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With the aim of developing the concept of pretargeted click
chemistry for the diagnosis of Alzheimer’s disease two antibodies
specific for amyloid-B were modified to incorporate trans-
cyclooctene functional groups. Two bis(thiosemicarbazone)
compounds with pendant 1,2,4,5-tetrazine functional groups were
prepared that were radiolabelled with positron emitting copper-64.
The new copper-64 complexes rapidly react with the trans-
cyclooctene functionalized antibodies in a bioorthogonal click
reaction and cross the blood-brain barrier in mice.

Alzheimer’s disease (AD) is a progressive neurodegenerative
condition that leads to cognitive and behavioural impairment.
The pathology of AD is characterised by the presence of both
amyloid-B and tau pathology in the brain.! The biological impact
of amyloid-B plaques and neurofibrillary tau tangles (NFT) is
controversial, but the presence of these abnormal protein
deposits define AD and form the basis of its differential
diagnosis from other dementias.2®> A major component of
amyloid- plaques ARE aggregated forms of the amyloid-f
peptide (AB) which is formed by cleavage of the amyloid
precursor protein (APP), a type | transmembrane glycoprotein
of 695-770 amino acids.* Cleavage of APP leads to the formation
of fragments of various lengths with the 40 amino acid variant
(AB1.40) and 42-amino acid variants, APi.42, both being
significant. Aggregation of AR leads to the formation of
oligomers, protofibrils, fibrils and finally the deposition of
extracellular plaques. 4>

Positron Emission Tomography (PET) imaging using
radiolabelled small molecules that bind to amyloid-f3 plaques
can assist in differential diagnosis of AD.> For some patients,
amyloid- burden does not directly correlate with cognitive
impairment.® This dichotomy has contributed to the theory that
soluble AP fibrils and oligomers are the neurotoxic species.”
Current approaches for PET imaging of amyloid-3 use small
molecules radiolabelled with positron-emitting fluorine-18 that
bind to insoluble AP plaques. These tracers are typically small
aromatic, planar and lipophilic molecules, such as derivatives of
stilbenes (florbetapir) or benzothiazoles (flutemetamol). These
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compounds bind to insoluble amyloid-B plaques through a
combination of hydrophobic and non-covalent interactions but
offer little insight into the presence of soluble AB fibrils and
oligomers.8

Several anti-Ap antibodies that target different regions or
forms of AB have been developed. For example, aducanumab
(Aduhelm) is a recombinant IgG1 antibody that binds to soluble
AP aggregates and insoluble fibrils in preference to monomers.?
Aducanumab was approved by the FDA in 2021 for the
treatment of AD, although the approval was controversial.10
Diagnostic imaging with radiolabelled antibodies has the
potential to offer new insight to conventional amyloid-f plaque
imaging. PET imaging with radiolabelled antibodies
(immunoPET) has already made a significant impact in the
diagnosis of cancer, but the application of immunoPET to
diagnose neurodegenerative diseases is challenging. The large
molecular weight of radiolabelled antibodies (~ 150 kDa)
significantly limits their passage across the blood brain barrier.

In this work, we present an antibody ‘pre-target and chase’
approach that has the potential to circumvent these challenges
(Figure 1). The strategy involves administering an antibody that
has been modified to incorporate a functional group poised for
a bioorthogonal ‘click reaction” with a small molecule
radiolabelled tracer that crosses the blood-brain barrier (BBB).
The small molecule tracer is administered after allowing
sufficient time and
accumulation of the antibody at the target site in the brain.

Aducanumab crosses the blood-brain barrier
accumulates in the brain of transgenic mice (Tg2576) that are a
model of amyloid pathology. Administration of a single dose (30
mg kg1) to Tg2576 transgenic mice resulted in a Cnax in brain of
1,062 ng g1 of tissue.? Repeated administration of a suitably
modified antibody should lead to concentrations in the brain
that could be targeted by a radiolabelled small molecule.

The selectivity and fast reaction kinetics (k, ~ 10> M1 s1) of
inverse-electron-demand  Diels-Alder reactions between
electron-deficient tetrazines and strained trans-cyclooctene
(TCO) derivatives are well suited for in vivo pre-targeting (Figure
1). Pre-targeting of tumours using antibodies modified to

repeated dosing to maximise the
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Figure 1 Schematic representation of in vivo inverse-electron-demand Diels-Alder ‘click’ reaction between tetrazines and strained trans-cyclooctene (TCO) with a polyethylene

glycol linker (PEG,).

incorporate TCO and radiolabelled molecules featuring a
tetrazine has been demonstrated in animal models for both PET
imaging and radionuclide therapy.l! Antibodies that do not
internalise upon binding to the antigen are best suited to in vivo
click reactions,? so antibodies such as aducanumab that bind to
extracellular soluble AP aggregates and insoluble fibrils are well
suited for pre-targeted PET-imaging.

In this work, TCO functional groups were conjugated to an
aducanumab  biosimilar through a short hydrophilic
polyethylene glycol (TCO-PEG,) linker. The antibody was
reacted with the succinimidyl ester of TCO-PEG4-CO,H (10
equivalents) at room temperature for one hour before
purification with an ultra-centrifugation filter (MWCO 50 kDa).
Analysis of the aducanumab-PEG,4-TCO conjugates
(aducanumab-TCO, Figure 2a) by ‘intact’ electrospray mass
spectrometry (ESI-MS) revealed an average of four PEG,.TCO
groups per antibody. We also added TCO functional groups to
the 6E10 antibody, a research anti-Af3 monoclonal antibody that
was raised against a synthetic peptide corresponding to
residues 1-24 of AP.13 Reaction of 6E10 with the N-
hydroxysuccinimide activated ester of TCO-PEG4-CO,H under
the same conditions and analysis by intact electrospray mass
spectrometry indicated an average of five PEG,-TCO groups per
antibody (6E10-TCO) (Figure 2b). The more complicated mass
spectrum of 6E10-TCO when compared to aducanumab-TCO
presumably reflects the higher degree of glycosylation.

Both aducanumab-
TCO and 6E10-TCO were also analysed by size exclusion-HPLC,
and the chromatograms were similar to the unmodified
antibodies with no evidence of aggregation (ESI, Figure S20).
Copper-64 is a positron-emitting radionuclide that can be
used for PET imaging.1* The copper(ll) bis(thiosemicarbazonato)
complex diacetylbis(4-methyl-3-thiosemicarbazone) (Cu(atsm),
Figure 3a) is charge neutral, lipophilic and is capable of crossing
the blood-brain barrier allowing PET imaging of the brain in
human subjects.’> In previous work, we modified the
bis(thiosemicarbazone) ligand to append substituted stilbenyl
functional groups (Figure 3b). These copper(ll) complexes
bound to amyloid-f3 plaques in human brain tissue.'®7 In this
work, we prepared copper complexes with
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bis(thiosemicarbazone) ligands incorporating a tetrazine
functional group (Figure 3c) designed for bioorthogonal in vivo
click reactions with the TCO-modified antibodies. Copper(ll)
complexes of bis(thiosemicarbazones)

but reduction of the metal to copper(l) can lead to dissociation
from the ligand and transfer of the copper to proteins that have
a high affinity for copper(l). Electron donating methyl or ethyl
substituents on the backbone of the ligand (R in Figure 3c) give
copper(ll) complexes that are more resistant to reduction to
copper(l) and can also influence their biodistribution.’® Two
ligands with a benzylaminotetrazine (Tz) functional group with
either methyl (H,atsm-Tz) or ethyl (H,dtse-Tz) groups were
prepared by selective transamination reactions.2° The copper(Il)
complexes, Cu(atsm-Tz) and Cu(dtse-Tz) (Figure 3c), were
characterised by electrospray mass spectrometry and reverse-
phase HPLC. Cyclic voltammetry shows that both Cu(atsm-Tz)
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Figure 2 Deconvoluted ESI mass spectra of (a) unconjugated aducanumab (blue) and
aducanumab-TCO, conjugate where x= 2-7 (red); (b) unconjugated 6E10 (blue) and 6E10-
TCO, conjugate where x= 3-8 (red) and (c) section of human brain tissue from AD affected
subject immuno-stained with 6E10-TCO antibody; black scale bar = 100 um.
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Figure 3 a) Cu(atsm); c) Cu(atsm-stilbene), binds to amyloid-B plaques (previous work)!’ c)

Cu(atsm-Tz): R = CH3; Cu(dtse-Tz): R = CH,CHjs (this work).

and Cu(dtse-Tz) undergo a quasi-reversible redox process at E1/>
= -1.15 V vs ferricenium/ferrocene (Fc*/Fc) that can be
attributed to a Cu'' process similar to what is found in Cu(atsm)
(Em = -1.16 V). A second quasi-reversible process at E1/; =-1.32
V is attributed to reduction of the tetrazine functional group.
Both the Cu'"' and tetrazine reductions occur at potentials that
are outside the typical reducing environment encountered in
most cells. Each complex also displayed two essentially
irreversible and partially overlapping processes at more positive
potentials, i.e., E =0.19 V vs Fc*/ Fc which are likely to be due to
ligand-based oxidation. Characterisation of Cu(dtse-Tz) by X-ray
crystallography (Figure 4a) confirmed the copper(ll) is in a
distorted square planar environment with the ligand acting as a
NS, donor. The Cu-N bond and Cu-S bond lengths are similar
to those found in Cu(atsm).2! The double deprotonation of the
ligand and the resonance form depicted (Figure 3c) is supported
by the short C-N lengths (C3-N2 1.323(5) and C6-N5 1.321(5) A)
consistent with partial double bond character.?! The C-S bond
lengths (C3-S1 1.764(4) and C6-S2 1.766(4) A) are also
consistent with more ‘thiolate-like’ than ‘thione-like’ bonding.2!
Crystals of protonated [Cu(H,atsm-Tz)]%, the
bis(thiosemicarbazone) ligand is protonated, were grown by the
addition of perchloric acid to a mixture of the complex in
methanol (Figure 4b). The most notable differences when
comparing to the structure of charge neutral Cu(dtse-Tz) are the
longer C-N bond lengths, C2-N1 1.319(4) A and C2-N2 1.354(4)
A and the shorter C-S bond distances, C2-S1 1.712(3) A and C5
$21.709(3) A) (Figure 4b). The copper(ll) is 5-coordinate square
pyramidal due to a weak axial interaction with the oxygen of a
perchlorate anion (Cu-O3 2.505(3) A) (Figure 4b). Despite the
change in degree of protonation of the ligand the Cu-N and Cu-
S bond lengths are similar to the charge neutral Cu(dtse-Tz).
Both ligands can be radiolabelled with [54Cu]?* in sodium
acetate buffer (100 mM, pH 5.5) at room temperature in < 30
minutes to give the copper-64 complexes in high radiochemical
yield and specific activity (4.2 - 4.6 MBg/nmol, ESI figure S22,
23). The copper-64 complexes were characterised by comparing
their respective HPLC traces with their non-radioactive
analogues. The octanol-PBS distribution coefficient (LogD) is
often used to predict a compounds ability to cross the blood-
brain barrier with the ideal range often stated to be LogD 1.5 -
3.5. The LogD values of [¢*Cu]Cu(atsm-Tz) (LogD 1.84) and
[64Cu]Cu(dtse-Tz) (LogD 2.17) were consistent with their

where
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Figure 4 ORTEP representations (with ellipsoids at 50% probability) of the X-ray crystal
structures of: a) Cu(dtse-Tz), selected bond lengths (A): Cu-N3 1.966(3); Cu-N4 1.965(3);
Cu-S1 2.2430(11); Cu-S2 2.2453(10). b) [Cu(H,atsm-Tz)](ClO,), selected bond lengths
(A): Cu-N3 1.968(3); Cu-N4 1.957(3); Cu-S1 2.2413(8); Cu-52 2.2489(9); Cu-03 2.505(3).
respective HPLC retention times and slightly higher than the
value obtained for [f4Cu]Cu(atsm) (LogD 1.56). Both
[64Cu]Cu(atsm-Tz) and [®4Cu]Cu(dtse-Tz) were stable with
respect to a kinetic challenge experiment with excess of
cysteine and histidine at 37 °C for 4 hours,

Both the initial radiolabelling reactions and the click reactions
were analysed by radio-thin layer chromatography (radio-TLC).
Unchelated copper-64 stays at the baseline (ethanol mobile
phase), while [64Cu]Cu(atsm-Tz) and [¢4Cu]Cu(dtse-Tz) travel to
the solvent front (Figure 5). Either TCO-aducanumab or TCO-

1 hour at room temperature.
Analysis of the reaction mixtures by radio-TLC reveals that the
majority (> 68 %) of the activity is now retained on the baseline,
consistent with copper-64 complexes reacting with the TCO-
modified antibodies (Figure 5). When unmodified 6E10 and
aducanumab were incubated with both [5*Cu]Cu(atsm-Tz) and
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[64Cu]Cu(dtse-Tz), the radioactive signal remained unchanged,
consistent with no reaction occurring (ESI, Figure 25, 26).

Encouraged by the efficacy of the click reaction we
investigated the potential of the two compounds to cross the
blood brain barrier in mice. Following administration of either
[64Cu]Cu(atsm-Tz) or [®4Cu]Cu(dtse-Tz) to wild type mice by
intravenous tail vein injection, the mice were euthanised at 2
and 60 minutes post injection (m.p.i.). The radioactivity in each
organ was counted and expressed as a percentage of the
injected activity normalised to the mass of the organ (% IA/g).
The brain uptake at 2 m.p.i. of [¢*Cu]Cu(atsm-Tz) was 2.5 0.5 %
IA/g whilst the brain uptake of [6*Cu]Cu(dtse-Tz) was 1.7 £ 0.3
% IA/g. Both compounds clear from the brain in wild type mice
with the activity in the brain reducing to 0.78 + 0.08 % IA/g and
0.41 +£0.03 % IA/g at 60 m.p.i. For both compounds, the degree
of brain uptake in wild type mice is slightly higher than for
[64Cu]Cu(atsm) (~0.9 £ 0.4% IA/g).?2 In this experiment, with
wild type mice and no TCO-antibody present to ‘trap’ the tracer
it is important that the initial brain uptake is followed by
effective clearance. Both [64Cu]Cu(atsm-Tz) and [®4Cu]Cu(dtse-
Tz) have high uptake in the liver (19.8 £+ 1.2 % IA/g and 34.5 +
3.7 % I1A/g respectively at 60 m.p.i.) consistent with
hepatobiliary metabolism as would be expected for lipophilic
compounds. The initial brain uptake and clearance of
[64Cu]Cu(atsm-Tz) was further confirmed by micro-PET imaging,
which clearly shows initial brain uptake followed by clearance
of the radiotracer (Figure 6).

A challenge in using radiolabelled antibodies for PET imaging
of neurodegenerative diseases is the low amounts of antibody
that cross the blood-brain barrier. Continued dosing of
antibodies modified for bioorthogonal click reactions has the
potential to increase the concentration of antibody present in
the brain and allow amyloid pre-targeting. To explore this
concept, we modified two antibodies, that bind to amyloid-(,
with TCO functional groups. We also prepared two new copper-
64 complexes with tetrazine functional groups that that cross
the blood-brain barrier. These new copper-64 complexes react
via bioorthogonal click chemistry with the modified TCO-
antibodies. This work suggests that pre-targeting amyloid
plagues may be feasible and further investigation of this
concept in animal models of amyloid pathology is warranted.
Extrapolation of this concept to other antibodies that bind to
other proteins of interest in neurodegeneration such as tau,
TDP-4 and a-synuclein could be worthy of investigation.

Figure 6. PET/CT images of brain region in Balb/c mouse at a) 1-5 m.p.i. and b) 5-30
m.p.i of [#*Cu]Cu(atsm-Tz).
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