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Abstract

This thesis opens with a critical review of the literature on radiolabelling small and
biomolecules for tracking and monitoring. A novel concept of tritium labelling of antisense
oligonucleotides via different conjugation agents was developed. It was demonstrated in
in vitro and in vivo experiments that the conjugation of [*H]N-ethylmaleimide (NEM) to a
thiol linker placed on an oligonucleotide has no impact on the pharmacokinetic (PK)
behaviour compared to the unlabelled drug. A robust synthetic route was developed for
a tritium-O-methylation of N-alkoxy maleimide derivatives that can be used as labelling
reagents for biomolecules. In a 3-step synthesis, tritium-labelled maleimide derivatives
were efficiently prepared that are significantly less volatile than NEM and therefore safer
to handle in the laboratory with respect to radiation protection. Selective tritium labelling
of neuromedin S (NMS) by derivatisation with [*H]N-succinimidylpropionate (NSP) was
established. A functional ligand binding assay showed that labelling with NSP leads to a
comparable result to unlabelled NMS, regardless of the degree of labelling and labelling
position. With respect to antibody labelling, a functional in vitro assessment workflow for
modified (fluorescently labelled or radiolabelled) antibodies was developed to predict the
possible impact of labelling to protein properties or PK behaviour. Tritium-labelled
therapeutic antibody was used in a biodistribution study of drug/anti-drug antibody (ADA)
immune complexes (IC) to investigate the impact of IC formation on drug distribution. A
high level of IC was found in the pancreas in female Wistar rats. Using multi-parameter
optimisation, a morpholin-3-one derivative with an improved kinetic binding profile for
imaging monoacylglycerol lipase (MAGL) in the central nervous system (CNS) was
developed and successfully labelled with *'C. The synthesis of eleven tetrazine (Tz)
derivatives for CNS targeted imaging was described. Tzs were evaluated and classified
for their properties as potential CNS radiotracers and click partners for bioorthogonal
PET imaging based on several in vitro and in vivo experiments. These studies were
predominantly performed with non-radioactive Tzs, but also included an in vivo bio-
distribution study with fluorine-18 labelled Tzs. Out of the eleven synthesised Tzs, two
(Tz 1: 3-(4-methoxyphenyl)-6-methyl-1,2,4,5-tetrazine; Tz 2: N-[2-(2-fluoroethoxy)ethyl]-
4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzamide) were proposed for labelling as the most
promising candidates that showed the best properties in terms of brain penetration and
stability. Tz 1 was successfully tritium labelled and investigated for antibody-based in
vivo CNS imaging. Although evaluation of a pretargeting approach using a TCO-
conjugated BrainShuttle antibody and tritum-labelled Tz showed an ex vivo click
response, in vivo conjugation has been unsuccessful. The isotopes 3H, 1C, and *¥F have

been incorporated in biologically relevant ligands for tracking and monitoring.
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Chapter One

Introduction and review of literature on the labelling of small and biomolecules for

tracking and monitoring

Aims and Objectives
The aims of this thesis are to develop and synthesise radiolabelling approaches of small
and large molecules with a focus on novel therapeutic modalities, such as
oligonucleotides, peptides, and proteins. In the ideal case, the label as well as the
labelling process should have no influence on the biological properties compared to the
native compounds. To verify this, the modified compounds are characterised in chemico-
physical, subcellular, or cellular assays related to target affinity, physico-chemical
properties, pharmacology, or pharmacokinetics. Finally, radiolabelled compound will be
applied in animal experiments to gain insights in target binding, biotransformation, or
biodistribution. The results will provide a valuable contribution in the development and
application of new radiotracers and therefore enable a benefit for the patient, for example
in the field of neurodegenerative diseases. The aims will be met through ten objectives,
divided into Chapters:
1 Focused and critical review of the literature on radiolabelling of compounds from
different modalities for tracking and monitoring.
2 Tritium-labelling of oligonucleotides and their assessment with respect to in vivo
behaviour.
3 Synthesis of tritium-labelled maleimide derivatives for a general application of
conjugations on biomolecules.
4 Tritium-labelling and characterisation of the peptide neuromedin S.
Labelling of proteins and its consequences with respect to their pharmacokinetic
behaviour.
6 Monitoring of drug/anti-drug antibody immune complexes using tritium-labelled
antibodies.
7 Development of brain-MAGL PET-tracers to monitoring new inhibitors from
preclinical research.
8 Synthesis of radiolabelled tetrazine derivatives for bioorthogonal click reactions
in the central nervous system.
9 Monitoring misfolded proteins in the central nervous system using radiolabelled
tetrazines and a modified antibody.
10 Conclusions of the findings from the objectives, highlighting the successful

achievement of the aims.



In this thesis, new radioactive labelling methods for small and biomolecules with beta
emitters are described. Radiolabelling of small molecules has been the subject of intense
research over the past few decades, and novel concepts for introducing radionuclides
continue to be reported regularly. These established labelling approaches have limited
applicability for nucleic acid-based drugs, therapeutic antibodies, or peptides, which are
typical of the molecules now being investigated as novel therapeutic modalities. These
target molecules are usually larger (significantly >1 kDa), mostly multiply charged, and
often poorly soluble in organic solvents. However, in preclinical research they often
require radiolabelling in order to track and monitor drug candidates in metabolism,
biotransformation, or pharmacokinetic studies. Consequently, there is a need for new

radiolabelling concepts for molecules of new modalities.
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Introduction

When people hear of radioactivity, they immediately think of scientists like Marie Curie,
Henri Becquerel, or Wilhelm Conrad Rontgen. Marie Curie's topic for her doctoral thesis!
was inspired by new discoveries made by Becquerel and Réntgen. In December 1895,
the German physicist Réntgen detected a type of rays that could penetrate solid wood
or flesh and provide photographs of the bones of living people.? These mysterious rays
were called X-ray by Rontgen, where X stands for unknown. Early in 1896, just a few
months after Rontgen's detection, the French physicist Henri Becquerel had reported to
the French Academy of Sciences that uranium compounds, even when kept in the dark,
emitted rays that fogged a photographic plate.® This was the beginning of radiographic
imaging as we know it today from hospitals.* These X-rays, together with gamma rays
and electron beams, are also used in radiation therapy to treat cancer or kill malignant
cells.® This review is about radiolabelling molecules that are used for tracking and
monitoring to study their biological and physicochemical behaviour.

Small molecules have been the dominant group of drugs since the early days of
pharmaceutical development, but this is not a matter of course for the future. New
therapeutic modalities are now filling the pipeline of the pharmaceutical industry. We
need to expand the target space for targeting “undruggable” targets that are limited to
reach with small molecules.® New innovative biological modalities have emerged in the
first two decades of the 21 century. Various formats of antibodies, bispecifics, antibody
conjugates, peptides, modified RNA molecules such as antisense oligonucleotides

(Fig. 1) are gaining popularity due to their potential to enter undruggable space.

1 2 3 4
Fig. 1. Schematic sketches of 1: bispecific antibody based on knobs-into-holes-technology;’

2: antibody conjugates. The red star symbolises payloads such as a small molecule, peptide, or
oligonucleotide; 3: peptide; 4: antisense oligonucleotide in green with mRNA in red.

A major challenge with the novel modalities is the prediction of drug targeting,
which together with solubility contributes to the ability of drugs and candidates to have
overall exposure in the systemic circulation or tissue targeting like brain penetration.? It
is important to understand the fate of the potential drug candidate in humans and the

relevance of the animal species used for preclinical toxicity and pharmacodynamic
3



studies. In preclinical research, biotransformation, metabolic identification, or binding
studies are required in order to obtain information about the PK behaviour or the efficacy
of the drug candidates. Although state-of-the-art high-resolution LC/MS techniques are
commonly used for these studies, radiolabelled molecules are often required for
guantification of metabolites, biodistribution, or to assess retention and excretion of all
drug-related components. The classical approaches for radiolabelling small molecule
drug candidates with long-lived radionuclide carbon-14 (**C; ty2: 5,730 y; molar activity:
2.3 GBg/mmol; 62.4mCi/mmol) and tritium (®H; ti2: 12.3y; molar activity:
984.2 MBg/mmol; 26.6 Cifmmol) are limited for novel and complex modalities.
14C-labelling is preferred for small molecule studies, but the molar activity is too low to
be used for a corresponding study (in particular for imaging studies) with larger
molecules (MW > 5,000 Da). In contrast, due to its more than 400-fold higher molar
activity, tritium is better suited for radioactive labelling of large molecules in preclinical
research.

In addition to the long-lived radionuclides, which are mainly used in the preclinical
phase to characterise drug candidates, short-lived radionuclides such as *C (t2: 20 min)
and 8F (ty2: 110 min), are widely used in diagnostic imaging studies. In this respect,
functional imaging such as positron emission tomography (PET) or single-photon
emission computed tomography (SPECT) has become essential for clinical decision-
making in various areas of medicine.®!! Due to their short half-life, these molecules are
not used to induce a therapeutic effect, but they bind to their target with fast kinetics for
imaging or they can be tracked live in the body. While 1C and *¥F are mainly important
in research with small molecule, metallic radionuclides are found in novel modalities.

Of the commonly available radionuclides for PET imaging, %®Ga (ti.: 68 min) is
best suited for radiolabelling peptides, as the physical half-life is similar to the biological
half-life of peptides, with a significant prevalence of ¥F and almost no **C-work reported
in the literature.'? An issue for these radionuclides is that they require the incorporation
of synthetic functional groups into the native peptide. The two most common strategies
for introducing the radionuclide into the peptide of choice use either bifunctional chelating
agents (BFCs, Fig. 2) or prosthetic groups. Prosthetic groups are small, reactive entities
that are first radiolabelled before being coupled to the peptide. BFCs are metal-binding
chelators that are conjugated to the peptide of choice and subsequently complex a

radioactive metal.



Radionuclide Carrier

molecule

Linker

Bifunctional
chelator

Fig. 2: Schematic illustration of a radionuclide complexing bifunctional chelator linked to a carrier
molecule, e.g. oligonucleotide, peptide, antibody.

With regard to the radiolabelling of monoclonal antibodies (mAbs), 8Zr (ti2: 78 h)
and %4Cu (ty2: 13 h) for PET or In (ty2: 168 h) for SPECT are the most frequently
mentioned radionuclides in the literature for diagnostic imaging of mAbs.*314 Similar to
peptide radiolabelling, synthetic modifications using chelating agents or by introduction
of prosthetic groups are required.

Currently, ®™Tc (t12: 6 h) is used in most diagnostic SPECT-based imaging of
nucleic acid-based medicines. In 2014, a direct labelling method with **™Tc was reported
for the first time, in which the radionuclide was attached to the oligonucleotide without a
chelator.'® Another method describes the indirect labelling of oligomers with *°*"Tc, a
labelling strategy similar to that for antibodies and peptides, by using BFCs conjugated
via a linker to the oligonucleotide that binds the radiometal.®

Radionuclide Therapy

Another group of radiolabelled molecules are those that have a therapeutic effect. Of
particular interest are radiotherapies using radionuclide-labelled peptides or antibodies,
which make use of the therapeutic effect of ionising radiation in cancer therapy.
Radioimmunotherapies (RIT) exploit an antibody as a carrier for radioactive isotopes to
deliver a high radiation dose to a tumour.*”** The choice of the optimal radionuclide for
RIT depends both on its intended use and on practical considerations. From the plethora
of existing radionuclides, the recently reported "Hopeful Eight" a-emitters?® have aroused
great interest in therapeutic applications: 2%°Ac (ty2: 10 d), 21*At (twz: 7 d), 2?Bi (ti2: 1 h),
213Bi (ty2: 46 min), 22Pb (t12: 11 h), ?2°Ra (tz: 11 d), ¥5Tb (ty2: 4 h), and 2?'Th (ty2: 19 d).
Each of these radionuclides has its own physical properties that hold promise for targeted
alpha-therapy. Currently, ?*°Ac apears to be the front-runner compared to other
a-emitters. The interest in ?°Ac is also due to its half-life of 10 days which allows
centralised production at the country level. 23Bi was the first a-emitter to be clinically

evaluated.?122



With respect to B-emitting radionuclides, 3 (tiz: 8 d), ’Lu (ti2: 7 d), and
9V (ti2: 3 d) are the most common in clinical RIT studies and represent the current
standard in therapeutic beta-minus emitters.? *°Y-Imbritumomab tiuxetan was the first
radioimmunotherapy drug approved by the FDA in 2002 to treat B-cell non-Hodgkin
lymphoma.?* In 2018, Lutathera® was approved by the European Medicines Agency
(EMA) as the first radiopharmaceutical peptide for radionuclide therapy.® Lutathera®
uses the ionising radiation of !""Lu for the treatment of gastroenteropancreatic

neuroendocrine tumours.

Tritium-Labelled Oligonucleotides

Many disease targets are considered “undruggable” because they are located
intracellularly or lack a specific binding pocket. Oligonucleotide therapeutics can
precisely and efficiently modulate intracellular targets and they do not rely on the
identification of a binding pocket, as is predominantly the case with small molecule-based
therapeutics. The majority of oligonucleotide-based therapeutics address gene
silencing,?® although other strategies are also pursued, including splicing modulation and
gene activation.?” This expands the range of potential targets beyond what is typically
accessible to traditional pharmaceutical modalities. As a result, an increasing number of
nucleic acid-based therapeutics have been approved to treat or prevent diseases that
previously could not be addressed.?8-32

In preclinical research, radiolabelled drug candidates can provide a reliable
guantitative tool for distribution, mass balance, metabolite profiling and identification
studies. In the case of nucleic acid-based medicines, several aspects need to be
considered for planning and execution of radiolabelling. Such considerations include the
choice of radioisotope, the feasibility of the labelling methodology, and metabolic
stability. However, to benefit from metabolite quantification by radiolabelling, the
radiolabel must be confined to a specific position in the molecule. Random labelling in
the oligonucleotide sequence, leading to multiple incorporation of radioisotopes, is a
major disadvantage, as the molar activity of each metabolite is different depending on
the number of radioisotopes remaining in its sequence, making structural analysis for
guantification almost impossible.

Three isotopes (®H, *C, *S) for radiolabelling of oligonucleotides are mainly
discussed in the literature, and the most commonly used labelling positions with their

isotopes are shown in Fig. 3.
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Fig. 3: Literature reported positions for radiolabelling of oligonucleotides in example of thymidine
and adenosine.
Colouring reflects the corresponding radioisotopes. Blue: 3H; green: 14C; yellow: 3°S.

Due to the relatively long terminal elimination half-life of oligonucleotides, in some
cases 30-60 days or even longer,**3* several properties of the most commonly used
radioisotopes, 3H, #C, and *S, need to be considered. The use of a *S label in the
phosphorothioate backbone of drug candidates requires a timely study design due to the
physical half-life of S (87.5 d). Replication of a study with identical material is nearly
impossible due to rapid isotopic decay.

As already mentioned, the molar activity of *4C is the limiting factor for imaging of
oligonucleotides. If a #C-based study requirement permits a low molar activity, for
example using accelerator mass spectrometry or cavity-ring down spectroscopy for
guantification,® then the “C-incorporation usually takes place in the C-2 position of
pyrimidine bases.® However, in studies with 1*C-labelled oligonucleotides, it has been
observed that pyrimidine bases account for a significant portion of metabolism, ultimately
leading to loss of the label in the expired air as *CO,.%"

When a tritium atom is to be introduced into an oligonucleotide, the labelling
position must be carefully considered. In the literature, three positions with different
labelling methods are mainly described. Probably the easiest way to introduce a tritium
atom into an oligonucleotide is a hydrogen/tritium exchange at the C-8 position of purine
bases by using tritiated water without any catalyst.*® Although the C-8 position of purines
has long been known to pose a risk of tritium-hydrogen back-exchange by formation of
tritiated water, particularly under alkaline conditions,® oligonucleotides are still tritiated
using this approach.*”® Recently, a ruthenium nanoparticle catalyst was reported that
allows hydrogen-tritium exchange at both the C-8 position of purines and the C-2
position.** The C-2 position is significantly more stable to back-exchange. However, this
labelling concept relies on randomised labelling, which, as mentioned earlier, makes a

quantitative metabolic study almost impossible.



The most commonly used approach to tritium-labelled oligonucleotides, which
consist of a phosphorothioate backbone, is based on a methodology that dates back to
1995 and is still state-of-the-art.*> The chemical approach requires a pre-synthesis of
3H-nucleoside phosphoramidite monomer by oxidation of the 5'-primary alcohol of ribose,
followed by reduction with NaBT to introduce a tritium atom at the 5'-carbon. Due to the
instability of the *H-nucleoside phosphoramidite caused by radiolysis, the monomer
cannot be stored for the subsequent solid-phase synthesis, but has to be freshly
prepared in a complex, multi-step synthesis. In addition, high molar activity cannot be
achieved because the tritium-labelled nucleoside phosphoramidite must be diluted with
non-radioactive monomer to avoid strong radiolysis. These issues lead to a high
expenditure of time, a high level of radioactive waste, and thus to high costs. A different
approach was reported by Ledoan and co-workers.** An amine-functionalised linker was
placed terminally at the ASO-sequence for post-conjugation with [3H]succinimidyl
propionate ([*H]NSP, Fig. 4).

0 .
R [ §
T, 0—N FHaN AN :
vl O—T—OfASO Tj/l\n/N\/\/\/\O—FI'—O—ASO
T o o oH !
- 3

T o OH

[BHINSP amine-functionalized linker  :

Fig. 4. General synthetic route to ASOs containing tritium labelled propionate functionalisation on
Ces-amine linker.

Several aspects have to be taken into account: the stability of the label and, since
the original chemical structure has been changed, the PK and pharmacodynamic
behaviour should be compliant with that of the parent drug.

Synthesis of Tritium-labelled Maleimides for Bioconjugation

An alternative to NSP and amine linkers is a 1,4-Michael-type addition of a maleimide
derivative, such as N-ethylmaleimide (NEM), to a thiol linker. However, bioconjugation
with the corresponding [*HJNEM is challenging. Commercially available [*HINEM is
usually supplied in a pentane solution. For conjugations in aqueous buffer, a solvent
exchange to a water-miscible solvent must be carried out beforehand. Due to the high
volatility of NEM, solvent evaporation is not possible. This issue can be addressed using
a silica gel-based cartridge. After removing the pentane, [*H]NEM can be eluted from the
cartridge with e.g. DMSO. This solvent exchange process can lead to a loss of the
radioactive NEM since syntheses with tritium-labelled compounds are usually on the

microgram scale. A general disadvantage of NEM is that the tritium compound can only
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be obtained in a complex, multi-stage synthesis in a molar activity range of
0.74 GBg/mmol-2.0 GBg/mmol (20-55 Ci/mmol). Tritium analogues with high molar
activity (> 2.8 GBg/mmol; 75 Ci/mmol) are critical for accurate quantification in
nanomolar ligand binding affinity studies as well as for imaging in vivo biodistribution by
autoradiography. Thus, there is room for improvement in the development of tritiated
maleimides for use in bioconjugation that exhibit low volatility and enable high molar
activity.
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Fig. 5: Synthesis routes to tritium-labelled maleimide derivative. A: Metal-catalytic C-H activation
followed by hydrogen/tritium exchange using tritum gas. B: Photoredox-mediated
hydrogen/tritium exchange using tritiated water. C: Reduction of double/triple-bonds.
D: Palladium-catalysed halogen/tritium exchange. E: Methylation on nucleophilic residue using
[®H]methyl nosylate. Yellow arrows indicate possible labelling positions.

The incorporation of tritium into a maleimide derivative can be achieved by two
general routes, namely by metal-catalysed hydrogen/tritium exchange (HTE) of the final
compound or by the use of a precursor (Fig. 5). Metal-catalytic activation of aromatic
C(sp?)—-H for HTE using tritium gas requires directing groups such as ketones, sulfonic
acids, carboxylic acids, or amides.**’ The requirements for a successful HTE assume
a "complex" molecular structure of the maleimide derivative. However, the modification
of the tritium-labelled maleimide derivative should be minimal and the introduction of an
additional catalyst-directing moiety containing functional groups that can form hydrogen
bonds should be avoided in order to preserve the biological behaviour after conjugation
with the oligonucleotide, and this limits the choice of a maleimide precursor. A recent
method for HTE is based on photoredox-mediated hydrogen-atom transfer. Tritium can

be installed in a single step using tritiated water as the source of *H-targeting aliphatic-
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amino C(sp®-H bonds.*® Studies have shown that maleimides containing amines in
N-alkyl chains promote intramolecular base-catalysed hydrolysis, which results in ring
opening.*® Another approach to introduce tritium atoms into a molecule is based on the
palladium-catalysed reduction of double/triple-bonds or halogen/tritium exchange using
tritium gas. This is not possible with a maleimide derivative as the double bond of the
maleimide core is also reduced and a subsequent conjugation to a thiol linker can no
longer be carried out.>® The introduction of a tritium-methyl group, for example using
[*H]methyl nosylate, seems to be a successful approach as three tritium atoms are
incorporated simultaneously into a maleimide derivative, resulting in a molar activity of
> 2.8 GBg/mmol (75 Ci/mmol). Therefore, the maleimide precursor for tritium labelling
has to meet the following properties: minimal modification at the N-moiety; few (better
no) additional hydrogen bonds; no basic N-alkyl group; contain a target for Sy2-based

methylation.

Peptide Labelling

Investigation of peptide receptors requires biologically active peptides containing
fluorescent®! or radioactive labels. The radioactive labelling of peptides depends on the
choice of isotope. In the case of '*C-labelling, *C-containing amino acids are
incorporated into the sequence via peptide synthesis.>? Due to the low molar activity of
14C-isotopes, this is a limitation for some studies, especially in imaging. Higher specific
activities can be achieved by radioiodination. Depending on the physical and chemical
properties of the different iodine isotopes, different synthetic routes are possible.>® The
most commonly used iodine isotopes with their half-life and applications are:
1231 (tip: 13 h; SPECT), 24 (tiz: 4 d; PET), %I (ti2: 59 d; SPECT, in vitro bioassays),
B (ti2: 8 d; SPECT, radiotherapy). Radioiodination is generally performed on tyrosine
(Tyr) or histidine (His) residues, in which an aromatic Tyr or His proton is replaced by the
electrophilic radioiodine (I*). For this purpose, the radioiodide is generated from I in situ
with an oxidising agent.545°

Peptides can also be labelled with metallic radionuclides in combination with
bifunctional chelating agents. In the example of the approved peptide radiotherapeutic
Lutathera®, the same chelating agent was used to complex once with the diagnostic
radionuclide %8Ga and thereafter with the therapeutic *’’Lu. This has the advantage that
with %8Ga a tumour-imaging biomarker is available and in a further step with ¥"Lu a
therapeutic radiation dose can be delivered to the target tumour or metastasis.? These
molecules, which have a close connection to diagnostics and also to related therapy, are

sometimes termed theranostics. This personalised therapy could become a major
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advantage in cancer treatment, and it is therefore to be expected that targeted

radionuclide therapy will play a significant role in clinical nuclear medicine in the future.>®

Tritium-Labelled Peptides

Different synthetic routes are available for labelling peptides with tritium (Fig. 6). A novel
labelling method based on photocatalytic HTE using T.O as the tritium source was
recently reported.>” This is a promising approach to tritium labelling of peptides, as it
allows fast access to radioactive peptides. However, so far only low molar activities
(2-3 Ci/mmol) are achievable with this approach and there is still room for improvement.
Significantly, higher specific activities can be achieved by solid-phase peptide synthesis
using °H-labelled amino acids from amino acid precursors. This is reported in the
literature for smaller peptide sequences of only a few amino acids.>® As an option for
larger peptides, it is reported to incorporate the amino acid precursor into the sequence
by solid phase synthesis. The most commonly used precursor amino acids are
halogenated aromatic a-amino acids or synthetic-a-amino acids containing double or
triple bonds. In the next step, the halogen is replaced by tritium by metal catalysis or the
double/triple bond is reduced with tritium gas.>®

A stable precursor can also be obtained analogous to radioiodination with sodium
iodide and an oxidising agent starting from the parent peptide, in which case the non-
radioactive iodide (*?’I) is used. The iodine on the Tyr residues can be catalytically
exchanged in the presence of tritium gas to obtain the tritiated peptide.®®

Furthermore, radioactive labelling of a peptide by conjugating N-succinimidyl-
[2,3-H3]-propionate ([BH]NSP) to accessible primary amines in the sequence is possible,
which derivatises the peptide.51®2 These amines can be located at the N-terminus, at
lysine residues, or they can be preceded by a lysine-like linker at the terminal guanidine
nitrogen atom of arginine residues.®® In this case, it must be taken into account that the
chemical structure differs from the native peptide because of this derivatisation, which
may result in changes in the biological and physicochemical properties, especially as Arg
and Lys being basic and therefore protonated amino acid residues, may well play a

significant role.
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Fig. 6: Current synthetic routes to tritium-labelled peptides.

Labelling of Proteins and its consequences

Antibodies exhibit complex PK due to their large size, long circulating half-life, and
immunogenic responses, making predictions about the distribution of monoclonal
antibodies extremely difficult. Therefore, robust characterisation of the PK of novel next-
generation antibodies, such as antibody-drug conjugates, bispecific antibodies, and
other antibody constructs,®#% in preclinical and clinical research can support the
development of drug candidates. Conventional techniques for determining antibody PK
include plasma clearance measurements using ELISA or LC-MS and tissue distribution
using immunohistochemistry or immunofluorescence.®” These bioanalytical methods,
most of which require a labelled secondary antibody, are limited to ligand-binding assays.
In vivo imaging or tracking of drug-related material at low concentrations is nearly
impossible without a radioactive label.

Many different labelling concepts are reported in the literature. These include
radiometals complexed with conjugated chelating agents,®® labelling with radioactive
iodine similar to peptide iodination,®® or tritiation with an activated tritiated propionic
acid.®! In addition, labelling with fluorescent dyes by post-modifying chemical syntheses
on mAbs has been widely reported, as well as dual labelling of radionuclide and dye on
antibodies.”"3

As with peptides, modifying a protein with a fluorescent or radioactive tag bears
the risk of altering its biological behaviour. The degree of labelling, which corresponds to
the number of labels per protein, can also change the biological properties of the
antibody.” It has also been shown that both the label as well as the labelling chemistry
can influence binding to the neonatal Fc receptor (FcRn).” A lower affinity to FCRn
results in a shorter half-life of the antibody. Modification of the framework with fluorescent

dyes or chelators carrying carboxylic acid or sulfonic acid residues leads to a lower
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isoelectric point (pl), mainly due to a more negative charge. Charge-mediated
interactions may be associated with non-specific interactions with cell surfaces that
trigger enhanced pinocytosis. Vascular endothelial cells are coated with highly negatively
charged oligosaccharides such as heparan and heparin sulfates.” Excessive binding to
these cell surface structures may increase the risk of pinocytotic uptake and
consequently lead to more rapid proteolytic degradation. Non-specific binding to cell
surfaces or extracellular matrix structures is considered to be one of the main factors for
differences in the PK of antibodies.”® Biodistribution experiments confirmed that the
variant with a high pl was catabolised in the liver and spleen. These results indicate that
antibody loading may have an effect on PK through changes in antibody catabolism
independent of FcRn-mediated recycling.”” There are only a few studies in the literature
that compare different labelling methods with regard to their influence on PK or affinity
properties.”7478-80 An in vitro assessment platform that allows predicting a change in
biological behaviour after antibody modification using common labelling methods has not
yet been reported. A chromatography-based platform should be able to detect changes
in surface charges,®! affinity to FcRn, as well as high and low molecular weight impurities.
A combination of size-exclusion chromatography (SEC), FcRn affinity, and heparin
affinity chromatography can assess whether modification has affected protein properties.
This would also avoid animal testing done with "damaged" labelled antibodies and thus
corresponds to the 3R (replace, reduce, refine) principles. Fig. 7 shows a proposed

integrated quality assessment in a typical antibody labelling workflow.

mAb Label Labelled mAb Quality Control

SEC

) \/
FoRn Anky \ V4 :> in vitro / in vivo
\/

experiments
Heparin Affini

Fig. 7: Quality control has to be integrated into a typical labelling process for mAbs used in
biological studies.

Monitoring of Drug/Anti-Drug Antibody Immune Complexes

The choice of radionuclides for labelling proteins depends on the research objective. In
particular, for long-term investigations such as biodistribution, biotransformation® or
metabolite identification studies, short-lived radioisotopes are not suitable. In these
cases, incorporation of the long-lived radionuclide tritium into the protein is preferred, as

subsequent analyses can be carried out several times for quantification after the studies
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without significant loss of radioctivity. In general, tritium labels offer excellent
opportunities for monitoring PK behaviour of novel antibodies in preclinical research.

As previously mentioned, a critical aspect of antibody PK is the immunogenic
response. It is known that all therapeutic antibodies, even those that are fully human, are
immunogenic.® This means that they can trigger an immune response via an anti-drug
antibody (ADA) and forming drug-ADA immune complexes (ICs). In this case, the
therapeutic antibody can be considered as an antigen for the ADA. The ADA recognises
the therapeutic mAb over a large area of its surface and binds to it through weak non-
covalent interactions, such as electrostatic interactions, hydrogen bonds, van der Waals
forces, and hydrophobic interactions. Depending on the mechanism of action as shown
in Fig. 8, neutralising (binding to Fab region) or non-neutralising (binding to Fc domain),
the presence of ICs can affect the concentration and function of the therapeutic antibody
in the body, e.g. changing the biological effectiveness or even the safety profile.348 As
a result, there may be reduced efficacy with neutralising ADAs or accelerated drug
clearance with non-neutralising antibodies. Understanding the immunogenicity of
biological therapies and how to manage them is important for the development of drug
candidates.®® Immunogenicity can be influenced by several factors, which can be
clustered into three main categories: treatment-related, patient-related, and drug-
property-related factors.8” Many of these factors are not yet well understood.
Furthermore, predicting an undesired immunogenicity of a therapeutic biomolecule is still
difficult.

Drug-ADA

w immune complexes
ADA
S —
Immune

response
Drug

m]m = Target neutralising non-neutralising

Fig. 8: Neutralising and non-neutralising Drug-ADA immune complexes.

Currently, several in silico, in vitro, and in vivo approaches have been reported to
predict immunogenicity in the very early stages of drug development.®-°° However, it has
not yet been possible to reconcile these predictions with the immunogenicity observed
in clinical practice. In particular, no preclinical in vivo approach to predict immunogenicity
has been able to correlate with the results of clinical therapy.®%? Although the detailed
interaction or formation between ADA and drug is understood®® and according to the

literature, large immune complexes degrade faster than smaller ICs,** quantitative
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information on the exact size and structure of the immune complexes and their actual
impact on drug PK is not yet available. Van Meer and co-workers accessed several
market-registered mADs to determine the relative immunogenicity of mAbs in non-human
primates (NHPs) and humans. The results confirm that the ability to compare the relative
immunogenicity of mAbs in NHPs and humans is low, with only 59% of cases.®® Topp
and co-workers have provided a comprehensive overview of the immunogenicity of
therapeutic protein aggregates with a focus on immune mechanisms and their
relationship to aggregate properties.®® In conclusion, no preclinical in vivo approach to
predict immunogenicity that correlates with outcomes of clinical therapy has been
reported to date. This represents a gap to quantify the PK behaviour of immune
complexes and consequently to be able to optimise the PK properties of therapeutic
proteins that can influence the immune response. Therefore, the use of radiolabelled IC
can provide a valuable contribution. In this way, the concentrations of ICs in different
organs or tissues can be monitored, providing information about the biodistribution of the

complexes by tracking or by imaging studies.

Positron Emission Tomography using Small Molecule Tracer

Standard imaging techniques such as X-ray, computed tomography (CT), and magnetic
resonance imaging (MRI) allow healthy and diseased tissue to be visualised with great
detail. However, certain diseases do not have structural anatomical abnormalities or only
appear at later stages. Therefore, functional PET imaging can complement structural
modalities to overcome some of the shortcomings. As an imaging technique based on
positron-emitting molecules, PET is widely used in clinical diagnostics, quantification of
pharmacological processes, and drug development.®” A positron is the anti-particle of an
electron and has all the properties of an electron except for the positive electric charge
it possesses. Thus, a positron can be considered as an electron with a positive charge.
A classical PET study uses small molecules in micromolar or nanomolar concentrations
that have been labelled with short-lived positron-emitting isotopes such as
H1C (tuz: 20 min) and 8F (t12: 110 min). The development of molecular imaging
approaches aimed at identifying pathologies in living patients is a very active area of
research with the goal of distinguishing such disorders as early as possible and
supporting the development of disease-modifying therapies. A PET tracer routinely used
in the clinic represents the radiolabelled glucose analogue [*®F]fluorodeoxyglucose
([*®F]FDG), which has revolutionised the imaging assessment of a variety of diseases
and cancer in particular. AlImost all PET examinations are now carried out in combination

with CT. PET-CT imaging with [*®F]FDG is now a common tool for diagnosis, initial
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staging, assessment of response to therapy, radiotherapy planning, restaging, and
prognosis for many cancer types.%-100

PET has also been able to provide unique and powerful insights into normal brain
function as well as dysfunctions associated with various neurological disorders and
diseases,'® focused on imaging six categories of brain proteins: G-protein coupled
receptors (GCPR), membrane transporters, ligand-gated ion channels (LGIC),
tryptophan-rich sensory proteins (TSPO), enzymes, and misfolded proteins.*? Small
molecule-based positron-emitting inhibitors, which bind to the target molecule in the
manner of receptor-ligand interaction, are often used as PET tracer for imaging and
concentration assessment of brain-enzymes, such as monoamine oxidase A and B
(MAO-A and MAO-B), acetylcholine esterase, fatty acid amide hydrolase (FAAH), or
monoacylglycerol lipase (MAGL).

Monitoring of Brain-MAGL Inhibitors

MAGL is the major enzyme involved in the endocannabinoid 2-arachidonoylglycerol
(2-AG) catabolism and has received significant attention as a therapeutic target for
neurological disorders.'31% The development of a PET radioligand with high target
specificity for the preclinical and clinical characterisation of MAGL inhibitor drug
candidates is therefore of great interest. However, a good drug candidate may not
necessarily be a good candidate for CNS-PET imaging. While drug candidates with long
target residence times and high metabolic stability foster therapeutic efficacy in
treatment, PET tracer candidates with these properties can result in slow PK, which
generally require longer scan times and this generates more variable outcome
measurements.'% The first set of five PET tracers for MAGL developed by Hicks et al.
was published in 2014 and labelled with carbon-11.1% These compounds have been
reported to have moderate blood-brain barrier (BBB) penetration. The lack of MAGL-
specific brain imaging led to the conclusion that none of the tracers was suitable for
in vivo brain-MAGL quantification. The next generation of MAGL radioligands (Fig. 9)
are mainly irreversible, like [**'C]SAR127303%7 as well as [Y'C]PF-06809247'% and
[*8F]PF-06795071° developed by Pfizer. However, irreversible PET tracers could hardly
provide a comprehensive guantification of the drug-target interaction. Compared to
irreversible MAGL radioligands,*° in which the formation of covalent bonds is a major
contributor to binding, a reversible PET tracer probe requires additional moieties to
interact non-covalently with residues of the binding site.!!! This usually leads to
increased molecular weight and therefore adds several obstacles to crossing the BBB
through active transport. To date, only a few radioligands have been described as
reversible MAGL tracers. The reported examples [''C]JPAD and [**F]MAGL-4-1112
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showed low brain uptake and were recognised by ATP-binding cassette (ABC)
transporters expressed in the BBB. While their in vivo specificities were confirmed in
peripheral MAGL-expressing organs, no specific interaction could be demonstrated in
rat brain. [*F]T-401 and [**F]MAGL-2102 are recently reported reversible MAGL
radioligands'*** that showed specificity for CNS-MAGL in vivo. However, low to
moderate brain uptake was observed for [®F]T-401 and a slow reversible binding
mechanism was revealed for [*®F]MAGL-2102. In summary, novel reversible MAGL-PET
radioligands with improved brain uptake and suitable PK are highly desirable for clinical
practice. These PET tracers would enable the development of new brain-MAGL inhibitors

and monitor the effectiveness of the drugs.
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Fig. 9: Chemical structures of irreversible and reversible MAGL-PET tracers.

Synthesis of Tetrazines for Bioorthogonal Click-Reactions

Lang and Chin summarised in a paper the 20 most commonly reported bioorthogonal
reactions, reactions that do not disrupt biological processes.’'® The most attractive
reaction for a bioorthogonal click reaction is currently the inverse electron-demand Diels-
Alder (IEDDA) ligation between tetrazine (Tz) derivatives and trans-cyclooctene (TCO)

functionalisations (Fig. 10).116
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Fig. 10: Inverse electron-demand Diels-Alder ligation between a TCO linked to a carrier moiety
and a tagged Tz derivative.

PET-nuclide labelled Tzs for the use of a bioorthogonal click reaction and
pretargeted imaging can in principle be considered as small molecule PET tracers. In
the case of Tzs, the target is not a receptor or enzyme, but a TCO-functionalised agent,
such as antibodies,''’ affibodies,'® or diabodies.'*® A variety of Tzs have been
developed for preclinical or diagnostic imaging. For this purpose, Tz derivatives were
modified with fluorescent dyes'?° or chelators capable of complexing the corresponding
PET radionuclides. !In and %Ga are given as common radionuclides for Tzs.*?* A
variant with 4Sc (t12: 4 h) was also developed to evaluate its application for pretargeting
PET images.'?? Currently, *C and ®F-labelled Tzs are predominantly reported, in which
the PET nuclide is incorporated through a covalent bond rather than using a
chelator.13124 |In a reverse approach, a TCO derivative is labelled with a PET nuclide
and undergoes a click reaction with a Tz-modified counterpart.t?5-12” Although [*®F]TCO
can be considered a useful tracer for radiolabelling Tz-modified targeting molecules,
studies indicate that its utility for in vivo chemistry and pretargeted imaging will be limited.
[8F]TCO derivatives, while clearly reaching the brain, are rapidly metabolised with non-
specific accumulation of radioactivity in brain and bone.'?®

While a conventional PET tracer should bind to its target as quickly as possible,
the challenge with the click-reaction approach is that the Tz should react with the TCO
moiety as quickly as possible. A key factor in reaction rates is the chemical environment
of the Tz. Fast IEDDA-reaction rates often come at the expense of probe stability.!?°
In general, methyl-substituted Tzs showed the highest stability, but also had the lowest
reaction kinetics. Electron-withdrawing substituents increase the click reactivity of Tzs
with TCO, but these substituents also induce their decomposition. Electron-donating
substituents show a higher stability, but also suffer from slow reaction kinetics
(Fig. 11).130
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Fig. 11: Reaction kinetics from slow (left) to high (right) of selected Tzs with TCO in PBS at 37 °C
and corresponding stability assessed in PBS at 37 °C for 10 h.

The challenge for effective labelling in in vivo systems is to achieve an optimal
balance between reactivity and stability. It is of comparable complexity to deliver a
radiolabelled Tz into the brain while maintaining its stability and reactivity. While there
are many examples in the literature of an IEDDA click reaction in the periphery,122:131.132
there are only a few reports of Tzs penetrating the brain and serving as PET-nuclide

carriers,*?® which represents a gap in nuclear medicine diagnostics of brain targets.

Monitoring of Misfolded Proteins

PET imaging of misfolded proteins, such as for amyloid- (AB) plaques and tau fibrils in
Alzheimer's disease (AD) or a-synuclein in Parkinson’s disease (PD), is an extremely
valuable neuroimaging tool and supports ongoing global efforts to better understand
brain function.***138 Although the use of small molecules as PET tracers for misfolded
protein aggregates has been reported,’3+1%° the use of small molecules has some
limitations. The pathological accumulation of misfolded proteins can vary in composition
and isoform. In addition, the morphology of the protein construct changes between
disease states.’®® Therefore, different binding sites can arise and the affinities of tracers
can vary significantly between isoforms and morphologies of protein aggregates.
Currently, no well-characterised, highly selective small molecule-based PET tracers are
available for use in competitive binding studies that would allow the determination of AR,
tau fibrils, or a-synuclein-specific signalling over the dynamic range of disease
progression.

Instead of small molecules, monoclonal antibodies (mAbs) with their high

specificity, high affinity, and serum stability can also be used for molecular imaging to
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target radionuclides in vivo on protein aggregates of interest. Many studies have
demonstrated the use of mAb-targeted imaging (Immuno-PET) for a variety of purposes,
e.g., monitoring disease progressions and the effect on a therapeutic agent in
pharmacedutical research and develpoment.t*144 Antibody-based radioligands have so
far only been described for peripheral targets related to cancer diagnostics and
theranostics, including some clinical applications.**146 The main hurdle for an antibody-
based radioligand to be delivered to the brain is the BBB. In 1994, it was demonstrated
that only 0.1% of a peripherally administered immunoglobulin G (IgG) reaches the
brain.**” However, the BBB uses natural receptors expressed on brain endothelial cells
(BECs) for active transport purposes. The transferrin receptor (TfR) has, due to its
expression on the BBB, an interesting role as a BBB delivery receptor. A Brain Shuttle
(BS) technology was developed to allow the delivery of mAbs with fully functional bivalent
IgG antigen bindings, anti-brain target and anti-TfR.148 This is achieved by fusing the BS
module to the C-terminal part of the heavy chain (Fc) constant region. Therefore, these
BS-antibodies could allow their use as PET radioligands within the CNS.14°

While antibodies allow prolonged circulation in the body due to their molecular
size and structure, but even more due to their interaction with the neonatal Fc receptor,
which protects 1gGs from degradation,*° this prolonged half-life is a limitation in
molecular imaging due to higher background signals when using PET radionuclide-
labelled mAbs. Compared to conventional imaging techniques in which a molecule is
directly labelled with a radionuclide, the pretargeting approach offers an uncoupling of
the PK half-life of the biological molecule of interest from the physical half-life of the
radionuclide (Fig. 12).
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Fig. 12: Pretargeting workflow. In the first step, a BBB-penetrating TCO-modified antibody is
injected. The mAb is actively transported across the BBB and binds to a target. In the second
step, a PET nuclide-labelled Tz is injected and clicks with the TCO-mAb to generate PET-images
of misfolded proteins.
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The pretargeting approach allows an antibody to be prelocalised to a target
before injecting after 1-3 days a small radiolabelled effector to recognise and specifically
covalently bind to it via an in vivo click reaction.*>! Applications are found, for example,
in cancer imaging and targeted radionuclide therapy.*®? So far, an in vivo bioorthogonal
click reaction approach of a TCO-modified antibody with a PET nuclide-labelled Tz in the
CNS has not been reported. The requirement for a successful click response is a brain-
penetrating Tz that is stable and can react quickly with the pretargeted TCO-mAb. With
this technique and the resulting imaging of misfolded proteins within the CNS, valuable
information can be provided to accelerate drug development, monitor disease

progression, and offer great benefit to patient care.

Conclusions

Radioactive labelling of molecules from novel modalities, such as
oligonucleotides, peptides and antibodies, is often a major challenge. The
established labelling methods used for small molecules have limited applicability
for large, polar, highly charged molecules. The choice of radionuclide depends not
only on the type of study, but also on molecular properties such as biological half-
life, hydrodynamic radius, molecular surface charge, or target binding. This review
provides an overview of current labelling methods for oligonucleotides, peptides
and antibodies for use in tracking, monitoring, and imaging studies. In conclusion,
there is an urgent need for new and efficient labelling concepts for molecules such
as oligonucleotides, peptides, antibodies, and their characterisation in terms of a

label impact on the molecular properties.
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Introduction

The transcription of DNA to RNA and subsequent translation to functional proteins is a
central element in living cells. Using viral RNA, Stephenson and Zamecnik?
demonstrated in 1978 that translation of proteins could be efficiently inhibited in vitro by
competitive hybridization with antisense oligonucleotides (ASO). Today, there are
several approved ASO-based therapies, such as Spinraza (lonis/Biogen), Waylivra
(lonis/Akcea/PTC), Exondys (Sarepta Therapeutics), available on the market.? There is
growing interest across the pharmaceutical industry to discover and develop new ASO-
based therapies, employing various mechanisms to inhibit mRNA translation e.g.,
formation of ASO/RNA complexes that activate RNase H, which degrades the mRNA or
prevents ribosome recruitment.®> ASOs are also used to modify splicing or to increase
protein expression by targeting upstream open reading frames.*° As with small molecule
drugs throughout the drug development process from preclinical to clinical studies,
regulatory data packages for ASOs are required to demonstrate safety, efficacy, and
tolerability of the new drug as well. The use of radiolabeled compounds allows a
mechanistic and quantitative understanding of the fate of ASO in the body with the aim
to characterize them and further optimize their absorption, distribution, metabolism, and
excretion (ADME) properties. Often, carbon-14 is used to label small molecule drug
candidates, since it can be introduced in a metabolically stable position. For larger
molecules such as oligonucleotides, however, the resulting molar activity after carbon-14
(2.3 GBg/mmol; 62.4 mCi/mmol) labeling might be insufficient for a quantitative
determination by liquid scintillation counting (LSC). Tracing of carbon-14 is possible by
accelerated mass spectrometry (AMS), but this technology requires special equipment.

Therefore, tritium (molar activity: 984.2 MBg/mmol; 26.6 Ci/mmol; t12: 12.3 y) was
preferred over carbon-14 as a radioisotope for the ASO study, as the molar activity of
tritium is about 430-times higher than that of carbon-14.

Various approaches have already been published to incorporate tritium into an
oligonucleotide. In a biotransformation study described by Shemesh and colleagues,®
tritium was introduced into a linker that connects an ASO and a targeting moiety
(GalNACc). These radiolabeled ASO constructs were compared to the corresponding cold
(non-radioactive) ASOs and showed similar in vivo behavior.

Lesnik and co-workers’ described a hydrogen-tritium exchange in tritiated water
at the C8 position in purines (Figure 1: 1). The rapid tritium exchange at the C8 position
back to hydrogen does not allow for longer-term in vivo studies.

Another procedure for small interfering RNAs (siRNA) was based on inserting
5-bromouridine derivatives (Figure 1: 2) into the sequences followed by a halogen-

tritium exchange by palladium-catalyzed hydrogenation with tritium gas.® The transfer of
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this approach to oligonucleotides containing phosphorothioate backbones was not
successful, even with a high number of equivalents (> 100) of “catalyst”.

A different reported approach requires the oxidation of the 5'-terminal primary
alcohol of nucleotide monomers, and, in a second step, reduction of the aldehydes with
a tritum-labeled reducing agent such as NaBT..° After multiple steps, involving
3'-phosphoramidite activation of the nucleotide, the tritium-labeled monomers can then
be used for building up the desired oligonucleotide (Figure 1: 3). The key issue of this
approach is the instability of the tritium-labeled nucleotide-phosphoramidite, which leads
to low yields, high radioactive waste, and low specific activity of the final product.

Palazzolo, Pieters et al*®* demonstrated a random hydrogen/tritium exchange on
a 6-mer or 12-mer DNA-based oligonucleotide containing phosphate backbones under
tritium gas and catalyzed with ruthenium nanoparticles. The reported exchange took
place exclusively in purine rings at the C2 and C8 positions (Figure 1: 1, 4). As already
mentioned, the risk of a re-exchange at C8 position to hydrogen is possible. To the best
of our knowledge, a feasibility with a phosphorothioate-based oligonucleotide has not yet
been reported. A general disadvantage of a random labeling technique is that the
guantification of radioactively labeled oligonucleotides in metabolism studies is very

difficult or even impossible, as the label is distributed evenly over the entire molecule.

NH2
\N1
G>H/T_</ )\
5'-end ... HIT
DNA @
o}
I BriT
’O—T =S H/T /g
Na' o
LNA
3'-end 0\0
“0—P=—S

,
Na' O— Linker— NH_/SH

Figure 1: Schematic structure of two nucleotides linked together with a phosphorothioate bridge.
Starting from the 5'-end: DNA-based adenosine and LNA-based uridine derivative. The standard
numbering convention is shown on the purine ring in blue numbers from 1 through 9 on the
aromatic base. Thiol or amine functionalized linker (Figure 2) is connected to phosphorothioate
at 3'-end. The circled numbers represent the labeling approaches. 1; hydrogen-tritium exchange
by the use of tritiated water or tritium gas and ruthenium nanoparticles. 2: palladium catalyzed
bromo-tritium exchange. 3: oxidation of 5'-alcohol and reduction with sodium borotritide.
4: hydrogen-tritium exchange by the use of tritium gas and ruthenium nanoparticles.
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Generally, radiolabeling of ASO molecules is not straightforward. Robust tritium-
labeling techniques are not readily available, and thus often represent a bottleneck in
pre-clinical ASO research. There is an urgent need for efficient approaches to increase
the availability of radiolabeled ASOs for pre-clinical and clinical research.

To find new efficient ways to increase availability of tritium-labeled ASOs, a novel
strategy was studied to conjugate pre-labeled tags via different linkers to the 3'-end using
experimental oligonucleotides containing locked nucleic acids (LNAs).

First, we evaluated the feasibility of labeling concepts by conjugating different
tags to functionalized linkers of oligonucleotides. Second, we investigated the metabolic
stability and in vitro potency by target reduction of tagged tool-ASOs in human and
mouse hepatocytes in comparison to their untagged analogs. Finally, to verify the in vivo
applicability of our approach we conducted a PK study in mice using two tritium-labeled
oligonucleotides to study ASO distribution into different tissues following subcutaneous
administration.

The key questions of this study were whether whether bioconjugation from a
tritiated building block to functionalized ASOs is feasible and whether this modification
has an influence on stability, RNA-level reduction, or biodistribution compared to their

congeners.

Materials and Methods

Chemicals & Equipment

All oligonucleotides, which were used as starting materials, were synthesized by Roche
Pharma Research and Early Development using standard phosphoramidite chemistry.
Modifiers were incorporated at the start of the synthesis by placing the amino or thiol-
group at the 3'-end using 3'-Amino-Modifier TFA Amino C-6 Icaa CPG (Hauppauge, NY,
USA) and 3'-Thiol-Modifier C¢ S-S (GLEN Research, Sterling, VA, USA). N-Succinimidyl
propionate (Wako), N-methylmaleimide (Fluka), and N-ethylmaleimide (Fluka) are
commercially available and have been used without further purification. Phosphate-
buffered saline (PBS) was purchased from Thermo Fisher Scientific (Paisley, UK). PBS
contained 1.54 mM potassium phosphate monobasic, 2.71 mM potassium phosphate
dibasic, and 155.17 mM sodium chloride. Tritium-labeled [*H]N-ethylmaleimide (molar
activity: 2 TBg/mmol = 55 Ci/mmol) was obtained from Pharmaron (Cardiff, Wales, UK)
as a solution in pentane. LSC for tritium compounds was accomplished using a HIDEX
300 SL and ULTIMATE GOLD cocktail (PerkinElmer Inc., Waltham, MA, USA). Reaction
monitoring and purity for NSP conjugations on amine-linkers were determined by HPLC
Agilent 1210 at 260 nm wavelength, Waters XBridge RP18, 4.6 x 150 mm, 3.5 pum

column at 60 °C ([A] = water/methanol/hexafluoro i-propanol/TEA : 950/25/21/2.3 mL,
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[B] = water/methanol/hexafluoro i-propanol/TEA : 175/800/21/2.3 mL, at a flow rate of
1.0 mL/min with the following gradient: 10% [B] to 60% [B] in 12 min. Conjugations with
maleimide derivatives were determined by UPLC Agilent 1290 at 260 nm wavelength,
ACQUITY UPLC Oligonucleotide BEH C18, 2.1 x 50 mm, 1.7 pm column at 80 °C with
the same eluents and the following gradient: 10% [B] to 40% [B] in 6 min. Radiochemical
purity was measured using the g-radioactivity HPLC detector RAMONA Quattro with an
internal solid scintillator (Raytest, Straubenhardt, Germany). Mass spectrometry analysis
was performed using a Thermo Fisher Scientific (Waltham, MA, USA) Vanquish UHPLC
System, Orbitrap Fusion Lumos Tribtid, and a Waters ACQUITY Oligonucleotide BEH
C18 (2.1 x 50 mm, 1.7 um) column in negative-ion mode. MS (m/z) was calculated from
the multiply charged peak pattern. Preparative HPLC for NSP conjugation was
performed using a Gilson PLC 2050 (Mettmenstetten, CH) with an XBridge C18 column,
5um, 10x 250mm and using water (950 mL)/methanol (25 mL)/TEA
(2.3 mL)/hexafluoro i-propanol (21 mL) as mobile phase [A] and water
(175 mL)/methanol (800 mL)/TEA (2.3 mL)/hexafluoro i-propanol (21 mL) as mobile
phase [B] in gradient elution with 10% [B] to 60% [B] in 15 min. Concentration was
determined using a Eppendorf BioSpectrometer® basic (Hamburg, Germany) at 260 nm
wavelength and the corresponding calculated molar extinction coefficient. In order to
determine the specific activity of tagged ASOs, the activity concentration [MBg/mL] of
oligonucleotide solution was determined by LSC and divided by the content
concentration [mg/mL] to give the specific activity in MBg/mg. Based on the molecular
weight, the molar activity in GBg/mmol was calculated for each tagged ASO.

Labeling Procedures

Labeling Procedure I: NSP conjugation on amino-linker

0
7 i
o/\N H, + N\O>&\/ . Q/\H)k/
I
0]

1 @ =oligonucleotide 3'-end linker

4.0mg (0.73 umol) of ASO 2-precursor, containing 3'-end amino-linker, was
dissolved in 0.5 mL N,N-dimethylformamide 5 pL (29.06 umol) Hlnig’s base and 150 ug
(0.87 ymol) N-succinimidyl propionate, dissolved in 60 uL N,N-dimethylformamide, were
added to give a colorless suspension. The mixture was stirred for 16 h at 22 °C to
become a clear solution. The solvent was removed under high vacuum and the residue
dissolved in PBS. Crude mixture was purified by preparative HPLC. The desired fractions

were transferred into an Amicon® Pro purification system (MWCO: 3,000 Da) and
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centrifuged at 4,000 rpm. Deionized water was added, and the process was repeated
4 more times to complete the exchange from HPLC eluent to water. The resulting
agueous solution was purified by preparative HPLC, and the collected fractions were
lyophilized to isolate 3.0 mg (74%) of ASO 2 as a colorless powder with a purity of 95%.
MS (m/z): 5561.6 [M-(H)].

Labeling procedure Il: maleimide derivatives conjugation on sulfhydryl-linker

R
4 OjiN/&
0
Q/\SH + / N—gr — Q/\S

I
0

Q- oligonucleotide, 3'-end linker
R = methyl (2) or ethyl (3)

4.0 mg (0.73 umol) of ASO 3-precursor, containing 3'-end sulfhydryl linker, was
dissolved in 1 mL PBS. (127 ug, 1.14 umol) N-methyl maleimide, dissolved in 61 uL
dimethyl sulfoxide, was added to the aqueous solution and stirred at 22 °C for 16 h.
UPLC analysis showed a complete addition of maleimide to the oligonucleotide. To
exchange the buffer to water, the reaction mixture was transferred into an Amicon® Pro
purification system (MWCO: 3,000 Da) and centrifuged at 4,000 rpm. Deionized water
was added, and the process was repeated 4 more times to complete the exchange. The
resulting aqueous solution was lyophilized to isolate 2.8 mg (69%) of the desired
oligonucleotide as a colorless powder with purity of 97%. MS (m/z): 5602.2 [M-(H)]~

ASOs 4 and 6 were prepared in a similar manner according to Labeling Procedure II:
ASO 4: Yield: 73%, purity: 96%, MS (m/z): 5616.2 [M-(H)T;
ASO 6: Yield: 73%, purity: 99%, MS (m/z): 7833.4 [M-(H)]".

Labeling procedure IlI: [*H]N-ethylmaleimide ([*H]3) conjugation on sulfhydryl-linker

o o Ll — oy
I { QASI%O

[BH]-3

Q- oligonucleotide, 3'-end linker

1.1 GBq (30 mCi) of [®*H]N-ethylmaleimide ([*H]3, 61.5 ug, 0.477 umol) in 12 mL

pentane was concentrated on a silica gel pre-packed column and eluted with 2x 0.5 mL
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DMSO. A solution of 2.20 mg (0.401umol) ASO 7-precursor in 1 mL PBS was added and
stirred for 1 h at 22 °C. UPLC analysis showed 40% of the desired product and 60% of
unreacted starting material. Non-radioactive NEM (502 ug, 4.01 umol) was added and
stirred for 1 h at 22 °C. UPLC showed a complete addition to the desired product. The
reaction solution was transferred into a 5mL Float-A-Lyzer® tube (MWCO:
500-1,000 Da) and dialyzed against PBS pH 7.1 at 22 °C. The buffer was changed
4 times after 45 minutes and stored 16 h in the fridge. UPLC analysis showed a high
polar radio impurity. The solution was filled into an Amicon® Pro purification system
(MWCO: 3,000 Da) and centrifuged at 4,000 rpm. PBS was added and the process was
repeated 4 more times to achieve a radiochemical purity of 99%. Isolated amount:
1.58 mg (yield: 70%), isolated radioactivity: 163 MBq (4.4 mCi), radiochemical yield:
15%, specific activity: 104 MBg/mg (2.8 mCi/mg) which is equal to 614 GBq
(16.6 Ci/mmol).

ASO 8 was prepared in a similar manner according to Labeling Procedure Il

ASO 8: Yield: 92%, isolated radioactivity: 33.3 MBq (0.9 mCi), radiochemical yield: 9%,
radiochemical purity: 93%, specific activity: 67 MBg/mg (1.8 mCi/mg), molar activity:
481 GBg/mmol (13.0 Ci/mmol).

Cell Culture, Oligonucleotide Treatment, mRNA Isolation and qPCR

Mouse hepatocytes were isolated from C57BL/6 mice by a two-step collagenase liver
perfusion method as previously described.’? Freshly isolated primary mouse
hepatocytes were plated in collagen-l coated 96-well plates and treated in Williams
Medium E containing 10% fetal bovine serum without antibiotics. Cells were treated with
LNA solutions in the indicated concentrations in full cell culture medium about 1 hour
after plating for an incubation time of 3 hours. Then the cells were washed 3 times with
PBS containing Ca?" and Mg?* and incubated in fresh cell culture medium without the
oligonucleotide compound. After 21 or 69 hours, hepatocytes were washed 3 times with
PBS containing Ca?" and Mg?* and lysed with 135 pL PureLink Pro lysis buffer. 5, 10,
and 20 pL were sampled for hybridization based ELISA assay as described earlier'®* and
100 pL were used for mRNA purification using the PureLink Pro 96 RNA Kit from Thermo
Fisher Scientific. One Step RT-gPCR for Malatl mRNA levels was performed,
respectively. mRNA levels were normalized to the total RNA amount quantified with
Ribogreen QuantlT (Thermo Fisher Scientific). Total RNA was isolated using the
PureLink Pro 96 RNA Kit from Thermo Fisher Scientific according to the manufacturer’s
instructions and RT-gPCR was performed using the LightCycler Multiplex RNA Virus
Master (Roche) with primer probe sets (all from Thermo Fisher Scientific) human Malatl

(Hs00273907_s1), mouse Malatl (Mm01227912 sl1). The obtained data was
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normalized to total RNA amounts determined via Ribogreen quantification. All data points
were performed in triplicate, and data are given as the average. ICso values were fitted
with GraphPad Prism with a constrained HillSlope set to 1. Results are reported as ICso

value + standard deviation.

In vivo Mouse Study

The study was conducted with the approval of the local veterinary authority with strict
adherence to the Swiss federal regulations on animal protection and to the rules of the
Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC).

Animals and Housing Conditions

Male C57BL/6 J mice (n = 24, 8 to 12 weeks old) were purchased from Charles River
Laboratories, France. The mice were group housed in open cages and maintained on a
12:12-h light:dark cycle, with constant temperature (21-24 °C) and humidity (40-80%).
Each cage was provided with unrestricted access to municipal water and sterilized food
(Provimi Kliba 3436). All cages (except metabolism cages) were supplied with
autoclaved sawdust bedding and environmental enrichments, which were applied to best
practice animals’ welfare standards and rotated weekly. The mice were acclimated for at

least 1 week before the start of the study.

Study Design

The mice were randomly allocated into 4 groups (n =6 per group) according to the
4 different compounds. The compounds were formulated as a solution in Dulbecco’s
PBS (pH 7) and administered subcutaneously as a single dose of 1 mg/kg of body weight
(dosing volume of 4mL/kg). In a composite sampling design, blood
(100 pL/time point/mouse) was collected sublingually from mice under deep anesthesia
with 5% isoflurane in pure oxygen. Blood was collected at 15 min, 1 h, 4 h, 24 h, 48 h,
and 72 h post dose into EDTA coated polypropylene tubes followed by plasma
separation by centrifugation at 15,000 rpm for 5 min at 4 °C. Urine samples were
collected post injection by thoroughly rinsing the collection surface with 3 mL distilled
water. For excretion collections, mice were housed in pairs in metabolic cages during
0-24 h, 24-48 h and 48-72 h intervals post administration. Organs and plasma were
collected at terminal time points of 1d, 3d, and 14 d after pentobarbital-induced

anesthesia (40 mg/kg, i.p.). Plasma samples were stored at -20 °C for further processing
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and analysis. Samples of liver, kidney, and spleen were collected into homogenization

tubes (Precellys® CK28, Bertin Instruments, France).

Bioanalytics

Quantitative Exposure Assessment of Full-Length Compounds

Tissue samples were collected and weighed during necropsy and stored at -80 °C in
homogenization tubes CK28 (Precellys®) for subsequent bioanalytical examination by
LC coupled to tandem mass spectrometry (LC-MS/MS). Prior to extraction tissue
homogenates were diluted 5-fold in mouse blank plasma. The quantification was
performed against a mouse plasma calibration curve. Calibration ranges were
0.267-666 nM for ASO 1 and 0.380-950 nM for ASO 5, respectively.

Fifty uL of calibration standards, quality control samples (freshly prepared in
mouse plasma) and tissue homogenate samples diluted in mouse blank plasma were
treated for protein denaturation with 150 pyL of 4 M guanidine thiocyanate after addition
of the internal standard (2,000 ng/mL). A characterized 16-mer oligonucleotide (MW:
5460 Da), consisting of DNA nucleotides, LNA nucleotides, and a complete
phosphorothioate backbone, was used as an internal standard in order to exclude
possible variations during pipetting, solid-phase work-up, or LC-MS/MS sample
injections. After vigorously mixing (20 min at 1,600 rpm), 200 uL of a H>O/HFIP/DIPEA
solution (100:4:0.2, v/viv) were added, followed by mixing (15 min at 1,500 rpm). Then,
a clean-up step was performed using solid-phase-extraction cartridges (Waters, OASIS
HLB, 30 pm) after elution and evaporation to dryness (30—45 min at 40 °C) the samples
were reconstituted in 200 uyL of mobile phase (H.O/MeOH/HFIP/DIPEA [95/5/1/0.2,
viviviv]). After vortex mixing (10 min at 1,500 rpm), an aliquot (20 pL) was injected into
the analytical column (Waters, Acquity BEH C18, 1.7 um, 50 x 2.1 mm kept at 60 °C).
The analyte and internal standard were separated from matrix interferences using
gradient  elution from  H,O/MeOH/HFIP/DIPEA  (95/5/1/0.2, vivivlv)  to
H.O/MeOH/HFIP/DIPEA (10/90/1/0.2, viviviv) within 4 min at a flow rate of 0.4 mL/min.
Mass spectrometric detection was carried out on an AB-Sciex 6500+ mass spectrometer
using selected reaction monitoring (SRM) in the negative-ion mode. The selected ion
reactions (m/z) were 680.6/94.8 and 658.9/94.8 for ASO 1 and ASO 5 respectively and
596.1/94.8 for Internal Standard. Detection was accomplished utilizing ion spray MS/MS
in negative ion SRM mode.

In the case of animals dosed with GalNAc-conjugated compounds (ASO 5 and
ASO 8), total or partial cleavage of the GalNAc moiety was expected; therefore, both the

intact compound (with GalNAc) and also the naked moiety (corresponding to ASO 1 and
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ASO 7, respectively) were measured to quantify the amount of GalNAc-cleavage

compounds.

Determination of Total Radioactivity by Liquid Scintillation Counting

Plasma, urine, and fecal extract were analyzed using liquid scintillation analysis. To
enable scintillation analysis, aliquots of each sample (typically 20-200 yL) were mixed
with Ultima Gold liquid scintillation cocktail (5 mL; PerkinElmer) in plastic scintillation
vials (7 mL; PerkinElmer) and analyzed using a Radiomatic 150TR flow or Tri-Carb 3100
TR scintillation analyzer with automatic quench correction against an external standard
(PerkinElmer, Waltham, MA, USA). Further manipulation of the raw data and conversion

to concentrations were performed on spreadsheets running on Microsoft Excel 2010.

Metabolite Identification in vitro and in vivo

For in vitro studies of metabolism, hepatocyte cell pellets were collected from the
hepatocytes incubations described above. For in vivo metabolism studies, liver, kidney,
and spleen tissue samples were collected after necroscopy in the described in vivo study
and were stored at -80 °C in homogenisation tubes CK28 (Precellys®). Tissue
homogenates and hepatocyte lysates were prepared by adding 300 pL of H,O to 100 mg
of tissue or to hepatocyte samples, respectively, followed by mixing the CK28 tubes in
the Precellys homogenizer. The analysis of biotransformation of the oligonucleotide
compounds in the resulting tissue homogenates and cell lysates was performed as
described previously.*> In brief, 50 uL of homogenate or cell lysate were mixed with
250 pL of guanidine thiocyanate 4 M in 0.1 M Tris buffer pH 7.5 for 15 min at 25 °C in a
Thermo mixer. Then, 700 pL H>O/HFIP/DIPEA 100/2/0.2 vi/viv were added and mixed
for 1h at 25°C. 4-8puL of internal standard (ISTD) 20-1000 pM in
H,O/MeOH/HFIP/DIPEA 100/10/1/0.1 viviviv were added, and the sample centrifuged
for 5 min at 14,000 rpm. Subsequently, the supernatant was subjected to a solid phase
extraction (SPE) OASIS HLB 1 cc 30 mg cartridge (Waters, Wexford, Ireland) followed
by analysis with LC-HRMS. A Thermo Scientific Dionex UltiMate NCP-3200RS Binary
Rapid Separation HPLC system was used in combination with a Pal autosampler (CTC
Analytics AG, Zwingen, Switzerland), and a Thermo Scientific Orbitrap Fusion Tribrid
Mass Spectrometer (Thermo Scientific, Bremen, Germany) equipped with an
electrospray ionization (ESI) source. The oligonucleotide metabolites were analyzed in
negative-ionization mode using a full scan MS experiment combined with two parallel
MS? experiments, one data-dependent scan and an untargeted all-ion fragmentation
(AIF) experiment applying high collision energy. In the AIF scan, a diagnostic fragment

originating from the phosphorothioate backbone (O;PS: m/z 94.936) was formed
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efficiently upon collisional activation. Based on this fragment an accurate determination
of metabolites of oligonucleotides was achieved, independent of their sequence in an
untargeted but highly selective manner. MS data were analysed using XCalibur software
(Thermo Scientific, Bremen Germany). MS intensities were recorded as the sum of the
most intense charge states of the most intense isotopes of the respective analyte
applying an m/z window of 5 ppm.

Results

Conjugation Methods

To develop radiolabeling strategies for ASOs, the feasibility of labeling on functionalized
linkers that are attached to ASOs was investigated. In the study, we selected
experimental-ASOs that contain LNA, DNA monomers, and phosphorothioate
backbones. Standard LNA-incorporating ASOs are usually based on single-stranded
14 — 20-mers and contain three structural units: LNA nucleotides, DNA nucleotides, and
a phosphorothioate backbone. A comparative study has shown that LNA-modified ASOs
display a 10-fold higher human serum stability compared to unmodified DNA
counterparts. Furthermore, LNAs manifested an improved nuclease resistance, which
results in a higher metabolic stability in vivo.1®

Two labeling routes (Route A, Route B), which highlight the two types of linkers
for subsequent labeling conjugations are shown in Figure 2. The introduction of a
propionyl residue using N-succinimidyl propionate (NSP) is described in Labeling
Procedure | (Route A). In brief, NSP was introduced at the 3'-end of the ASO via an
aminopropylglycerol-based linker in N,N-dimethylformamide and Hinig’s base. The
crude conjugate was purified by preparative HPLC in a yield of 74 % and purity of 95%.
Labeling Procedure Il (Route B) describes maleimide-based conjugation to the thiol-
linker at the 3'-end. Conjugations with both, N-methylmaleimide (NMM) or alternatively
N-ethylmaleimide (NEM) were achieved. Actual tritiated oligonucleotides used for this
study were only prepared with [*HINEM as described in Labeling Procedure llI
(Route B). Each maleimide-based conjugation was carried out in an aqueous phosphate
buffer and worked-up using ultra-centrifugal filtration. Recovery yields up to 92% and
purities of > 93% were achieved with molar activities in the range of 481 GBg/mmol to
629 GBg/mmol (13-17 Ci/mmaol).
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4: R = [PH]-ethyl (BH]-NEM)

Figure 2: Overview of different approaches applied in this study to introduce tritium labels to
oligonucleotides by conjugation. Introducing propionyl using N-succinimidyl propionate 1 (NSP)
to the 3'-end via an aminopropylglycerol-based linker (Route A), and via Michael addition of
N-ethylmaleimide 2 (NEM), N-methylmaleimide 3 (NMM), or N-[*H]ethylmaleimide 4 ([BHJNEM) to
a Ce-thiol-linker at the 3'-end (Route B).

The labeling with [PH]JNEM was a challenge when preparing for conjugations, as
the radioactive tracer was supplied in a pentane solution. Evaporation of the solvent was
not possible because NEM easily sublimes, and this led to a simultaneous loss of the
radioactive maleimide derivative. This was addressed by a solvent exchange to a water-
soluble solvent. The pentane solution was applied to a short silica-based column, the
solvent was removed from the column using a stream of argon, and the remaining
[P*HINEM was eluted with DMSO.

We hypothesize that the use of DMSO during the synthesis led to a partial
sulfur/oxygen exchange in the phosphorothioate-backbone of the oligonucleotide. We
observed side products in the synthesis product with mass shifts (-16 Da) that were
consistent with the exchange of sulfur to oxygen. Based on MS signal intensity and semi-
gquantification by MS peak areas, a ratio of no exchange (38%) to 1x S/O exchange
(-16 Da; 41%) to 2x S/O exchange (-32 Da; 21%) was observed for ASO 7. For ASO 8,
the exchange was less pronounced: no exchange (62%), 1x S/O exchange (30%),
2x S/O exchange (8%). A similar exchange was not observed in the non-radioactive
conjugations, possibly because significantly less DMSO was used in Labeling
Procedure Il. The conjugation to ASO 6 was therefore carried out under the same
conditions as described in Labeling procedure lll. In this case, a mass spectrometric
analysis showed an S/O exchange in the ratio of no exchange (78%) to 1x S/O exchange
(-16 Da, 19%) to 2x S/O exchange (-32 Da, 3%) which is similar to the mass pattern of
the corresponding radiolabeled ASO 8. These findings support the hypothesis that there
is a correlation between the use of DMSO and an S/O exchange. As a result of the S/O

exchange that occurred, the molecular weight changed, and tissue concentrations of
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tritium-labeled oligonucleotides could not be determined by LC-MS/MS using the
reference compounds. Radioactivity measurements, however, were feasible so that ASO
concentrations in tissues could be compared with untagged counterparts.

Table 1 provides an overview of synthesized oligonucleotide constructs used for
in vitro and in vivo studies. Single-stranded ASO sequences of metastasis associated
lung adenocarcinoma transcript 1 (Malatl; 16-mer) were conjugated with non-radioactive
tags for assessing stability and target reduction in vitro. In addition, the Malatl
oligonucleotide was also tested as its N-acetylgalactosamine (GalNAc) conjugate.
Conjugations of ASOs to GalNAc have been shown to shift their biodistribution from
Kupffer cells towards hepatocytes in liver tissue via high-affinity binding to the
asialoglycoprotein receptor (ASAGPR) expressed on the surface of hepatocytes.t’

For a better clarification in this manuscript of individual ASO constructs, ASO-
GalNAc conjugates, consisting of an N-acetylgalactosamine cluster with Ce-amine-linker,
as well as two DNA nucleotides (cytosine, adenine, acting as “cleavable linker”) at the
5'-end of the ASO sequence is referred to as “GalNAc”. The identical sequence without
a GalNAc construct is referred to as “naked”. The term “tagged” describes ASOs
conjugated with NSP, NEM, or NMM on amine- or thiol-linkers. “Untagged” refers to the
unmodified ASO, without linker and label.

For an in vivo proof-of-concept study, Malatl ASOs (naked and GalNAc) were
synthesized as tritium analogues to demonstrate the value and applicability of our
labeling approach in preclinical studies.

Table 1: Overview of oligonucleotides used in different proof-of-concept studies. Capital letters in
sequence describe LNA-modified nucleosides, small letters describe DNA nucleosides. GN:
GalNAc, AmCe: amino hexylene, GBB-Am: aminopropylglycerol-based bridge, CsSH: hexylene
sulfhydryl, NSP: N-succinimidyl propionate, NMM: N-methylmaleimide, NEM: N-ethylmaleimide.
Column “Study” describes the use of oligonucleotides in different studies; i: in vitro target
reduction and MetID; ii: in vivo mouse PK study.

1 5'-GAGttacttgccaACT-3' --- --- i, ii
2 5'-GAGttacttgccaACT-3' 3'-GBB-Am NSP i
g 5'-GAGttacttgccaACT-3' 3'-CsSH NMM i
4 5'-GAGttacttgccaACT-3' 3’-CsSH NEM i
5 5'-GN-AmCs-caGAGttacttgccaACT-3' --- --- i, ii
6 5'-GN-AmCs-caGAGttacttgccaACT-3' 3'-CeSH NEM i
7  5-GAGttacttgccaACT-3' 3-CeSH  [PHINEM i
8 5

'-GN-AmCe-caGAGttacttgccaACT-3' 3'-CeSH [FHINEM ii
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In Vitro Studies

The introduction of a tritium tag via a short linker is, relative to the entire oligonucleotide
construct, an overall small chemical modification at the 3'-end. In general, it is not
expected that the hybridization of the modified ASOs with the target will be significantly
altered. However, in order to verify that the tagging can be used for in vivo studies, two
key features must be met: metabolic stability and maintenance of the target interaction
resulting in a similar potency as its untagged counterpart. The following in vitro studies
show which conjugation technique is suitable for an in vivo study in order to compare the
modified tagged ASO with the untagged ASO.

Hepatocyte Incubations and RNA Measurements

The ability to decrease Malatl RNA concentration levels was tested in primary mouse
hepatocytes by adding the ASOs to the culture medium. After 3 h, the medium containing
the ASOs was removed, the cells were washed, and then further incubated in fresh
medium for 21h and 69h, respectively. Tagged naked ASOs2 (NSP;
ICs0 = 60.1 £ 6.3 nM), 3 (NMM; ICs0 = 70.0 £ 6.3 nM), and 4 (NEM; ICso = 77.6 + 3.6 nM)
reduced Malatl RNA levels after 24 h (Figure 3: A) similar to the untagged ASO 1
(ICs0 = 74.3 £9.1 nM). After 72 h (Figure 3: B), the RNA level reduction was more
pronounced than after 24 h. The untagged ASO 1 showed the highest Malatl RNA
reduction (ICsp =11.2+ 3.2 nM), ASO 2 (NSP; I1C50=30.1+1.4nM) and 3 (NMM;
ICs0 = 25.6 £ 1.2 nM) were in a similar range, while ASO 4 was slightly less potent (NEM;
ICs0 = 54.3 £ 2.9 nM).

In addition to naked ASOs, GalNAc-conjugated ASO was also tagged with NEM
on a 3-end Cs thiol-linker (ASO 6). As expected, the GalNAc-conjugation increased
target RNA level reduction compared to the naked ASO 1, while a negative control ASO
targeting ApoB mRNA?8 did not show reduction in Malatl RNA levels. The NEM-tagged
ASO 6 (ICso = 1.40 £ 0.10 nM) showed a similar target reduction as the untagged ASO 5
(ICs0=1.24 £ 0.17 nM) after 24 h (Figure 3: C). As the uptake of GalNAc-conjugated
ASOs was faster than with naked ASOs, the focus was on the early time point at 24 h
and the measurement after 72 h was not carried out. The results, however, indicate that
the chemical modifications did not change the uptake of ASO into hepatocytes, and that
target reduction potential was similar for tagged ASOs compared to their untagged

counterpart.
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Figure 3: Concentration-dependent target reduction in mouse hepatocytes (in vitro) treated with
NSP and maleimide-tagged naked ASOs and their untagged counterpart. Malatl RNA levels were
assessed after (A) 24 hours and (B) 72 hours. (C) Malatl RNA levels of GalNAc-conjugated
oligonucleotides compared with naked-Malatl and negative-control ASO after 24 h. (Mean and
SD, n=3)

Metabolite Identification

The stability towards degradation and metabolism was assessed for all ASOs after 3 h
of incubation in primary mouse hepatocytes, followed by post-incubation periods of 21 h
and 69 h, respectively. LC-HRMS was applied to an aliquot of the same mouse
hepatocyte samples, which were used for target reduction assessment in order to identify
the key cleavage products and/or metabolites.

Table 2 summarizes the results obtained for all ASOs investigated. Metabolite
identification (MetID) experiments revealed that NSP-tagged ASO 2 showed instability
with 11% of loss due to cleavage of the propionate and additionally by cleavage of the
aminopropylglycerol-linker at the 3'-end after 72 h.

In contrast, ASOs tagged by NMM and NEM in mouse hepatocytes cells were
almost unchanged for up to 72 h according to the LC-HRMS measurements. No relevant
tag instability or metabolite formation was observed in the generic all-ion fragmentation

(AIF) mass-chromatograms (Figure 4:A,B).
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Figure 4: HPLC measurements (AIF, normalized) of naked ASO constructs from the MetID study.
From the top: ASO 1 (untagged), ASO 2 (NSP), ASO 3 (NMM), and ASO 4 (NEM). Column (A):
reference compounds; column (B) after 72 h incubation in primary mouse hepatocytes. (*) Arrow
indicates the undesired degradation product of hydrolysis, which results in the loss of the tag.
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Table 2: Degradation products for ASOs 1 to 6 from mouse hepatocyte metabolism identification
study after 72 h of incubation. Capital letters in the oligonucleotide sequence describe LNA-
modified nucleotides, and small letters describe DNA nucleotides. n.d.: not detectable.

5'-GAGttacttgccaACT-3' 97.3
5'-GAGttacttgccaAC-3' 0.1
5'-GAGttacttgccaA-3' n.d.
5'-GAGttacttgcca-3' 0.1
1 5'-GAGttacttgcc-3' 0.2
5'-GAGttacttgc-3' 03
(untagged) 5'-GAGttacttg-3' 0.4
5'-GAGttactt-3' 0.6
5'-GAGttact-3' 05
5'-GAGttac-3' 0.2
5-GAGtta-3' 01
0" OH H
5-GAGttactigccaACT-3' —O g oA O~ Nm) 89.0
o
0" OH
5-GAGttactigccaACT-3' =0 P O AL O~ UNH; 6o
3 .
2 5'-GAGttacttgccaACT-3'
5'-GAGttactigccaAC-3' 2.6
5-GAGttacttgccaA-3' n.d.
(NSP) 5'-GAGttacttgcca-3' n.d.
5'-GAGttacttgce-3' n.d.
5'-GAGttacttgc-3' 0.2
5'-GAGttacttg-3' 0.3
5'-GAGttactt-3' 0.4
5'-GAGttact-3' 0.8
5'-GAGttac-3' 0.5
5-GAGtta-3' 0.3
0.1
O
o b 98.7
5'-GAGttactigccaACT-3'-0 R O-(cH,) -S S
S
O
o} NH
5-GAGttacttgccaACT-3'=0 B O=(CH,) =S S n.d.
S
3
5'-GAGttacttgccaACT-3' 0.2
- -3' n.d.
(N M M) 5'-GAGttacttgccaAC-3
5'-GAGttacttgccaA-3' n.d.
5'-GAGttacttgcca-3' n.d.
5'-GAGttacttgcc-3' 0.1
5'-GAGttacttgc-3' 0.1
5'-GAGttacttg-3' 0.2
5'-GAGttactt-3' 0.3
5'-GAGttact-3' 0.2
5'-GAGttac-3' 0.1
5'-GAGtta-3' n.d.
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The untagged GalNAc-ASO 5 and the corresponding NEM-tagged ASO 6
showed several metabolites in mouse hepatocytes mainly driven by the desired release
of the naked ASO resulting from hydrolysis of the two diphosphate-linked nucleotide part
(“cleavable linker”) and cleavages within the triantennary GalNAc construct. No
undesired instability of the tag was observed. The main metabolites contained the
maleimide derivative, demonstrating the applicability of using NEM to introduce tritium
into ASOs. Therefore, the synthesis of tritium-labeled ASO for use in a proof-of-concept

in vivo mouse study was pursued.

In Vivo Mouse Study

PK studies in mice were conducted using [*HINEM-modified Malatl-based ASOs and
their untagged counterparts. After a single subcutaneous dose of 1 mg/kg of body weight
of untagged ASOs 1 (naked) and 5 (GalNAc), and their counterparts tagged with
[BHINEM: ASOs 7 (naked) and 8 (GalNAc), the concentrations in tissues (liver, kidney,
spleen) were determined. Plasma concentrations and the recovery rate in urine and
feces were monitored with the tritium-tagged ASOs. The most abundant metabolites
were identified from the urine samples. In addition, the RNA levels after in vivo inhibition
in tissues of tagged-ASOs and untagged counterparts were compared.

Tissue Concentrations in Liver, Kidney, and Spleen

Liver, kidney, and spleen tissues were collected after 1 d, 3 d, 14 d, and concentrations
were determined for tritium-labeled ASOs by LSC or LC-MS/MS for untagged ASOs
(Figure 5). As expected, GalNAc-conjugated ASOs of both untagged and tritium-tagged
ASOs resulted in increased liver concentrations compared to their naked counterparts.
The highest concentrations of naked ASOs were found in the kidney. For all tissues, the
results obtained for the tagged vs untagged counterparts were comparable, which
indicates a similar distribution in the respective examined tissues, liver, kidney, and

spleen.
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Figure 5: Tissue exposure of untagged ASOs 1 (naked), 5 (GalNAc), and tritium-tagged ASOs 7
(naked), 8 (GalNAc) in (A) liver, (B) kidney, and (C) spleen. (Mean, n=2)

Metabolism

Metabolic profiles were assessed using urine samples collected in the time interval from
0 - 24 h after administration. The main product in both cases, ASOs 7 and 8, was
identified as the naked ASO-construct. In addition, several metabolites were observed
at detectable signal intensities. A summary of the results is shown in Table 3. The
metabolites found were mainly formed by hydrolysis of the phosphorothioate backbone,
which resulted in shorter oligomers and confirmed the results of in vitro experiments. The
metabolites identified in liver, kidney, and spleen are consistent with the main mode of
ASO metabolism being initial endonuclease mediated hydrolysis at positions within the
DNA chain of the parent compound, and by subsequent exonuclease mediated
hydrolysis resulting in shorter metabolites.
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Table 3: Most abundant metabolites observed in urine of mice from 0-24 h after a single dose of
[BHINEM-labeled ASOs 7 and 8. Capital letters in the oligonucleotide sequence describe LNA-
modified nucleosides, and small letters describe DNA nucleosides. n.d.: not detectable.
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Plasma and Excreta

The mean plasma concentration-time curves are shown in Figure 6: A as determined by
LSC for *H-labeled ASOs. Both tritium-labeled ASOs, naked and GalNAc, have a
typically fast distribution phase. Plasma levels peaked at the first sampling time point. At
15 minutes after subcutaneous administration of 1 mg/kg of body weight of ASOs 7
(naked) and ASO 8 (GalNAc) in two animals, the mean maximum plasma concentration
was 175 nM and 78 nM, respectively.

The major part of the radioactive dose was recovered within the first 24 h. 24%

of the dose was collected of ASO 7, and 23% of ASO 8. The contribution of the
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subsequent collection periods up to 72 h was only small for naked ASO 7 with an overall
recovery of 32%. For GalNAc ASO 8, the overall recovery was 41% of the dose
(Figure 6: B,C).
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Figure 6: (A): Plasma concentration-time profile of 3H-labeled ASO 7 (naked) and 3H-labeled ASO
8 (GalNAc). (B,C): Excretion through urine and feces. (Mean, n=2)

Malatl RNA-Levels after in vivo Inhibition

Next, the inhibitory effect of ASO exposure on Malatl-RNA levels in liver, kidney, and
spleen was investigated after 1 day, 3 days, and 14 days. In the liver, a reduction of the
RNA levels in the range of 5-12%, compared with untreated saline, was observed at
each time point for all four ASOs. In kidney, the effect was slightly more pronounced, in
particular for the tagged ASOs (naked and GalNAc), which showed a reduction in Malatl
RNA levels in the range of 5 to 20% and in 25-38% of their untagged counterparts. In
spleen, no significant change in Malatl RNA levels was observed after treatment with
any ASO used in this study (Figure 7: A-C).
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Figure 7: Malatl RNA levels after in vivo inhibition of ASOs 1 (naked), 5 (GalNAc), and 3H-labeled
ASO 7 (naked), 8 (GalNACc) in liver (A), kidney (B), and spleen (C). (Mean, n=2)

Discussion

Investigating ADME characteristics of new small molecule drugs using radiolabeled
drugs is well established as it enables reliable quantification, traceability and the
generation of excretory mass balance data of the drug molecules, even after being
transformed into various metabolites. For ASO drugs, however, the labeling with
radioisotopes is far less established. The synthesis of radiolabeled ASO drugs is
generally more complex and, despite the increasing importance of therapeutic ASOs in
pre-clinical and clinical research, simple, straightforward chemical synthesis approaches
to introduce radioisotopes into ASOs that achieve sufficient specific activity are not
readily available. Therefore, we explored new approaches using N-succinimidyl
propionate and maleimide-derivatives for a potential tritium-introduction into ASOs.
Initially, NSP was used to introduce propionyl to the 3'-end. Conjugations at the 3'-end
of amino linkers are known in the literature. Buntz and co-workers!® have reported
conjugations of NHS-activated fluorescent labels to amino-modified oligonucleotides.
Thus, an analogy to the smaller NSP, compared to fluorescent dyes, appears to be a

feasible technique for labeling ASOs with tritium. Despite being synthetically favorable,
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the tagged ASO resulting from this approach was unstable and showed considerable
cleavage with the introduced propionate, resulting in loss of isotopic tag. This approach
was therefore not further pursued. The second approach using NEM resulted in 3'-end
tagged ASOs that were shown to be stable in vitro while maintaining the target affinity.
Consequently, this conjugation approach was used to synthesize [*H]NEM analogs to be
applied in proof-of-concept studies in mice to demonstrate the applicability in in vivo
studies.

Hydrolysis by 3'-exonucleases may contribute to the instability of ASOs and
3'-end labeling could therefore result in label loss. For the ASOs used in this study for
maleimide 3'-labeling, we could demonstrate that the 3'-end was largely stable against
3’-exonuclease activity. In cases of different ASOs where 3'-exonuclease activity is
contributing significantly to instability, the 3'-end labeling approach shown here might be
limited. For such cases, however, we assume that the conjugation concept can also be
carried out on thiol-based linkers at 5'-end, as preliminary data already suggest with
similar types of tritium-labeled maleimides.?

In our study, we focused on the 3'-end, as the aim was to use modifications with
GalNAc attached to the 5'-end of the ASO. In addition, ASOs are typically optimized to
prevent exonuclease degradation as this improves the overall ADME properties. The
decision as to whether the label is attached to the 5'-end or 3'-end eventually depends
on the stability of the oligonucleotide 3'-end and of other conjugation interests, e.g.,
GalNAc conjugation. In this regard, an in vitro assessment of ASO uptake, target
reduction, and metabolic stability could inform the selection of the best possible labeling
position.

Known issues in the tritium-labeling of ASOs are related to the number of
synthesis steps, which are associated with poor yields and low specific activity. For both
factors, the approach shown here is beneficial, as only one principal modification step is
required with the commercially available radioactive precursor [*H]JNEM. The specific
activity achievable (up to 629 GBq; 17 Ci/mmol) is, to the best of our knowledge,” 82122
the highest specific activity that has been obtained so far with a tritiated oligonucleotide
for use in in vivo studies. An even higher specific activity of the desired ASOs could be
achieved by using more optimized maleimide derivatives with higher specific activity or
by using more equivalents of tritium-labeled maleimide starting material (in contrast to
an excess of oligonucleotides). The resulting specific activities in our study, however, still
comfortably meet the requirements for in vivo disposition studies. In order to demonstrate
the applicability of the labeling method for conducting in vivo studies with ASOs, mice
were treated with a single dose of ASOs 7 and 8. In the collection periods up to 72 h for
naked ASO 7 an overall recovery of 32% and for GalNAc ASO 8 an overall recovery of

41% of the dose was found. The main proportion of radioactivity was recovered in urine,
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slightly less in feces. This is in line with literature reports that renal excretion is the
dominant route of elimination for ASOs.?223 Therefore, tritiated oligonucleotides labeled
using this described conjugation technique might be well suited for mass balance and
guantitative whole body autoradiography studies in order to gain a better understanding
of the distribution and excretion of potential therapeutic ASOs.

Conclusions

Novel approaches to labeled antisense oligonucleotides with *H were described.
Conjugation of N-succinimidyl propionate (NSP) was attached to an amino-linker at the
3'-end, N-Methylmaleimide (NMM) and N-ethylmaleimide (NEM) were conjugated via
Michael addition to sulfhydryl-linkers of oligonucleotides that target Malatl. Based on
non-radiolabeled (cold) Malat1-ASO examples, in vitro experiments were carried out to
investigate target efficiency and stability after the tag-modification. All cold-tagged
Malatl oligonucleotides showed similar RNA target reduction after 24 h, but metabolic
instability of tag and linker in mouse hepatocyte cells was observed for the NSP-tagged
ASO.

In contrast, the maleimide conjugates were metabolically stable in vitro up to
72 h. Consequently, [PHJNEM was selected as the conjugation agent of choice for this
study, resulting in tritium-labeled ASO with high molar activity of up to 629 GBg/mmol
(17 Ci/mmol). A single-dose PK experiment, including [°*H]NEM-tagged GalNAc and
naked ASO constructs, was performed in mice. It was demonstrated that the radiolabeled
ASOs, despite the maleimide conjugation, show an equivalent PK behavior as their
congeners. In conclusion, this new method to efficiently conjugate pre-labeled tags
provides a powerful technique for fast and safe access to tritium-labeled

oligonucleotides, e.g., for preclinical pharmacokinetic or autoradiography studies.
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Introduction

Conjugations with functionalized maleimide derivatives have been popular in
biochemistry or biotechnology.! The double bond of maleimides may undergo a Michael-
type addition with sulfhydryl groups to form stable thioether bonds. The main use of
maleimide derivatives is the bioconjugation to thiols, which are either naturally present
in biomolecules or have been previously introduced. This technique is widely used in
radio- or fluorescent labeling,?® or for the preparation of antibody-drug-conjugates.*
Thiol-maleimide additions take place quickly in the pH range of 6.5 to 7.5 in a high yield
without the formation of byproducts, even in aqueous solution. Several functionalized
maleimides are commercially available or accessible in a few synthesis steps. The
simplest functionalization of maleimides is by formation of the equivalent N-alkyl
derivatives.

Non-radiolabeled alkylated maleimide derivatives, such as N-ethylmaleimide
(NEM) or N-methylmaleimide (NMM) are used in protein analytics, e.g. to identify free
sulfhydryl groups in antibodies® or for thiol-blocking in cysteine residues.®” Tritium
labeled alkyl-maleimides, on the other hand, are used to determine the number of
sulfhydryl groups in proteins,® to identify surface-exposed cysteine residues,® or in
assays of protein palmitoylation.’® N-Alkylated tritium maleimide derivatives are also
used in Michael-type additions to thiol-linkers in several types of biomolecules for
tracking and monitoring, e.g. in oligonucleotides or proteins.'*? A general disadvantage
of NEM and NMM is their high volatility, which is a major challenge in dealing with them
in radioactive conjugation reactions.

The most common way to access N-alkylated maleimides is the reaction of
maleic anhydride with a primary amine, followed by dehydration.’* However, the
translation of the aforementioned synthetic strategy for the preparation of tritiated
analogues becomes a challenge due to the high volatility of the required primary amines.
Methylamine with its boiling point of -6 °C and ethylamine (17 °C) pose a safety risk when
handling radioactive compounds. In addition to the high volatility of these alkylamines,
the corresponding tritiated compounds are only commercially available with a molar
activity in the range of 370 — 740 GBg/mmol (10 - 20 Ci/mmol). For this reason, an
alternative and safe synthetic route was required for the introduction of a tritium label on
maleimide derivatives.

Palladium-catalyzed reduction of N-alkylated maleimides bearing an exocyclic
carbon-carbon double or triple bond in the presence of tritium gas is not a viable option,
since the maleimide double bond, required for a subsequent Michael-addition, will be
reduced as well. A promising concept can be designed by late-stage alkylation of

nucleophiles, such as amines or alcohols.
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In this article, an alternative strategy to access tritium-labeled maleimide
derivatives using N-hydroxyalkyl exo-maleimide-2,5-dimethylfuran cycloadducts in good
yields and high molar activities (> 1.5 TBg/mmol; 40 Ci/mmol) is described. The
synthesis avoids the use of volatile radioactive reagents and therefore significantly
mitigates the safety risks in the preparation of tritiated N-alkyl maleimides. For a safe
and robust concept with regard to late-stage labeling, we have examined N- and O-
methylation with methyl nosylate.

Results & Discussion

Since Pounds’ report in 2004,** [*H]methyl nosylate 1 ([*H]methyl-4-nitrobenzene
sulfonate) has been used in tritium-based chemistry as a radiochemically stable reagent
for methylation of alcohols or amines. [*H]Methyl nosylate is commercially available at a
molar activity of >3 TBg/mmol (80 Ci/mmol) and in contrast to the corresponding
methylation reagent [*H]methyl iodide it is not volatile. The fastest and easiest way to
synthesize methylated maleimide derivatives is the direct alkylation of an amine or

hydroxy functionalized maleimide precursor.

Direct methylation of N-substituted maleimides containing amino and

hydroxy functionalities with [3H]methyl nosylate

In the first experiments, it was aimed for an N-methylation and therefore two maleimide
derivatives N-(2-aminoethyl)-maleimide 2 and N-(4-piperidyl)-maleimide 3 were selected
(Scheme 1). Although the methylated products were isolated in low yield but in high
purity, the stability of the products in solution was low and the compounds decomposed
over 24 hours. It was hypothesized for 2 that this inherent instability might originate from
the unprotected amine functionality, which is prone to react intramolecularly with the
electrophilic imide carbonyls or intermolecularly with the activated olefin. In addition for
2 and 3, the basicity of the methylated amine may promote hydrolysis of the maleimide
core, which leads to ring opening. This observation confirms results reported in previous
articles on the hydrolysis of maleimides in alkaline solutions.?® For this reason, the
strategy was changed from N-methylation to O-methylation of a primary alcohol by using
N-(2-hydroxyethyl)-maleimide 4 as substrate. Since a base, such as sodium hydride,
sodium tert-butoxide, or lithium bis(trimethylsilyl)amide, was required for deprotonation
of primary alcohols to perform a methylation with methyl nosylate, this synthesis route

was also unsuccessful (Scheme 2: Route A).
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Scheme 1: N-Methylation of maleimide derivatives containing amine functionality.

Using Diels Alder cycloadduct as a protecting group for hydroxyethyl-

maleimide prior to methylation with [*H]Jmethyl nosylate

N-(2-Hydroxyethyl)-maleimide 4 was selected as starting material to investigate the
O-methylation of maleimide derivatives, which involves three steps: 1) protection of the
maleimide core; 2) methylation on deprotonated hydroxy functionality; 3) deprotection to
the final maleimide (Scheme 2: Route B).
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Scheme 2: Investigated synthesis routes to methylate N-(2-hydroxyethyl)-maleimide 4 from
methyl nosylate 1. Route A: direct methylation starting from unprotected 4 and 1 did not lead to
the desired product under basic conditions. Route B: protected 4 can be methylated in the
presence of bases and deprotected by heating to achieve the target methylated maleimide
derivative.

The introduction of a protecting group is essential for a chemical modification of
maleimides under basic conditions. Maleimides can generally be easily protected under
mild heating with furan analogues, resulting in a [4+2] Diels-Alder (DA) cycloadduct.®
The formed furan-maleimide cycloadduct prevents the possibility of a nucleophilic attack
and allows O-alkylation under strongly basic conditions. Two relevant aspects are to be

considered for a successful methylation labeling concept under basic conditions: 1) the
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selection of the furan analogue for the protection, and 2) the selection of the diastereo
isomer after the [4+2]-cycloaddition for the subsequent deprotection.

It is well known that the DA reaction between electron-deficient maleimides and
dienes such as furans leads to a mixture of two diastereomers: endo, the kinetically
controlled compound, and exo, the thermodynamically more stable compound.’
Although the endo compound can be deprotected more easily under retro-Diels-Alder
(rDA) reaction conditions by heating,8 it is also less stable towards a base compared to
the exo compound.®%

A comparison of different furan derivatives as a protecting group, namely furan,
2-methylfuran and 2,5-dimethylfuran, showed that 2,5-dimethylfuran has the best
stability towards bases.?! Based on this knowledge, the synthesis route was adjusted as
shown in Scheme 3.

After DA protection with 2,5-dimethylfuran, the obtained exo/endo intermediates
formed in a diastereomeric mixture ratio of 4:1 were separated into the pure exo
compound in 55-60% yield by the use of silica-based flash chromatography. In order to
achieve a simpler handling on small scale for the methylation step, commercially
available [*H]methyl noslyate (1, 3.3 TBg/mmol; 88 Ci/mmol) was diluted with non-
labeled methyl nosylate to achieve a molar activity of 1.6 TBg/mmol (44 Ci/mmol), which
comfortably still meets the requirements (> 37 GBg/mmol; 1 Ci/mmol) for tracking of
molecules (< 10,000 Da) after conjugation to tritium labeled maleimides. A solid phase
supported workup was carried out by using strong ion exchange (SCX-2/SAX)
cartridges.?? This method allows a fast, safe, and efficient work-up for tritium labeled
compounds with high recovery rates. Deprotection was carried out by a retro-Diels-Alder
reaction by heating at 110 °C to give the desired tritium labeled N-[*H]2-methoxyethyl
maleimide 13 in an overall radiochemical yield of 15%.

The robustness of this synthetic route was confirmed by repeating it with N-(2-
hydroxy-1-methyl-ethyl)maleimide 5 and N-[1-(hydroxymethyl) cyclopropyl]maleimide 6

as starting materials. In both cases similar yields of 13%-15% were observed.

G G #w :ﬁ{w

o R

o R
4:R'=R2=H 7:R'=R2=H 10:R'=R2=H 13:R'=R?=H
5:R!=H, R?=methyl 8: R'=H, R?=methyl 11: R'=H, R?=methyl 14: R'=H, R?=methyl
6: Rl and R? = (*) 9:Rland R2 = (*) 12:Rland R2 = (*) 15: Rl and R? = (*)

Scheme 3: Synthesis route to tritium-methylated N-alkoxy maleimide derivatives 13, 14, 15. i:
2,5-dimethylfuran, acetonitrile, 65 °C, 16 h. ii; [*H]methyl nosylate 1, sodium tert-butoxide,
toluene, 22 °C, 2.5 h. iii: toluene, 110 °C, 2 h. (*): R! and R? together with the carbon atom to
which they are attached form a cyclopropyl ring.
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Conjugation of 3H-Maleimides on Thiol-functionalized Oligonucleotides

To prove the reactivity of the tritium-labeled maleimides 13, 14, and 15, 2 different tool-
oligonucleotides were used for conjugation experiments. The oligonucleotides contain a
phosphorothioate-hexylenethiol-linker, either at 5'-end or 3'-end, which can be used for
a Michael-type addition (Scheme 4). For the conjugation experiments, the purified
tritium-labeled maleimides 13, 14, and 15 were used directly from the preparative HPLC-
fractions without solvent exchange and added to a pH 7 buffered oligonucleotide
solution. In order to achieve the highest possible conversion of tritiated maleimides, the
oligonucleotide was used for the conjugation in a double molar excess, followed by a
post-conjugation with the corresponding cold (non-radioactive) maleimide derivative in a
10-fold molar excess. In this way, a lower specific activity was consciously accepted.
However, the resulting molar activities of 370 GBg/mmol to 740 GBg/mmol
(10-20 Ci/mmaol) still comfortable meet the requirements for in vivo disposition and
QWABA studies. In order to determine the specific activity of the conjugates, the activity
concentration [MBg/mL] of the oligonucleotide solution was determined by liquid
scintillation counting and divided by the content concentration [mg/mL] measured using
a spectrometer to give the specific activity in [MBg/mg]. Based on the molecular weight,
the molar activity in [GBg/mmol] was calculated for each tritium-labeled oligonucleotide.

Na+
O_r_O— (CH,)s-SH Rl —— Q | Rl
—f’—o— (CH2)e—S
13:Rl=
14:Rl= H Rz methyl @ =oligonucleotide, 3'-end or 5'-end

15: Rt and R? = (¥)

Scheme 4: General conjugation reaction of thiol-functionalized oligonucleotides with maleimide
derivatives 13, 14, 15. (*): R! and R? together with the carbon atom to which they are attached
form a cyclopropyl ring.

Conclusions

In this manuscript, we have disclosed a facile and efficient method for radiolabeling of
N-alkoxy maleimide derivatives from [*H]Jmethyl nosylate. One of the most important
features of these tritium-methyl-labeled compounds is that they are less volatile than the
corresponding N-alkylated maleimides N-ethylmaleimide (NEM) or N-methylmaleimide
(NMM). The standard molar enthalpy of sublimation of NMM (AsuH'm = 73.3 KJ/mol at
293.15 K)? is comparable to that of naphthalene (AsuH’m = 73.0 KJ/mol at 298.15 K).?*
No data could be found in the literature on NEM. However, a rapid weight loss of NEM

was observed during previous conjugation preparations. Since tritium-labeled NEM is
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supplied in a pentane solution, a solvent exchange must be carried out prior to
bioconjugations. This handling bears the risk of undesired release of radioactivity and
loss of NEM.

Starting from N-substituted maleimides containing exocyclic hydroxy
functionality, base-stable intermediates of O-methylations were obtained by a Diels-
Alder [4+2] cycloaddition reaction in the presence of 2,5-dimethylfuran. Protected
maleimides enable the methylation of primary alcohols under basic conditions and
prevent nucleophilic attack from Michael-type donors. A solid-phase supported work-up
by the use of strong ion exchange cartridges (SCX-2/SAX) leads to pure intermediates.
The final products were gained via a retro Diels-Alder reaction by heating the protected
tritium-labeled maleimides. Although multi-step synthesis of tritium-labeled compounds
is a particular challenge, this synthetic route is characterized by mild reaction conditions,
efficient work-up, and high radiochemical purities. This is also reflected in the overall
radiochemical yields of 13-15%, which is a notable result for a 3-step synthesis with
tritiated compounds. The purified radioactive maleimides can be used directly from the
preparative HPLC fractions without a solvent exchange for subsequent bioconjugations.
Consequently, this allows quantitative use without loss of radioactivity and enables safe
handling. The reactivity of the novel tritium-labeled maleimide derivatives was proven by
a conjugation step on thiol-functionalized oligonucleotides.

This concept opens up new possibilities for safe, fast and cost-saving access to
tritium-labeled maleimide derivatives. These radiotracers find wide applications in
biology and biotechnology, such as tracking biomolecules in in vitro and in vivo studies.

Experimental

Material and Methods

All chemical starting materials are commercially available and have been used without
further purification. Tritium labeled [*H]methyl nosylate (molar activity: 3.3 TBg/mmol =
88 Ci/mmol) was obtained from RC Tritec (Teufen, Switzerland) as solution in toluene.
Liguid scintillation counting was accomplished using a HIDEX 300 SL and ULTIMATE
GOLD™ cocktail (PerkinElmer Inc., Waltham, MA, USA). Analytical HPLC for maleimide-
based derivatives were performed using an Agilent 1200 series HPLC system (Santa
Clara, CA, USA) using a Waters XBridge C18 column (4.6 mm x 150 mm, 3.5 pm). HPLC
conditions: mobile phase [A]: (H.0+0.05% TFA), [B]: (acetonitrile/H.O+0.05% TFA),
gradient 10% [B] to 70% [B] over 12 min. Radiochemical purity was measured using the
S Radioactivity HPLC detector RAMONA with internal solid scintillator (Elysia-raytest,
Straubenhardt, Germany). Preparative purification for tritium labeled maleimides was

performed by the use of Gilson PLC 2050 (Middleton, WI, USA), equipped with a Waters
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XBridge C18 column (10 mm x 300 mm, 5 um) under the following conditions: Solvent
[A] was water + 5% acetonitrile + 0.05% trifluoroacetic acid (v/v/v) and solvent [B] was
acetonitrile + 0.05% trifluoroacetic acid (v/v). The column was initially equilibrated at 10%
[B] using a flow rate of 6 mL/min, with the absorbance monitored at 214 nm. Starting with
isocratic conditions of 10% [B] for 4 minutes, a linear gradient to 70% [B] followed over
15 minutes. The desired products eluted from the column at about 25% [B]. For
purification of DA adducts, an Isco Combiflash® Rf+. (Lincoln, NE, USA) in combination
with Disposable RediSep™ silica gel columns (4 g) was used for flash column
chromatography under the following conditions: Solvent [A] was heptane and solvent [B]
was methyl t-butyl ether. The column was initially equilibrated at 20% [B] using a flow
rate of 18 mL/min, with the absorbance monitored at 214 nm. The elution gradient
consisted of isocratic conditions at 20% [B] for 4 minutes, followed by linear gradients to
100% [B] in 14 minutes, and finally isocratic conditions at 100% [B] over 5 minutes.
Proton nuclear magnetic resonance (*H NMR) spectra were recorded on a Bruker
Avance Il (600 MHz) instrument. *H chemical shifts (3) are reported in parts per million
(ppm) and referenced using residual solvent resonance relative to tetramethylsilane.
Signal multiplicity is described using the following abbreviations: s (singlet), d (doublet),
m (multiplet), dd (doublet of doublets), and br s (broad singlet). Coupling constants (J)
are in hertz (Hz). Tritium-labeled intermediates and products were identified by HPLC
comparison with commercially available non-radioactive materials or characterized
compounds from Roche pharma Research and Early Development (pRED). Both
oligonucleotides used as starting materials were synthesized from Roche pRED using
standard phosphoramidite chemistry and consist of a complete phosphorothioate
backbone. PBS buffer was purchased from Thermo Fisher Scientific (Paisley, UK), in
one (1x) and tenfold (10x) concentration. Conjugated oligonucleotides were analyzed
using UPLC Agilent 1290 at 260 nm wavelength and ACQUITY UPLC Oligonucleotide
BEH C18, 2.1 x 50 mm, 1.7 um column at 80 °C under the following conditions: Solvent
[A] was water/methanol/hexafluoro i-propanol/triethylamine: 950/25/21/2.3 mL; solvent
[B] was water/methanol/hexafluoro i-propanol/triethylamine : 175/800/21/2.3 mL, and the
following linear gradient of 10% [B] to 25% [B] in 13 min by a flow of 0.5 mL/min.
Concentration of conjugated oligonucleotides were determined by Eppendorf
BioSprectrometer® basic (Hamburg, Germany) at 260 nm wavelength and the

corresponding calculated molar extinction coefficient.
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General Procedure of Maleimide Protection

To a solution of commercially available maleimide derivatives 4, 5, or 6 (1.42 mmol) in
acetonitrile (2.0 mL) was added at 22 °C 2,5-dimethylfuran (720 mg, 800 pL, 7.5 mmaol).
The mixture was stirred at 65 °C in a sealed glass tube for 20 h. Removal of the solvent
by evaporation and drying under high vacuum (3x 102 mbar) gave the crude Diels-Alder
adduct as a light yellow oil. The endo/exo mixture was purified by flash chromatography
to isolate the exo compound 7, 8, or 9 in purities of >95% and yields in the range
55 - 60%.

General Procedure of Methylation

1.67 GBq (45 mCi) of [*H]methyl nosylate 1 (125 pg, 0.561 pmol) as solution in toluene
was diluted with non-radioactive methyl nosylate (122 ug, 0.561 umol) in a 1:1 ratio to
achieve a molar activity of approximately 1.6 TBg/mmol (44 Ci/mmol). The solution was
evaporated, transferred into a sealed tube and concentrated to dryness under an argon
flow. To the solid residue was added at 22 °C a solution of DA cycloadduct 7, 8, or 9
(2.81 pmol) in 80 pL toluene followed by the addition of 2 M sodium t-butoxide solution
in THF (1.7 pL, 3.37 pmol). The mixture was stirred in a sealed tube at 22 °C for 2.5 h.
HPLC analysis showed the desired intermediate products 10, 11, or 12 with a
radiochemical purity of 50%. The reaction mixture was diluted with dichloromethane
(DCM) (1 mL) and directly purified by filtration through a SCX-2/SAX cartridge (Silycycle,
500 mg, pre-conditioned with DCM) to remove basic and acidic impurities. The cartridge
was washed with DCM (5 mL) and the resulting solution was concentrated by
evaporation to a volume of 100 L to give the radiolabeled intermediates 10, 11, or 12 in
radiochemical purities of > 80%. The intermediates were used without further purification

for the subsequent deprotection.

General Procedure of Deprotection

The obtained crude solution of 10, 11, or 12 was transferred into a sealed tube, diluted
with toluene (70 pL) and heated at 110 °C for 2 h. HPLC analysis showed full conversion
to the deprotected final product. The reaction mixture was allowed to cool to 22 °C. The
solvent was concentrated to dryness under an argon flow. The residue was purified by
preparative HPLC. The corresponding preparative HPLC fractions, containing the tritium
labeled maleimide derivatives 13, 14, or 15, were directly used for subsequent
conjugation experiments. Radiochemical yields: 13 - 15%. Radiochemical purity: > 98%.
The low sample concentration of tritiated maleimide derivatives made it impossible to

determine the specific activity by mass spectrometry, since the ionization signal was too
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low. Due to previous dilution of hot and cold methyl nosylate in 1:1 ratio, a molar activity
of 1.6 TBg/mmol (44 Ci/mmol) is expected. Conjugation products of *H-maleimide
derivatives on thiol-functionalized oligonucleotides, however, provided a clearer

determination of the specific activity.

According to the General Procedure of Maleimide Protection, the following intermediates
were synthesized:

exo-2-(2-hydroxyethyl)-4,7-dimethyl-3a,7a-dihydro-4,7-epoxyisoindole-1,3-dione (7).
This compound was isolated as a colorless solid in 55% vyield and purity of > 95%;
H NMR (DMSO-ds) & ppm 6.36 (s, 2 H), 4.69 (br s, 2 H), 3.41 (s, 4 H), 2.88 (s, 2 H),
1.53 (s, 6 H); ESI-MS: m/z [M + H]* calcd for C12H1sNO4: 237.1001; found: 237.1001.

exo-2-(2-hydroxy-1-methyl-ethyl)-4,7-dimethyl-3a,7a-dihydro-4,7-epoxyisoindole-1,3-
dione (8). This compound was isolated as a colorless oil in 60% yield and purity of > 90%;
'H NMR (DMSO-ds) & ppm 6.36 (d, J=1.6 Hz, 2H), 4.54-5.09 (m, 1 H), 3.90-4.15 (m,
1 H), 3.67 (dd, J=10.8, 8.1 Hz, 1 H), 3.49 (dd, J=10.8, 6.4 Hz, 1 H), 2.82-2.87 (m, 1 H),
2.77-2.81 (m, 1 H), 1.53 (d, J=4.0 Hz, 6 H), 1.17 (d, J=7.0 Hz, 3 H); ESI-MS: m/z [M + H]*
calcd for C13H17NO4: 251.1158; found: 251.1152.

exo-2-[1-(hydroxymethyl)cyclopropyl]-4,7-dimethyl-3a,7a-dihydro-4,7-epoxyisoindole-
1,3-dione (9). This compound was isolated as a colorless solid in 60% yield and purity of
> 95%; *H NMR (DMSO-dg) & ppm 6.35 (s, 2 H), 4.70 (br s, 1 H), 3.38 (s, 2 H), 2.78 (s,
2 H), 1.50 (s, 6 H), 0.89-0.93 (m, 2 H), 0.63-0.67 (m, 2 H); ESI-MS: m/z [M + H]* calcd
for C14H17NO4: 263.1158; found: 263.1169.
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According to the General Procedure of Deprotection, the following products shown in
Table 1 were synthesized:

Table 1: Chemical structure of 13,14,15, overall radiochemical yield, radiochemical purity, and
the corresponding radio-HPLC traces.

Yield | Purity )
Compound Radio-HPLC Trace
[%] [%]

13 15.3 > 99

N-(2-[3Hs]methoxyethyl)

maleimide B Rl BRCTae——eeran

T
0 | |
L8]
o
14 13.2 > 99
(8]
N-(2-[3Hs]methoxy-1-

methylethyl)maleimide

.......

.
T%—I
0
| N—lé’_
15 15.2 | >99
Q

N-[1-([*Hs]methoxy-

methyl)cyclopropyl] maleimide

A At IO P A N A i

General Procedure of Maleimide Conjugation to Oligonucleotides

2 equivalents of oligonucleotide, containing 5'-end or 3'-end thiol-linker, was dissolved in
PBS (10x) (volume factor: 250 mL/g). 1 equivalent of 13, 14, or 15, directly used from
preparative HPLC fraction eluent with a radio-concentration of 30.3 MBg/mL -
34.8 MBg/mL (0.82 - 0.94 mCi/mL), was added to the aqueous oligonucleotide solution
and stirred at 22 °C for 1.5 h. UPLC analysis showed a conjugation rate of 30% to 50%.
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10 equivalent of the corresponding cold (non-radioactive) maleimide derivative,
dissolved in THF (volume factor: 700 mL/g), was added and stirred at 22 °C for 1 h.
UPLC showed a complete conjugation. The reaction mixture was transferred into an
Amicon® Pro purification system (MWCO: 3,000 Da) and centrifuged at 4,000 rpm. PBS
(1x) was added, the process was repeated 4 times to complete the solvent exchange
and to receive the purified product. The content concentration and activity concentration
of the resulting buffered solution were determined. Radiochemical yields: 69% - 99%.
Molar activities: 389 GBg/mmol - 770 GBg/mmol (10.5 Ci/mmol - 20.8 Ci/mmol).
Radiochemical purities: 93.4% - 98.4%.

According to the General Procedure of Maleimide Conjugation to
Oligonucleotides, the following oligonucleotides have been conjugated with 13, 14, or 15
(Table 2):

Table 2: Oligonucleotide-maleimide conjugates used for reactivity testing. Capital letters in
sequence describe LNA modified nucleosides, small letters describe DNA nucleosides.
Linker: -3'-Ce-SH = hexylene thiol at 3'-end; HS-Ce-5'- = hexylene thiol at 5-end; SA: molar
activity.

Sequence 5' — 3 Linker Label Y{i;l]d P[l;/r:]ty [GBq /mmo‘TiA_ Teimel
5'-GAGttacttgccaACT-3' -3'-Ce-SH 13 69 96.0 611-16.5
5'-TTAcActtaattatactTCC-3' HS-Ce-5'- 13 72 98.4 677 -18.3
5'-GAGttacttgccaACT-3' -3'-Ce-SH 14 87 94.3 444 - 12.0
5'-TTAcActtaattatactTCC-3' HS-Ce-5'- 14 89 93.4 387 -10.5
5'-GAGttacttgccaACT-3' -3'-Ce-SH 15 90 98.1 629-17.0
5'-TTAcActtaattatactTCC-3' HS-Ce-5'- 15 99 97.3 770 -20.8
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Chapter Four

Tritium-labelling of neuromedin S by conjugation with [*H]N-succinimidyl

propionate

This declaration concerns the article entitled:

Tritium-labelling of neuromedin S by conjugation with [3H]N-succinimidyl propionate

Publication status (tick one)

Draft manuscript Submitted Published X

In review Accepted

dpggi'l‘;a“on Edelmann MR*, Emy J, Guba W, Hierl M. (2022) ACS Omega
8(2):2367-2376

(reference)

Copyright status (tick the appropriate statement)

paper (provide
details, and also
indicate as a
percentage)

contribution to the

| hold the Copyright is retained by the publisher, but |
copyright for X | have been given permission to replicate the
this material material here

The candidate contributed to / considerably contributed to /
Candidate’s

predominantly executed the...
Formulation of ideas: 100%
Design of methodology: 100%
Experimental work: 70%

Presentation of data in journal format: 100%

Statement from

This paper reports on original research | conducted during the

Candidate period of my Higher Degree by Research candidature.
Signed Cvn e Pl |Date | 171022

74




Introduction

Human neuromedin S (NMS) is a 33 amino acid neuropeptide belonging to the tachykinin
family. It has been identified in brain as an endogenous ligand for the orphan G-protein-
coupled receptor (GPCR) FM-4/TGR-1, and acts on the neuromedin U (NMU) receptor
2 (NMURy) in the regulation of body weight homeostasis.'®* The "S" nomenclature
derives from the fact that NMS is highly expressed in the suprachiasmatic nucleus (SCN)
of the hypothalamus. NMS is structurally related to human NMU (25-mer), first described
in 1985 and named for its ability to stimulate smooth muscle contraction in the
uterus.* NMS and NMU both share an identical C-terminal heptapeptide
(FLFRPRN-NH) including the amidated asparagine at the C-terminus in different
species (e.g. chicken, mouse, Chinese softshell turtle, spotted gar, Nile tilapia),®
indicating the importance of this peptide segment for receptor recognition. It was shown
that this heptapeptide and the amidated asparagine are closely related to binding
activity.®’

Radioisotope labelling of peptides is an essential tool to determine fate in in vitro
and in vivo experiments. As all peptides contain hydrogen and carbon, the corresponding
radioisotopes are the most commonly used in biological studies. Tritium as a low-energy
(19 keV) beta emitter has gained importance mainly because its half-life (12.6 y) is
relatively long and the compounds can reach a high specific activity. However, the
introduction of a tritium atom into a peptide is not straightforward. The incorporation of a
tritiated amino acid into a peptide sequence is theoretically possible, but in practice, it is
difficult and time-consuming when larger peptides are to be labelled. Catalytic titration is
often complicated by the presence of interfering functional groups (e.g. thiol) within the
peptide sequence, which can deactivate the catalyst during a reduction or exchange
reaction. While tritium labelling has been reported for numerous neuropeptides, such as
neuromedin N (6-mer)®, neuromedin U-8 (8-mer)°, angiotensin Il (8-mer), and
neurotensin 8-13 (6-mer),%° no tritium labelling concept for NMS has been published to
date.

Considerations for Tritiating Peptides

Tritium labelling chemistry is often simple and labelling can usually be performed late in
the synthesis. The most stable labelling position is found in a carbon-tritium bond. There
are various considerations for the introduction of a tritum atom into NMS, which are
illustrated in Figure 1 and divided into four main routes. A) Derivatisation with a tritium-

labelled conjugate. B) Catalytic hydrogen/tritium exchange (HTE) starting from the native
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NMS. C) Tritiation of NMS precursor. D) Solid-phase NMS synthesis using tritiated amino

acid.
\ peptide
derivatisation r ] synthesis f
NMS L Precursor NMS J L Precursor Amino acid
A B c tritiation
. ] D ( o
[*H-Propionate]-NMS [*H]-NMS ) | [*H]-Amino Acid

Figure 1: Considerations to tritium-labelled Neuromedin S (NMS). A: Derivatisation of peptide
using [*H]N-succinimidyl propionate [3H]NSP; B: Catalytic hydrogen/tritium exchange starting
from the native peptide; C: Tritiation of NMS-precursor; D: Peptide synthesis using tritiated amino
acid.

Late-stage tritium-labelling by catalysed HTE finds wide application in small
molecules.**® These methods can only be applied to a limited extent for peptides.
Promising approaches have been described, such as photoredox catalytic HTE in
peptide backbone.!* As this exchange is based on a radical mechanism, the
consequence is the loss of existing chiral stereocenters in the peptide backbone. Another
approach to late-stage labelling of peptides is the high-temperature solid-state catalytic
isotope exchange reaction (HSCIE) described by Zolotarev and co-workers.’® HTE
mainly occurs in the aromatic part of tyrosine residues, with an exchange at the ortho-
position to the OH group. For small peptides, there is the possibility of total synthesis
using tritiated amino acids as starting materials, either by solid-phase synthesis!® or by
enzymatic couplings.’” The advantage is that the labelling position is known using
characterised amino acids and the specific activity can be adjusted as desired depending
on the use of several *H-amino acids.

An alternative strategy for the synthesis of tritiated peptides is to use an
appropriate peptide precursor. Access to peptide precursors can be achieved either by
peptide synthesis using modified amino acids or by post-modification of the native
peptide. Halogenated aromatic amino acids or amino acids containing double or triple
bonds are widely used in peptide synthesis to design peptide precursors. Subsequent
metal-catalysed halogen-tritium exchange!® or reduction of the double/triple bond*® with
tritium gas leads to the desired *H-peptide. Derivatisation of a native peptide by direct
iodination with non-radioactive iodine (*?1) using sodium iodide and an oxidising agent,
such as lodo-Gen or chloramine-T, also leads to a peptide precursor. This results in
iodination primarily at tyrosine residues, but also at histidine residues in the sequence.
Recently, the direct photochemical halogenation of peptides in a direct irradiation device

and the single-pulse irradiation capillary reactor has been reported.?® The specific
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halogenation occurs with a bromination at tyrosine, histidine, and tryptophan residues as
well as with an iodination at tyrosine and histidine residues. The halogens can
subsequently be exchanged for tritium with tritium gas under metal catalysis.®

Another approach for tritiated peptides, especially larger peptides, is
derivatisation with a relatively small tritiated group. In analogy to protein
derivatisation,??? peptides can be tritiated by conjugation with the electrophilic
N-succinimidyl-[2,3-*Hs]propionate ([*H]NSP). [*(H]NSP preferentialy reacts with primary
amines such as the N-terminal amine or with lysine residues.?® Keller and co-workers
were able to introduce amine functionality into peptides lacking lysines by modifying
arginine residues with an amine linker and used this for conjugation with [*(H]NSP.°

Results and Discussions

Preliminary Labelling Experiments on NMS: Preparation of lodinated

Precursor

Commercially available NMS (human) has the following sequence: H-lle-Leu-GIn-Arg-
Gly-Ser-Gly-Thr-Ala-Ala-Val-Asp-Phe-Thr-Lys-Lys-Asp-His-Thr-Ala-Thr-Trp-Gly-Arg-
Pro-Phe-Phe-Leu-Phe-Arg-Pro-Arg-Asn-NH.. The synthesis of an NMS precursor was
the first strategy explored. As described above in Considerations for Tritiating Peptides,
derivatisation with iodine on Tyr is a common method for accessing peptide precursors.
However, the peptide sequence of human NMS does not contain a Tyr, but does contain
a His residue. For this purpose, the reaction conditions of iodination at the His residue of
NMS were optimised to synthesise an iodinated precursor. The peptide was treated at
pH 5 and pH 10 with sodium iodide in four different oxidising agents namely:
chloramine-T, lodo-Beads (polymer-supported version of chloramine-T), iodogen, and
the recently described chloramine oxidant.?* The highest iodine incorporation was
obtained using chloramine-T at pH 10 with 35% I, and 65% I, (Table 1).
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Table 1: lodine incorporation in NMS dependent on pH and oxidation agent after 1 h, analysed
by mass spectrometry.

# | Oxidation Agent pH lo [%0] l1 [%] I2 [%]
1 | Chloramine-T 5 35 56 9
2 | Chloramine-T 10 0 35 65
3 | lodo-Beads 5 76 24 0
4 | lodo-Beads 10 57 23 20
5 | lodogen 5 90 10 0
6 | lodogen 10 54 25 21
7 | Chloramine 5 93 7 0
8 | Chloramine 10 86 14 0

The catalytic exchange of iodine to tritium is described in the literature exclusively
on iodinated Tyr residues, although for the tritium labelling approach of peptides,
iodination on His is also mentioned.?® Therefore, the conditions were adopted in analogy
to the iodine-trittum exchange on Tyr to tritiate the NMS precursor.?® The iodinated
precursor #2 (chloramine-T, pH 10) was selected for the exchange experiments, as it
yielded the highest iodine incorporation in His. PdO/BaSOs (10 % Pd) and Pd/C
(10 % Pd) were tested as catalysts for an iodine-His isotope exchange in
dimethylformamide as solvent. As a further variation, the experiments were each carried
out with and without the addition of 1 uL triethylamine in the presence of deuterium gas
at 22 °C for 2 h. However, a successful exchange was not achieved at the deuterium
manifold in any of the experiments. As the reaction optimisation was too time-consuming
in this case, the approach of tritium labelling of NMS by means of oxidative iodination

followed by reductive tritium dehalogenation was discontinued.

Preliminary Labelling Experiments on NMS: Derivatisation using NSP

The feasibility of derivatisation on amine residues was investigated. NMS consists of
three primary amines that can be tagged with NSP: lle-1, Lys-15, and Lys-16. Compared
to the size of NMS (3,790 Da), derivatisation from a small [*Hs]propionate (62 Da)
contributes only a marginal difference in mass. However, the derivatisation changes the
molecular structure and this could lead to altered biological or physico-chemical
behaviour. For this reason, the corresponding non-radioactive NSP was specifically
placed at different positions of the peptide and these derivatives were subsequently
investigated for their functionality and binding behaviour towards NMUR;. In a first
preliminary experiment, NMS was treated in an equimolar ratio with NSP in PBS pH 8.5

for 30 min at 22 °C. Following the 1:1 reaction, theoretically, a maximum of eight NMS
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derivatives with a modification at the following amino acids can be present: 1) unlabelled;
2) lle-1; 3) Lys-15; 4) Lys-16; 5) lle-1 + Lys-15; 6) lle-1 + Lys-16; 7) Lys-15 + Lys-16;
8) lle-1 + Lys-15 + Lys-16. However, HPLC analysis of the crude reaction mixture
showed seven peaks (Figure 2). Five fractions were isolated from the preparative HPLC,

with fractions "b" and "d" each consisting of two non-separable products.

30+

L]
o
1

by b,
dyd;

mAU [280 nm]
2

o
10 12 14 16 18 20
Time (min)

Figure 2: HPLC analysis of the crude solution on NMS treated with 1 eq. NSP showed seven
peaks with retention times between 14 and 17 min.

In the next preliminary experiment, NMS was treated with 3 equivalents of NSP
under identical reaction conditions to the equimolar approach. The main product from
the crude reaction solution was assigned to peak e. Furthermore, the peptide derivatives
related to the peaks d: and d> were found in the reaction mixture. Finally, an excess of
3 equivalents of NMS was treated with NSP. Analytical HPLC showed that the major
component in the reaction solution after 30 min was the unlabelled peptide as expected,
but fractions b: and b, and ¢ were also detected. It was shown in the preliminary
experiments that when treating NMS with different molar ratios of NSP, the distribution
of the products formed can be controlled. The next steps are to identify the labelling
positions of fractions a-e and to determine which labelling position has the least influence

on the biological behaviour compared to the unlabelled peptide.

Identification of Labelling Position using LC-ESI-MS/MS

From the five isolated fractions (a-e) of the preparative purification from the equimolar
labelling experiment with non-radioactive NSP, the labelling positions were identified by
LC-ESI-MS/MS. In this process, a separation of the mixed fractions b and d was
achieved, which ensured an investigation of the main peaks from the mass trace of the

total ion chromatogram (TIC) (Figure 3).
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Figure 3: LC/MS chromatograms (MS trace, TIC: 100-2000 Da) of the fractions a-e.

Each spectrum below the low-energy MS trace was summed up and
deconvoluted. The resulting mass spectra (Figure 4) showed the monoisotopic mass
([M+H]") of the intact peptides from fractions a-e and indicated the number of labelled
amino acids of the peptide. In the case of unlabelled NMS, the calculated [M+H]* is
3,790.0206 Da. For each labelling event that would take place, the calculated mass
increases by +56.0262 Da. From these intact masses, it can be concluded how often the

activated propionic acid was conjugated to the three possible positions of the peptide.

Fraction a Fraction b Fraction ¢ Fraction d Fraction e
no label both 1x labelled 1x labelled both 2x labelled 3x labelled
3790.0354

100 ) 100, 3846.0547 100, 38460576 100, 3902.0793 100 3058.1074
< b4 < di
O+ mass Ot mass
3800 3800
= = S

100, 38460605 100, 20020793

= bz & dz
mass O+ mass mass O+ mass mass
3800 3800 3800 3800 3800

Figure 4: Deconvoluted low-energy mass ([M+H]*) spectra of the main peaks of the fractions a-e.

Table 2 shows the theoretical masses of NMS containing 0 to 3 labels of
propionate as well as the found masses of the intact peptides. The masses of fractions
a-e were assigned as follows: Unlabelled NMS has been found in fraction a. Fraction b,
which consisted of two peaks (b: and b), and fraction c gave a mass suggestive of a
single label. In each of the two peaks of fraction d (d: and d;) a double labelling event of

NSP was detected. In fraction e, a mass increase of three labels was found, indicating
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that conjugation occurred at all three possible positions of the primary amines present in

the peptide.

Table 2: Found masses underneath chromatographic peaks in low-energy trace.

Fraction/ Retentign time Found mass Assignment Theoretical mass | Mass error
Peak [min] [Da] [Da] [ppm]
a 7.4 3,790.0354 NMS 3,790.0206 3.9
b1 7.9 3,846.0547 1x labelled NMS 3,846.0468 21
b2 8.1 3,846.0605 1x labelled NMS 3,846.0468 3.6
c 8.3 3,846.0576 1x labelled NMS 3,846.0468 2.8
d1 8.9 3,902.0793 2x labelled NMS 3,902.0730 1.6
dz 9.0 3,902.0793 2x labelled NMS 3,902.0730 1.6
e 9.5 3,958.1074 3x labelled NMS 3,958.0992 2.1

Although it is possible to determine the number of labels from the masses of intact
proteins from the low-energy trace, it is not possible to obtain information about the exact
label position. The most common peptide fragments observed in high-energy collisions
are b ions and y ions.?’” The b ions appear to extend from the N-terminus while the y
ions appear to extend from the C-terminus. The mass pattern in the high-energy trace
has shown a more prominent y ion series (compared to the b ion series) in the mid mass

and high mass range (Figure 5).
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As already mentioned, the mass from fraction a correlates with the unlabelled
NMS. In fraction b, which consists of two peaks, it was shown in b, that the mass shift
occurred in the yig ion, which corresponds to the Lys-15 from the peptide sequence. In
peak bz, the mass shift happened in yis ion, which represents a label on Lys-16. With
respect to fraction c, in which the peptide was also singly labelled, there is no mass shift
in y1s and yi19, Whereas a mass shift was observed in yss. This shows that the labelling
took place at the N-terminal amino acid lle-1. In fraction d, which also consisted of two
peaks and each showed a double labelling in the low-energy trace, both peaks were
assigned. The y ions 19 and 33 from peak di showed a mass shift resulting in labelling
at lle-1 and Lys-15. For d, the shift was at y ions 18 and 33, resulting in labelling at lle-1
and Lys-16. As already known, the peptide from fraction e was triply labelled and the
mapping confirmed a mass shift at yis, y19, and ys3. Consequently, conjugation with NSP
took place at amino acids lle-1, Lys-15, and Lys-16. The exact labelling positions in the
peptide sequence was assigned to each fraction or peak and are listed in Table 3.
However, one compound was not found: a double labelling of NMS on Lys-15 and
Lys-16. This is surprising, as conjugation to both lysine residues was observed with the
triple-labelled NMS. The labelling experiments also did not show which amine reacts first
with NSP. This raises the question of whether the N-terminal lle-1 has an influence on

the reactivity of the lysines or whether it is a sterically hindered effect.

Table 3: Propionyl-labelled amino acids of the peptide sequences from fractions a-e are marked
with "*" according to the high-energy trace mass spectrometry analyses.

Frg(égtlzn/ Labelling Position Peptide Sequence

a non ILORGSGTAAVDFTKKDHTATWGRPFFLFRPRN-NH2
b1 Lys-15 ILQRGSGTAAVDFTK*KDHTATWGRPFFLFRPRN-NH:2
b2 Lys-16 ILQRGSGTAAVDFTKK*DHTATWGRPFFLFRPRN-NH2
c lle-1 I*LQRGSGTAAVDFTKKDHTATWGRPFFLFRPRN-NH:2
d1 lle-1, Lys-15 IFLQRGSGTAAVDFTK*KDHTATWGRPFFLFRPRN-NH2
dz lle-1, Lys-16 I*LQRGSGTAAVDFTKK*DHTATWGRPFFLFRPRN-NH2
e lle-1, Lys-15, Lys-16 I*LQRGSGTAAVDFTK*K*DHTATWGRPFFLFRPRN-NH2

Functional In Vitro Fluorometric Imaging Plate Reader Assay

To compare the functional activities of modified and unlabelled NMS derivatives, an
in vitro Fluorometric Imaging Plate Reader (FLIPR) assay was performed. The aim is to
demonstrate whether the degree of labelling as well as the labelling position has an
influence on the half maximal effect concentration (ECso). The NMUR: FLIPR assay was

run in homogeneous format in 384-wells format. All tested fractions are shown in
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Figure 6. Fraction b (pECso = 8.75 = 0.12), fraction ¢ (pECso = 8.99 + 0.20), fraction d
(PECso = 9.01 + 0.05), and fraction e (pECso = 9.00£0.12) all show similar activities
compared to the unlabelled NMS (fraction a, pECso = 9.11+0.27), indicating that the
modifications are not interfering with the binding and functional activity of the peptides at
the receptor.

Fraction a
Fraction b
Fraction ¢
Fraction d

LI S

RFU

Fraction e

Figure 6: Concentration response curves (CRC) for fractions a-e in in vitro FLIPR assay. The
y-axis represents the maximum minus baseline fluorescence signal for each sample. The x-axis
represents the log of the molar concentration. Data were fitted by Hill equation and data points
represent mean = standard deviation of 2 individual experiments.

In Vitro Affinity Receptor Binding

The results from the functional in vitro FLIPR assay were confirmed by a second assay.
The affinities of unlabelled and modified NMS with respect to specific binding to the
human NMUR;: receptor were compared in a competitive binding assay using
125|-labelled NMU-8. The obtained dose response curves are shown in Figure 7. The
resulting ICso values as well as the calculated negative logarithms of the ICso values
(pICs0) and the inhibition constants (Ki) of fractions a-e were similar (Table 4). It is
noticeable that the unlabelled NMS (fraction a) showed the identical ICso value as the
N-terminally single-labelled NMS derivative of fraction c. Whereas single labelling of one
of the two Lys within the sequence (fraction b) showed a minor influence on the ICsp. In
fraction d, in which there was double labelling of Ile-1 and one of the two Lys, the ICs
was almost identical to that of fraction b. This also suggests that labelling at the
N-terminal amino acid lle-1 has no influence on the inhibition concentration. The triple-
labelled NMS derivative from fraction e showed the highest influence on the ICso value.

These results are in line with the data obtained from the functional in vitro FLIPR
assay, in which all tested fractions also showed similar effects and no significant
differences in their functional activities. A single label at the N-terminal lle-1 seems to
have no influence on the functionality as well as on binding to NMUR3, suggesting a

modification at lle-1 is preferred.
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Table 4: ICso, calculated plCso, and Ki values of fraction a-e. The values are given as the mean
value in molarity [M] of two independent experiments.

-l
L]

Compound/ ‘
Fraction | 'Ceo[M] | piCso[M] | Ki[M]
NMU-8 1.5*%1010 9.82 1.2*10-10
a 2.2*10° 8.66 1.8%10°
b 4.0%10° 8.39 3.3*10°
c 2.2*10° 8.66 1.8%10°
d 4.3*10° 8.37 3.5¢10°
e 6.3*10° 8.20 5.2%10-°
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Figure 7. Concentration response curves (CRC) for fractions a-e in in vitro affinity receptor
binding assay. The y-axis represents the percentage of inhibition of specific binding for the
radiolabelled ligand [*25]]NMU-8 for each sample. The x-axis represents the log of the molar
concentration. Data were fitted by Hill equation and data points represent mean + standard
deviation of 2 individual experiments.

Molecular Dynamics Simulation

Yi Jiang et al. recently published cryo-electron microscopy (cryoEM) structures of Gq
chimera-coupled NMUR;: and NMUR; together with bound human NMU-25 and NMS.28
In the NMUR2-NMS structure, only the final 11 C-terminal NMS amino acids Gly-23 to
Asn-33 are visible (Figure 8). Of those residues Gly-23 to Pro-25 are not engaged in
interactions with the protein.

As the labelling positions are obviously distant from the peptide-binding pocket,
the derivatisation with NSP is not expected to interfere with binding of the peptide to the
protein. This was indeed confirmed by FLIPR and receptor binding data with the modified
peptides, which did not show an impact on functional activity. Therefore, it is reasonable

to assume that the derivatised residues do not interact with the protein.
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Figure 8: NMS in the binding pocket of NMUR2 (PDB code 7W57). Phe-26 to Asn-33 are engaged
in intermolecular interactions with the receptor.

Tritium-labelling of NMS

Based on the results of the functional activity and competitive binding assay, as well as
the confirmation from molecular dynamic simulation, a modification at the amine residue
of lle-1 has no influence on the binding of the derivatised NMS to the protein NMUR3.
Therefore, in analogy to the non-radioactive preliminary experiments, the conjugation
was carried out with radioactive [*H]NSP (1 eqg.) and NMS (4 eq.). An HPLC analysis
using UV and radio detector of the crude solution (Figure 9: A) showed, as expected,
the unlabelled NMS as the major compound. Peak b showed a double peak in the UV,
corresponding to conjugation to the Lys-15 and Lys-16, respectively, but there was no
separation in the radio-peak. Furthermore, the desired product of the N-terminal
conjugation at lle-1 was formed.

By means of preparative HPLC, peak b, as a mixture of b; and b,, and peak ¢
was isolated in high purity (Figure 9: B,C). The radiochemical yields at b and ¢ of 13 %
and 7 %, respectively, indicate that a high amount of [*H[NSP was hydrolysed during the
conjugation process. This was confirmed by a radioactivity measurement of the waste
obtained from the dialysis of 50% of the initiated radioactive amount. On careful
inspection of Figure 9: C, a tailing can be found in the isolated peak c, especially in the
radioactive detection. A similar tailing can also be found in the UV trace of the unlabelled
NMS peak in Figure 9: A. This tailing is probably due to the fact that in an analysis of
the commercial NMS batch used for the radioactive conjugation, an impurity of about 8%
(data not shown) of the corresponding C-terminal carboxylic acid is detected instead of
the amide. This tailing is also seen in the non-radioactive NSP/NMS (3:1) preliminary
experiment, as the identical batch was used here. In the equimolar preliminary

experiment, which was the first conjugation experiment in this study, a different batch
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was used and in this case, the HPLC analysis shows no tailing. It is worthwhile to

carefully analyse the commercially available starting material before radiolabelling.
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Figure 9: Analytical HPLC show the normalised chromatograms of A crude solution after dialysis;
B isolated fraction from peak B; C isolated fraction C. Green lines: Absorbances at wavelength of
280 nm. Blue lines: time-shifted radio detection in counts per min (cpm).

Conclusions

Two approaches were investigated for the incorporation of tritium into human NMS:
1) halogenation of NMS followed by metal-catalysed halogen-tritium exchange.
2) Derivatisation of primary amine residues using [*HJNSP. Halogenation was achieved
with sodium iodide and chloramine-T at His residues (0%, lo, 35% I, and 65% I,), but
subsequent exchange of iodine to deuterium was unsuccessful. In a non-radioactive
preliminary experiment, NSP was conjugated to primary amines available at the following
amino acids in the peptide sequence: lle-1, Lys-15, and Lys-16. In a functional in vitro
FLIPR and competitive binding assay, it was demonstrated that the binding behaviour
between the modified NMS derivatives and the protein NMUR:? is comparable to that of
the unlabelled NMS, regardless of the degree of labelling and the labelling position, with
the preferred labelling position at the N-terminal amino acid lle-1. These results allowed
conjugation with radioactive NSP to NMS. After preparative HPLC purification, two main
fractions with radioactive peptide derivatives were isolated. The first fraction consisted
of a mixture of a single conjugation at Lys-15 and another product with a label at Lys-16
(total yield: 13%), which was not separable due to the almost identical retention time.
The second major fraction consisted of the desired conjugation product with a single
label at the N-terminal lle-1 (yield: 7%) in high purity (>95%) and a molar activity of
3.3 TBg/mmol (90 Ci/mmol). This study reports, to the best of our knowledge, the first
approach to tritiated NMS, which opens the door for further studies to characterise and

investigate NMS or corresponding ligands.

Materials and Methods

All chemical starting materials are commercially available and have been used without

further purification. Neuromedin S (NMS) peptide (human) was purchased from Abbexa
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Ltd (Cambridge, UK). Non-radioactive N-succinimidyl propionate (NSP) was obtained
from FUJIFILM Wako (Osaka, Japan). Tritium-labelled [®*H]N-succinimidyl propionate
(BHINSP) (molar activity: 3.3 TBg/mmol; 90 Ci/mmol) was obtained from Pharmaron
(Cardiff, Wales, UK) as a solution in toluene (185 MBg/mL; 5 mCi/mL). Dulbecco’s
Phosphate Buffered Saline (PBS, Gibco, Paisley, UK) was adjusted with 1 M NaOH to
pH 8.5. Liquid scintillation counting was accomplished using a HIDEX 300 SL and
ULTIMATE GOLD™ cocktail (PerkinElmer Inc., Waltham, MA, USA). Analytical HPLC
was performed using an Agilent 1210 series HPLC system (Santa Clara, CA, USA) using
a Waters XBridge Phenyl column (4.6 mm x 150 mm, 3.5 um). HPLC conditions: mobile
phase [A]: H.O + 5% acetonitrile + 0.1% TFA (v/v/v), [B]: acetonitrile + 0.1% TFA (v/v),
gradient 5% [B] to 65% [B] over 20 min with a flow rate of 1 mL/min. Radiochemical purity
was measured using the 8 Radioactivity-HPLC flow detector RAMONA®* (Elysia-raytest,
Straubenhardt, Germany), combined with  RAMONA-HPLC-pump for continuous
admixture of liquid-scintillator cocktail (flow rate: 2 mL/min) to the eluate of the HPLC
system. Preparative purification was performed by the use of Gilson PLC 2050
(Middleton, WI, USA), equipped with a Waters XBridge Phenyl column (300 mm x
10 mm, 5 um) under the following conditions: Solvent [A] was water + 5% acetonitrile +
0.1% trifluoroacetic acid (v/v/v) and solvent [B] was acetonitrile + 0.1% trifluoroacetic
acid (v/v). The column was initially equilibrated at 5% [B] using a flow rate of 6 mL/min,
with the absorbance monitored at 280 nm. Starting with isocratic conditions of 5% [B] for
2 min, a linear gradient to 65% [B] followed over 38 min. Float-A-Lyzer Dialysis Devices
were obtained from Thermo Fisher Scientific (Waltham, MA, USA), with volume sizes of
1 mL or 5 mL and a molecular weight cut-off of 500-1,000 Da.

Direct lodination of NMS

Direct iodination was investigated with 4 oxidising agents at pH 5 and pH 10,
respectively. 0.5 mg (0.13 pumol) NMS was dissolved in 0.5 mL PBS (pH 5 or pH 10) in
a 1.5 mL LoBind Eppendorf tube. 59 pg (0.40 umol, 3 eq) sodium iodide, dissolved in
3.7uL PBS pH 7.3, was added. 4 equivalents (0.53 pmol) of oxidising agents
chloramine-T (0.12 pg in 8.5 uL PBS pH 7.3), iodogen (0.23 ug in 11.8 uL PBS pH 7.3),
and freshly prepared chloramine according to a published procedure?* was added. When
using polymer-bound chloramine-T (loading: 0.2 mmol/g), a single bead with a weight of
15 mg was used, which corresponds to an amount of substance of about 3 pmol
(22.7 eq). The 8 samples were shaken at 22 °C by a horizontal rotation of 600 rpm. After

1 h, the samples were analysed for their incorporation of iodine by mass spectrometry.
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Equimolar treatment of NMS with NSP

4.5 mg (1.19 pmol) of NMS was dissolved in 1 mL PBS pH 8.5 in a 5 mL LoBind
Eppendorf tube to give a colourless solution. 203 pg (1.19 pmol) of NSP, dissolved in
6.8 uL DMSO, was added and the solution was shaken orbitally at 22 °C for 30 min. The
solution was diluted with 4 mL water transferred into a 5 mL Float-A-Lyzer for solvent
exchange into water. The water was exchanged three times after 30 min and stored in
the fridge at 4 °C for 16 h. Analytical HPLC at 280 nm showed the following ratios of the
peaks with the corresponding retention time in brackets: 33% a (14.0 min); 11% b;
(14.6 min); 11% b, (14.7 min); 23% c (15.4 min); 8% d. (16.0 min); 10% d. (16.2 min);
4% e (16.9 min). The crude protein solution was lyophilised and the residue dissolved in
1 mL water + 0.5% trifluoroacetic acid for preparative purification. The five fractions a-e
(Figure 1) were separated as a colourless solid from the crude mixture and resulted in
the following weights after lyophilisation: a: 1.1 mg; b: 0.7 mg; c: 1.0 mg; d: 0.8 mg;

e: 0.3 mg. The corresponding labelling positions are described in the results section.

Treatment of NMS with 3-fold excess of NSP

The conjugation of NMS with 3 equivalents of NSP was carried out in analogy to the
described equimolar procedure with the following amounts: 3.3 mg (0.88 pmol) of NMS
in 1.5 mL PBS pH 8.5 in a 5 mL LoBind Eppendorf tube and 462 ug (2.70 umol) of NSP,
dissolved in 9.5 L DMSO. Analytical HPLC at 280 nm showed the following ratios of the
peaks with the corresponding retention time in brackets: 8% c¢ (15.4 min); 12% d;
(16.0 min); 20% d. (16.2 min); 61% e (16.9 min). After preparative purification and
lyophilisation, 2.2 mg (0.56 umol; yield: 64%) of the major peak e was isolated as a

colourless solid with a purity of 97%.

100+

mAU [280 nm]
a1
<

0
10 12 14 16 18 20
Time (min)

HPLC analysis of the crude solution on NMS treated with 3 eq. NSP.
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Treatment of 3-fold excess of NMS with NSP

The conjugation of 3 equivalents NMS with NSP was carried out in analogy to the
described equimolar procedure with the following amounts: 3.3 mg (0.88 umol) of NMS
in 1.5 mL PBS pH 8.5 in a 5 mL LoBind Eppendorf tube and 462 ug (2.70 pmol) of NSP,
dissolved in 9.5 pL DMSO. Analytical HPLC at 280 nm showed the following ratios of the
peaks with the corresponding retention time in brackets: 70% a (14.0 min); 7% b:
(14.7 min); 9% b, (14.8 min); 11% c (15.4 min); 1% d; (16.1 min); 2% d. (16.2 min).

1001

mAU [280 nm]
al
<

10 12 14 16 18 20
Time (min)

HPLC analysis of the crude solution on NMS:NSP 3:1.

LC-MS/MS Analysis

LC-ESI-MS/MS was carried out on a Waters iClass HPLC system using a Waters UPLC
BEH C18 column (1.0 mm x 150 mm, 1.7 pum), the column temperature was set to 40 °C,
mobile phase [A]: H.O + 0.1% formic acid (v/v), [B]: acetonitrile + 0.1% formic acid (v/v).
Starting with isocratic conditions of 5% [B] for 1 min followed by the gradient 5% [B] to
40% [B] over 10 min and 40% [B] to 95% [B] over 6 min. The flow rate was set to
80 pL/min. Detection was performed first on a UV detector at 214 nm and 280 nm (TUV,
Waters iClass) followed by a Synapt G2 HDMS QTof (Waters, Manchester, UK)
equipped with an ESI source and adjusted with common voltages for MS peptide
analysis. The collision energy for low-energy trace was switched off and ramped from
16 V up to 42 V for the high-energy trace. The data were acquired, processed, and

analysed in Waters MassLynx software.

Functional in vitro FLIPR Assay

Recombinant Chem-1 cells overexpressing the full length human NMUR: were cultured
at 37 °C and 5% CO; in growth medium consisting of DMEM with High Glucose, 10%
FBS, 1x pen/strep, 1x non-essential amino acids, and appropriate selection antibiotics.
At the time of the harvest, the cell density was 80% confluent. One day prior to the

assays, cells were harvested by washing with 10 to 20 mL of PBS and treatment with
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4 mL of Trypsin solution. After an approximately 5 min incubation at 37 °C, cell
suspension was transferred to a 10 mL conical tube and pipette several times to break
up cell clusters. After centrifugation, cells were resuspended and prepared in growth
medium at a density of 5x10° cell/mL and seeded in 384 well plates for incubation at
37 °C for 16 h in an atmosphere of 5% CO.. All assays were performed using clear-
bottom 384-wells plates (Corning, Catalog 3764) on the FLIPR Penta (Fluorescence
imaging plate reader) from Molecular Devices (Sunnyvale, CA). The FLIPR Calcium 6
Assay Kit (Molecular Devices, Catalog R8190) was used for the detection of Calcium
mobilisation upon receptor activation. Prior to the readout, supernatant was removed
from the cells and 20 uL per well of the FLIPR Calcium 6 Assay Kit was added, containing
2 mM probenecid. Plates were incubated with the Assay Kit for 60 min at 37 °C and 5%
COq.. Kinetic data was acquired by the FLIPR at the rate of 0.5 Hz. The activity for each
individual well activity is interpreted as the difference of the maximum signal after
compound addition minus the average baseline fluorescence signal determined before
the online addition of compounds. For dose response experiments, 384-wells assay
ready serial dilution plates were prepared. The plates contained the five different
fractions with 12 different dilutions steps (1:3 serial dilution) for each fraction. All samples
were diluted in 1x HBSS (Hank’s Balanced Salt Solution), 20 mM Hepes, and 0.1% (w/v)
BSA. The final compound concentrations in the dose response experiments ranged from
1.1 uM to 2.1 pM. For concentration response curves, the following equation was used

Top—Bottom
1+ 10(LogEC50—X)*Hillslope ’

for the calculations: Y = Bottom + where “Y” is a given response,

“X” is log of concentration, “ECso” is the concentration that gives a response half way
between Top and Bottom; “HillSlope” describes the steepness of the curve, “Top” and

“Bottom” are plateaus in the units of Y-axis.

In vitro affinity receptor binding assay

Membrane preparations from human recombinant HEK-293 cells overexpressing
NMUR; and [*2°I]NMU-8 were used for the radioligand displacement-binding assay. The
specific binding of [*2°I]NMU-8 in the radioligand binding assay was determined with a K4
(dissociation constant) of 0.13 nM.?° When testing the fractions a-e in the competition
binding assay 0.05 nM of ['®I]NMU-8 was used, and non-specific binding was
determined by replacing the radiolabelled NMU-8 with 100 nM of unlabelled NMU-8. The
incubation times during the various experiments was 60 min at 22 °C using scintillation
counting as detection method. Fractions a-e were tested in 12 point serial dilutions

starting from 1 uM to 5.65 pM. Results are expressed as the percentage of control

measured specific binding

binding (= * 100) and as a percentage inhibition of control specific

control specific binding
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measured specific binding

binding (= 100—[ * 100]), obtained in the presence of the test

control specific binding
compounds. The ICs values (concentration causing a half-maximal inhibition of control
specific binding) and Hill coefficients (nH) were determined by non-linear regression

analysis of the competition curves generated with mean replicate values using Hill
A-D

1+(Ci50)

of the curve, D = right asymptote of the curve, C = compound concentration, Csg = ICsp,

equation curve fitting Y =D + —7 » Where Y = specific binding, A = left asymptote

and nH = slope factor. This analysis was performed using GraphPad Prism™ software.

The inhibition constants (K;) were calculated using the following Cheng Prusoff equation

K; = <1lci> where L = concentration of ligand in the assay, and Kp = affinity of the ligand

Kp

for the receptor. All radioligand binding experiments were performed at Eurofins Cerep
(Celle I'Evescault, France).

Molecular Modelling

Molecular Modelling software: Molecular Operating Environment (MOE), 2022.02;
Chemical Computing Group ULC, 1010 Sherbrooke St. West, Suite #910, Montreal, QC,
Canada, H3A 2R7, 2022.

3H-Labelling of NMS

A toluene solution of 4 mCi (8 pg, 45 nmol; 1 eq) [*H]NSP was transferred into a 5 mL
LoBind Eppendorf tube. The solvent was removed by a gentle stream of argon and the
residue was dissolved in 25 pL of DMSO. NMS (713 mg,188 nmol; 4 eq) of, dissolved in
0.5 mL PBS pH 8.5, was added to the [*H]JNSP solution and shaken horizontally at
250 rpm for 30 min at 22 °C. The solution was into a 1 mL Float-A-Lyzer for solvent
exchange into water. The water was exchanged three times after 30 min and stored in
the fridge at 4 °C for 16 h. The crude reaction solution was purified by preparative HPLC
to isolate two radioactive peaks that correlate with peaks b and ¢ from the non-
radioactive preliminary experiments. Radiochemical purities were >95% for both isolated
fractions, with fraction containing peak b in the UV, as in the non-radioactive
experiments, consisting of two peaks. Isolated radioactive amount for b was 0.5 mCi and
for ¢ was 0.3 mCi, corresponding to radioactive yields of 13% and 7%, respectively,
based on 4 mCi started. A determination of the specific activity by means of isotope peak
patterns from a mass spectrometric analysis was not possible. For this reason, the molar
activity of [*(H]NSP was taken as 3.3 TBg/mmol (90 Ci/mmol).
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Introduction

In drug discovery and development of therapeutic antibodies, the implementation of
protein labelling techniques is an extremely valuable tool for in vitro and in vivo testing
to gain a better understanding the fate of therapeutic proteins in the body.! Radioactive
or fluorescent labels attached to monoclonal antibodies (mAbs) or antibody fragments
are routinely used in preclinical development, e.g. in biotransformation,? biodistribution,?
or binding* studies. The labels allow tracking, monitoring, and imaging mAbs within
complex biological matrices to evaluate their stability and disposition. Several types of
labels are available, largely differentiated in fluorescent dyes for light and electron
microscopy, and radioactive isotopes for imaging applications. Both can also be
analysed by high-performance liquid chromatography (HPLC) combined with the
appropriate detectors. It should be considered that the introduction of labels poses a risk
of changes in the physicochemical properties of the labelled protein. Not only can the
degree of label (DoL) change the properties of modified IgGs®, but the type of label may
as well. For example, fluorescent labels often contain sulfonic acids, which upon
conjugation add negative charges to the surface of the protein. Even more drastic, the
labelling process could rely on harsh reaction conditions, such as oxidation or reduction,
and damage the structure of the antibody entirely.

A quality control workflow was established which, in addition to the classic purity
determination by size-exclusion chromatography (SEC), assesses changes in cell-
specific receptor affinities and surface charges of the labelled protein. The involved
analytical methods are SEC, neonatal Fc receptor (FcRn) and heparin affinity
chromatography, as well as intact mass spectrometry (MS). This article describes the
quality control workflow for labelled antibodies and compares the analytical results with
their unlabelled counter-parts. It is not covering protein modifications for radioimmuno
conjugates® or antibody drug conjugates’ in which a radiolabel or toxic payload is
desired. The main question addressed in this study is whether the label has an impact
on the pharmacokinetic (PK) properties and how they can be extrapolated back to the
parent antibody.

Labelling of Amino Acid Residues

A successful protein labelling technique depends on two chemically compatible
requirements: A reactive group on a derivatisation reagent and surface accessible
functional groups from amino acids in the antibody. This study included two types of
protein labelling: 1) the direct introduction of radioactive atoms, e.g. %I to functional

groups without the use of chemical spacers, and 2) by conjugation on functional groups
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in the amino acid sequence of proteins using reactive tags. An overview of the labelling

techniques used for this study is given in Table 1.

Table 1: Overview of labelling techniques used in this study. Amino acid residues
schematically represent the majority of the amino acids on which labelling or modification takes
place. Reactive group describes the part of the label that conjugates with the corresponding amino
acid side chain. The reaction product shows the formed chemical structural formula after the
covalent linkage of the label to the protein.

o
\ N-Hydroxysuccinimide W
esters
Lysine =c=N \W // ?—H

2 >

Isothlocyanates

o+ W

C

Cysteine Maleimides o
W I+
lodonium |
OH
OH
Tyrosine

Conjugation of Lysine Residues

There are around 80 lysine residues on average across a humanized monoclonal IgG:
protein. Peptide-mapping experiments could identify almost 40 lysine residues for a
potential conjugation.® N-Hydroxysuccinimide esters (NHS) and isothiocyanates (SCN)
are the most common reactive groups for a protein modification on g-amino group of
lysine residues or the N-terminal a-amine group. NHS ester-containing reagents react
with amines in a pH range of 7-8 to form a stable amide bond. N-Succinimidyl propionate
(NSP) was selected for this study since the corresponding tritium variant of NSP® is
suitable for a fast and efficient technique for incorporating the radio isotope tritium into a
protein. In contrast to NHS reagents, the electrophilic carbon of the isothiocyanate-group

reacts almost selectively with amines to form a stable thiourea. A consequence of amine
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conjugation is the loss of the positive charge from lysine residues, which may have an

impact on (at least) unspecific binding to the cell surface.

Conjugation of Cysteine Residues

An alternative to conjugation of lysine residues is the introduction of maleimide-based
labels on cysteines.!® Cysteine residues form intramolecular disulfide bridges, which
stabilize the protein tertiary structures. Disulfides do not react with maleimides.
Therefore, it is necessary to reduce disulfides prior to the conjugation. Reducing agents
such tris(2-carboxyethyl) phosphine (TCEP) can break disulfide bonds, which then can
be used for a maleimide-containing labelling modification. This labelling process,

however, can lead to damage of the protein.

lodination of Tyrosine Residues

Radioiodination of proteins has a long tradition.**? Wilbur'® reported a detailed overview
about radiohalogenation of proteins including various methods and reagents for
conjugate labelling. An in situ generated mixture of halogen iodo-chloride species
performs an electrophilic substitution of hydrogen under oxidative conditions on tyrosine
or histidine residues. The sites of radioiodination vary with the choice of oxidizing agent
and the pH of the labelling reaction. In general, formation of iodinated tyrosyl residues
predominates near pH 7 and yields primarily monoiodotyrosine.* Non-radioactive
sodium iodide was used for the test labelling experiments in order to avoid working with

specialist equipment and laboratory facilities with regards to radiation safety.

Materials and Methods

Chemicals and Reagents

Antibodies for this study were produced in house. Alexa Fluor 488 (AF488)-Maleimide
and Alexa Fluor 488-NHS were purchased from Invitrogen (Carlsbad, CA, USA), thulium
()} 2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (Tm-p-SCN-Bn-DOTA) from Macrocyclics (Plano, TX, USA). N-Succinimidyl
propionate (NSP) was purchased from Wako-Chemicals (Richmond, VA, USA), DOTA-
NHS from Synchem (Felsberg / Altenburg, Germany), and the water-soluble Bolton-
Hunter reagent sulfosuccinimidyl-3-(4-hydroxyphenyl)-propionate sodium salt (Sulfo-
SHPP) from Apollo Scientific (Cheshire, UK). Sodium iodine (Sigma-Aldrich Chemie,

Munich, Germany) and Pierce pre-coated IODO-GEN iodination tubes (Thermo Fisher

99



Scientific, Waltham, MA, USA) as an oxidizing agent were used for iodination

experiments. All reagents were used without further purification.

Analytical Equipment

Protein concentrations were determined by Eppendorf (Hamburg, Germany)
BioSpectrometer® basic in combination with an Eppendorf pCuvette® G1.0 with 1 mm
path length at 280 nm wavelength and the corresponding calculated molar extinction
coefficient. For the fluorescence-labelled mAbs, the absorbance at 494 nm was
measured to calculate the degree of labelling with AF488 dye. Chromatographic analysis
for size-exclusion, FcRn affinity, and heparin affinity was performed on an Agilent 1200
series HPLC system (Santa Clara, CA, USA). Agilent ChemStation software was used

for data evaluation.

Labelling Procedure

In this study, 2 different subclass 1 immunoglobulin G were modified with various labels.
mADb, is a human wild-type antibody, the second protein mAbg is a concept antibody with
reduced affinity to Fc-gamma receptor Fc-yR (LALA-PG mutation).*® An overview of the
antibodies with different type of labels and the corresponding chemical structures is given
in Table 2. The aim was to obtain 1 to 3 labels per protein with all labelling techniques
in order to achieve the highest comparability.

N-Hydroxysuccinimide (NHS) modifications were carried out in analogy to
previously published procedures.® Briefly, an IgG solution in PBS (protein concentration:
1 to 5mg/mL; pH 7.5 to 8.5) was added to NHS-based labels (3 molar equivalents,
dissolved in DMSO), and shaken orbitally for 30 minutes.

mAbs, conjugated with Alexa Fluor 488-maleimide, were labelled strictly
according to Invitrogen’s kit-manuals: Thiol-Reactive Probes. In summary, reduction of
thiol-residues with tris(2-carboxyethyl) phosphine (TCEP, 10 equivalents) in PBS pH 7.5
and a protein concentration of 2 mg/mL. Maleimide (11 equivalents in DMSO) was added
to the protein solution and incubated for 2 hours.

Conjugations with Tm-p-SCN-Bn-DOTA (20 equivalents in DMSO) was
performed in HEPES (4-(2-hydroxyethyl)-1-piperazineethansulfonic acid (Gibco,
Paisley, UK), at pH 7.5 by a protein concentration of 20 to 30 mg/mL by mild shaking for

3 hours.
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Table 2: Labels used in this study. Chemical structures of labels used in this study. Label Code
describes the abbreviations of each label mentioned in this study. Column “Amino acid” shows
the corresponding amino acid involved in the labelling process. Alphanumeric links to the modified
mAbs are given in the two right-hand columns: mAbA1-4: wildtype mAb; mAbB1-7: research
concept mAb.

Label Amino
Label Code acid mADb #
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Direct iodination on tyrosine residues was carried out according to Thermo Fisher
Scientific manual 0016379; Example Protocol II: Direct Method for lodination. Indirect
iodination, using water soluble Bolton Hunter-NHS reagent, was performed in analogy to
Thermo Fisher Scientific’'s Example Protocol lll: lodination of Crosslinkers. Pierce™ Pre-
Coated lodination Tubes (lodo-Gen®) were used for both iodination techniques, direct
and indirect.

All labelled antibodies were buffer exchanged into 20 mM histidine, 140 mM sodium
chloride, pH 6 formulation buffer using a PD MidiTrap G-25 desalting cartridge (GE
Healthcare, Chicago, IL, USA). The DMSO volume of the label solutions never exceeded
5% of the total volume. Solutions for fluorescence labelling were protected from light as

much as possible by wrapping all containers in aluminum foil.

Chromatography

Whenever possible, a common baseline was drawn and the peaks were split at minima
or plateaus. A plateau is reached at a position where the chromatogram is parallel to the
baseline. The highest peak retention time was used for the evaluation. The

chromatograms of all mAbs used in this study can be found in Figures S1-S3.

Size-Exclusion Chromatography

Samples were analysed using a TSKgel G3000 SWx, column (Tosoh Bioscience, Tokyo,
Japan), 7.8 x 300 mm, 5 pum with 0.2 M potassium phosphate, 0.25M potassium
chloride, pH 7.0 as the mobile phase at a flow rate of 0.5 mL/min. Absorbance at 280 nm
and in addition 494 nm for the fluorescence-labelled mAbs were used for detection and
guantification. The injection volume was 10 uL and the protein concentration 1 mg/mL.
The target concentration of 1 mg/mL was set by adding the eluent to the protein stock

solution.

FcRn Affinity Chromatography

Analytical FcRn affinity chromatography!” was carried out with an FcRn affinity column
(Roche Custom Biotech, Mannheim, Germany), column volume of 0.5 mL containing
1.5 mg FcRn protein. For detection and quantification, an absorbance at 280 nm and in
addition 494 nm for fluorescence-labelled mAbs were used. The 45-min continuous
gradient was applied with a flow rate of 0.5 mL/min (Table 3). The injection volume was
30 yL and the protein concentration 1 mg/mL. The target concentration of 1 mg/mL was

set by adding eluent A to the protein stock solution.
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Figure S1: Chromatograms of mAbAl to mAbA4 from the mAba series. Left column: SEC;
center column: FcRn affinity chromatography; right column: heparin affinity chromatography.
X-axis: time in min; left Y-axis: absorbance at 280 nm in black; right Y-axis: absorbance at 494 nm

in green.
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Figure S2: Chromatograms of mAbB1 to mAbB4 from the mAbg series. Left column: SEC;
center column: FcRn affinity chromatography; right column: heparin affinity chromatography.
X-axis: time in min; left Y-axis: absorbance at 280 nm in black; right Y-axis: absorbance at 494 nm
in green.
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Figure S3: Chromatograms of mAbB5 to mAbB7 from the mAbg series. Left column: SEC;
center column: FcRn affinity chromatography; right column: heparin affinity chromatography.
X-axis: time in min; left Y-axis: absorbance at 280 nm in black; right Y-axis: absorbance at 494 nm
in green.
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Table 3: Chromatographic method used for FcRn affinity chromatography. Eluent A: 20 mM
2-(N-morpholino)ethanesulfonic acid (MES), 140 mM NacCl buffer, pH 5.5; Eluent B: 20 mM
tris(hydroxymethyl)aminomethan (Tris), 140 mM NacCl buffer, pH 8.8.

Time  Eluent A Eluent B
[min] [%)] [%]
0 80 20
5 80 20
40 0 100
45 0 100
46 80 20
51 80 20

Heparin Affinity Chromatography

A commercially available heparin column (TSK-Gel Heparin-5PW, 5 x 50 mm, Tosoh
Bioscience, Tokyo, Japan) was equilibrated with eluent A, followed by a 23 min
continuous gradient to 100% eluent B was applied with a flow rate of 0.8 mL/min
(Table 4). The injection volume was 30 pL and the protein concentration 1 mg/mL. The

target concentration of 1 mg/mL was set by adding eluent A to the protein stock solution.

Table 4. Chromatographic method used for heparin affinity chromatography. Eluent A: 50 mM
Tris, pH 7.4; Eluent B: 50 mM Tris, 1 M NaCl, pH 7.4.

Time  Eluent A Eluent B
[min] [%] [%]

0 100 0

2 100 0
18.5 45 55

19 0 100

23 0 100

24 100 0

32 100 0

Mass Spectrometry

For mass spectrometry analysis, a Waters (Baden, Switzerland) nanoAcquity pump
equipped with Waters LCT Premier XE and a Acquity UPLC Protein C4 column, 300 A,
1.7 ym, 1 x 50 mm was used in ESI positive mode at a flow rate of 70 yL/min. Mobile
phases used were (A) water/acetonitrile 9:1 with 0.1% trifluoroacetic acid and (B)
acetonitrile/water 9:1 with 0.1% trifluoroacetic acid, from 10% (B) to 65% (B) within
10 minutes. Proteins have been analysed (if not otherwise mentioned) reduced and
deglycosylated by the use of Rapid PNGase F (New England Biolabs, Ipswich, MA, USA)
according to the following representative procedure: 5.7 uL miliQ water was added to
10.3 pL (12 pg) protein solution. 4 pL Rapid PNGase F buffer, containing dithiothreitol
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(DTT) for mild reduction of disulfide bonds (5x) and 1 uL Rapid PNGase F! for

deglycosylation was added. The mixture was incubated at 50 °C for 15 minutes.

Results and Discussion

This section explains the quality assessment package that compares antibodies, which
have been modified with different type of labels, to the original, unlabelled parent
proteins. The degree of labelling was calculated using mass spectrometry and
supplemented by light spectroscopy in case of fluorescence-labelled variants. Size-
exclusion chromatography provides a quantitative assessment of the degradation and
aggregation of intact proteins. The affinity for neonatal Fc receptor and heparin were
carried out using commercially available chromatography columns and the resulting
retention times of labelled versus unlabelled protein were compared. These results
allowed a correlation with both kinds of affinity chromatography and a prediction of the
influence of the label on a change in PK properties of the protein.

Mass Spectrometry Analysis

The incorporation of labels at the proteins were identified by mass spectrometry. All
labelled IgGs were analysed in reduced and deglycosylated form. Using this method, the
heavy chain and the light chain are separated from each other by HPLC measured by
intact mass spectrometry (Figure 1). By assuming a Poisson distribution, the percentage
of incorporated labels could be determined on both the light and heavy chain. The degree
of labelling (DoL) describes how many labels in average are bound to a protein. For
example, a DoL of 1 refers to a label:protein molar ratio of 1:1. Considering the Poisson
distribution (Formula 1), the actual number of labels conjugated to an antibody at a DoL
of 1 reflect 37% of the antibody molecules are unlabelled, 37% will contain one label,
18% will contain two labels, 6% will contain three labels, and 2% four or more labels.
The theoretical calculations from the Poisson distribution are also reflected in the label
pattern of the conjugated intact antibody samples from the total ion chromatogram
(Figure 2: C). Considering the labelling distribution on the light chain and heavy chain of
each conjugated antibody (Table 5), the degree of labelling of the intact protein was

calculated and listed in Figure 2: D.
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Table 5: Labelling distribution on light and heavy chain calculated by ion peak integration in mass
spectrometry. Label distribution calculation of intact protein follows the probability of Poisson
distribution (Formula 1).

mAb Label light chain [%] Label heavy chain [%)] Label intact protein [%]

# 0 1 2 3 0 1 2 3 0 1 2 3 4
Al 54 | 38 8 0 66 | 29 5 0 16 | 29 | 27 | 17 8
A2 43 | 57 0 0 25 | 64 | 10 1 6 16 | 23 | 22 | 16
A3 66 | 32 2 0 80 | 20 0 0 33 1 37 | 21 8 2
A4 59 | 38 3 0 65 | 30 5 0 19 { 31 | 26 | 15 6
B1 57 | 34 9 0 48 | 30 | 11 7 8 21 { 26 { 21 | 13
B2 58 | 42 0 0 54 | 44 2 0 17 | 30 | 27 | 16 7
B3 66 | 31 3 0 49 | 41 | 10 1 13 | 27 | 27 | 18 9
B4 77 § 20 3 0 24 1 39 | 26 | 12 5 14 22 22 | 17
B5 71 26 2 0 69 | 26 5 0 27 {35 | 23 | 10 3
B6 65 | 34 1 0 63 | 33 4 0 21 | 33 | 25 | 13 5
B7 91 9 0 0 66 | 31 3 0 40 | 37 | 17 5 1

b0 Ak . e—/l
T k!
Formula 1l

Probability (P) of events for a Poisson distribution. A is the average
number of events per interval;, e represents the Euler's number
(2.7182...); k takes values 0, 1, 2, 3, 4, ...; k! is the factorial of k.

[A280 - (A494 * 0.11)]
C(M)AF—mAbs - eM) = d

: . . . Formula 2
Calculation of molar protein concentration labelled with Alexa

Fluor 488. Absorbance of the protein solution at 280 nm (Azs0) and
494 nm (As94) in a cuvette with d =0.1cm path length, and the
corresponding molar extinction coefficient € (M).

Ago4
DoL =
AF—mAbs ~ ¢ (AF488) * ¢ (M) * d

Calculation of degree of labelling (DolL) for fluorescence-labelled
conjugates based on spectrometric analysis. Absorbance of the
protein solution at 494 nm (Ase4) in a cuvette with d = 0.1 cm path length,
approximate molar extinction coefficient of Alexa Fluor 488 dye
€ (AF488) = 71,000 cm* M1 at 494 nm, molar protein concentration
¢ (M) was calculated by the use of Formula 2.

Formula 3

labelled

t . =
relative labelled ~ ¢ unlabelled Formula 4

Calculation of relative retention time for FcRn and heparin affinity
chromatography.
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DoL determination of mAbB6, labelled with Bolton-Hunter-NHS (BHN) reagent,
was more complex, as two different labelling steps were required: 1) the labelling of BHN
with iodine and 2) the conjugation to lysine residues using NHS-technology. The
iodination of BHN did not result in a homogenous product, but rather a mixture of
uniodinated, singly, and doubly iodinated BHN. Mass spectrometric analyses
consequently showed a mixture of Bolton-Hunter-conjugate with no iodine, single and
double iodine. Regardless the number of iodine on BHN, it was considered as one label
when calculating the DoL for mAbB6.

In addition to mass spectrometry analysis, the degree of labelling of the
fluorescence-labelled samples was calculated by light spectroscopy using Formula 2
and Formula 3. The results of mAbB5, Alexa Fluor 488-NHS conjugation, from MS and
spectroscopy analysis are comparable. An analytical deviation was encountered in the
determination of DoL of mAbA2 and mAbB2, which were conjugated using the
maleimide-cysteine technique. The result from the spectroscopy shows a 3-fold higher
DoL than calculated by mass spectrometry (Table 6). An additional MS analysis of
proteins without prior reduction during sample preparation provides an explanation:
almost no intact protein was found in these analysis. Most of the mass signals showed
protein fragments derived from a labelled light chain as well as labelled IgG without a
light chain or without both light chains. The protein damage was most likely caused by
the labelling process. After the partial reduction of inter-chain disulfide bonds and the
subsequent addition of maleimide-dyes to cysteine residues, the corresponding thiols
are blocked to form a disulfide bond again, however the quaternary structure is kept

intact through inter-molecular forces.

Table 6: Absorbance of fluorescent-labelled antibodies. mAbs A2, B2, and B5 absorbances
at 280 nm (Azs0) and 494 nm (Aase4). €: molar extinction factor; d: path length of cuvette; c: protein
concentration in molarity [M] and mass per volume [mg/mL]; DoL: degree of label.

£ d c
mAb#  A2so Aasos [cm M1 [em] [M] ; [mg/mL] DoL
A2 0.185 0.416 198,420 0.1 6.5x10°%;0.95 9.0
B2 0.188 0.296 213,890 01 7.8x10%; 1.11 5.3
B5 0.210 0.125 213,890 0.1 99x10% 141 1.7

Another major observation was that the incorporation rate of bulky labels on
lysine residues is different for the light and heavy chains of the antibody. Alexa Fluor 488
(mAbB5) and DOTA (mAbB7), conjugated by NHS chemistry, showed a lower label
incorporation in light chains compared to isothiocyanate based conjugated Tm-DOTA in
MAbA3 and mADbB3. This is in particularly noteworthy that NHS and SCN functionalized
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labels react to lysine residues. N-Succinimidyl propionate as a small label in contrast, a

higher incorporation at the light chain was observed (Figure 2: A,B).

Figure 1: Representative example of a chromatographic separation for subsequent mass
spectrometric analysis. LC: light chain; HC: heavy chain; PNGase F: peptide N-glycosidase F.
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Figure 2: Labelling distribution of mAbA1-4 and mAbB1-7. (A): light chain; (B): heavy chain;
(C) intact protein, according to Poisson distribution; (D): calculated degree of labelling (DoL).
DoL!: based on labelling distribution determined by mass spectrometry analysis; DoL?: based on
spectroscopic calculation for fluorescence-labelled mAbs (Formula 2). Label Code: NSP:
N-succinimidyl propionate; AFM: Alexa Fluor 488-maleimide; SCN: Tm-p-SCN-Bz-DOTA; DI:
direct iodination; AFN: Alexa Fluor 488-NHS; BHN: Bolton-Hunter-NHS; DN: DOTA-NHS.
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Size-Exclusion Chromatography (SEC)

SEC is an established application for the routine monitoring of therapeutic proteins with
respect to purity and the identification of low as well as high molecular weight impurities.*®
The retention time is a function of the HPLC flow rate, column pore size, and the
hydrodynamic radius of the protein, and its potential fragments and aggregates. After
conjugating a label to an antibody, the molecular weight does not change dramatically.
A change in the hydrodynamic radius, in contrast, can induce a shift in migration time
even with a negligible increase in molecular weight.?° This phenomenon is observed in
particular by introducing multiple charged labels such as chelators or fluorescence dyes.
The difference in the retention times of the modified antibodies from this study are,
however, too low to give a meaningful trend (Table 7).

Antibodies that have been treated with maleimide-based labels show an obvious
degradation and confirm the finding from mass spectrometry of a fragmented antibody.
The corresponding SEC shows a peak at the expected migration time of the unlabelled
antibody at 16.1 min (mMAbA2) and 15.5 min (mAbB2). An additional protein fragment
with absorbance at 494 nm at around 22.4 min appeared. Although the molecular weight
decreases due the cleavage of light chains, the retention times at around 16 min remains
almost the same. The relatively unaltered retention time of the antibody fragments to the
unlabelled proteins can be explained by an increase of the hydrodynamic sizes of human
IgGs, which was observed after partial reduction of inter-chain disulfide bonds.?! In an
additional SEC experiment, maleimide-labelled mAbB2 was treated by the addition of
0.1% formic acid (protein solution to formic acid 1:1 v/v) prior to injection. The main peak
(mAbB2) at 15.5 min has disappeared and several peaks eluted at 16.0 min, 16.8 min,
20.4 min, 24.1 min, and 24.9 min (Figure 3). So, possibly, under non-denaturing
conditions of the SEC, the reduced antibody was stabilized through a non-covalent
interaction (ionic, hydrogen bonds, Van der Waals, or hydrophobic) and remained as
intact protein at 15.5 min. However, after denaturation at low pH, the molecule divided
into individual chains. This indicates that the disulfide bridges could not be reestablished
after the labelling. Free thiol groups may have an unexpected impact on the PK

properties of the therapeutic protein and should be avoided if possible.
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Figure 3: SEC of mAbB2 (Alexa Fluor 488-maleimide), denatured with 0.1% formic acid.
Blue line: unlabelled mAbs showed a single peak. Red line: absorbance of modified mAb6 at
280 nm. Green line (494 nm) showed several peaks that indicate (labelled) protein fragments.

Table 7: Retention times in size-exclusion chromatography. @: Peak area of 67%, additional
peak at 22.6 min (33%). ®: Peak area of 49%, additional peak at 22.4 min (51%). Label Code:
NSP: N-succinimidyl propionate; AFM: Alexa Fluor 488-maleimide; SCN: Tm-p-SCN-Bz-DOTA,
DI: direct iodination; AFN: Alexa Fluor 488-NHS; BHN: Bolton-Hunter-NHS; DN: DOTA-NHS.

mAb# I&%tzﬁal Retelw[;;?nr] time mAbD # I(_:?)tzﬁal ReterE:T;ci)nr] time
mAba --- 16.1 mAbs --- 15.5
Al NSP 16.1 Bl NSP 15.5
A2 AFM 16.1 @ B2 AFM 155 ®)
A3 SCN 16.0 B3 SCN 15.4
A4 DI 16.2 B4 DI 155
B5 AFN 15.5
B6 BHN 15.6
B7 DN 155

FcRn Affinity Chromatography

The neonatal Fc receptor (FCRn) is expressed by many cells types all over the body and
structurally related to class | major histocompatibility complex (MHC 1).22 The receptor is
able to bind IgGs in a strictly pH-dependent manner with high affinity at pH 6 in the
acidified endosome and low affinity at physiological pH of 7.4 in plasma.?® The IgG:FcRn
complexes are recycled back to the surface of the cell, whereas unbound proteins
undergo lysosomal degradation.

For the setup of the antibody quality control package, we used an affinity
chromatography based method,?* which can sensitively detect differences in the pH-
dependent interaction between IgGs and FcRn. The chromatography column contains
biotinylated heterodimeric FcRn, immobilized onto sepharose streptavidin beads. The
protein elution, driven by a pH gradient, resolves protein species according to their pH-
dependent affinity to FCRn in a process that mimics the events that take place when
recycling endosomes emerge at the cell surface. The result is an antibody-specific
retention time. An early elution from the column predicts low affinity to the receptor at

endosomal pH and thus a potentially short serum half-life. In contrast, late elution from
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the column represents a high affinity and a potential long serum half-life, if the pH level
is still below 7.4.2° After comparing the retention times (Table 8), the results of two
labelling techniques are particularly noticeable. First, for IgGs that were labelled by direct
iodination, 2 additional peaks appear with a lower retention time. The higher the DoL
(mAbA4: 1.7 and mAbB4: 3.0), the more the peak ratio shifts to the left in the
chromatogram, which indicates a lower affinity for the neonatal Fc receptor. Apparently,
during the labelling process with IODO-GEN, not only was the iodine ion oxidized to form
the reactive iodo-chloride species, but the antibody was oxidized within the FcRn binding
interface as well. Two surface exposed methionine residues located at position 252 in
the Cn2 domain and position 428 in the Cx3 domain (EU numbering)?® interact with the
IgG binding region on cellular neonatal Fc receptor. Oxidation of Met252 and Met428
was shown to impair affinity to FcRn and consequently change PK properties of IgGs.?"28

A second anomaly was found in chromatograms derived from antibodies
conjugated with isothiocyanate-based labels. A pre-peak occurred with both examples
MADbA3 and mAbB3, which were modified with Tm-p-SCN-Bz-DOTA. This phenomenon
of the additional pre-peak in the FcRn affinity chromatography of IgGs, labelled with
isothiocyanate-tags, has already observed. As the Dol is gradually increased, the pre-
peak also increases.?® Interaction with the stationary phase can be excluded, since
mMADbB3 shows no retention in a negative control with a sepharose (without FCRn) column
(Figure 4). Our conclusion is that conjugation with an SCN-functionalized label creates
a new variant that has, depending on DoL, a lower affinity to FcRn. Furthermore, mAbA3
showed a similar retention time to the unlabelled wild-type mAba, whereby the identical
label in mAbB3 caused a significantly higher affinity to FcRn.

807 __ Fern affinity column

— Column wio FcRn
60

A

04
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Figure 4: Negative control of mAbB3. Negative control of mAbB3 (Tm-p-SCN-Bz-DOTA) using
sepharose column without FcRn (blue). The red line shows mAbB3 measured with FCcRn affinity
chromatography.

Heparin Affinity Chromatography

As a polysulfated polysaccharide, heparin is a strongly (poly-) negatively charged

glucosaminoglycan. Such polymers are commonly found on cell surfaces of vascular

endothelial cells and immune cells, such as monocytes or macrophages.® IgGs that bind

to heparin are exposed of the risk of unspecific pinocytosis and thus the degradation of
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the protein.®! Heparin chromatography offers a second way to control the influence of
labels on changes in protein properties by charge-based glycocalyx interaction on a
heparin affinity column.®? Starting with low-salt condition, heparin chromatography
retains antibodies even with a low affinity for heparin. The elution is driven by a salt
gradient and separates proteins according to difference in their ionic binding strength.
The corresponding retention times of the labelled antibodies are shown in
Table 8. mAbB2, which has been labelled with Alexa Fluor 488-maleimide, has a large
discrepancy. This is not surprising since previous controls (MS and SEC) showed that
the antibody is no longer intact after the labelling process. The NSP-labelled mAb from
the mAba series differs most clearly from the unlabelled antibody. The significant
increase in heparin affinity for mAbB3 (Tm-p-SCN-Bz-DOTA) is surprising. When
incorporating a negatively charged DOTA-label, it would be assumed that the affinity for
negatively charged heparin decreases, as can be observed for mAbA3 with the same

label from the mAba series.

Table 8: Retention times in FcRn and heparin affinity chromatography. @: Peak area of 52%,
additional peaks at 2.3 (10%), 2.1 min (9%), and 1.2 min (27%). ®): Peak area of 76%, additional
peak at 20.3 min (24%). ©: Peak area of 41%, additional peaks at 21.6 min (47%), and 18.8 min
(12%). @: Peak area of 45%, additional peaks at 3.1 min (18%), 2.1 min (7%), and 1.3 min (35%).
©): Peak area of 74%, additional peak at 21.0 min (26%). Label Code: NSP: N-succinimidyl
propionate; AFM: Alexa Fluor 488-maleimide; SCN: Tm-p-SCN-Bz-DOTA; DI: direct iodination;
AFN: Alexa Fluor 488-NHS; BHN: Bolton-Hunter-NHS; DN: DOTA-NHS.

mAbD # Label Retention _time Retenti.on time

Code FcRn [min] Heparin [min]
mAba 21.6 5.7
Al NSP 21.4 5.2
A2 AFM 214 @ 5.4
A3 SCN 2150 5.5
A4 DI 20.5© 5.6
mAbs 20.1 5.1
Bl NSP 20.2 5.1
B2 AFM 20.4 @ 2.2
B3 SCN 22.4 5.6
B4 DI 16.5 5.3
B5 AFN 20.1 5.1
B6 BHN 20.3 5.1
B7 DN 20.2 5.1

FcRn/Heparin Correlation

A combination of FcRn and Heparin affinity chromatography strengthen an assessment

of the quality of therapeutic antibodies after modification. The retention times of labelled

and unlabelled protein in both affinity chromatographies, FCRn and heparin, are set in

proportion according to Formula 4 to calculate a relative retention time of each labelled

IgG (Table 9). A correlation of FCRn and heparin retention (Figure 5) identifies
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deviations in affinities for the unlabelled antibody. For the labelled 1gG, a relative
retention time of < 1 in FcRn affinity chromatography indicates a lower IgG:FcRn binding.
In contrast to heparin affinity, a relative retention time of > 1 may be indicative of a higher
unspecific uptake in cells.

Direct iodinations (mAbA4 and mAbB4) lead to a significant decrease in FcRn
affinity due to oxidation of the protein in the neonatal Fc receptor binding interface. All
antibodies from the mAbg series labelled with the N-hydroxysuccinimide technique (NSP,
AFN, BHN, DN) are closely related in their correlation. In contrast, the only antibody from
the mAba series that was labelled with the NHS technique (NSP) shows a deviation,
although mAbAL1l has a lower DoL (1.9) compared to mAbB1 (2.5).

Table 9: Calculated relative retention times. Calculated relative retention times from FcRn and
heparin affinity chromatography by the use of Formula 4. Label Code: NSP: N-succinimidyl
propionate; AFM: Alexa Fluor 488-maleimide; SCN: Tm-p-SCN-Bz-DOTA,; DI: direct iodination;
AFN: Alexa Fluor 488-NHS; BHN: Bolton-Hunter-NHS; DN: DOTA-NHS.

Label Relativetr Relative tr
mAD # Code FcRn Heparin
mAba --- 1.00 1.00
Al NSP 0.99 0.90
A2 AFM 0.99 0.95
A3 SCN 0.99 0.96
Ad DI 0.95 0.99
mADbp 1.00 1.00
Bl NSP 1.01 1.00
B2 AFM 1.02 0.42
B3 SCN 1.12 1.09
B4 DI 0.82 1.04
B5 AFN 1.01 0.99
B6 BHN 1.01 1.00
B7 DN 1.00 0.99
1.2 1.054
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Figure 5: Correlation of FcRn and heparin column retention of labelled antibodies. Green
triangle: mAba series, blue dot: mAbg series. Left: full graphic, right represents the framed area.
Dotted lines indicate a relative retention of 1.00. Label Code: NSP: N-succinimidyl propionate;
AFM: Alexa Fluor 488-maleimide; SCN: Tm-p-SCN-Bz-DOTA, DI: direct iodination; AFN: Alexa
Fluor 488-NHS; BHN: Bolton-Hunter-NHS; DN: DOTA-NHS.
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Conclusions

The main purpose of this investigation was to develop an in vitro assessment workflow
to predict a change of physiological properties of antibodies after incorporation of a label.
These combinations of several analytical methods reveal changes after label conjugation
that might otherwise have remained undetected. Besides classical size-exclusion
chromatography, the core element of this analysis package consists of correlating
relative retention times (t r) for FcRn and heparin affinity chromatography of labelled
mADbs with its congeners. So far, it has been a challenge to decide which shift in retention
time is crucial for the application of the labelled protein in biological experiments. In a tr
range of 0.94 to 1.02 for FcRn and 0.90 to 1.05 for heparin affinity chromatography,
however, no critical effect of the label is expected. These ranges have been tentatively
selected and may shift with increasing empirical data collection.

It has been demonstrated that direct iodination can damage mAbs, which has
been shown using FcRn affinity chromatography. During the labelling process, the
protein is oxidized and leads to a lower affinity for the neonatal Fc receptor and
consequently to a higher antibody clearance. An alternative to direct iodination is indirect
iodination using the Bolton-Hunter reagent. The quality assessment after protein
modification by conjugation of the iodinated Bolton-Hunter reagent shows a less
pronounced change in the protein properties compared to direct iodination. Protein
modifications with maleimide-based labels, which requires a previous partial reduction
of the protein, can lead to an impairment of the quaternary protein structure. SEC
analysis under denatured sample preparation conditions was indicative for free heavy
and light chain after maleimide-based labelling. During the reduction step, cystine
disulfide bonds are reduced to allow free Cys to conjugate with the labelling reagent.
However, unconjugated cysteines are not re-oxidized and the antibody’s quaternary
structure is only maintained through intermolecular forces, e.g., ionic and hydrogen
bonds. At denaturing conditions caused by low pH and organic solvent, these bonds are
released and, as there are no longer any covalent disulfide bridges, the antibody
degrades into heavy and light chains. This could be of importance in an in vivo setting
when, during FcRn recycling, the endosomal pH is dropping and the antibody is
degraded instead of being reintroduced into circulation.

In conclusion, both type and degree of label of modified IgGs lead to changes in
the physico-chemical protein properties. In addition, harsh labelling conditions can also
impact the behaviour of labelled mAbs. Finally, identical labels on separate constructs of
IgG: can lead to different affinities for FcRn and heparin. This finding underlines the
importance to assess the impact of the label for each new antibody construct individually

and, unfortunately, the findings from this study cannot be taken as a general guide to
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which labelling strategy is best suited in all cases. Considering the assessment data,
only 6 of the 11 modified mAbs in this study can be recommended for use in in vitro or
in vivo experiments.

The benefits of conducting a quality assessment prior to mechanistic studies are
manifold. Obviously, time and resources can be saved by minimising the risk of using
unsuitable or even instable test molecules that generate questionable data. Another
crucial advantage is the reduction of animal experiments by avoiding proteins that have
been impacted by the labelling process. From an ethical point of view, this analytical
workflow is a contribution to the 3Rs-principles, so that animal experiments that could
lead to incorrect results or conclusions (with respect to human data/clinical trials) are not
conducted.

This in vitro quality assessment has become the analytical standard for labelled
antibodies at Roche. Therefore, this analysis package is an important tool for
characterization of labelled antibodies that ensures reliable extrapolation to the

respective unlabelled antibodies.
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Introduction

Monoclonal antibodies (mAbs) and other biotherapeutics enable the targeted treatment
of a broad spectrum of diseases.! While great efforts are being made in drug
development to reduce the immunogenicity of antibody therapeutics, one of the most
challenging aspects of this class of therapeutics remains immunogenicity. Undesirable
events such as abrogation of pharmacologic effects or hypersensitivity reactions can be
triggered by the binding of anti-drug antibodies (ADAs) to the circulating drug.? ADAs
can act in a neutralizing or non-neutralizing manner. Neutralization of therapeutic mAbs
is largely driven by binding of ADAs to the complementary-determining region (CDR) and
can consequently lead to abrogation of pharmaceutical activity.®>* These ADAs, which
target the CDR of a therapeutic mAb, have been reported from both humanized and fully
human molecules.>® In addition to hindering the binding of the drug to its target, the
formation of ADA can lead to the formation of immune complexes (IC). ICs are rapidly
removed from the circulation by reticule-endothelial cells. Such ADA are also named as
clearing antibodies.”8

Although the detailed interaction between ADA and drug to form ICs is well
understood,®° as well as known from the literature that large ICs are cleared faster than
smaller ICs, quantitative information on the exact size or structure of the ICs as well as
their disposition has not been investigated so far.1t12

A recent publication has reported on the study of the formation and
characterisation of non-radioactively labelled drug/ADA ICs and their bioanalysis in
biological matrices and the influence of these ICs on the PK of antibody-based drugs.*?
The formed ICs consisted of dimeric, tetrameric, hexameric, octameric, and high-
molecular weight (HMW) ICs (Figure 1). Rapid clearance of larger ICs (larger than
hexamers) only 5 min after administration without dissociation into smaller ICs or their

non-complexed components raised the question of where the ICs ended up in the body.

A B Cc

Figure 1: Schematic illustration of different IC species. A dimeric; B tetrameric; C hexameric.
Red: drug; black: ADA.
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To explore the effects of IC formation on the PK behaviour of therapeutic mAbs,
in vivo studies were performed in rats receiving different ICs, which consist out of *H-IgG
and anti-drug-antibodies (ADA), generated by immunization of rabbits. The ADA are
directed against different regions of the *H-labelled IgG resulting in different formation of
ICs. The disposition of *H-labelled 1gG (hereafter referred to as "*H-drug") was compared
to ICs (hereafter referred to as "*H-IC"). The radioactive label is used to gain quantitative
information about the fate of the immune complexes by whole-body autoradiography and

radioactive measurements.

Results

Formation and characterization of the immune complex (IC) dosing

solution

The preparation of the dosing solutions was performed as previously described by
Hoffmann and coworker.?? As drug surrogate, a non-targeting 1lgG; was used, which had
a silencing mutation in the Fc part that altered Fc effector function.’* The drug was
labelled with tritium (®H-drug) in analogy to the previous reported method by conjugation
of [®H]N-succinimidyl propionate to lysine in the protein sequence.*®
For the dosing solution, the *H-drug was mixed at a ratio of 1:1.5 with a polyclonal
anti-drug antibody (pADA) surrogate directed against the complementarity-determining
regions (CDR) of the drug (pADA<cor>) to generate 3H-IC. This dosing solution was
analysed by size exclusion chromatography (SEC), detected at 280 nm, to evaluate the
pattern of formed ICs and for better comparison of the IC patterns after administration.
The formed ICs consisted of dimeric, tetrameric, hexameric, and high-molecular weight
(HMW) ICs (Figure 2).
120~
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Figure 2: SEC of dosing solution (®H-IC), detected at 280 nm. A: residual ADA; B: dimeric IC;
C: tetrameric IC; D: hexameric IC; E: HMW ICs.
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Quantitative whole-body autoradiography (QWBA)

In order to track the distribution of radiolabelled proteins in vivo, QWBA was performed
after a single-dose animal study in rats with *H-drug (control animal) and 3H-IC
(IC animal). Both animals were sacrificed after 15 min. The short in vivo phase was based
on findings from previous reports, where fast clearance of immune complexes from the
circulation was observed.’®* The whole-body slices were analysed and radioactivity in
organs was quantified (Figure 3, Table 1). To provide a better comparison of the

radioactive uptake of the organs, the tissue-to-blood ratio was calculated.

Intestinal tract contents Small intestine

Figure 3: Representative example of layers obtained from the QWBA study. A: control animal
after 3H-drug administration; layer 5. B. IC animal after application of 3H-IC; layer 4.
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Table 1. Quantitative evaluation of radioactive uptake in tissues and calculated ratio of
radioactivity in tissues to radioactivity in blood from the control animal and the IC animal. Tissue-
to-blood ratios greater than 1 are highlighted in green.

Control animal IC animal

Tissue [ng-eq/g] Ratio to [ng-eq/g] Ratio to

blood blood
Adrenal (cortex) 13207 0.24 13381 0.63
Adrenal (medulla) 48626 0.88 17790 0.83
Blood 55029 1.00 221357 1.00
Blood vessel wall 33155 0.60 11498 0.54
Bone marrow 8496 0.15 12629 0.59
Brain (cerebellum) 1429 0.03 811 0.04
Brain (cortex) 825 0.01 531 0.02
Brain (plexus choroideus) 12866 0.23 13016 0.61
Conchae nasales 5017 0.09 656 0.03
Epiphysis 4538 0.08 6053 0.28
Eye (choroid) 1540 0.03 1326 0.06
Eye (lens) -8 0.00 -7 0.00
Fat (brown) 28822 0.52 6894 0.32
Fat (white) 65 0.00 147 0.01
Harderin gland 2194 0.04 824 0.04
Heart (myocardium without blood) 11604 0.21 6608 0.31
Hypophysis 10470 0.19 4650 0.22
Kidney (cortex) 26890 0.49 6722 0.21
Kidney (medulla) 29710 0.54 8908 0.42
Kidney (papilla) 15505 0.28 7208 0.34
Lacrimal gland 1857 0.03 1126 0.05
Large intestine (wall) 2897 0.05 9416 0.44
Liver 18828 0.34 52284 2.45
Lung 49740 0.90 22058 1.03
Muscle 3391 0.06 1338 0.06
Ovaries 11533 0.21 5704 0.27
Pancreas 4423 0.08 101545 4.75
Salivary gland 2637 0.05 2353 0.11
Skin 638 0.01 795 0.04
Small intestine (wall) 6757 0.12 3820 0.18
Spinal cord 919 0.02 611 0.03
Spleen 8303 0.15 25854 1.12
Stomach 1204 0.02 5496 0.26
Thymus 1304 0.02 6199 0.29
Thyroid 6324 0.11 6118 0.29
Urinary bladder 2680 0.05 5595 0.26
Uterus 15980 0.29 7821 0.37

For the control animal dosed with H-drug, increased radioactivity was detected
in lung, liver, and kidney. In general, the total concentrations of radioactivity in the tissues
were lower than in the blood. The highest ratios were found in the lung and adrenal
medulla with 0.90 and 0.88, respectively. For the animal dosed with the pre-formed

3H-IC, an increased concentration of radioactivity was detected in several tissues, such

124



as spleen, liver, and pancreas, giving tissue-to-blood ratios of 1.21, 2.45, and 4.75,

respectively.

Biodistribution study

In order to understand the time kinetics and get further insights in the mechanism, a
biodistribution study in rats with *H-labeled IgG and pre-formed *H-immuno complexes.
Blood samples were collected after 0.25 hr, 1 hr, 3 hr, 7 hr, 24 hr, 48 hr, and 72 hr for IC
analysis. Organs were collected and prepared for determination of radioactive
concentration. In addition, urine and faeces were collected for radioactive

measurements.

Immune complex analysis

To study the pattern of ICs, samples from the IC group were analysed by size-exclusion
chromatography (SEC) and radioactive measurement. Figure 4 shows the reconstructed
IC profiles of serum samples from different time points. In direct comparison with the
dosed IC pattern (Figure 2), it can be shown that HMW and hexameric ICs disappeared
very fast. Dimeric and tetrameric ICs stay much longer in circulation. Between 24 hr and
72 hr, the tetrameric IC content seemed to be very similar. The dimeric IC content
showed few changes between 7 hr and 72 hr. During the observed time, no monomeric
drug was detected, indicating that ICs did not dissociate in vivo.

B - 0.25hr

. 80004 D el o
< 3hr
% 2000 — 7
— 24 hr
— 48hr
1000 o 72.bF

168 hr

elution time SEC [min]

Figure 4: SEC of serum samples after different time points. A: dimeric IC; B: tetrameric IC;
C: hexameric IC; D: HMW ICs.

This observation is consistent with previous data obtained from a previous
study,® in which the identical molecules were used, but without a radioactive label. For
this reason, in the "non-radioactive" study, drug-specific ELISA determined the IC
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patterns after SEC separation. This comparison (Figure 5) shows that the radioactive
labelling has no influence on the drug or IC concentration in serum and provides

comparable results to the ELISA method.

-% 3H-drug, LSC
-+ drug, ELISA

3H-IC, LSC

-+ |C, ELISA

normalized

0.1

0.01 4
0 20 40 60 80 100 120 1410 160 180
[hr]

Figure 5: Comparison of normalised serum concentrations from the radioactive study, detected
by LSC and the recently reported non-radioactive study, detected by ELISA.

Radioactivity in organs

At 0.25 hr, 3 hr, 7 hr, and 168 hr liver, lung, spleen, muscle, kidney, skin, heart, bone
marrow, and pancreas were collected from one animal per group. The collected organs
were homogenised and the radioactivity was determined by liquid scintillation counting
(LSC). For better comparison between organs and between the groups, the ratio
between organ in counts per minutes per gram tissue (CPM/g) and serum in CPM per
mL was calculated (Figure 6).

For the control group, an increased tissue-to-plasma ratio (T:P) was observed in
the liver at 0.25 hr, followed by a rapid decrease. In all other organs investigated, T:P
increased over time. After 0.25 hr, the liver of the IC group had the highest radioactivity,
followed by spleen and lung. By 3 hr after dosing, the T:P in the liver increased more
than 2-fold. In general, all organs showed an increase in T:P after 3 hr. For the liver, T:P
decreased again by the next measured time point of 7 hr. For the lung, spleen, bone
marrow, and pancreas T:P remained relatively constant during the observed time period.
The skin, however, showed the highest T:P after 168 hr.
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Figure 6: Radioactivity ratios of [CPM/g] in organs and [CPM/mL] serum from control group and
IC group.

Comparing the tissue-to-plasma ratio between the control group and the IC group
(Figure 7), the most significant differences were detected in the liver, muscle, spleen,
and pancreas. Although the total radioactivity in the pancreas is relatively low compared
to other organs, the amount of radioactivity in the IC group is 5-fold higher than in the

control group.
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Figure 7: Ratio of radioactivity levels measured in the organs of the IC group to the control group.

Radioactivity in urine and faeces

Urine and faeces of the animals were collected in the time intervals of O - 24 hr and
24 - 48 hr. Figure 8 shows the percentage of administered dose, determined by LSC, of
the administered radioactive dose in the corresponding time intervals. For faeces, the
overall radioactivity determined was very low, with a maximum of approx. 0.3% in the IC
group (O - 24 hr). In the urine samples, the control group had a maximum of approx. 6%
of the administered dose in the 0 - 24 hr time interval. In contrast, approx. 65 % was

observed in the IC group in the first 24 hr, indicating a much faster excretion of the ICs.
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Figure 8: Radioactivity measurements of urine and faeces from the control group and IC group
over time intervals of O - 24 and 24 - 48 hr in % of dose.
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To better understand the excreted molecular substance(s) in the urine of the IC
groups, the urine was analysed by peptide-level SEC determining counts per minutes
(CPM, Figure 9). The radioactivity detection plot of the urine showed the same retention
time in the control and the IC group, but different signal intensities. While a maximum of
3,700 CPM was measured in the control group, the IC group had a significantly higher
radioactivity of 23,000 CPM.

The radioactivity detection plot shows only one signal as a single peak. It cannot
be clearly determined whether this is a single compound or a mixture of compounds with
a similar hydrodynamic radius. A commercially available calibration standard was used
to narrow down the molecular weight of the excreted substance. The radioactive signal
eluted near the calibrator with a molecular weight of 1.2 kDa. Considering the influence
of the spatial structure on the elution behaviour, this molecular weight can only be
regarded as a rough approximation. A mass spectrometric analysis was unsuccessful
and thus the unknown compound, or the mixture of compounds, could not be identified

so far.
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Figure 9: SEC plots of serum samples on peptide level. Top shows the control group, bottom IC
group. Yellow line represents radio detection, blue line the absorbance at 215 nm and black line
the commercial calibration mixture that consist of: 1 Cytochrome C (12.4 kDa); 2 Aprotinin
(6.5 kDa); 3 Vitamin B12 (1.2 kDa); 4 Triglycine (189 Da); 5 Glycine (75 Da).

Discussion

The formation of ICs plays an important role in various preclinical and clinical aspects,
such as autoimmunity or immunogenicity against biotherapeutics. Previous publications
have reported on the study of the formation and characterisation of drug/ADA ICs and
their bioanalysis in biological matrices, as well as the impact of these ICs on the PK of
antibody-based drugs.'® The rapid clearance of larger ICs (larger than hexamers) after
just 5 minutes after administration, without dissociation into smaller ICs or their non-
complexed component, raised the question of where the ICs ended up in the body.

To investigate this matter, quantitative whole-body autoradiography (QWBA) was
performed with a tritium-labelled antibody (®H-drug) in a control animal and in parallel
with a polyclonal ADA immunocomplex (*H-IC) directed against the CDR of the 3H-drug.
The QWBA slide received from the control animal showed high radioactivity in the lung,
kidney, and liver 0.25 hr after administration, which was the only time point in this study.
On the slide of the IC animal, a high level of radioactivity was observed in the lung, liver,
spleen and, surprisingly, also in the pancreas. The high T:P ratio in pancreas is difficult
to interpret, as it could be caused by the disposition of IC in the pancreas, but also by
the uptake of catabolites released into the circulation after degradation in the reticulo-

endothelial system.
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In a second experiment, the time dependent disposition of *H-IgG and 3H-IC was
investigated. The T:P ratio in various organs was similar to that previously determined
by QWBA. In addition, the change in pattern of circulating immune complexes was
determined. As previously observed, the large immune complexes are rapidly cleared
from circulation. This rapid clearance might be due to a fast hydrolysis of the proteins in
peptides and amino acids. These fragments might contribute to the T:P ratio observed
in the different organs. After 15 min, most of the multi-complexed ICs had already been
cleared from the circulation, whereas the dimeric IC was still detectable after 168 hr.
Interestingly, T:P in pancreas was only moderate compared to the QWBA study.
However, T:P increased with time (up to 7 hr), indicating accumulation in the pancreas.

This could be due to two reasons: the pancreas takes up the ICs in an increased
amount, or the ICs were proteolyzed in the liver and the radiolabelled amino acid was
then taken up by the pancreas due to its high protein expression rate.® In the second
case, this means that the 3H-labelled lysines could be recycled during protein expression
and processed into new proteins by the natural protein expression machinery. This could
also explain the increase in radioactivity with time of the control animal, as uptake and
proteolytic degradation of the monomeric agent is significantly slower compared to ICs,
as shown. Assuming that the labelled amino acids are recycled for new proteins, the
radioactivity in the pancreas was not primarily caused by the ICs, but was a side effect
of the increased proteolytic degradation of the ICs in the liver.!” This possibly applies to
all organs in which increased activity could be detected with increasing time.

In the biodistribution study, the collected urine from the IC animals showed that
65% of the administered radioactivity was excreted in the first 24 hr, compared to only
6% in the control group. This is a clear indication that ICs are internalised, proteolytically
digested and excreted much faster than the non-complexed drug. Notably, only one
distinct peak was identified in peptide SEC analysis with radioactive detection, indicating
the presence of a single molecular species, or several molecules with comparable
hydrodynamic radius. The same pattern was observed in both the IC group and the
control group in the radioactive detection. A commercial SEC size standard was used to
better estimate the size of these encountered species. The results indicate that the
radioactive species (or several) in the urine is a degradation product(s) with a molecular
size of about 1.2 kDa, which is indicative of peptide size.

So far, a structure identification has not been successful and it could not yet be
determined whether it is a matter of several peptide fragments or a single degradation
product. Further analyses of the urine samples are required to investigate the species

present by mass spectrometry.
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Materials and Methods

Reagents and antibodies used

The drug surrogate IgG; for this study was produced in-house. Polyclonal anti-drug
antibody (pADA) was generated by immunization of rabbits in-house.'® Sodium chloride
(1.06404) was obtained from Merck KGaA (Germany). Histidine was ordered from Sigma
(H6034 and 56190). Antibodies and buffers used to generate the in vivo dosing solutions
were tested and approved for endotoxin levels. The custom synthesized [*H]N-
succinimidyl propionate ([?HJNSP) was purchased from Pharmaron (Cardiff, Wales, UK)
as a solution in toluene. Protein concentration was determined by Eppendorf (Hamburg,
Germany) BioSpectrometer® basic in combination with an Eppendorf pCuvette® G1.0
with 1 mm path length at 280 nm wavelength and the corresponding calculated molar
extinction coefficient. Dulbecco’s phosphate-buffered saline (DPBS, Thermo Fisher
Scientific, Paisley, UK, 14190-094), which consists of 2.67 mM potassium chloride,
1.47 mM potassium phosphate monobasic, 8.60 mM sodium phosphate dibasic, and
138 mM sodium chloride, was used as labelling buffer. The pH was adjusted to 8.4 by
addition of 1 M sodium hydroxide (Merck KGaA, Darmstadt, Germany, 1.09956.0001).
Formulation buffer consisted of 20 mM L-Histidine (Sigma, Steinheim, Germany, H-8000
for L-histidine and H-5659 for L-histidine monohydrochloride monohydrate), 140 mM
sodium chloride (Sigma, Steinheim, Germany, 71376) at pH 6.0. Buffer exchange was
performed with Slide-A-Lyzer G2 Dialysis Cassettes, 10K MWCO, 3 mL (Thermo Fisher
Scientific, Paisley, UK, 87730).

Tritium-labelling of drug (®H-drug)

Methods

Radiolabelled antibody was analysed using an Agilent 1200 series HPLC system (Santa
Clara, CA, USA), equipped with 8 Radioactivity HPLC detector RAMONA* with internal
liquid scintillator admixture (Elysia-raytest, Straubenhardt, Germany). Absorbance at
280 nm and 320 nm were used for detection and quantification. For size-exclusion
chromatography (SEC), a TSKgel G3000 SWx_ column (Tosoh Bioscience, Tokyo,
Japan), 7.8 x 300 mm, 5 ym with 0.2 M potassium phosphate, 0.25 M potassium chloride,
pH 7.0 as the mobile phase at a flow rate of 0.5 mL/min was used. The injection volume
was 10 pL and the protein concentration 1 mg/mL. The target concentration of 1 mg/mL
was set by adding the eluent to the protein stock solution. Analytical FcRn affinity
chromatography was carried out with an FcRn affinity column (Roche Custom Biotech,
Mannheim, Germany), column volume of 0.5 mL containing 1.5 mg FcRn protein.!® The

45-min analytical method was applied with a flow rate of 0.5 mL/min under the following
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condition: Eluent [A] was 20 mM 2-(N-morpholino)ethanesulfonic acid (MES), 140 mM
sodium chloride, pH 5.5; eluent [B] was 20 mM tris(hydroxymethyl)aminomethane (Tris),
140 mM sodium chloride, pH 8.8. Starting with isocratic conditions of 20% [B] for 5 min,
a linear gradient to 100% [B] followed over 35 min to keep 100% [B] for 5 minutes. The
injection volume was 30 pL and the protein concentration 1 mg/mL. The target
concentration of 1 mg/mL was set by adding eluent [A] to the protein stock solution.
Liquid scintillation counting was accomplished using a HIDEX 300 SL (Mainz, Germany)
and ULTIMATE GOLD cocktail (PerkinElmer Inc., Waltham, MA, USA).

Labelling procedure

The drug surrogate was transferred into a Slide-A-Lyzer Cassette and buffer exchanged
into DPBS (14 mg, 97.9 nmol, in 2.8 mL formulation buffer). The buffer was changed
4 times after 30 min and stored overnight at 6 °C. The protein solution was warmed to
22 °C; a protein concentration determination resulted in 4.9 mg/mL. 925 MBq (25 mCi,
44.5 ug, 245 nmol) of [P(H]NSP as a solution in toluene was transferred in portions into a
5 mL Eppendorf LoBind tube. Toluene was removed by an argon stream and the solid
residue was dissolved in 35 yL DMSO. 2.8 mL of the protein solution was added and the
tube was shaken horizontally at 150 rpm for 30 min. The solution was transferred into a
Slide-A-Lyzer Cassette and buffer exchanged into formulation buffer. The buffer was
changed 4 times after 30 minutes and stored for 16 hr at 6 °C. The solution was
transferred to a 5 mL Eppendorf LoBind tube at 22 °C and resulted in a protein
concentration of 4.4 mg/mL in a volume of 2.9 mL. A total activity of 396 MBq (10.7 mCi)
was obtained, resulting in a specific activity of 31 MBg/mg (839 puCi/mg). The
radiochemical purity using SEC was 98.1%; the low molecular weight impurity was 1%.
A comparison of unlabelled with the tritium-labelled protein using FcRn affinity
chromatography revealed no shift in retention times, which indicates that the label has
no influence on FcRn affinity.?’ The protein solution was sterile-filtered using a Millex-GV
Durapore (PVDF) filter (Merck Millipore, Darmstadt, Germany), divided into two portions,
and stored at -80 °C.

Generation and characterization of dosing solutions (®H-drug and 3H-IC)

An endotoxin free 20 mM histidine/HCI, 140 mM NacCl, pH 6 buffer was used to generate
the dosing solutions for the in vivo studies. For the control groups, 2 mg/mL drug was
prepared in the buffer. For the IC groups, a 1:1.5 solution of 2 mg/mL *H-drug and
3 mg/mL ADA was prepared and incubated for 1 hr at 22 °C on a shaker at 450 rpm
before administration. Aliquots of the solutions were stored at -80 °C for further analysis

by SEC using a Dionex Ultimate 3000 system like described previously.®*3
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Study desigh QWBA

QWBA study was conducted with the approval of the local veterinary authorities in strict
adherence to the German regulations on animal protection and to the rules of the
Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC). Female Wistar rats (Crl:WI, Charles River Laboratories) received a single
intravenous injection of *H-drug or *H-IC into the tail vein. A dose of 4 mg/kg for *H-drug
and 6 mg/kg of *H-IC was administered. The animals were sacrificed by inhalation of an
increasing dose of carbon dioxide 15 minutes after administration. The body of the
animals was embedded as a whole in a frozen state. Concentrations of radioactivity in
tissues and organs were determined in whole-body sections of the animals by means of
QWABA technique. Total radioactivity was measured in whole blood, plasma, and in blood

cell pellets by LSC.

Determination of activity in QWBA slides

After sacrifice, the animals were immediately frozen as a whole at approximately -80 °C
in a mixture of hexane/solid carbon dioxide for 30 min. Thereafter, the frozen animals
were stored for at least one day in the freezer at -20 °C for temperature equilibration.
The tail and limbs were removed and the carcasses were placed on a specimen frame.
An agueous solution of methyl cellulose (Methylan, Henkel, Diisseldorf, Germany) was
poured over the carcasses. The specimen frame containing the animal were put into a
freezer (-20 °C, minimally 24 hr). Prior sectioning, the embedded animals were allowed
to equilibrate for 1-2 hr to the temperature of the cryostat (-20 + 2 °C). The frozen blocks
were cut in a cryo-microtome at a temperature of -20 + 2 °C. Sections of 40 um thickness
were sliced to the level of interest. Prior to the removal of the section for
radioluminography, a piece of adhesive transparent tape (Scotch Tape 810; 3M, Neuss,
Germany) was firmly placed onto the frozen surface of the carcass in order to adhere
the section to the tape. Sections were taken at different levels through the embedded
animal. About 6-7 levels were selected to cover all tissues. The selected sections allowed
a quantitative evaluation of the radioactivity in tissues and organs as defined in this study
plan. Two sections of each chosen level were taken per animal. One section was
evaluated. The second section was kept as reserve until the evaluation of the first one
was approved. Thereatfter, this section was disposed. The sections were dehydrated in
the microtome at -20 £ 2 °C for at least 48 hr. The area of the adhesive tape was then
reduced around the section to an area of about 0.5 to 1 cm.

The animal sections, together with a blood calibration set, were exposed to FUJI
BAS-TR 2025 imaging plates sensitive for tritium (FUJI PHOTO FILM Co. Ltd., Tokyo,
Japan, 20 x 25 cm) in light-tight cassettes, which were stored in a freezer at -20 °C. In
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brief: Tissue sections, the imaging plates and the cassettes were equilibrated to -20 °C
for 30 min in the sectioning area of the Leica cryostat. One imaging plate was placed in
the open cassette. Then the 3-4 sections were placed on this imaging plate and the
cassette was closed. All these steps were done at -20 °C. The cassette was then moved
to a freezer and the sections were exposed at -20 °C for 5 days (0.25 hr animals) or
7 days (24 hr animals). After the exposition, the cassette was equilibrated to 22 °C for
1 h. Then the cassette was opened under reduced light and the imaging plate was
removed from the cassette. The tissue sections were carefully removed from the plates.
The imaging plates were scanned in a FUJI BAS 5000 Bio-imaging-Analyzer with a
resolution of 50 x 50 um. The processing of the images and the integration of
radioluminescence were performed using AIDA software (automatic imaging data
analysis program version 5.0, Raytest, Straubenhardt, Germany). The tissues per
protocol were marked manually as areas on the autoradiogram and the concentrations
of radioactivity were calculated as integral of the marked area expressed in photo-
stimulated luminescence (PSL) per mm? and converted to ng-eg/g, using the PSL/mm?
and the radioactivity concentration calibration line and the respective specific

radioactivity of the compound dosed.

Study design Biodistribution

Biodistribution study was conducted with the approval of the local veterinary authorities
in strict adherence to the Swiss federal regulations on animal protection and to the rules
of the Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). Female Wistar rats (Crl:WI, Charles River Laboratories)
received a single intravenous injection of *H-drug or 3H-IC into the tail vein. A dose of
4 mg/kg for *H-drug and 6 mg/kg of *H-IC was administered. Urine and faeces were
collected in time intervals of 0-24 hr and 24-48 hr. The study plan is described in the
following table: B means collection of blood samples; O means sacrifice and removal of

the organs liver, lung, spleen, muscle, kidney, skin, heart, bone marrow, and pancreas.

Rat # | 0.25 hr 1hr 3hr 7 hr 24 hr 48 hr 72 hr 168 hr
1 B+O

2 B B B+O

3 B B B B+0O

4 - - - B B B B B+0O
5 - - B - B B B B+0O
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Size exclusion chromatography and reconstruction of complex profile by

topcount

Protein separation was carried out by SEC on an Agilent 1290 Infinity Il UHPLC system
(Agilent Technologies Inc, Santa Clara, CA, USA) using an Acquity BEH SEC column
(450 A, 1.7 x 100 mm, Waters Corporation, Milford, MA, USA) with 100 mM sodium
phosphate buffer at pH 7.4 containing 10% ethanol as mobile phase. The method run
time was 10 min at 250 uL/min isocratic flow. Fractions were collected between 4 and
10 min for 0.05 min (12.5 pL) in a Deepwell LumaPlate384 (Perkin Elmer, Waltham, MA,
USA). Small molecule size exclusion chromatography was carried with a Superdex 30
Increase 10/300 GL column (10 x 300 mm, Global Life Sciences Solutions USA LLC,
Marlborough, MA, USA) with 100 mM sodium phosphate buffer at pH 7.4 containing 10%
ethanol as mobile phase. The method run time was 70 min at 400 puL/min isocratic flow.
Fractions were collected between 30 and 50 min for 0.05 min (20.9 pL) in a Deepwell
LumaPlate384 (Perkin Elmer, Waltham, MA, USA). The collected radioactivity was
measured on a TopCount NXT HTS Microplate Counter (Perkin Elmer, Waltham, MA,
USA).

Conclusions

This study confirmed that drug/anti-drug antibody immune complexes are cleared from
the circulation faster than the therapeutic drug. Until now, it was not well understood
where and when these ICs are distributed or eliminated in the body. An important finding
of these biodistribution studies with tritium-labelled compounds is that a high level of
radioactivity accumulates in the pancreas. Also the finding that a high amount of
radioactivity from the group that received the pre-complexed dose was found in the urine
in the first 24 hours. So far, it has not been successful to identify the main degradation
product. An estimation has only been possible by a molecular weight marker using SEC,
which showed a peptide of a size of about 1.2 kDa. Further investigations need to be

conducted to generate more findings on the degradation of IC.
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Introduction

The endocannabinoid system (ECS) is a versatile system that plays an important role in
physiological and pathological conditions.! It consists of two major G-protein coupled
receptors, cannabinoid receptor type-1 and type-2, and endogenous ligands such as
2-arachidonoyl-glycerol (2-AG) and N-arachidonoyl ethanolamine, which are referred as
endocannabinoids. 2-AG is bio-synthesized ‘on-demand’ and functions as a retrograde
signal to mediate neuronal excitability.? Upon the activation of cannabinoid receptor
type-1, 2-AG is degraded mainly by monoacylglycerol lipase (MAGL) into fatty acid and
glycerol. Pharmacological inhibition of MAGL, a serine hydrolase comprising 303 amino
acid residues in the brain, leads to an elevation of 2-AG level in the central nervous
system (CNS) and consequently reduces prostaglandin production that results in
cytokine-lowering effects.® Therefore, MAGL has received tremendous attention as a
promising therapeutic target against neurological disorders such as Alzheimer’s
diseases, Parkinson’s diseases, multiple sclerosis, amyotrophic lateral sclerosis, and

traumatic brain injury.*®
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Figure 1: Chemical structures of reversible MAGL PET ligands.6-10

Positron emission tomography (PET) is a highly sensitive imaging technique that
supports drug development and discovery by non-invasive quantification of
pharmacological processes in vivo. Although a diverse set of MAGL inhibitors with
various chemical scaffolds have been patented and published over the last decade,*1-12
the development of MAGL PET tracers with adequate reversibility in vivo is lagging
behind.*® The chemical structures of reversible MAGL PET tracers developed so far are
summarized in Figure 1. Except [®F]T-401 and ['®F]YH149,%° the rest of reversible
MAGL PET tracers encountered a common issue: a relatively slow brain accumulation
within the practical time frame.*® Among them, [*1C]1 and [*!C]2 were recently reported.®
Preliminary results showed that they were recognized by P-glycoprotein (P-gp) in rodents

but not in humans. Although [*'C]2 was proved to be MAGL-specific in mice brain, its
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brain uptake continuously increased during the whole PET scan time period indicating a
slow kinetic profile. Similar observation was reported for other MAGL PET probes
including [*!C]PAD, [*¥F]JMAGL-4-11 and [*®*F]JMAGL-2102 (Figure 1).%’ Such kind of
slow kinetics requires longer PET acquisition time to reach the equilibrium for a reliable
guantification, complicating the measurement of the MAGL-drug interactions in the
practical setting.
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Figure 2: Chemical modification of compound 2.

With the ultimate goal to develop a reversible MAGL PET tracer with rapid brain entry
and fast clearance from CNS for clinical translation, a structural optimization program
based on the chemical structure of compound 2 (as the current lead compound) is
reported herein. The design concept is presented in Figure 2. The morpholine-3-one
scaffold was conserved for non-covalent interactions with binding site residues.
Meanwhile, the influences of aromatic substituents and the ether/alkyl linker on the target
affinity, metabolic stability and binding kinetics were investigated. For this reason, it was
envisioned the development of a novel reversible MAGL PET tracer with more favorable
kinetics by accelerating the dissociation from the target site and elimination from the
plasma, and thus from the brain. Aside from the determination of the half-maximal
inhibitory concentration (ICso) values of the novel structures, the in vitro metabolic
stability in liver microsomes or hepatocytes was measured for predicting the in vivo
clearance in periphery. Moreover, a surface plasmon resonance (SPR) assay was
carried out to explore the association rate constants (Kon), dissociation rate constants
(ko) and dissociation constants (Kq) of the compounds in the target-binding site. The
most promising candidate compound 7 with high MAGL inhibitory potency, a medium-to-
high clearance and fast dissociation rate constant was selected for further in vitro and in
vivo evaluations. [*'C]7 was synthesized via direct 'CO; fixation method. MAGL
knockout (KO) and wild-type (WT) mice were enrolled to assess its specificity and kinetic
profiles. To investigate the influence of efflux transporters, a triple targeted mutation

model (Mdrla/b-Bcrp KO mice) were further included for in vivo evaluations.
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Results

Chemistry
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Scheme 1: Chemical syntheses of compounds 3, 4, 6-8, and 13.

Four different procedures were employed to synthesize the desired compounds 3-13.
Similar to previously reported synthetic routine for compounds 1 and 2, compound 3 was
prepared via O-alkylation of tert-butyl 3-hydroxyazetidine-1-carboxylate with benzyl
bromide 3a (Procedure A in Scheme 1). Deprotection of azetidine 3b by treatment with
trifluoroacetic acid at room temperature provided intermediate 3c which was
subsequently reacted with nitro-phenol activated hexahydro-2H-pyrido-oxazin-one
carboxylate (15) to form target compound 3 in 43% yield. Procedure B commences with
a Sonogashira coupling of an aryl bromide with tert-butyl 3-ethynylazetidine-1-
carboxylate to afford N-Boc protected intermediates 4b, 6b-8b and 13b. After
hydrogenation of the triple bond, removal of the Boc group, and subsequent urea
formation with activated intermediate 15 in the presence of N,N-diisopropylethylamine

(DIPEA), morpholine-3-ones 4, 6-8, and 13 were obtained as trifluoroacetate salts with
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overall yields of 44-56%. As shown in Scheme 2, Procedures C and D began with the
formation of phosphonate 5b and phosphorous ylides 9b-12b followed by a Wittig type
reaction yielding N-Boc protected E/Z double-bond containing azetidines 5¢ and 9c-12c.
In analogy to procedure B, the double bond was reduced by hydrogenation catalyzed by
palladium on carbon to obtain intermediates 5d and 9d-12d. After the deprotection of the
N-Boc group, the desired products 5 and 9-12 were obtained in yields of 14-60% by
reacting azetidines 5e, 9e-12e with either compound 15 or (4aR,8aS)-hexahydro-2H-
pyrido[4,3-b][1,4]oxazin-3(4H)-one (14) with triphosgene (BTC).

Procedure C
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H Iio(
\ i

Pd."C Ha

CF, F P(OEN odne_ P
mcw 0°C, ovemight : NaH, THF, D°C tort, MeOH, ” 30 min
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5a 5b
pTSO o]
N,Ei()(: J_k H H
p-TsOH 15 DIPF_A
Ee]
EtOAC, reflux, 1 h ACN, rt, overnlght H
CFy F CF3
5d 5

Procedure D
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i b N y-Boc
Br @

Ry PPN, R, be o] PdiC, H,
Br » —_— - —_——
tol, 85°C, 16 h Cg: @ NaHMDS, DCM, rt, 17 h MeCH, rt, 16 h
F F
9a: R, = OCH, 9b: R, = OCH, 9¢: R, = OCH
10a: R, = CH, 10b: R, = CH; 10c: F1€1 CH3a
Ma:R,=F 1Mb: R, =F Mec: Ry =F
12a: Ry =H 12b: Ry =H 12¢: Ry =H

CF4C00~
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N NH, 15, DIPEA
ACN, rt, 16 h 9: R = 0OCH;
TFA Ry 10: R, = CH,
MR, =F
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F F Q H
NN HN_o
8d: R, = OCH, 9e: R, = OCH, 14, BTC, DIPEA CL T
10d: R, = CH, 10e: R, = CH, = 0
MR, =F Mer Ry = DCM, rt. 16N H
12d: R, = H 12e:R;, =H 12

Scheme 2: Chemical syntheses of compounds 5 and 9-12.
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ICs0 measurement, in vitro metabolism, and SPR studies

The results from mouse MAGL ICso, SPR assay, and in vitro metabolism using mouse
liver microsomes and hepatocytes are summarized in Table 1. Compared to the lead
compound 2, compound 3 displayed a higher clearance in liver microsomes and
hepatocytes by moving the trifluoromethyl (CFs) group from 4- to 6-substitution in the
aromatic ring. However, this modification also resulted in a dramatic reduction of its
MAGL inhibitory activity. In contrast, replacement of the oxygen atom in the side chain
with a methylene group profoundly enhanced MAGL inhibitory potency (5 vs 2 and 7 vs
3 in Table 1). This may be partially explained by the lipophilic properties of the relevant
MAGL binding pocket that is flanked by hydrophobic amino acid residues for matching
the aliphatic chain of the natural substrat.®®> Compounds 4-7 with CFs-substituent in
different positions of the aromatic ring showed comparable MAGL-inhibiting potency,
their 1ICso values ranging from 6.5 nM to 17 nM. Compound 7 with CFs-substituent at the
6-position of the aromatic ring exhibited the highest clearance (microsome CLint, app =
99 pL/min/mg protein, hepatocyte CLin, app = 51 WL/min/108 cells), while compound 5
containing a 4-CFsz substituent had much lower clearance (microsome CLint, app =
11 yL/min/mg protein, hepatocyte CLint, app = 4.9 uL/min/10° cells). After identifying the
pivotal role of the 6-position in the benzene for clearance, different substituents were
used to replace the CFs; moiety for studying their impact on the binding affinity and
metabolic stability. Upon replacing 6-CFs; to methoxy, methyl, or fluorine (7 to 9, 10, or
11), a reduction in MAGL inhibitory potency and increased metabolic clearance (except
compound 11) were observed. Mono-substituted aromatic compounds (8, 12, and 13)
fell into two-digit nanomolar activities toward MAGL. The binding kinetics of the newly
synthesized compounds with low nanomolar activity were further investigated using the
SPR assay. The equilibrium dissociation constant (Kg), association rate constant (Kon),
and dissociation rate constant (ko) of the inhibitor-enzyme complex are shown in
Table 1. All the tested compounds bind non-covalently to the immobilized MAGL proteins
in the SPR real-time monitoring. The Kq values correlated well with the measured MAGL
ICso data. The Kot Values of compounds 4, 7, 10, and 13 were in the range between
0.00558 and 0.00658 s. Taking the multiple parameters into consideration, compound 7
with an ICso value of 9.4 + 3.1 nM (n = 3), a Kq value of 30.0 nM, the highest dissociation
rate constant (ko= 0.00658 s) and a high metabolic rate as predicted from microsomal

and hepatocyte clearance, was selected for advanced profiling prior to radiolabeling.
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Table 1: The results of ICso measurements using mouse MAGL protein (n = 3, values are means
+ the standard deviation), Ka, kon, and kort values measured by SPR (n = 1-2) and in vitro
metabolism using mouse liver microsomes and hepatocytes (n.d stands for ‘not determined’).

Compd IG5, (M) <, Ky ) Kk, M's? Liver mi.crosom(.a Cl., Hepatocy:e Clie
(nM) (ML/min/mg protein) (UL/min/10 cells)
1d 34+48° 24 0.00276 113850 <10°¢ 5.2
2 19+652% 5.7 0.00207 364200 <10¢ 6.8
3 98 + 40 n.d n.d n.d 30 32
4 65+17 57 0.00588 103600 54 57
5d 65+1.6 6.1 0.00204 335200 11 4.9
6 17+4.9 15 0.00392 255800 33 46
7d 94+3.1 30 0.00658 214900 99 51
8 19+4.4 29 0.00443 152100 32 25
9 25+£6.0 41 0.00234 56570 96 156
10 30+£8.0 30 0.00622 208100 133 102
11 481 + 74 n.d n.d n.d 38 36
12 88 + 25 n.d n.d n.d n.d 45
13 40+ 4.4 27 0.00558 203500 155 200

3Results from reference.® ’Kywas calculated from k  divided by k .. The clearance rate is below
the assay sensitivity range. 9The SPR (k4 and k ) was measured in duplicate and the mean
value is provided.

Advanced profiling of compound 7

To evaluate the selectivity of compound 7 over the relevant serine hydrolases in the
ECS, a gel-based activity-based protein profiling (ABPP) assay was applied using mouse
brain membrane and cytosol proteomes.'® Two selective and potent MAGL inhibitors
(JZL-184 (code: JZL) and 3e (code: 99)) were employed as the positive controls.'”1®
Compound 7 blocked only the fluorescent signals from MAGL under tested conditions,
which suggests the high MAGL selectivity of compound 7 over the other hydrolases
including fatty acid amide hydrolase (FAAH), diacylglycerol lipase a (DAGL- a), and o/f-
hydrolase-domain containing enzymes 6 (ABHD6) and 12 (ABHD12). In P-gp in vitro
transport experiments, the efflux ratios (ER) of compound 7 in the mouse and human
P-gp-transfected cell lines were determined as 5.8 and 1.9, respectively, indicating that
the structure could be a P-gp substrate in rodents but not in humans. Moreover, the 1Cso
value of compound 7 towards human MAGL was determined as 3.7 £ 1.2 nM (n = 6),
indicating its excellent MAGL potency across species. The free fractions of compound 7
in mouse and human plasma were measured to be 10% and 5%, respectively. These
results suggest that a low risk of high non-specific binding in vivo, according to previously
reported literature.®

NO, o

421184 (code: J2L) 3e (code: 99)

144



Radiosynthesis of [1C]7

[11C]7 was synthesized via direct [*1C]CO: fixation using 14 and 7d as the precursors
(Scheme 3). This one-pot, three-step reaction sequence comprises the trapping of
[*1C]CO., the activation via a presumable [*!C]carbamoyl chloride, and the incorporation
of azetidine 7d. After the semi-preparative high performance liquid chromatography
(HPLC) purification, [Y'C]7 (1.37 + 0.25 GBq) was obtained with a molar activity of
59.8 + 22.9 GBqg/pmol at the end of synthesis (n = 20). The radiochemical purity (RCP)
was greater than 99%, and the total synthesis time from the end of bombardment was

around 30 min.

HoH
AN N0 pigieo,, BEMP BEVPHT o N '\(I f
2 '\
@ f I —— -C~ _02%POCl crp\o N
50° DMF, r.t., 2 min MeCN rt, 1 min MeCN rt. 2 min
[H

crr
14

Scheme 3: Radiosynthesis of [11C]7.

In vitro autoradiography

Sagittal brain slices from Wistar rat were utilized to unveil the in vitro binding
characteristics of [*1C]7. Representative autoradiograms are presented in Figure 3. The
heterogeneous distribution of [*1C]7 followed the expression pattern of MAGL in the rat
brain.?%2! High accumulation was found in the cortex, hippocampus, and striatum.
Moderate accumulation was detected in the thalamus and cerebellum, followed by low
accumulation in the brain stem where a low expression level of MAGL was reported.?%-2
Co-incubation with a MAGL inhibitor, either PF-06795071 or SAR127303, led to a
significant reduction of the radioactive signals confirming the in vitro specificity of [*1C]7
towards MAGL. Brain sections from MAGL KO and WT mice were further included to
evaluate the selectivity of [1!C]7 in vitro. A heterogeneous distribution pattern of [*1C]7,
reflecting the target expression patterns, was observed in the WT mouse brain sections.
By contrast, low and homogenous signals were seen using brain sections from MAGL
KO mouse. These results demonstrate the high specificity and selectivity of [!C]7
towards MAGL in vitro.

B H\ ? C13F3 Br O H
= -\ 0 cl S A Ll
NG <] N+ cF : N~ o~ “cF, HiCO N
R Wi LR L L ) )
J‘ ] H le) - N s N._ . N_ P
F “—OH o o “ l
i o
PF-06795071 SAR127303 MAGLi 432
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Figure 3: Representative in vitro autoradiograms of [*1C]7 on rat (top) and mouse (bottom) brain
sections. Cx, cortex; St, striatum; Hi, hippocampus; Th, thalamus; Cb, cerebellum; P, pons
(brainstem).

Lipophilicity and in vitro stability

The lipophilicity of [*1C]7 was determined as 2.65 + 0.15 at pH 7.4 using the shake-flask
method (n = 3),22 which falls into the optimal range for brain penetration. The
radiochemical purity of [1!C]7 remained above 95% after 40 min incubation at 37 °C in

mouse, rat, or human serum (Figure 4).
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Figure 4. In vitro stability of [11C]7 after 40 min incubation. *The standard run was the same as
shown in Figure 8A.
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In vivo PET imaging

MAGL KO and WT mice. To investigate the kinetic profile of [*1C]7 in vivo, dynamic PET
scans were carried out in anaesthetized MAGL KO and WT mice. The time activity curves
(TACs) of the whole brain uptake are shown in Figure 5. The radiotracer exhibited a
maximal standardized uptake value (SUVmax) Of ca. 0.4-0.5 in mice brain. Compared to
the increasing brain accumulation of [*'C]2 overtime,® [!C]7 reached its maximal
accumulation in WT mice within 20 min p.i. and slowly washed out afterwards. A strikingly
faster clearance was observed in MAGL KO mice brain, confirming the specific and
selective binding of the radioligand towards MAGL in vivo.

0.6 —— [2q7-WT (n=73)

—— [2C]7-MAGL KO (n = 3)

0.3

SuV

0.0 T |

0 30 60
Mid time frame (min)

Figure 5: The whole brain TACs of [11C]7 in MAGL KO and WT mice.

Mdrla/b-Bcrp KO and WT mice

To investigate the influence from efflux transporters, Mdrla/b-Bcrp KO mice carrying a
disruption of the multi-drug resistance genes and WT mice were enrolled in dynamic PET
scans. The whole brain TACs of [*1C]2 and [*'C]7 in Mdrla/b-Bcrp KO and WT mice are
depicted in Figure 6. Significantly higher brain uptakes were achieved by both
radioligands in Mdrla/b-Bcrp KO mice, confirming that the structures were P-gp
substrates in rodents. Compared to [*'C]2, [*'C]7 exhibited a significantly higher
radioactive accumulation and more appropriate kinetics in Mdrla/b-Bcrp KO mice. To
understand whether these increased radioactive signals was MAGL-specific, one mouse
was pretreated with a potent and selective MAGL inhibitor MAGLi432% before the
administration of radiotracer. As illustrated in Figure 6 (blue color curve), a profoundly
rapid washout of the radioactivity from the Mdrla/b-Bcrp KO mouse brain was induced,
which confirmed the high specificity of [*'C]7 in vivo. Figure 7 showed the axial, sagittal
and coronal brain PET images of [*'C]7 in the Mdrla/b-Bcrp KO and WT mouse. The
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low brain uptake of [*1C]7 in the WT mouse (Figure 7A) is in line with its high ER of 5.8
measured in vitro. In the Mdrla/b-Bcrp KO mouse brain, high levels of radioactive signals
were revealed for [*'C]7 and its distribution in the different brain regions reflected the
MAGL expression pattern in the rodent (Figure 7B). Blocking with 5 mg/kg MAGLi432,
a potent MAGL inhibitor, led to a profound reduction in the level of the radiotracer

accumulated in the Mdrla/b-Bcrp KO mouse brain, as shown in Figure 7C.

27 —— [Iq7-WT (n=2)

—— [2CJ7-MDR1a/b-Berp KO (n = 3)

—— [C2-WT (n=2)

—— [%¢]2-MDR1a/b-Berp KO (n = 3)

—— [XJ7-MDR1a/b-Berp KO Blockade (n = 1)
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Figure 6: The whole brain TACs of [**C]2 and [*'C]7 in Mdrla/b-Bcrp KO and WT mice.
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Figure 7: The axial, sagittal, and coronal PET brain images of [11C]7 in WT mouse (A) and
Mdrla/b-Berp KO mouse under baseline (B), and blocking conditions (C) averaged from 13.5 min
to 52.5 min p.i.
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Radiometabolite analysis

The in vivo metabolic stability of [11C]7 in the mouse brain was further investigated.
Figure 7 showed the radio-UPLC chromatograms from the final formulation and brain
homogenates. At 40 min p.i., the intact radiotracer [*'C]7 was the only detectable
radioactive peak in the brain extract. Therefore, we concluded that the radioactive signals
in the mouse brain were dominantly presented by the intact structure and the
radiometabolites of [*1C]7 showed limited ability to cross the blood-brain barrier.
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Figure 8: Radio-UPLC chromatograms of ['1C]7 in the final formulation (A) and the brain
homogenate after 40 min p.i. of [*1C]7 (B).

Discussion

In a previous work, ['*C]2 was identified from an F. Hoffmann-La Roche Ltd internal
morpholin-3-one library to serve as an entirely novel structure to image MAGL in the
CNS.1° The specificity of [**C]2 was confirmed in vivo using MAGL KO and WT mice. In
the meanwhile, the slow kinetic profile of [*1C]2 was disclosed with increasing
radioactivity accumulated in mouse brains up to 60 min p.i. This is somehow not
surprising as compound 2 was initially designed as a reversible MAGL drug candidate,
for which high metabolic stability and a long target residence time are favored for the
pursuit of therapeutic efficacy in the treatment. Accordingly, the major objective of current
study was to accelerate the brain clearance of [*'C]2 to consequently improve its kinetic
profile as a suitable molecular probe for quantitative PET studies. Eleven compounds
were designed and synthesized based on the lead structure 2. Their ICsovalues indicated
that the lipophilic property of the alkyl chain and the position of trifluoromethyl substituent
in the aromatic ring are the essential elements for the regulation of MAGL inhibition
potency. Although compounds 4-7 displayed high structural similarity and comparable
ICso values toward MAGL, compound 7 containing a CFs-substituent at the position 6 of

the benzene ring showed a remarkably high clearance in metabolic stability assays. In
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addition, compound 7 revealed a faster dissociation rate constant in the MAGL binding
pocket compared to those of the other candidates. It was subsequently labeled with
carbon-11 for further evaluations.

Remarkably, [*1C]7 reached its peak uptake in the WT mouse brains within a
distinctively shorter time period than [*C]2 (17.5 min p.i. for [**C]7 vs. 52.5 min p.i. for
[11C]2).2° This could be attributed to the faster metabolism of [Y'C]7 in periphery in
addition to its increased dissociation from MAGL protein as determined in the SPR assay
(Table 1). However, it is hard to speculate the major contributor based on the current
results because the interactions between tracer and target macromolecules in vivo are
more complex than in in vitro assays running under closed system conditions. Further
PET kinetic studies with mathematical modelling are required to elucidate the key
determinant behind this improved kinetic profile. The in vivo specificity of [*'C]7 in the
mouse brain was confirmed by 63% reduction of the radioactive signals in the MAGL KO
mice compared to the WT mice. To investigate the impact of efflux transporters on mice
brain uptake, PET studies were then conducted with triplet-mutated mice carrying a
disruption of efflux transporters. As expected, higher brain uptakes were accomplished
by [C]2 and [*C]7 in Mdrla/b-Bcrp KO mice brain. Of note, [!C]7 achieved a
significantly higher brain penetration in Mdrla/b-Bcrp KO mice than that of [*'C]2 ([*'C]7:
1.67 SUV at 2 min p.i. vs. [*1C]2: 0.72 SUV at 2 min p.i.). This improvement might be
contributed by the reduced molecular weight, slightly increased lipophilicity and
decreased topological surface area (TPSA) of [*'C]7 (Mw=429.17, logD74= 2.65, TPSA
= 61.88 using ChemDraw 19.0) compared to [*'1C]2 (Mw=447.12, logD7 4= 2.21,*° TPSA
= 71.11 using ChemDraw 19.0). Taken together with the low ER value of 1.9 obtained
from porcine kidney epithelial cells overexpressing human P-gp, [*!C]7 is not expected
as a substrate for efflux transporters in humans, and therefore holds a great potential to
achieve a high brain uptake in further clinical translation. So far, it remains unclear
whether [*C]7 would have a slower brain washout in higher species and whether the
volume of distribution could be stable and measurable within the practicable imaging
time of carbon-11. In this perspective, a fluorine-18-labeled version of compound 7
without structural modification or the methyl-substituted analog compound 10 that has

higher metabolic clearance capacity could offer a solution.

Conclusion

In conclusion, [*'C]7 is a promising reversible MAGL probe that could serve as a potential
clinical candidate with an entirely novel chemical scaffold for imaging MAGL in the brain.
It demonstrated high specificity, selectivity, and reversible target binding towards MAGL

in vivo, as well as the absence of confounding radiometabolites in the mouse brain. In
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the structural optimization process, results of metabolic stability and surface plasmon
resonance provided valuable guidance in the compound selection prior to the
radiolabeling, and ultimately led to the identification of [**C]7 with improved kinetic profile
in vivo. This finding may provide useful hints for the structural optimization of PET probes

that encountered slow pharmacokinetics for neuroimaging.

Experimental Section

General Information.

All chemicals, reagents. and solvents for the synthesis and analysis of compounds were
purchased from commercial sources and used without further purification. The key
intermediate, (4aR,8aS)-Hexahydro-2H-pyrido[4,3-b][1,4]oxazin-3(4H)-one (14), was
prepared from its racemic commercial source (ChemBridge Corporation) and purified by
preparative chiral HPLC (ReprosilChiral NR column) using an isocratic mixture of EtOH
(containing 0.05% of NH4OAc): n-heptane (30:70). The 4-nitrophenyl (4aR,8aS)-3-
oxohexahydro-2H-pyrido[4,3-b][1,4]oxazine-6(5H)-carboxylate  (15) was prepared
according to the previously described method.1° All the reactions were monitored by thin-
layer chromatography (TLC) performed on Merck TLC glass sheets (silica gel 60 F254)
or a Waters Acquity ultra-performance liquid chromatography (UPLC) equipped with a
single quadrupole mass spectrometer (MS). Fast column chromatography was carried
out using silica gel (Sigma-Aldrich, mesh size 230 - 400). Nuclear magnetic resonance
spectra were acquired on Bruker Avance FT-NMR spectrometer 300, 400, or 600 MHz
instruments. Chemical shifts (6) are reported in parts per million (ppm), relative to the
residual solvent peak or tetramethylsilane (TMS). High resolution mass spectra were
recorded by an Agilent liquid chromatography (LC) system consisting of Agilent 1290
high pressure gradient system, a CTC PAL auto sampler and an Agilent 6520 quadrupole
time-of-flight MS. The separation in Agilent LC-system was achieved by Zorbax Eclipse
Plus C18 column at 55 °C (2.1 x 50 mm, 1.8 pum; mobile phase A = 0.02% formic acid in
water, mobile phase B = acetonitrile with 0.01% formic acid at flow 0.8 mL/min; gradient:
0 min 5%B, 0.3 min 5%B, 4.5 min 99%B, 5 min 99%B). The injection volume was 2 L,
and the ionization was performed in Agilent multimode source. The system was run in
“2 GHz extended dynamic range” mode, resulting in a resolution of about 10 000 at m/z
= 922. Mass accuracy was ensured by internal drift correction. Purity of all biologically

tested compounds was determined by LC-MS, and greater than 95%.
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Chemistry

Procedure A. tert-Butyl 3-((2-fluoro-6-(trifluoromethyl)benzyl)oxy)azetidine-1-
carboxylate (3b). To a solution of tert-butyl 3-hydroxyazetidine-1-carboxylate (674 mg,
3.89 mmol) in anhydrous THF (5 mL), potassium tert-butoxide (1.0 M solution in THF,
5.84 mL, 5.84 mmol) and 3a (1.00 g, 3.89 mmol) were added. After stirring at room
temperature for 12 h, the mixture was poured into water (10 mL) and extracted three
times with ethyl acetate (20 mL x 3). The combined organic layers were dried over
anhydrous Na>SO, and filtered. The filtrate was concentrated under reduced pressure,
purified by flash chromatography (SiO2, petroleum ether: ethyl acetate = 10/1 to 2/8) to
obtain the desired product as a colorless oil (1100 mg, 81%). LC-MS (ESI): m/z = 294.0
[M-tBu+H]*.

3-((2-Fluoro-6-(trifluoromethyl)benzyl)oxy)azetidine 2,2,2-trifluoroacetate (3c). To a
solution of 3b (400 mg, 1.15 mmol) in DCM (5 mL) was added TFA (2.00 mL). The
reaction mixture was stirred at room temperature for 12 h. The reaction mixture was
concentrated under reduced pressure and dried to afford crude product (300 mg) as a
yellow oil, which was used in the next step without any further purification. LC-MS (ESI):
m/z = 250.0 [M+H]".

(4aR,8aS)-6-(3-((2-Fluoro-6-(trifluoromethyl)benzyl)oxy)azetidine-1-carbonyl)

hexahydro-2H-pyrido[4,3-b][1,4] oxazin-3(4H)-one (3). To a solution of 15 (106 mg,
0.33 mmol) in MeCN (10 mL) was added DIPEA (107 mg, 0.83 mmol) and 3c (100 mg,
0.28 mmol). The reaction mixture was stirred at 80 °C for 12 h. The solvent was removed
under reduced pressure and the crude residue was purified by reversed-phase HPLC to
yield the desired product as white solid (53 mg, 43%). *H NMR (600 MHz, Chloroform-
d) 8 7.54-7.48 (m, 1H), 7.48-7.43 (m, 1H), 7.31 (t, J = 8.8 Hz, 1H), 6.18 (br d, J = 3.6 Hz,
1H, -NHCO-), 4.62 (s, 2H), 4.37 (it, J = 6.6, 4.4 Hz, 1H), 4.32-4.26 (m, 1H), 4.23-4.15
(m, 2H), 4.12 (dd, J = 8.9, 7.0 Hz, 1H), 3.96 (d, J = 2.8 Hz, 1H), 3.93 (ddd, J = 9.2, 4.4,
0.8 Hz, 1H), 3.89-3.83 (m, 2H), 3.55-3.45 (m, 1H), 3.42-3.34 (m, 1H), 3.13-3.00 (m, 2H),
1.91 (dd, J = 14.4, 2.7 Hz, 1H), 1.85-1.74 (m, 1H). *C NMR (151 MHz, Chloroform-d)
0 168.22, 162.25 (d, J cr = 250.2 Hz), 162.09, 131.41 (d, J ¢ = 34.6 Hz), 130.49 (d,
Jcr=9.2Hz),123.43 (q, J cr = 274.1 HZ), 122.79 (d, J cr = 16.9 Hz), 122.02, 119.56
(d,J c.e = 23.0 Hz), 69.47, 68.38, 67.68, 60.49, 58.44, 58.25, 49.57, 46.20, 39.77, 29.55.
HRMS (ESI) calculated for [M+H]*/C19H22F4N3035": 432.1541 m/z, found: 432.1546 m/z.

Procedure B. tert-Butyl 3-((2-fluoro-3-(trifluoromethyl)phenyl)ethynyl) azetidine-1-
carboxylate (4b). To a solution of 4a (405mg, 1.67 mmol) and tert-butyl

3-ethynylazetidine-1-carboxylate (300 mg, 1.66 mmol) in DMSO (10 mL) were added
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[Pd(PPh3)2Cl;] (117 mg, 0.17 mmol) and cesium carbonate (1.08 g, 3.31 mmol) at 25 °C.
The mixture was stirred at 110 °C for 16 h under Nz protection, poured into brine (30 mL)
and extracted with ethyl acetate (30 mL x 2). The organic layers were washed with water
(20 mL x 2). The organic layers were dried over Na.SOs, filtered and concentrated
in vacuo to give a residue, which was purified by column chromatography (SiOo,
petroleum ether : ethyl acetate = 10:1 to 3:1) to give the desired product as a colorless
oil (139 mg, 22%). *H NMR (400 MHz, Methanol-ds) 6 7.78-7.72 (m, 1H), 7.70-7.63 (m,
1H), 7.38-7.30 (m, 1H), 4.27 (t, J = 8.5 Hz, 2H), 4.03-3.92 (m, 2H), 3.80-3.63 (m, 1H),
1.46 (s, 9H). LC-MS (ESI): m/z = 288.0 [M-tBu +H]*.

tert-Butyl 3-((2-fluoro-3-(trifluoromethyl)phenyl)ethynyl)azetidine-1-carboxylate (4c). To
a mixture of 4b (130 mg, 0.38 mmol) in methanol (5 mL) was added 10% Pd/C (50.0 mg,
0.05 mmol) and the mixture was stirred at 25 °C under H; (15 psi) for 16 h. The mixture
was filtered and the filtrate was concentrated in vacuo to give a residue, which was
purified by column chromatography (SiO;, petroleum ether : ethyl acetate =15:1 to 5:1)
to the desired product as a colorless oil (88 mg, 57%). *H NMR (400 MHz, Chloroform-d)
0 7.49-7.43 (m, 1H), 7.39-7.33 (m, 1H), 7.19-7.13 (m, 1H), 4.00 (t, J = 8.3 Hz, 2H), 3.55
(dd, J = 8.3, 5.5 Hz, 2H), 2.72-2.58 (m, 2H), 2.56-2.39 (m, 1H), 1.91 (q, J = 7.7 Hz, 2H),
1.43 (s, 9H). LC-MS (ESI): m/z = 292.0 [M-tBu+H]".

3-(2-Fluoro-3-(trifluoromethyl)phenethyl)azetidine  2,2,2-trifluoroacetate (4d). To a
solution of 4c (80.0 mg, 0.23 mmol) in DCM (2 mL) was added trifluoroacetic acid
(0.20 mL, 2.60 mmol) and the mixture was stirred at 25 °C for 4 h. The reaction solution
was concentrated under reduced pressure to give a crude product, which was directly
used in the next step without any further purification. LC-MS (ESI): m/z = 248.4 [M+H]".

(4aR,8aS)-6-(3-(2-Fluoro-3-(trifluoromethyl)phenethyl)azetidine-1-carbonyl)hexahydro-

2H-pyrido[4,3-b][1,4] oxazin-3(4H)-one (4). To solution of 4d (40.0 mg, 0.11 mmol) and
DIPEA (0.11 mL, 0.65 mmol) in MeCN (2 mL) was added 15 (36.0 mg, 0.11 mmol). Then
the mixture was stirred at 25 °C for 16 h. The solution was concentrated in vacuo to give
a residue, which was purified by preparative HPLC (column: Phenomenex Luna C18
75 x 30 mm, 3 um, mobile phase: A/B = 0.1% TFA in water/acetonitrile, condition:
25 mL/min, A/B from 58/42 to 28/72) and then lyophilized to give the desired product as
a colorless oil (25 mg, 53%). *H NMR (600 MHz, Chloroform-d) & 7.48-7.45 (m, 1H),
7.39-7.34 (m, 1H), 7.16 (t, J = 7.7 Hz, 1H), 6.30 (br d, J = 3.0 Hz, 1H, -NHCO-), 4.32-4.28
(m, 1H), 4.21-4.17 (m, 1H), 4.09 (t, J = 8.3 Hz, 1H), 4.02 (t, J = 8.3 Hz, 1H), 3.96 (s, 1H),
3.88 (dd, J =13.0, 4.9 Hz, 1H), 3.65 (dd, J = 8.3, 5.9 Hz, 1H), 3.59 (dd, J = 8.2, 5.9 Hz,
1H), 3.49-3.45 (m, 1H), 3.42-3.37 (m, 1H), 3.14-2.99 (m, 2H), 2.66 (t, J = 7.6 Hz, 2H),
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2.60-2.55 (m, 1H), 1.95-1.90 (m, 3H), 1.81-1.75 (m, 1H). C NMR (151 MHz,
Chloroform-d) 5 168.37, 162.29, 157.99 (d, J cr = 254.6 Hz), 134.47 (d, J c.r = 5.4 HZ),
129.85 (d, J cr = 15.4 Hz), 125.16 (q, J c.r = 4.3 Hz), 123.95 (d, J cr = 4.4 Hz), 122.71
(@, J cr = 272.3 Hz), 118.50, 69.48, 67.66, 56.57, 49.58, 46.17, 39.74, 34.72, 29.59,
28.94, 26.31. HRMS (ESI) calculated for [M+H]*/CaoH24F4N3sOs*: 430.1748 m/z, found:
430.1750 m/z.

tert-Butyl 3-((2-fluoro-5-(trifluoromethyl)phenyl)ethynyl)azetidine-1-carboxylate (6b).
The procedure described for the synthesis of 4b was applied to 6a (675 mg, 2.78 mmol),
tert-butyl 3-ethynylazetidine-1-carboxylate (500 mg, 2.76 mmol), [Pd(PPhs).Cl] (195 mg,
0.28 mmol) and cesium carbonate (1.80 g, 5.52 mmol) in 10 mL DMSO to give the
desired product as a colorless oil (214 mg, 20%). *H NMR (400 MHz, Chloroform-d)
0 7.73-7.67 (m, 1H), 7.59-7.52 (m, 1H), 7.18 (t, J = 8.7 Hz, 1H), 4.23 (t, J = 8.5 Hz, 2H),
4.05 (dd, J = 8.2, 6.4 Hz, 2H), 3.66-3.53 (m, 1H), 1.45 (s, 9H). LC-MS (ESI): m/z =
288.1 [M-tBu+H]*.

tert-Butyl 3-(2-fluoro-5-(trifluoromethyl)phenethyl)azetidine-1-carboxylate  (6¢). The
procedure described for the synthesis of 4c was applied to 6b (205 mg, 0.60 mmol) and
10% Pd/C (50.0 mg, 0.05 mmol) in methanol (5 mL) to give the desired product as a grey
solid (128 mg, 56%). 'H NMR (400 MHz, DMSO-ds) 5 7.85-7.73 (m, 1H), 7.69-7.61 (m,
1H), 7.39 (t, J = 9.2 Hz, 1H), 3.88 (s, 2H), 3.47 (s, 2H), 2.64 (t, J = 7.7 Hz, 2H), 2.48-2.37
(m, 1H), 1.83 (q, J = 7.7 Hz, 2H), 1.37 (s, 9H). LC-MS (ESI): m/z = 292.3 [M-tBu+H]*.

3-(2-Fluoro-5-(trifluoromethyl)phenethyl)azetidine 2,2,2-trifluoroacetate (6d). The
procedure described for the synthesis of 4d was applied to 6¢ (120 mg, 0.35 mmol) and
trifluoroacetic acid (0.30 mL, 3.89 mmol) to a crude product, which was directly applied
to next step without any further purification. LC-MS (ESI): m/z = 248.4 [M+H]".

(4aR,8aS)-6-(3-(2-Fluoro-5-(trifluoromethyl)phenethyl)azetidine-1-carbonyl) hexahydro-
2H-pyrido[4,3-b][1,4]oxazin-3(4H)-one (6). The procedure described for the synthesis of
4 was applied to 6d (40.0 mg, 0.11 mmol), DIPEA (0.11 mL, 0.65 mmol), 15 (36.0 mg,
0.11 mmol) in MeCN (2 mL). The crude was purified by preparative HPLC (column:
Phenomenex Synergi C18 150 x 25 mm, 10 pm, mobile phase: A/B = 0.1%TFA in
water/acetonitrile, condition: 25 mL/min, A/B from 59/41 to 29/71) and then lyophilized to
give the desired product as a colorless oil (21 mg, 44%). *H NMR (400MHz, DMSO-ds)
0 8.13 (d, J = 3.9 Hz, 1H, -NHCO-), 7.76 (d, J = 6.7 Hz, 1H), 7.69-7.63 (m, 1H), 7.40 (t,
J = 9.0 Hz, 1H), 4.10-4.00 (m, 2H), 3.99-3.88 (m, 4H), 3.71 (dd, J = 4.5, 12.4 Hz, 1H),
3.60-3.52 (m, 2H), 3.48 (d, J = 13.7 Hz, 1H), 3.23-3.16 (m, 1H), 2.87-2.74 (m, 2H),
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2.68-2.62 (m, 2H), 1.83 (q, J = 7.7 Hz, 2H), 1.78-1.66 (m, 2H). *C NMR (151 MHz,
Chloroform-d) 6 168.55, 162.82 (d, J c.r = 250.5 Hz), 162.26, 129.17 (d, J c.r = 17.5 Hz),
127.85, 126.44, 125.39, 123.77 (q, J c-r = 271.9 Hz), 115.90 (d, Jcr = 23.8 Hz), 69.45,
67.59, 56.57, 49.55, 46.13, 39.72, 34.62, 29.56, 28.93, 26.48. HRMS (ESI) calculated
for [M+H]*/C2H24FsN303": 430.1748 m/z, found: 430.1753 m/z.

tert-Butyl 3-((2-fluoro-6-(trifluoromethyl)phenyl)ethynyl)azetidine-1-carboxylate (7b).
The procedure described for the synthesis of 4b was applied to 7a (270 mg, 1.11 mmaol),
tert-butyl  3-ethynylazetidine-1-carboxylate (200 mg, 1.10 mmol), [Pd(PPhs).Cl;]
(78.0 mg, 0.11 mmol) and cesium carbonate (719 mg, 2.21 mmol) in DMSO (5 mL) to
give the desired product as a colorless oil (127 mg, 32%). *H NMR (400 MHz, DMSO-
ds) 8 7.77-7.57 (m, 3H), 4.22 (t, J = 7.9 Hz, 2H), 3.90-3.68 (m, 3H), 1.39 (s, 9H). LC-MS
(ESI): m/z = 287.9 [M-tBu+H]".

tert-Butyl 3-(2-fluoro-6-(trifluoromethyl)phenethyl)azetidine-1-carboxylate  (7c). The
procedure described for the synthesis of 4c was applied to 7b (110 mg, 0.32 mmol) and
10% Pd/C (50.0 mg, 0.05 mmol) in methanol (5 mL) to give the desired product as a
yellow oil (95 mg, 68%).*H NMR (400 MHz, DMSO-dg) & 7.68-7.41 (m, 3H), 3.91 (s, 2H),
3.48-3.41 (m, 2H, overlapped with water residue), 2.73-2.60 (m, 2H), 2.57-2.52 (m, 1H,
overlapped with solvent peak), 1.90-1.68 (m, 2H), 1.35 (s, 9H). LC-MS (ESI): m/z =
292.0 [M-tBu+H]*.

3-(2-Fluoro-6-(trifluoromethyl)phenethyl)azetidine (7d). The procedure described for the
synthesis of 4d was applied to 7c (80.0 mg, 0.23 mmol) and trifluoroacetic acid (0.20 mL,
2.60 mmol) to give a crude product which was directly applied to next step without any
further purification. LC-MS (ESI): m/z = 248.0 [M+H]*. For precursor for radiolabeling,
p-toluenesulfonic acid was employed as the acid for deprotection. To a solution of 7c
(800 mg, 2.3 mmol) in ethyl acetate (5 ml) was added 4-methylbenzenesulfonic acid
monohydrate (438 mg, 2.3 mmol). The mixture was heated at reflux for 1 hour, cooled
down to room temperature, and kept at 4 °C overnight. The suspension was filtered,
washed with Et;0O, resolved in ethyl acetate, and treated with pentane/ Et,O for
recrystallization. *H NMR (600 MHz, DMSO-dg) d 8.63-8.31 (m, 2 H), 7.57 (ddd, J = 9.6,
8.0, 1.0 Hz, 1 H), 7.59 (dd, J=7.9, 1.0 Hz, 1 H), 7.52 (td, J = 8.1, 5.8 Hz, 1 H), 7.47 (d,
J=8.1Hz, 2 H), 7.11 (dd, J = 8.5, 0.6 Hz, 2 H), 4.06-3.97 (m, 2 H), 3.64-3.57 (m, 2 H),
2.87-2.76 (m, 1 H), 2.69-2.63 (m, 2 H), 2.28 (s, 3 H), 1.88-1.80 (m, 2 H). HRMS (ESI)
calculated for [M+H]*/C12H14FsN™: 248.1057 m/z, found: 248.1062 m/z.
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(4aR,8aS)-6-(3-(2-Fluoro-6-(trifluoromethyl)phenethyl)azetidine-1-carbonyl)hexahydro-

2H-pyrido[4,3-b][1,4]oxazin-3(4H)-one (7). The procedure described for the synthesis of
4 was applied to 7d (30.0 mg, 0.08 mmol), DIPEA (0.08 mL, 0.49 mmaol), 15 (27.0 mg,
0.08 mmol) in MeCN (2 mL). The crude was purified by preparative HPLC (column:
phenomenex Luna C18 150 x 25 mm, 10 um, mobile phase: A/B = 0.225% formic acid
in water/acetonitrile, condition: 25 mL/min, A/B from 62/38 to 32/68) and then lyophilized
to give the desired product as a yellow gum (20 mg, 56%). 'H NMR (600 MHz,
Chloroform-d) & 7.44 (d, J = 7.9 Hz, 1H), 7.30 (td, J = 7.7, 5.8 Hz, 1H), 7.25-7.19 (m,
1H), 6.22 (br s, 1H, -NHCO-), 4.32-4.26 (m, 1H), 4.22-4.17 (m, 1H), 4.11 (t, J = 8.3 Hz,
1H), 4.06 (t, J = 8.3 Hz, 1H), 3.97 (br d, J = 2.6 Hz, 1H), 3.89 (br dd, J = 13.1, 4.6 Hz,
1H), 3.67 (dd, J = 8.2, 5.9 Hz, 1H), 3.62 (dd, J = 8.2, 5.8 Hz, 1H), 3.53-3.45 (m, 1H),
3.43-3.37 (m, 1H), 3.12-3.00 (m, 2H), 2.77-2.68 (m, 2H), 2.67-2.58 (m, 1H), 1.92 (br d,
J=6.3Hz, 1H), 1.99-1.86 (m, 2H), 1.84-1.74 (m, 1H). **C NMR (151 MHz, Chloroform-d)
0 168.29, 162.28, 161.69 (d, J c.r = 246.1 Hz), 130.42 (9, J ¢, = 30.1 Hz), 127.91, 127.73,
123.89 (q, J cr = 273.6 Hz), 121.83, 119.00 (d, J ¢+ = 23.3 Hz), 69.50, 67.67, 56.58,
56.52, 49.61, 46.18, 39.70, 34.88, 29.59, 23.47. HRMS (ESI) calculated for
[M+H]*/C20H24F4N303*: 430.1748 m/z, found: 430.1751 m/z.

tert-Butyl 3-((3-(trifluoromethyl)phenyl)ethynyl)azetidine-1-carboxylate  (8b). To a
mixture of 8a (200 mg, 1.10 mmol) and 3-iodobenzotrifluoride (302 mg, 1.11 mmol) in
MeCN (2 mL) was added copper (1) iodide (22.9 mg, 0.12 mmol), [Pd(PPh3).Cl>] (150 mg,
0.21 mmol) and triethylamine (0.40 mL, 2.87 mmol) at 25 °C. The mixture was stirred at
80 °C for 12 h under N2. The mixture was added brine (30 mL) and extracted with ethyl
acetate (30 mL). The organic layer was dried over Na,SOy, filtered and concentrated in
vacuo. The residue was purified by flash column (SiO,, petroleum ether : ethyl acetate =
20:1 to 5:1) to give the desired product as a colorless oil (77 mg, 18%). 'H NMR
(400 MHz, Methanol-ds) & 7.76-7.64 (m, 3H), 7.61-7.52 (m, 1H), 4.34-4.20 (m, 2H),
4.09-3.95 (m, 2H), 3.81-3.58 (m, 1H), 1.47 (s, 9H). LC-MS (ESI): m/z = 269.9 [M-tBu+H]*.

tert-Butyl 3-(3-(trifluoromethyl)phenethyl)azetidine-1-carboxylate (8c). The procedure
described for the synthesis of 4¢c was applied to 8b (72.0 mg, 0.22 mmol) and 10% Pd/C
(30.0 mg, 0.03 mmol) in methanol (2 mL) to give the desired product as a colorless oil
(55 mg, 70%). *H NMR (400 MHz, Methanol-d4) 3 7.61-7.40 (m, 4H), 4.09-3.82 (m, 2H),
3.67-3.47 (m, 2H), 2.82-2.64 (m, 2H), 2.62-2.48 (m, 1H), 1.95 (q, J = 7.7 Hz, 2H), 1.44
(s, 9H). LC-MS (ESI): m/z = 274.3 [M-tBu+H]".

3-(3-(Trifluoromethyl)phenethyl)azetidine 2,2,2-trifluoroacetate (8d). The procedure
described for the synthesis of 4d was applied to 8c (50.0 mg, 0.15 mmol) and
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trifluoroacetic acid (0.08 mL, 1.08 mmol) in 1 mL DCM to obtain a crude product, which
was directly applied in the next step without any further purification. LC-MS (ESI): m/z =
230.0 [M+H]*.

(4aR,8aS)-6-(3-(3-(Trifluoromethyl)phenethyl)azetidine-1-carbonyl)hexahydro-2H-
pyrido[4,3-b][1,4]oxazin-3(4H)-one (8). The procedure described for the synthesis of 4
was applied to 15 (46.8 mg, 0.15 mmol), 8d (50.0 mg, 0.15 mmol) and DIPEA (0.15 mL,
0.85 mmol) in MeCN (2 mL). The crude was purified by preparative HPLC (column:
Phenomenex Synergi C18 150 x 25 mm, 10 pm, mobile phase: A/B = 0.1%TFA in
water/acetonitrile, condition: 27 mL/min, A/B from 63/37 to 23/67) and then lyophilized to
give the desired product as a colorless oil (28 mg, 47%). *H NMR (400 MHz, DMSO-ds)
0 8.14 (d, J = 4.3 Hz, 1H), 7.59 (s, 1H), 7.57-7.51 (m, 2H), 4.05 (d, J = 3.7 Hz, 2H),
4.02-3.90 (m, 3H), 3.72 (dd, J = 13.0, 5.1 Hz, 1H), 3.61-3.53 (m, 4H, overlapped with
solvent peak), 3.25-3.14 (m, 1H), 2.89-2.73 (m, 2H), 2.70-2.58 (m, 2H), 1.90-1.81 (m,
2H), 1.78-1.68 (m, 2H). HRMS (ESI) calculated for [M+H]*/C2oH25F3N303*: 412.1843 m/z,
found: 412.1850 m/z.

tert-Butyl 3-((2-(trifluoromethyl)phenyl)ethynyl)azetidine-1-carboxylate ~ (13b).  The
procedure described for the synthesis of 8b was applied to 13a (151 mg, 0.56 mmol),
tert-butyl 3-ethynylazetidine-1-carboxylate (100 mg, 0.55 mmol), copper(l) iodide
(11.4 mg, 0.06 mmol), [Pd(PPhz)2Cl>] (75.0 mg, 0.11 mmol) and trimethylamine (0.2 mL,
1.43 mmol) in MeCN (2 mL) to give the desired product as an off-white solid (110 mg,
59% yield). 'H NMR (400 MHz, DMSO-ds) & 7.79-7.68 (m, 3H), 7.61-7.57 (m, 1H),
4.22-4.18 (m, 2H), 3.85-3.82 (m, 2H), 3.74-3.69 (m, 1H), 1.39 (s, 9H). LC-MS (ESI): m/z
= 269.9 [M-tBu+H]".

tert-Butyl 3-(2-(trifluoromethyl)phenethyl)azetidine-1-carboxylate (13c). The procedure
described for the synthesis of 4c was applied to 13b (97.0 mg, 0.30 mmol) and 10%
Pd/C (30.0 mg, 0.03 mmol) in methanol (2 mL) to give the desired product as a colorless
oil (68 mg, 59% vyield). *H NMR (400 MHz, Methanol-ds) & 7.65 (d, J = 7.9 Hz, 1H),
7.60-7.54 (m, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.38 (t, J = 7.7 Hz, 1H), 4.08-3.96 (m, 2H),
3.61-3.48 (m, 2H), 2.87-2.70 (m, 2H), 2.70-2.55 (m, 1H), 2.06-1.82 (m, 2H), 1.45 (s, 9H).
LC-MS (ESI): m/z = 274.4 [M-tBu+H]*.

3-(2-(Trifluoromethyl)phenethyl)azetidine 2,2,2-trifluoroacetate (13d). The procedure

described for the synthesis of 4d was applied to 13c (60.0 mg, 0.18 mmol) and

trifluoroacetic acid (0.10 mL, 1.30 mmol) in 1 mL DCM. A crude product was obtained
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and directly applied in the next step without any further purification. LC-MS (ESI): m/z =
230.0 [M+H]*.

(4aR,8aS)-6-(3-(2-(Trifluoromethyl)phenethyl)azetidine-1-carbonyl)hexahydro-2H-
pyrido[4,3-b][1,4]oxazin-3(4H)-one (13). The procedure described for the synthesis of 4
was applied to 15 (46.8 mg, 0.15 mmol), 13d (50.0 mg, 0.15 mmol) and DIPEA (0.15 mL,
0.85 mmol) in MeCN (2 mL). The crude was purified by preparative HPLC (column:
Phenomenex Synergi C18 150 x 25 mm, 10 pm, mobile phase: A/B = 0.1%TFA in
water/acetonitrile, condition: 27 mL/min, A/B from 64/36 to 24/66) and then lyophilized to
give the desired product as a colorless oil (30 mg, 49% yield). '"H NMR (600 MHz,
Chloroform-d) & 7.62 (d, J = 7.6 Hz, 1H), 7.50-7.44 (m, 1H), 7.30 (d, J = 7.8 Hz, 1H),
7.30-7.28 (m, 1H), 6.21 (br d, J = 3.0 Hz, 1H, -NHCO-), 4.35-4.26 (m, 1H), 4.22-4.16 (m,
1H), 4.10 (t, J = 8.3 Hz, 1H), 3.97 (br d, J = 2.8 Hz, 1H), 3.88 (dd, J = 13.1, 4.9 Hz, 1H),
3.65 (dd, J =8.3, 5.8 Hz, 1H), 3.60 (dd, J = 8.3, 5.8 Hz, 1H), 3.51-3.45 (m, 1H), 3.42-3.36
(m, 1H), 3.02-3.11 (m, 2H), 2.75-2.70 (m, 2H), 2.64-2.58 (m, 1H), 1.95-1.88 (m, 3H),
1.84-1.75 (m, 2H). C NMR (151 MHz, Chloroform-d) 5 168.67, 162.64, 140.46, 132.19,
131.30, 128.74 (9, J c-r = 29.7 Hz), 126.55, 126.41 (q, J cr = 5.7 Hz), 124.94 (9, J cF =
273.8 Hz), 69.84, 67.99, 56.97, 49.95, 46.52, 40.06, 36.80, 30.43, 29.92, 29.58. HRMS
(ESI) calculated for [M+H]*/C2oH2sF3N3Os™: 412.1843 m/z, found: 412.1847 m/z.

Procedure C. Diethyl (2-fluoro-4-(trifluoromethyl)benzyl)phosphonate (5b). To an ice-
cold solution of 5a (530 mg, 2.73 mmol) in triethyl phosphite (1.17 mL, 6.82 mmol) was
added iodine (693 mg, 2.73 mmol). After stirring at room temperature overnight, the
crude was purified by silica gel chromatography on a 80 g column using a medium
pressure liquid chromatography (MPLC) system eluting with a gradient of n-heptane :
ethyl acetate (100 : 0 to 0 : 100) to get the desired compound as a colorless oil (85 mg,
10%). 'H NMR (300 MHz, Chloroform-d) & 7.56-7.47 (m, 1H), 7.42-7.30 (m, 2H),
4.18-3.99 (m, 4H), 3.24 (d, J = 22.0 Hz, 2H), 1.28 (t, J = 7.0 Hz, 6H). LC-MS (ESI): m/z =
315.2 [M+H]".

tert-Butyl 3-(2-fluoro-4-(trifluoromethyl)styryl)azetidine-1-carboxylate (5¢). To an ice-cold
solution of 5b (160 mg, 0.51 mmol) in THF (1 mL), sodium hydride (55% in mineral oil,
22.2 mg, 0.51 mmol) was added. After stirring at 0 °C for 30 minutes, tert-butyl 3-
formylazetidine-1-carboxylate (94.3 mg, 0.51 mmol) in THF (0.5 mL) was added to the
mixture dropwise. The reaction was stirred at room temperature overnight. A mixture of
H.O/ethyl acetate was added to quench the reaction. The organic layer was separated,
washed once with brine, and dried over MgSQO.. After filtration, the solvent was

evaporated. The compound was purified by silica gel chromatography on a 4 g column
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using an MPLC system eluting with a gradient of n-heptane/ethyl acetate (100 : O to
50 : 50) to get the desired compound as a colorless oil (123 mg, 70%). *H NMR
(300 MHz, DMSO-dg) 6 7.95-7.81 (m, 1H), 7.66 (d, J = 10.8 Hz, 1H), 7.56 (d, J = 8.2 Hz,
1H), 6.91-6.75 (m, 1H), 6.69-6.51 (m, 1H), 4.11-4.01 (m, 2H), 3.83-3.73 (m, 2H),
3.56-3.40 (m, 1H), 1.39 (s, 9H). MS (ESI): m/z = 290.1 [M-tBu+H]".

tert-Butyl 3-(2-fluoro-4-(trifluoromethyl)phenethyl)azetidine-1-carboxylate (5d). To a
solution of 5¢ (120 mg, 0.35 mmol) in EtOAc (1 mL) and MeOH (1 mL), 10% Pd/C
(12.0 mg, 0.01 mmol) was added. The mixture was stirred under a hydrogen atmosphere
at room temperature for 30 minutes. The suspension was filtered to get the desired
compound as a colorless oil (111 mg, 92%). *H NMR (300 MHz, DMSO-ds) d 7.65-7.44
(m, 3H), 3.94-3.78 (m, 2H), 3.50-3.41 (m, 2H), 2.74-2.57 (m, 2H), 2.45-2.31 (m, 1H), 1.83
(g, J=7.7 Hz, 2H), 1.36 (s, 9H). MS (ESI): m/z = 292.2 [M-tBu+H]".

3-(2-Fluoro-4-(trifluoromethyl)phenethyl)azetidine 4-methylbenzenesulfonate (5e). To a
solution of 5d (111 mg, 0.32 mmol) in EtOAc (1.20 mL), 4-methylbenzenesulfonic acid
monohydrate (66.0 mg, 0.38 mmol) was added. The mixture was heated at reflux for 1 h.
The clear, colorless solution was allowed to cool down to room temperature. The
suspension was filtered, and washed with a small volume of EtOAc to get a crude product
as a colorless solid, which was used in the next step without any further purification.
MS (ESI): m/z = 248.2 [M-TsOH+H]".

(4aR,8aS)-6-(3-(2-Fluoro-4-(trifluoromethyl)phenethyl)azetidine-1-carbonyl)hexahydro-
2H-pyrido[4,3-b][1,4]oxazin-3(4H)-one (5). The procedure described for the synthesis of
1 was applied to 15 (45.0 mg, 0.14 mmol), DIPEA (73.4 pL, 0.42 mmol) and 5e (58.7 mg,
0.14 mmol) to yield the desired product as a colorless solid (50 mg, 83%). 'H NMR
(600 MHz, Chloroform-d) & 7.48-7.45 (m, 1H), 7.39-7.34 (m, 1H), 7.16 (t, J = 7.7 Hz, 1H),
6.30 (br d, J = 3.0 Hz, 1H, -NHCO-), 4.32-4.28 (m, 1H), 4.21-4.17 (m, 1H), 4.09 (t, J =
8.3 Hz, 1H), 4.02 (t, J = 8.3 Hz, 1H), 3.96 (s, 1H), 3.88 (dd, J = 13.0, 4.9 Hz, 1H), 3.65
(dd, J=8.3,5.9 Hz, 1H), 3.59 (dd, J = 8.2, 5.9 Hz, 1H), 3.49-3.45 (m, 1H), 3.42-3.37 (m,
1H), 3.14-2.99 (m, 2H), 2.66 (t, J = 7.6 Hz, 2H), 2.60-2.55 (m, 1H), 1.95-1.90 (m, 3H),
1.81-1.75 (m, 1H). *C NMR (151 MHz, Chloroform-d) & 168.37, 162.29, 157.99 (d, J c.r =
254.6 Hz), 134.47 (d, Jcr=5.4 Hz), 129.85 (d, J c.r = 15.4 Hz), 125.16 (q, J c.r = 4.4 H2),
123.95 (d, J cr = 4.4 Hz), 122.71 (9, J cr = 272.3 Hz), 118.50, 69.48, 67.66, 56.57,
49.58, 46.17, 39.74, 34.72, 29.59, 28.94, 26.32. HRMS (ESI) calculated for
[M+H]*/C20H24F4N303*: 430.1748 m/z, found: 430.1753 m/z.
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Procedure D. (2-Fluoro-6-methoxybenzyl)triphenylphosphonium (9b). A solution of 9a
(202 mg, 0.93 mmol) and triphenylphosphine (242 mg, 0.92 mmol) in toluene (5 mL) was
heated under reflux to 85 °C whilst vigorously stirring for 16 h. After the reaction mixture
was cooled down to room temperature, the resulting precipitate was collected by vacuum
filtration and washed with toluene and hexane. The residue was resolved in chloroform
and dried in vacuo to obtain the title compound as a white foamy solid (449 mg, 100 %).
'H NMR (400 MHz, Chloroform-d) & 7.83-7.74 (m, 3H), 7.73-7.58 (m, 12H), 7.18-7.07
(m, 1H), 6.87 (d, J = 7.6 Hz, 1H), 6.64 (t, J = 9.0 Hz, 1H), 5.30 (dd, J = 13.9, 2.0 Hz, 2H),
2.06 (s, 3H). 13C NMR (101 MHz, CDCls) & 141.81, 135.48, 134.68 (d, J c.p = 10.9 Hz),
130.54, 130.40, 127.15, 118.56, 117.71, 113.31, 113.09, 24.59 (d, J c» = 48.3 Hz),
20.93. °F NMR (376 MHz, Chloroform-d) & -110.94. 3P NMR (162 MHz, Chloroform-d)
0 21.22. HRMS (ESI) calculated for [M+H]*/CzsH2sFP*: 385.1516 m/z, found:
385.1517 m/z.

tert-Butyl 3-(2-fluoro-6-methoxystyryl)azetidine-1-carboxylate (9¢c).  Compound  9b
(421 mg, 1.05 mmol) was added into a dry reaction vessel that was subsequently
evacuated and refilled with nitrogen three times. After the compound was dissolved in
anhydrous DCM (6 mL), 1 M sodium bis(trimethylsilyl)amide in THF (1.1 mL) was added
at 0°C and stirred for 30 min. tert-Butyl 3-formylazetidine-1-carboxylate (168 mg,
0.91 mmol) was added dropwise to the solution, and then the reaction mixture was stirred
at room temperature for 17 h. The solvent was removed in vacuo, and the residue was
suspended in a mixture of ethyl acetate / saturated NaHCO3 (v/v = 1/1, total volume:
40 mL) and extracted with ethyl acetate (30 mL x 3). The combined organic phases were
washed with saturated NaCl solution (140 mL) and dried over MgSO.. After filtration and
evaporation, the crude was purified by column chromatography (SiO., petroleum ether:
ethyl acetate = 10:1 to 5:1) to obtain the desired product as a clear yellow oil (94 mg,
34 %). *H NMR (400 MHz, Chloroform-d) & 7.24-7.16 and 7.16-7.08 (m, 1H), 6.73-6.70
and 6.70-6.51 (m overlapped, 2H), 6.70-6.51 and 6.26-6.04 (m overlapped, 2H), 4.16
and 4.09 (t, J = 8.5 Hz, 2H), 3.86 and 3.82 (s overlapped, 3H), 3.84 and 3.73 (dd
overlapped, J = 8.6, 5.7 Hz, 2H), 3.42-3.29 and 3.26-3.14 (m, 1H), 1.45 and 1.43 (s, 9H).
F NMR (376 MHz, Chloroform-d) & -113.06 and -114.48. HRMS (ESI) calculated for
[M+Na]*/C17H22FNNaOs*: 330.1476 m/z, found: 330.1476 m/z.

tert-Butyl 3-(2-fluoro-6-methoxyphenethyl)azetidine-1-carboxylate (9d). The procedure
described for the synthesis of 4c was applied to 9¢ (184 mg, 0.60 mmol) and 10% Pd/C
(28.5 mg, 0.03 mmol) in methanol (5 mL) to obtain the desired product as a clear
colorless oil (112 mg, 60 %). *H NMR (400 MHz, Chloroform-d) & 7.15-7.05 (m, 1H),
6.69-6.59 (m, 2H), 3.95 (t, J = 8.3 Hz, 2H), 3.81 (s, 3H), 3.53 (dd, J = 8.5, 5.5 Hz, 2H),
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2.65-2.56 (m, 2H), 2.53-2.37 (m, 1H), 1.81 (g, J = 7.5 Hz, 2H), 1.43 (s, 9H). *F NMR
(376 MHz, Chloroform-d) 6 -117.96. HRMS (ESI) calculated for [M+Na]*/C17H24FNNaOs3*:
332.1632 m/z, found: 332.1631 m/z.

3-(2-Fluoro-6-methoxyphenethyl)azetidine 2,2,2-trifluoroacetate (9e) The procedure
described for the synthesis of 4d was applied to 9d (110 mg, 0.36 mmol) and
trifluoroacetic acid (0.30 mL, 4.27 mmol) to give a crude product, which was directly
applied to the next step. LC-MS (ESI): m/z = 210 [M+H]".

(4aR,8aS)-6-(3-(2-Fluoro-6-methoxyphenethyl)azetidine-1-carbonyl)hexahydro-2H-
pyrido[4,3-b][1,4]oxazin-3(4H)-one (9). The procedure described for the synthesis of 4
was applied to 15 (28.0 mg, 0.09mmoal), 9e (30.0 mg, 0.09 mmol) and DIPEA (0.10 mL,
0.57 mmol) in MeCN (2 mL). The crude was purified by preparative HPLC (column:
Phenomenex Luna C18 150 x 25 mm, 10 um, mobile phase: A/B = 0.1% TFA in
water/acetonitrile, condition: 25 mL/min, A/B from 71/29 to 41/59) and then lyophilized to
give the desired product as a colorless oil (17 mg, 44% vyield). *H NMR (600 MHz,
Chloroform-d) & 7.12 (td, J = 8.3, 6.8 Hz, 1H), 6.71-6.59 (m, 2H), 6.05 (br d, J = 2.5 Hz,
1H, -NHCO-), 4.32-4.28 (m, 1H), 4.21-4.18 (m, 1H), 4.05 (t, J = 8.3 Hz, 1H), 3.99 (t, J =
8.3 Hz, 1H), 3.97 (br d, J = 2.8 Hz, 1H), 3.89-3.85 (m, 1H), 3.82 (s, 3H), 3.63 (dd, J =
8.2, 6.0 Hz, 1H), 3.58 (dd, J = 8.3, 5.9 Hz, 1H), 3.51-3.46 (m, 1H), 3.42-3.37 (m, 1H),
3.11-3.01 (m, 2H), 2.64-2.60 (m, 2H), 2.55-2.51 (m, 1H), 1.93-1.89 (m, 1H), 1.85-1.81
(m, 2H), 1.80-1.76 (m, 1H). **C NMR (151 MHz, Chloroform-d) & 168.28, 162.32, 161.60
(d, Jcr = 242.5 Hz), 158.59, 127.29 (d, Jc.r = 10.7 Hz), 116.92 (d, Jcr = 18.7 Hz), 107.76
(d, Jcr=23.3 Hz), 105.95, 69.53, 67.65, 56.85, 55.81, 49.64, 46.18, 39.68, 33.81, 29.56,
29.07, 19.87. HRMS (ESI) calculated for [M+H]*/CxoH27FN3O,": 392.1980 m/z,
found: 392.1983 m/z.

(2-Fluoro-6-methylbenzyl)triphenylphosphonium (10b). The procedure described for the
synthesis of 9b was applied to 10a (200 mg, 0.98 mmol) and triphenylphosphine
(260 mg, 0.98 mmol) in toluene (5 mL) to obtain the desired product as a foamy white
solid (243 mg, 65 %). *H NMR (400 MHz, Chloroform-d): & 7.87-7.76 (m, 3H), 7.71-7.57
(m, 12H), 7.25-7.18 (m, 1H), 6.57 (t, J = 8.4 Hz, 1H), 6.49 (d, J = 8.4 Hz, 1H), 4.85 (d,
J = 13.6 Hz, 2H), 3.38 (s, 3H). 3C NMR (100 MHz, Chloroform-d) & 135.58, 134.31 (d,
Jcp = 10.7 Hz), 131.51, 131.40, 130.49 (d, J cr = 13.5 Hz), 118.46, 117.61, 108.53,
108.32, 107.00, 56.14, 21.36 (d, J c.p = 51.6 Hz). ®F NMR (376 MHz, Chloroform-d)
0-111.94. 3P NMR (162 MHz, Chloroform-d) & 21.17. HRMS (ESI): Calculated for
[M+H]*/C26H23FOP*: 401.1465 m/z, found: 401.1465 m/z.
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tert-Butyl 3-(2-fluoro-6-methylstyryl)azetidine-1-carboxylate (10c). Compound 10c was
synthesized by following the procedure for compound 9c¢ using 10b (400 mg, 1.04 mmol),
tert-butyl 3-formylazetidine-1-carboxylate (173 mg, 0.94 mmol) and 1M sodium
bis(trimethylsilyl)amide (1.14 mL, 1.14 mmol). The desired product was obtained as a
yellow oil (233 mg, 39 %). *H NMR (400 MHz, Chloroform-d): & 7.17-7.02 (m, 1H),
6.99-6.84 (m, 2H), 6.47-6.30 and 6.24-6.06 (m, 2H), 4.18 and 4.07 (t, J = 8.6 Hz, 2H),
3.84 and 3.72 (dd, J = 8.6, 5.9 Hz, 2H), 3.44-3.30 and 3.21-3.07 (m, 1H), 2.34 and 2.21
(s, 3H), 1.45 and 1.43 (s, 9H). °F NMR (376 MHz, Chloroform-d) & -114.62 and -115.24.
HRMS (ESI): Calculated for [M+Na]*/Ci7H22FNNaO,": 314.1527 m/z, found:
314.1527 m/z.

tert-Butyl 3-(2-fluoro-6-methylphenethyl)azetidine-1-carboxylate (10d). The procedure
described for the synthesis of 4c was applied to 10c (377 mg, 1.30 mmol) and 10% Pd/C
(60.6 mg, 0.06 mmol) in methanol (5 mL) to obtain the title compound as yellow oil
(370 mg, 98 %). *H NMR (400 MHz, Chloroform-d) & 7.11-7.01 (m, 1H), 6.92 (d, J =
7.5 Hz, 1H), 6.90-6.81 (m, 1H), 4.00 (t, J = 8.5 Hz, 2H), 3.54 (dd, J = 8.6, 5.5 Hz, 2H),
2.65-2.56 (m, 2H), 2.57-2.43 (m, 1H), 2.31 (s, 3H), 1.87-1.76 (m, 2H), 1.43 (s, 9H).
13C NMR (101 MHz, Chloroform-d) & 161.71 (d, J c.r = 243.1 Hz), 156.75, 138.63, 127.28
(d, J cr = 10.5 Hz), 127.05, 126.09, 113.06 (d, J cr = 23.8 Hz), 79.55, 54.76, 34.27,
29.00, 28.77, 23.35, 19.39. *F NMR (376 MHz, Chloroform-d) & -118.77. HRMS (ESI)
calculated for [M+Na]*/C17H24FNNaO,*: 316.1683 m/z, found: 316.1682 m/z.

3-(2-Fluoro-6-methylphenethyl)azetidine 2,2,2-trifluoroacetate (10e). The procedure
described for the synthesis of 4d was applied to 10d (100 mg, 0.341 mmol) and
trifluoroacetic acid (0.30 mL, 4.09 mmol) to give a crude product, which was directly
applied in the next step. LC-MS (ESI): m/z = 194 [M+H]*.

(4aR,8aS)-6-(3-(2-Fluoro-6-methylphenethyl)azetidine-1-carbonyl)hexahydro-2H-

pyrido[4,3-b][1,4]oxazin-3(4H)-one (10). The procedure described for the synthesis of 4
was applied to 15 (32 mg, 0.10 mmol), 10e (30.0 mg, 0.10 mmol) and DIPEA (0.10 mL,
0.57 mmol) in MeCN (2 mL). The crude was purified by preparative HPLC (column:
Unisil 3-100 C18 Ultra 150 x 50 mm, 3 um, mobile phase: A/B = 0.225% formic acid in
water/acetonitrile, condition: 25 mL/min, A/B from 65/35 to 45/55) and then lyophilized to
the desired product as a colorless oil (16 mg, 44% yield). 'H NMR (600 MHz,
Chloroform-d) & 7.12-7.01 (m, 1H), 6.93 (d, J = 7.6 Hz, 1H), 6.86 (t, J = 8.9 Hz, 1H), 6.01
(brd, J=0.8 Hz, 1H, -NHCO-), 4.36-4.27 (m, 1H), 4.23-4.14 (m, 1H), 4.08 (t, J = 8.3 Hz,
1H), 4.03 (t, J = 8.2 Hz, 1H), 3.97 (br d, J = 2.6 Hz, 1H), 3.87 (br dd, J = 13.0, 4.5 Hz,
1H), 3.64 (dd, J = 8.2, 5.9 Hz, 1H), 3.58 (dd, J = 8.2, 5.9 Hz, 1H), 3.52-3.45 (m, 1H),
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3.43-3.37 (m, 1H), 3.14-2.90 (m, 2H), 2.68-2.39 (m, 3H), 2.32 (s, 3H), 1.91 (dd, J = 14.4,
2.7 Hz, 1H), 1.85-1.71 (m, 3H).13C NMR (151 MHz, Chloroform-d) & 168.20, 162.14,
161.42 (d, J cr = 267.6 Hz), 138.31, 127.00, 126.65, 125.78, 112.71 (d, Jcr = 23.4 Hz),
69.52, 67.68, 56.76, 49.64, 46.18, 39.69, 33.98, 29.57, 29.18, 22.96, 19.06. HRMS (ESI)
calculated for [M+H]"/C20H27FN3O3s™: 376.2031 m/z, found: 376.2037 m/z.

(2,6-Difluorobenzytriphenylphosphonium (11b). The procedure described for the
synthesis of 9b was applied to 11la (100 mg, 0.49 mmol) and triphenylphosphine
(127 mg, 0.49 mmol) in toluene (5 mL) to obtain the desired product as a white solid
(150 mg, 78 %). 'H NMR (400 MHz, Chloroform-d): & 7.84-7.71 (m, 9H), 7.70-7.60 (m,
6H), 7.25-7.20 (m, 1H), 6.78-6.67 (m, 2H), 5.31 (d, J = 14.0 Hz, 2H). *C NMR (101 MHz,
Chloroform-d) & 135.63, 134.45 (d, J c.r = 10.7 Hz), 131.42, 130.57 (d, J c» = 13.9 H2),
118.15, 117.31, 112.21, 111.98, 21.49 (d, J ce = 51.3 Hz). F NMR (376 MHz,
Chloroform-d) & -108.88. 3P NMR (162 MHz, CDCls) d 22.24. HRMS (ESI): Calculated
for [M+H]*/CasH20F2P*: 389.1265 m/z, found: 389.1270 m/z.

tert-Butyl 3-(2,6-difluorostyryl)azetidine-1-carboxylate (11c). Compound 1lc was
synthesized by following the procedure for compound 9c using 11b (700 mg, 1.80 mmol),
tert-butyl 3-formylazetidine-1-carboxylate (333.2 mg, 1.799 mmol) and 1 M sodium
bis(trimethylsilyl)amide (2.16 mL, 2.16 mmol). The desired product was obtained as a
yellow oil (413 mg, 72 %). *H NMR (400 MHz, Chloroform-d) & 7.25-7.18 and 7.18-7.07
(m, 1H), 6.92-6.82 and 6.89-6.84 (m overlapped, 2H), 6.70 and 6.16 (dd overlapped,
J=16.2, 8.4 Hz, 1H), 6.44 and 6.22 (d overlapped, J = 16.2 Hz, 1H), 4.17 and 4.12 (t,
J = 8.5 Hz, 2H), 3.84 and 3.74 (dd, J = 8.6, 5.9 Hz, 2H), 3.43-3.29 and 3.29-3.15 (m,
1H), 1.45 and 1.43 (s, 9H). °F NMR (376 MHz, Chloroform-d) & -111.79 and -113.56.
HRMS (ESI): Calculated for [M+Na]*/CisHisF2NNaO,*: 318.1276 m/z, found:
318.1276 m/z.

tert-Butyl 3-(2,6-difluorophenethyl)azetidine-1-carboxylate (11d). The procedure
described for the synthesis of 4c was applied to 11c (413 mg, 1.40 mmol) and 10% Pd/C
(65.6 mg, 0.06 mmol) in methanol (5 mL) to obtain the desired product as a colorless oll
(350 mg, 84%). *H NMR (400 MHz, Chloroform-d) & 7.19-7.08 (m, 1H), 6.89-6.78 (m,
2H), 3.98 (t, J = 8.4 Hz, 2H), 3.54 (dd, J = 8.6, 5.5 Hz, 2H), 2.64 (t, J = 7.0 Hz, 2H),
2.54-2.42 (m, 1H), 1.87 (g, J = 7.6 Hz, 2H), 1.43 (s, 9H). *C NMR (100 MHz,
Chloroform-d) 6 161.89 (d, J c.r = 247.5 Hz), 161.79 (d, J cr = 247.4 Hz), 156.71, 127.92
(t, J c.e = 10.7 Hz), 117.12 (t, J c.r = 20.6 Hz), 111.38 (d, J c-r = 28.6 Hz), 79.53, 54.65,
34.24, 28.37, 20.06. F NMR (376 MHz, Chloroform-d) & -116.32. HRMS (ESI):
Calculated for [M+Na]*/Ci6H21F2NNaO,*: 320.1433 m/z, found: 320.1436 m/z.
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3-(2,6-Difluorophenethyl)azetidine 2,2,2-trifluoroacetate (11e). The procedure described
for the synthesis of 4d was applied to 11d (60.0 mg, 0.20 mmol) and trifluoroacetic acid
(0.11 mL, 1.44 mmol) to give a crude product, which was directly applied to the next step.
LC-MS (ESI): m/z = 198.5 [M+H]".

(4aR,8aS)-6-(3-(2,6-Difluorophenethyl)azetidine-1-carbonyl)hexahydro-2H-pyrido[4,3-

b][1,4]oxazin-3(4H)-one (11). The procedure described for the synthesis of 4 was applied
to 15 (43.4 mg, 0.13 mmol), 11le (42.0 mg, 0.13 mmol) and DIPEA (0.14 mL, 0.79 mmol)
in MeCN (2 mL). The crude was purified by preparative HPLC (column: Phenomenex
Synergi C18 150 x 25 mm, 10 um, mobile phase: A/B = 0.1%TFA in water/acetonitrile,
condition: 27 mL/min, A/B from 70/30 to 40/60) and then lyophilized to give the desired
product as a colorless oil (33 mg, 60% yield). *H NMR (400MHz, DMSO-ds) & 8.14 (d,
J = 3.8 Hz, 1H, -NHCO-), 7.37-7.26 (m, 1H), 7.12-7.03 (m, 2H), 4.09-4.00 (m, 2H),
3.99-3.94 (m, 1H), 3.92 (d, J = 8.2 Hz, 2H), 3.70 (dd, J=4.5, 12.6 Hz, 1H), 3.55 (br s,
4H), 3.20 (d, J = 8.3 Hz, 1H), 2.85-2.74 (m, 2H), 2.62-2.58 (m, 2H), 1.83-1.70 (m, 4H).
HRMS (ESI) calculated for [M+H]*/C19H24F2N3035": 380.1780 m/z, found: 380.1785 m/z.

(2-Fluorobenzyl)triphenylphosphonium (12b).The procedure described for the synthesis
of 9b was applied to 12a (2.00 g, 10.6 mmol) and triphenylphosphine (2.79 g, 10.6 mmol)
in toluene (5 mL) to obtain the desired product as white solid (539 mg, 92 %). *H NMR
(400 MHz, Chloroform-d): & 7.88—7.73 (m, 9H), 7.71-7.63 (m, 6H), 7.61-7.53 (m, 1H),
7.27-7.21 (m, 1H), 7.03 (t, J = 7.6 Hz, 1H), 6.88-6.79 (m, 1H), 5.55 (d, J = 14.3 Hz, 2H).
13C NMR (101 MHz, Chloroform-d) & 135.40, 134.61 (d, J c.p = 10.7 Hz), 134.13, 130.89,
130.49 (d, J c.» = 14.0 Hz), 125.33, 118.43, 117.58, 115.60 (d, J c.r = 23.6 Hz), 24.88 (d,
J cp = 49.2 Hz). F NMR (376 MHz, Chloroform-d) & -115.05. 3P NMR (162 MHz,
Chloroform-d) & 22.93. HRMS (ESI): Calculated for [M+H]*/C2sH21FP*: 371.1359 m/z,
found: 371.1361 m/z.

tert-Butyl  3-(2-fluorostyryl)azetidine-1-carboxylate (12c). Compound 12c was
synthesized by following the procedure for compound 9c¢ using 12b (150 mg, 0.40 mmol),
tert-butyl 3-formylazetidine-1-carboxylate (75.0 mg, 0.40 mmol) and 1 M sodium
bis(trimethylsilyl)amide (0.49 mL, 0.49 mmol). The desired product was obtained as a
yellow oil (61 mg, 55 %). *H NMR (400 MHz, Chloroform-d) & 7.48-7.39 and 7.28-7.22
(m overlapped, 1H), 7.22-7.16 and 7.12-7.00 (m overlapped, 3H), 6.58 and 6.49 (d
overlapped, J =16.0 Hz, 1H), 6.44 and 6.03 (dd overlapped, J = 11.3, 9.3 Hz, 1H), 4.17
and 4.13 (t, J = 7.6 Hz, 2H), 3.83 and 3.75 (dd, J = 8.6, 5.9 Hz, 2H), 3.58-3.43 and
3.43-3.31 (m, 1H), 1.45 and 1.44 (s, 9H). **F NMR (376 MHz, Chloroform-d) & -108.87
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and -108.88. HRMS (ESI): Calculated for [M+Na]*/CisH20FNNaO.*: 300.1370 m/z,
found: 300.1375 m/z.

tert-Butyl 3-(2-fluorophenethyl)azetidine-1-carboxylate (12d). The procedure described
for the synthesis of 4¢c was applied to 12c (61.2 mg, 0.22 mmol) and 10% Pd/C (10.4 mg,
0.01 mmol) in methanol (5 mL) to obtain the title compound as a colorless oil (36 mg,
58%). *H NMR (400 MHz, Chloroform-d) & 7.23-7.09 (m, 2H), 7.09-6.95 (m, 2H), 3.98 (t,
J = 8.5 Hz, 2H), 3.54 (dd, J = 8.6, 5.5 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.56-2.42 (m,
1H), 1.95-1.84 (m, 2H), 1.43 (s, 9H). 3C NMR (101 MHz, Chloroform-d) & 161.11 (d,
J c.r = 245.0 Hz), 156.39, 130.55 (d, J cr = 5.7 Hz), 128.18 (d, J c.r = 15.8 Hz), 127.80
(d, Jcr=8.7 Hz), 124.05, 115.28 (d, Jc.r = 22.8 Hz), 79.19, 54.34, 34.81, 28.42, 26.57.
ENMR (376 MHz, Chloroform-d) & -119.07. HRMS (ESI): Calculated for
[M+Na]*/C1sH22FNNaO,*: 302.1527 m/z, found: 302.1530 m/z.

3-(2-Fluorophenethyl)azetidine 2,2,2-trifluoroacetate (12e). The procedure described for
the synthesis of 4d was applied to 12d (62.0 mg, 0.22 mmol) and trifluoroacetic acid
(0.20 mL, 2.67 mmol) to give a crude product, which was directly applied in the next step.
LC-MS (ESI): m/z = 180 [M+H]*.

(4aR,8aS)-6-(3-(2-Fluorophenethyl)azetidine-1-carbonyl)-hexahydro-2H-pyrido[4,3-

b][1,4]oxazin-3(4H)-one (12). Triphosgene (37.4 mg, 0.13 mmol) was filled into a dried
reaction vessel under nitrogen protection and dissolved in anhydrous DCM (1 mL) at
0°C. A mixture of 14 (53.2mg, 0.34 mmol) and DIPEA (88.8 uL, 0.51 mmol) in
anhydrous DCM (2 mL) was added over a time period of 30 min. The stirring was
continued for another 10 min at 0 °C, and a mixture of compound 4d (94.4 mg,
0.34 mmol) and DIPEA (0.15 mL, 0.88 mmol) in anhydrous DCM (2 mL) was added.
Upon completion, the reaction mixture was diluted with saturated NaHCO3 and extracted
three times with DCM. The combined organic phases were dried over MgSQy, filtered
and the evaporated in vacuo. The residue was purified by column chromatography (SiOo,
DCM: methanol =100:1 to 19:1) to give the desired product as a clear colorless oil
(17.3 mg, 14%). 'H NMR (400 MHz, Chloroform-d) & 7.22-7.11 (m, 2H), 7.08-6.97 (m,
2H), 6.52-6.41 (m, 1H, -NHCO-), 4.29 (d, J = 16.9 Hz, 1H), 4.18 (d, J = 16.9 Hz, 1H),
4.05 (dt, J = 21.8, 8.3 Hz, 2H), 3.98-3.94 (m, 1H), 3.92-3.85 (m, 1H), 3.69-3.57 (m, 2H),
3.54-3.45 (m, 1H), 3.44-3.37 (m, 1H), 3.13-2.98 (m, 2H), 2.64-2.57 (m, 3H), 1.94-1.87
(m, 3H), 1.85-1.71 (m, 1H). **C NMR (101 MHz, Chloroform-d) & 168.71, 162.65, 160.23,
130.89 (d, J c.Fr = 6.3 Hz), 128.42 (d, J cr = 15.6 Hz), 128.19 (d, J cr = 8.5 Hz), 124.44,
115.61 (d, J cr=22.9 Hz), 69.81, 67.99, 57.01, 49.86, 46.51, 40.01, 35.21, 29.93, 29.29,
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26.87. F NMR (376 MHz, Chloroform-d) & -119.04. HRMS (ESI): Calculated for
[M+H]*/C19H25FN303™: 362.1874 m/z, found: 362.1875 m/z.

MAGL ICso measurement

The 1Cso values of compounds were measured using MAGL enzyme as previously
described.® The experiments were carried out at least in triplet using mouse or human
MAGL.

Metabolism

Microsomal clearance and hepatocyte clearance of the compounds were measured as

previously reported.?4%

Microsomal clearance

Commercially available pooled liver microsomes (C57BL/6J mice) were purchased from
Corning Incorporated (Woburn, USA). The NADPH generating system consists of 30 mM
glucose-6-phosphate disodium salt hydrate, 10 mM NADP, 30 mM MgCl,-6H,O and
5 mg/mL glucose-6-phospahte dehydrogenase (Roche Diagnostics) in 0.1 M potassium
phosphate buffer (pH = 7.4). The test compound was incubated at 1 yM with microsome
concentrations of 0.5 mg/mL plus the cofactor NADPH in 96-well plates at 37 °C on
TECAN (Tecan Group Ltd, Switzerland) equipped with Te-Shake shakers (Tecan
Freedom EVO, Te-shake, orbital shaker silver) and a warming device (Tecan Group Ltd,
Switzerland) at a shaking speed of 600 rpm and at 37 °C. At 1, 3, 6, 9, 15, 25, 35, and
45 min post-incubation, 40 uL solution was transferred and quenched with 120 uL
acetonitrile containing 2-(8-aminotetralin-5-yl)-1,1,1,3,3,3-hexafluoro-propan-2-ol as an
internal standard. Samples were then cooled and centrifuged before analysis by
LC-MS/MS. Log peak area ratios (test compound/internal standard) are plotted against
incubation time using a linear fit. The calculated slope is used to determine the intrinsic

clearance, and expressed as pL per min per mg protein.

Hepatocyte Clearance

Pooled hepatocytes were purchased from BioreclamationlVT (NY, USA), and the cell
culture medium was William’s media supplemented with glutamine, antibiotics, insulin,
dexamethasone and 10% fetal bovine serum. 96-well plates (Nunc Natural, 267245) are
used for suspension cultures. The compound was tested at 1 uM concentration in
suspension cultures of 1 million cell/mL (approx. 1 mg/mL protein centration). The
96-well plates were incubated in a Thermo Forma incubator (Fischer Scientific, Wohlen,
Switzerland) up to 2 h with 5% CO; atmosphere at 37 °C, and shook at 900 rpm

166



(Variomag Teleshake shaker, Sterico, Wangen, Switzerland) to maintain cell dispersion.
At 3, 6, 10, 20, 40, 60, and 120 min post-incubation, 100 pL cell suspension in each well
was quenched by 200 yL methanol containing 2-(8-aminotetralin-5-yl)-1,1,1,3,3,3-
hexafluoro-propan-2-ol as an internal standard. The samples were then cooled and
centrifuged for LC-MS/MS analysis. Log peak area ratios (test compound/internal
standard) are plotted against incubation time using a linear fit. The calculated slope is

used to determine the intrinsic clearance, and expressed as pL per min per million cells.

SPR measurements

All SPR experiments were performed on the SPR instruments (Biacore 3000 and T200,
GE Healthcare, Uppsala, Sweden) at 18 °C in the running buffer (10 mM HEPES,
150 mM NacCl, 0.05% (v/v) Surfactant P20, pH 7.4, 50 uM EDTA supplemented with 1%
DMSO (v/v) for binding assay if desired). Protein immobilization and binding assay were

performed at flow rate of 5 and 30 pL/min, respectively.

Protein immobilization

N-terminally tagged, full-length mouse His6-TEV-MAGL protein was immobilized on
CM5 SPR sensor (Cat. No. BR-100530, GE Healthcare, Uppsala, Sweden) applying
protected amino coupling surface chemistry. The target protein was first pre-diluted
40 times from stock (2.3 mg/mL) in the running buffer and further diluted in the coupling
buffer (10 mM acetate, pH 5.5) containing 10 uM reference compound to stabilize the
protein while immobilization. The sensor surface was first activated by a mixture of 0.2 M
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 0.5 M N-hydroxysuccinimide for
10 min. Afterwards, the activated surface was contacted with the protein solution at final
protein concentration of 0.06 mg/mL in acetate buffer in presence of the reference
compound at saturating concentration until the desired protein surface density was
achieved (Response: ca. 3000-4000 relative units). No deactivation of sensor surface
was performed. Protein surface was prepared freshly to analyze each slow dissociating

compound.

Binding assay

All samples were solubilized in DMSO to get 10 mM stock solutions. Further, samples
were diluted with running buffer to get dilution series (adapted to the affinity of the
compound) and analyzed in single cycle kinetic mode (5 concentrations with the dilution
factor of 2). Injection of buffer (blank) was performed to collect buffer signal enabling
further data proceeding. The protein binding activity was tested with (2-chlorophenyl)(3-
(4-(pyrimidin-2-yl)piperazin-1-yl)azetidin-1-yl)methanone) as a fast dissociating
compound, prior to the injection of slow dissociating compounds.
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Data proceeding

SPR resonance signals measured on the active channel (protein channel) were
subtracted with signals collected on the reference channel (only activated sensor
surface, no protein) and further subtracted with buffer (blank) signal. Kinetic and binding
parameters were extracted from the experimental binding curves by fitting them into
mathematical binding model for one-to-one interaction applying Biacore T200 Evaluation
software (version 3.2.1).

Activity-based protein profiling assay (ABPP) of compound 7.

Sample preparation: Male mouse brain (27 weeks old) was homogenized with glass
beads (2 x 1 min, bullet blender, speed 8) using cold lysis buffer (20 mM HEPES pH 7.2,
1mM MgCl;, 2U/mL Benzonase). Membrane and cytosol were separated by
centrifugation. Membrane fraction was resuspended in HEPES/DTT buffer. The protein
concentration was determined with Bradford Assay and the samples were diluted to a
final concentration of 2.0 mg/mL. Afterwards, the samples were snap frozen in liquid
nitrogen and stored at -80 °C until further use.

Gel-based ABPP: Samples of cytosol and membrane fraction were thawed on ice.
Samples were divided over tubes and incubated with either vehicle (2.5% DMSO),
JZL-184 (10 pM, final concentration), piperazinyl pyrrolidin-2-one 3e from Aida et al.'®
(10 uM, final concentration) or one of the concentrations of compound 7 (1 nM, 3 nM,
10 nM, 30 nM, 100 nM, 300 nM, 1 uM, 3 uM, 10 puM final concentration) for 30 min at
22 °C. Samples were then incubated with the probe cocktail (MB064 100 nM final and
FP-Bodipy 100 nM final)!® for 10 min at 22 °C. The reaction was quenched with 4x
Laemmli buffer for 30 min at 22 °C. Samples were resolved by SDS-PAGE (10% AA gel,
15 slots, 0.75 mm, 75 min, 180V) along with a protein marker. In-gel fluorescence was
measured in the Cy3-(MB064, 120s), Cy2-(FP-Bodipy, 80s) and Cy5 (Marker, 10s)
channel. Gels were stained with Coomassie for 10 min after scanning and distained

overnight in DEMI water for protein loading control.

Determination of the free fraction in plasma

Binding to mouse and human plasma proteins was determined by equilibrium dialysis as
previously described.?® The compound was incubated with mouse or human plasma with
an equilibration time of 5 hours. The total concentrations of test compound in plasma
(Cp) and in buffer (Cpuiier) Were then determined by LC-MS, and unbound fractions in

plasma (fr) were calculated based on the formular:
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fP — Cbiéffer
14

Drug recovery (Rec%) after equilibrium dialysis time was calculated as:

Rec% = 100.%

( PJi=0hr

Only measurements with a recovery of 80-120% were considered valid.

Radiosynthesis

Compound 14 (0.672 mg, 4.3 ymol), BEMP (5 puL, 17.3 pmol), 0.2% POCI; (v/v,
2.15 ymol in 100 uL MeCN) and 7d prepared as tosylate salt (4.7 pmol in 100 uyL MeCN)
was employed to obtain [*'C]7 using the radiolabeling method described previously.®
Semi-preparative HPLC with a gradient method was applied for purification (ACE5 C18-
300 column, 250 x 10 mm, 5 yum; mobile phase A: water containing 0.1% H3PO., mobile
phase B: CH3;CN; flow rate of 4 mL/min; 0.0-6.0 min, 30-50% B; 6.0—8.0 min, 50-55%
B; 8.0-12.0 min, 55-60% B; 12.0-18.0 min, 60-95% B; 18.0-20.0 min, 95% B at a
wavelength of 254 nm). The identification of the radioactive product was performed in an
Agilent 1100 series HPLC system, equipped with UV detector and a GabiStar
radiodetector (Raytest) using an ACE XDB-C18 Zobrax column (75 mm x 4.6 mm,
3.5 um; mobile phase A: water containing 0.1% HsPO4, mobile phase B: CHs;CN; flow
rate of 1 mL/min; 0.0-3.0 min, 30-50% B; 3.0-4.0 min, 50-55% B; 4.0—-6.0 min, 55-60%
B; 6.0-7.0 min, 60-70% B with a wavelength of 254/230 nm). The retention time of 7 and
[*1C]7 were 4.99 and 5.02 min, respectively. This difference in retention time was in
agreement with the time lag between the UV and radioactivity detectors in our HPLC

system. [*'C]2 was synthesized according to the literature.?

Lipophilicity and in vitro stability

The lipophilicity and in vitro stability of [*1C]7 were measured as previously described.®

In vitro autoradiography

The in vitro autoradiography of [!C]7 was carried out using an analogous procedure in
the literature.'® An aqueous buffer comprising 30 mM HEPES, 1.2 mM MgCl,, 110 mM
NaCl, 5 mM KClI, 2.5 mM CaCl;, and 1% fatty acid free bovine serum albumin (pH ~7.4)
was employed as incubation buffer. The brain sections were incubated with ['C]7
(18 nM, 65.6 GBg/umol) in a humidified chamber for 30 min. Blocking experiments on

Wistar brain sections were carried out in the presence of 10 uM SAR127303 or 10 uM
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PF-06795071. Upon the completion of incubation, the slices were washed in the above-
mentioned incubation buffer (pH 7.4, 0 °C, 1 x 2 min), washing buffer comprising 30 mM
HEPES, 1.2 mM MgClz, 110 mM NaCl, 5 mM KClI, 2.5 mM CacCl, (pH 7.4, 0 °C, 2 x 2 min),
followed by 2 quick dips in distilled water (0 °C, 2 x 5 s). After drying, the slices were
attached to a phosphor image plate (Fuji, Dielsdorf, Switzerland) and the exposure lasted
for 60 min. The film was scanned by BAS5000 reader (Fuji), and the autoradiogram was
analyzed by AIDA 4.50.010 software (Raytest GmbH, Straubenhardt, Germany).

In vivo PET imaging

All animals were taken care in accordance with Swiss Animal Welfare legislation. The
experiments were complied with ARRIVE guidelines and authorized by the Veterinary
Office of the Canton Zurich (ZH28/2018). PET imaging was carried out in mouse under
anesthesia with a Super Argus PET/CT tomograph (Sedecal, Madrid, Spain). The
radiotracer (6.33-14.42 nmol/kg) was administrated via tail-vein injection, and dynamic
PET data was acquired 1 min later. A 60 min scan protocol was applied in all animal
studies. For blocking studies, MAGLi432 were injected into the mice 5 min prior to tracer
injection (5 mg/kg, formulated in DMSO/Tween80/saline = 1/1/8, viv/v). The resulting
data were reconstructed in user-defined time frames with a voxel size of 0.3875 x 0.3875
x 0.775 mm?, and the data analysis were carried out using PMOD 4.002 software (PMOD
Technologies Ltd., Zurich, Switzerland) as previously described.® The radioactive
accumulations in mice brain were expressed as standardized uptake values (SUVS),
which is the decay-corrected regional radioactivity normalized to the injected radioactivity
and body weight.

Radiometabolite analysis

[*C]7 was concentrated and administered intravenously via tail vein (~190 MBq with a
radiochemical purity greater than 97%), and the animal was scarified by decapitation at
40 min post-injection. The brain sample were collected and analyzed as previously
described.’® Briefly, the brain homogenate was obtained in 1 mL PBS buffer after
dissection. After centrifugation at 4 °C for 5 min, the supernatant was taken and 1 mL
ice-cold MeCN was added for protein precipitation. The mixture was centrifuged, and the
resulting supernatant was passed through a 0.22 pM Nalgene PES syringe filter.
Afterwards, 10 uL sample was injected to a Waters Acquity ultra-performance liquid
chromatography (UPLC) equipped with BEH C18 column (Acquity Waters, 130 A,
1.7 ym, 2.1 mm x 50 mm) and FlowStar LB 513 Radioactivity Flow Detector. A gradient
method using 10 mM NH;HCOs3 in Milli-Q water as mobile phase A and MeCN as mobile

170



phase B was employed at the flow of 0.6 mL/min for analysis (0.0-2.0 min, 5-30% B;
2.0-3.5min, 30-50% B; 3.5-4.0 min, 50-90% B; 4.0-6.0 min, 90% B).
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Introduction

Monoclonal antibodies (mAbs) with their exquisite specificity and affinity are increasingly
being investigated as positron emission tomography (PET) imaging agents.}® The
application of mAbs is particularly interesting for targets where imaging approaches with
small molecules have proven difficult or methodologically intractable, incl. targets in the
central nervous system (CNS).* Recently, published preclinical data suggest that
antibody-based PET imaging of CNS targets is feasible.> MAbs are characterized by
prolonged circulation in the body due to their molecular size (compared to small
molecules) and the neonatal Fc receptor, which protects IgGs from degradation.® This
long biological half-life of mAbs in combination with the short physical half-life of
preferred and typically used PET radionuclides for clinical imaging implies some
challenges, both with regard to signal-to-noise ratios (due to radioactivity background in
the blood pool) and to radiation exposure of healthy tissue. Pretargeted imaging, based
on in vivo labeling of a target-bound large molecule with a small molecule PET tracer,
provides a way to address this hurdle.” Compared to conventional PET imaging
approaches in which a large molecule is directly labeled with a radionuclide, a
pretargeting approach offers a solution by uncoupling of the pharmacokinetic half-life of
the biological molecule of interest from the physical half-life of the radionuclide. The
pretargeting approach allows an antibody to be directed to a target before injecting a
small radiolabeled effector to recognize and specifically bind to it, for instance via an in
vivo click reaction.® Well-known types of click chemistry include the [3+2] cycloaddition,
such as the 1,3-dipolar azide-alkyne Huisgen cycloaddition,® the [4+1] cycloaddition
between isonitriles and tetrazines,° or the inverse electron-demand Diels-Alder (IEDDA)
reaction of strained alkenes with tetrazines.!! The advantage of IEDDA reactions is not
only due to the high reaction rate, but also to the fact that the in vivo click mechanism is
bioorthogonal in nature, meaning that both the reactants and the product do not interact
with a biological system. Tetrazine (Tz) ligation with trans-cyclooctene (TCO) exhibits
probably the highest reported rate constants and is therefore amenable to in vivo imaging
applications.!?

While pretargeted mAb-based imaging of peripheral targets has been often
reported,’*1° imaging of targets within the CNS is largely unexplored. Targets in the CNS
represent a special challenge for pretargeted imaging since both click reaction partners
must be able to cross the blood-brain barrier (BBB). In this case, it is daunting to use
functionalized mAbs as a partner of the click chemistry and target binder, as a full-length
antibody (MW: 150,000 Da) can usually only penetrate the BBB to a limited extent due
to its size and hydrophilic properties. This issue can be elegantly addressed by the use

of an engineered antibody containing a Brain Shuttle module, also known as 8D3,¢ that
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has a high affinity for the transferrin receptor (TfR), which enables the active transport of
molecules across the BBB via receptor-mediated transcytosis.!”*® The Brain Shuttle
version of an amyloid-beta (AB) antibody (referred to in this study as AB-mAb), which
capitalizes on the monovalent binding mode to the TfR, increases AP target binding in
brain tissue in a mouse model of Alzheimer’s disease (AD) by 55-fold compared to the
parent AB-mAb without 8D3-fusion.? Initial promising results in a mouse model of AR
deposition were presented for an anti-amyloid AR antibody conjugated to 8D3 and
directly radiolabeled with *2*| for PET imaging.® Functionalization of such engineered AB-
specific antibodies with a TCO-tag could therefore introduce an ideal partner for click
reaction and a bioorthogonal pretargeting imaging approach. As second partner in the
click reaction, Tz-derivatives must be identified, which are able to carry a radionuclide,
such as !C, 18F, or °H, pass the BBB for a pretargeted AB-mAb ligation, and are stable
enough under physiological conditions. It is reported, that a high reactivity rate of a
tetrazine towards TCO correlates with lower stability in the serum.?* However, the use of
the Tz as a second reactant allows for a stratetic optimization of the molecule, especially
regarding brain uptake, as the LogD-values, which are a critical parameter for both brain
permeability and non-specific tissue binding, of Tzs are in general in an acceptable range
compared to the highly lipophilic TCO-derivatives.

The focus of this study aimed at the identification and optimization of the most
important properties of Tzs to make them suitable tracers for pretargeted imaging of CNS
targets. Covalent imaging probes such as Tzs share some common properties with
classical reversible small molecule PET tracers, for example fast and high brain uptake
or low non-specific binding. The identified radiolabeled Tzs are expected to be used, for
example, as versatile tools for pretargeted PET imaging for CNS targets using in vivo
IEDDA chemistry.

Results & Discussion

In order to identify tetrazine derivatives, which are suitable for a bioorthogonal click
reaction on CNS targets, three sub-classes (Figure 1) were investigated: A) 3-methyl-6-
aryl-tetrazine (Me-Tz); B) 3-H-6-aryl-tetrazine (H-Tz); and C) 3,6-bis(2-pyridyl)-tetrazine
(Py-Tz). Furthermore, it was deemed necessary that the selected tetrazine derivatives
allow the incorporation of a PET radionuclide such as *C and ®F. In addition, the
feasibility of labeling with a B-emitter such as tritium was explored to complement the

biological evaluation.
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Figure 1: Three sub-classes of tetrazines used in this study: Me-Tz, H-Tz, Py-Tz. Structure of
axial-substituted TCO (a-TCO) and equatorial TCO (e-TCO).
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As reaction partner for the bioorthogonal IEDDA click reaction to the tetrazines,
trans-cyclooctene (TCO) constructs previously described in the literature were selected.
It is well known that cis-cyclooctene (CCO) is 5-6 orders of magnitude less reactive
towards electron-deficient tetrazines than TCO.?2 Furthermore, it was reported that the
axial diastereomer of 5-hydroxy-TCO (a-TCO) is more reactive than the equatorial
diastereomer (e-TCO).2® Structures of a-TCO and e-TCO are shown in Figure 1. Based
on these findings, an axial 5-hydroxy-trans-cyclooctene substructure was chosen for

antibody functionalization.

Preparation of non-radioactive Tetrazine Derivatives

Eleven tetrazines (Figure 2) were synthesized and investigated. The design was based
on modulating of the electronic properties of the Tz core and on varying the steric bulk
in its proximity, both factors known to impact the reactivity towards TCOs. In addition,
different side-chains with potential for a straightforward radiolabeling strategy were
explored. The selection includes literature two reported (1, 5)?* and nine new tetrazines
(2-4, 6-11).

Figure 2: Structures of tetrazines investigated in this study.
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The synthesis of tetrazine derivatives followed three general routes, depending
on the substitution pattern of the tetrazine core: A) methylated tetrazines (Me-Tzs); B)
mono-substituted tetrazines (H-Tzs); C) bis-pyridyl tetrazines (Py-Tzs). A classical route
to 1,2,4,5-tetrazines is the addition of hydrazine to aromatic nitriles, followed by oxidation
of the 1,2-dihydrotetrazine intermediate.?®> However, this approach is not applicable to
the preparation of tetrazines from alkyl nitriles. For these reasons, a general and robust
metal-catalyzed method, described by Devaraj and co-workers,?® was used to prepare
asymmetric 1,2,4,5-tetrazines with a single substituent or a methyl moiety.

Tetrazine key-intermediates 12-17, belonging to the Me-Tz and H-Tz series, were
all synthesized in a similar manner as shown in Figure 3: A, B. Using 50 mol% nickel
triflate (Ni(OTf),) or zinc triflate (Zn(OTf),), the Me-Tz and H-Tz key-intermediates were
synthesized via 1,2-dihydrotetrazine-intermediates that were subsequently oxidized with
sodium nitrite/hydrogen chloride. Either Ni(OTf), or Zn(OTf), was tested for catalytic
effectiveness in each case. In terms of the synthesis to Me-Tzs, the yields were slightly
higher when the nickel catalyst was used, with the exception of the phenol-Tz 12: The
yield of 38% for 12 using the zinc catalyst was superior to a yield of 8% using the nickel
catalyst. With respect to the synthesis of H-Tzs, the yields were uniformly significantly
lower. The phenol-Tz 16 was isolated in 17% yield using the zinc catalyst, while only
traces of the product was found when the corresponding nickel catalyst was tried. In
contrast, the results for the synthesis of carboxylic acid-Tz 17 were different. In this case
no product was obtained relying on the zinc catalyst, but use of the nickel catalyst
resulted in a 14% yield. Py-Tz-based key-intermediates were formed with an excess of
aqueous hydrazine, without the use of metal catalyst, followed by oxidation with sodium
nitrite and hydrogen chloride to yield 12% of 18 and 20% of 19, respectively (Figure 3:C).

The final tetrazines 1-11 were synthesized starting from key-intermediates 12-19
that contain a unigue reactive group for side chain modification and functionalization with
potential for radio isotope incorporation. Hydroxyaryl precursors 12, 16, 18 were
O-alkylated under Williamson etherification conditions. Using iodomethane as methyl
source, 1 was alkylated in 80% yield. The isolated yield of 10% for the synthesis of 5
under identical conditions was significantly lower. This result can be explained by the
instability of the monosubstituted tetrazine precursor under basic conditions (vide infra).
A tosylated fluoroethoxyethyl-derivative was used in the alkylation to obtain 8, which
resulted in 24% yield. O-Methylation to 9 from the Py-Tz series with methyl nosylate (22)
was achieved in 81% yield. Starting from 14, the primary alcohol was activated by the
use of carbonyldiimidazole in a first step and the desired carbamate-Tz 3 was prepared
by quenching the intermediate with the corresponding amine in 74% yield. The remaining
tetrazines were synthesized using standard amide coupling procedure. The resulting

yields for Me-Tz series ranged from 57-74% and from the H-Tz series 6 was isolated in
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32% yield and 7 in 19%, respectively. Finally, in the Py-Tz series, 10 and 11 were isolated
in comparable yields of 31% and 37%.

Figure 3: General procedure for key-intermediates 12-19.2

A
i N=N
—=N - N:—O—R > — ,)—O—R
N-N

12:. R=-OHA 14: R = —CHZOH B
13: R=-COOH B 15: R = -CH,NH-Boc B

Y=o
o

T

*
I
z’gz
I T
N

-4
|!|
z
]
z5 =z
T 0
=z z
F

17: R = -COOH B

= vl s L O Hr

18: R = -OH
19: R = -NH,

a A: Synthesis of Me-Tzs. i: 1) 50 mol% catalyst (*: Zn(OTf)2; B: Ni(OTf)2), hydrazine monohydrate,

16 h, 80 °C. 2) 3.5 M NaNOz2, 1 M HCI. B: Synthesis of H-Tzs. ii: 1) 50 mol% catalyst (*: Zn(OTf)z;

B: Ni(OTf)2), hydrazine monohydrate, DMF, 16 h, 50 °C. 2) 7 M NaNOz, 1 M HCI. C: Synthesis of

Py-Tzs. iii: 1) hydrazine hydrate, 90 °C, 12 h. 2) 6 M NaNOz, conc. HCI.
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Preparation of trans-Cyclooctene Derivatives

N-Hydroxysuccinimidyl activated trans-cyclooct-4-ene derivative 20 (TCO-NHS) was
prepared according to a reported procedure by Rossin and co-workers?’ starting from
pseudo-axial substituted (E)-cyclooct-4-enol (TCO-OH). TCO-NHS 20 was used as
reagent for antibody modification at lysine residues to functionalize the protein with a
TCO group. Commercially available substituted pseudo-equatorial TCO-OH 21 was
used for reaction kinetic studies.
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0
M ﬁLop mo”
o o}
20 21

179



Considerations on the Physicochemical Properties of Tetrazine

Derivatives

From a pharmacological point of view, a viable PET tracer must be highly specific
towards its intended target and exhibit low non-specific binding for reducing background
signal. In principle, the requirements for tetrazines for use in pretargeted PET imaging
based on bioorthogonal click reactions are equal to those of a PET tracer that binds
directly to a CNS target. The target in this study represents a TCO-modified antibody
that is pre-targeted to the CNS protein AB. A suitable tetrazine derivative must therefore
be able to penetrate the brain in high concentration, have low non-specific binding (NSB),
and be highly reactive towards the TCO group. In contrast to a classical small-molecule
CNS-PET tracer, which binds with high affinity to its target, the tetrazine for the
bioorthogonal click reaction must engage with the TCO in an efficient and fast reaction
with very high reaction rate. At the same time, the tetrazine must show sufficient stability
to maintain reactivity towards a TCO group for a sufficiently long time. This balance
between stability and reaction kinetics must be carefully designed since, in general, high
reaction rate results in low stability.

A slight modification of a previously described multiparameter optimization in
silico descriptor for PET tracers targeting the central nervous system (CNS-PET-MPO)
was used to guide the design of the compounds. The prediction is based on six
calculated physicochemical properties: miLogD (machine learning based prediction of
partition coefficient at pH = 7.4), AlogP (atom-based partition coefficient), MW (molecular
weight), TPSA (topological polar surface area), HBD (number of hydrogen bond donors),
and pKa (predicted ionization constant of the most basic center). This model estimates
properties such as good brain permeability and moderate non-specific binding in the
target tissue. The CNS-MPO desirability score for each compound can range from 0.0
to 6.0, with higher CNS-MPO scores (= 4.0) predicting a higher probability of success for
the molecule to become a PET tracer for CNS use. Based on the calculated score using
the CNS-PET-MPO assessment (Table 1), all selected tetrazines 1-11 meet the
requirements of a potential CNS PET tracer. The physicochemical property of the
ionization constant of the most basic center has limited applicability to tetrazines.
Although four nitrogen atoms are present in 1,2,4,5-tetrazines, the basicity from the
tetrazine ring is remarkably low, which can be attributed to the aromaticity criterion.
Protonation disrupts the symmetry of the heterocycle and consequently reduces
aromaticity, which ultimately destabilizes the protonated form.?2° For this reason, in
Table 1, a pka value can be calculated only from Tzs 9-11, which resulted from the

basicity of the pyrindine residues.
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Table 1: Calculated physicochemical properties of Tzs and CNS-PET-MPO scores.?

CNS
Tz# Structure mlogD | alogP | MW | TPSA | HBD | pKa | MPO
Score
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& mlogD: prediction of the distribution coefficient (logD) at physiological pH = 7.4 based on an
internal machine-learning model; alogP: atom-based partition coefficient; MW: molecular weight;
TPSA: topological polar surface area; HBD: number of hydrogen bond donors; pKa: predicted
ionization constant of the basic center. *: Tzs 1-8 do not have a basic pKa value.
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pH-Dependent Aqueous Stability Assay

With the aim of narrowing down the number of tetrazines used for further studies, the
synthesized compounds 1-11 were first tested for their chemical stability at different pH.
The chemical stability of the Tzs was determined after incubation in buffers at pH 1.0,
4.0, 6.5, 8.0, and 10.0 for 2 hours at 37 °C. According to analytical-HPLC, the area under
the curve of the 2 h-samples was compared to the sample at time zero and the percent
recovery calculated. A systematic survey of stability assay results (Table 2) led to the
following conclusions: Me-Tzs are the most stable ones at all pH values tested, with the
exception of 2, which was stable only in the pH range 4.0 to 6.5. H-Tzs 6 and 7 rapidly
decompose under basic conditions (pH = 10.0), their stability already being problematic
at pH = 8.0, whereas acidic conditions are well tolerated. Py-Tzs quickly decompose
under strongly basic conditions (pH = 10.0), and under strongly acidic conditions (pH =
1.0). Tzs 5, 6, and 7 were excluded from the study due to their instability at pH 8; it can
be assumed that the compounds are not sufficiently stable under physiological conditions

and are therefore unsuitable for a PET tracer.
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Table 2: Results from the pH-dependent aqueous stability assay in percent recovery after 2 hours.
g* means quantitative recovery.

pH
Tz # Structure
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Results of the passive permeability, microsomal stability, and P-gp

transport assays for in vivo ADME predictions

In order to rank compounds based on predicted ADME properties suitable for a PET
tracer and select the most promising candidates for in vivo pharmacokinetic
assessments, Tzs 1-4 and 8-11 were profiled in three key assays: stability in rodent (Rat)
and human (Hu) liver microsomes to predict potential hepatic oxidative clearance (CL)
in vivo, PAMPA to assess passive permeability across cell membranes at the BBB, and
P-Glycoprotein (P-gp) transport in human (Hu) and rodent (Mo) cell lines to anticipate
and minimize potential issues with brain uptake originating from active efflux at the BBB.

The recently described apical efflux ratio (AP-ER) was determined in the P-gp transport

A-B

assays and the passive transcellular permeability Pg,,

(+I) was included in the

evaluation.®® Respective results are depicted in Table 3.

Most compounds displayed very low clearance in human microsomes outside the
assay sensitive range, as indicated by CL values of 10 pL/min/mg. One notable
exception is methyl-phenol ether 1, exhibiting high clearance indicative of fast oxidative
metabolism, most likely at the methoxy position. By contrast, medium to high clearance
was observed in general on rat microsomes. While such a species difference is not
surprising, these results indicate that longer tracer plasma pharmacokinetics might be
observed when moving into imaging studies in higher species, possibly negatively
affecting the PET image quality.

Passive cell membrane permeability was assessed in the PAMPA assay.! All
tetrazines displayed good (Perr 2 2 x 10 cm®?) to excellent permeability, predictive for
rapid and efficient BBB crossing. The high passive permeability was further corroborated

by results from the P-Glycoprotein transport assay, where high values for the apical to

A—-B

basolateral permeability in presence of a P-gp inhibitor (Pg,,

(+1) >> 100 nm/s) were

recorded. Small Tzs with no hydrogen-bond donor functionality (1, 8) were not substrates
for P-gp, as demonstrated by AP-ER values of ca. 1, and are thus expected to have
excellent permeability at the BBB in vivo. By contrast, larger Tzs possessing an amide
(2, 4, 10, 11) or carbamate (3) as hydrogen bond donor started to suffer from some weak
active efflux, in particular in the rodent model. While the absolute AP-ERs are only weak,
no efflux at all is generally preferred for a PET tracer, as the injected dose is always
small and limited by radiation burden consideration. Thus already weak to moderate
efflux at the BBB can jeopardize the usefulness of a novel tracer candidate, and the issue
cannot be resolved by adapting the dosage. Tzs 2 and 3 suffered from weak active efflux
only at mouse P-gp, but not in human. While this might complicate preclinical tracer
characterization and validation in rodents, these two compounds might still be valid tracer

candidates for use in humans.
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Table 3: Summary of results of the PAMPA, microsomal stability, and P-gp transport assays.

PAMPA MicroCL P-gp AP-ER
Tz # Structure [cm/s * 10] | [uL/min/mg] (PLP(+D) [nmis])
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Bimolecular Reaction Kinetics

Selected tetrazines 1-4 and 8-11 were tested for their bimolecular reaction kinetic rates
kui under pseudo-first order conditions against the commercially available TCO-OH 21.
The pseudo equatorial conformation of 21 differs from the pseudo axial conformation of
20. Therefore, lower reaction kinetics are to be expected in the following experiments
than with the TCO-modified antibody. The importance of these measurements is to
compare reaction rates of Tzs with the same TCO derivative, to rank them and draw a

conclusion about the reactivity behavior of each novel Tz.
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The bimolecular reaction rates ky; of the selected Tzs (dienes) and 21 (dienophile)
were determined by stopped-flux kinetic measurements in fluorescence (Tzs 1-4, 8) or
absorption (Tz 9-11) mode in principle as described by Yang et al.®> and Blackman
et al.®® All reactions were performed at 20 °C in PBS and 10% (v/v) DMSO as solvent to
achieve good solubility of the compounds in four concentration ratios (Tzs: 10 uM; TCO:
100, 150, 200, 300 uM). To determine the reaction rates, five technical replicates were
measured and averaged for all reactant combinations and concentrations. The
bimolecular reaction rates kyi (kon for the association reaction) were determined under
pseudo-first order conditions, keeping the concentration of the tetrazine reactants
constant and titrating with 21. The changes in fluorescence and absorbance signals over
time were fitted with a single exponential equation in all cases, and the observed reaction
rates were linearly dependent on concentration, demonstrating the absence of additional
rate-limiting reaction steps. The observed concentration-dependent rate constants Kobs
were fitted to a linear equation in a secondary plot to determine ki from the slope. The
intersection with the abscissa in the secondary plot corresponds to the rate constant of
dissociation in the back reaction (ko#), which in this case is experimentally
indistinguishable from zero. However, this is to be expected because nitrogen is released
during the ensuring cycloreversion and the reverse reaction is thus entropically
unfavorable.

The results of the bimolecular reaction kinetic measurements are summarized in
Table 4. From the Me-Tz series, the reaction rates with 21 ranged from ky = 166 M1s?®
to 388 Ms1. Tz 8, as the only remaining tetrazine derivative from the H-Tz series, had
a significantly higher reaction rate of 7,638 Ms™. The fastest reaction rate was observed
with Py-Tz 10 with kpi = 10,894 M1s,
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Table 4: Bimolecular association rate constants kui for the reaction of TCO 21 with selected
tetrazines in M-s'l. Values are given as averages + standard error of the fit to data of n = 5

experiments.
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Preparation of Radiolabeled Tetrazine Derivatives

Tetrazines 1 and 9 were examined for their qualification for radiochemical labeling with
tritium. In preclinical experiments, tritium, which belongs to the group of long-lived
radionuclide is regularly used as a source of ionizing radiation due to its half-life of
12.6 years. The long half-life allows tritium-labeled compounds to be available for
experiments over a longer period of time. For several decades, [*H]methyl nosylate
([’H]22, [®H]methyl-4-nitrobenzenesulfonate) has been used in tritium-based chemistry
as a radiochemically stable reagent for methylation of amines, alcohols, or phenols.3*3®

[*H]Methyl nosylate has the advantage that, in contrast to the corresponding methylation
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reagent [*H]methyl iodide, it is non-volatile and therefore less harmful from a radiation
protection point of view. The methylation on tetrazine phenols (Figure 4-A) was run
under basic conditions in aprotic solvents such as THF. A solid-phase supported work-
up was carried out by using strong ion exchange (SCX-2/SAX) cartridges.*® This method
allows a fast, safe, and efficient work-up for tritium labeled compounds with high recovery
rates.

Products of tritium-methylations of tetrazine phenols were difficult to isolate and
the synthesis proceeded significantly worse than with non-tetrazine-functionalized
phenols. This is reflected in the poor radiochemical yield as well as in the formation of
numerous by-products. A reason for this might be the basic reaction conditions, since
cesium carbonate was used as a base to deprotonate the hydrogen of the phenol-group.
In the pH-dependent stability assay, Py-Tzs showed a high level of instability at pH > 8.
[*H]9 was isolated in a radiochemical yield of 2% with a 97% radiochemical purity. The
best yield in this study was achieved with [*H]1. In 3 independent [*H]-methylation
experiments, a 10% + 1% radiochemical yield with a radiochemical purity of > 97% were

achieved after HPLC purification in each case.

Figure 4: General procedure for radiolabeling of tetrazine derivatives.2
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a A: Tritium methylation on phenol residues. i: cesium carbonate, tetrahydrofuran, 16 h, 22 °C.
B: Fluorine-18 labeling. ii: Elixys Flex/Chem, potassium bicarbonate, Krypofix, [*8F]2: 110 °C,
9 min; [*8F]3 and [*8F]8: microwave radiation, 30 s, 50 W.

The tetrazines 2, 3, and 8 were selected for testing the feasibility of labeling with the PET
nuclide fluorine-18. 8F-Tzs were synthesized using a custom-built *¥F-synthesis module
at the Johns Hopkins University PET Center, which has been previously described.?”
Starting with methyl benzenesulfonate precursors, several ®F-labeling experiments
were carried out as described in Figure 4-B. Due to the high radiolytic decomposition,

[*8F]3 could only be isolated in an insufficient radiochemical purity of of 34% at most.
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[*®F]2 and [*®F]8, on the other hand, were isolated in a radiochemical purity of 86% and
95%, respectively.

Single-Dose Pharmacokinetic and brain/CSF uptake Studies in Rats

Based on the findings from the P-glycoprotein efflux transport assay and the pH-
dependent stabilities, 4 tetrazines (1, 2, 3, 11) were selected for the intravenous single-
dose pharmacokinetic studies in Wistar rats to assess plasma PK and brain and CSF
uptake in vivo. Since Tzs 10 and 11 showed similar behavior in the stability as well as in
the in vitro PAMPA, MicroCL, and P-gp assays, an in vivo study with 10 was omitted,
which represents a contribution to the 3R principles. The respective results are
summarized in Table 5, including basic PK parameters such as systemic clearance (CL),
apparent distribution volume (Vss), and apparent terminal half-life (T1), and furthermore
CNS penetration expressed as the compound concentration ratio at 1 h post
administration in CSF vs plasma, and in brain vs plasma.

Among the four tested compounds, Tz 1 displayed the highest CL in rat and the
highest distribution volume, properties certainly desirable for a PET tracer to reduce
unspecific background signal, distribute quickly and improve imaging resolution. All
compounds showed a very short apparent elimination half-life from plasma </= 0.6 h.
CNS penetration of unbound compound, and thus of the molecular species able to
interact with its target in the brain, was assumed to be represented here by the
concentration ratio in CSF vs plasma and was calculated to be 1 for Tz 2, slightly lower
than 1 for Tzs 1 and 3 but still acceptable, while markedly poor for Tz 11, likely indicating
a strong P-gp efflux in rodent (and possibly in human, see Table 3) for this last tetrazine.
As a consequence, Tz 11 was excluded from further studies. In terms of brain vs plasma
ratio, Tz 3 was the poorest. Due to this finding and the challenging fluorine-18 labeling,

Tz 3 was withdrawn from the study.
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Table 5: Summary of single-dose PK study results.2

Tested CSF- Brain-
Tz # Structure IV dose Syst. CL Vss | Tiz | plasma | plasma
imgka] [mL/minkg]l | [L/kg] | [n] | conc. conc.
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a CL: systemic clearance; Vss: apparent distribution volume; T12: apparent terminal half-life; CFS:
cerebrospinal fluid.

Biodistribution Study of 8F-labeled Tzs

To investigate potential brain penetration, a biodistribution study was performed in male
C57BL6 mice (n = 3 per group) using successful labeled *¥F-labeled Tzs 2 and 8. Each
animal received a 7.4 MBq (200 uCi) single intravenous bolus injection of high specific
activity [*®F]2 or [*®F]8 (in approximately 0.2 mL saline) via the tail vein. Three mice were
sacrificed by cervical dislocation at each of the following post-injection time points: 2, 5,
10, 15, 30, 60, and 120 minutes. The aim of this study was to determine the ratio of the
injected dose in the blood and in the brain. Other organs such as kidney, liver, and spleen
were also taken into account. Average time-activity curves for blood and brain, which
were dosimetrically evaluated are given in Figure 5. [*®F]2 showed an uptake in the brain
of up to 6% of the injected dose per gram of tissue, which is an acceptable result for a
tracer for CNS targets. In the case of [*8F]8, there was a rapid accumulation of radiotracer
activity in the kidneys (data not shown). Marginal uptake of radiotracer was observed in
the brain, which consequently renders [*8F]8 unsuitable for bioorthogonal click chemistry
for CNS targets. This is particularly surprising as [*®F]8 showed promising results for

passive permeability and P-gp transport.
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Figure 5: Mean biodistribution curves plotted for decay-corrected percentage injected dose per
gram (%ID/g) of blood and brain mass versus time in minutes as mean = SD, n = 3. A: [18F]2;
B: [*8F]8.
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Click-Chemistry

In order to demonstrate the reactivity of tetrazines towards a TCO-modified antibody,
[*H]1 was selected as a model example. For this purpose, the amyloid-beta specific,
bispecific monoclonal antibody AB-mAb was functionalized with TCO to give AB-mAb-
TCO. The functionalization took place via NHS-activated TCO 20 on lysine residues of
the mAb in analogy to previously reported NHS conjugation chemistry.* AB-mAb-TCO
consists of 3 different types of chains: 1) two identical light chains with a molecular weight
of 25 kDa; 2) one heavy chain of 55 kDa; 3) one heavy chain with a C-terminal fusion of
a single-chain Fab fragment against the transferrin receptor (8D3, brain shuttle module)
of total 110 kDa.

To determine the degree of labeling, the TCO-modified antibody was
deglycosylated and the intact protein was analyzed by means of LC-MS. The MS data
revealed an average of 2.5 TCO-moieties per antibody molecule (data not shown).

[*H]1 was incubated with the AB-mAb-TCO in a molar ratio of 1:1 in PBS pH 7.4
for 1 h at 22 °C. After purification by dialysis against PBS pH 7, the tritiated mAb was
obtained with a radiochemical purity of > 95%.

SDS-PAGE was used to separate the chains according to their molecular size.
Figure 6-A shows a Coomassie Blue staining of AB-mAb (lane 1), AB-mAb-TCO (lane
2), and AB-mAb-TCO clicked with [®*H]1 from two independent labeling experiments
(lanes 3, 4). Furthermore, an autoradiographic gel image obtained after a 5-day exposure
is shown in Figure 6-B. Visual inspection of the bands at MW 110 kDa, 55 kDa, and
25 kDa reveals radiolabeling of all chains, which clearly shows that the selected tetrazine

reacts with a TCO-functionalized antibody.
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Figure 6: Gel electrophoresis separation of antibody constructs. A: Coomassie stained gel
showing protein fragments of lane 1: AB-mADb; lane 2: AB-mAb-TCO; lanes 3, 4: AB-mAb-TCO
after click reaction with [3H]1. B: autoradiographic image of gel A shows tritium-labeled antibody
fragments.
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Conclusions

Eleven tetrazines were explored and classified with respect to their properties as
potential CNS radiotracers and click partners for bioorthogonal PET imaging in
combination with a TCO-modified brain-penetrating antibody based on multiple in vitro
and in vivo experiments. These experiments included pH-dependent stability
assessment, in vitro membrane permeability, P-gp efflux, and microsomal clearance.
The biodistribution as well as the CFS/plasma ratios of selected tetrazines were
determined in in vivo experiments. Out of the eleven tetrazines, Tzs 1 and 2 can be
proposed as most promising candidates, which showed the best properties in terms of
brain penetration and a decent balance between stability and reaction rate with a TCO
moiety. In the next step, the selected tetrazines will be evaluated for their suitability as
bioorthogonal click partners for PET imaging of misfolded proteins in the CNS on brain

tissues and in vivo. The results obtained will be published separately.

Experimental Section

All chemical starting materials are commercially available and have been used without
further purification. TCO-OH 21 was purchased from Fluorochem Ltd (Derbyshire, UK,
#544896). Tritium labeled [*H]methyl nosylate ([*H]22, molar activity: 3.3 TBg/mmol =
88 Ci/mmol) was obtained from RC Tritec (Teufen, Switzerland) as solution in toluene.
Liquid scintillation counting was accomplished using a HIDEX 300 SL and ULTIMATE
GOLD™ cocktail (PerkinElmer Inc., Waltham, MA, USA). Analytical HPLC was
performed using an Agilent 1200 series HPLC system (Santa Clara, CA, USA) using a
Waters XBridge C18 column (4.6 mm x 150 mm, 3.5 pym). HPLC conditions: mobile
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phase [A]: (H.0+0.05% TFA), [B]: (acetonitrile/H.O+0.05% TFA), gradient 10% [B] to
70% [B] over 12 min. Radiochemical purity for tritium-labeled compounds was measured
using the S Radioactivity HPLC detector RAMONA* with internal solid scintillator (Elysia-
raytest, Straubenhardt, Germany). Preparative purification for tritium labeled tetrazine
was performed by the use of Gilson PLC 2050 (Middleton, WI, USA), equipped with a
Waters XBridge C18 column (10 mm x 300 mm, 5 um) under the following conditions:
Solvent [A] was water + 5% acetonitrile + 0.05% trifluoroacetic acid (v/v/v) and solvent
[B] was acetonitrile + 0.05% trifluoroacetic acid (v/v). The column was Iinitially
equilibrated at 10% [B] using a flow rate of 6 mL/min, with the absorbance monitored at
214 nm. Starting with isocratic conditions of 10% [B] for 4 minutes, a linear gradient to
70% [B] followed over 15 minutes. For purification of non-radiolabeled compounds, an
Isco Combiflash® Rf+. (Lincoln, NE, USA) in combination with Disposable RediSep™
silica gel columns (4 g) was used for flash column chromatography under the following
conditions: Solvent [A] was heptane and solvent [B] was methyl t-butyl ether. The column
was initially equilibrated at 20% [B] using a flow rate of 18 mL/min, with the absorbance
monitored at 214 nm. The elution gradient consisted of isocratic conditions at 20% [B]
for 4 minutes, followed by linear gradients to 100% [B] in 14 minutes, and finally isocratic
conditions at 100% [B] over 5 minutes. Proton nuclear magnetic resonance (*H NMR)
spectra were recorded on a Bruker Avance Il (300 MHz) instrument. *H chemical shifts
(&) are reported in parts per million (ppm) and referenced using residual solvent
resonance relative to tetramethylsilane. Signal multiplicity is described using the
following abbreviations: s (singlet), d (doublet), t (triplet), g (quartet) m (multiplet), dd
(doublet of doublets), ddd (doublet of doublets of doublets), dt (doublet of triplets), br s
(broad singlet), br d (broad doublet), and br dd (broad doublet of doublets). Coupling
constants (J) are in hertz (Hz). LC-MS spectra were recorded with an Agilent LC-system
high pressure gradient system, a CTC PAL auto sampler and an Agilent 6520 QTOF.
The separation was achieved on a Zorbax Eclipse Plus C18 1.7 um 2.1 mm x 50 mm
column at 55 °C; [A] = 0.01% formic acid in Water; [B] = 0.01% formic acid in acetonitrile
at flow 1 mL/min. Gradient: 0 min 5% [B], 0.3 min 5% [B], 4.5 min 99 % [B], 5 min 99%
[B]. The injection volume was 2 uL. lonization was performed in Agilent's Multimode
source. Tritium labeled products were identified by HPLC comparison with characterized
compounds from Roche pharma Research and Early Development (pRED).

For 8F-radiochemistry, the semi-preparative high performance liquid chromatography
system consisted of an Agilent 1260 Prep pump with a VICI injector, a Knauer 200 UV
detector (254 nm), and a Bioscan Hot Cell interface with a diode radioactivity detector.
The analytical chromatography system included an Agilent 1260 Infinity System
equipped with a quaternary pump, HiP ALS autosampler, and DAD UV detector with a

Max-Light flow cell set to 254 nm as well as a Bioscan Flow-Count interface with a Nal
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radioactivity detector. Radioisotope production was performed by proton irradiation of
[*8O]water (98%, Huayi Isotopes (Shanghai, China), approx. 1.7 mL) loaded into the
niobium-body, high-yield ®F-fluoride target of a General Electric Medical Systems
(GEMS; Waukesha, WI) PETtrace cyclotron.

Synthesis of Tetrazine Derivatives

General procedure for 3-methyl-6-aryl-tetrazine (Me-Tz)-based intermediates

1) 50 mol % catalyst
hydrazine

o N=N
—=N - N:—@—R whsc — ,>—©—R
N-N

2) 3.5 M NaNO,
1.0 M HCl

\

To a 25 mL sealable tube, equipped with a stir bar, 3.8 mmol of 4-cyanoaryl-derivative,
1.9 mmol catalyst (Ni(OTf), or Zn(OTf);), 188 mmol hydrazine monohydrate, and
38 mmol acetonitrile (2 mL) was added to give a purple colored solution. The tube was
sealed and the reaction solution was stirred for 16 h at 80 °C. The reaction solution was
cooled to 22 °C and transferred into 250 mL three-neck round bottom flask. 3.5 M sodium
nitrite solution (25 mL) was added with ice bath cooling, followed by dropwise addition of
1 M hydrogen chloride (75 mL) until no gas evolution was observed and a pH of 3-4 was
reached. The mixture was extracted 3x with ethyl acetate, the organic phase was
separated, dried over sodium sulfate, and concentrated in vacuo. The crude residue was
purified using silica-based flash chromatography to yield 38 — 98% of the desired
product.

4-(6-Methyl-1,2,4,5-tetrazine-3-yl)phenol (12)
N-N
— Y NH-on
N=N
Starting from 4-hydroxybenzonitrile and Zn(OTf)., the title compound was isolated as an
orange solid. Yield: 38%, purity: 98%. *H NMR (300 MHz, CDCls) & 8.52 (d, J = 9.08 Hz,

2H), 7.03 (d, J = 9.08 Hz, 2H), 5.21 (s, 1H), 3.07 (s, 3H). LC-MS (ESI) m/z: 189.4
(IM+H]").
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4-(6-Methyl-1,2,4,5-tetrazin-3-yl)benzoic acid (13)
N-N o)
L0
N=N OH
Starting from 4-cyanobenzoic acid and Ni(OTf),, the title compound was isolated as a

pink solid. Yield: 93%, purity: 80%. *H NMR (300 MHz, CDCls) & 8.59 (d, J = 8.48 Hz,
2H), 8.20 (d, J = 8.48 Hz, 2H), 3.03 (s, 3H). LC-MS (ESI) m/z: 215.3 ([M-H]).

[4-(6-Methyl-1,2,4,5-tetrazine-3-yl)phenyljmethanol (14)
N-N
{30
N=N OH
Starting from 4-(hydroxymethyl)benzonitrile and Ni(OTf)2, the title compound was
isolated as a purple solid. Yield: 50%, purity: 95%. *H NMR (300 MHz, DMSO-ds) d 8.44

(d, J = 8.48 Hz, 2H), 7.60 (d, J = 8.48 Hz, 2H), 5.41 (t, J = 5.75 Hz, 1H), 4.64 (d, J =
5.75 Hz, 2H), 2.99 (s, 3H). LC-MS (ESI) m/z: 203.4 ([M+H]").

tert-Butyl N-[[4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyllmethyl]carbamate (15)
N—N

3Oy
N=N H—(o

Starting from tert-butyl-4-cyanobenzylcarbamate and Ni(OTf),, the title compound was
isolated as a pink solid. Yield: 47%, purity: 95%. *H NMR (300 MHz, CDCls) d 8.56 (d,
J =8.36 Hz, 2H), 7.56-7.51 (br, 1H), 7.50 (d, J = 8.36 Hz, 2H), 4.44 (br d, J = 5.74 Hz,
2H), 3.10 (s, 3H), 1.48 (s, 9 H). LC-MS (ESI) m/z: 302.2 ([M+H]").

Synthesis of 3-methyl-6-aryl-tetrazines (Me-Tzs)
3-(4-Methoxyphenyl)-6-methyl-1,2,4,5-tetrazine (1)

N-N
_</ \>—©—0
N=N \

21.5 mg (114 pmol) of 12 was dissolved in acetone (1.14 mL) to give a pink solution.

Cesium carbonate (74.4 mg, 228 umol) and iodomethane (16.2 mg, 7.13 pL, 114 umol),
dissolved in 0.1 mL acetone, were added to the solution. The solution was stirred at
22 °C. After 30 minutes, the reaction solution was poured in 10 mL 4 M ammonia
hydrogen chloride and extracted 2 times with 15 mL ethyl acetate. The combined organic
layers were dried over sodium sulfate, filtered, and concentrated to dryness. The crude
material was purified by flash chromatography (silica gel, 4 g column, 25% EtOAc in
Heptane in 16 minutes) to yield 18.6 mg (80%) of the title compound 1 as a pink solid.
'H NMR (300 MHz, CDCls) 6 8.55 (d, J = 9.08 Hz, 2H), 7.09 (d, J = 9.08 Hz, 2H), 3.92
(s, 3H). 3.06 (s, 3H). LC-MS (ESI) m/z: 203.4 ([M+H]").
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N-[2-(2-Fluoroethoxy)ethyl]-4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzamide (2)
o

N/\/o\/\F
N H
NI’ >

N

In a 10 mL two-necked flask, 2-(2-fluoroethoxy)ethanamine (40 mg, 373 pmol) was
dissolved in 4 mL N,N-dimethylformamide. 13 (50 mg, 231 umol) and Hiinigs base
(259 mg, 350 pL, 2.00 mmol) were added to the reaction mixture followed by
1-propanephosphonic acid cyclic anhydride (367 mg, 1.15 mmol). The reaction solution
was stirred at 22 °C. After 16 h, the solution was poured into 10 mL water and extracted
with ethyl acetate (2 x 25 mL). The organic layers were combined, dried over sodium
sulfate, filtered and concentrated in vacuo. The crude material was purified by flash
chromatography to get 40 mg (yield: 57%) of the title compound as a pink solid with a
purity of 98%.

H NMR (300 MHz, DMSO-ds) & 8.80 (t, J = 5.45 Hz, 1H), 8.55 (d, J = 8.68 Hz, 2H), 8.11
(d, J = 8.68 Hz, 2H), 4.62-4.46 (m, 2H), 3.74-3.62 (m, 4H), 3.48 (q, J = 5.85 Hz, 2H),
3.02 (s, 3H). LC-MS (ESI) m/z: 306.4 ([M+H]").

[4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyllmethyl N-[2-(2-fluoroethoxy)ethyl]carbamate
(3)
o

oy

AT

14 (50 mg, 247 pmol) was dissolved in 2 mL tetrahydrofuran to give a pink solution.
Carbonyldiimidazole (48.1 mg, 297 umol) was added at 22 °C and the reaction solution
was stirred for 3 h. A solution of 2-(2-fluoroethoxy)ethanamine hydrochloride (35.5 mg,
247 umol) in 1 mL tetrahydrofuran and Hinigs base (63.9 mg, 86.4 uL, 495 umol) were
added to allow the solution to stir at 22 °C for 16 h. The solution was concentrated and
purified by flash chromatography to give 61 mg (yield: 74%) of the desired product as a
pink solid with a purity of 98%.

'H NMR (300 MHz, DMSO-dg) 6 8.47 (d, J = 8.28 Hz, 2H), 7.62 (d, J = 8.28 Hz, 2H), 7.44
(brt,J=5.25, 1H), 5.16 (s, 2H), 4.60-4.46 (m, 2H), 3.69-3.59 (m, 2H), 3.47 (t, J = 5.85 Hz,
2H), 3.19 (m, 2H), 3.00 (s, 3H). LC-MS (ESI) m/z: 336.4 ([M+H]").

3-(2-Fluoroethoxy)-N-[[4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyllmethyl]propanamide (4)
[o]

N\'/©/\ HJ\/\“\’F
N

15 (120 mg, 398 pmol) was dissolved in 1.5 mL dichloromethane to give a pink solution.

Trifluoroacetic acid (454 mg, 307 pl, 3.98 mmol) was added and the solution was stirred

at 22 °C for 30 min. In presence of toluene, the solution was concentrated in vacuo and

the residue dissolved in 6 mL N,N-dimethylformamide. 3-(2-fluoroethoxy)propionic acid
196



(81.3 mg, 478 umol), N,N,N’,N'-tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoro-
borate (192 mg, 597 umol) and Hiinigs base (257 mg, 348 uL,1.99 mmol) were added
and the reaction solution was stirred at 22 °C for 3 h. The reaction mixture was diluted
with water and extracted with dichloromethane. The organic layers were combined, dried
over sodium sulfate, concentrated in vacuo, and the crude product was purified by flash
chromatography to give 76 mg (yield: 60%) of the desired product as a pink solid in a
purity of 98%.

'H NMR (300 MHz, CDCls) 6 8.55 (d, J = 8.48 Hz, 2H), 7.51 (d, J = 8.48 Hz, 2H), 6.67
(br s, 1H), 4.64-4.45 (m, 4H), 3.82-3.69 (m, 4H), 3.10 (s, 3H), 2.58 (t, J = 5.65 Hz, 2H).
LC-MS (ESI) m/z: 320.4 ([M+H]Y).

General procedure for 3-H-6-aryl-tetrazine (H-Tz)-based intermediates

1) 50 mol % catalyst
hydrazine

0 NH 16 h, 50 °C N=N
)L « 4 N:—O—R > 4 ,)—O—R
OH NH 2) 7.0 M NaNoO, N-N

2

1.0 M HCI

In a 25 mL sealable tube, equipped with a stir bar, 4.2 mmol of 4-cyano aryl derivative,
42.0 mmol formamidine acetate, 2.1 mmol catalyst (Ni(OTf), or Zn(OTf),)), 210 mmol
hydrazine monohydrate were dissolved in 2.5 mL N,N-dimethylformamide to give a
yellow colored solution. The tube was sealed and the reaction solution was stirred for
16 h at 50 °C. The reaction solution was cooled to 22 °C and transferred into 250 mL
three-neck round-bottom flask. 7 M sodium nitrite solution (12 mL) was added with ice
bath cooling, followed by dropwise addition of 1 M hydrogen chloride (75 mL) until no
gas evolution was observed and a pH of 3-4 was reached. The mixture was extracted 3x
with ethyl acetate, the organic phases were separated, dried over sodium sulfate, and
concentrated in vacuo. The crude residue was purified using flash chromatography to
yield 14 — 17% of the desired product.

4-(1,2,4,5-Tetrazin-3-yl)phenol (16)

N-N

Aalay

N=N
Starting from 500 mg 4-hydroxybenzonitrile (4.2 mmol) and Zn(OTf),, 122 mg of the title
compound was isolated by basic alumina-based flash chromatography (2% to 10%
methanol in dichloromethane) as a pink solid. Yield: 17%, purity: 98%. *H NMR (300
MHz, DMSO-de) 6 10.45 (s, 1H), 8.37 (d, J = 7.87 Hz, 2H), 7.03 (d, J = 7.87 Hz, 2H).
LC-MS (ESI) m/z: 173.1 ([M-H]).
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4-(1,2,4,5-Tetrazin-3-yl)benzoic acid (17)

N—N o]

I

N=N OH
Starting from 4-cyanobenzoic acid and Ni(OTf),, the title compound was isolated by
silica-based flash chromatography (2% to 10% ethyl acetate in dichloromethane) as a
pink solid. Yield: 14%, purity: 99%. *H NMR (300 MHz, DMSO-ds) d 13.47 (b, 1H), 10.66

(s, 1H), 8.61 (d, J = 8.48 Hz, 2H), 8.22 (d, J = 8.48 Hz, 2H). LC-MS (ESI) m/z: 201.3
([M+H]").

Svynthesis of 3-H-6-aryl-tetrazines (H-Tzs)
3-(4-(Methoxyphenyl)-1,2,4,5-tetrazine (5)

AYAY
o
N=N \

In a 25 mL two-necked flask, 195 mg (1.12 mmol) 16 was dissolved in 8 mL acetone to

give a pink solution. 730 mg (2.24 mmol) cesium carbonate and iodomethane (159 mg,
69.9 pL, 1.12 mmol) were added. After stirring for 1 h at 22 °C, the reaction mixture was
poured into 10 mL water and extracted with ethyl acetate (2 x 20 mL). The organic layers
were combined, washed with brine, dried over sodium sulfate and concentrated in vacuo.
The crude material was purified by flash chromatography to give 20 mg (yield: 10%) of
the desired compound 5 as a pink oil with a purity of 99%.

H NMR (300 MHz, CDCls) & 10.50 (s, 1H), 8.48 (m, 2H), 7.23 (m, 2H), 3.93 (s, 3H).
LC-MS (ESI) m/z: 187.1 ([M-H]).

N-[2-(2-Fluoroethoxy)ethyl]-4-(1,2,4,5-tetrazin-3-yl)benzamide (6)
o}

Y©*"”°W
N H
N

L
In a 10 mL round-bottomed flask, 17 (45 mg, 223 pmol) was dissolved in 4 mL
N,N-dimethylformamide.  2-(2-Fluoroethoxy)ethanamine hydrochloride (38.4 mg,
267 ymol), Hinigs base (144 mg, 194 uL, 1.11 mmol), and 1-propanephosphonic acid
cyclic anhydride 50% in N,N-dimethylformamide (354 mg, 328 uyL, 556 umol) were
added. The reaction solution was stirred at 22 °C for 2 h. The reaction solution was
poured into 5 mL saturated sodium hydrogen carbonate solution and extracted with ethyl
acetate (2 x 30 mL).The combined organic layers were washed with brine, dried over
sodium sulfate and concentrated dryness. The crude material was purified using flash
chromatography to give 21 mg (yield: 32%) of the title compound 6 as a pink solid with
a purity of 99%.
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IH NMR (300 MHz, CDCls) & 10.27 (s, 1H), 8.72 (d, J = 8.88 Hz, 2H), 8.02 (d, J = 8.88 Hz,
2H), 6.71 (br s, 1H), 4.69-4.53 (m, 2H), 3.83-3.75 (m, 6H). LC-MS m/z: 292.4 ([M+H]").

N-[3-(2-Fluoroethoxy)propyl]-4-(1,2,4,5-tetrazin-3-yl)benzamide (7)
o

F
e aatts
N
N\

A
This compound was prepared following the synthesis procedure of 6 from 17 (45 mg,
223 pmol) and 3-(2-fluoro-ethoxy)-propionic acid (41 mg, 334 umol). 13 mg (yield: 19%)
of the title compound was isolated as a pink solid with a purity of 99%.

H NMR (300 MHz, CDClI3) 5 10.26 (s, 1H), 8.70 (d, J = 8.88 Hz, 2H), 8.03 (d, J = 8.88 Hz,
2H), 7.23 (br s, 1H), 4.69-4.54 (m, 2H), 3.74 (m, 6H), 1.97 (dt, J = 11.45, 5.68 Hz, 2H).
LC-MS (ESI) m/z: 306.2 ([M+H]").

3-[4-[2-(2-Fluoroethoxy)ethoxy]phenyl]-1,2,4,5-tetrazine (8)

O~ o~F
LN
This compound was prepared following the synthesis procedure of 5 from 16 (91 mg,
530 umol) and 2-(2-fluoroethoxy)ethyl 4-methylbenzene-1-sulfonate (289 mg,
1.06 mmol). 34 mg (yield: 24%) of the title compound was isolated as a pink solid with a
purity of 99%.
H NMR (300 MHz, CDCl3z) 6 10.12 (s, 1H), 8.57 (d, J = 8.88 Hz, 2H), 7.11 (d, J = 8.88 Hz,
2H), 4.67-4.55 (m, 2H), 4.27 (m, 2H), 3.95 (m, 2H), 3.88-3.80 (m, 2H). LC-MS (ESI) m/z:
265.2 ([M+H]").

General procedure for 3,6-bis(2-pyridyl)-tetrazine (Py-Tz)-based intermediates

1) hydrazine hydrate

—— 12 h, 90 °C — N=N
O—:N * N:—(/j\>—R > N\ 1>—(/j\>—R
N N= 2)6.0 M NaNO2 N N-N N=

conc. HCI

A suspension of 2-cyanopyridine (8.33 mmol) and 2-cyano-5-hydroxypyridine or 2-
cyano-5-aminopyridine in hydrazine hydrate (33.33 mmol) was heated at 90 °C for 12 h.
The reaction mixture was cooled to 22 °C. The resulting precipitate was separated from
the solution, washed with cold water, and freeze-dried. The intermediate was purified
using flash chromatography over silica gel, deactivated with 7% triethylamine/hexane. In
the next step, the purified intermediate was dissolved in tetrahydrofuran. A stream of
nitrous acid gases, generated by adding 6 M sodium nitrite solution (6 mL) to
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concentrated hydrogen chloride (5 mL) was bubbled through the solution over 1 h. The
color of the mixture changed from orange to red and a solid formed. Solvent and excess
nitrous gases were evaporated to give a red powder, which was dissolved in
dichloromethane and extracted with saturated sodium hydrogen carbonate solution. The
layers were separated and the aqueous layer was extracted with dichloromethane. The
combined organic layers were washed with brine, dried over sodium sulfate, filtered, and
evaporated to give a colored solid.

6-[6-(2-Pyridyl)-1,2,4,5-tetrazin-3-yl]pyridin-3-ol (18)
N=N —

/\\/\/OH

=N N—N N

Starting from 2-cyano-5-hydroxypyridine, the title compound 18 was isolated as a yellow
solid. Yield: 12%, purity: 99%. *H NMR (300 MHz, DMSO-dg) & 10.93 (br s, 1 H), 8.93
(d, J = 4.67 Hz, 1H), 8.58 (dt, J = 7.87, 1.01 Hz, 1H), 8.53 (d, J = 8.68 Hz, 1H), 8.47 (d,
J=2.42Hz, 1H), 8.16 (dt, J=7.77, 1.82 Hz, 1H), 7.73 (ddd, J =7.62, 4.79, 1.11 Hz, 1H),
7.48 (dd, J = 8.68, 2.83 Hz, 1H). LC-MS (ESI) m/z: 253.2 ([M+H]*).

6-[6-(2-Pyridyl)-1,2,4,5-tetrazin-3-yl]pyridin-3-amine (19)

N=N

/\\/\/N"'z
=N N—N N

Starting from 2-cyano-5-aminoypyridine, the title compound 19 was isolated as a red
solid. Yield: 20%, purity: 99%. *H NMR (300 MHz, DMSO-ds) & 8.91-8.89 (m, 1H), 8.55-
8.52 (m, 1H), 8.36 (d, J = 8.66 Hz, 1H), 8.24 (d, J = 2.82 Hz, 1H), 8.13 (dt, J = 7.70,
1.81 Hz, 1H), 7.69 (ddd, J = 7.70, 4.68, 1.21 Hz, 1H), 7.13 (dd, J = 8.66, 2.82 Hz, 1H),
6.80-5.90 (b, 2H) LC-MS (ESI) m/z: 252.2 ([M+H]").

Svynthesis of 3,6-bis(2-pyridyl)-tetrazines (Py-Tzs)
3-(5-Methoxy-2-pyridyl)-6-(2-pyridyl)-1,2,4,5-tetrazine (9)

In a 10 mL pear-shaped flask, 18 (10 mg, 39.6 umol) was dissolved in 100 uL toluene

and 100 pL acetone to give a pink solution. Cesium carbonate (25.8 mg, 79.3 pmol) and
methyl-4-nitrobenzenesulfonate (22) (8.61 mg, 39.6 umol) were added. The reaction
mixture was stirred at 22 °C for 2 h. The crude material was concentrated and purified
using flash chromatography to give 8.6 mg (yield: 81%) of the title compound 9 as a pink
solid with a purity of 99%.

'H NMR (300 MHz, DMSO-ds) & 8.93 (d, J = 4.46 Hz, 1H), 8.62 (m, 3H), 8.15 (dt, J =

7.77,1.61 Hz, 1H), 7.73 (M, 2H), 4.00 (s, 3H). LC-MS (ESI) m/z: 267.1 ([M+H]").
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2-(2-Fluoroethoxy)-N-[6-[6-(2-pyridyl)-1,2,4,5-tetrazin-3-yl]-3-pyridyl]lacetamide (10)
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To a solution of 19 (300 mg, 1.2 mmol) in 20 mL dry tetrahydrofuran was added
fluoroacetic acid sodium salt (120 mg, 1.2 mmol) followed by Hunigs base (0.79 mL,
4.78 mmol) and 1-propanephosphonic acid cyclic anhydride (50% solution in ethyl
acetate, 2 mL, 3.0 mmol) at 25 °C. The reaction mixture was refluxed for 16 h. Volatiles
were removed under reduced pressure. Resultant crude material was purified using flash
chromatography over silica gel, deactivated with 7% triethylamine/hexane. 115 mg
(yield: 31%) of the title compound 10 was isolated as a red solid with a purity of 99%.
H NMR (300 MHz, CDCls) 6 8.99 (ddd, J=4.71, 1.74,0.91 Hz, 1H), 8.96 (d, J = 2.42 Hz,
1H), 8.79-8.74 (m, 3H), 8.61 (dd, J = 8.66, 2.62 Hz, 1H), 8.01 (dt, J = 7.70, 1.71 Hz, 1H),
7.58 (ddd, J = 7.70, 4.73, 1.16 Hz, 1H), 4.76-4.68 (m, 2H), 4.25 (s, 2H), 3.97-3.92 (m,
2H). LC-MS (ESI) m/z: 356.1 ([M+H]").

3-(2-Fluoroethoxy)-N-[6-[6-(2-pyridyl)-1,2,4,5-tetrazin-3-yl]-3-pyridyl]propanamide (11)
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This compound was prepared following the synthesis procedure of 10 from 19 (250 mg,
1 mmol) and 3-(2-fluoro-ethoxy)-propionic acid (135 mg, 1 mmol). 135 mg (yield: 37%)
of the title compound 11 was isolated as a red solid with a purity of 91%. *H NMR
(300 MHz, DMSO-ds) 6 10.63 (s, 1H), 9.06 (d, J = 2.30 Hz, 1H), 8.94 (d, J = 4.28 Hz,
1H), 8.63 (d, J =8.70 Hz, 1H), 8.59 (d, J = 7.80 Hz, 1H), 8.44 (dd, J = 8.70, 2.30 Hz, 1H),
8.16 (dt, J = 7.80, 1.44 Hz, 1H), 7.73 (m, 1 H), 4.59-4.47 (m, 2H), 3.79 (t, J = 6.12 Hz,
2H), 3.72-3.64 (m, 2H), 2.71 (t, J = 6.12 Hz, 2H). LC-MS (ESI) m/z: 370.2 ([M+H]").

Tritium-labeled compounds

[*H]3-(4-Methoxyphenyl)-6-methyl-1,2,4,5-tetrazine ([*H]1)

Rasas

[*H]Methyl nosylate ([*H]22) (1.85 GBq, 50 mCi, 132 ug, 0.591 umol), cesium carbonate
(481 pg, 1.48 ymol), and the phenol-precursor 12 (333 pg, 1.77 umol) were dissolved in
400 uL tetrahydrofuran. The solution was stirred at 50 °C for 5 h. The reaction mixture
was diluted with 1 mL dichloromethane and passed through a strong anion exchange

(SAX) solid phase extraction (SPE) cartridge to remove the sulfonic acid by-product. The
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solvent was removed and the residue dissolved in acetonitrile/water to purify the
compound using preparative-HPLC to yield 278 MBq (7.5 mCi, yield: 15%) of [*H]1 in a
radiochemical purity of 98%. The specific activity was 3.3 TBg/mmol (88 Ci/mmol). The
specific activity was taken from the starting compound [3H]22, as [°H]1 did not ionize in

mass spectrometric analysis and therefore no isotope pattern was determined.

[*H]3-(5-Methoxy-2-pyridyl)-6-(2-pyridyl)-1,2,4,5-tetrazine ([*H]9)

N-N =
Q-0

[*H]-9 was synthesis in analogy to the procedure described for [*H]1. Starting with 18
and [*H]22, 33.3 MBq (0.9 mCi) was isolated, which corresponds to a radiochemical yield
of 2%, in a radiochemical purity of 97%. Since the same batch of [*H]methyl nosylate
was used for the synthesis, the achieved specific activity was 3.3 TBg/mmol
(88 Ci/mmol). The specific activity was taken from the starting compound [*H]22, since
[3H]9 did not ionize in mass spectrometric analysis and therefore no isotope pattern was

determined.

Fluorine-18-labeled compounds
Precursors for ¥F-compounds

2-(2-((4-(6-Methyl-1,2,4,5-tetrazin-3-yl)benzyloxy)carbonylamino)ethoxy)ethyl 4-
methylbenzenesulfonate (23)
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In a 25 mL round-bottomed flask, 13 (230 mg, 1.06 mmol) was dissolved in 8 mL
N,N-dimethylformamide to give a pink solution. After the addition of 2-(2-
aminoethoxy)ethanol (134 mg, 128 pL, 1.28 mmol), Hinigs base (550 mg, 742 pL,
4.26 mmol), and 1-propanephosphonic acid cyclic anhydride (50% solution in ethyl
acetate, 1.6 g, 1.57 mL, 3.0 mmol), the reaction solution was stirred for 1 h at 22 °C. The
reaction solution was poured into 10 mL saturated sodium hydrogen carbonate solution,
extracted with ethyl acetate (2 x 30 mL) and brine (2x 20 mL). The combined organic
phases were dried with sodium sulfate, transferred into a 25 mL round-bottomed flask,
and concentrated in vacuo to dryness. The residue (195 mg) was dissolved in 10 mL
chloroform. Pyridine (200 mg, 205 uL, 2.53 mmol) and 4-methylbenzene-1-sulfonyl
chloride (362 mg, 1.9 mmol) were added and the reaction solution was stirred for 20 h

and 22 °C. After extraction with 10 mL water, the organic phase was washed with 10 mL
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brine, dried with sodium sulfate, and purified by silica based chromatography to give
211 mg (yield: 44%) of the title compound 20 in a purity of 99%.

'H NMR (300 MHz, CDCls) 6 8.67 (d, J = 8.48 Hz, 2H), 8.03 (d, J = 8.48 Hz, 2H), 7.78
(d, J=8.20 Hz, 2H), 7.33 (d, J = 8.20 Hz, 2H), 6.82 (br s, 1H), 4.25 (m 2H), 3.74 (m, 2H),
3.68 (m, 4H), 3.12 (s, 3H), 2.42 (s, 3H). LC-MS (ESI) m/z: 458.4 ([M+H]").

2-(2-((4-(6-Methyl-1,2,4,5-tetrazin-3-yl)benzyloxy)carbonylamino)ethoxy)ethyl 4-
methylbenzenesulfonate (24)
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14 (71 mg, 351 pumol) and carbonyldiimidazole (62.6 mg, 386 umol) were dissolved in
3 mL tetrahydrofuran and stirred at 22 °C for 2 h. 2-(2-Aminoethoxy)ethanol (44.3 mg,
42.3 pL, 421 pmol) was added and the reaction solution was stirred at 22 °C for 4 h. The
solvent was removed by evaporation and the residue purified by silica-based
chromatography (50-100% ethyl acetate in heptane) to give 98 mg (yield: 84%) of the
hydroxy-intermediate, which was dissolved in 3 mL dichloromethane and pyridine
(140 mg, 143 pL, 1.76 mmol) to give a pink solution. 4-Methylbenzene-1-sulfonyl
chloride (112 mg, 588 umol) was added and the solution was stirred at 22 °C for 48 h.
The reaction mixture was poured into 10 mL water and extracted with dichloromethane
(2 x 25 mL). The organic layers were washed with brine, dried over sodium sulfate, and
concentrated in vacuo to purify the crude product by silica-based chromatography (40-
100% ethyl acetate in heptane). 130 mg (overall yield: 76%) of the title compound was
isolated in a purity of 98%.

'H NMR (300 MHz, CDClz) & 8.59 (d, J = 8.28 Hz, 2H), 7.80 (d, J = 8.28 Hz, 2H), 7.58
(d, J=8.28 Hz, 2H), 7.33 (d, J = 8.28 Hz, 2H), 5.22 (s, 2H), 5.16 (br s, 1H), 4.18 (m, 2H),
3.66 (m, 2H), 3.51 (t, J = 5.10, 2H), 3.36 (g, J = 5.10, 2H), 3.10 (s, 3H), 2.43 (s, 3H).
LC-MS (ESI) m/z: 488.4 ([M+H]").

2-(2-(4-(1,2,4,5-Tetrazin-3-yl)phenoxy)ethoxy)ethyl 4-methylbenzenesulfonate (25)
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The intermediate 2-(2-(4-(1,2,4,5-tetrazin-3-yl)phenoxy)ethoxy)ethanol was synthesized
according to the general procedure for 3-H-6-aryl-tetrazine (H-Tz)-based intermediates,
starting with 4-(2-(2-hydroxyethoxy)ethoxy)benzonitrile (500 mg, 2.41 mmol) and
Zn(OTf),. 170 mg (yield: 24%) of the intermediate was isolated after silica-based
chromatography as a pink solid. 126 mg (480 pumol) of the crude intermediate and

4-methylbenzene-1-sulfonyl chloride (550 mg, 2.9 mmol) were dissolved in 2 mL
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dichloromethane. After the addition of pyridine (456 mg, 465uL, 5.77 mmol) at O °C, the
reaction solution was stirred for 1 h at 0 °C. The solution was diluted with 10 mL
dichloromethane and poured into 10 mL water and extracted with dichloromethane (3 x
10 mL). The combined organic phases were washed with 10 mL brine, dried with
magnesium sulfate, and purified by silica-based chromatography to give 176 mg (overall
yield: 17%) of the title compound 21 as a pink solid in a purity of 98%.

'H NMR (300 MHz, CDCls) 8 10.14 (s, 1H), 8.58 (m, 2H), 7.80 (d, J = 8.48 Hz, 2H), 7.32
(d, J=8.07 Hz, 2H), 7.08 (m, 2H), 4.22 (m 2H), 4.18 (m, 2H), 3.86 (m, 2H), 3.80 (m, 2H),
2.42 (s, 3H). LC-MS (ESI) m/z: 417.2 ([M+H]").

N-[2-(2-[*®F]Fluoranylethoxy)ethyl]-4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzamide ([®F]2)
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Precursor 23 (5 mg) was dissolved in 200 yL dimethylsulfoxide and 300 uL tert-butyl
alcohol prior to the end of bombardment (EOB). At EOB, the aqueous *F-fluoride ion,
produced by proton bombardment of 8O-enriched water (57 pA for 43 minutes), was
trapped on an ion exchange column. The ion exchange column was eluted with 150 pL
of a stock solution, consist of 6.6 mg Kryptofix 2.2.2 and 26.0 mg potassium oxalate in
1 mL of ethanol:water 1:1, into the reaction vial, followed by 250 pL ethanol. The fluoride
solution was evaporated to dryness at 110 °C via nitrogen flow and further dried
azeotopically by 2x 250 pL ethanol. The reaction vial was cooled with compressed air for
2 minutes. The precursor was added and then heated in a thermal heating block at
110 °C for 9 minutes, after which the vial was cooled and the solution was quenched with
2mL of 10 mM ammonium formate. The reaction mixture was injected onto semi-
preparative HPLC column (XBridge C18, 10x150 mm, 10 pm) eluted with 30:70
methanol/ 10mM ammonium formate at 10 mL/min. The HPLC effluent was monitored
at 254 nm and an in-line radioactivity detector. [®F]2 was collected in 50 mL water. The
product solution was eluted through a Waters Oasis HLB Light cartridge, washed with
10 mL Milli-Q water, then SPE was manually eluted with 0.4 mL absolute ethanol and
followed by 4 mL normal saline into the final product vial. Aliquots were removed from
the final product vial for qualitative control analysis using analytical HPLC (column:
XBridge C18, 100 x 4.6 mm, 3.5 um) eluted with 20:80 acetonitrile/0.1M ammonium
formate at 2 mL/min (RT = 4.2 minutes) and monitored at 318 nm to determine
radiochemical and chemical purity and chemical identity. 4,329 MBq (11.7 mCi) of the

titte compound [*®F]2 was isolated with a radiochemical purity of 86%.
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3-[4-[2-(2-[*®F]Fluoroethoxy)ethoxy]phenyl]-1,2,4,5-tetrazine ([*®F]8)
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Precursor 25 (5.5 mg) was dissolved in 400 pL dimethylsulfoxide prior to the end of
bombardment (EOB). At EOB, the aqueous *F-fluoride ion, produced by proton
bombardment of 0-enriched water (60 pA for 30 minutes), was trapped on an ion
exchange column. The ion exchange column was eluted with 150 pL of a stock solution,
consist of 38 mg Kryptofix 2.2.2 and 9 mg potassium bicarbonate in 1 mL of
acetonitrile:water 1:3, into the reaction vial, followed by 250 pL acetonitrile. The fluoride
solution was evaporated to dryness at 110 °C via nitrogen flow and further dried
azeotopically by 2x 250 pL acetonitrile. The reaction vial was remotely transferred to the
microwave cavity (Resonance Instruments). And cooled with compressed air for
2 minutes. The precursor was added and then microwaved for 30 seconds at 50 W after
which the solution was cooled, then quenched with 3 mL of water. The reaction mixture
was injected onto semi-preparative HPLC column (XBridge C18, 10x150 mm, 10 um)
eluted with 20/80 acetonitrile/0.1M ammonium formate at 15 mL/min. The HPLC effluent
was monitored at 254 nm and an in-line radioactivity detector. [*®F]8 (RT 18 minutes)
was collected in 50 mL water, containing 400 mg ascorbic acid. The product solution was
eluted through a Waters C18 Sep Pak Plus cartridge, washed with 10 mL Milli-Q water,
then eluted with 1 mL absolute ethanol and followed by 10 mL normal saline into the final
product vial via a 0.22 um Millipore FG sterilizing filter. Aliquots were removed from the
final product vial for qualitative control analysis using analytical HPLC (column: XBridge
C18, 100 x 4.6 mm, 3.5 um) eluted with 30/70 acetonitrile/0.1M ammonium formate at
2 mL/min (RT = 5.5 minutes) and monitored at 318 nm to determine radiochemical and
chemical purity, specific activity and chemical identity. ['F]8 (2523 MBq; 68.3 mCi) was
isolated with a specific activity of 1.5 GBg/umol (40 Ci/umol) and a radiochemical purity
of 95%.

Physicochemical Properties of Tetrazine Derivatives

CNS-PET-MPO scores were calculated based on the chemical structures in analogy to
a previous report.3® ClogD calculations were replaced by an in house ML model
(mlLogD). ALogP was used instead of CLogP. pKa was calculated with the program
MOKA. All the properties were weighted equally with a desirability score ranging from
0.0 to 1.0, and the summation of scores from these parameters yielded the final MPO

score of each individual structure.
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Standardized Aqueous Stability Assay

Tetrazine derivatives were dissolved in the pH corresponding buffer at 37 °C for 2 h.
pH 1: 2 mM glycine; 120 mM hydrochloric acid; 3 mM sodium chloride; pH 4: 56 mM citric
acid; 44 mM hydrochloric acid; 110 mM sodium hydroxide; pH 6.5: 0.05 M phosphoric
acid; pH 8: 110 mM boric acid; 56 mM sodium hydroxide; 44 mM hydrochloric acid; pH
10: 50 mM boric acid; 44 mM sodium hydroxide; 50 mM hydrochloric acid. To determine
the pH-depending stability of the tetrazine derivatives, the area under the curve at To
was compared to the area under the curve after T, by means of analytical HPLC

combined with mass spectrometry.

Passive membrane permeability (PAMPA)

The PAMPA assay was carried out as a high throughput experiment in 96-deep well
plate (Thermo Fisher Scientific, Waltham, MA; volume well: 2200 pL). The compound
was dissolved in DMSO at a concentration of 10 mM. The drug solution (15 yL) was
added to the plate containing donor buffer (985 ppL, 50 mM 3-morpholino-2-
hydroxypropanesulfonic acid with 0.5% glycocholic acid, pH = 6.0) in each well. The
mixture was later filtered through a filter plate coated with a phospholipid-containing
solution (g 0.45 um, MultiScreen Deep Well Solvinert, Merck Millipore, Darmstadt,
Germany), and analyzed using a Spectramax plus 384 UV reader (Molecular Devices,
Sunnyvale, CA) at a wavelength of 246—650 nm as previously reported to determine the

permeability.3!

Microsomal Clearance

Liver microsomes (human BD UltraPool HLM 150 or C57BL/6J mice) were purchased
from Corning Incorporated (Woburn) and used for microsomal clearance assays
according to a previous report.*® 96-deep well plates were applied for the microsome
incubations, which were incubated at 37 °C on a TECAN (Tecan Group Ltd, Switzerland)
equipped with Te-Shake shakers and a heating device (Tecan Group Ltd, Switzerland).
A phosphate buffer (0.1 M) at pH 7.4 was used for the experiments. The NADPH
regenerating system consisted of 30 mM glucose-6-phosphate disodium salt hydrate,
10mM NADP, 30 mM MgCl. x 6 H0, and 5 mg/mL glucose-6-phosphate
dehydrogenase (Roche Diagnostics, Penzberg, Germany) in the phosphate buffer. Test
compounds were incubated at 1 uM with microsome concentrations of 0.5 mg/mL plus
the cofactor NADPH in 96-well plates at 37 °C. Incubation solutions were transferred and
guenched with 3:1 (v/v) acetonitrile containing internal standards. Samples were then

cooled and centrifuged before analysis by LC—-MS/MS. Log peak area ratios (test
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compound peak area / internal standard peak area) were plotted against incubation time
and a linear fit made to the data with emphasis upon the initial rate of compound
disappearance. The slope of the fit was then used to calculate the intrinsic clearance:
Clint (uL/min/mg protein) = -slope (min) * 1000 / [protein concentration (mg/mL)]

In vitro transport assay for identification of mouse and human P-

Glycoprotein substrates

Active transport by P-glycoprotein (permeability-glycoprotein, abbreviated as “P-gp”,
also known as multidrug resistance protein 1 (MDR1) was assessed using the recently

described unidirectional apical efflux ratio (AP-ER) assay.*°

Bimolecular Reaction Rate Determination

Reaction kinetics were performed on a BioLogic (Seyssinet-Pariset, France) SFM-3000
instrument, coupled with fluorescence detection mode at a wavelength excitation of 294
nm and a cut-on filter of 550 nm for Tzs 1-4 and 8. Tzs 9-11 were detected via UV
absorbance at 325 nm. All Tzs and TCO-OH were dissolved in 10% DMSO in phosphate-
buffered saline (v/v). To characterize the reaction rates for 21 with tetrazines, stopped-
flow kinetic measurements were carried out in principle as described by Yang et al.>? and
Blackman et al.*® Given values are averages + standard error of the fit to data of five

technical replicantes.

Single-Dose Pharmacokinetic and brain/CSF uptake Studies in Rats (SD
PK)

All rodent studies for compound (1, 2, 3, 11) were conducted with the approval of the
local veterinary authority in strict adherence to the Swiss federal regulations on animal
protection and to the rules of the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC). The used methodology is already
detailed described.*® In brief, adult male Wistar rats weighing circa 250 g were obtained
from Harlan Laboratories (Horst, Netherlands) and housed with access to food and water
ad libitum. To rats (n=2 per compound) were administered the test compounds (1, 2, 3,
11) intravenously (bolus) at 1, 0.7, 1, and 0.4 mg/kg, respectively. Blood samples, brain,
and CSF were collected under deep anesthesia with 5% isoflurane in pure oxygen. Brain
and CSF collection was performed at 1 h post-dose. Multiple blood samples starting
immediately after the intravenous administration were collected until 1 h post dose by
heart puncture into K;EDTA coated polypropylene tubes and placed on ice. Plasma was

prepared within 30 min and frozen immediately. Between 50 and 100 pL of CSF were
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collected by cisternal puncture of the atlanto-occipital membrane with a 22-gauge needle
through silastic tubing in a 96-well plate. At the terminal point, the full rat brain was
removed and the right half hemisphere was weighted homogenized (Precellys Lysing Kit,
LabForce AG, CH). All samples were stored at -20 °C. Compound concentrations in
plasma, brain homogenate, and CSF were determined by LC-MS/MS. Basic PK
parameters such as systemic CL, Vss, and Ti> were calculated by standard non-
compartmental analysis. Compound concentration ratio in CSF/plasma, and
brain/plasma at 1 h post dose were also derived.

Biodistribution Study

Distributions of activity were determined in male C57BL6 mice (n = 3/group,
weight = 24-27 g) after injection of [*¥F]2 and [*®F]8. Standards were prepared using 0.1
mL of injected ®F-Tzs + 4.9 mL saline (1:100) for a final volume of 5 mL standard
solution. Aliquots of 100 yL was then distributed into each of three counting tubes, and
counted before and after every three sets of organ samples. Samples were assayed
using a conventional gamma counter set to 511 +/- 100 keV. The counter automatically
corrected for decay, beginning at the start of counting. Once counts were obtained, the
percent dose per organ was calculated for all organs dissected. The experimental
protocol was approved by the Animal Care and Use Committee of Johns Hopkins
University.

Click-Chemistry

Antibody construct for proof-of-concept was produced in-house and consists of an IgG
subtype 1 against B-amyloid and a fused Brain Shuttle (8D3) to the C-terminus of the
heavy chain. In addition, the AB-mAb (4 mg/mL in PBS, pH 8.4) was functionalized with
a TCO-unit by conjugation of 23 (10 eq, 10 mM in DMSO) to the AB-mAb Brain Shuttle
construct. The solution was gentle shaken orbitally for 2 h at 22 °C and purified using
Slide-A-Lyzer Dialysis Cassettes (10,000 MWCO, Thermo Fisher Scientific) against
Dulbeccos PBS, pH 7.4. The buffer was changed after 30 min for 4 times and stored
over night at 4 °C.

The TCO-functionalized AB-mAb (4 mg/mL in PBS, pH 7.4) and [*H]1 (3.3 TBg/mmol,
88 Ci/mmol, in 25 uL DMSO) were mixed in a 1:1 molar ratio (2-10 yM) and incubated
for 1 h at 22 °C, purified by dialysis (Slide-A-Lyzer Dialysis, 10,000 MWCO, Thermo
Scientific) against PBS, pH 7.4 to obtain AB-mAb-TCO-[*H]-Tetrazine in a radiochemical
purity of >95%.
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Electrophoresis and Autoradiography of 3H-labeled mAb

SDS-PAGE was performed using the XCell SureLock™ Mini-Cell Electrophoresis
System (Invitrogen, Thermo Fisher Scientific) and stained with Coomassie blue.
Samples were diluted in NUPAGE lithium dodecyl sulfate (LDS) sample buffer (4x,
Thermo Fisher Scientific) and NUPAGE Sample Reducing Agent (10x, Thermo Fisher
Scientific), heated at 70 ° for 10 min, and 2 pg protein in 20 uL were separated using a
Novex NUPAGE 4-12% Bis-Tris Gel (Thermo Fisher Scientific) with a NUPAGe MOPS-
SDS running buffer (Thermo Fisher Scientific).

After separation gels were dissembled, rinsed 3x5 min in dH,O and stained for 2 h at
22 °C under gentle orbital shaking using SimpleBlue SafeStain Coomassie solution
(Thermo Fisher Scientific). Gel was destained for 3 h at 22 °C under gentle shaking. A
second destaining step for 1 h with dH,O for was performed to achieve maximum
sensitivity and a clear background.

Coomassie stained gel were dried using a gel drying system (Life Technologies, now
ThermoFisher Scientific). Briefly, gel was washed 3x5 min in water at 22 °C, incubated
in gel drying solution (max. 5 min) and placed centrally on, in drying solution wetted,
cellophane sheet. A second wet cellophane sheet was carefully placed on the gel,
installed into a drying frame and dried over night at 22 °C.

After pressing the dry gel, it was scanned using conventional scanner. Gel samples were
placed next to the phosphor screen in the exposure cassette for 5 days on tritium-
sensitive phosphorimaging plates (BAS-IP TR2025, Fuijifilm). Plates were scanned using
the Fujifilm BAS-5000 phosphorimager and analyzed using MCID Analysis software
(Imaging Research Inc, part of GE Healthcare).
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Introduction

Many antibodies are characterized by exquisite specificity and affinity towards their
targets. This feature makes them ideal tracers for molecular imaging techniques, such
as positron emission tomography (PET), particularly for targets for which a specific small
molecule PET tracer does not exist. Antibodies are particularly stable molecules with
long-lasting exposure in the bloodstream. Their long biological half-life does not match
with the physical half-life of the typically used short-lived PET radioisotopes, such as *'C
(t2: 20.4 min) or BF (t12: 109.7 min). The rapid decay of the label along with the slow
pharmacokinetics of the antibody will not allow the selection of an appropriate imaging
time point yielding a sufficient signal in brain tissue over a background signal in the
bloodstream. Consequently, antibodies would need to be labeled with longer-lived
radionuclide such as ®Zr (t2: 3.27 d).>? However, this would lead to an increased and
possibly intolerable radiation exposure to patients.3®

Most of the challenges related to imaging strategies with directly radiolabeled
antibodies can be addressed by a pretargeting approach where antibody and radiotracer
administration are temporally uncoupled and the in situ labeling of a pretargeted antibody
occurs at a time point when the modified antibody is still bound to the target antigen but
already cleared from non-target tissues and the bloodstream.

Various pretargeting concepts have been reported, including the use of bispecific
antibodies binding to the antigen and a radiolabeled hapten based on the high
streptavidin-biotin affinity”® or oligonucleotide modified antibodies combined with
radioactively labeled complementary nucleic acid strands.® The bioorthogonal click
chemistry reactions, another modality used for a pretargeting approach, have been
extensively investigated, especially in preclinical oncology models.*1%°> The inverse-
electron-demand Diels-Alder (IEDDA) reaction of a 1,2,4,5-tetrazine group and a trans-
cyclooctene (TCO) derivative is of particular interest.’®1® With reaction constants of up
to 3.3x10° M1s2,19 this reaction is rapid and biological processes are not influenced due
to the selectivity and bioorthogonality under physiological conditions.?®# This click-
reaction has been reported for fluorescent labeling of nanoparticles,?*?® antibodies,?®%’
oligonucleotides,?®?° or the synthesis of radiophamaceuticals.>30-32

The use of antibodies, such as immunoglobulin G (IgG), for pretargeted in vivo
PET imaging of central nervous system (CNS) targets is severely limited by their large
size, hydrophilicity, and the associated poor penetration of the blood-brain barrier
(BBB)*? Usually only around 0.1% of the injected dose is able to enter the CNS by
passive transport mechanisms.®*3* Concepts have been developed to transport large
molecules across the BBB more efficiently. One concept is the use of the transferrin

receptor (TfR), which enables the active transport of molecules across the BBB via
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receptor-mediated transcytosis®-3° due to its expression in endothelial cells of the BBB*°
and on neurons.** A Roche developed brain-shuttle module was shown to have up to
55-fold increased uptake of an antibody-based cargo across the BBB into the brain.*243

This study aimed to establish an antibody-based pretargeting approach in
combination with the IEDDA cycloaddition for in vivo imaging of targets expressed in the
CNS. The amyloid-beta (AB) binding antibody mAb31 in its brain shuttle version (mAb31-
BrainShuttle) along with the PS2APP Alzheimer’s disease mouse model was used as a
tracer-target pair for this proof-of-concept study.** This animal model shows a very
pronounced amyloidosis in broad parts of the brain, with only a small extent of pathology
in the cerebellum, which can be used as a reference region for in vivo experiments.
Furthermore, mAb31-BrainShuttle is a well-established antibody with specificity for AR
plaques and with increased brain uptake compared to a classical 1gG.*>*® A tritiated
version of a tetrazine derivative known from the literature*® was synthesized in-house
and was used in this study as a tool compound for invitro, ex vivo, and in vivo

experiments.

Results

TCO Modification and Radiolabeling of the Antibody Construct

The mAb was conjugated with TCO-NHS reagent to obtain mAb-TCO for subsequent
click chemistry experiments (Figure 1). In order to determine the degree of labeling, the
TCO-modified antibody was deglycosylated and the intact protein was analyzed using
LC-MS. The MS data revealed an average of 2.5 TCO moieties per antibody molecule
(data not shown).

anti-f-amyloid

\V /4 o \\¥ /4 o5 W »
I OS\OVQ% —_— N : u@ . A : O H\N
éantﬁ—TfR @ é ’ ’ é ’ !
mAb TCO-NHS mAb-TCO mAb-TCO-Tz

Figure 1. Nomenclature of compounds used in this study. Conjugation of NHS-TCO to mAb and
the inverse electron-demand Diels-Alder cycloaddition between the modified antibody mAb-TCO
and a 3H-labeled tetrazine derivative Tz to form mAb-TCO-Tz.

The click chemistry reactivity of mAb-TCO was tested with Tetrazine-biotin (Tz-
biotin). SDS-PAGE under reducing conditions, followed by a Western Blot analysis of
mAb, mAb-TCO, and mAb-TCO-Tz-biotin showed that the overall structure was not

affected after modifications, no proteolytic fragments were detected. Three distinct bands
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of the antibody construct were detected, corresponding to the light (~25 kDa), heavy
(~50 kDa), and heavy + BrainShuttle (~100 kDa) chains. The click reaction with the Tz-

biotin confirmed that all three chains were labeled with TCO (Figure 2).
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Figure 2: Western-Blot analysis of the mAb, mAb-TCO and mAb-TCO-Tz-biotin, generating three
distinct bands, did not reveal a difference in the overall biochemical composition (Goat-anti-
human-HRP detection). A TCO labeling of all three antibody chains was detected (Streptavidin-
HRP detection).

In this study, a tritiated tetrazine (Tz) was used in various radio click chemistry
experiments: 1) For tritium labeling of mAb-TCO to receive mAb-TCO-Tz (Figure 1);
2) in vitro radio click reaction on mouse brain sections with pre-incubated mAb-TCO;
3) for ex vivo (mAb-TCO injected in vivo, Tz incubation ex vivo on brain sections), and
4) in vivo pretargeting (mAb-TCO injected in vivo, Tz applied in vivo) experiments.

MADb-TCO was clicked in a 1:1 molar ratio with the Tz in vitro in order to receive
the radiolabeled antibody construct mAb-TCO-Tz. An estimated average radiochemical
yield of 51 + 13% was achieved over 5 labeling experiments. Furthermore, a specific
activity of 8 + 2 kBg/jg, which is equal to a molar activity of 1.7 £ 0.4 TBg/mmol, was
achieved.

Retained Antibody Binding to AB Plaques after TCO-Modification

The introduction of TCO groups and subsequent click reaction may influence the binding
characteristics of the antibody towards its AB plaque epitope. To assess a potential
impact by the maodification, the TCO-modified mAb was clicked in vitro with the Tz,
yielding mAb-TCO-Tz. Incubation of brain sections using the tritium-labeled mAb-TCO-
Tz revealed a clear difference in binding pattern between transgenic (PS2APP) animals
and wild-type (WT) controls (Figure 3A). The radiolabeled antibody specifically
visualized AB plaques on brain sections from transgenic animals in reported brain
regions, such as cortex, hippocampus, or thalamus.** No specific signals on WT brain

sections were observed. The binding ratios in the target region of interest (transgenic vs
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wild-type) were above 2 in all cases, which confirms the preserved specificity of the
antibody against AB plaques.

In order to mimic a pretargeting experiment, PS2APP brain sections were first
incubated in vitro with mAb-TCO, followed by an onslide click reaction with Tz.
Autoradiographic analysis of the brain slices revealed clear imaging of AB plaques
(Figure 3B). As a negative control, brain sections incubated with TCO-unconjugated
mADb, did not show any significant radioactive signal with very low background. Binding
ratios in the cerebellum, cortex, and hippocampus of mAb-TCO treated vs mAb treated
brain sections were 3.90, 6.66, and 4.56, respectively. This result confirms that TCO-
modification of mAb does not affect the specificity towards AB plaques, but also highlights
the exquisite specificity of the click reaction between TCO and Tz in vitro on a brain
section.

Further in vitro assays were performed to confirm the retained functionality of the
modified mAb. The binding affinity of mAb-TCO towards AB was tested by ELISA. With
an ECso of 1.4 nM for mAb-TCO compared to an ECs of 0.8 nM for the non-conjugated
mAb (Figure 3C), no pronounced impact on binding affinity were observed in a single

experiment.

A mAb-TCO-Tz
PS2APP_ommmn.
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Figure 3: Maintained mAb affinity towards AR plaques after TCO-conjugation. (A) In vitro
autoradiography of mAb-TCO-Tz (clicked in vitro in a vial before incubation) showing binding to
AB plaques in PS2APP mouse brain sections in comparison to WT brain sections. Scale =1 mm.
(B) In vitro autoradiography of mAb-TCO after in vitro, on slide click reaction with Tz showing a
clear signal of AB plaque binding in PS2APP mouse brain sections. Incubation of mAb (lacking
the TCO) followed by in vitro, on slide click reaction using Tz on transgenic mouse brain sections
(as a control) did not yield a specific AR plaque related signal, revealing the high selectivity and
specificity of the click reaction. Scale = 1 mm. (C) Comparison of mAb vs mAb-TCO binding to
AB. The applied ELISA assay did not reveal a change in the binding affinity towards the antigen.
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TCO Modified Antibody Retains Binding to Transferrin Receptor and
Enters the Brain

The binding of the antibody to the transferrin receptor (TfR) is crucial for a sufficient brain
uptake of the modified brain shuttle antibody. In vivo experiments were conducted to
assess TfR binding and the ability of the antibody construct to enter the brain after TCO
moadification. Upon i. v. injection of mAb-TCO-Tz (19.1 + 1.3 ug/g, 125.8 + 40.9 kBq/qg,
3.4 £ 1.1 MBq) in PS2APP mice, brain uptake and target binding was analyzed using
autoradiography and immunofluorescent staining. In APB-deposit-containing brain
regions, a radioactive signal was detected and co-localized with the presence of the
antibody, as determined by immunofluorescent staining against the injected modified
MAb-TCO-Tz (Figure 4A). Plaque-free brain regions did not show a signal in both
analysis modalities. High brain uptake of mAb-TCO-Tz was corroborated by a
guantitative tissue sampling and counting analysis yielding %ID/g values of 0.51 in the
cortex vs 0.33 in the cerebellum (low plaque density) after 3 days. Uptake values
decreased to 0.21 %ID/g in the cortex and 0.09 %ID/g in the cerebellum 12 days post-
injection of the antibody.

The binding affinity of mAb-TCO towards TfR was assessed in vitro using
Fluorescence-Activated Cell Sorting (FACS) flow cytometry analysis. A strong influence
of TCO-conjugation on the binding characteristics towards TfR was not detected. The
ECso for mAb-TCO was 3.19 ng/mL whereas the ECso of the conjugated mAb was
10.16 ng/mL (Figure 4B).
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Figure 4: Maintained TfR binding and brain uptake of mAb-TCO-Tz. (A) Autoradiography of brain
sections from PS2APP animals, 3-days and 12-days post-injection of mAb-TCO-Tz in vivo,
showed a clear signal in A plaques containing regions. Colocalization between the radioactive
signal (autoradiography) and the mAb (GaH-AF) was visualized, using immunohistochemistry
stainings, in the cortex, hippocampus, thalamus, and other AB containing brain regions. Scale =
1mm, magnification scale = 200 ym. (B) For completeness, a FACS analysis proved a slight
influence of the TCO coupling on the mAb-binding (mAb-TCO, triangle) to the TfR as compared
to the non-modified mAb (circle).

Conjugated TCO Remains Reactive Towards Tz after In Vivo Injection

After confirming the remaining affinities of mAb-TCO in in vitro and in vivo experiments,
the interval between antibody injection and radiotracer application, i. e., the optimal
pretargeting interval, and the persistence of TCO functionality over time were analyzed.
Upon treatment of PS2APP and WT control animals with 20 mg/kg mAb-TCO, animals
were sacrificed after four different time points (1, 3, 6, 12 days post-injection), and their
brains dissected. As anticipated, the TCO-modified antibody passed the blood-brain

barrier and bound to AB plaques in the expected brain regions (including cortex,
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hippocampus, thalamus), as demonstrated by immunofluorescent detection of the mAb-
TCO antibody (Figure 5). Brain sections were incubated with the Tz in order to test the
reactivity of the TCO moiety by an ex vivo, on slide click reaction. Six- and twelve-days
post-injection, no specific difference between the transgenic and the WT animals was
detected (data not shown). In contrast, the earlier time points 1 day and 3 days post-
injection of MAb-TCO revealed a specific signal in the autoradiographic detection on
brain sections of the transgenic animals. AB plaques were clearly visualized on PS2APP
mouse brain sections in the areas like the cortex, hippocampus, thalamus, pons, and
colliculi while brains sections of WT control animals did not show the characteristic dotted
binding pattern (Figure 5). Radioactive signals on wild-type mouse brain sections only
represented non-specific background binding (Table 1). Consequently, the reactivity of
the TCO moiety of the injected mAb is limited to a pretargeting time interval of 3 days to

ensure a successful in vivo click reaction and a sufficient radioactive signal.

1 day post-injection mAb-TCO 3 days post-injection mAb-TCO
PS2APP WT PS2APP owT

Autoradiography

T
L
O«
Figure 5: Maintained reactivity of the TCO moiety in vivo. Autoradiography results of mouse brain
sections from PS2APP and WT controls following ex vivo click-reaction using the Tz, 1-day and
3-days post-injection of mAb-TCO (Scale = 1 mm). The magnification shows a clear,
autoradiographic signal in brain sections of the transgenic animal and not the wildtype (Scale =
200 pm). Immunohistochemical staining (GaH-AF) proofs mAb-TCO enters the brain and is
responsible for the detected signal.

Table 1: Number of plaques detected by autoradiography after ex vivo click reaction. Data
expressed as spots/mm? (plaque density).

Plaque Density 1-day post-injection 3 days post-injection
PS2APP WT PS2APP WT
Cortex 1240+2.13 3.63+0.95 1455+3.27 3.30+0.49

Hippocampus 1212+1.42 185+047 11.84+3.00 1.77+0.44

Thalamus 9.45 +0.96 1.26+04 9.15+1.34 0.66+0.18
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In Vivo Click Reaction did not Reveal a Specific Radioactive Signal in the

Brain

Finally, an in vivo click reaction between injected TCO-mAb and Tz was attempted in
PS2APP and WT animals. Animals were injected with 20 mg/kg mAb-TCO i. v. via the
tail vein. Based on previous results described above, animals were injected with the Tz
(123.5 + 24.5ng; 1.8 £ 0.4 MBq; 55.1 = 4.8 kBqg/g) 1 day and 3 days post-injection of
mAb-TCO. Tz entered the brain and the radioactive signal reached 1.4 + 0.2%ID/g in the
cortex 1 day after injection and 1.2 £ 0.4%ID/g in the cerebral cortex of the transgenic
animals 3 days after injection. However, no difference in binding pattern and signal
intensity was observed by autoradiography in PS2APP animals compared to WT control
animals. In particular, no AB plaque imaging was detected by autoradiography
(Figure 6). Image analysis showed similar uptake ratios in all regions of interest in
transgenic animals compared to control animals. The presence of mAb-TCO on the brain
sections was confirmed by immunofluorescent staining (Figure 6), but the in vivo click

reaction of mAb-TCO with the radioactive Tz only occurred to an insufficient degree.

In vivo Tz injection In vivo Tz injection
1 day post-injection mAb-TCO 3 days post-injection mAb-TCO

PS2APP A ~ PS2APP WT

Figure 6: In vivo click reaction did not reveal a specific AR plaque signal. Tz was applied in vivo
1-day and 3-days post-injection of the mAb-TCO in PS2APP animals and WT controls at day 0.
The in vivo click reaction between the Tz and the bound mAb-TCO did not show a specific signal
which could be detected by autoradiography in neither the transgenic animal nor the control
wildtype. The mAb enters the brain and binds to AB plaques as revealed by the GaH-AF staining.
Scale =1 mm.

Discussion

The described study combines an antibody-based pretargeting approach with the
bioorthogonal click reaction between a strained trans-cyclcooctene and an electron-
deficient tetrazine by IEDDA. This concept has been extensively studied for the imaging
of peripheral targets, for example targets overexpressed in xenograft-based oncology
mouse model 410124647 |t was demonstrated that in vivo PET imaging is possible with
high tracer uptake in tumor, a high tumor to non-target tissue ratio, and a significantly

decreased radioactive burden to non-tumor tissues. However, all reported studies about
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pretargeted imaging were limited to peripheral targets. The presented work is among the
first studies applying the antibody based pretargeting approach to a target in the CNS.

TCO-modified mAb (mAb-TCO) was successfully clicked in vitro with tritium-
labeled tetrazine (Tz) yielding mAb-TCO-Tz. Brain sections, incubated in vitro with mAb-
TCO-Tz, showed clear plague imaging in PS2APP transgenic mouse brain sections,
whereas no specific signal could be detected in wild-type controls. Furthermore, an
in vitro click reaction on brain sections with pretargeted mAb-TCO and Tz as the
secondary agent confirmed the reactivity on transgenic PS2APP brain tissue. In contrast,
the same brain sections incubated with mAb (without TCO) and subsequent Tz treatment
did not show any specific radioactive signal. This finding confirmed that the binding of
the modified mAb at the AB plaques and the accessibility of the TCO moieties on the
antibody for Tz is maintained in vitro.

Based on the results, in vivo experiments demonstrated the brain shuttling
capability of invitro prepared mAb-TCO-Tz in PS2APP transgenic mice by
autoradiography imaging and fluorescent staining. Co-localized signals of both
autoradiographical imaging and immunofluorescent staining were detected in typical AB-
containing brain regions. In a next step, the optimized pretargeting interval, the time
between antibody injection and injection of Tz, was determined in PS2APP and wild-type
control mice treated with mAb-TCO. After 1, 3, 6, and 12 days, the animals were
sacrificed, the brain dissected, and the sections incubated with tritiated Tz for an ex vivo
click reaction. After 1-day and 3-days post-injection, a clear signal could be detected that
distinguishes PS2APP transgenic from wild-type animals. AR deposits were visualized
by autoradiography on transgenic animal brain sections only. The signal detected on
wild-type sections represented background binding. This finding clearly demonstrated
that a sufficient amount of antibody enters the brain for proper visualization of the target.
Furthermore, the conjugated TCO-group remained chemically reactive to click with the
applied tritiated tetrazine derivative. Longer pretargeting intervals (6 days and 12 days),
however, did not result in autoradiography signals, although mAb-TCO entered the brain,
which could be visualized by fluorescent detection using a secondary antibody. No
signals by ex vivo click Tz treatment was observed after 6 days suggesting that the TCO
moiety does not remain reactive too long for an efficient click reaction. The TCO is likely
to be inactivated by copper catalyzed trans-cis isomerization. The cis isomer of TCO is
orders of magnitude less reactive than the trans-isomer,* which might explain the lack
of signal 6 days and later after injection of the antibody. All in vitro and ex vivo click
experiments suggested that the mAb-TCO passed the blood-brain barrier, binds to AB
targets and TCO remains reactive towards the Tz up to 3 days.

In the next step, an in vivo click-experiment was carried out using PS2APP

transgenic and wild-type mice. First, a dose of 20 mg/kg mAb-TCO was injected followed
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by Tz injection 1-day and 3-days later. Two hours after the application of Tz, the animals
were sacrificed and analyzed for the presence of a genotype specific brain signal. Even
though the antibody entered the brain as expected, no clear signal of target visualization
in PS2APP transgenic mice was detected. Transgenic and wild-type brain sections
looked similar revealing a homogenous background for both time points analyzed. This
finding indicated that the tracer entered the brain, but no in vivo click reaction took place
or was detectable due to the high background signal. It remains to be analyzed why the
click reaction did not occur in vivo after 1 day and 3 days, even though the previous
experiments indicated 1 day and 3 days to be an optimal pretargeting time point. Several
reasons can be considered. It has been reported that the strained ring of trans-
cyclooctene may undergo cis-trans isomerization, thereby reducing its reactivity towards
tetrazines dramatically.'?*® Regarding the degree of labeling of the antibody with the
TCO, “the more the better” could be considered. However, there is a tradeoff of
potentially disturbed antibody functionality or pharmacokinetic characteristics when the
conjugation degree with TCOs is too high.*® The more TCO groups attached to the
antibody, the more likely the functionality of binding to its target and the brain shuttling
via the TfR are affected. An approach to increase the modification rate of the antibody,
and minimizing the effect on the antibody functionality, is to introduce PEG linkers
between the antibody and the TCO moiety. The further away the TCO from the antibody
molecule, the lesser the influence of potential hydrophobic interactions between TCO
and the mAb, which can influence the binding behavior. Furthermore, steric hindrances
are reduced, that could influence the access of the TCO to the lysine residues during the
modification. However, the further a TCO protrudes from the antibody, the more
exposure to the surrounding, which can increases trans-cis isomerization.>® Further
approaches to increase the TCO loading of a mAb are the use of multi-functionalized
moieties, that can be attached to an antibody (like branched, dendric scaffolds containing
higher numbers of TCO molecules).>!?

In addition, it has not yet been demonstrated whether the tetrazine derivative
reaches the brain in sufficient quantities. Although the tracer was shown to penetrate into
the brain, the concentration may have been too low. The ratio between available Tz and
functional TCO might not be optimal for a detectable click reaction to occur. Another
reason for the failure of the in vivo click reaction could be the instability of the tritiated
tetrazine derivative. Tetrazines are highly reactive molecules and might degrade faster
than expected in an in vivo animal system.>® The metabolism of the tracer could be
responsible for the biotransformation to an inactive species lacking a reactive tetrazine
group. Recently, it was attempted to reverse the approach, i. e., functionalizing the
antibody with tetrazine and applying a radioactive TCO as a secondary agent for

bioorthogonal click reaction.®®*%* However, this approach seemed to be
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counterproductive in the case of a bioorthogonal click reaction of brain targets, as the Tz
is a highly reactive and unstable molecule. The longer the Tz remains bound to the target,
the higher the risk for a decomposition of the Tz. Furthermore, the LogD values (as a
parameter of lipophilicity), which are crucial for brain penetration, are higher for the TCO
derivatives than for the Tz derivatives. A higher lipophilicity suggests an increased
unspecific binding to plasma protein and a faster oxidative metabolism and clearance of
the compound, which may lead to a decreased brain uptake.%

Despite the failed invivo click reaction, the used approach represents a
promising avenue for in vivo imaging of CNS targets via PET. The pretargeting approach
is versatile and modular to be broadly applied to a number of antibodies and CNS targets,
which currently cannot be approaches by small molecule PET tracers. The latest
generation of bifunctional antibodies allows an increased uptake of the pretargeting
compound in the brain for a reliable detection.>”*® Further experimental work needs to
be performed to identify a TCO/tetrazine combination with increased stability paired with
high reactivity. An increased stability of both components, possibly combined with a
blood-brain barrier non-penetrable clearing agent,*®>® might lead to a successful
pretargeting-based in vivo imaging of brain targets.

Nonetheless, this study demonstrates the promising approach of using antibody-
based click chemistry for in vivo brain imaging and may extend the application to targets
currently considered undruggable and not approachable by a traditional small molecule
PET tracer.

Materials and Methods

The antibody construct mAb31-BrainShuttle was produced in-house and consists of an
immunoglobulin G subclass 1 monoclonal antibody (mAb31) directed against AR and
a brain shuttle construct fused to the C terminus of the heavy chain as described
previously.*>*3 The brain shuttle construct is a single-chain single Fab fragment of an
anti-mouse Transferrin monoclonal antibody.*? Hereinafter the mAb31-BrainShuttle
construct is referred to as mAb. Solvents and reagents were obtained from commercial

sources (as indicated) and were used without further purification.

(2,5-Dioxopyrrolidin-1-yl) 4-[[(4E)-cyclooct-4-en-1-ylloxymethyllbenzoate  (TCO-NHS)

was synthesized and prepared in-house following the method reported by Rossin et al.®
O O
\
o

223



A colorless solid was isolated in a yield of 21% and purity of 99%. *H NMR (300 MHz,
CDCl3) 8 8.12 (d, J = 8.28 Hz, 2H), 7.51 (d, J = 8.28 Hz, 2H), 5.68 (m, 1H), 5.53 (m, 1H),
4.57 (m, 2H), 3.69 (m, 1H), 2.91 (br, s, 4H), 2.38 (m, 2H), 2.24 (m, 2H), 2.07 (m, 1H),
1.84 (m, 3H), 1.54 (m, 1H), 1.23 (m, 1H), LC-MS (ESI) m/z C20H23NOs requires: 358.2
([M+HT).

5-((3aS,4S,6aR)-2-Oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(6-(6-(pyridin-2-yl)-
1,2,4,5-tetrazin-3-yl)pyridin-3-yl)pentanamide (Tz-biotin)

Biotin (217 mg, 870 umol), 1-hydroxy-7-azabenzotriazole (148 mg, 1.04 mmaol),
and 1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide hydrochloride (204 mg, 1.04 mmol)
were dissolved in dry DMF (6 mL) under an argon atmosphere to give a colorless
solution. Triethylamine (176 mg, 242 uL, 1.74 mmol) was added and the mixture was
stirred at 22 °C for 1 h. Then, 6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-amine
(230 mg, 870 umol) was added and stirring was continued for 47 h at 50 °C. All volatiles
were evaporated and the crude material was purified by flash chromatography (silica gel
pretreated with 7% Ets;N in heptane, 40 g column, 0% to 100% acetone in heptane in
20 min to yield 86 mg (19%) of the desired compound Tz-biotin.

'H NMR (600 MHz, DMSO-ds) d 10.56 (s, 1H), 9.05 (d, J = 2.52 Hz, 1H), 8.94 (d, J =
4.69 Hz, 1H), 8.62 (d, J = 8.76 Hz, 1H), 8.59 (d, J = 7.76 Hz, 1H), 8.44 (dd, J = 2.52,
8.76 Hz, 1H), 8.16 (ddd, J = 1.81, 7.76, 7.76 Hz, 1H), 7.73 (ddd, J = 1.21, 4.69, 7.76 Hz,
1H), 6.45 (s, 1H), 6.37 (s, 1H), 4.29-4.34 (m, 1H), 4.12-4.17 (m, 1H), 3.07-3.20 (m, 1H),
3.05 (br s, 1H), 2.84 (dd, J = 5.14, 12.49, 1H), 2.52-2.61 (m, 1H), 2.39-2.48 (m, 1H),
1.35-1.71 (m, 6H). LC-MS m/z C2:H23N9O,S requires: 478.1 ([M+H]*), 500.3 ([M+Na]*).

[*H]3-(4-Methoxyphenyl)-6-methyl-1,2,4,5-tetrazine (Tz)

To a 25 mL sealable tube, equipped with a stir bar, 452 mg (3.8 mmol) of 4-
hydroxybenzonitrile, 1.9 mmol Zn(OTf),, 188 mmol hydrazine monohydrate, and 2 mL
(38 mmol) acetonitrile was added to give a purple colored solution. The tube was sealed,
and the reaction solution was stirred for 16 h at 80 °C. The reaction solution was cooled
to 22 °C and transferred into a 250 mL three-neck round bottom flask. 25 mL of a 3.5 M
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sodium nitrate solution was added slowly with ice bath cooling, followed by dropwise
addition of 1 M hydrogen chloride (75 mL) until no gas evolution was observed and a pH
of 3-4 was reached. The mixture was extracted 3x with ethyl acetate, the combined
organic phase was separated, dried over sodium sulfate, and concentrated in vacuo. The
crude residue was purified using silica-based flash chromatography to yield 38%
(271 mg, 1.44 mmol) of the desired phenol-precursor as an orange solid in a purity of
98%.
'H NMR (300 MHz, CDCls) 6 8.52 (d, J = 8.98 Hz, 2H), 7.03 (d, J = 8.98 Hz, 2H), 5.21
(s, 1H), 3.07 (s, 3H). LC-MS (ESI) m/z C10HsN4O requires: 189.4 ([M+H]").

[*H]Methyl nosylate (1.85 GBq, 132 ug, 0.591 umol), cesium carbonate (481 ug,
1.48 ymol), and 333 pug (1.77 pumol) of the phenol-precursor were dissolved in 400 pL
tetrahydrofuran. The solution was stirred at 50 °C for 5 h. The reaction mixture was
diluted with 1 mL dichloromethane and passed through a strong anion exchange (SAX)
solid phase extraction (SPE) cartridge to remove the sulfonic acid by-product.! The
solvent was removed and the residue dissolved in acetonitrile/water to purify the
compound using preparative-HPLC to yield 278 MBq (15%) of Tz in a radiochemical
purity of 98%. The specific activity of 3.3 TBg/mmol was taken from the starting
compound [*H]methyl nosylate, since Tz did not ionize in mass spectrometric analysis

and therefore no isotope pattern could be determined.

Antibody TCO-conjugation

Ten-fold molar excess of TCO-NHS (10 mM in DMSO) was added to the mAb
(4-5 mg/mL in PBS, pH 7.4). The solution was shaken orbitally for 2 h at 22 °C and
purified using Slide-A-Lyzer Dialysis Cassettes (10,000 MWCO, Thermo Fisher
Scientific) against PBS, pH 7.4. The buffer was changed after 30 min for 4 times in total
to generate mAb-TCO in a yield of 83 + 11% (n=9) with a degree of label of 2.5 on

average.

In Vitro Click Reaction

MAb-TCO (5 mg/mL in PBS, pH 7.4) and Tz (3.26 TBg/mmol, 185 MBg/mL in ethanol)
were mixed in a 1:1 molar ratio (2-10 yM) and incubated for 1 h at 22 °C, purified by
dialysis (Slide-A-Lyzer Dialysis, 10,000 MWCO, Thermo Scientific) against PBS pH 7.4
to obtain mAb-TCO-Tz in a radiochemical purity of > 95%.

In analogy, mAb-TCO was coupled with a biotinylated Tz derivative. For this click
reaction, a 10-fold excess of Tz-biotin (5 mM in DMSO) was used to ensure complete

conversion to mAb-TCO-Tz-biotin.

225



Intact Protein Mass Spectrometry (MS) Analysis

For protein MS analysis of mAb-TCO, the protein concentration was adjusted to
0.5 mg/mL with 0.1 M Tris pH 7.8. The samples were chromatographed on a Waters
nanoAcquity system using an Agilent, Poroshell column (SB-C8, 0.5 mm x 75 mm, 5 ym,
300 A, injection volume of 10 uL) heated to 65 °C. Eluent A was 0.1% trifluoroacetic acid
in water, eluent B was 0.1% trifluoroacetic acid in acetonitrile. The following gradient for
the separation was applied; initial: 10% B, 0.2 min: 10% B, 1 min: 20% B, 11 min: 60%
B, 15 min: 90% B, 16 min: 90% B, 17 min: 10% B, 20 min: 10% B with a flow rate of
70 yL/min. The eluent was analyzed with the Waters LCT Premier XE mass
spectrometer using the electrospray method for ionization of the sample (ESI, positive,
V mode; with a capillary voltage of 2.8 kV and a cone voltage of 200 V). The raw data
were deconvoluted with the MaxEnt1 software (Waters Corporation) and displayed using

standard software.

SDS-PAGE and Western Blot Analysis

Modified antibody constructs were subjected to SDS-PAGE and Western Blot analysis.
SDS-PAGE was performed using the XCell SureLock™ Mini-Cell Electrophoresis
System (Invitrogen, Thermo Fisher Scientific) under reducing conditions. Samples were
diluted in NUPAGE LDS Sample buffer (4x, Thermo Fisher Scientific) and NUPAGE
Sample Reducing Agent (10x, Thermo Fisher Scientific), heated at 70 °C for 10 min, and
1 - 2 ug in 20 L were separated using a Novex NUPAGE 4-12% Bis-Tris Gel (Thermo
Fisher Scientific) with a 1x NuPAGe MOPS-SDS running buffer (Thermo Fisher
Scientific). Separated proteins were transferred to a nitrocellulose membrane using the
iBlot Gel Transfer System (Thermo Fisher Scientific, 7 min, 23 V) in conjunction with
Novex Mini iBlot Gel Transfer Stacks (Thermo Fisher Scientific). The membrane was
blocked for 1 h at 22 °C with 5% TopBlock (LubioScience, Lucerne, Switzerland), 0.1%
Tween-20 in 1x PBS pH7.6. mAb-TCO was detected using a goat-anti-human-
horseradish peroxidase (HAP) coupled antibody (1:250,000, 1 h at 22 °C in 1%
TopBlock/TBS/T, Thermo Fisher Scientific Pierce) and mAb-TCO-Tz-biotin was detected
using a Streptavidin-HPA (1:200,000, 20 min, 22 °C in 5% TopBlock/TBS/T, Thermo
Fisher Scientific). Membrane was rinsed twice in blocking buffer, washed 1x15 min
followed by 2x5 min in blocking buffer, 1x5 min in TBS-T (1XTBS pH 7.6, 0.1% Tween-
20) and 1x5 min in TBS pH 7.6. The modified proteins were detected using the
Amersham ECL Western Blotting Detection Reagents and developed by applying
standard procedures using the Amersham Hyperfim high performance

chemiluminescence film.
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AB ELISA Affinity Assay

Binding of fusion constructs to fibrillary AR was measured by an ELISA assay. Briefly,
the 40 amino acid residue peptide AB(1-40) (Roche, Germany) was coated at 7 pg/mL
in PBS onto Maxisorp plates (Nunc, ThermoFisher Scientific) for 3 days at 37 °C to
produce fibrillary Ap then dried for 3 h at 22 °C. The plate was blocked with 1% Crotein
C and 0.1% RSA in PBS (blocking buffer) for 1 h at 22 °C, then washed once with wash
buffer. Fusion polypeptides or controls were added at concentrations up to 100 nM in
blocking buffer and incubated at 4°C for 16 h. After 4 wash steps, constructs were
detected by addition of anti-human-lgG-HRP (Jackson Immunoresearch) at 1:10,000
dilution in blocking buffer (1 h, 22 °C), followed by 6 washes and incubation in TMB
(Sigma). Absorbance was read out at 450 nm after stopping color development with 1 M
HCI.

Fluorescence-Activated Cell Sorting (FACS) Flow Cytometry Analysis

Binding of fusion constructs to murine transferrin receptor was tested by FACS analysis
on mouse BA/F3 pro-B cells. Cells were harvested by centrifugation, washed once with
PBS and 5 x 10* cells incubated with a 1.5 pM to 10 nM dilution series of the antibody
fusions in 100 pL RPMI/10% FCS for 1.5 h on ice. After 2 washes with RPMI/10% FCS,
cells were incubated with goat-anti-human IgG coupled to Phycoerythrin (Jackson
Immunoresearch) at a dilution of 1:600 in RPMI/10% FCS for 1.5 h on ice. Cells were
washed again, re-suspended in RPMI/10% FCS and Phycoerythrin fluorescence

measured on a FACS-Canto instrument (Becton-Dickinson).

In Vivo Mouse Experiments

All animal experiments were performed according to the Swiss federal regulations on
animal protection and to the rules of the Association for Assessment and Accreditation
of Laboratory Animal Care International (AAALAC).

Adult male or female APP751 swedish x PS2N141I transgenic (PS2APP) % mice
on a homozygous C57BL/6 genetic background and C57BL/6 wild-type (WT) control
animals at an age of 12-18 months, used for the experiments, were bred at the animal
facility of Roche, Basel. The mice were group housed in open cages and maintained on
a 12:12-h light:dark cycle, with constant temperature (21-24 °C) and humidity (40—-80%).
Each cage was provided with unrestricted access to municipal water and sterilized food
(Provimi Kliba 3436). All cages were supplied with autoclaved sawdust bedding and

environmental enrichments, which were applied to best practice animals’ welfare
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standards and rotated weekly. The mice were acclimated for at least 1 week before the

start of the study. The study design is described in Table 2.

Table 2: Study design and overview of in vivo experiments, used animals, injected compounds.

Experiment  Animals used Antibody injected Time .
o N Tz administered
WT PS2APP in vivo [d]
1x mAb-TCO-Tz 3 in vitro, in vial
Brain Uptake
2x mAb-TCO-Tz 12 in vitro, in vial
1x 1x mAb-TCO 1 ex vivo, on slide
In vivo 1x 1x mAb-TCO 3 ex vivo, on slide
Stability of
mAb-TCO 1x 1x mAb-TCO 6 ex vivo, on slide
1x 1x mAb-TCO 12 ex vivo, on slide
. . 2X 3x mAb-TCO 1 in vivo, intravenous
In vivo Click
Reaction 3x 3x mAb-TCO 3 in vivo, intravenous

* Time interval post-injection of antibody to sacrifice animal or inject Tz.

In Vivo Target Engagement

Animals were injected intravenously (i. v.) with 20 mg/kg mAb-TCO-Tz in PBS (injection
volume 5 mL/kg, protein concentration 3-5 mg/mL) and sacrificed 3-days and 12-days
post-injection. The brain was dissected and hemisected along the midline. One
hemisphere was used for cryosections and immediately frozen on powdered dry ice. The
other hemisphere was dissected to obtain brain regions including the cerebellum,
hippocampus, cortex, and the rest brain, used for beta scintillation counting. The brain

tissue was stored at -80 °C.

mADb-TCO Administration for Ex Vivo Click Reaction

Animals were injected intravenously (i. v.) with 20 mg/kg mAb-TCO in PBS (injection
volume 5 mL/kg, protein concentration 3-5 mg/mL). After 1, 3, 6, 12 d post-injection,
animals were sacrificed by decapitation. The brain was hemisected and frozen in

powdered dry ice. The brain tissue was stored at -80 °C.

In Vivo Click Reaction

Animals were injected i. v. with a single dose of 20 mg/kg mAb-TCO. 24 h and 72 h post-
injection of the antibody, the animals received a single dose i. v. injection of 55.5 MBqg/kg
Tz in PBS, pH 7.4 (2.96 TBg/mmol, 9.25 MBg/mL, 5 mL/kg injection volume). 2 h after

the Tz injection the animals were sacrificed by decapitation and plasma samples were
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collected. The brain was hemisected. One hemisphere was frozen on powdered dry ice,
the other one was dissected and brain regions including cerebellum, cortex,
hippocampus, and rest brain were frozen on dry ice. The brain tissue was stored
at -80 °C.

Immunohistochemistry, Radio-Immunohistochemistry

Animals were deeply anaesthetized using 3-5% (vol %) isoflurane in an anesthesia box
with the support gas, oxygen/air (2:1). Animals were sacrificed by decapitation. The
brains were removed, rinsed in 0.9% NaCl solution, blotted dry, hemisected along the
midsagittal plane, and immediately frozen on powdered dry ice for histology and/or
autoradiography.

Brains were cut sagittally on a cryostat (Leica CM 3050). Sections (10 pm
thickness) were thaw-mounted on HistoBond plus glass slides (Marienfeld, Lauda-
Kdnigshofen, Germany), air dried for at least 2 h, and stored at -80°C until further use.

Slides were defrosted, rehydrated with PBS (Thermo Fisher Scientific), fixed with
acetone (Sigma-Aldrich, 3 min, -20 °C) and blocked for 20 min at 22 °C (1% bovine
serum albumin + 1% ovalbumin + 1% normal goat serum in PBS).

The mAb constructs, either applied in vitro or injected in vivo, were detected
using a fluorescently labeled secondary antibody (goat-anti-human Alexa Fluor (AF) 488,
AF 555, or AF 647, 15 pg/mL in 1% normal goat serum in PBS, 1 h, 22 °C, Thermo
Fisher Scientific). The sections were counterstained with 1 pg/mL 4’,6-diamidino-2-
phenylindole (DAPI, Roche) in PBS for 3 min. Sections were thoroughly washed with
PBS between each incubation step. Standard SudanBlack B (0.3% in 70% ethanol,
3 min, Merck KgaA, Darmstadt, Germany) staining was used to quench lipofuscin
autofluoresence. Microscopic, whole slice images were acquired using the Metafer 4
slide scanner (MetaSystems, Altlussheim, Germany).

Fixed and blocked brain sections from transgenic and wild-type animals were
incubated with 1 uyg/mL mAb-TCO-Tz antibody solution in 1% normal goat serum in PBS
for 1 h at 22 °C or 4 °C for 16 h. After intensive washing with PBS, the sections were air
dried at 4 °C and used for autoradiography.

For the in vitro and ex vivo on-slide click reaction, the brain sections of transgenic
animals were defrosted, re-hydrated and blocked (no blocking step for ex vivo on-slide
click reaction) as described above. In vitro staining with 1 ug/mL mAb-TCO or mAb as
control in 1% normal goat serum in PBS, 4 °C for 16 h, was carried out. Slides were
washed for 3x5 min with PBS followed by 3x5 min with a Ringer solution (146.5 mM
NacCl, 2.7 mM KCl, 0.85 mM MgCls, 1.2 mM CaCls, 1.2 mM NazHPO4, 0.27 mM NaH2PO,,
pH 7.4; Merck KGaA, Fluka).
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On slide click-reaction was carried out for 2 h at 22 °C using 100 pL to 200 pL of
100 nM Tz (2.96 TBg/mmol, 34.4 MBg/mL in ethanol) in Ringer solution. Sections were
washed 3x15 min with a Ringer solution and dipped briefly in distilled water at 4 °C. The
slides were air dried at 4 °C and used for autoradiography.

Radioactive Assays, Autoradiography, and Analysis

Air-dried brain sections were exposed for 5 - 10 days on tritium-sensitive phosphor
imaging plates (BAS-IP TR2025, Fuijifilm). Plates were scanned using the Fujifilm BAS-
5000 phosphorimager and analyzed using MCID Analysis software (Imaging Research
Inc, part of GE Healthcare). Regions of interest were selected, and bound radioactivity
was analyzed based on a standard (American Radiolabeled Chemicals, ART0123) co-
exposed with the brain sections. Bound radioactivity was expressed as ratios between
the regions of interest in the transgenic animal divided by the bound radioactivity of the
same regions in the wild-type control animal.

Dissected brain regions were weighted and homogenized in ice-cold
homogenization buffer (1% NP-40, cOmplete Ultra Proteinase Inhibitor tablets (Roche,
according to manufactures instructions) in 50 mM Tris/HCI, pH 7.4) using a Polytron
PT1200 (Kinematica AG, Lucerne, Switzerland) and/or ultrasound (Branson Sonifier
250). A 100 pL aliquot was mixed with 3 mL UltimaGold scintillation cocktail (Perkin
Elmer) and incubated over night before beta counting in the TriCarb 2500 Beta Counter
(Perkin Elmer Packard). Disintegrations per minute (DPM) were used to calculate
concentrations of the radioactive tracer (fmol/mg) and %ID/g (percentage of injected

dose per gram tissue weight).

Conclusions

This study explored the suitability of an antibody-based pretargeting approach for in vivo
imaging of targets in the central nervous system. As a first step, the AB-specific, brain
shuttle version of mAb31l (mAb31-BrainShuttle, short mAb) was successfully
radiolabeled in vitro using the inverse-electron-demand Diels-Alder reaction of a tritiated
1,2,4,5-tetrazine (Tz) group and a trans-cyclooctene modified mAb (mAb-TCO). The
mMADb-TCO-Tz antibody retained its functionality and specificities as demonstrated by
in vitro experiments using PS2APP mouse brain sections, ELISA, FACS assays, radio-
immunohistochemistry, and in vivo approaches. The radiolabeled AB specific antibody
crossed the blood-brain barrier and bound its target. One- to three-day post-injection of
mMADb-TCO proofed to be a suitable time window for in vivo pretargeting. The TCO groups
remained reactive towards the tetrazine reactant since a specific radioactive labeling of

AB plaques was evident in brain sections of PS2APP mice, using an ex vivo click
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reaction. However, the in vivo click reaction with intravenously injected Tz one- and
three-days after injection of the TCO-modified antibody did not reveal a specific
difference in binding intensity between the transgenic and wildtype animals. A radioactive
signal was detected in brain tissue, but no click reaction was revealed by
autoradiography. Further experiments are needed to optimize the multi-component
pretargeting system, such as the TCO degree of labeling of the mAb, mode of
conjugation of the TCO, concentration of Tz, type of Tz. The right balance between
stability and reactivity of both components can thus be observed for a successful in vivo
pretargeting reaction. The presented study suggests that the application of PET imaging
in drug development and for clinical diagnostics may be extended to targets currently
considered undruggable and not approachable by a traditional small molecule PET

tracer.
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Chapter Ten
Conclusions

In recent decades, small molecules have dominated the pipeline of the pharmaceutical
industry. Now, molecules from other modalities such as nucleic acid-based drugs,
peptides, or antibodies are appearing on the market. These molecules are usually larger
(significantly >1 kDa), usually multi-charged, and often poorly soluble in organic solvents.
A major challenge with molecules of the new modalities is the prediction of drug
targeting, which, together with solubility, contributes to the overall exposure of drugs and
drug candidates in the systemic circulation or their ability to enter the brain. It is not just
the molecules that are getting more complex, but also the biochemical assays and the
radiolabelling methods.

Radiolabelling of small molecules with beta emitters like carbon-14 (ti2: 5,730 y;
molar activity: 2.3 GBg/mmol; 62.4 mCi/mmol) or tritium (ti2: 12.3y; molar activity:
984.2 GBg/mmol; 26.6 Ci/mmol) has been intensively investigated over the last decades
and new concepts for the introduction of radionuclides continue to be regularly reported.
New catalysts that cause carbon/hydrogen activation are capable of incorporating
isotopes such as deuterium or tritium into small molecules. These established labelling
methods are of limited applicability to nucleic acid-based drugs, therapeutic antibodies,
or peptides typical of the molecules currently being investigated as new therapeutic
modalities. However, in preclinical research, radiolabelling is often required to track and
monitor drug candidates in metabolism, biotransformation, or pharmacokinetic studies.

Radiolabelling of nucleic acid-based drugs with a beta emitter is a major
challenge. The use of carbon-14 for radiolabelling oligonucleotides is usually not
practical because the molar activity is too low. Tritium, on the other hand, has over a
400-fold higher molar activity and is suitable for larger molecules (> 1 kDa) in a variety
of biochemical assays or in imaging studies. By now the most commonly used approach
to tritium-labelled oligonucleotides consisting of a phosphorothioate backbone is based
on a methodology that dates back to 1995 and is still state-of-the-art. The chemical
approach requires a complex, multi-step pre-synthesis of the 3H-nucleoside
phosphoramidite monomer for subsequent solid-phase synthesis to the desired
®H-oligonucleotide. In addition, high specific activity cannot be achieved because the
tritium-labelled nucleoside phosphoramidite must be diluted with non-radioactive
monomer to avoid strong radiolysis. These issues lead to a high expenditure of time, a
high proportion of radioactive waste, and thus high costs. A novel labelling concept was
developed by conjugating a tritium-labelled N-ethylmaleimide ([PH]NEM) to a thiol linker
attached to either the 5-end or the 3-end of an oligonucleotide. However, this

modification also poses a risk of altering molecular properties, in terms of stability or
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target engagement. To address these concerns, in vitro binding studies and in vivo
biodistribution studies were performed and the results compared to the corresponding
unmodified compound. It was demonstrated that the modification has no impact on
biological behaviour and is therefore a fast, safe, and cost-effective access to tritium-
labelled oligonucleotides.

However, sample preparation of [P H]NEM for conjugation to a thiol-linker from an
oligonucleotide proved to be very difficult, as NEM arrived in the laboratory in a pentane
solution. The pentane had to be removed for a solvent change to a water-miscible
solvent. The high volatility of NEM does not allow the a removal of the pentane by
distillation or by using a gentle argon stream. This issue was addressed by transferring
the pentane solution to a short silica gel-based cartridge and eluting the NEM from the
matrix using DMSO. This high amount of DMSO in the subsequent conjugation to the
thiol-linker induced a sulfur/oxygen exchange in the phosphorothioate backbone. For this
reason, a synthetic route to tritium-labelled maleimide derivatives was developed, which
provides maleimides that are easily accessible, non-volatile, and available in high molar
activity.

Starting from N-substituted maleimides with exocyclic hydroxy functionality,
base-stable intermediates were obtained by a Diels-Alder [4+2] cycloaddition in
2,5-dimethylfuran as solvent. Protected maleimides enable methylation of primary
alcohols under basic conditions and prevent nucleophilic attack from Michael-type
donors. The final products were obtained by deprotection via a retro-Diels-Alder reaction
by heating the protected tritiated maleimides at 110 °C. The special feature is not only
that these maleimides are less volatile than NEM, but the purified radioactive maleimides
can be used directly from the preparative HPLC fractions for subsequent bioconjugations
without solvent exchange. This enables quantitative use without loss of radioactivity and
allows for safe handling. The reactivity of the novel tritium-labelled maleimide derivatives
was demonstrated by a bioconjugation step on thiol-functionalized oligonucleotides. This
concept opens up new possibilities for a safe, fast, and inexpensive access to tritium-
labelled maleimide derivatives for the radiolabelling of thiol-functionalized biomolecules.

Inserting a tritium atom into a peptide can be challenging. Insertion of a tritiated
amino acid into a peptide sequence is theoretically possible, but in practice it is difficult
and time-consuming when larger peptides are to be labelled. Late-stage catalytic titration
is often complicated by the presence of interfering functional groups in the peptide
sequence, which can deactivate the catalyst during a reduction or exchange reaction.
Two approaches were investigated for the incorporation of tritium into the human peptide
neuromedin S (NMS): halogenation of NMS followed by metal-catalysed halogen-tritium
exchange. Derivatisation of the primary amine residues with [*H]N-succinimidyl
propionate ([*H]NSP).
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Halogenation was achieved with sodium iodide and chloramine-T on the histidine
residue (0%, lo, 35% |, and 65% I,). However, subsequent exchange of iodine for
deuterium was not successful. In a non-radioactive preliminary experiment, NSP was
conjugated with primary amines present at the following amino acids of the peptide
sequence: lle-1, Lys-15, and Lys-16. In a functional in vitro Fluorometric Imaging Plate
Reader (FLIPR) assay, the binding behaviour between the modified NMS derivatives
and the protein NMUR: proved to be comparable to that of the unlabelled NMS,
irrespective of the degree of labelling and the position of the label. With these
encouraging results, a conjugation with radioactive NSP to NMS was performed,
resulting in several peptide products with different degrees of labelling and labelling
positions. After preparative HPLC, two main fractions containing radioactive peptide
derivatives were isolated. The first fraction consisted of a mixture of a single conjugation
at Lys-15 and another product labelled at Lys-16 (total yield: 13 %), which could not be
separated due to their almost identical retention times. The second major fraction
consisted of the conjugation product with a single label at N-terminal lle-1 (yield: 7 %) in
high purity (>95 %) and a molar activity of 3.3 TBg/mmol (90 Ci/mmol). To the best of
our knowledge, this study is the first approach to tritiated NMS and opens the door for
further studies to characterise the behaviour of NMS or corresponding ligands.

When labelling an antibody with a fluorescent tag or radioisotope, there is a risk
that the modification will alter the physicochemical properties or the pharmacokinetic
(PK) behaviour of the protein. Therefore, there is a need for an in vitro assessment
workflow to predict a change in the physiological properties of antibodies after label
incorporation. The combination of multiple analytical methods reveal changes after label
conjugation that would otherwise have gone undetected. In addition to classic size-
exclusion chromatography (SEC), the core element of the developed analysis package
consists of the correlation of relative retention times for FCRn and heparin affinity
chromatography of labelled mAbs with the unlabelled variant.

Direct iodination has been shown to damage mAbs, as demonstrated by FcRn
affinity chromatography. An alternative to direct iodination is indirect iodination using the
Bolton-Hunter reagent. The quality assessment after protein modification by conjugation
of the iodinated Bolton-Hunter reagent shows a less pronounced change in protein
properties compared to direct iodination. Protein modifications with maleimide-based
tags that require prior partial reduction of the protein can lead to disruption of the
guaternary protein structure. SEC analysis under denatured sample preparation
conditions indicated free heavy and light chains after maleimide-based labeling. During
the reduction step, cystine disulfide bonds are reduced to allow free Cys to conjugate
with the labelling reagent. After successful labelling at cysteine residues, no

intramolecular disulfide bridges can be reformed. The quaternary structure of the
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antibody is maintained by only intermolecular forces, e.g. ionic or hydrogen bonds. Under
denaturing conditions caused by low pH and organic solvent, these bonds are broken
and since there are no covalent disulfide bonds left, the antibody breaks down into heavy
and light chains. This could be important in an in vivo setting if, during FcRn recycling,
the endosomal pH drops and the antibody is degraded instead of being recycled into the
circulation. Both the type and degree of labeling of modified IgGs can lead to changes in
the physicochemical protein properties. In addition, harsh labelling conditions can also
affect the behaviour of labelled mAbs. Finally, it was shown that identical labels on
different constructs of IgG1 lead to different affinities for FcRn and heparin. This result
highlights the importance of assessing the implications of labelling for each new antibody
construct individually, and unfortunately the results of this study cannot be taken as a
general guide as to which labelling strategy is most appropriate in all cases. Considering
the assessment data, only 6 of the 11 modified mAbs in this study can be recommended
for use in in vitro or in vivo experiments.

The advantages of the developed quality assessment prior to mechanistic studies
are manifold. Obviously, time and resources can be saved by minimizing the risk of using
inappropriate or even unstable test molecules that generate questionable data. Another
key benefit is the reduction in animal testing avoiding proteins that have been
compromised in the labelling process. From an ethical point of view, this analytical
workflow is a contribution to the 3Rs principles, so that no animal testing is performed
that could lead to wrong results or conclusions, related to human data or clinical studies.

Applications of antibodies labelled with [H]NSP are in tracking and quantification
in biodistribution studies. Animal studies in mice confirmed that drug/anti-drug antibody
(ADA) immune complexes (IC) are cleared from the circulation faster than the therapeutic
drug. It was not previously known exactly where and when these ICs were distributed or
excreted in the body. An important finding of these biodistribution studies with
radiolabelled proteins (tritium drug versus tritium ICs) is that high levels of radioactivity
from ICs accumulate in the pancreas in female Wistar rats. Furthermore, the finding that
in the first 24 h a high amount of radioactivity was found in the urine from the group that
received the pre-complexed dose. So far it has not been possible to identify the main
degradation product. An estimation was only possible by a molecular weight marker by
SEC, which showed a peptide with a size of ~1.2 kDa. More research needs to be done
to gain more insight into IC degradation.

For drug discovery programmes targeting the central nervous system (CNS),
early development of new small molecule drugs requires a translational approach to
provide evidence of distribution, exposure, and function in specific brain regions. Positron
emission tomography (PET) provides a means of assessing the distribution of drug

candidates in the brain and their binding to the target of interest in vivo, provided
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radiolabelling of the drug is possible or a suitable radioligand is available. PET is an
important tool from diagnostic imaging to the early stages of drug discovery programmes.

The endocannabinoid system (ECS) is a versatile system that plays an important
role in physiological and pathological conditions. Among other things, it consists of the
endogenous ligand 2-arachidonoyl-glycerol (2-AG). 2-AG is mainly degraded by
monoacylglycerol lipase (MAGL) into fatty acid and glycerol. Consequently,
pharmacological inhibition of MAGL, a serine hydrolase in the brain, leads to an increase
in 2-AG levels in the CNS and decreases prostaglandin (PG) production, resulting in
cytokine-lowering effects. Therefore, MAGL has gained a great attention as a promising
therapeutic target for neurological diseases such as Alzheimer's, Parkinson's, or multiple
sclerosis.

Recently, a morpholin-3-one derivative was discovered as a novel scaffold for
imaging MAGL by PET. However, its slow kinetics in vivo hindered its application. In this
study, structural optimisation was performed. Eleven new MAGL inhibitors were
designed and synthesised. Based on the results of MAGL inhibition potency, in vitro
metabolic stability and surface plasmon resonance assay results, one compound was
identified as a potential MAGL PET tracer candidate. The corresponding 'C-labelled
compound was synthesised by direct 1*CO, fixation and successfully mapped MAGL
distribution patterns in rodent brains by in vitro autoradiography. PET studies in mice
using the 'C-tracer demonstrated its improved kinetic profile compared to previously
reported MAGL-PET tracers. Its high specificity in vivo was demonstrated by using
MAGL-KO mice. Although further studies confirmed that the novel !C-tracer is a
P-glycoprotein (P-gp) substrate in mice, the low P-gp efflux rate on cells transfected with
human protein suggests that this should not be an issue for clinical implementation as a
novel reversible MAGL-PET tracer in humans. Overall, the developed PET tracer
([**C]JRO7284390) showed promising results that warrant further clinical evaluation.

The bioorthogonal approach decouples the biological half-life of an antibody from
the physical half-life of a short-lived radioisotope. This opens up the possibility of using
modified antibodies as PET tracers for targets in the brain that cannot be reached with a
classical small molecule PET tracer. Tetrazine (Tz) derivatives undergoing inverse
electron demand-Diels-Alder (IEDDA) reactions with an antibody carrying trans-
cyclooctene (TCO) moieties were investigated. Eleven tetrazines were evaluated and
classified for their properties as potential CNS radiotracers and click partners for
bioorthogonal PET imaging based on several in vitro and in vivo experiments. These
experiments included evaluation of pH-dependent stability, invitro membrane
permeability, P-gp efflux, and microsomal clearance. The biodistribution using fluorine-
18-labelled Tzs and the cerebrospinal fluid (CFS)/plasma ratio of selected non-

radioactive tetrazines was determined in in vivo experiments. Two Tzs out of the eleven
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can be proposed as the most promising candidates that showed the best properties in
terms of brain penetration and a balance between stability and reaction rate with a TCO
unit. In the next step, the selected Tzs will be evaluated for their suitability as
bioorthogonal click partners for PET imaging of misfolded proteins in the CNS on brain
tissue in vivo and ex vivo.

Initially, the AB-specific BrainShuttle version of mAb31 (mAb31-BrainShuttle,
mADb for short) was successfully radiolabelled in vitro by conjugating a tritiated 1,2,4,5-
Tz and a trans-cyclooctene modified mAb (mAb-TCO) in an IEDDA reaction. The mAb-
TCO-Tz antibody retained its functionality and specificity as demonstrated in several in
vitro experiments using PS2APP mouse brain slices, ELISA, FACS assays, radio-
immunohistochemistry, and in vivo approaches. The radiolabelled AB-specific antibody
crossed the blood-brain barrier (BBB) and bound its target. One to three days after mAb-
TCO injection proved to be a suitable time window for in vivo pretargeting. The TCO
groups remained reactive to the Tz reagent as specific radiolabelling of AB-plaques was
detected in brain slices from PS2APP mice using an ex vivo click reaction. However, the
in vivo click reaction with intravenously injected Tz one and three days after injection of
the TCO-modified antibody revealed no specific difference in binding intensity between
the transgenic and wild-type animals. A radioactive signal was detected in the brain
tissue, but no click response was detected by autoradiography. Further experiments are
needed to optimise the multicomponent pretargeting system, e.g. the TCO labelling level
of the mAb, the administered Tz concentration, and the molecular structure of the Tz, to
ensure the right balance between stability and reactivity of both components for a
successful in vivo pretargeting response. The study described suggests that the
application of PET imaging in drug development and for clinical diagnostics can be
extended to targets that are currently considered untreatable and for which a
conventional small molecule PET tracer is not suitable.

In this thesis, in 9 chapters including 8 peer-reviewed journal articles,

radiolabelling small and biomolecules for tracking and monitoring has been achieved.
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APPENDIX

Abstracts of Invited Talks and Poster Presentations

Oral presentations at:

e TIDES, Brussels, Belgium (November 15", 2021)

e Biologics UK, London, UK (March, 21%, 2022)

Title
A Novel Access to Tritium Labelled Oligonucleotides

Bullet Points summarizing the content of the presentation

« Thiol modifiers were positioned at the 3'-end of ASOs, conjugated with [3H]ethyl
maleimide, and compared with their untagged counterparts.

» Conjugates were metabolically stable in vitro for at least up to 72 h.

* Radiolabelled ASOs showed similar in vivo behaviour in liver, kidney, and spleen
compared to the untagged ASO.

Biography
Martin studied Biological Chemistry at the University of Applied Science Mannheim,

Germany in 2003 and completed his diploma thesis at Novartis in Switzerland in 2006.
After 4 years of research in medicinal chemistry at the Novartis Institutes for BioMedical
Research, Martin moved to Roche's isotope synthesis laboratory at the end of 2010.
His responsibilities include labelling small molecules, oligonucleotides, and proteins
with carbon-14 and tritium. At the beginning of 2020, Martin started his PhD studies at
the University of Bath, UK in the Department of Pharmacy and Pharmacology under
supervision of Dr lan S. Blagbrough and Prof Stephen M. Husbands as well as Dr
Michael B. Otteneder and Dr Filippo Sladojevich (Roche). The aim of his PhD thesis is
to investigate new ways of radiolabelling nucleic acid-based medicines and
biomolecules for tracking and monitoring. The talk describes a part of Martin’s PhD on

a novel method to label oligonucleotides.
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Oral presentation: International Isotope Society — Central European Division in Bad
Soden, Germany (May 5™, 2022)

A Novel Access to Tritium-Labelled Oligonucleotides
Martin R. Edelmann?P

4Department of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, U.K.
®Roche Innovation Center Basel, F. Hoffmann-La Roche, 4070 Basel, CH

E-mail: martin.edelmann@roche.com

Antisense oligonucleotide (ASO) based therapies are a fast growing field in drug discovery,
targeting modulation of mRNA translation. The labelling of ASO with 2H for biodistribution and
imaging studies in preclinical research is a major challenge. A novel synthetic approach® has been
established for fast, efficient, and inexpensive access to tritium-labelled oligonucleotides. A thiol
reactive group was inserted at the 5'- or 3'-end with a standard Cg spacer arm on an ASO. Tritium-
labelled maleimides react specifically with the terminal sulfhydryl group at pH 7 (Scheme 1).
Radiochemical yields in the range of 70 - 99% and molar activities of 8 - 21 Ci/mmol were
achieved in several labelling experiments.
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Scheme 1: General synthetic route to oligonucleotides containing tritium-labelled maleimides on Ce-thiol
linker.

In order to compare potential differences in PK behaviours between untagged and modified
ASOs, mice received a single subcutaneous dose of 1 mg/kg of untagged ASOs, whereas their
counterparts were dosed with ASOs tagged with [3H]N-ethylmaleimide (NEM). The
concentration in liver, spleen, and kidney of untagged and tritium-labelled ASOs were determined
at different time points. For all tissues, the results obtained for the labelled and unlabelled
counterparts were comparable, which indicates a similar distribution in the tissues examined.

In a further step, improved tritium-O-methylated N-alkoxy-maleimide derivatives were
synthesized in a 3-step route, including: 1) Diels-Alder protection of the maleimide core,
2) O-methylation using of commercially availabe [*H]methyl nosylate, 3) deprotection by retro-
Diels Alder reaction.? The major advantage of N-alkoxy maleimides in comparison to N-alkylated
maleimides such as NEM is their lower volatility, which enables safer handling with respect to
radiation-safety protection.

Reference

[1] Edelmann MR et al. AAPS Open, 2021, 7: 4(2021).
[2] Edelmann MR, Muser T. Bioconjugate Chem. 2021 32: 1027-1033.
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Poster Presentation: JPAG Pharmaceutical Analysis Research Awards and Careers Fair

2022, Royal Society of Chemistry, London

A Novel Access to Tritium-Labelled Oligonucleotides

Martin R. Edelmann??

! Department of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, UK
2 Roche Innovation Center Basel, F. Hoffmann-La Roche, 4070 Basel, CH
martin.edelmann@roche.com

Obijectives

Antisense oligonucleotide (ASO) based therapies are a fast growing field in drug
discovery, targeting modulation of mRNA translation. The labelling of ASO with 3H for
biodistribution and imaging studies in preclinical research is a major challenge. A thiol
reactive group can be inserted at the 5'- or 3'-end with a standard Cs spacer arm on an
ASO, allowing tritium-labelled maleimides to react specifically with the terminal
sulfhydryl group (Scheme 1).

o Q s

)
HS 1] S, 1}
\/\/\/\O_P_O_Aso \/\/\/\O_P_O_Aso
‘&Nb i O "’_Ng:r oH

(o] (0]

Scheme 1: General synthetic route to oligonucleotides containing tritium-labelled
maleimides on Cs-thiol linker.

Materials and methods

In order to compare potential differences in PK behaviours between untagged and
modified ASOs, mice received a single subcutaneous dose of 1 mg/kg of untagged
ASOs, whereas their counterparts were dosed with ASOs tagged with [3H]N-
ethylmaleimide (NEM). The concentration in liver, spleen, and kidney of untagged and
tritium-labelled ASOs were determined at different time points.

Results

For all tissues, the results obtained for the labelled and unlabelled counterparts were
comparable, which indicates a similar distribution in the tissues examined. In a further
step, improved tritium-O-methylated N-alkoxy-maleimide derivatives were synthesized
in a 3-step route, including: 1) Diels-Alder protection of the maleimide core,

2) O-methylation using of commercially available [*H]methyl nosylate, 3) deprotection
by retro-Diels Alder reaction [1]. Radiochemical yields in the range of 70 - 99% and
molar activities of 8 - 21 Ci/mmol were achieved in several labelling experiments.

Conclusions

A novel synthetic approach [2] has been established for fast, efficient, and inexpensive
access to tritium-labelled oligonucleotides. The major advantage of N-alkoxy
maleimides in comparison to N-alkylated maleimides such as NEM is their lower
volatility, which enables safer handling with respect to radiation-safety protection.

References

[1] Edelmann M.R., Muser T., 2021. Tritium O-Methylation of N-Alkoxy Maleimide
Derivatives as Labeling Reagents for Biomolecules. Bioconjug. Chem. 32, 1027-1033.
[2] Edelmann M.R. et al., 2021. Tritium labeling of antisense oligonucleotides via different
conjugation agents. AAPS Open, 7, 4(2021).
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