uppsala
County Animal Ethics board (C17/14, 5.8.18-13350/2017 and 5.8.18-
20401/2020), and were in accord with the rules and regulations of the Swedish
Animal Welfare Agency and complied with the European Communities Coun-
cil Directive of 22 September 2010 (2010/63/EU).

Recombinant protein-expression

In paper I, we used the monoclonal antibody mAb158, which binds selec-
tively to AP protofibrils.'”! The antibody was expressed in-house, which al-
lowed us to design various antibody variants. Here we have used the recom-
binant version RmAb158 and attached TfR binders (scFv8D3) to its light
chains to obtain the bispecific, brain penetrating version RmAbI58-
scFv8D3.!> The antibodies were expressed in Expi293f mammalian cells,
transiently transfected with DNA cloned into a plasmid (pcDNA3.4 vectors)
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encoding the sequences for the heavy and light chains of the antibody variants
and incubated for 7 to 8 days. The antibody was purified from the cell medium
with an AKTA system, using a protein G column, which binds to the Fc do-
main of the antibody. The buffer was subsequently exchanged to phosphate
buffered saline. Till usage, the proteins were stored at —80 °C.

The antibodies for paper II and paper I1I were based on the humanised
monoclonal antibody Bapineuzumab and designed with the knob-into-hole
technique, based on the Roche brain shuttle format.'”* A single chain Fab frag-
ment of the TfR antibody 8D3'%" was attached to the C-terminus of the Bapi-
neuzumab heavy chain, this design is based on a reported patent.'** Additional
monovalent Bapineuzumab was produced for comparison reasons. Both anti-
body formats were designed with and without the inclusion of two mutations:
HAHQ, to reduce the binding to the neonatal Fc receptor, and LALA-PG to
attenuate effector functions in vivo.

The production is described in great detail in paper II, in short: the anti-
bodies were expressed recombinantly in ExpiCHO™ cells using the Ex-
piCHO Expression System Kit. The pcDNA3.4 vectors were added and the
transfection was performed according to the manufacturer's instructions. After
expression for 7-9 days, the media was harvested by centrifugation. After ster-
ile filtration of the medium, the antibodies were subsequently purified from
the cell supernatant with a protein A column using an AKTA system. For an-
tibodies without an mTfR binding moiety, the buffer was changed to PBS us-
ing a desalting column, subsequent to purification. Bispecific antibodies de-
signed with knobs-into-holes mutations were further purified with size exclu-
sion chromatography (SEC). The peak containing monomeric antibody was
collected.

Antibody modifications

For paper I antibodies were modified in several different ways to investigate
clearance from the body, either directly via mannosylation or with TCO-moi-
eties for induced clearance. To follow the biodistribution of the antibodies in
vivo the proteins were radiolabelled with iodine-125 for paper I and paper
II. In paper III the antibodies were first TCO modified to further be labelled
with a fluorine-18 bearing tetrazine.

Mannose

RmAb158-scFv8D3 and RmAb158 were mannolsyated with a D-Mannopy-
ranosylphenyl isothiocyanate. I[sothiocyanates (SCN) contain an electrophilic
carbon atom, which can react with nucleophiles, such as hydroxyl-, amino-,
or thiol-groups (like Tyrosine, Lysine or Cysteine) to form O-thiocarbamates,
thiourea or dithiocarbamate. The antibody dissolved in PBS was incubated
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with 33 mM sodium carbonate buffer, pH 10, and mannose for 3 h at room
temperature. The excess mannose was removed with Zeba spin desalting col-
umns and eluted in PBS.

TCO-Modification

Antibodies designed to interact with the CA or fluorine-18 labelled tetrazines,
were modified with trans-cyclooctene (TCO). To achieve this modification,
the amino-group from lysine residues of the antibody were functionalised with
an activated NHS-ester tag attached to the TCO. The antibody, typically 1
mg/ml in PBS was supplemented with 30 mM sodium carbonate buffer, pH
8.0, and reacted with axial TCO NHS dissolved DMSO to 10 mM at a 15-20
x TCO antibody ligand molar ratio. The solution was incubated for 3 h in
darkness while shaking at 600 rpm, and subsequently purified from remaining
unreacted TCO with a desalting column and eluted in PBS. For experiments
with iodine-125, radiolabelling was performed before TCO-modification.

Clearing Agent

Clearing agents (CA) to improve the imaging contrast are being researched on
for more than 30 years already, Sinitsyn et al demonstrated the principle of
induced cleaing by using a (strept)avidin-biotin based clearing agent in 1989
already,'” and several other methods have been described since
then.!">!7617%:1% A clearing agent we have used in paper I was published by
Rossin et al. in 2013."7 This agent is based on albumin and functionalised
twice, with a tetrazine-based structure, as well as galactose moieties. The te-
trazine will be used for the IEDDA reaction, and the galactose modification is
targeting the liver via Ashwell receptors on hepatocytes'*® and thus enhancing
the clearance from the blood. Initially designed to enhance the target-to-blood
ratio for pre-targeting, we used a clearing agent to remove peripheral radio-
labelled antibody to enhance the imaging contrast.

Verification of TCO-modification

In paper 1, the verification of the TCO modification was done by mixing the
TCO modified antibody with the CA (3.0 mg/mL) and incubating it for 30 min
while shaking at 600 rpm. Bolt 4x LDS sample buffer was added to the sample
and then loaded on a 12 well Bolt 8% Bis-Tris SDS-PAGE gel, which was run
at 200 V for 35 min. The gel was exposed to a phosphor imaging plate over-
night and after scanning with a Cyclone Plus Imager system at a resolution of
600 dpi, the gel was stained for proteins with PageBlue staining solution.
TCO-modification of the antibody could be verified via the size difference of
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a negative control and the antibody-TCO-CA mixture. The CA contains albu-
min and creates in combination with the antibody a higher molecular band on
the SDS-PAGE.

Radiochemistry

In paper III and IV, tetrazines were fluorine-18-labelled with a two-step pro-
cedure. ['®F]Fluoride was transferred from the cyclotron, trapped on a chro-
mabond ion-exchange column and reacted on the solid support with a quater-
nary ammonium precursor passed over the cartridge, omitting the drying of
the ['®F]fluoride. The effluent containing the formed ['*F]Py-TFP prosthetic
group was transferred, via a cation exchange cartridge that removed unreacted
precursor, to a reaction vessel where the fluorine-18-labelled tetrazines were
synthesized by an amidation reaction. Tetrazine 6a and 6b were used in paper
IV, tetrazine 6¢ was used in paper I11.
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Scheme 1. ['8F]Fluoride was trapped on a Chromabond PS-HCO; cartridge and dried
with acetonitrile. a) The precursor Py-TFP 3 in acetonitrile was reacted with the
['8F]fluoride on the solid support and the formed ['®F]F-Py-TFP 4 eluted from the
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cartridge . Unreacted precursor Py-TFP 3 was removed by an Oasis MCX Plus car-
tridge . b) The labelled tetrazines ['*F]MeTz 6a and ['*F]HTz 6b ['®F]MeTz 6¢ were
synthesized by direct amidation.

Iodine labelling

For radioiodination of antibodies, the chloramine T method was used, in
which chloramine T oxidizes '*°I to '*’I" and the anionic form of tyrosine re-
acts to '®I-tysosin. To an antibody iodine-125 mixture, chloramine T was
added (5 pg, 200 uM in PBS) and incubated for 90 seconds at room tempera-
ture. The reaction was quenched by addition of 10 pg (440 uM in PBS) of
sodium-metabisulfite. After purifying the radiolabelled antibody with a de-
salting column, the final activity was measured in an ion chamber. The radio-
labelling was performed before the TCO-modification to prevent isomerisa-
tion of TCO in to cis-cyclooctene (CCO) induced by chloramine T.

Binding assays

ELISA

To estimate antibody binding affinities towards a certain antigen before and
after modifications enzyme-linked immunosorbent (ELISA) is a suitable, sen-
sitive and widely used method. This method was used for paper I to III as
quality control in form of an indirect ELISA or sandwich ELISA. To briefly
describe the method: a 96-well plate was coated with A protofibrils, TfR or
anti-mouse or anti-human antibody and a sample of modified antibodies were
applied in different dilutions. For detection, we used a secondary antibody,
conjugated to horseradish peroxidase enzyme (HRP), which was directed to-
wards the Fab region of the primary antibody. HRP reacts with K blue aqueous
TMB substrate, the resulted colour change can be detected with a spectropho-
tometer.

Surface plasmon resonance (SPR)

Developed in the late 1980ies this method can be used as a biosensor for in-
teractions of biomolecules, such as antigen-antibody interactions.'”® For this
procedure a protein is immobilised to a dextrane matrix on the sensor surface.
An analyte is flushed over the surface in solution and the bound analyte
changes the refractive index of the sensor surface, influencing the reflection
angle of the lightsource, which can be measured.'”’ This is a sensitive method
that was used in paper II to assess TfR binding of the bispecific antibodies
and confirm their monovalent T{R binding.
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FcRn Column

First invented to monitor the changes of integrity of the Fc domain of thera-
peutic antibodies during storage, analysis of the FcRn binding modalities can
be used to verify the attenuation of the FcRn mutation as well.** The FcRn is
a non-covalent heterodimer and each interacts with the FcRn binding regions
on the Fc domain of the IgG heavy chain in a pH dependent matter.””' % Due
to the pH sensitivity of the FcRn binding region of an IgG antibody, the anti-
body evades degradation by staying bound to the receptor in the acidic envi-
ronment of endosomes. 204203

The FcRn column was coated with FcRn/B2-microglobulin and the anti-
body samples were applied on the column in a buffer (buffer A: 20 mM MeS,
150 mM NaCl) of pH 5.5.%° If the FcRn binding region of the antibody is
intact, the antibody stays on the column till the buffer gets changed to a higher
pH (20 mM tris/HCI, 150 mM NaCl, pH 8.8). If the sample is eluted immedi-
ately, no interaction with the column took place, indicating the FcRn attenua-
tion mutation worked. We used this analysis method in paper II to confirm
the effect of binding attenuation to the FcRn.

Imaging

Several different techniques are used in clinics to image the brain, such as
MRI, CT, as well as PET and SPECT. Conventional imaging methods, such
as MRI and CT, visualise non-specific changes in the morphology of tissue
[51]. However, in the diagnosis of neurodegenerative diseases, the depiction
of physiological and biochemical changes are important. For this purpose PET
and SPECT are valuable methods.

PET and SPECT

Both PET and SPECT detect high energy-photons emerging through decay of
an administered radiotracer. PET imaging is based on the annihilation of a
positron with an electron, which produces two high-energy photons (long-
wave gamma rays, 511 keV each) emitted at an angle of 180° to each other.
These photons are detected by a detector ring inside a PET scanner.?’” The
PET scanner locates the annihilation event by estimating the line-of-response
between the two detection sides on the ring.””® PET can give valuable specific
information about the target and reveal the spatial distribution and quantity of
the radiotracer.

SPECT imaging systems consist of a gamma camera, which detects the de-
cay of gamma-emitting radionuclides by rotating a detector around the
scanned object. Due to the design of the detector (collimator-type) only
gamma-particles entering at a specific angle can be detected, which helps to
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determine the point of origin, but reduces the sensitivity of the method.?” Both
techniques are suitable for investigating the pharmacokinetic properties of ra-
diolabelled substances, but in a clinical setting, PET imaging is more sensitive
and shows a higher resolution than SPECT %>

Brain retention was investigated with PET and SPECT with fluorine-18
and iodine-125, respectively. For paper I, iodine-125 was used to match the
long biological half-life of the IgG based antibody ligand. Mice were scanned
in a nanoScan SPECT/CT one hour before, one hour and one day after CA
injection. For paper I1I and IV, PET was used to investigate the organ reten-
tion to analyse the in vivo behaviour of either fluorine-18 labelled antibodies
or two fluorine-18 labelled tetrazines.

Brain distribution of radiolabelled antibodies

To visualise the distribution of an injected radiolabelled antibody in relation
to specific brain vasculature and pathologic lesions in histological prepara-
tions, immunostaining methods as well as different autoradiography methods
were used.

Immunostaining

Immunostaining describes a method to visualise proteins in post mortem tissue
by using antibodies. First, frozen brain tissue were cryosectioned in coronal
or sagittal orientation. Cryosectioning describes the process of slicing small
fractions of a frozen brain tissue at -20°C. Depending on the protocol, the tis-
sue was fixated with 4% paraformaldehyde or ice-cold methanol. Further, the
unspecific binding sites need to be masked by using a blocking buffer, which
done by using serum. After application and incubation with a primary anti-
body that binds the target of interest, a secondary antibody, usually connected
to a fluorophore, was applied to detect the primary antibody, and thereby the
target structure, under a microscope. This method was used in paper I and I1.

Autoradiography

Autoradiography is based on the detection of radioactivity in a tissue by a
phosphor imaging plate. Phosphor imaging is a robust, yet sensitive method
for the quantification of tissue sections treated with radiolabelled com-
pounds,?'’ either directly applied to the tissue in vitro or administered in vivo.
Imaging plates are photostimulable phosphor screens on a plastic base, or
more simply spoken, a phosphor which can store images. Typically it is build
out of four layers, a protective plastic layer, a phototostimulable phosphor
layer, a polyester support layer and a plastic backbone. The most important
layer of the plate is the phosphor layer, which contains a [BaF (Br0.85,10.15)
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: Eu®"] crystal mixed with a binder.*!' When ionising radiation is absorbed

Eu?’ is losing an electron, which is trapped in the crystal.?'>*'* A He-Ne laser
can excite the trapped electrons and an emission of blue light can be detected.
This process is called photostimulated luminescence.?'

To perform ex vivo autoradiography, coronal or sagittal brain cryosections
from mice injected with a radiolabelled antibody were exposed to phosphor-
imaging plates. The exposure time varied depending on the type and amount
of radioisotope used in the studies.

Nuclear track emulsion

Nuclear track emulsion (NTE) or microautoradiography is used to provide an
image of the distribution of a radioactive compound on cellular level. It was
established in the 1970s*'>2!® and relies on direct exposure of a radioactive
tissue sample to a photographic emulsion.?'’ The great benefit of NTE is the
more detailed localisation of the radioactive compound in tissue samples and
it was used in paper I and II.

A microscopic slide containing a coronal or sagittal brain section was im-
munostained with antibodies visualising brain targets of interest, in this case
AP and the vascular marker CD31, then submerged in nuclear emulsion. The
emulsion contains silver halide crystals, like silver bromide (AgBr), which
after exposure to ionising radiation form a cluster of silver atoms that are vis-
ible after development of the emulsion. The ionising radiation absorbed by the
silver halide crystals releases free electrons and creates electron deficient bro-
mine atoms. This movement of electrons, in combination with free silver ions,
forms a cluster of four or more silver atoms and creates a latent image centre,
which can be reduced to metallic silver during development.?!’
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Aims

The overall aim of this thesis was to improve antibody based imaging in the
brain, by increasing the contrast and shorten the time between tracer injection
and imaging. To achieve this, various strategies to enhance the peripheral
clearance of an antibody-based imaging ligand, as well as exploring in vivo
pre-targeting possibilities were investigated. The specific aims were the fol-
lowing:

In paper I, we compared two peripheral clearing approaches with each other
to assess their effect on antibody-based SPECT imaging. For this we modified
antibodies either via attachment of a mannose-residue for direct clearance or
by using a two-step induced clearing approach, based on the IEDDA reaction.

In paper II we wanted to investigate the reduction of the biological half-life
of two different antibodies, achieved by protein engineering to attenuate the
neonatal Fc-receptor binding. Further, we wanted to characterise their in vivo
behaviour in WT and AD mouse models (4pp™*-%") and evaluate their poten-
tial for immunoPET applications.

In paper III we radiolabelled the leading antibody candidates of paper 11
with fluorine-18 to evaluate them with PET imaging. We thus aimed to ana-
lyse their uptake over a time course of 9 h and in addition, to try to discrimi-
nate between WT and AD mouse models (4pp"°") 12 h after antibody in-
jection.

In paper IV we aimed to develop novel radiolabelled tetrazines for pre-tar-
geting applications. Specifically, two tetrazines with similar structure were
fluorine-18 labelled and evaluated in vivo with PET imaging to assess their
pharmacokinetic properties.
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Summary of Paper [-IV

Paper 1

In Paper I, two peripheral clearing approaches were compared to assess their
effect on antibody-based SPECT-imaging.

The AB-binding antibody RmAb158 and its bispecific, brain penetrating
version RmAb158-scFv8D3 were functionalised for liver-targeted clearance
by two different methods. The first method involved the attachment of a man-
nose sugar molecule, which served to interact with the liver to result in direct
clearance of the antibody from blood. The second method involved modifying
the antibodies with TCO moieties and inducing clearance through the injec-
tion of a CA three days after antibody injection. The CA was based on albumin
and functionalised with tetrazines, for interaction with the TCO-functionalised
antibody, as well as galactose for liver targeted excretion.

The antibodies were radiolabelled with iodine-125 and injected into
wildtype (WT) or AD mice (tg-ArcSwe). The mice injected with mannose-
modified antibody were sacrificed after 24 h. For the induced clearing strategy
the antibodies were left to circulate in vivo for three days before the clearance
was induced by injection of a CA. Mice which were selected for induced clear-
ance were imaged with SPECT at 72 h after antibody injection, as well as 2 h
and 24 h after CA administration. The clearance of the antibodies was moni-
tored with blood sampling throughout the experimental period and quantified
by measurement of radioactivity in the blood samples.

None of the clearing strategies worked well with the bispecific RmAb158-
scFv8D3 antibody, as the plasma availability of this antibody was too low,
due to interaction with TfR on blood cells. The direct clearing strategy via
mannose did not look promising for RmAb158, as the antibody was cleared
too fast to allow sufficient brain accumulation. However, we could show that
the induced clearing strategy substantially lowered the blood concentration of
['**I]I-RmAb158 already at 2 h after CA administration, allowing us to image
the antibody in the brain with increased contrast at an earlier time point, thus
enabling us to show a proof-of-concept.

In conclusion, an increased contrast was demonstrated by combining an anti-

body-based imaging tracer with an induced clearing strategy, setting the foun-
dation for future induced clearing strategies with different antibody ligands.
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Paper 11

In Paper I1, the reduction in the biological half-life of antibodies was inves-
tigated by attenuating their binding to the neonatal Fc-receptor (FcRn) for po-
tential use in immunoPET. Two bispecific, brain penetrating antibodies and
two regular, monospecific IgG versions were designed, all based on the Ap-
binding, humanised antibody Bapineuzumab (Bapi). The two bispecific anti-
bodies (Bapi-Fab8D3) were designed with knob-into-hole technique to enable
monovalent recombinant fusion of the TfR antibody fragment Fab8D3 to the
C-terminus of one of the heavy chains. The other two antibodies (Bapi) were
of regular monospecific IgG design. One bispecific and one monospecific an-
tibody contained a two amino acid mutation (HAHQ) to lower the binding to
FcRn, which plays a crucial role for the biological half-life of antibodies. The
introduction of this mutation (FcRn-) thus aimed to decrease the antibodies’
residence time in blood. After production, the antibodies were assessed for
quality and binding to AP, TfR and FcRn. To evaluate the influence of the
FcRn mutation on blood clearance and brain penetration, the four antibodies
were radiolabelled with iodine-125 and injected in WT mice. Blood concen-
trations of the antibodies were assessed at 5 and 30 min, as well as 2, 6, 24,
48, 72 and 170 h after injection. Brain concentrations were measured ex vivo
at 3 h or 7 days after injection. Finally, the two bispecific constructs (Bapi-
Fab8D3 and Bapi-Fab8D3"*™) were radiolabelled and injected into WT and
AD mice (4pp™-“T) to assess the influence of the FcRn mutation on the brain,
blood and peripheral organ biodistribution at 12 h and 24 h after injection.

Ex vivo evaluation of the four antibodies in WT mice showed a clear dif-
ference in brain uptake between the bispecific and monospecific antibody con-
structs 3 h after administration. When assessed over a seven day period, blood
concentrations of the antibodies with the FcRn mutation declined substantially
faster than the non-mutated variants and thus clearly reduced their biological
half-life. We could calculate the blood half-lifes of the antibodies to the fol-
lowing: Bapi™*™: 4.5 h, Bapi: 23.7 h, Bapi-Fab8D3"R": 4.5 h, Bapi-Fab8D3:
22.3 h. The 24 h study in WT and App™“" mice showed a significantly higher
brain retention in App™* mice compared to WT mice. Importantly, the rel-
ative retention of Bapi-Fab8D3"*™ in App™*“F mice was considerably higher
compared with the non-mutated Bapi-Fab8D3, which means more antibody
was in the brain, in relation to the blood. This brain-to-blood ratio is an im-
portant factor to evaluate if the accumulation of a radiotracer, and therefore its
signal, will be higher than the background provided by the residual tracer in
the blood. Already 12 h after injection, Bapi-Fab8D3"*™ displayed a higher
brain-to-blood ratio in App™ " compared with WT mice.

In conclusion the FcRn mutated antibodies showed rapid blood elimination
and high brain uptake. Reducing the biological half-life by mutating the FcRn
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binding of an antibody resulted in a high brain-to-blood ratio and discrimina-
tion between AD and WT mice already 12 h after antibody administration.
This is a promising step to make antibody-based PET imaging feasible for
clinical use. By decreasing the residence time of antibodies in the blood and
increasing the brain-to-blood ratio, the FcRn mutated antibodies have the po-
tential to provide better contrast and diagnostic accuracy for imaging Af pa-
thology in AD patients. Further optimization and investigation of these mod-
ified antibodies may contribute to the development of more effective diagnos-
tic tools for Alzheimer's disease and other neurodegenerative disorders.

Paper 111

In Paper I11, in vivo PET was performed to evaluate the pharmacokinetics of
fluorine-18 labelled antibodies with attenuated neonatal Fc-receptor binding,
as well as their ability to detect and quantify AB pathology in App™-“" mice.
The bispecific Bapi-Fab8D3"*™ and the regular monospecific Bapi"*" from
paper II were functionalised with TCO and radiolabelled with a fluorine-18
labelled tetrazine for PET imaging. A total of six WT mice per antibody were
injected with the radiolabelled antibodies and PET scanned in an alternating
manner, resulting in brain PET data for 3 mice per time point with almost
complete coverage over 9 h after the first injection. Time shifted injections
allowed for blood sampling at 5 and 30 min, as well as 1, 2, 3,4, 6 and 7 h
post injection of mice that were not currently in the scanner. All animals were
euthanized 9 h after injection. Terminal blood, brains and peripheral organs
were extracted and the biodistribution of the two antibodies were compared.
Time-activity curves (TAC) of the antibodies were extracted from the PET
images and compared to each other. Based on findings in paper 11, a second
PET experiment was performed, where 3 WT and 3 App™-“" mice were in-
jected with ['*F]F-Bapi-Fab8D3"*™ and scanned 12 h after antibody injection.
Ex vivo measurements of brain, blood and peripheral organs were extracted,
measured and compared.

The in vivo dynamics of the FcRn mutated antibodies were visualised with
alternating PET scans, to obtaine a nearly complete coverage of the total brain
concentration of ['*F]F-Bapi"**™ and ['*F]F-Bapi-Fab8D3"*™ over a 9 h pe-
riod. PET data demonstrated that while total brain concentration of ['*F]F-
Bapi"®™ started to decline immediately after injection, ['®F]F-Bapi-
Fab8D3""™ initially displayed a stable brain concentration, followed by drop
and then a slow decline. Blood sampling showed that both antibodies were
eliminated from blood at a rate that closely mirrored the PET derived brain
elimination of ['*F]F-Bapi"®™, suggesting its PET signal primarily reflected
concentration in blood, whereas the PET signal of ['*F]F-Bapi-Fab8D3" "™
reflected also a significant brain uptake due to TfR mediated transport over
the BBB. Indeed, when PET data was compared with the measurements of
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post mortem brain retention, ['*F]Bapi-Fab8D3"*™ displayed a ten-fold
higher uptake compared to [18F]Bapi**™. Finally, PET imaging was con-
ducted in App™F and WT mice 12 h after injection of ['*F]Bapi-Fab8D3" "™
. Higher standard uptake values (SUV) were recorded in App™-“* mice, but
due to the small group size, the difference did not reach significance (p values
were 0.10, 0.09 and 0.07 for whole brain, cortex and hippocampus, respec-
tively). Since the AP pathology of App™“"“* mice is spread throughout the
whole brain, it is difficult to find a suitable internal reference region for nor-
malisation, by the use of an SUV ratio. However, when ['*F]Bapi-Fab8D3" "™
retention was instead normalised to terminal blood concentrations, obtained
immediately after scanning, variation between animals was considerably re-
duced. The resulting brain-to-blood ratio was thus significantly higher in all
assessed brain regions of App™"“* compared to WT.

To conclude, antibody-based imaging is a promising method to image AP
pathology. This study showed the in vivo dynamics of the TfR mediated
transport of a bispecific antibody into the brain. In addition, a mutation of the
antibodys’ FcRn binding allowed for the quantification of AP pathology and
discrimination between AD from WT mice with immunoPET imaging already
12 h after antibody administration. This study bring us an additional step to-
wards development of a clinically useful method for immunoPET imaging in
the brain.

Paper IV

In Paper IV, two tetrazines were radiolabelled with fluorine-18 to evaluate
their potential for pre-targeting. Pre-targeting describes the concept of com-
bining the high specificity of antibodies with the fast kinetics of small mole-
cules. A typical sequence of events would be the injection of an antibody,
modified with a small molecule, such as a TCO which is allowed to circulate
for few days to accumulate at the target and to be cleared from the periphery.
In a second step a small, fluorine-18 labelled tetrazine with fast kinetics and
homogenous brain distribution is injected and forms a covalent bond with the
TCO-group of the antibody to enable visualisation of the antibody.

Two compounds, a methyl tetrazine (MeTz) and an H-tetrazine (HTz) were
selected based on their lipophilicity. A small molecule aimed for brain-pene-
tration has to have a balance of lipophilicity and hydrophilicity in order to
penetrate the BBB without remaining in the brain. Both tetrazines were radi-
olabelled using a two-step procedure via ['*F]F-Py-TFP, synthesized on solid
support followed by amidation with amine-bearing tetrazines. PET imaging
was performed in WT and tg-ArcSwe mice to assess the brain pharmacoki-
netic properties of the tetrazines. To determine their suitability for in vivo pre-
targeting, they should enter the brain in high concentrations and then be rap-
idly cleared from the brain tissue. Time-activity curves were derived from the
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PET images and analysed to evaluate the potential of the tetrazines to be used
for pre-targeting.

Both compounds, ["*F]MeTz and ['*F]HTz were successfully radiolabelled
resulting in radiochemical yields of 24% and 22%, respectively, and a radio-
chemical purity of > 96%. The corresponding reference compounds were syn-
thetised and the structures were confirmed via NMR.

The PET scans in mice showed that both ['*F]MeTz and ['"*F]HTz were
able to cross the BBB and reach the brain. Following PET scans, TACs of
["*F]MeTz and ['®F]HTz from in the whole brain, cortex, hippocampus and
cerebellum were extracted. Both labelled tetrazines displayed a maximum
concentration (Cmax) in the whole brain within the first minute, followed by a
gradual decline over the 60 min scanning time. ['"*F]MeTz had a higher brain
uptake compared ['*F]HTz, suggesting that ['*F]MeTz crossed the BBB more
efficiently. But even though ['®F]MeTz entered the brain to a larger extent
within the first five minutes, both were clearance from the brain to a similar
concentration, making them promising candidates for further pre-targeted
PET imaging evaluation.

Antibody-based therapy for Alzheimer’s disease is in development, and
therefore we need suitable diagnostic methods to screen for the target in the
brain and to monitor the effect of therapy. The fluorine-18 labelled tetrazines
evaluated in this study may become important tools for future development of
pre-targeted imaging of AP in AD.
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Results and discussion

Increased peripheral clearance

Several factors are influencing the biological half-life of an antibody. In this
thesis the antibody size, the functionality of its Fc domain, chemical modifi-
cations, as well as the TfR affinity and valency were described.

Our research group has investigated immunoPET with TfR bearing anti-
bodies in multiple studies over the past decade. ?>7"7!:73108109.123218 Gayera] dif-
ferent antibody designs have been explored'” (Fig. 6.) and explained in re-
gards to their potential for immunoPET. An important aspect to consider is
the time between injection and imaging, as it influences the radiation dose the
patient will receive, as well as and the resolution, by providing a favourable
signal-to-noise ratio. The smallest antibody construct designed in our lab
showed the best pharmacokinetic profile for immunoPET, which allowed im-
aging one day after injection.”> However, this antibody format suffered from
low production yields and instability issues, which is why larger antibody con-
structs might be more beneficial. However, due to their larger size and inter-
actions with the FcRn, which governs the recirculation of antibodies, the bio-
logical half-life of full IgG radiotracers is less favourable. As an example, in
previous studies from our group we could show that an iodine-125 labelled
IgG antibody (RmAb158) can be imaged in the brain up to 27-days post in-
jection (p.i.), but a favourable target-to-background ratio was only achieved
after 14-days.'” As described in the paper, the slow peripheral clearance of
the antibody resulted in noisy SPECT images up to 14 days p.i. Thus, as stated
in one of our previous papers, “the difficulties with antibody based radiolig-
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ands is [..] not the extent of brain delivery per se but rather the slow elimina-
tion from blood”.'"”® A faster blood-clearance can be achieved not only by re-
ducing the size of the antibody, but also by using active clearing strategies
from the blood.

In Paper I, the antibody RmAb158 was chemically modified with mannose
for enhanced clearance by targeting liver receptors. To visualise the behaviour
of the antibody in the blood, it was radiolabelled with iodine-125. A clear ef-
fect on mannose-['*’I]JI-RmAb158 was observed, already 5 min after injection.
At this time point, the concentration of mannose-['*’I]I-RmAb158 was on av-
erage 12 %ID/g compared to 27 %ID/g for the non-mannosylated ['*I]I-
RmADb158. At 24 h p.i. blood concentration of mannose-['*’I]I-RmAb158 had
decreased to 0.6 %ID/g, compared to 6 %ID/g for ['*I]I-RmAb158. This in-
dicated that mannose modified RmAb158 was cleared from the blood substan-
tially faster than unmodified RmAb158 and that the clearance was efficient
already at the earliest studied time point. To reduce the blood-circulation time
this method worked excellently, however the clearance was too effective, re-
sulting in a lower brain-uptake, compared to the non-mannosylated control.
This highlights the important balance between clearance and uptake.

In addition, another strategy was examined, which involved induced clear-
ance via a CA. The idea of induced clearance is not new; however, it has pri-
marily been explored for cancer imaging or therapy purposes.'”’*!°2?! In Pa-
per 1, an iodine-125 radiolabelled antibody, modified with TCO, was injected
into mice. Three days later, the albumin-based CA, modified with tetrazine to
promote IEDDA conjugation with the TCO, was injected to promote clearance
via the liver. Blood sampling throughout the experiment showed that the radi-
oactivity signal in blood dropped immediately after injection of the CA, indi-
cating a rapid clearance effect. Consequently, we also observed a considerably
higher radioactive signal in the liver of mice euthanized 1.5 h after CA admin-
istration compared to non-injected animals, which is in line with the expected
mechanism of action. Indeed, the induced clearing strategy did prove the in-
tended principle, as it reduced the time between antibody administration and
SPECT imaging for RmAb158.

However, for the imaging to work properly, higher antibody brain concen-
trations must be achieved. Therefore, the bispecific, brain-penetrating
RmAb158-scFv8D3 was also studied in Paper I. RmAb158-scFv8D3 was
largely unaffected by both strategies to enhance blood clearance. Conse-
quently, an additional experiment was performed hypothesizing that the effect
of both clearing strategies could be dependent on the fraction of free antibody
in plasma. Thus, ['*I]I-RmAb158-scFv8D3 and ['*I]I-RmAb158 were in-
jected in mice and the amount of radioactivity in plasma was compared with
that in total blood and in blood cell pellet. The result showed that only 10—-20%
of ['"*I]JI-RmAb158-scFv8D3 was free in plasma and the rest was bound to
blood cells, while ['*’I]I-RmAb158 was more available in plasma, with around
90% found in the plasma fraction. Previous studies in the research group
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showed that a stronger affinity to TfR resulted in a lower plasma availabil-
ity,”*#?223 most likely due to their binding to TfR on blood cells, as seen in
paper I, and to TfR in peripheral organs and tissues. Further, the properties
of the TfR-binders will affect these interactions, such that high affinity or
avidity will increase binding to TfR, leading to faster clearance from blood
and subsequent degradation.

Increased peripheral clearance can be provided by modifying the antibody
by adding sugar-residues, as discussed above, or by genetic modification of
the antibody properties. In Paper II, the blood-clearance of an antibody with
a modified protein sequence was explored to reduce the binding to the FcRn,
which is important for the re-circulation of an antibody in vivo. To investigate
this effect, the biological half-lives of ['*I]I-Bapi, ['*I]I-Bapi"*™, ['*I]I-
Bapi-Fab8D3 and ['*I]I-Bapi-Fab8D3"*™ in WT mice were analysed. In WT
mice, the influence of the FcRn attenuation on blood clearance and brain pen-
etration could be studied without the influence of an intrabrain target. Both
antibodies with the FcRn mutation displayed an increased clearance from the
blood, compared with their non-mutated variants. This influence was visible
already 6 h post injection and displayed a clear separation after 24 h. The FcRn
mutation reduced the biological half-life to be 5-times shorter, compared to
the non-mutated control, resulting in a biological half-life of 4.5 h of ['*I]I-
Bapi"®™, compared to 23.7h of ['®I]I-Bapi and 4.5h for ['*’I]I-Bapi-
Fab8D3""™ compared to 22.3 h of ['*I]I-Bapi-Fab8D3. Interestingly, alt-
hough the non-mutated ['*I]I-Bapi-Fab8D3 displayed faster clearance than
['*1]I-Bapi, due to its interaction with the TfR,***** the mutated variants had
almost identical pharmacokinetics. At the end of the experiment, seven days
after injection, both antibodies with the FcRn mutation showed an overall
lower total blood concentration. The effect of the mutation was especially ev-
ident for the antibodies without TfR-binder, which displayed a large differ-
ence in blood concentration and is in line with previous studies on the influ-
ence of the FcRn on the biological half-life of antibodies.'*******° Besides
mutations lowering antibodies’ affinity to the FcRn, a CA binding to the
FcRn-binding region on the antibody, called Abdeg, has been developed®'**
and is currently in a clinical trial to be evaluated for therapeutic applica-
tions.”?

Reverse Gatekeeping — you shall not leave?

Apart from regulating the antibody blood concentrations, FcRn has been pos-
tulated to have additional functions. In 2005, a study showed that AP binding
antibodies had a slower brain clearance in FcRn knockout animals.*** In sev-
eral studies™® %7 the FcRn has been hypothesised to promote efflux of IgG
molecules over the BBB, from brain to blood. Therefore, the mutation of the
FcRn binding on the antibody molecule could increase the accumulation of
antibodies in the brain over time either via the extended retention time in the
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brain, or via ehanced peripheral clearance. Both paths could improve the tar-
get-to-background ratio and thereby the contrast in immunoPET. It has been
shown that the FcRn is expressed at the BBB,** but the theory of FcRn pro-
moted efflux is controversial.>**2* In paper II we concluded that the FcRn
mutation substantially increased blood clearance of Bapi"®™ and Bapi-
Fab8D3""*™, We could also see that these antibodies showed an overall higher
brain-to-blood ratio compared to the non-mutated controls, seven days after
administration. This study was conducted in WT mice, which raised the ques-
tion whether this could be caused by interaction with an intrabrain target. Neu-
rons express TfR,?*! which could explain the longer brain retention and higher
brain-to-blood ratio of the TfR-binding antibodies. However, it does not ex-
plain why both Bapi"“*™ and Bapi-Fab-8D3"*™ had significantly higher brain-
to-blood ratio compared to their non-mutated variants. Looking at the data in
more detail, it can be concluded that the faster blood clearance is most cer-
tainly responsible for the higher target-to-background ratio of the FcRn bind-
ing mutated antibodies.

Further studies in paper II investigated the brain distribution 12 h and 24 h
after injection in WT, compared to AD disease model mice (4pp™~“T). Due
to the target engagement of antibody in App™*-“* mice with A, a higher brain-
to-blood ratio compared with WT mice could be observed. At 24 h after in-
jection, the brain retention of ['**I]I-Bapi-Fab8D3 was about twice as high as
that of ['*’I]I-Bapi-Fab8D3"*™ in App™-* mice. However, the difference be-
tween App™“Fand WT mice was only 3-fold for ['*’I]I-Bapi-Fab8D3, while
the mutated ['*1]I-Bapi-Fab8D3"®*" displayed 14-fold higher brain concen-
tration in App™“F compared with WT mice. ['*’I]I-Bapi-Fab8D3 clearly
showed a higher accumulation in App™~“* and WT mice than ['*I]I-Bapi-
Fab8D3 ™ which is likely caused by a higher total plasma concentration and
therefore more influx into the brain. However, the brain-to-blood ratio was
around 5-fold higher for ['**I]I-Bapi-Fab8D3*™ than for ['*°I]I-Bapi-Fab8D3
in App™-“" mice, which could be a better indicator for achieving PET images
with a high signal-to-noise.

One click to success?

Since the development of the inverse electron-demand Diels—Alder (IEDDA)
cycloaddition in 2008 a fast click reaction was born, giving the possibility to
explore the functions of TCO and tetrazine in living systems further.'®* Clear-
ing agents have been explored previously and can be used to disable the TCO
reactiveness in the blood, then referred to as masking agents.’** According to
this principle only target-accumulated TCO will be selected by a radiolabelled
tetrazine, as the TCO of the peripheral circulating TCO-bearing agent is not
available or gets cleared from the blood by additional functional groups on the
clearing agent.'?”?*72 In paper I we studied a clearing agent which is based
on albumin and functionalised with tetrazines, for interaction with the TCO-
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functionalised antibody in the blood, as well as galactose for liver targeted
excretion. Blood sampling over time could demonstrate an immediate effect
of the CA, showing its fast reaction kinetics in vivo. The very same CA we
used in paper I was successfully demonstrated to increase the tumour-to-
blood ratio."”” We could show that the administration of the same CA for an
intrabrain target can increase the contrast in SPECT-imaging, proving its use
not only for tumour-imaging, but also for applications within the CNS. Several
other studies have investigated clearing agents, based on dextran polymers.
These increase the imaging contrast, but show nonspecific binding in other
organs, making them not yet functional for clinical applications.”?"**® The CA
used in paper I shows great potential, but it should be kept in mind that the
disadvantage of promoted liver clearance of a radioactive compound should
be further assessed, as the extended retention could cause liver damage.

The IEDDA is a promising approach to combine the specificity of antibod-
ies and the fast reaction-kinetics of a small molecule, commonly called pre-
targeting. Pre-targeting in the periphery was shown in the past'®* and has also
been explored beyond the BBB.'***72% A common issue with TCO-modifi-
cations is the isomerisation of TCO to CCO in blood by transition metals.*
Paper I taught us that the TCO that was attached to the antibody was func-
tional in vivo up to three days post injection. This is important when this anti-
body-TCO combination is considered for future pre-targeting approaches,
where the TCO-functionalised antibody will be allowed to circulate in the
body for a number of days before injection of a fluorine-18 labelled tetrazine
for detection.

Tetrazines used for pre-targeting in peripheral targets, such as tumours,
need to fulfil different requirements than tetrazines which will be used for in-
trabrain targets. The brain is considered to be a “fatty” organ,”*' which is why
a compound targeting the brain needs to be fairly lipophilic to pass the BBB,
but not too liphophilic so that it gets stuck in the brain. In paper IV we tested
two novel tetrazines, whose lipophilicity was calculated beforehand and was
hypothesised to be of moderate lipophilicity to enter the brain but not get stuck
in it.>**>* We could see that both tetrazines entered the brain in a fast manner
and were efficiently washed out during the one hour PET-scan. Due to the
higher lipophilicity, provided by one additional methyl-group, the ['*F]MeTz
entered the brain more efficiently, compared to the structurally equivalent
['"®F]JHTz. However, the higher reactivity of H-tetrazines, as reported by pre-
vious studies,™* could be required to facilitate the coupling at the very low
concentrations present in vivo. Therefore, a combination of the antibodies
from paper II / paper III and the tetrazines presented in paper IV would
need to be assessed in future in vivo experiments on pre-targeting in the CNS.
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Considerations for the design of brain immunoPET ligands

Several factors influence the potential of a brain penetrating, bispecific im-
munoPET ligand, such as dose, pH-sensitivity, affinity and avidity or valency.
Valency describes the number of binding sites between an antibody and its
antigen. Here studies have shown that monovalent TfR binders pass the BBB
more efficiently.”"!* Results from paper I and other studies from our group
suggest that high TfR avidity may reduce plasma availability.”**** Bispecific
antibodies with high TfR avidity, caused by bivalent binding to TfR, may also
reside longer time in the endothelial cells of the brain vasculature, and reduce
transport into the brain.**>**® In addition, due to the avidity effect, the bivalent
antibody design causes receptor clustering at the endothelial cell surface,
which increases the degradation of bivalent TfR antibodies. ****’ Radio-
labelled antibodies stuck in the endothelial cells could also give a false im-
pression of how much of the injected dose reached the brain. Therefore, the
antibody design was changed using the knob-into-hole technique for paper 11
to achieve a monovalent TfR binding antibody design (Fig. 4). Further, when
the plasma concentration of the antibody is too low, the chance for RMT in
the brain decreases, which is why a slightly higher injection dose can be ben-
eficial as it will saturate the binding to blood cells and therefore increase the
plasma availability. However, too high doses will saturate the TfR on the BBB
endothelium and thereby decrease BBB transcytosis.'*> Another factor which
is important to consider for the design of a suitable TfR-binder is its pH de-
pendency. The bispecific antibody gets internalised after binding to TfR and
dissociates from the receptor when the pH in the endosome decreases.”**
Studies suggest that an antibody with a strong TfR affinity at pH 7 and a
weaker affinity at pH 6 cross the BBB more efficiently.'*

Several radioisotopes can be used for PET-imaging and give the possibility
to build a flexible toolbox, which can be chosen from, depending on the re-
search question and availability of material. Zirconium-89 is of interest, be-
cause of its broad availability and long half-life. Moreover, it is clinically ap-
plied and possesses good physical characteristics for PET.?**?%! A study with
a zirconium-89 labelled antibody against Ap (JRF/ APN/25) showed high af-
finity to the target, but the antibody displayed a low brain penetration and high
non-specific binding, which makes its use as imaging agent difficult.”** The
ex vivo binding pattern was similar to patterns observed by us, with the anti-
bodies 3D6 and mAb158,% which seem to bind to AP deposits in the brain
vasculature or ventricles. In these examples, the antibody was not connected
to a carrier that allows BBB passage. A recent study that used zirconium-89
with a bispecific antibody showed that the choice of chelator for brain imaging
purposes is essential. Here, Aducanumab-scFab8D3 was zirconium-89 la-
belled by using either N-suc-DFO, DFO-NCS or DFO*. The results showed
that DFO* led to a significantly higher brain retention in a pattern similar to
the AP plaque distribution.'”" It has to be taken into account that zirconium-
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89 is residualizing and could therefore bias the biodistribution data, as it is
unsure if the detected signal displays the position of the zirconium-89 labelled
antibody or its radioactive metabolite which is retained inside cells. Such re-
tention could thus reflect degradation of intrernalized antibody after binding
to either AP or TfR, where the latter could occur in both WT and A express-
ing mice. Nevertheless, it is interesting to see that immunoPET in the brain is
possible with zirconium-89.

In paper I to III we have modified the antibodies via NHS-ester modifica-
tion which is commonly used in research, but could be disadvantageous for
clinical translation, as this type of modification targets the lysine-residue. As
these are ubiquitously available on many proteins, the modification site will
be unspecific and result in a heterogeneous product population, an overall un-
predictable outcome and therefore differences in the respective batches. This
can be prevented by the use of site-specific modification methods. Selective
N-terminal modification has been thoroughly explored.?** Here, direct or in-
direct labelling paths can be selected. An example for the direct modification
is the use of a His-tag to facilitate radiolabelling with technetium-99m.*** For
the indirect approach a two-step procedure is deployed where in the first step,
the N-terminus is functionalised with a click-chemistry motif or, for example
a sortase A motif. For sortase A mediated site-specific modification, the anti-
body sequence is modified with a specific recognition motif (amino acids
LPXTG) which the enzyme needs to initiate its catalytic process. In a second
step, the enzyme takes another compound, equipped with oligoglycines, and
attaches it to the antibody.?*® The oligoglycine bearing compound could be
anything, from a small molecule to another protein, the possibilities are un-
limited. All of these methods have been explored and contain their own set of
disadvantages. For example, the modification with technetium-99m using the
His-tag as chelator could cause stability issues and including a sortase motif
into a protein could have a negative effect on its properties.
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Conclusion and future perspective

The results presented in this thesis show that enhancing the peripheral clear-
ance is a feasible approach to get closer to realise immunoPET. Paper I
demonstrated that certain clearing approaches (mannosylation) worked too ef-
fectively and is therefore unsuitable for neuroPET applications. The induced
clearing strategy from the same paper showed promise for a monospecific an-
tibody that was not designed to enter the brain via RTM. However, combining
the antibodies from paper II and the induced clearing strategy would be an
interesting future experiment to remove the peripheral antibody even further.
The results of this paper show that 12 h to 24 h could be a suitable time point
to do PET imaging with the FcRn attenuated variant. But it would be interest-
ing to see how a slightly increased dose, leading to higher plasma availability,
in combination with a clearing agent would influence the brain delivery of the
monovalent antibody with and without FcRn binding mutation. Maybe the
time between injection and imaging could be shortened below 12 h, which
means a study investigating different time points for CA injection might be of
interest.

Further, in paper II we could conclude that the attenuation to the FcRn has
the potential to provide better contrast for brain targeted antibodies. It would
be interesting to initiate a therapy study and use the antibodies from paper 11
and III for longitudinal monitoring of the therapy effect and compare it to an
established small molecule tracer, such as PiB. It would also be interesting to
investigate if the antibody-tracer can detect the effect of the therapeutic anti-
body, or if the therapy antibody would block the binding-site of the tracer.

Combining the antibodies from paper II and III with a PET-isotope of
longer half-live, such as iodine-124, could give additional insights into the
optimal imaging time point of these antibodies. The idea of FcRn mediated
efflux is intriguing and could be further explored by mutating a bispecific an-
tibody with no target in the brain and compare the uptake and elimination with
the antibodies used in paper II and III or combining the antibodies with a
residualizing radioisotope, such as zirconium-89. If an antibody is radio-
labelled with an iodine radioisotope, the current position of the antibody can
be determined, but due to its non-residualizing properties, not the path the an-
tibody took. We have used iodine-125 and fluorine-18, which are both non-
residualizing, meaning that after being internalized and degraded, they will be
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secreted from cells and washed out of the brain. The use of residualizing radi-
oisotopes for RMT could give valuable insights for example about lysosomal
degradation of the antibody in various cell types.

Another future experiment should explore the combination of the antibod-
ies of paper II/III and the tetrazines of paper IV to test them for their poten-
tial in pre-targeting. First, it would be important to explore how many TCOs
are necessary to produce a feasible PET image. Here, it would be interesting
to modify the antibodies either via TCO-NHS-ester or a site-specific ap-
proach, such as using sortase A, and compare them. The advantage of the latter
is that we would know the exact number and location of TCOs on the anti-
body, which would improve reproducibility of the method. Next, the amount
of antibody in the brain required to achieve a PET signal would need to be
assessed. Interestingly, Bapi-Fab8D3 from paper II, seemed to display in-
creased brain concentration at 24 h after injection. This is different from anti-
bodies previously explored in our group, and could suggest that an even longer
circulation time, e.g. three days, would further increase brain retention of
Bapi-Fab8D3. It is possible that the introduction of the effector function mu-
tation LALA-PG has a positive effect on the brain retention of this antibody
as it would not be cleared as fast as non-mutated antibodies from the brain.
Therefore, it might show an advantageous in vivo behaviour for pre-targeting
approaches, compared to their control.

Finally, combining the antibodies with the tetrazines from paper IV would
allow to explore their pre-targeting potential in vivo. It is reported in literature
that the lipophilicity and reactivity of tetrazines are inversely correlated.”*
Therefore, it would be important to investigate whether the potentially higher
reactivity of the ['""F]JHTz would match the higher brain uptake of the
["®F]MeTz , when used as a pre-targeting agent. Depending on the results, a
combination with the induced clearance from paper I may also be an interest-
ing strategy to investigate.
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Popular Science Summary

The brain is the control centre of the body, which is why diseases of the brain
affect the entire body. In order to be able to treat a disease of the brain, it is
necessary to diagnose the disease at an early stage and to follow the success
of the treatment. For brain tumours, some methods have already been devel-
oped that make it possible to visualise them. But diseases like Alzheimer's are
caused by misfolded proteins (called AB) that accumulate in the brain. This
requires other diagnostic methods. There are already some ways to detect Alz-
heimer's, but they are not ideal. One way is to inject a small radioactive mol-
ecule called [''C]PiB which binds at the centre of the protein deposits, called
plaques, and makes it possible to image them using positron emission tomog-
raphy (PET). However, these plaques are not necessarily responsible for the
symptoms of Alzheimer's, and this small molecule therefore does not repre-
sent the whole dynamics in the development of the disease.

What is needed are imaging techniques that reliably show the neurotoxic
accumulation products of AP. This is not so easy because the brain is a much
protected area due to the blood-brain barrier. However, suitable antibodies
have a great potential for use in diagnostics because they are very specific for
their target. Especially if they are designed to enter the brain. To make this
possible, a strategy has been developed called the "molecular Trojan horse".
This involves using a small molecule attached to the antibodies to enable them
to cross the blood-brain barrier.

Antibodies generally have a long residence time in the body, which is good
for their innate task of fighting pathogens, but an obstacle for imaging. Espe-
cially since antibodies are labelled with radioisotopes for diagnostic purposes
and the half-life of these must match the antibody's residence time in the body,
which, thereby, increases the radiation exposure to the body. However there
are several approaches to solving this problem. For example, one can try to
shorten the residence time of the radiolabelled antibody in the body by attach-
ing a small molecule called trans-cyclooctene (TCO) to the antibody, which
can thereby react or bind only to a small molecule called tetrazine. This prop-
erty can be used to one's advantage by additionally linking the tetrazine to a
clearing agent. This CA has the ability to filter the antibody out of the blood
and thus highlight it in the brain. This method is described in paper 1.

It is also possible to shorten the residence time of the antibody by mutating
the site in the antibody that is needed to extend the residence time. See paper
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II and paper III. It was seen that the residence time in the blood was five
times shorter compared to non-mutated controls, but the antibody was still
able to enter the brain.

Another strategy to take advantage of the long retention time in the body is
to use a specific strategy called pre-targeting. These are chemical reactions
that occur very quickly and do not interact with anything else in the body. One
of these pre-targeting methods is called the inverse-demand diels-alder reac-
tion. In this reaction, two functional groups are involved, a tetrazine with a
TCO. The TCO should be coupled to the antibody, because without the pro-
tective properties of the antibody it may lose its reactive properties in the or-
ganism. This antibody can now circulate in the body for several days and at-
tach to its target structure without any negative effects. However, in order to
visualise the position of the antibody and thus visualise the pathology, we need
the second component of the reaction, a tetrazine. This tetrazine can now be
labelled with a radioisotope that has a shorter half-life, because in the ideal
case the tetrazine enters the brain quickly, binds to the TCO and the excess
tetrazine leaves the body quickly. Once the tetrazine has bound to the TCO,
the position of the antibody in the body can be visualised using PET imaging.

But some research is needed here. The tetrazine needs to have certain prop-
erties so that it can enter the brain quickly without getting stuck in the brain.
This has mainly to do with the high fat content of the brain, which is why
different tetrazines were tested in paper IV and evaluated for their potential
in the laboratory.

52



Popularwissenschaftliche Zusammenfassung

Das Gehirn ist die Schaltzentrale des Korpers, weshalb Erkrankungen des Ge-
hirns den kompletten Korper beeinflussen. Um eine Erkrankung des Gehirns
behandeln zu konnen ist es erforderlich die Erkrankung frithzeitig zu diagnos-
tizieren und den Behandlungserfolg zu verfolgen. Fiir Gehirntumore sind be-
reits einige Methoden entwickelt worden, die es ermoglichen diese darzustel-
len. Doch Krankheiten, wie Alzheimer entstehen durch fehlgefaltete Proteine
(mit dem Namen Ap), welche sich im Gehirn anreichern. Dafiir sind andere
diagnostische Methoden erforderlich. Es gibt bereits einige Wege die es er-
moglichen Alzheimer festzustellen, doch sind sie nicht ideal. Eine Mdglich-
keit besteht darin, ein kleines radioaktives Molekuel, [''C]PiB genannt, im
Zentrum der Proteinablagerungen, sogenannten Plaques, einzubringen und
diese mittels Positron Emission Tomographie (PET) darzustellen. Doch sind
diese Plaques nicht unbedingt fiir die Symptome von Alzheimer verantwort-
lich, und dieses kleine Molekuel bildet daher nicht die ganze Dynamik in der
Entwicklung der Krankheit ab.

Bendtigt werden bildgebende Verfahren, welche die neurotoxischen Akku-
mulationsprodukte von AP zuverléssig darstellen. Das ist gar nicht so einfach,
weil das Gehirn durch die Bluthirnschranke ein sehr geschiitzter Bereich ist.
Doch haben geeignete Antikorper ein grosses Potential fiir den Einsatz in der
Diagnostik, da sie sehr spezifisch fuer Ihr Ziel sind. Vor allem, wenn sie de-
signed wurden um in das Gehirn zu gelangen. Um dies zu ermdglichen wurde
eine Strategie entwickelt, welches das ,,molekulare Trojanische Pferd* ge-
nannt wird. Hierflir benutzt man ein kleines Molekuel welches an den Anti-
korpern befestigt wird um ihnen zu erméglichen, die Bluthirnschranke zu
iiberqueren.

Ungliicklicherweise haben Antikorper im Allgemeinen eine lange Verweil-
zeit im Korper, welches gut ist fuer ihre angeborene Aufgabe, die Bekdmp-
fung von Krankheitserregern, doch ein Hindernis fiir die Bildgebung. Vor al-
lem, da Antikorper fuer die Diagnostik mit Radioisotopen markiert werden
und die Halbwertszeit dieser mit der Verweilzeit des Antikdrpers im Korper
uebereinstimmen muss, was allerdings die Strahlenbelastung auf den Korper
erhoht. Doch es gibt mehrere Losungsansitze fuer dieses Problem. Man kann
z.B. versuchen die Verweildauer des radiomarkierten Antikorpers im Korper
zu verkuerzen indem man ein kleines Molekuel mit dem Namen trans-cyc-
looctene (TCO) an den Antikorper befestigt. Dieses TCO wird sich nur mit
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einem Tetrazin verknuepfen. Diese Eigenschaft kann man zum eigenen Vor-
teil verwenden, indem das Tetrazin zusétzlich mit einem Clearingagent (CA)
verbunden wird. Dieser CA hat die Fahigkeit den Antikorper aus dem Blut zu
filtern und somit im Gehirn hervorzuheben. Diese Methode ist in paper I
beschrieben.

Man kann die Verweilzeit des Antikorpers auch dadurch verkiirzen, indem
man die Stelle im Antikérper mutiert, welche fiir die Verldngerung der Ver-
weilzeit benotigt wird. Siehe dazu paper II und paper III. Man konnte sehen,
dass die Verweildauer im Blut fuenf mal kleiner war, im Vergleich zu nicht
mutierten Kontrollen, aber der Antikoper dennoch ins Gehirn gelangen
konnte.

Eine weitere Strategie, um sich die lange Verweildauer im Korper zu Nut-
zen zu machen ist das Anwenden einer bestimmten Strategie, welche sich pre-
targeting (etwa: Zielfindung- und -markierung) nennt. Hierbei handelt es sich
um chemische Reaktionen, welche sehr schnell ablaufen und im Kdérper mit
nichts anderem interagieren. Eine dieser pre-targeting Methoden wird Inverse-
demand Diels-Alder (IEDDA) Reaktion genannt. In dieser Reaktion sind zwei
funktionelle Gruppen beteiligt, ein Tetrazin mit einem TCO. Das TCO sollte
an den Antikorper gekoppelt werden, da es ohne die schiitzenden Eingen-
schaften des Antikorpers seine reaktiven Eigenschaften im Organismus ver-
lieren kann. Dieser Antikorper kann nun fiir mehrere Tage im Korper zirku-
lieren und sich an seiner Zielstruktur anlagern, ohne dass dies negative Effekte
hat. Doch um die Position des Antikorpers darzustellen und damit die Patho-
logie darzustellen bendtigen wir die zweite Komponente der Reaktion, ein
Tetrazin. Dieses Tetrazin kann nun mit einem Radioisotop markiert werden,
welches eine kiirzere Halbwertszeit hat, da im idealsten Fall das Tetrazine
schnell ins Gehirn eindringt, sich an das TCO bindet und das tiberschuessige
Tetrazin den Korper schnell wieder verldsst. Sobald sich das Tetrazin an das
TCO gebunden hat, kann die Position des Antikdrpers im Korper mit Hilfe
von PET-Bildgebung dargestellt werden.

Doch hier wird einiges an Forschung bendtigt. Das Tetrazin muss be-
stimmte Eigenschaften vorweisen konnen, damit es schnell in das Gehirn
kann, ohne dass es im Gehirn stecken bleibt. Das hat vor allem mit dem hohen
Fett-Gehalt des Gehirns zu tun, weshalb in paper IV verschiedene Tetrazine
gepriift und im Labor auf ihr Potential evaluiert wurden.
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