Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1395

Preclinical PET imaging of
Alzheimer's disease progression
XIAOTIAN T. FANG

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2017

ISSN 1651-6206
ISBN 978-91-513-0151-8
urn:nbn:se:uu:diva-333220

Dissertation presented at Uppsala University to be publicly examined in Rudbecksalen,
Dag Hammarskjölds väg 20, Uppsala, Friday, 19 January 2018 at 09:15 for the degree of
Doctor of Philosophy (Faculty of Pharmacy). The examination will be conducted in English.
Faculty examiner: Professor Merja Haaparanta-Solin (University of Turku, Turku PET Centre,
MediCity/PET Preclinical Laboratory, Finland).
Abstract
Fang, X. T. 2017. Preclinical PET imaging of Alzheimer's disease progression. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1395.
59 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0151-8.
Amyloid PET imaging with [11C]PIB enabled detection of Aβ for the first time in vivo. However,
[11C]PIB is a small molecule that binds only the insoluble Aβ plaque. Rather, the soluble Aβ
aggregates are considered the cause of Alzheimer’s disease (AD). As such, a more sensitive and
specific PET tracer is needed for tracking longitudinal AD pathology.
Soluble Aβ aggregates likely interact with the metabotropic glutamate receptor 5 (mGluR5)
to cause neurotoxic effects. However, with [11C]ABP688 PET we were unable to detect aberrant
mGluR5 binding in AD mouse models, although we find elevated mGluR5 protein levels with
immunoblotting.
Antibodies are highly specific large molecules that can bind specifically to soluble Aβ
aggregates, thus they can be a good marker for AD pathology. Unfortunately, due to their large
size they cannot cross the blood-brain barrier (BBB). However, it is possible to shuttle antibodies
into the brain by taking advantage of endogenous transporter systems on the BBB. By creating
bispecific antibodies binding both to soluble Aβ aggregates and to the transferrin receptor (BBB
target), we successfully transported the antibody into the brain and could visually detect soluble
Aβ aggregates with PET.
Recombinant expression further improved and optimized antibody design, creating smaller
bispecific antibody-based constructs that had better pharmacokinetic properties allowing for
earlier PET scanning (1 day instead of 3), and more sensitive signal.
Lastly, using TCO-tetrazine click chemistry, we indirectly labeled our antibodies with
fluorine-18, and could successfully perform PET already 11 h post-injection with a fluorine-18
labeled antibody.
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Introduction

Current clinical diagnosing of Alzheimer’s disease (AD) relies on neuropsychological testing, behavioral testing, and the experiences of relatives; though
only post mortem histology provides definitive disease confirmation. Furthermore, tests for cognitive decline reveal AD when already the neuropathology
has been underway for years prior to the manifestation of cognitive symptoms.
Considering there is no cure for AD, prevention has garnered much attention,
which has led to increased interest for in vivo imaging of the molecular
changes causing AD.
One major breakthrough was the development of Pittsburgh compound B
(PIB), enabling for the first time in vivo visualization of AD pathology.
[11C]PIB is a small molecule, radioactively labeled with carbon-11 (11C),
which binds amyloid beta (Aβ) plaques in the brain [1]. However, this radioligand is not an ideal biomarker, since the signal changes little with disease
progression [2–4]. Moreover, amyloid deposition can be identified (with PIB
PET) among cognitively normal elderly persons during life, and have amyloid
deposition in the brain as confirmed post mortem [2, 5]. This suggests that an
elderly person with significant amyloid burden can remain cognitively normal, however these persons are more likely to develop AD eventually [6].
As such, there is a need for a biomarker capable of visualizing the dynamic
changes in pathophysiology causing or underlying AD from an early stage of
the disease progress.

History of Alzheimer’s disease
Alzheimer’s disease is the most common form of dementia. It was first described by Alois Alzheimer in 1906, when he characterized the histological
changes found in the brain of his patient, Auguste D, who had dementia [7].
AD is a degenerative disease of the brain. Clinically, this manifests as progressively worse cognitive functioning ultimately leading to death. Auguste D
started showing symptoms now associated with dementia, such as memory
loss, delusions, frequent mood changes, she forgot details about her life and
gave incoherent answers when questioned. The peculiarity of her case was that
her clinical symptoms appeared at a much earlier age than typical of other
patients with a degeneration of the psyche, as Auguste D was likely in her
early forties, and usually AD occurs in their seventies.
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More than a century later, a genetic reexamination of her histological brain
tissue led to the finding of a mutation in presenilin-1 (PSEN1), which leads to
an early onset inheritable form of AD [8]. The two characteristic changes that
Alzheimer found in her brain during post mortem histological examination
were large plaque shapes containing Aβ, and intracellular neurofibrillary tangles (NFT) composed of tau protein. Likely as a result of these protein aggregates, the third hallmark of AD occurs: atrophy of the brain.

Amyloid β protein precursor
The actual cause of AD has remained largely unknown. Aβ has been the major
focus of study, and the Aβ plaques were at first considered toxic and the reason
for the disease. The Aβ peptide is produced by two enzymatic cleavages of the
amyloid β protein precursor (AβPP) [9]. The highly conserved gene encoding
for AβPP in humans is located on chromosome 21, with three major AβPP
mRNA splice variants: AβPP751, AβPP770, and AβPP695 (lacking the Kunitz
protease inhibitor (KPI) subdomain, which is present in the other two) [10–
12]. AβPP mRNA is expressed in cortical and hippocampal region neurons
and the distribution is similar to that of NFTs in AD but AβPP mRNA was
found to be present in neurons usually not involved in AD pathology as well
[13]. It is a cell surface protein, and its crystal structure reveals an extracellular
domain containing a growth factor-like and a copper-binding domain [14].
Evidently, one theory of AD etiology is a deregulated homeostasis of metal
ions [15]. This alludes to possible dysfunctioning of AβPP as a cause for AD.
The Aβ peptide is produced when AβPP is first proteolytically cleaved by βsecretase followed by another cleavage by γ-secretase (which has multiple
possible cleavage sites), releasing a peptide that varies in length between 3643 amino acids (i.e. the amyloidogenic pathway, Figure 1) [16]. The most
common variants are the 40 amino acid long peptide (Aβ40) and the 42 amino
acid long (Aβ42).

Amyloid beta
The plaques first reported by Alois Alzheimer were found to contain Aβ by
Wong and colleagues in 1985, and it was then first suggested that the pathogenesis of AD involves Aβ. Other clues include that people with trisomy 21
exhibit signs of AD before the age of 50, due to increased Aβ production from
the extra chromosome 21 which has the AβPP gene [17, 18]. Indeed, there is
a small subpopulation of AD patients (<5%), also known as early onset AD
(EOAD), that present clinical signs of AD before the age of 65. Early onset
forms of AD are characterized by having a mutation in genes coding for either
AβPP, PSEN1 or presenilin-2 (PSEN2).
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Figure 1. Schematic visualization of AβPP cleavage. The Aβ amino acid sequence is
partly embedded in the transmembrane domain (TMD). There are two pathways, the
non-amyloidogenic (initiated when cleavage in the Aβ sequence occurs by α-secretase, followed by γ-secretase, creating p3) and the amyloidogenic pathway which produces Aβ. For full length Aβ to be formed, first proteolytic cleavage by β-secretase
has to occur, followed by a cleavage by γ-secretase, leading to the release of Aβ.

Unlike the cases of late onset AD, early onset cases can be explained solely
by mutations in one of these genes [19]. These mutations are found to be familial and are passed on in an autosomal dominant manner. The mutations in
AβPP lead to AD pathology by affecting Aβ in some way, i.e. carriers of the
Swedish mutation (KM670/671NL) have increased production and secretion
of Aβ, and higher levels of total Aβ [20]. The Arctic mutation (E693G) increases the tendency of Aβ to favor formation of protofibrils (i.e. large oligomers), and plasma levels of Aβ40 and Aβ42 are lower in Arctic mutation carriers [21, 22]. On the other hand, the Icelandic mutation (A673T) is protective
against AD. This polymorphism leads to 40% lower Aβ formation in vitro [23,
24]. Disease-linked mutations in PSEN1 and PSEN2 have also been found
[25]. Presenilin-1 and 2 are subunits of the γ-secretase complex, which cleaves
AβPP to form Aβ. Mutations in catalytic enzymes involved in Aβ production
lead to AD pathology, if these mutations have deregulatory effects causing
overproduction of Aβ42 or change the Aβ40/42 ratio [26–31]. It is evident
now that Aβ has a role in AD disease pathology.
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Amyloid cascade hypothesis
First proposed by John Hardy and Gerald Higgins in 1992, the amyloid cascade hypothesis is that the deposition of Aβ protein, the major component of
amyloid plaques, is the causative event of AD pathology [32]. Neurofibrillary
tangles, cell loss, vascular damage, and dementia follow as a direct result of
this deposition [32]. As such, amyloid pathology (at the time thought to be
plaques) is the first event and is the direct cause of AD. These plaques are the
final step in a (possibly reversible) pathway starting with monomeric Aβ (Figure 2).
First, monomers undergo a conformational change, which induces aggregation into dimers, trimers, tetramers, and/or other larger aggregates of various sizes. These intermediary arrangements are known as oligomers and on
the larger end of the scale as protofibrils. These forms of Aβ are soluble, while
the large plaques made out of fibrils are insoluble, and as such they are deposited into plaque structures. Further supported by the discoveries that familial
forms of AD are caused by mutations that lead to increased production of Aβ,
and based on the amyloid cascade hypothesis, current therapeutic intervention
strategies have often been focused on the ‘Aβ-economy’, i.e. reducing Aβ production, facilitating Aβ clearance, and preventing Aβ aggregation [33].
Aβ plaques are a key histological sign of AD, but they correlate poorly with
severity of dementia, rather it is the loss of synapse that correlates best with
the level of cognitive impairment [34]. Instead, it is the intermediary soluble
Aβ species (i.e. oligomers and protofibrils) that may be the disease causing
forms of Aβ. Soluble Aβ concentrations correlate better with synaptic loss and
possibly due to their solubility, they have more potential of affecting neurons
and glial cells [35–42]. It is suspected that especially the higher order oligomer/protofibrillar forms of Aβ may be the most neurotoxic [39, 43–46].

Figure 2. Aβ aggregation pathway. Protein misfolding causes aggregation of monomeric Aβ into dimeric assemblies, which aggregate further into larger accumulations
(e.g. tetramers) and into oligomers, which are heterogeneous and span a wide molecular range. Oligomers form larger aggregates (i.e. higher order oligomers and protofibrils), until they ultimately form insoluble fibrils that make up the amyloid plaques.
Of the soluble species, it is thought that the oligomers and protofibrils are most likely
the toxic species responsible for pathology.
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In a study performed to clarify the role of soluble Aβ aggregates (i.e. oligomers and protofibrils), two different mouse lines overexpressing AβPP were
compared; the AβPP23 and the AβPP51/16 mouse lines. The AβPP23 mouse
overexpresses AβPP with the Swedish mutation, while the AβPP51/16 overexpresses wild type human AβPP. Both mouse lines develop Aβ plaques, but
the AβPP23 mouse exhibited higher levels of soluble Aβ oligomers, protofibrils, and fibrils. Furthermore, only the AβPP23 mouse showed signs of pathology in the forms of neuronal degeneration, neuron loss, and loss of asymmetric synapses [47].
Evidently it appears that Aβ oligomers are involved in disease pathology.
Naturally secreted Aβ oligomers inhibit hippocampal long-term potentiation
(LTP) in vivo in rats, and Aβ oligomers levels correlate to spatial learning
deficits [37, 48]. When pretreated with Aβ monomer degrading enzymes, LTP
was still hindered, indicating that it is the soluble oligomeric forms of Aβ that
possess neurotoxicity. When cells were treated with γ-secretase inhibitors, oligomer formation was lower and LTP was no longer hindered, demonstrating
that therapeutic intervention of AD pathology may be a possibility [37].

Tau
The second hallmark Alois Alzheimer reported were the ‘tangles’ of intracellular structures in the brain of Auguste D, however it wasn’t until the 1986
that it was discovered that these tangles consisted of tau protein [49]. Tau refers to microtubule-associated proteins (MAP) expressed from the MAPT gene
found on chromosome 17 [50]. There are six major brain tau isoforms ranging
between 352 and 441 amino acids in length as the result of alternative splicing
of exons 2, 3, and 10 [51]. Tau proteins are expressed primarily in neurons,
but are also found in glial cells [52].
One of the main functions of tau is to modulate and stabilize axonal microtubules. However, this role does not appear to be essential. Tau knockout mice
(i.e. lacking tau protein expression) are viable and do not present with an overt
phenotype, it is likely that the loss of tau expression can be compensated for
by other MAPs [53].
Tau is natively unfolded and highly soluble, however it has a tendency to
form a hairpin fold that is not permissive for aggregation [54–56]. Tau aggregation likely requires conformational changes in monomers as well as the formation of stable oligomeric complexes that can act as nucleation units [57].
Adding preformed amyloid tau assemblies in vitro accelerates the formation
of tau amyloid fibrils by recruiting monomeric tau [58]. Furthermore, introducing misfolded preformed tau fibrils into tau-expressing cells rapidly recruits large amounts of soluble tau into filamentous inclusions resembling
NFTs, which suggests a seeding process as the mechanism underlying NFT
formation in vivo [59].
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The aggregated tau found in AD brain consists of all six kinds of brain tau
isoforms that are heavily phosphorylated at more than 40 different Ser and Thr
residues [60, 61]. Furthermore, tau hyperphosphorylation precedes the formation of NFTs, and can be considered a prominent distinction between
pathological tau and normal tau [62].

CSF biomarkers
The cerebrospinal fluid (CSF) is the body fluid found both in the brain and in
the spinal cord. It submerges the brain, acting as a physical cushion. There is
approximately a total volume of 125 ml at any time, but about 500 ml is generated daily. It is produced in the choroid plexuses of the brain, and absorbed
in the arachnoid granulations. The CSF is derived from blood plasma, and the
main distinction is that CSF is nearly protein-free compared with plasma. CSF
can be obtained and tested for diagnosis after obtaining it via lumbar puncture.
The rationale behind testing the CSF for AD biomarkers is the fact that the
CSF is in direct contact with the extracellular space of the brain. The interstitial fluid in the extracellular space is secreted into the CSF, and thus biochemical changes in the brain are likely to be reflected in CSF. The finding of Aβ
peptide in CSF further strengthens suitability of detecting biomarkers in CSF
[63]. Initially, levels of total Aβ were investigated and no differences between
AD patients and controls could be found [64].
Instead, emphasis has shifted towards Aβ isoforms, most notably Aβ42. In
AD patients, a reduced level of Aβ42 in CSF was reported compared with
healthy controls [65]. The reduction in Aβ42 level is likely caused by the aggregation and accumulation in the plaques, as CSF Aβ42 levels have been
found to correlate with plaque load in the neocortex and hippocampus of AD
patients [66, 67]. Thus, lowered levels of CSF Aβ42 is an accurate and widely
used AD biomarker.
On the other hand, CSF Aβ40 does not appear to change in AD [68]. As such,
the ratio of Aβ40/42 in CSF is increased in AD patients [69]. This change in
ratio appears to have better diagnostic performance than only based on Aβ42
levels [70].
Both total tau (T-tau), and phosphorylated tau (P-tau) can be detected in
the cerebrospinal fluid and are suitable biomarkers for AD [71]. T-tau levels
in CSF probably reflect intensity of neuronal damage and degeneration, based
on marked transient increases in CSF T-tau that correlate with CT-based
measurements of infarct size in acute stroke [72]. Furthermore, the highest
reported CSF T-tau levels were found in Creutzfeldt-Jakob disease patients,
where intense neuronal degeneration occurs [73].
Phosphorylated forms of tau are also found in the CSF. The CSF levels of
P-tau likely reflect the phosphorylation state of tau, as P-tau levels do not
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change after acute stroke, although T-tau does [74]. As such, it is likely that
P-tau is a potential biomarker for tangle formation in AD brain.
The diagnostic potential of combining CSF measurements for tau and Aβ
has also been investigated. Combinatorial diagnosis relying both CSF T-tau
and Aβ42 has higher sensitivity and specificity than relying on T-tau or Aβ42
independently [71].

PET in AD
The other most common diagnostic marker for AD now is amyloid PET. Currently one of the most commonly used PET ligands for visualizing Aβ in the
brain is [11C]PIB, which is a radioactively labeled derivative of thioflavin-T.
The first in vivo PET studies were performed by Klunk et al. in 2004 and they
successfully visualized Aβ plaques in AD patients [1]. [11C]PIB binds to the
β-sheet structure of amyloid fibrils that make up the Aβ plaques, and in grey
matter the binding of [11C]PIB to Aβ is specific and reversible.
However in white matter [11C]PIB behaves differently, the white matter
component has a non-specific and non-saturable component which may be
due to the high lipid content in white matter, and possibly also due to the βsheet structure present in myelin [75]. [11C]PIB PET allows for longitudinal
evaluation of white matter, and can be used to quantify myelin loss and regeneration [76, 77]. While white matter uptake is much lower than in grey matter,
the uptake is prominent at later time points due to slower kinetics in white
matter. This leads to partial volume effects, and to an overestimation of
[11C]PIB binding estimation in healthy subjects [78].
A common method to quantify amyloid load is to calculate the region-tocerebellum ratio over 60-90 minutes [79]. Here it is assumed that any increase
in ratio is due to the presence of specific binding, as the cerebellum is considered a region void of Aβ pathology.
What is problematic with [11C]PIB is that the PET signal has been reported to
remain static while pathology progresses [3, 4]. In a follow-up study to the
original [11C]PIB study by Klunk et al, no significant difference in [11C]PIB
retention was found between baseline and follow-up, while a significant 20%
decrease in regional metabolic rate as assessed with fluordeoxyglucose
([18F]FDG) PET could be observed [4]. [18F]FDG is a fluorine-18 labeled glucose analogue, and [18F]FDG uptake is a marker for glucose uptake, which is
then subsequently a correlate of tissue metabolism. This could likely be due
to the fact that Aβ pathology is one of the earliest occurring events, and Aβ
plaque deposition has already reached a saturated level prior to later changes,
e.g. NFTs, synaptic loss, lower metabolism [80].
[11C]PIB as a diagnostic marker appears to be highly sensitive and also specific. In pathologically confirmed cases of dementia [11C]PIB PET had a sensitivity of 100%, and a specificity of 88-92% for AD [81]. In cohorts of people
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with mild cognitive impairment (MCI), [11C]PIB PET is estimated to have a
sensitivity of 96%, but a much lower specificity of 58% based on a review of
nine studies [82]. This implies that for every 100 [11C]PIB scans, one person
with a negative scan would progress into AD, and 28 with a positive scan
would not progress into AD, assuming a typical conversion rate of MCI to AD
of 34%. As such, while [11C]PIB is highly suited for detecting and diagnosing
AD, the predictive value and usage for longitudinal assessment of dynamic
changes is perhaps lacking.

Metabotropic glutamate receptor 5
The metabotropic glutamate receptor 5 (mGluR5) is a postsynaptically expressed G-protein coupled protein that plays a role in downstream signaling
and Ca2+ regulation. It is involved in regulating LTP, and in learning and
memory, and it is believed to be involved in mediating Aβ toxicity [83, 84].
Blocking of mGluR5 functioning with antagonists has been found to be neuroprotective in cortical cultures, indicating that mGluR5 is being involved in
neurotoxic signaling. Furthermore, selectively blocking of mGlu5 receptors
was also reported to be protective against Aβ toxicity [85]. Evidently, an interaction between mGluR5 and Aβ oligomers seems to exist, and mGluR5
may be a link between Aβ and pathology.
Recently, insights were gained into the mechanisms of interaction between
Aβ oligomers and mGluR5. Aβ oligomers disrupt normal mGluR5 signaling
by hindering their diffusional properties on the membrane, which leads to accumulation of mGluR5 at the synapses. As a result of this clustering, mGluR5
elevates intracellular calcium and causes synapse deterioration. Clustering of
mGluR5 by artificial crosslinking leads to similar toxic effects [84]. Aβ oligomers form a complex together with cellular prion protein (PrPC) and
mGluR5, and facilitates long-term depression (LTD) as a result. The ability of
Aβ oligomers to induce LTD appears to require the presence of mGluR5, and
this process can be blocked with mGluR5 antagonists [83, 86]. Crossing the
AD mouse model AβPPSwe/PS1ΔE9 with an mGluR5 knockout mouse line creates a resultant mouse with reduced cognitive impairment and pathogenesis
[87]. Evidently, mGluR5 is strongly implied to be involved in early stage disease AD pathology and it plays a key role in mediating neurotoxicity in the
presence of soluble Aβ aggregates. Therefore, it is an interesting candidate as
a diagnostic marker for early pathological changes in AD.

Immunotherapy
Immunotherapy is a promising emerging field of therapeutics based on eliciting or modulating an immune response to treat disease. The first treatment
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approach was vaccination, i.e. active immunization with the Aβ42 peptide.
Actively immunizing PDAPP transgenic mice (overexpresses human AβPP
with the Indiana mutation, V717F) with Aβ peptide prevented Aβ plaque formation and ameliorated cognitive deficits [88–90]. However a clinical trial
with AN1792 (vaccine containing Aβ42 and QS21, a purified plant extract
which enhances the immune response to antigens) found detrimental T-cellmediated inflammatory responses, and cognitive benefits were modest compared with the placebo group, however this could be attributed in part to the
small decline in cognition in the placebo group [91–93]. Furthermore, persistent late-stage tau-pathology in cortical regions cleared of amyloid may indicate that intervention was too late. A follow-up study of the AN1792 trial
found significant Aβ plaque clearance while there was no evidence of improved survival or longer time until severe dementia [94]. In transgenic mice
(3xTg-AD) antibodies against Aβ cleared early, but not late, forms of hyperphosphorylated tau aggregates [95].
Passive immunization with Aβ specific antibodies administered peripherally have been shown to lower pathology and neuronal abnormalities in transgenic mouse brain [89, 96, 97]. A large majority of monoclonal antibodies as
therapeutics have failed in clinical trials due to side effects, lack of clinical
efficacy, but also due to misdiagnosing of the enrolled patients. A diagnosis
based on clinical symptoms is difficult to make, and in the bapineuzumab (one
of the most well studied antibodies against Aβ) trials approximately 30% of
the enrolled AD group likely did not have the disease. As such, today’s trials
now have inclusion criteria, i.e. PET and/or CSF biomarkers [98]. A recent
publication on aducanumab (which selectively targets aggregated Aβ) showed
a dose dependent reduction in plaque burden in AD patients as measured with
florbetapir PET (fluorine-18 analogue of PIB) accompanied by a slowing of
clinical decline [99]. Currently, a humanized version (BAN2401) of the
mAb158 antibody targeting Aβ protofibrils is in clinical trial [100]. As such,
it would seem that immunotherapy for AD still holds great promise.

Antibodies
Antibodies, or immunoglobulins, are large proteins (conventionally sized at
160 kDa) endogenously produced by the plasma cells of the immune system
as part of the inflammatory process for neutralizing foreign pathogens such as
intruding bacteria and viruses. There are several classes of antibodies, but it is
the IgG class (immunoglobulin G) that is the most common type, and also the
main format involved in the immune response.
Conventional IgG antibodies are composed out of two heavy chains and
two light chains. The tail of the antibody (i.e. Fc region) can bind Fc receptors
and is the part that is involved in the immune response, the other part is the
antigen binding domain (Fv region), which can recognize and bind a specific
19

target (i.e. peptide sequence, lipids, polysaccharides). Their unique property
to bind any potential target being presented has led to their extensive application in research. Specific antibodies can be created by injecting an antigen
(generally a peptide sequence or fragment of a target of interest) into a mammal, such as a mouse, rat, or rabbit. Blood isolated from these animals will
contain polyclonal antibodies (i.e. antibodies from different B cell lineages
binding to the same antigen) against the injected antigen. Monoclonal antibodies can be produced by isolating antibody-producing lymphocytes and fusing them with a cancer cell line, creating hybridomas, which will produce
monoclonal antibodies.
By producing antibodies recombinantly, it is possible to perform protein
engineering, i.e. modifying and customizing antibodies in many different
ways. This is done by first determining the protein structure of an antibody,
most commonly by X-ray crystallography or computational modeling. Once
the protein sequence is known, it can be reverse translated into a nucleotide
sequence encoding the antibody. This can be incorporated into a DNA plasmid
and by then transfecting a cell line with the sequence, it will produce recombinant antibody. Another advantage is that the sequence can be modified, i.e.
with a recombinant approach it is possible to design protein structures based
on antibodies. For example, it is possible to create an antibody-based structure
composed only of the antigen-recognizing part of the heavy and the light
chain, i.e. a single-chain variable fragment (scFv). Alternatively, it is also possible to produce bispecific antibody-based constructs that are composed of two
different antigen-recognizing parts derived from different antibodies.

Blood-brain barrier
While for the most part organs tend to be highly accessible in the body for
(radioactive) tracers that are injected into the bloodstream, the brain poses a
challenge due to the blood-brain barrier (BBB). It forms a unique hurdle as it
actively (and passively) regulates passage of molecules going into and out of
the brain. The BBB consists of a layer of endothelial cells interconnected by
tight junctions, and together they form the capillary walls. As a result, passive
diffusion from the blood into the brain is strongly hindered. The endothelial
layer is surrounded by astrocytic feet, astrocyte projections, which support and
regulate the endothelial cells.
Unlike commonly assumed, small molecules are also affected by the BBB
and cannot readily cross it. For example, a small molecule like histamine (100
Da) crosses the BBB to the extent of 2% reaching the brain [101]. Small molecules need to have favorable characteristics in order to cross the BBB,
namely a molecular mass under 400- to 500- Da threshold, and high lipid solubility [101, 102]. For antibodies however, it is unlikely to ever develop an
antibody-based construct that will be below 500 Da in size, and these rules
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likely do not apply. Conventional IgG antibodies (>150 kDa) typically do not
reach concentrations above 0.1% of injected dose in brain. However there are
transport mechanisms in place at the BBB that can be taken advantage of.

Figure 3. The blood-brain barrier is a selective barrier separating the brain from the
rest of the body. It is composed of a layer of endothelial cells adjoined by tight junctions. Small molecules (e.g. water, and fat-soluble molecules) can diffuse across more
easily than larger molecules. There is a myriad of receptor types present, facilitating
transcytosis of essential nutrients and signaling molecules. One example of receptormediated transcytosis is the transferrin receptor (TfR), which is responsible for transporting iron molecules into the brain. When iron-bound transferrin binds to TfR, the
process of transcytosis is initiated. Once the vesicle is fully formed, the pH drops from
7.4 (red vesicle) to 5.4 (yellow vesicle), causing the binding to the transferrin to dissipate, and the cargo is released into the brain side of the BBB. Similarly, this process
can be utilized in order to transport TfR binding compounds such as a bispecific fusion
protein recognizing TfR (right) across the BBB.

Receptor Mediated Transcytosis
On the endothelial cell surface, there are many receptors present that induce
endo- or transcytosis. The first evidence for an active receptor-mediated
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transport (RMT) system came from the fact that insulin (5.8 kDa) can be found
in the brain, but there is no insulin mRNA in the brain [103, 104]. As such,
insulin in the brain must be from peripheral origin, and indeed human brain
capillaries (i.e. the BBB) isolated from autopsied brains actively bind insulin
with high affinity, indicating that there are mechanistic pathways present on
the BBB for transporting larger molecules to the brain [105]. Similarly, another such example is the transferrin receptor (TfR) which is also found expressed on the BBB and is involved in iron transport into the brain. When
transferrin forms a complex with iron, it will bind TfR and then enable RMT
(Figure 3) [106]. The presence of endogenous RMT systems within the BBB
enables a ‘Trojan Horse’ approach whereby a protein can cross the BBB via a
receptor system (e.g. TfR) [107].
The first proof of concept of utilizing the transmembrane transport system
to move a substance past the BBB was by Pardridge, when he demonstrated
selective transport of an anti-TfR antibody through the BBB in vivo [108]. By
coupling the anti-TfR IgG to another IgG with an intended intrabrain target,
i.e. creating a bispecific fusion protein, it is then possible to transport your
intended antibody into the brain. The affinity of the anti-TfR antibody is crucial here however, as a decreased affinity for TfR allows for release on the
luminal side and thus increasing the transport into the brain [109].
High affinity binding to TfR caused a dose-dependent reduction of brain
TfR levels, as rather than being released on the luminal side, the antibodies
instead were trafficked to lysosomes as to be degraded. Moreover, an initial
high affinity anti-TfR dosing induced reduction in brain TfR levels and led to
decreased brain exposure to a second dose of low-affinity anti-TfR, likely by
also degrading TfR which reduced potential recycling [110]. Another issue
with high affinity binding is that it causes acute clinical symptoms and reticulocyte toxicity in mice, reducing the affinity however attenuated these side
effects in a dose-dependent matter [111]. Furthermore, the bispecific antibody
used in this study targeted β-secretase and showed efficacy as dosing with
bispecific antibody led to a reduction in brain Aβ [109]. More evidence that
strong TfR binding leads to lysosomal degradation comes from Niewoehner
and colleagues who demonstrate that monovalent binding rather than bivalent
binding improves transport across the BBB. Here, a monovalent binder is
found to cross the BBB better than a bivalent binder. The bivalent binding was
internalized faster, though significantly more was associated with lysosomal
markers, furthermore there was a reduced amount of TfR recycled to the cell
surface [112].
Aside from avidity (i.e. total net binding strength), another factor that appears to play a role in proper TfR-based RMT is pH dependent binding. Antibodies with weakened binding in low pH environments (i.e. late endosome)
transport better across than pH independent bindings in vitro [113]. As such,
it would seem that there is a careful interplay of binding strength and pH dependence in trafficking anti-TfR antibodies across the BBB.
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Methodology

Animal models
Transgenic mice are commonly used as animal models in research, and animal
models are essential in investigating mechanisms of disease in order to relate
the pathological processes to the human situation. The ability to create transgenic animals has paved a way for new possibilities of disease study. The
transgenic ArcSwe mouse used here is a disease model of Aβ pathology as a
result of expressing human AβPP with two mutations: the Arctic mutation
(E693G) and the Swedish (KM670/671NL), which lead to a higher tendency
to form Aβ protofibrils and an increased production and secretion of Aβ respectively [20–22, 114].
The ArcSwe mouse is a suitable model for investigating the effects of Aβ
oligomers and protofibrils. As a result of the mutations, ArcSwe mice overexpress AβPP up to a threefold increase, and show intraneuronal Aβ in the hippocampus which accumulates with age. Intraneuronal Aβ immunoreactivity is
already present in 1-month-old ArcSwe mice, and increases with age until it
peaks at 6- to 8-month-old mice. Plaque formation is widespread and the first
plaques are visible in 6-month-old ArcSwe mice [114]. As for soluble Aβ,
protofibril levels in ArcSwe mice are strongly elevated compared with nontransgenic mice, and increases with aging. ArcSwe mice already starting from
the age between 4 and 8 months, which are in an early stage of pathology,
have deficits in spatial learning and memory retention as assessed with the
Morris water maze. These behavioral deficiencies correlate strongly with the
levels of Aβ protofibrils in these mice, but not with total Aβ load, i.e. insoluble
Aβ plaque [48]. Altogether, it appears the ArcSwe mice has amyloid pathology and behavioral deficits that is likely caused by soluble protofibrillar Aβ.
ArcSwe mice have SDS-insoluble plaque deposits, which resembles plaques
found in human AD brain as they are also highly insoluble. This is unlike the
plaques found in Swe mouse brain that are more diffuse and loose [115].
The second transgenic mouse model used here is the Swe model. It overpresses AβPP with the Swedish mutation (KM670/671NL), which is a double
mutation directly adjacent to the β-secretase cleavage site in AβPP. As a result, the Swedish mouse has increased production of Aβ, while the Aβ40/42
ratio is unaffected. The onset of pathology is slower than in the ArcSwe
mouse, the Swe mouse typically develops plaques by 11-13 months of age but
develops more rapid afterwards [115]. Furthermore, Swe mice have an age23

related decline of spatial learning, working memory, and contextual fear conditioning by >12 months, although this is already impaired as early as 6
months of age [116, 117]. However this work was performed using a different
Swe mouse model (the Tg2576 model), and as such is not entirely comparable.
The usage of animal models has led to a great deal of insight, however
rather than an actual imitation of AD, models such as the ArcSwe mouse are
reflective of just one aspect of pathology due to a mutation in a gene. They are
representative of familial EOAD, and may not take into account the myriad of
environmental or unknown factors that likely play a role in the majority of AD
cases, which are late onset. Nonetheless, the ArcSwe mouse is representative
of Aβ disease, and is therefore suitable for investigating Aβ pathology.

In vivo imaging – positron emission tomography
Positron emission tomography (PET) is a nuclear imaging technique capable
of visualizing structures and biological processes in the body. It is based on
the injection of a radioactively labeled compound or molecule, which has a
target that it will bind to or a biological function. The radioactive isotope enables detection of the radioligand (sometimes denoted as “tracer”, as it is given
in trace amounts).
Commonly used clinical PET isotopes are carbon-11 and fluorine-18. As
the isotope undergoes beta decay, it releases an antimatter particle, a positron,
which annihilates when colliding with an electron. Upon occurrence of this
event, two gamma photons are produced that travel in opposite directions
(with an angle of 180°). When they reach a scintillator, it creates a signal that
is detected by the photomultiplier tubes or silicon avalanche photodiodes that
make up the detector ring of the PET scanner. The location of the decay event
is dependent on being able to match the coincidence, and the assumption of
the opposite directionalities that the photons travel. A strict timing window
(on the nanosecond scale) is applied to properly assume coincidence.
Locations that show large amounts of annihilation, are places containing
high concentrations of radioactive tracer. It is then assumed that the target of
interest is located to the site where the tracer accumulates, such as visualization of high radioactivity in the brain (a highly metabolically active organ)
with [18F]FDG. [18F]FDG is the most widely used PET tracer, and it is a fluorine-18 labeled glucose analogue. Its uptake is a marker of glucose uptake
which is correlated with tissue metabolism, as any region with a higher metabolic rate would require more energy and thus more [18F]FDG signal is present.
A more novel class of PET tracers is the antibody-based radioligands. Currently fairly common in oncology, antibodies are suitable molecules to be
adapted as radioligands as they are more specific than conventional small molecules.
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PET data analysis
The acquired data can either be displayed as a static image showing the localization of radioactivity, or computed to investigate dynamic changes in radioactivity over time. This is required in order to quantify tracer concentrations
(i.e. receptor density) with pharmacokinetic modeling. In order to obtain
(semi)quantitative measurements, the standardized uptake ratio (SUV) is often
used. The SUV is the image derived radioactivity concentration (Cimg) corrected for the injected dose per bodyweight (ID/BW) (Eq. 1). It is a convenient
evaluation parameter that allows one to compare between subjects (e.g. comparing regional tracer uptake in different genotypes). It does not require dynamic scanning or blood sampling, making it a convenient measurement.
/

Eq. 1

As a (semi)quantitative measurement, the SUV ratio (SUVR) can be used to
investigate regional differences in uptake. Here, the SUVR is used to investigate regional tracer uptake compared with a reference region, often the cerebellum, which should be largely void of specific tracer binding, providing an
indication of specific binding (Eq. 2).

SUVR

Eq. 2

It is also possible to pharmacokinetically simplify and describe the process of
tracer transport and uptake. With kinetic modeling, the drug-organism interaction is simplified into compartments [118, 119]. A compartment is a physical space in which the tracer is considered to be distributed uniformly, e.g.
tracer concentration in blood or plasma. The simplest compartmental model is
the two-compartment model, or one-tissue compartmental model (1TCM).
Here, the first compartment is the input function (i.e. measured plasma/blood
curve). The second compartment is the tracer concentration in tissue. The interaction between the two is characterized by two rate constants (K1 and k2).
As such for a known concentration in blood, assuming a state of equilibrium,
the tracer concentration in tissue would be defined by the net flux between
compartments.
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Figure 4. Schematic representation of a one-tissue compartmental model. It is the
simplest model, and it requires arterial blood sampling. At equilibrium, tissue (Ct)
tracer concentrations are dependent on the blood concentration (Cp). The flow from
tissue back to the blood depends on the concentration in tissue.

It is sometimes possible to model receptor kinetics with a model without measuring the arterial input function, as to avoid performing arterial cannulation
and metabolite measurements, if the reference model compares well to a
model based on arterial blood sampling (i.e. the reference model must be validated). The simplified reference tissue model (SRTM) relies on the presence
of a reference tissue region, void of specific binding of the ligand, and the
assumption that the reference region and region of interest are identical otherwise, i.e. K1/k2 = K1’/k2’ [120].

Figure 5. Schematic overview of the simplified tissue reference model. It is used for
quantification of reversibly receptor binding tracers. No arterial blood sampling is required. Instead, it functions with the assumption that K1/k2 = K1’/k2’, and that the used
reference region has negligible receptor density such that there is no specific binding.
The cerebellum is an often used reference region for tracers such as [11C]ABP688,
and [11C]raclopride, and also in this thesis for di-scFv [124I]3D6-8D3 and
[124I]RmAb158-scFv8D3. The ROI is a target rich brain region of interest to be quantified.

Nondisplaceable binding potential (BPnd) is the sum of available receptor density and the affinity of the ligand to its target, and is the obtained measurement
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from comparing the reference region to the receptor-rich region of interest.
SRTM has been validated as a suitable method of reference tissue-based quantification of the metabotropic glutamate 5 receptor (mGluR5) [121]. Here, the
calculated BPnd obtained from calculating the equilibrium total distribution
volume (VT) with a model requiring arterial sampling, and from SRTM in rats
injected with [11C]ABP688, a selective tracer for mGluR5, found that reference tissue-based quantification proved to be suitable. The cerebellum was
determined to be a valid reference region as it was largely empty of mGluR5,
thus it has only negligible specific binding.

Antibody conjugation
Prior to using recombinantly expressed fusion proteins, we used in paper II a
chemically conjugated fusion protein composed of F(ab’)2-h158 and 8D3.
This was done by first modifying each antibody with one of two linkers which
will bind specifically to each other to form a permanent bond. In order to purify, the mixed preparation was incubated with Fc-binding affinity matrix to
specifically deplete unconjugated F(ab’)2 fragments. Then the mixture was incubated with IgGCH1 binding affinity matrix in order to deplete the sample
of unconjugated 8D3. The purity of the preparation could then be assessed
with on an unreduced SDS-PAGE stained with Coomassie Blue.

Recombinant antibody expression
In order to produce recombinant bispecific constructs, first the sequences encoding the construct were cloned into a pcDNA3.4 vector. For di-scFv 3D68D3 (Figure 6D), this sequence was composed of the light and heavy chain
variable fragments of scFv 3D6 linked together with a 15 amino acid sequence
linker, followed by a 19 amino acid sequence linking the scFv 8D3 sequence,
which was composed of the 8D3 heavy chain linked to the light chain with a
13 amino acid sequence. For purification purposes, a histidine-tag was attached on the C-terminus.
For RmAb158-scFv8D3 (Figure 6C), the sequence of scFv 8D3 was attached to the C-terminus of each RmAb158 light chain sequence via a short,
inflexible peptide linker designed to hinder bivalent TfR binding. The heavy
and the light chain are each on their own vector.
In order to obtain recombinant fusion protein, Expi293 cells were transfected with plasmid DNA encoding either di-scFv 3D6-8D3, or a 7:3 ratio
mixture of light:heavy chain encoding RmAb158-scFv8D3. Following a 7-12
day incubation period post-transfection, the cell media was harvested and the
antibody could be obtained via affinity purification. By running the cell media
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Figure 6. Schematic representation of conventional IgG (a), conjugated fusion protein
(b), and two different formats of recombinant bispecific antibody-based constructs (cd). The Fab region contains the variable region (Fv region) which is the antigen recognizing part of the IgG. Depicted here (a) is mAb158, a monoclonal mouse-derived
IgG that recognizes the specific conformation of protofibrillar Aβ. b. 8D3-F(ab’)2158 is a chemically conjugated bispecific fusion protein composed of IgG 8D3 (binds
to mouse transferrin receptor (TfR)) linked to a F(ab’)2 fragment of mAb158 (i.e. the
Fc region has been enzymatically removed). c. Recombinantly expressed bispecific
antibody, RmAb158-scFv8D3, where the scFv8D3 has been expressed together with
the light chain of RmAb158. Construct contains two scFv8D3s which are attached via
short, inflexible linker peptide sequences. d. Di-scFv 3D6-8D3 is composed out of
two scFvs: scFv 3D6 (binds to N-terminus of Aβ), and scFv 8D3 (binds to mouse
TfR). These have been expressed in one sequence, and are linked together by a long,
flexible peptide sequence.

through an affinity column, functionally formed antibody will bind to the column while the rest of the cell media will simply flow through. In case of discFv 3D6-8D3, the purification occurs using a nickel ion column which binds
histidine-tagged proteins strongly. In order to then obtain the bound protein, a
high concentration of imidazole is run through the column which weakens the
histidine binding to the nickel column.
For RmAb158-scFv8D3, purification occurs using a protein G column
which binds the Fc-region of the IgG. Here, elution can be performed using a
pH lowering solution (i.e. 0.7% acetic acid solution) which weakens the aforementioned binding.

Ex vivo studies
Ex vivo analyses were an integral part of the studies in this thesis. In order to
assess the transport into the brain, animals were sacrificed at different time
points post-injection, then perfused with 50 ml 0.9% NaCl over 2 min. The
perfusion is an integral step to be able to accurately assess the brain uptake at
early time points (e.g. 2 h), since initially the concentrations of radioligand in
blood will be extremely high and make it impossible to accurately assess specific uptake in the brain compared with the high signal from blood. Animals
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that were PET scanned (e.g. at 24 or 72 h) were also analyzed ex vivo to validate PET-derived findings.
Furthermore, organs were also harvested to investigate peripheral uptake.
To investigate the blood pharmacokinetics, blood samples were taken periodically (frequently early post-injection) in order to assess the biological halflife in blood.
To validate the PET findings, sections were placed on a positron-sensitive
phosphor screens. The screen is sensitive to the radioactivity in the section it
is exposed to and an image develops visualizing the distribution and localization of the radioactivity in the section with greater resolution.
In order to detect both endothelial cells using immunohistochemistry, and
the radiolabeled antibody, we performed nuclear track emulsion in paper II.
After the section has been immunostained for endothelial cells, it is exposed
to an emulsion which is sensitive to radioactivity. By then developing the section it is possible to visually detect both the radiolabeled antibody and the
immunohistochemical staining.

Iodine-124 and iodine-125 labeling
The antibody-based PET studies in paper II and IV were performed using
iodine-124 (124I) labeled antibody. Iodine-124 is a proton-rich isotope with a
radioactive half-life of 100.3 h (4.18 days). Its modes of decay are 74.4% electron capture and 25.6% positron emission. As such, it is a suitable isotope for
relatively long term experiments involving PET. Antibody labeling with iodine-124 was performed by chloramine-T labeling, which is based on electrophilic attack of the phenolic ring of tyrosine residues by oxidized iodine [122].
The reaction is subsequently stopped after 120 s by addition of sodium metabisulfate in PBS, and iodine-124 labeled antibody was purified using NAP-5
size exclusion columns. Since the reaction could potentially occur at any tyrosine residue, the labeling can lead to a fairly heterogeneous mixture with
some antibody molecules labeled more or less than others.
The other iodine isotope used in this thesis was iodine-125 (125I). Iodine125 has a radioactive half-life of 1427.8 h (59.49 days), and it decays by electron capture to an excited state of tellurium-125, which immediately decays
by gamma decay. Due to its long half-life, it is a preferred isotope for antibody-labeling for long term experiments. Here, it was primarily used for ex
vivo pilot studies.

Fluorine-18 labeling
In paper V, we performed fluorine-18 labeling of RmAb158-scFv8D3 and discFv 3D6-8D3. Here, the labeling was based on a ‘click’ conjugation reaction
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between two different substrates: trans-cyclooctene (TCO) and tetrazine.
First, antibody was modified with TCO, which reacts with primary amines to
form a covalent bond. Then, by fluorine-18 labeling the tetrazine, it is possible
to click the [18F]tetrazine with TCO-antibody, and thus indirectly labeling the
antibody with fluorine-18 (Figure 7).

Figure 7. Scheme of TCO-Tetrazine ‘click’ reaction labeling. Antibody and TCOtetrazine are not to scale.

SDS-PAGE and immunoblotting
The process of separating macromolecules (i.e. proteins) using an electric field
is called electrophoresis. Proteins are loaded into polyacrylamide gels (PAGE)
which restrain larger molecules from migrating as fast as smaller molecules.
Furthermore, the gel contains sodium dodecyl sulfate (SDS) which is an anionic detergent which in solution has a net negative charge. Proteins bind SDS
proportionally to their relative molecular mass, and because of the negative
charges they are strongly attracted towards a positively charged electrode (anode) in an electric field. As such, it is possible to separate proteins by molecular weight and to determine protein abundance and distribution. In order to
visualize the proteins in the gel, they are stained with Coomassie Blue which
is a dye that binds strongly to proteins.
After performing SDS-PAGE, the proteins can be transferred out of the gel
into a nitrocellulose or polyvinylidene difluoride (PVDF) membrane. Again,
an electric current is used to migrate the protein, in this case from the gel into
the membrane while maintaining the distribution they had in the gel. It is then
possible to visualize specific targets with antibodies, i.e. immunoblotting. By
incubating the membrane with primary antibodies against the protein of interest, then with a subsequent incubation with a secondary antibody against the
primary (the secondary is the detection antibody, linked to e.g. a fluorescent
probe for detection), one can detect, visualize, and quantify the protein target
of interest (Figure 8A). The advantage of this two-step process is signal amplification (i.e. several secondary antibodies can bind to the primary), and
flexibility and cost-reduction. Generally, the secondary antibody is directed
against a species-specific antigen, so that they can be used against varying
primary antibodies of the same species.
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Figure 8. A. Schematic representation of two-step detection of a target of interest.
First, the protein of interest (i.e. antigen) is bound by the primary antibody specifically
recognizing its respective antigen. For detection and amplification, a secondary antibody specific for the primary antibody host species has a fluorescent probe, providing
a detection readout. B. Sandwich ELISA layout. First, the antigen is captured by a
capture antibody coated on the well surface, followed by binding by the primary antibody (often an antibody that binds to a different epitope of the same target), which
is subsequently bound by the secondary antibody. The secondary antibody is generally
biotinylated. Biotin binds to streptavidin, so by adding streptavidin-HRP, detection
will be possible as HRP converts a substrate (TMB) into a detectable colored reaction
product (blue).

Immunofluorescence
Similarly to immunoblotting, immunofluorescence also relies on antibody
binding to its antigen to detect and visualize the protein target of interest (Figure 8A). The main difference here is that immunofluorescence is performed
on tissue sections in order to investigate the distribution of the protein in the
native situation. First, the tissue is incubated with a primary antibody against
the target of interest, then followed by an incubation with a detection secondary antibody directed against the species of the primary antibody. The signal
can then be visualized under a fluorescence microscope.

Cy3-labeling of antibodies
As another method for visualizing the antibody and its distribution, antibodies
were labeled with a Cy3 fluorescent probe. The fluorescently labeled antibody
was then intravenously injected into transgenic and wt mice, and brains were
harvested 1 and 3 day post-injection and sectioned. As such, the immunostaining step occurred in vivo, followed by a histological readout.
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Enzyme linked immunosorbent assay
ELISA (enzyme linked immunosorbent assay) is an enzymatic reaction based
diagnostic method for detection of an antigen of interest. Akin to immunoblotting and immunofluorescence, ELISA relies also on antibody binding to its
antigen. The detection antibody has a horseradish peroxidase enzyme linked
to it, which catalyzes the conversion of a substrate substance into a detectable
form. Here, TMB (3,3’,5,5’-Tetramethylbenzidine) was used which is converted into a blue color. Upon stopping the reaction with an acid or other stop
reagent (i.e. sulfuric acid), TMB turns yellow and the readout is detectable
color signal at 450 nm. Another difference is the way ELISAs are performed.
Sandwich ELISA: For detecting the presence and concentration of an antigen in a sample, sandwich ELISAs were performed (Figure 8B). First, the
surface is coated with a capture antibody, which will bind the antigen present
in the applied sample. A primary antibody recognizing the antibody is then
added, and thus the antigen is ‘sandwiched’ between two antibodies. For detection, a secondary antibody bound to HRP is added which will enzymatically
convert a substrate into a detectable reaction product. Alternatively, the secondary antibody can be biotinylated and then streptavidin-HRP is applied,
which binds to biotin. Thus, the amount of enzymatically conversion is a
readout of the antigen concentration.
Competition ELISA: For the purpose of measuring the antibody specificity
to its antigen, competition ELISAs were performed. Here, the surface is instead coated with antigen, and a serial dilution of unlabeled competitor antibody mixed with biotinylated antibody is applied as sample. The signal can
then be detected using streptavidin-HRP (which binds to biotin). Here, the
signal intensity is inversely correlated to the concentration of unlabeled competitor antibody, i.e. more unlabeled antibody means less biotinylated antibody can bind and thus the signal intensity will be lower. With this method it
is also possible to compare affinities of different antibodies to the same antigen, when the concentrations are equal, then the difference in signal intensity
is a result of a difference in binding affinity.
Inhibition ELISA: In order to investigate the specific binding to different
conformations of Aβ (i.e. monomeric and protofibrillar forms), inhibition
ELISAs were done. The surface is coated with Aβ protofibrils, and a constant
concentration of antibody preincubated with a serial dilution of Aβ monomers
or protofibrils was then loaded. The higher the affinity for the preincubated
form of Aβ, then less unbound antibody would be available for binding to the
surface-coated Aβ protofibrils, and thus the difference in signal readout is directly related to the antibody’s conformational preference.
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Aim

The general aim of this thesis has been to discover/create a PET tracer capable
of visualizing longitudinal and dynamic changes in the pathology related to
AD.
In paper I, the approach taken was to investigate a key target which is considered to be functioning aberrantly due to a pathological interaction with Aβ
oligomers: the metabotropic glutamate receptor 5 (mGluR5). As such, the aim
of paper I was to characterize the mGluR5 pathology on a protein level, and
then to investigate whether it would be feasible as an in vivo PET biomarker
for AD disease stage/severity.
In paper II, a different approach was taken instead. Here, we developed our
own PET radioligand based on an antibody, with the rationale being that antibodies are more sensitive and can bind to a more specific epitope and/or conformation – providing a potential better readout than conventional small molecular radioligands. By doing so, we would be able to specifically target the
soluble aggregated forms of Aβ (protofibrils), and have a pathology-specific
PET radioligand. The major issue with an antibody-based approach is the
BBB. Conventional antibodies are unable to cross the BBB due to their size,
as the BBB hinders passive diffusion. In order to get our antibody-based PET
tracer into the brain, we chemically conjugated the Aβ protofibril selective
antibody (mAb158) to a TfR-specific antibody (8D3), thus creating a
bispecific fusion protein. TfR is expressed on the surface of endothelial cells
of the BBB and is involved in transporting transferrin across into the brain.
In paper III, we further improved and optimized our previously developed
bispecific antibody format. Whereas in paper II, antibodies were chemically
conjugated, which led to heterogeneous and impure preparations, we now designed and recombinantly expressed our bispecific antibodies – the methodology of which was published as paper III.
In paper IV, due to the findings of paper III, we were able to further improve
our bispecific antibody-based approach. Rather than designing conventional
antibodies, we instead utilized smaller formats that retain binding properties
of the original antibody, but are instead a fraction of the size (i.e single-chain
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variable fragments, or scFv), which are only 28 kDa whereas a conventional
IgG antibody is 160 kDa.
In the final paper, paper V, a step is taken towards translation into the clinic.
Previously, iodine-124 was utilized as the isotope to label our antibody-based
PET ligands with. However, iodine-124 is an impure positron emitter (25.6%),
furthermore it has a radioactive half-life of 4.18 days. As such, the focus of
his paper was to perform fluorine-18 labeling of our antibody-based PET constructs. An issue in general with conventional antibodies is their long biological half-life in blood, which leads to poor signal-to-noise ratio. Previously, to
circumvent this, we labeled with iodine-124 and waited at least 3 days before
performing PET scans. However, in paper IV, we created a much smaller
bispecific antibody construct, and we showed that it has a remarkably shorter
biological half-life (3 h).
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Results

Paper I
The disease-causing mechanisms leading to AD remain elusive. Soluble Aβ
oligomers are considered toxic, and their pathological role requires mediation
via mGluR5. As such, the aim of the study is to investigate age and genotype
related changes in mGluR5 in a mouse model of Aβ pathology using PET with
[11C]ABP688.
Wild type (wt) and transgenic ArcSwe mice, (at 4, 8, or 16 months of age)
were used in this study. Mice were i.v. injected with [11C]ABP688, a highly
selective noncompetitive antagonist for mGluR5, and scanned for 45 min to
image mGluR5. After PET scanning, animals were transcardially perfused,
and the level of radioactivity was measured in the extracted blood and brain
tissue. The left hemisphere of the brain was then used to assess protofibril and
mGluR5 levels, and the right hemisphere was used for immunofluorescence.
Using SRTM with the cerebellum (known to have no mGluR5 expression) as
reference region, we investigated the nondisplaceable binding potential in the
following regions of interest (ROI): hippocampus, thalamus, striatum, and
whole brain excluding the cerebellum [120, 121].
We found high uptake of [11C]ABP688 in hippocampus, thalamus, and striatum in both wt and transgenic mice, regions known to express high levels of
mGluR5 compared with the rest of the brain. When given a large dose of cold
unlabeled ABP688, the PET signal disappeared. Immunoblotting showed decreased mGluR5 levels in 16-month-old wt mice compared with their agematched ArcSwe counterparts, which had elevated levels similar to younger
ArcSwe mice. The ArcSwe mice had increased levels of protofibrils at 4
months, and levels continued to steadily increase with age. Wt mice had low
levels regardless of age. Lastly, in the hippocampus we found that mGluR5
typically tended to colocalize with astrocytic marker glial fibrillary acidic protein (GFAP).
While we found signs of a pathology-related change in mGluR5 levels in
ArcSwe mice using immunoblotting, [11C]ABP688 PET did not differentiate
between ArcSwe and wt mice. Immunoblotting revealed elevated mGluR5
levels in ArcSwe mouse brain that did not decline with age, unlike wt mice
that showed a significant age-dependent decrease at 16 months of age compared with ArcSwe mice. Both types of mice displayed higher BPnd and PET
signal in hippocampus, thalamus, and striatum, coinciding with known
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mGluR5 expression patterns. Evidently, the results from measuring protein
levels using immunoblotting were not in unison with obtained PET data, based
on the assumption that a change in mGluR5 receptor concentration (as assessed with immunoblotting) would reflect a change in the PET signal and
BPnd. This discrepancy could possibly be explained by several factors.
Firstly, the cerebellum may be less than ideal as a reference region as it
may not be void of mGluR5 in mouse [123]. There is evidence for mGluR5
dysregulation in several disorders such as Fragile X syndrome (FXS) and autism [124, 125], and these affect the cerebellum [126–128]. In FMS, a trinucleotide repeat expansion in the 5’-UTR of fmr-1 leads to loss of expression
of fragile X mental retardation protein (FMRP) [129]. Similarly, FMRP has
been found to regulate AβPP mRNA translation through mGluR5 activation,
and fmr-1 KO mice have increased Aβ40 and Aβ42 levels; and an mGluR5specific antagonist (2-methyl-6-(phenylethynyl)pyridine) was able to block
this effect [130]. It is therefore possible that in AβPP mouse models, there is
a differential expression of mGluR5 present affecting also the cerebellum to a
degree that the cerebellum may not be as suitable of a reference region as it is
in wt cerebellum.
Secondly, due to the size of the mouse brain and the spatial resolution of
PET, the signal-to-noise ratio (SNR) may be insufficient for observing any
potential difference. This is mostly due to the partial volume effect whereby
local maxima are underestimated due to a reduction in signal from the surrounding, smoothening values in the region. This is especially troublesome
in mice, as the resolution of the µPET/CT (approx. 0.5-1 mm) is relatively
large compared to the mouse brain, not to mention in any region of interest.
Nonetheless, this is the first in vivo study of mGluR5 in an AD mouse
model with [11C]ABP688. We found higher BPnd in regions known for high
mGluR5 expression than in the rest of the brain, although receptor densities
were lower than earlier published in an [11C]ABP688 validation study in rat
brain. These findings could potentially be due to partial volume effects [121].
All in all, [11C]ABP688 appears to be a good specific mGluR5 tracer. However, we conclude that currently quantifying mGluR5 with [11C]ABP688 has
proven to be unfeasible in mice, at least in the ArcSwe mouse model used
here, although our data suggests an interaction between mGluR5 and Aβ.

Paper II
Here, we based our approach on previously performed work with our mAb158
antibody, which is selective for soluble protofibrils, as a high affinity detection
agent for the toxic variants of Aβ in the brain for measuring disease severity
[131]. Previously, the viability of mAb158 (labeled with iodine-125) has been
assessed, and there was a significant increase in brain concentrations of
[125I]mAb158 72 hours post-injection in ArcSwe mice compared with wt mice
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[132]. The brain concentrations were, however, too low for it to be used as a
PET tracer.
The brain endothelium which makes up the BBB expresses high concentrations of TfR, and an anti-TfR receptor antibody may function as a transport
vector via receptor mediated transcytosis [106, 108]. Previously, brain uptake
of an anti-TfR receptor antibody was strongly increased compared to a control
IgG2a antibody [108], thus proving the principle of a molecular Trojan horse:
creating a fusion protein where the therapeutic antibody or drug is linked to a
second antibody that binds a specific receptor on the BBB, enabling receptormediated delivery of the fusion protein so it may reach its target in the brain
[133].
Therefore, in order to increase uptake of our tracer into the brain, we created a fusion protein composed of a F(ab’)2 fragment of mAb158, recognizing
the toxic soluble protofibrils, and a TfR antibody allowing the whole
bispecific fusion protein to enter the brain sufficiently to enable PET imaging.
First, we enzymatically cleaved mAb158 to create a F(ab’)2 version of
mAb158, which reduces its systemic half-life from 11 days to approximately
2 h in ArcSwe and wt mice. This increases the brain-to-blood ratio (Kp), important for successful PET imaging, and decreases radiation dose for the patient. The F(ab’)2 fragment was then chemically conjugated to 8D3, an antiTfR antibody, creating the 8D3- F(ab’)2-mAb158 fusion protein (which had a
half-life of about 15 hours). We radioiodinated 8D3-F(ab’)2-mAb158 in order
to perform ex vivo analyses. By labeling it with iodine-124, we created a PET
tracer and injected ArcSwe, Swe, and wt mice with [124I]8D3-F(ab’)2mAb158. A 60 min PET scan was then performed 72 post injection. Animals
were transcardially perfused with 0.9% NaCl, the left hemisphere was used
for biochemical analysis, and the right for immunohistochemistry, autoradiography, and nuclear track emulsion autoradiography.
Kp reached its maximum measured peak at 72 h post injection, although
this could potentially have been higher if we had measured later as well. At
this time point (72 h) ArcSwe mice had a significantly greater brain retention
of 8D3-F(ab’)2-mAb158 compared with F(ab’)2-mAb158 (15-fold difference). Wt mice showed no significant uptake of 8D3-F(ab’)2-mAb158, or
F(ab’)2-mAb158. When we performed PET at this time with [124I]8D3F(ab’)2-mAb158, there was observable PET signal in the brain of 12- and 18month-old ArcSwe mice. In Swe mice there was no PET activity visible at 12
months, however the signal was greater in Swe mice at 18 months than in
ArcSwe of the same age. This is likely due to the slower onset of disease in
the Swe model, however pathology also progresses faster once present. The
brain was void of activity in wt mice of all ages, and in ArcSwe mice at 4 and
8 months of age.
Nuclear track emulsion on sections immunostained for CD31, an endothelial marker, revealed little colocalization between CD31 and fusion protein.
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There is visible accumulation of fusion protein surrounding amyloid plaques
as visualized with Congo red.
PET-signals correlated with Aβ protofibril load, but not with Aβ40 or Aβ42
load. There appears to be a PET detection limit of Aβ protofibril load that is
not yet reached in 4- and 8-month-old ArcSwe mice, and 12-month-old Swe
mice. ArcSwe animals had significantly elevated levels of Aβ protofibrils at
12 months of age which could be visualized with PET, while age-matched
Swe mice showed no such increase and their Aβ protofibril levels remained
below the detection threshold.
We found an age dependent increase in PET activity in ArcSwe and Swe
mice, i.e. as they age they accumulate Aβ protofibrils. While ArcSwe had positive PET signal at 12 months already, Swe mice of the same age did not. This
may be explained by the difference in disease progression between the two
models, as ArcSwe mice have dense Aβ plaque pathology comparable to those
in the human AD brain. Plaques first appear at 6 months of age, and there is a
near-linear increase of soluble Aβ protofibrils with age. Swe mice on the other
hand have more diffuse plaques with a later onset and more rapid increase in
Aβ pathology.
With [11C]PIB PET, young 8 and 12 month mice had similar [11C]PIB retention as wt mice. The 18 month old ArcSwe and Swe mice had some
[11C]PIB retention, primarily in cortical regions, however SUVRs were lower
than those obtained with [124I]8D3-F(ab’)2-mAb158 PET.
All in all, our results suggest that we have successfully created a bispecific
fusion protein capable of crossing the BBB and visualizing Aβ load. Evidently, the Trojan horse based immunoPET may be successfully employed as
a neuroimaging method, applicable also for other targets in the brain.

Paper III
Here, we established a methodological protocol for producing recombinantly
expressed multivalent antibodies using a mammalian expression system. Previous methods have been reported, but generally only for monovalent antibodies. Furthermore, we have also produced antibody-based constructs with this
protocol, and it is the first describing the transfection of the mammalian
Expi293 cell line with PEI.

Figure 9. Scheme of recombinant protein expression pipeline.
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Previously, Expifectamine™ has been the main reagent in use for transfecting
Expi293 cells with the plasmid DNA encoding the protein-to-be-expressed.
While it is an efficient reagent mixture, and very well suited for small batch
transfection, its high cost (>1000-fold more expensive than PEI) makes it prohibitive for large scale transfection (i.e. > 100 ml media). Furthermore, here
we used PEI 40K Max (Polysciences, Inc.), which is much easier to dissolve
than the more conventionally used PEI 25K, further simplifying reagent preparation also.
All in all, establishing a lab protocol for recombinantly producing pure and
homogeneous preparations of designed antibodies and antibody-based constructs has proven to be an important methodology underlying our current investigations.

Paper IV
In paper IV, using the protocol previously described in paper III, we developed a small antibody-based bispecific construct named di-scFv 3D6-8D3 that
is only 58 kDa (previous bispecific constructs were >200 kDa) which has a
much reduced half-life in blood (3 h), whereas previous larger constructs were
>11-16 h). The bispecific construct, di-scFv 3D6-8D3, is composed of two
scFvs, 3D6 (3D6 is an N-terminal Aβ binding antibody), and 8D3 (which
binds to mouse TfR). Rather than using mAb158, 3D6 was chosen here as it
binds monovalently to its target, while mAb158 requires bivalent binding (i.e.
both arms of the IgG) since it is a conformation specific antibody. The scFv
format of mAb158 has been explored, although here two scFv mAb158’s were
required for binding [134].
Owing to the much reduced half-life in blood, we were able to visually
distinguish between transgenic mice and wild type already 1 day post-injection. Furthermore, this small construct has much higher SUVR (> 2–3) than
PIB (conventionally >1.4 is considered PIB positive).
Another interesting finding is that this antibody, di-scFv 3D6-8D3, is based
on an Aβ N-terminal recognizing antibody (3D6), which does not have a preference for Aβ conformation. Despite this, we found that our PET signal correlated best with levels of soluble Aβ aggregates, and not with that of insoluble
Aβ plaques, despite there being 1000-fold more insoluble Aβ. As such, it
would appear that with regards to available binding sites (i.e. exposed N-terminals), soluble Aβ is more easily accessible than insoluble Aβ.

Paper V
We were successful in fluorine-18 labeling RmAb158-scFv8D3 and di-scFv
3D6-8D3 using TCO-tetrazine click reaction. By first modifying the antibody
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with TCO, it is receptive to being coupled to tetrazine. The tetrazine is the
small molecule which prior to clicking will be fluorine-18 labeled, thus by
clicking TCO-antibody to [18F]Tetrazine we will have created a fluorine-18
labeled antibody.
For validation purposes, we Cy3 labeled di-scFv 3D6-8D3 and injected it
into ArcSwe and wt mice to visualize the antibody with a fluorescent approach. At 1 day post-injection there appeared to be a strong but diffuse signal
present throughout the cortex of ArcSwe mice. Furthermore, surrounding
plaques there was also a diffuse ‘halo’ of [Cy3]3D6-8D3, likely binding to
any present soluble or available Aβ. These patterns were also observed at 3
days post-injection but the signal intensity was weaker.
The BBB passage was investigated 2 h post-injection and we found
[18F]RmAb158-scFv8D3 %SUV in brain of around 30%, and for di-scFv
[18F]3D6-8D3 %SUV around 10% (in comparison, antibodies that would not
be able to cross the BBB would not reach levels of >1%). As such, the antibody appeared to be functional after fluorine-18 labeling. Then, at 12 hours
we investigated differences in retention in brain between wt and ArcSwe mice,
and found a 2-fold difference between genotypes, which indicated that the antibody was being cleared in wt mice as they lack an intrabrain epitope for the
antibody to bind to (i.e. no Aβ pathology).
Initially with the first generation tetrazine (T1) we had significant uptake
in skull and other bone tissue in a time dependent manner, indicating that this
version defluorinated. However, the second (T2) and third (T3) generation tetrazines did not have this issue, as validated with PET.
Based on these encouraging findings, we decided to perform PET with discFv [18F]3D6-8D3 at 11-12 h post-injection, at which point only 1.55% of
the initial injected activity remains (i.e. performing PET at a later time point
would be challenging). The images obtained with T3-[18F]3D6-8D3 show
higher uptake in ArcSwe mouse brain than in wt brain.
All in all, we appear to have successfully created and utilized a fluorine-18
version of an antibody-based PET tracer for visualizing Aβ pathology in
mouse brain.
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Reflections

The overall aim of this thesis has been to discover/create a PET tracer capable
of visualizing longitudinal and dynamic changes in the pathology related to
AD, and I believe that we have made some significant contributions.
Firstly, we have demonstrated the use of an antibody as a PET tracer for Aβ
pathology in the mouse brain. One of the most important aspects of this is that
we have shown the possibility of selectively targeting a specific antigen and/or
target, e.g. in this case the protofibrillar form of Aβ. As such, this protofibril
specific PET tracer can detect Aβ pathology more accurately than conventional plaque imaging (i.e. [11C]PIB). This is further strengthened by the
higher SUVR we have with antibody-based PET tracers compared with PIB,
i.e. due to the specific binding to the soluble forms of Aβ, which means that
antibody-based PET appears to be more sensitive, which was also supported
by the detection of pathology already at 8 months with antibody-based PET.
Furthermore, this thesis also serves as a proof-of-principle. PET tracers
based on bispecific antibodies in general can also be adapted for other targets
that underlie disease (e.g. α-synuclein, or tau). One major advantage of antibody-based PET is the wide range of conventional antibodies already existing
that can readily be adapted for use as a PET tracer. The specificity of antibodies means that it is possible to selectively target slight differences that could
be the result of e.g. gene editing, familial mutations, polymorphisms (e.g.
APOE isoform), or a specific (tau) isoform. This could lead to much improved
detecting and diagnosing of disease.
While initially we used conventional antibodies that we then chemically
conjugated in order to cross the BBB, later on we started expressing bispecific
antibodies recombinantly which improved their purity and also function (as
all recombinant antibodies were identical). Then, we started designing antibody-based constructs that were strongly reduced in size. The main rationale
was that the size of the antibody directly correlated with the biological halflife in blood. By producing a 58 kDa di-scFv, we managed to reduce the biological half-life down to approximately 3 h, while previously a 210 kDa large
bispecific antibody had a half-life of 11-16 h. In doing so, it was possible to
detect and visually distinguish Aβ pathology much earlier (1 day rather than
3 days post-injection. The shortened half-life can largely be explained also by
the high concentrations of the 58 kDa construct found in urine and kidney (but
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not for the 210 kDa antibody), which indicates that it is small enough to be
cleared via the renal pathway. The rationale behind reducing the half-life is
that for a PET tracer, the radioactive exposure should be as minimal as possible. In order to minimize, it is important also to shorten the biological halflife, as faster clearance would mean lower radioactive exposure. Furthermore,
a shorter biological half-life also allows for earlier detection, and for using
shorter-lived isotopes, e.g. fluorine-18.
As di-scFv 3D6-8D3 had the shorted biological half-life thus far developed
in our hands, we attempted TCO-Tetrazine click chemistry in order to indirectly label it with fluorine-18. Click-chemistry also has other applications
than fluorine-18 labeling. It can be a method to conjugate antibodies as well,
in order to create bispecific antibodies that can then be tested in vivo, rather
than expressing the entire bispecific construct which requires more than but
also the entire known sequence for both antibodies. As such, click-chemistry
allows for speedy creation of bispecific antibodies for other, new targets. As
click-chemistry is possible in vivo, it can also be applied for pre-targeting. It
is a different approach to cope with the pharmacokinetic limitations of conventional antibodies. First the TCO-modified antibody is administered and
given time to clear peripherally. Then separately the radioactively labeled tetrazine is injected, and will click in vivo to the remaining antibody which
should be specifically bound to its target. The tetrazine, being a smaller molecule, will then be eliminated quickly from blood. In doing so, it is possible
to do PET with a large bispecific antibody and a short-lived isotope.
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Concluding remarks

Traditionally, small molecules have been the tracer type of choice for PET.
These small and lipophilic compounds possess ideal properties for entering
and reaching their intrabrain target. [11C]PIB was an imaging breakthrough for
the AD field, as it is now an invaluable tool for detecting and diagnosing Aβ
plaque. However, the main downside to small molecules is their specificity
(rather the rigidness thereof). Antibodies can potentially be used to target any
thinkable antigen. Due to their immense size (approximately 400 times larger
than small molecules), antibodies have difficulties crossing the BBB.
By taking advantage of the endogenous transport mechanisms found on the
BBB, it is possible to cross it using a Trojan horse, just as the ancient Greeks
entered Troy. Once inside, the antibodies can bind and detect the specific target they were made to find. In this case, the soluble toxic forms of Aβ (which
PIB does not bind to).
The initial study (paper II) used a chemical conjugation method for making
fusion proteins, leading to heterogeneous and suboptimally performing mixtures. By recombinantly designing and expressing the whole antibody-based
construct as one protein, we obtained pure and better performing preparations.
Our initial fusion proteins were large molecules. As a result, their biological half-life in blood was long (>16 h). Reducing their size by using only one
of the binding regions led to decreased half-lives, and made it possible to detect and distinguish a transgenic mouse from a wildtype at an earlier time
point. The half-life of our (at this time) smallest construct (58 kDa) was short
enough (3 h) that it was possible to use fluorine-18 (radioactive halflife: 1.83
h) as the labeling isotope, and to visualize differences already at 11 h postinjection.
Admittedly, the pharmacokinetic properties are still open to improvement.
Ideally the biological half-life would be further reduced since at this point we
still had to wait 11 hours before performing PET. However, at this point it is
potentially not only the size of the antibody that is responsible for the halflife. Rather it appears that the transport via the transferrin receptor may have
an influence on the pharmacokinetics.
Lastly, the TfR antibody (i.e. 8D3) used throughout this thesis is a mouse
TfR binder. Thus, one of the major challenges for clinical adaptation of these
antibodies in the near future will be to find or to create a suitable human TfR
binder.

43

All in all, I believe that during the scope of this thesis, we made a significant
contribution to the imaging field, and hope that we demonstrated the utility of
antibodies as PET tracers.
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Summary

Alzheimer’s disease is the most common form of dementia. It is a neurodegenerative disease. The first symptom is difficulty remembering recent events. As
it worsens, symptoms can range from language problems, disorientation,
mood swings, and behavioral issues. Clinical symptoms typically present
around 70-80 years of age, although certain genetic forms present much earlier.
First reported by Alois Alzheimer in 1906 when he found protein deposits
in the form of plaques and tangles in the brain of a 55 year old woman with
what he called senile dementia. The plaques are largely made up of amyloidbeta (Aβ), which in 1991 were proposed to be the cause of the disease.
At first, since the disease progress appeared to require mGluR5, which is a
receptor protein involved in cell signaling. And so we decided to investigate
if mice with AD-like pathology would have a different amount of mGluR5 as
detected with a PET ligand (in this case, [11C]ABP688 is a PET tracer that
binds to mGluR5). While we did find that these AD mice had more mGluR5
with postmortem investigations, using PET we could not detect these differences.
Then, our next approach was to try and target the actual disease causing
forms of Aβ: the Aβ oligomers/protofibrils. These small, soluble forms of Aβ
are considered the actual disease causing forms. The best way to do this was
using an antibody. Antibodies are very specific, and can distinguish between
an Aβ oligomer and the Aβ in the plaque. By doing so, the PET signal would
indicate the amount of toxic Aβ in the brain. However, the issue is that antibodies are enormous molecules. For PET, conventional small molecules are
400 times smaller, and generally have no problems crossing the BBB.
The BBB is a layer of blood vessel-forming cells separating the brain from
the rest of the body, and it prevents antibodies from entering. It selectively
allows only certain kinds of molecules to cross into the brain, mainly nutrients
and other molecules the brain needs. However, one particular molecule that
does enter the brain is iron. Iron is actively transported by transferrin into the
brain. Transferrin does this by binding to TfR on the BBB surface. By mimicking this binding to TfR with a TfR-binding antibody linked to the Aβ protofibril-recognizing antibody, we successfully transported antibodies into the
brain, and we could detect the Aβ protofibrils with PET.
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So the bispecific antibody created here was made using a chemical conjugation. This meant that the product was of a fairly mixed nature, as this chemical
linkage could occur anywhere on either antibody.
Thus we established a method to design and express recombinant antibodybased constructs in mammalian cells, which gave us extremely pure and identical molecules. In doing so, we improved the reliability and sensitivity of our
antibody-based PET tracers. It also allowed us to custom design the shape and
size of our antibody-based molecules. Instead of having the entire antibody,
we could use only the small part of it that binds to its target. As a result, our
smaller bispecific antibody (58 kDa) was 4 times smaller than the previous
recombinant bispecific antibody (210 kDa), and was eliminated from the body
much faster. We could now already scan and detect Aβ 1 day after injecting,
when before we had to wait at least 3 days.
In clinic, the most common radioactive isotope used is fluorine-18, which
has a radioactive half-life of 109.8 minutes (every 109.8 minutes, half of the
radioactivity decays, i.e. is gone). Previously, we used iodine-124 which has
a half-life of 100.3 hours (aka 6018 min). So in order to minimize radioactive
exposure and to make this antibody more suited for clinical use, we had to
create a method for radioactively labeling it with fluorine-18 instead of iodine124. We accomplished this using ‘click’ chemistry. Two molecules that bind
together strongly when mixed: TCO and tetrazine. First, we linked TCO on
our antibody. Then, we fluorine-18 labeled the tetrazine. Then, by mixing the
TCO-labeled antibody with the fluorine-18 labeled tetrazine, we indirectly
made a fluorine-18 labeled antibody. With this as a PET tracer, we successfully detected Aβ already 11 hours after injection.
All in all, this thesis serves as a demonstration of using antibodies as PET
tracers to detect the specific disease causing molecules and/or their specific
shape (the oligomers/protofibrils). We have fine-tuned and improved the antibody-based tracer shape so that we could PET scan earlier. Antibody-based
PET can of course also work for many other targets in the brain (such as the
protein causing Parkinson’s, α-synuclein).
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Samenvatting

De ziekte van Alzheimer is de meest voorkomende vorm van dementie. Het is
een neurodegeneratieve ziekte. Het eerste symptoom is moeite hebben met het
herinneren van recente gebeurtenissen. Naarmate de ziekte erger wordt,
presenteren zich meer symptomen zoals taalproblemen, disorientatie,
stemmingswisselingen, en gedragsproblemen. Deze klinische symptomen
beginnen typisch rond een jaar of 70-80, hoewel bepaalde genetische vormen
al veel eerder beginnen.
De ziekte was voor het eerst gerapporteerd door Alois Alzheimer in 1906
toen hij eiwitten vondt in de vorm van plaques en tangles in het brein van een
55 jaar oude vrouw met wat hij seniele dementie noemde. Deze plaques
bestaan voornamelijk uit het eiwit amyloid-beta (Aβ), en in 1991 werd
voorgesteld dat deze de oorzaak zijn van de ziekte.
Aanvankelijk begonnen wij ons onderzoek met het onderzoeken van
mGluR5 (metabotropic glutamate receptor 5), deze receptor is normaal
betrokken met cellsignalering, en de functioe van mGluR5 was beschouwd als
afwijkend in de ziekte van Alzheimer. Dus besloten we om te onderzoeken of
transgene muizen met Alzheimer-pathologie een gewijzigde mGluR5
concentratie hadden, en dit deden we d.m.v. [11C]ABP688 PET ([11C]ABP688
is een radioactive molecuul die bind aan mGluR5). Hoewel we postmortem
vonden dat deze Alzheimer muizen meer mGluR5 eiwit hadden, konden we
met PET geen verschillen zien.
Vervolgens besloten we ons te richten op de daadwerkelijke ziekte
veroorzakende vorm van Aβ, namelijk de Aβ oligomeren en protofibrillen.
Deze zijn kleine, oplosbare vormen van Aβ die nu beschouwd worden als de
daadwerkelijke boosdoeners. Om dit te doen, gebruikten we antilichamen.
Antilichamen zijn ontzettend specifiek, en kunnen onderscheid maken tussen
een Aβ oligomeer en de Aβ in de plaques. Dus als we een PET ligand
gebaseerd op een antilichaam hadden, dan zou het PET signaal de hoeveelheid
ziekteveroorzakende Aβ aantonen. Echter, het probleem nu is dat antilichamen
enorme moleculen zijn. De gebruikelijke PET tracers (small molecules) zijn
dan ook 400 maal kleiner dan antilichamen, en hebben ook over het algemeen
geen probleem met het passeren van de bloed-hersenbarrière (BHB).
De BHB bestaat uit een laag cellen die de bloedvaten vormen, deze
scheiden de hersenen af van de rest van het lichaam, en voorkomen dat grote
moleculen zoals antilichamen de hersenen binnentreden. Het laatt alleen
selectief bepaalde moleculen door, voornamelijk nutriënten en andere
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voedingsstoffen die het brein nodig heeft. Eén zo’n stof is ijzer. Normaliter
worden ijzer-moleculen actief de hersenen in getransporteerd door transferrin.
Transferrin doet dit door zich te binden aan de transferrin receptor (TfR) op
het oppervlak van de BHB. Door dit proces na te bootsen met een antilichaam,
die zich ook aan de TfR bindt, welke gekoppeld is aan een Aβ protofibrilspecifieke antilichaam, hebben wij onze bispecifieke antilichaam de hersenen
in getransporteerd, en konden we de Aβ protofibrillen detecteren met PET.
De bispecifieke antilichaam was gecreëerd met een chemische conjugatie,
wat betekent dat dit product een vrij heterogene preparatie is, omdat deze
chemische koppeling aspecifiek overal kon plaatsvinden.
Daarom stelden wij een methode vast om recombinante bispecifieke
constructen gebaseerd op antilichamen te ontwikkelen en te produceren in
zoogdiercellen, welke tot extreme pure en identieke moleculen leidde. Zo
verbeterden wij de betrouwbaarheid en gevoeligheid van onze op antilichaamgebaseerde PET liganden. Verder was het nu ook mogelijk om de vorm en
grootte van onze PET liganden aan te passen. In plaats van telkens de hele
antilichaam te gebruiken, konden we alleen het kleine deel nemen dat
daadwerkelijk bindde. En zo creëerden wij een kleinere recombinante
bispecifieke antilichaam (58 kDa) die 4 maal kleiner is dan onze vorige
recombinante bispecifieke antilichamen (210 kDa), en deze was ook veel
sneller geëlimineerd uit het lichaam. In plaats van 3 dagen te wachten, konden
we nu al PET scannen en Aβ detecteren 1 dag na injectie.
In de kliniek is de meest gebruikte radioactive isotoop fluor-18, die een
radioactive halveringstijd heeft van 109.8 minuten (e.g. iedere 109.8 minuten
vervalt aka ‘verdwijnt’ de helft van de radioactiviteit). Eerder gebruikten wij
jodium-124, welke een radioactive halveringstijd heeft van 100.3 uur (6018
min). Om dus de radioactieve blootstelling te verkleinen en om deze
antilichamen meer geschikt te maken voor gebruik in de kliniek, creëerden wij
een methode om het te labelen met fluor-18 i.p.v. jodium-124. Dit was bereikt
d.m.v. een scheikundige ‘klik’ reactie, twee moleculen die sterk met elkaar
binden wanneer ze in dezelfde oplossing zijn: tetra cyclooctene (TCO) en
tetrazine. Eerst bonden wij TCO aan een antilichaam, en labelden we de
tetrazine met fluor-18. Door de TCO-antilichaam dan te mixen met fluor-18
gelabelde tetrazine, creëerden wij indirect een fluor-18 gelabelde antilichaam.
Dit gebruikten we als de PET tracer en we waren in staat om Aβ 11 uur na
injectie al te visualizeren.
Al met al, deze thesis is een demonstratie van het gebruik van antilichamen
als PET liganden om de specifieke ziekte veroorzakende moleculen en/of hun
specifieke vorm dan wel conformatie te detecteren. Verder hebben we dit
concept verfijnd en verbeterd om eerder en met betere gevoeligheid te kunnen
PET scannnen. PET liganden gebaseeerd op antilichamen kunnen natuurlijk
ook gemaakt worden voor vele andere doelen in het brein (bijv. het eiwit dat
Parkinson’s veroorzaakt, α-synuclein).
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