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Abstract

Background: The brain is a challenging target for antibody-based positron emission
tomography (immunoPET) imaging due to the restricted access of antibody-based
ligands through the blood-brain barrier (BBB). To overcome this physiological obstacle,
we have previously developed bispecific antibody ligands that pass through the BBB
via receptor-mediated transcytosis. While these radiolabelled ligands have high affin-
ity and specificity, their long residence time in the blood and brain, typical for large
molecules, poses another challenge for PET imaging. A viable solution could be

a two-step pre-targeting approach which involves the administration of a tagged anti-
body that accumulates at the target site in the brain and then clears from the blood,
followed by administration of a small radiolabelled molecule with fast kinetics. This
radiolabelled molecule can couple to the tagged antibody and thereby make the anti-
body localisation visible by PET imaging. The in vivo linkage can be achieved by using
the inverse electron demand Diels—Alder reaction (IEDDA), with trans-cyclooctene
(TCO) and tetrazine groups participating as reactants. In this study, two novel
18F_|abelled tetrazines were synthesized and evaluated for their potential use as pre-
targeting imaging agents, i.e., for their ability to rapidly enter the brain and, if unbound,
to be efficiently cleared with minimal background retention.

Results: The two compounds, a methyl tetrazine ['®FIMeTz and an H-tetrazine ['®FIHTz
were radiolabelled using a two-step procedure via ['®F]F-Py-TFP synthesized on solid
support followed by amidation with amine-bearing tetrazines, resulting in radiochemi-
cal yields of 24% and 22%, respectively, and a radiochemical purity of > 96%. In vivo PET
imaging was performed to assess their suitability for in vivo pre-targeting. Time-activity
curves from PET-scans showed ['®FIMeTz to be the more pharmacokinetically suitable
agent, given its fast and homogenous distribution in the brain and rapid clearance.
However, in terms of rection kinetics, H-tetrazines are advantageous, exhibiting faster
reaction rates in IEDDA reactions with dienophiles like trans-cyclooctenes, making ['®F]
HTz potentially more beneficial for pre-targeting applications.

Conclusion: This study demonstrates a significant potential of ['*FIMeTz and ['®F]HTZ
as agents for pre-targeted PET brain imaging due to their efficient brain uptake, swift

clearance and appropriate chemical stability.

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-0241-092X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41181-024-00250-6&domain=pdf

Schlein et al. EJINMMI Radiopharmacy and Chemistry (2024) 9:21 Page 2 of 12

Keywords: Inverse electron demand Diels—Alder reaction, [EDDA, Pre-targeting,
Tetrazine, Trans-cyclooctene, TCO, Alzheimer’s disease, Bioorthogonal, Fluorine-18, PET

Background

Brain imaging with positron emission tomography (PET) is an important diagnos-
tic tool for studying neurodegenerative conditions such as Alzheimer’s disease and
Parkinson’s disease. A PET investigation is performed by intravenously administer-
ing a PET radioligand, a compound labelled with a positron-emitting isotope, after
which its distribution in space and time in the body is mapped using a PET-scanner.
Brain imaging is typically performed with PET tracers having a low molecular weight
and relatively high lipophilicity which facilitate efficient passage over the endothe-
lial cell layer of the blood—brain barrier (BBB). However, to achieve optimal imaging
results, it is important to obtain a high target-to-background ratio inside the brain by
maximizing the specific binding to the target while minimizing the background signal
through fast clearance of non-binding fractions from the brain and the blood.

Antibodies are highly specific to their target and are therefore attractive tools to
be used in functional imaging. Their specificity to their epitope allows for the dis-
tinction of various aggregation entities of amyloid-beta (Af), (Magnusson et al. 2013;
Sehlin et al. 2017; Syvédnen et al. 2022; Sehlin et al. 2019) which can open up new pos-
sibilities for immune imaging, including the specific targeting of soluble or diffuse
AP aggregates. The recent approval of the therapeutic AB antibody Lecanemab (Dyck
et al. 2023) has increased the need for relevant immune tracers for target screening
and treatment monitoring. While larger molecules, e.g. antibodies and antibody frag-
ments, used in PET imaging can be more selective and resistant to metabolic deg-
radation than small molecules, they tend to have slower kinetics and limited brain
distribution (Swiercz et al. 2014). This is due to the restrictions of the BBB, which
affects the distribution from the systemic circulation into the brain parenchyma
(Chowdhury et al. 2021). Therefore, while clinically useful for cancer imaging and
other peripheral targets, (Liberini et al. 2021; Dongen et al. 2021; Chomet et al. 2021;
Wei et al. 2020) large molecules have been less explored in applications involving
imaging of brain targets.

One approach to overcome these limitations has been to fuse antibodies with a mol-
ecule that interacts with the transferrin receptor (TfR). Such bispecific formats have pre-
viously been described to display brain concentrations up to 100-fold higher than those
seen with unmodified IgG antibodies (Hultqvist et al. 2017). Another approach is to use
a two-step pre-targeting technique, where an antibody modified with a coupling tag is
administered first and allowed to accumulate at the target site and clear from the circula-
tion. This is followed by administration of a small rapidly clearing radiolabelled molecule
that couples to the tagged antibody at the target site in vivo (Stéen et al. 2018). Given
the low concentrations of both the antibody and the radiolabelled molecule in vivo, a
fast and efficient bond formation is necessary. Pre-targeting systems, such as strepta-
vidin—biotin or antibody-hapten, have been explored thoroughly and can sometimes
cause immunogenicity (Rossin and Robillard 2014), which is why bio-orthogonal func-
tionalisation may be a preferred alternative (Sletten and Bertozzi 2009). Bio-orthogonal

reactions are described as chemical reactions which can occur inside living organisms
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Scheme 1 ["®FIFluoride was trapped on a Chromabond PS-HCO, cartridge and dried with acetonitrile. a The
precursor Py-TFP 3 in acetonitrile was reacted with the ['8FIfluoride on the solid support and the formed ['8F]
F-Py-TFP 4 ester eluted from the cartridge. Unreacted precursor Py-TFP 3 was removed by an Oasis MCX Plus
cartridge. b The labelled tetrazines ['®FIMeTz 6a and ['®FIHTz 6b were synthesized by direct amidation

without interference from other functional groups within the organism (Knight and
Cornelissen 2014; Prescher and Bertozzi 2005).

The inverse electron demand Diels — Alder (IEDDA) reaction irreversibly forms cova-
lent bonds between an electron-rich dienophile and electron-poor diene, e.g. coupling
of trans-cyclooctenes (TCOs) with tetrazines (Pagel 2019). Specifically the tetrazine
ligation reaction has shown potential for clinical use due to its bio-orthogonal nature,
the irreversible bond formation between TCOs and tetrazines, and specifically because
of the fast reaction rate of up to 10’ M~! s™! (Ravasco and Coelho 2020; Rondon and
Degoul 2020). Combining the fast and modular properties of the tetrazine ligation reac-
tion with the specificity of antibodies is a potent approach, particularly when using a
short-lived radionuclide like fluorine-18, which has a high percentage of positron decay,
suitable beta energy for high resolution imaging and an excellent half-life for clinical
applications (Jacobson et al. 2015).

Pre-targeting strategies with the tetrazine ligation reaction is a promising approach
for brain imaging, (Bredack et al. 2022; Shalgunov et al. 2022; Lopes van den Broek et al.
2022; Garcia-Vazquez et al. 2022; Garcia-Vazquez et al. 2021) and tetrazines for periph-
eral pre-targeting have often been characterised by low lipophilicity to reduce nonspe-
cific binding and to promote fast clearance (Keinédnen et al. 2016). However, decreasing
the lipophilicity of small molecules can also decrease BBB permeability, so it is impor-
tant to consider this trade-off when selecting compound candidates for pretargeting
within the brain.

The aim of this study was to assess the brain kinetics of two new '®F-labelled tetra-
zines ['®F]MeTz (6a) and ['*F]HTz (6b), developed for pre-targeting and brain imaging.
These compounds were designed to balance synthetic feasibility with regards to both
precursor and '®F-incorporation with physicochemical properties (cLogP <4, molecular
weight <450 g/mol, number of hydrogen bond donors < 3) consistent with expected BBB
penetration (Xiong et al. 2021). Notably, the precursors were synthesized from read-
ily available starting materials, thereby expanding the repertoire of previously reported
18F_labeled agents (Garcia-Vazquez et al. 2021; Battisti et al. 2021).

Methods

Synthesis of ['F]MeTz 6a and ['F]HTz 6b

The synthesis of Py-TFP 3, Scheme 1, was performed as previously described (Olberg
et al. 2010) with minor modifications (Additional file 1). Compounds [*F]MeTz 6a
and ['®F]JHTz 6b were radiolabelled in a two-step procedure. Cyclotron-produced ['*F]
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fluoride in an aqueous solution (16—20 GBq) was concentrated and trapped on a QMA
cartridge (Chromabond PS-HCO, Shorty/45 mg, Macherey—Nagel). The ['*F]fluoride
was then reacted on the solid support with a solution of Py-TFP 3 (10 mg, 30 pmol) in
acetonitrile (0.8 mL), which was passed over the QMA cartridge followed by neat ace-
tonitrile (0.7 mL). Both solutions were passed over the cartridge at a flow rate of 0.4
mL/min. The reaction formed 4 at room temperature, which was then released with the
flow into a teflon tubing acting as a reservoir. After the elution was completed, the col-
lected solution in the teflon tubing was pushed with air over an Oasis MCX Plus Short
cartridge (Waters), preconditioned with acetonitrile (3 mL), to remove unreacted cat-
ionic precursor 3.. The purified solution containing ['*F]F-Py-TFP was then delivered
to a septum-equipped vial (5 mL) containing 3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phe-
noxy)propan-1-amine hydrochloride 5a or 3-(4-(1,2,4,5-tetrazin-3-yl)phenoxy)propan-
1-amine hydrochloride 5b (1-2 mg, Broadpharm, San Diego, USA) and DMSO (0.1 mL).

Triethylamine (5 pL) in acetonitrile (100 pL) was added to the mixture, and the mix-
ture was heated for 15 min at 55 °C. Following dilution of the mixture with a 0.1% v/v
aqueous solution of trifluoroacetic acid (3 mL), the labelled tetrazines were purified by
semi-preparative HPLC on an ACE C18 5 pm (150 x 10 mm) column. The HPLC mobile
phase consisted of a 59:41:0.01% v/v ratio of water, ethanol and TFA, with a flow rate of
5 mL/min. The column eluate was monitored using a UV detector (254 nm) and a radio-
detector. The retention times for ['**F]MeTz 6a and [**F]HTz 6b were 12 min and 8 min,
respectively.

The collected HPLC fraction containing the labelled tetrazine was reformulated in
ethanol (0.5 mL) using the conventional procedure, which included dilution with water
(20 mL), fixation on a Sep-Pak tC18 Plus Light cartridge, a rinse with water (20 mL) and
air prior elution with the ethanol (0.5 mL) into a septum equipped vial (1 mL).

The radiochemical purity of the labelled tetrazines were assessed by analytical HPLC
using a Chromolith Performance RP-18e column (4.6 x 100 mm, Merck). The eluent
for ['®F]MeTz 6a was a mixture of water and acetonitrile in a 75:25 ratio, and for [*®F]
HTz 6b a mixture of water and acetonitrile in a 65:35 ratio. The flow rate was 4 mL/min.
The retention times of [!*F]MeTz 6a and [**F]HTz 6b were 4.5 min and 8 min, respec-
tively, and the radiochemical purities were 97% and 96.5%. The identity of the labelled
tetrazines was confirmed by co-injecting and matching retention times with isotopically
unmodified reference compounds.

Synthesis of reference compounds 70a and 70b
6-Fluoronicotinic acid 7 (1.0 g, 7.2 mmol), fluorophenol (1.1 g, 9.5 mmol) and N,N’-
dicyclohexylcarbodiimide (1.36 g, 6.5 mmol) were dissolved in acetonitrile (100 mL) and
the mixture was stirred at room temperature overnight. The mixture was then filtered,
and the filtrate was allowed to stand at 4 °C overnight. After a second filtration, volatiles
were removed under reduced pressure. The residue was dissolved in a small amount of
hot hexane and immediately filtered. The filtrate was stored at 4 °C overnight, filtered
and washed with cold hexane. The resulting 0.82 g (2.8 mmol) 6-fluoronicotinic acid
2,3,5,6-tetrafluorophenyl ester 8 was collected as white powder.
3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenoxy)propan-1-amine HCI salt 9a (1.5 mg,
Broadpharm, San Diego, USA) and 3-(4-(1,2,4,5-tetrazin-3-yl)phenoxy)propan-1-amine
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Scheme 2 a 6-fluoronicotinic acid was reacted with TFP and N,N-dicyclohexylcarbodiimide in acetonitrile
over night at RT to form 6-fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester b The reference compounds
were synthetized by direct amidation

HCl salt 9b (1.5 mg), respectively, were predissolved in DMSO (0.1 mL). The tetrafluo-
rophenyl ester 8 (2.0 mg) in acetonitrile (1 mL) and triethylamine (5 pL) was added and
resulting mixture was heated at 55 °C for 3 h.

The tetrazines 10a (6-fluoro-N-(3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenoxy)propyl)
nicotinamide)and 10b  (N-(3-(4-(1,2,4,5-tetrazin-3-yl)phenoxy)propyl)-6-fluoronico-
tinamide), Scheme 2, were purified by semi-preparative HPLC on a Kinetex C18 5 um
(150 x 10 mm) column. The HPLC mobile phase consisted of a 59:41:0.01% v/v ratio of
water, ethanol and TFA, with a flow rate of 5 mL/min. The column eluate was monitored
using a UV detector (254 nm). The retention times for the corresponding compounds
were 12 min and 8 min, respectively.

The collected HPLC-fractions containing 10a and 10b in HPLC eluent were extracted
with dichloromethane (50 mL). The organic phase was collected and dried with anhy-
drous magnesium sulphate, filtered and the solvent was removed under reduced pres-
sure. The resulting products were isolated as pink solids. The structures were confirmed
via NMR analysis (Additional file 1).

Animals

Transgenic mice (tg-ArcSwe), 14-20 months old (n=4), maintained on a C57BL/6]
background, and age-matched wild-type (WT) mice (n=4) were used in this study. Tg-
ArcSwe mice express the human amyloid-p precursor protein (ASPP) with the Arctic
(ASPP E693G) and Swedish (ASPP KM670/671NL) mutations under the murine Thyl
promoter, resulting in AP pathology developing from the age of 6 months (Lord et al.
2006). All procedures were approved by the Uppsala County Animal Ethics board
(5.8.18-20,401/20), following the rules and regulations of the Swedish Animal Welfare
Agency, and were in compliance with the European Communities Council Directive of
22 September 2010 (2010/63/EU).

PET experiments

Mixed pairs of mice (tg-ArcSwe and WT) were anesthetised with sevoflurane 4.0% and
placed in a prone position in a Mediso NanoPET/MR (Mediso Medical Imaging Sys-
tem, Hungary). The anaesthesia was maintained during the study using 3.5-4.0% sevo-
flurane in a 0.5 L/min flow of 50% oxygen and 50% medical air. Compound ['*F]MeTz
11.341.2 MBq or compound [**F]JHTz 10.4+ 1.5 MBq were injected i.v. in the tail vein.
The PET acquisition time in the PET scanner was 60 min with a field of view (FOV)
of 9.8 cm. Following PET, a 5 min CT scan was acquired using a Mediso NanoSPECT/
CT (Mediso Medical Imaging System). After scanning, the mice were perfused with
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0.9% NaCl for 3 min intracardially. The organs were isolated and the radioactivity in the
organs was measured with a wizard gamma counter (PerkinElmer, Turku, Finland). The
radioactivity concentrations, quantified as standardized uptake value (SUV), were calcu-
lated as follows:

Measured radioactivity per gram tissue
SUV yperg

- Injected radioactivity per gram bodyweight

The PET data was reconstructed on a 160 x 160 x 128 grid with 0.5 x 0.5 x 0.6 mm?®
voxels using 3-dimensional ordered-subsets expectation maximisation (20 iterations)
into the following frames: 10x2 s, 2x5s, 3x10s, 2x30 s, 3x60 s, 5x 300 s and
3 x 600 s. The CT raw files were reconstructed using filtered back-projection. Process-
ing of the PET and CT images was performed with Amide, version 1.0.4 (Loening and
Gambhir 2003). The CT scans were manually aligned with a T2-weighted, MRI-based
mouse brain atlas (Ma et al. 2005) containing outlined regions of interests (ROIs). The
PET images were subsequently aligned with the CT image containing the brain atlas
ROIs. Time-activity curves (TACs), based on concentrations normalised to injected dose
per body weight (SUV) were extracted for cortex, cerebellum, hippocampus, midbrain
and thalamus.

Stability test

To test for the stability of the radiolabelled tetrazines, samples were mixed with PBS or
plasma and incubated at 37 °C. Samples were taken at 5, 10, 15, 20, 30, 60, 90, 120, 150
and 180 min and analysed with radio-TLC (silica gel 60 F254 (Merck), n-heptane/EtOAc,
40:60). TLC plates were read by a Cyclone Storage Phosphor System (Packard Instru-
ments Co) and quantified with the Optiquant software (version 3.00, Packard Instru-
ments Co) and further analyzed in Graph Pad Prism 9.

Results

Radiochemistry

The two labelled compounds, [!*F]MeTz and [**F]HTz, were synthesized from the pre-
viously reported['®F]F-Py-TFP active ester 4, Scheme 1 (Syvinen et al. 2020). In short,
['8F]E-Py-TEP 4 was conveniently produced from Py-TFP 3 and ['*F]fluoride on the
solid phase of an anion exchange column used for trapping and concentrating the ['°F]
fluoride delivered in target water from the cyclotron. Conventional drying and anhy-
drous conditions, which are typically required for F-fluorination and nucleophilic
substitution, were not needed. The quaternary ammonium precursor 3 was removed by
passage over a cation exchange cartridge, eliminating the need for intermediate HPLC-
purification. In the final step ['®F]MeTz or ['®F]HTz were synthesised using a straight
forward amidation with tetrazine propylamines 5a or 5b.

The methyltetrazine derivative ['*F]MeTz was obtained with a radioactivity yield of
1.11£0.05 GBq (n=3), a radiochemical yield of 24% and radiochemical purity of 97%
(Coenen et al. 2018). The synthesis of ["*F]HTz provided similar results, with a radioac-
tivity yield of 1.874+1.04 GBq (n=3), a radiochemical yield of 22%, and an initial radio-
chemical purity of 56%, which decreased to 27% within two hours post synthesis. To
prevent this rapid degradation of ['*F]HTz, the compound was formulated with 1.5 mM



Schlein et al. EJINMMI Radiopharmacy and Chemistry (2024) 9:21

ascorbic acid in PBS. As a result, the radiochemical purity at end of synthesis increased
to 96.5%. The stability in PBS was investigated over 180 min (Fig. 1). ["*F]MeTz and [*°F]
HTz were 98% and 85% intact after 180 min, respectively. Thus, in comparison, [*F]HTz
was less chemically stable, despite being formulated with ascorbic acid to reduce decom-
position. In vitro plasma stability was also investigated, as an indication of in vivo stabil-
ity. Both tetrazines were less stable in plasma compared to PBS. After 180 min, 92% of
the ['®F]MeTz was still intact. Radio-TLC-analysis of the ['*F]MeTz showed that some
residual activity remained at the baseline of the TLC plate. After 180 min, 7% of the
activity remained at the baseline, possibly indicating binding to plasma proteins. In line
with the results in PBS, ["®F]JHTz was also less stable than ['®F]MeTz in plasma. After
5 min, 86% of [\®F]HTz was intact, while this number was reduced to 77% at 180 min.

Again, some activity remained at the baseline of the TLC plate (13%).

PET imaging

PET images of the first 5 min of the scan showed that ['**F]MeTz entered the mouse
brain at higher concentrations than what was observed for [\®F]JHTz (Fig. 2). At the end
of the scan, the brains were largely devoid of signal, indicating low remaining concentra-
tions of both tetrazines.

Time-activity curves (TACs) extracted for ['*F]MeTz and [**F]HTz in the whole brain,
cortex, hippocampus, and cerebellum indicated a maximum concentration (Cmax) in
the whole brain within the first minute, followed by a gradual decline over the 60 min
scanning time.

Similar patterns of uptake were observed in selected brain regions, with slightly
higher uptake in the hippocampus and cerebellum compared with the cortex and whole
brain (Fig. 3A and B). There was no difference between tg-ArcSwe and WT animals,
and thus, for subsequent analysis the animals were pooled to yield n=4 for each tetra-
zine. As shown by the PET images, ['®F]MeTz had a higher brain uptake with a whole
brain SUV of 2.0+0.4 at C,,,,, compared to 1.0£0.1 for [**F]HTz, suggesting that [**F]
MeTz crossed the BBB and entered the brain more efficiently (Fig. 3C). ['*F]MeTz also
displayed a broader peak than ["*FJHTz over the first 5 min of the scan, suggesting a

A B
100
1*‘0——0—0\.,._.\‘ * PBS* [FIT2
e R 18
809 R - B Plasma+['°F]Tz
 Plasma+{"8F]Tz
o\° < 604 starting spot
& 50 S
4 4
40
201 Ao N
Ak A A
P— e Y S Ao L A Adkk
Oluuk i . . , 0 . . . ,
1] 50 100 150 200 0 50 100 150 200
time (min) time (min)

Fig. 1 Radiochemical purity of A ['®FIMeTz and B ['8F]HTz measured over 180 min. The stability test in PBS
was performed for ['8F]HTz in the presence of ascorbic acid as stabilizer and for ['®FIMeTz without ascorbic
acid

Page 7 of 12
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[18F]MeTz [18F]HTz

50-60 min

Fig. 2 PET images of ["®FIMeTz and ['®F]HTz obtained in tg-ArcSwe animals. The images represent the first
five min and the last 10 min of the respective scan
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Fig. 3 Time-activity curves of selected brain regions of ['®FIMeTz and ['®FIHTz. A ['®FIMeTz 0.434-0.12 MBq/g
mouse and B ['®F]HTz 0.38 £ 0.06 MBg/gmouse. C Comparison of whole brain ['®F]MeTz and ['®FIHTz TACs. D
Biodistribution post-mortem

somewhat prolonged retention in the brain. At the end of the scan, the whole brain SUVs
were 0.36 £ 0.06 for ['®F]MeTz and 0.28 +0.03 for ['®*F]HTz, but this difference was not
statistically significant. Thus, even though ["*F]MeTz entered the brain to a larger extent
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within the first 5 min, both tetrazines were cleared to a similar concentration at the end
of the scan.

The biodistribution was assessed after the animals were euthanized, at 100 min after
injection (Fig. 3D). Renal excretion appeared to be the main excretion path for both
tetrazines, concluded from the high post mortems SUV in urine and kidney. It was also
observed that both tetrazines had a noticeable uptake in the liver, suggesting addi-
tional metabolism via the liver or binding to liver proteins. Nevertheless, no significant
defluorination of either of the tetrazines was expected to have occurred, as the radioac-
tivity in bone was minor as observed in both the post mortem biodistribution and in the
PET images (Even-Sapir et al. 2007).

Discussion
The synthesis of ['*F]MeTz and ['F]HTz was straightforward and expands the scope of
['8F]E-Py-TEP as a labelling precursor, which simplifies the labelling process compared
to conventional '®F-labelling by avoiding the need for anhydrous reaction conditions
and drying of the ['®F]fluoride (Olberg et al. 2010). The labelled active ester combines
a high reactivity towards nucleophilic aromatic substitution with [®F]fluoride and the
reactive ester functionality for fast coupling with amines. Through the successful reac-
tion with tetrazine propylamine derivatives 5a and 5b, the scope of ['*F]F-Py-TFP as a
labelling precursor for '®F-labelled tetrazines has also been expanded, complementing
the previously reported 6-['®F]fluoro-N-(4-(1,2,4,5-tetrazine-3-yl)-benzyl)nicotinamide
and the corresponding methyltetrazine analogue (Syvénen et al. 2020; Wegrzyniak et al.
2023; Cheung et al. 2023; Roshanbin et al. 2022). The radiochemical yields and puri-
ties achieved for [*®F]MeTz and [**F]HTz were similar and sufficiently high for biologi-
cal evaluation, while the difference in chemical stability between the two compounds
required different formulation strategies. The rapid degradation of ['*F]HTz post-syn-
thesis was avoided by the addition of ascorbic acid to the formulated product as a stabi-
lizing additive. The differential stability of ['*F]MeTz and [**F]HTz in plasma versus PBS
may indicate that metabolism could affect their behaviour in vivo differently. The biodis-
tribution findings, particularly the significant renal excretion and liver uptake, indicate
that the compounds are efficiently cleared from blood and other organs, an important
aspect of a pretargeting agent aimed for brain imaging.

The PET imaging showed a differential brain uptake between ['F]MeTz and [*F]
HTz, with ['8F]MeTz demonstrating better BBB penetration possibly due to increased
lipophilicity by the added methyl-group (Stéen et al. 2021). The remaining PET signal
in the brain at the end of the scan indicate low non-specific binding to brain tissue.
Wager et al. (2010, 2016) has described that a molecule targeting the brain needs to
show a balanced lipophilicity. It should be lipophilic enough to cross the BBB trans-
cellularly (Chowdhury et al. 2021), but hydrophilic enough to keep the non-specific
binding low enough for imaging contrast (Keindnen et al. 2016). This latter point is
important, as the brain contains a high percentage of fatty tissue (Chang et al. 2009).
For pre-targeting, a good imaging contrast therefore relies on the combination of ini-
tial high brain uptake, followed by efficient washout of the tetrazine. Therefore, the
relationship between maximum and minimum brain concentrations of the ligand
/C

over the 60 min scan time can serve as an important indicator. The C ratio

max’/ ~min
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was 5.6 for ['®F]MeTz and 3.9 for ["®F]HTz, suggesting that ['F]MeTz performed
better in this respect. However, in terms of rection kinetics, H-tetrazines generally
offer an advantage by exhibiting faster reaction rates in IEDDA reactions compared to
methyl-tetrazines, which suggests that ['*F]JHTz could be more beneficial for pre-tar-
geting applications. This potential benefit, however, has yet to be confirmed in vivo by
predosing of a compound functionalized with a TCO-group for pre-targeting, which
was not performed in the current study.

Conclusion

In pursuit of developing compounds suitable for pre-targeting applications, two new
fluorine-18 labelled tetrazines, ['**F]MeTz and ['®F]JHTz, were synthesized. This involved
labelling of the ['®F]F-Py-TFP active ester on solid support followed by amidation to
incorporate the tetrazine moiety. When studied with PET in mice, both ['*F]MeTz and
[*®F]HTz were able to cross the BBB and reach the brain, but [**F]MeTz entered more
efficiently and achieved a higher maximum SUV-value. Both ['®F]MeTz and [*F]HTz
were cleared from the blood, and showed low non-specific binding in all brain regions
at the end of the experiment. Ex vivo biodistribution studies showed uptake in the liver
and kidney due to clearance from the blood. No defluorination was observed in vivo, but
["8F]MeTz was more stable than [®F][HTz in PBS and plasma. Overall, ['*F]MeTz was
more stable and showed the highest brain uptake in combination with efficient clearance

from the brain, making it a promising candidate for use in pre-targeted PET imaging.
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