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1 | INTRODUCTION

Stephen Thompson |

Selena Milicevic Sephton

There is increased focus on developing tools to image large biomolecules,
such as antibodies, within the brain using positron emission tomography
(PET). The inverse electron demand Diels-Alder cycloaddition (IEDDA)
reaction has offered the greatest prospect of achieving such a feat and has
gained much interest over the past decade. The fast reaction kinetics of the
IEDDA reaction opens up the possibility of utilising a pretargeted approach,
whereby the subject is pretreated with a biomolecule that has high specific-
ity for its target. A radiolabelled second component is then administered to
the subject, enabling the biomolecule to be visualised by PET. However, for
this to become common practice, there is a need for the development of
either radiolabelled trans-cyclooctenes (TCOs) or tetrazines that can cross
the blood-brain barrier (BBB). This review highlights the advancements in
the development of both radiolabelled TCOs and tetrazines, which
have been radiolabelled with either carbon-11 or fluorine-18 and show
promise or have been evaluated for use in pretargeted PET imaging across
the BBB.
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the development of a novel or improved PET radiotracer
for neuroimaging.

Positron emission tomography (PET) is a molecular
imaging technique that enables visualisation and quanti-
fication of targets of interest by application of radio-
labelled molecules, which bear positron-emitting
radionuclides. For application in brain imaging, a radio-
labelled molecule must cross the blood-brain barrier
(BBB). This therefore represents the largest challenge in

Pretargeted imaging (Figure 1) has emerged as a pow-
erful strategy to enable rapid imaging with PET radio-
tracers that would usually be slow to distribute to and
accumulate at their target of interest within the body.” To
achieve this, pretargeted imaging (Figure 1) makes use of
a first component that bears a targeting molecule
(e.g., antibody or high affinity antibody fragments) as
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FIGURE 1

The concept of pretargeted imaging. The first component is pre-administered to a subject and allowed to distribute in the

body for a predetermined time. At this point, the second radiolabelled component is administered, and the PET imaging experiment is

started.

well as a reactive handle and a second component that
bears a radioactive label and a second complimentary
reactive handle. The first component is administered to
the test subject and allowed to slowly distribute through
the body and tissues for a pre-determined amount of
time—usually hours or days before the PET scan. After
this pre-distribution period, the second radiolabelled
component is administered and rapidly distributes
around the body. When it encounters the first compo-
nent, the two complementary species rapidly ligate. A
short period of time is passed to allow any of the
unreacted second component to clear from the body,
before a PET scan is conducted to visualise the distribu-
tion of the target molecule within the body.

Whilst pretargeted imaging with antibodies or high
affinity antibody fragments has primarily seen applica-
tion within oncology, the same strategy could be applied
to PET imaging in the brain. The main limitation in the
application of pretargeting in the brain remains getting
both the targeting molecule (e.g., antibody or high affin-
ity antibody fragment) and radiolabelled small molecule
across the BBB. The pretargeted strategy can be tailored
to account for poorly or non-permeable molecules, for
example, by incorporating the radiolabel on the small
brain-permeable component and using a delivery vector
to shuttle the targeting molecule across the BBB. This
review focuses on the radiosynthesis and characterisation
of the radiolabelled small molecule components of the
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SCHEME 1 The mechanism of the IEDDA reaction between a
tetrazine diene and trans-cyclooctene dienophile.

pretargeted approach, and readers are directed to the
literature for discussion of strategies for the delivery of
targeting molecules across the BBB.>™®
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In chemistry terms, pretargeted imaging makes use of
bioorthogonal reactions, which are defined as ‘chemical
reactions that neither interact nor interfere with a biolog-
ical system’.'®'" Although biorthogonal reactions share
some features with bioconjugation reactions such as fast
rate constants and occur at physiological pH, in physio-
logical media in a chemoselective manner, they do not
interfere with the biological system wunder study.
Although many different types of chemical transforma-
tions can be defined as bioorthogonal, pretargeted PET
imaging has almost exclusively been focused around the
application of the inverse electron demand Diels-Alder
cycloaddition (IEDDA) reaction. The IEDDA cycloaddi-
tion between a tetrazine and a trans-cyclooctene (TCO,
Scheme 1) is arguably the ideal biorthogonal reaction—it
is catalyst-free and has fast kinetics under physiological
conditions. The IEDDA reaction is a type of cyclization
reaction whereby the electronic demand is reversed
between the reacting partners, the diene and the dieno-
phile."? In contrast to the classical DA reaction, in the
IEDDA reaction, an electron poor diene (in this case, a
tetrazine) reacts with an electron rich dienophile (in this
case, a TCO, Scheme 1) to yield a cyclized product with-
out a need for a catalyst (e.g., copper). This reactivity is
the product of a smaller electronic gap between the
HOMO of the dienophile and LUMO of the diene."* It
has been shown that electron-donating groups raise the
HOMO of the dienophile and electron-withdrawing
groups lower the LUMO of the diene. Although the
mechanism of the IEDDA reaction is still debated, the
most accepted pathway involves a [4 + 2] cycloaddition
of a tetrazine diene with the alkene, followed by a retro-
Diels-Alder reaction promoted by departure of gaseous
nitrogen to relieve the ring strain in the bicyclic ring,
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which in turn affords a 4,5-dihydropyridazine.'* Then,
the 4,5-dihydropyridazine undergoes either isomerization
to yield a 1,4-dihydropyridazine or oxidation to give a
fully aromatized pyridazine.

Extensive investigation of the kinetic factors and reac-
tion mechanism of the IEDDA reaction has been per-
formed by several research groups, which has been
reviewed elsewhere, and the reader is directed towards
this extensive literature.'> Owing to the properties
described above, the IEDDA reaction has been an attrac-
tive chemical transformation to achieve pretargeted PET
imaging. For this purpose, the most widely exploited
IEDDA reaction is that between specifically functiona-
lized TCOs and tetrazines (Scheme 1) as reaction compo-
nents. Studies have determined rates of reaction between
many different tetrazines and TCOs (see Figures 2 and 3),
providing a guide to selecting the most appropriate reac-
tion components.'? These studies have demonstrated that
lowering the LUMO energy of the tetrazines, usually
achieved by the incorporation of increasingly electron-
withdrawing substituents, increases the rate of reaction
(Figure 2). The increase in reactivity of the tetrazines is,
however, coupled with a decrease in their chemical sta-
bility in biological reaction media as the resultant tetra-
zines are more susceptible to nucleophilic attack.
Recently, Svatunek et al.'® showed that the increase in
reactivity by incorporation of 2-pyridyl substituents is a
result of distortion of tetrazine ring due to N-N repulsion,
rather than by the electronic properties of the substitu-
ent. The authors also showed that vinyl ether substituted
tetrazines maintained similar reactivity to 2-pyridyl tetra-
zines due to N-O repulsion and distortion of the tetrazine
but were much less prone to nucleophilic attack and
resultingly were significantly more stable in biological
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FIGURE 2

Rate constant

Reactivity of selected tetrazine dienophiles, adapted from Oliveira et al.,'* showing rate constants relative to reactivity for

both di-substituted (s-tetrazines) and mono-substituted (h-tetrazines) tetrazines. Relative ratios of the rate constants standardised to
aminopentyl-methyl tetrazine (far left) are shown under each structure.'*
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FIGURE 3 Nomenclature and reactivity of TCOs: s-TCO and

d-TCO adopt half-chair conformation making them more reactive,
whereas higher reactivity of oxoTCO, which adopts crown
conformation, is likely due to electron density of oxygen in the ring.

media. Whilst the vinyl-ether type tetrazines have yet to
be used in the context of PET imaging, they offer a poten-
tial solution to challenges in preparing radiolabelled,
highly reactive tetrazines.

TCOs can be made more reactive by being ‘locked’
into a more strained conformation by incorporation of
cis-fused cyclopropyl or dioxolane rings, or by incorpora-
tion of oxygen into the TCO ring, which increases angle
strain on the alkene (Figure 3)."°'® However, there still
remains uncertainty whether selected reaction compo-
nents will yield the desired rapid biorthogonal transfor-
mation in vivo.

When designing a pretargeted experiment, it is impor-
tant to consider which reactive handle is attached to the
targeting component and which receives the radiolabel.
Arguably, since the targeting component will have a lon-
ger residence time in vivo, it would be appended to the
more biologically stable reactive handle. For pretargeting
using the IDEAA reaction, this means linking the TCO to
the pretargeting agent, whilst the tetrazine carries the
radiolabel. There are many examples of radiolabelled
tetrazines, which have been extensively reviewed by Gar-
cia-Vazquez et al.'’; however, this review focuses on tet-
razines that have potential application within pretargeted
PET imaging in the brain.

Tetrazines are less stable in vivo, as they are unstable
towards biological nucleophiles such as thiols of cysteine
residues or amines of lysine residues. This instability
tends to be more pronounced for more reactive and less
sterically hindered tetrazines.'****' Whilst free TCOs
tend to also be unstable towards both isomerization and

metabolism in vivo, attaching a TCO to a biomolecule
using a short linker dramatically increases their stability,
particularly towards isomerization to the much less reac-
tive cis-cyclooctenes (CCO) isomer, which is mediated by
Cu-containing enzymes in the blood plasma.**??

There are well-defined physicochemical characteris-
tics that predict the passive diffusion of molecules across
the BBB.>* For radiolabelled molecules, these predictive
characteristics necessitate the use of low molecular
weight molecules that are uncharged, which tends to
favour carbon-11 and fluorine-18 as preferred radioiso-
topes. However, radiolabelling with these isotopes gener-
ally requires harsh conditions (high temperatures and
strong bases) to achieve radiolabelling of a particular
scaffold, which tend to be poorly compatible with TCOs,
and especially poor for reactive tetrazines. This has been
less of a concern in the cancer imaging field, where the
unstable tetrazines can be chelated to radioactive metal
isotopes under more mild conditions. The combination of
poor stability in radiolabelling conditions and poor
in vivo stability of the key reaction components has slo-
wed the development of pre-targeted imaging in the
brain. Recently, milder '®F-fluorination methodologies
have been developed to enable the radiolabelling of small
molecular weight tetrazines with fluorine-18, providing
potential new tools towards successful pretargeted imag-
ing in the brain (vide infra).

The pharmacokinetic properties of the radiolabelled
tetrazine or TCO are also critically important for a suc-
cessful pretargeted imaging strategy. An ideal radio-
labelled fragment would show high initial brain uptake
(high peak SUV or %ID/g), maximising the concentration
of the tetrazine or TCO for reaction with its complimen-
tary IEDDA reaction partner. The tetrazine or TCO
should also exhibit fast washout from the brain, which
would indicate that the tetrazine or TCO has minimal
off-target binding. Fast washout of the tetrazine or TCO,
coupled with rapid systemic clearance, will also improve
image contrast in the pretargeted imaging experiment.
Peripheral metabolism of the tetrazine or TCO should
also not produce any brain-penetrant metabolites, which
would interfere with image interpretation and quantifica-
tion. Finally, the pharmacokinetic properties of the anti-
body or antibody fragment in relation to the imaging
timepoints are also a key consideration when designing
imaging experiments using such species. The PET imag-
ing (and treatment) of a variety of cancers and other dis-
orders in the periphery using highly selective and specific
monoclonal antibodies and antibody fragments has revo-
lutionised our understanding of these conditions over the
last 10 years.>*> Studies in this area have highlighted
the fact that these large molecules tend to be slow to
accumulate at their target site and are also slow to clear
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from the circulation. When tagged with short-lived radio-
isotopes, high background signal and reduced image con-
trast are often observed in the resulting PET images. Two
solutions to this problem are to radiolabel the targeting
molecule with a longer-lived radioisotope (e.g., ®Zr) and
image the subject several days after the administration of
the imaging agent or to use clearing agents to react with
and promote the clearance of any unbound imaging
agent, therefore reducing background signal.* However,
high radiation doses to patients due to the use of longer
lived isotopes are a distinct drawback to this approach.
The use of a pretargeting approach with shorter lived iso-
topes, coupled to appropriate clearing and masking strat-
egies, negates some of these issues, and analogous
strategies could similarly be applied when considering
pretargeting experiments in the brain.

This review details the results of studies exploring the
radiosynthesis of '®F- and 'C-labelled tetrazines and
TCOs, highlighting several features of the reported com-
pounds, including the ease of preparation of both
required TCO and tetrazine precursors, their chemical as
well as in vivo stability, how easily they could be radio-
labelled and importantly how well they cross the BBB.

2 | BRAIN PENETRANT TCOS

One of the first examples of a radiolabelled TCO was
reported by Li et al.>*> The group originally intended to
directly radiolabel a tetrazine with ['®*F|fluoride, as seen
in Scheme 2. However, due to the high reactivity of tetra-
zine precursors and their poor stability, the desired radio-
labelled tetrazine was obtained with a radiochemical
yield (RCY) of approximately 1%, and efforts therefore
turned to the development of an '*F-lalelled TCO.

As seen in Scheme 3, (E)-cyclooct-4-enol 3 was first
alkylated with a-bromoacetic acid before being reduced
to give alcohol 4. Photoisomerization of 4 gave TCO
5 before further reaction with 4-nitrobenzenesulfonyl
chloride gave the radiolabelling precursor 6 in 26% yield

["®FITBAF s
OMs MeCN 3
85°C, 15 min
NN B
N_N NN
1 [18F]2
SCHEME 2 The first unsuccessful attempt™? to directly

radiolabel a tetrazine with fluorine-18.
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over four steps. A variety of conditions were screened for
the radiofluorination of 6 with the highest RCY achieved
through reaction of 6 with ['®F|fluoride (100 mCi,
3.7 GBq) and tetrabutylammonium bicarbonate in aceto-
nitrile (MeCN) at 75°C for 15 min. This gave [**F]7 with
a decay corrected RCY (d.c RCY) of 71%. ['*F]7 was then
reacted with 3,6-di(2-pyridyl)-s-tetrazine to investigate its
performance in the IEDDA reaction. High performance
liquid chromatography (HPLC) determined that the
reaction was complete within 10 s, yielding the
1,2-dihydropyrazine product in d.c RCY > 98%. Minimal
isomerisation to the 1,4-dihydropyrazine adduct was also
observed (1% RCY).*?

In 2014, Wyffels et al.>* investigated the brain perme-
ability and pharmacokinetic profile of [**F]7. The radio-
chemical synthesis was modified and automated on a
Veenstra FluroSynthon III synthesis module. Starting
from a tosylate precursor, [*F]7 was radiolabelled using
[**F]KF«Kryptofix® 222 (K222®)+K,CO; in MeCN at
90°C for 10 min. [**F]7 was synthesised in a total time of
55 min from end of bombardment (EOB) with a d.c. RCY
of 14 + 5% and a radiochemical purity of >99%. The sta-
bility of ['®F]7 was assessed by radio-HPLC and was
found to be stable for up to 4 h in saline. ['®*F]7 had a
logD of 1.68 + 0.02 (shake-flask method), which is suit-
able for BBB permeability.**** The ability of ['*F]7 to
cross the BBB was assessed in adult C57BL/6 J mice
using microPET scans and post-scan ex vivo biodistribu-
tion studies. From the microPET images, ['*F]7 was able
to cross the BBB, with high uptake after 1 min p.i., fol-
lowed by fast washout. However, after 60 min, a steady
increase in uptake was observed in the time-activity
curve peaking at 120 min, suggestive of the formation of
BBB penetrant radiometabolites. Ex vivo biodistribution
corroborates with the preclinical PET data with high
brain uptake seen at 5 min post injection (p.i.) of 3.74
+ 0.68% ID/g decreasing to 3.03 + 0.52% ID/g at 30 min
p.i., before rising to 3.66 + 0.84% ID/g at 120 min p.i. At
120 min p.i. skeletal uptake was also observed, which
was suggestive of defluorination. Regional uptake of ['*F]
7 was investigated with ex vivo autoradiography, which
showed a homogeneous distribution across the brain.

Finally, with evidence to suggest that ['*F]7 was unfa-
vourably metabolised in vivo, the formation of radio-
metabolites was investigated both in vitro and in vivo.
In vitro evaluation in human liver microsomes showed
poor stability with only 13.2 + 1.2% of ['®F]7 remaining
after 5 min. In vivo evaluation in mouse plasma after
5 min p.i. found an equally poor level of stability by
radio-HPLC. Only 10.7 + 5.6% of the parent molecule
was intact and four polar radiometabolites were also
observed. Stability was better, albeit still poor in the brain
with 32.2 + 5.8% of the parent molecule remaining 5 min
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p.i., along with three other polar radiometabolites. A
hypothesis for the metabolic pathway was proposed, as
shown in Scheme 4.** Ultimately, the inadequate meta-
bolic profile of ['*F]7 precluded its use in pretargeted
imaging within the brain.

Efforts have since focused on the development of
more reactive TCO frameworks, with several reported to
be able to cross the BBB. With the aid of computational
modelling, Darko et al.'” designed and explored the reac-
tivity and stability of conformationally strained

O oo
0 3

SCHEME 5
radiochemical precursor 14 and
radiosynthesis*” of ['*F]15.

Synthesis of

14

O\I/\<O/\>;/8F
]

dioxolane-fused trans-cyclooctenes (d-TCOs) identifying
that this framework showed fast reaction kinetics for the
IEDDA whilst having increased stability. Building on
this, Billaud et al.*> synthesised ["*F]15 based on the d-
TCO framework (Scheme 5). The precursor was prepared
from a dioxolane-fused cis-cyclooctene (d-CCO) with a
triethylene glycol chain, which was modified to bear a
mesylate leaving group. Photoisomerization of d-CCO 13
was performed on an in-house microfluidic system,
which gave the d-TCO precursor 14 in 44% yield. On an
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inhouse built module, 14 was radiolabelled through a
semi-automated process using ['*F]KF+.K222®°+K,CO; in
MeCN at 90°C for 15 min. After HPLC purification and
formulation, [®F]15 was synthesised in a total time of
60 min with a d.c. RCY yield of 12%, radiochemical
purity of >99% and molar activity of 70-188 GBq/pmol.*
Importantly, minimal isomerisation from the trans iso-
mer to the cis isomer (<1%) was observed during
radiosynthesis.

The in vitro stability of [*®*F]15 was assessed in phos-
phate buffered saline (PBS, pH 7.4) and rat plasma. In
PBS, ['®F]15 showed good stability with 94% of the parent
molecule intact after 2 h of incubation at 37°C. However,
in rat plasma, [**F]15 decreased to 52% after 1 h and 34%
after 2 h after incubation at 37°C, with isomerization
from the trans to cis isomer observed. It was, however,
unclear if any other radiometabolites were observed. The
authors postulated that due to the fast reaction kinetics
of the IEDDA, the plasma stability of [**F]15 would not
have a detrimental effect on its in vivo performance.®
Therefore, ['®*F]15 was further evaluated in a biodistribu-
tion and a proof of principle pretargeted PET study.

Biodistribution was performed in healthy NMRI mice
over the course of 60 min. Defluorination of [**F]15 was
not seen with a standard uptake value (SUV) of 0.3 + 0.0
observed in bone at 60 min p.i., and [**F]15 was able to
cross the BBB with an SUV of 1.3 + 0.2 at 2 min p.i. and
0.6 + 0.0 at 60 min p.i. observed in the brain. At 15 min,
only 20.8 + 1.1% of the parent molecule was isolated in
the brain by radio-HPLC, suggesting that [**F]15 was rap-
idly metabolised, generating brain penetrant metabolites.
In vivo microPET scans were then performed in LNCaP
prostate tumour-bearing mice. A tetrazine coupled to a
pseudo peptide that had an affinity for prostate-specific
membrane antigen (PSMA) was administered to the
mice, and after a 10 min period, [**F]15 was adminis-
tered. The tumour was visible 2 h p.i., with higher uptake
seen in the tumour in the right shoulder compared to
muscle in the left shoulder.?® Billaud et al.*® have further
evaluated ['®F|15 in a pretargeted immuno-PET study in
an ovarian carcinoma model, using tetrazine-labelled
antibodies for human epidermal growth factor receptor
2 as the pre-targeting agent.

In 2020, Ruivo et al®*’ developed two new
radiolabelled d-TCOs, [**F]MICA-212, [**F]|16 and ['*F]
MICA-213, ['®F]17, as seen in Figure 4. ['*F]16 was

Hooo
- 18
N
{ZOWHJ\@\/O\/\O/\/O\)

['®FIMICA-212
['8F116

FIGURE 4 Structures®’ of d-TCOs,
[*®F]16 and [*®F]17.
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radiolabelled from a tosylate precursor using ['®F]
KF+K222%+K,CO; in MeCN at 100°C for 5 min giving
the desired product in 8.7 + 0.4% d.c. RCY (from end of
bombardment [EOB]) and radiochemical purity of 98%.
['*F]17 was radiolabelled from a 2-chloropyridinyl
precursor through a halogen exchange reaction. The pre-
cursor was radiolabelled with ['*F]KF«K222®+K,CO; in
DMF at 130°C for 5 min giving [**F]17 a d.c. RCY from
EOB of 5.5 + 0.5% and radiochemical purity of 98%. Lipo-
philicity of both molecules was assessed via the shake
flask method, and the logD was determined to be 1.30
+ 0.03 for ['*®F]16 and 1.73 + 0.01 for [*®*F]17, which was
promising for passive BBB passage.>*** The in vitro sta-
bility of both probes was then investigated in both PBS
and mouse plasma after incubation for 2 h at 37°C. Both
radioligands show excellent stability in PBS, whereas in

CCas

CC49-Ttz

%ID/g

FIGURE 5 Static image at 60 min p.i. of ['*F]17 in LS174T
tumour-bearing mice pre-treated (24 h prior) with either an
unmodified CC49 antibody (left) or a tetrazine-tagged CC49
antibody (right). Increased tumour visualisation was seen with
mice pre-treated with a tetrazine tag CC49 antibody (right).
Reproduced from https://doi.org/10.1021/acsomega.9b03584 with
permission from the American Chemistry Society. Further
permission related to this figure should be directed to the ACS.”’
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mouse plasma, 86% and 79% of the parent compounds
[*®F]16 and ['®F]17, respectively, remained intact after
the 2 h incubation.?’

The promising in vitro stability led the authors to
evaluate the pharmacokinetic profile of both d-TCOs in
healthy female BALB/c mice through in vivo preclinical
PET imaging. Both TCOs were seen to cross the BBB.
The brain uptake of [**F]16 peaked after 15 min p.i. at
2.6 + 0.1% ID/g, and its concentration remained stable
over the first 60 min at 2.6 + 0.5% ID/g. In comparison,
the brain uptake of ['®F|17 peaked after 10 min p.i. at
3.8 + 1.7% ID/g, and by 60 min p.i, significant wash out
was observed, and the concentration in the brain had
decreased to 0.5 + 0.1% ID/g. The stable brain concentra-
tion of [**F]16 was attributed to the presence of the PEG
linker that was absent in [*®F]17.>” Both tracers were
excreted through a combination of hepatobiliary and
renal clearance, and little defluorination was observed at
60 min p.i. Since both [**F]16 and [**F]17 showed favour-
able properties, the authors evaluated the kinetic perfor-
mance of both TCOs making use of a model tetrazine.
Stopped-flow kinetic analysis showed MICA-213 (17) had
a tenfold higher rate constant in MeOH/H,O (50:50)
compared to MICA-212 (16) and was therefore selected
for further evaluation in an in vivo preclinical PET
pretargeted experiment. An anti-TAG72 mAb CC49
conjugated to a methyl tetrazine was injected into
LS174T tumour-bearing mice. After 24 h, ['*F]17 was
administered to the mice. At 60 min p.i., the tumour was
clearly visualised when compared to a control as shown
in Figure 5. This was further confirmed with ex vivo
biodistribution at 60 min p.i., which showed higher
tumour uptake (1.36 + 0.28% ID/g tissue) in LS174T
tumour-bearing mice compared to the unmodified CC49
antibody control (0.78 + 0.24% ID/g tissue).

2.1 |
TCOs

Other examples of radiolabelled

There are a few examples of radiolabelled TCOs that have
not been investigated for their ability to cross the
BBB.*®* Wang et al.*® described the first reported radio-
labelled syn-sTCO, [*®F]21, as seen in Scheme 6. The
tosylate precursor was reacted with ["*F]TBAF in MeCN
at 85°C for 10 min, to yield [*®*F]21 with a RCY of
29.3 + 5.1%, a radiochemical purity of 99% and a molar
activity of 2.1 + 0.8 Ci/pmol (77.7 + 29.6 GBq/pmol) after
purification and formulation.

The stability of [**F]21 was investigated in both PBS
and foetal bovine serum at 37°C. [*®F]21 was found to be
stable in PBS with 97.3% of the parent molecule remain-
ing after 2 h of incubation and plasma stability of 74%
after 1 h of incubation in foetal bovine serum. [**F]21
was not assessed in a pretargeted experiment but instead
was used as prosthetic group to radiolabel a cyclic RGD
peptide, cRGDyK, which bore a diphenyl-s-tetrazine (22),
yielding ['®F]23, as seen in Scheme 7. ['®F]23 was then
imaged in U87MG tumour-bearing mice.”® The addition
of a PEG linker in coupling RGDyK to the tetrazine was
found to improve the in vivo properties of the radioligand
when compared to previous analogues explored by the
group, and high tumour uptake was seen at 4 h p.i. at
8.9 + 0.5% ID/g.***' This led the authors to suggest that
TCOs such as ['®F]21 are useful prosthetic groups and
should be considered when radiolabelling peptides and
other large biomolecules going forward.*®

Feng et al.** have also used [*®F]21 to investigate a
more hydrophilic tetrazine tagged peptide with the aim
of increasing the tumour to background contrast for
probes targeting non-small cell lung carcinoma.

o]
hy, methyl benzoate, O] H
AgNO;, Et,0:hexanes
H RT,2.5h H TsO._J N b o
O - O T
4 OH 4 OH KH —
THF:DMF o
18 19 RT, 16h 20 _\—OTs
['8FITBAF H
MeCN N
85°C, 10 min H O
H N\ o\_\
0
['®F121 18F

SCHEME 6

Precursor synthesis and radiochemical synthesis of TCO [**F]21.
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Wang et al.’® then developed a radiolabelled TCO
with a trans-5-oxocene TCO (0xoTCO) core, [**F]25,
and compared it to dTCO [**F]15* and sTCO [**F]21.*
The tosylate oxoTCO precursor 24 was radiolabelled
through a reaction with ["®*F]TBAF in MeCN at 85°C
for 10 min, as seen in Scheme 8. A modest RCY was
achieved at 15+ 1.9% with a radiochemical purity of
>99%. The in vitro stability of [**F]25 was then assessed
by radio-HPLC. After incubation in PBS for 1 h, 85.2%
of the parent molecule was observed. The authors
reported that this decrease in radiochemical stability
was likely due to radiolysis.*® The log P of ['*F]25 was
then evaluated in an octanol-water system and found to
be 0.57 + 0.02, suggesting that [**F]25 may not pas-
sively cross the BBB due to its high hydrophilicity.
OxoTCO ['®F]25 as well as dTCO ['®*F]15 and sTCO
['®F]21 were used as prosthetic groups and clicked to a
tetrazine conjugated to a neurotensin peptide, Lys-
NT20.3. In vivo imaging of each clicked radioligand

was performed in neurotensin receptor positive PC-3
tumour-bearing mice. The [**FJoxoTCO-clicked radio-
ligand was found to have a similar tumour uptake to
the other click products but showed a much higher
tumour to muscle ratio of 15.8 + 2.2 at 30 min p.i,
compared to 6.5 + 1.5 and 3.8 + 0.9 for the sTCO and
dTCO, respectively. This high ratio was also sustained
after 3.5 h at 16.2 + 2.3.%°

In an attempt to improve the stability of the TCO,
Ruivo et al.** moved away from direct radiolabelling with
fluorine-18, instead radiolabelling a TCO with alumin-
ium ['®F|fluoride. To the best of our knowledge, this was
the first example of such an application. ["*F]AIF was
chelated to a TCO bearing a 1,4,7- triazacyclononane-1,-
4,7-triacetic acid (NOTA) chelator, p-SCN-Bn-NOTA, giv-
ing ['®*F]MICA-205, ['®F]27 with a d.c. RCY of 12 + 2.8%
and radiochemical purity of >96%, seen in Scheme 9. The
logD of ['®F]27 was determined by the shake flask
method and found to be 2.23 + 0.01.
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SCHEME 9 Radiosynthesis* of [**F]27.

CC49-Ttz

%ID/cc

FIGURE 6 LS174T tumour-bearing mice were either pre-
treated with an unmodified CC49 antibody (left) or a tetrazine
tagged CC49 antibody (right) 24 h prior to administration of [**F]
27. Increased tumour uptake was observed in mice pre-treated with
the tetrazine tagged CC49 antibody (right) as seen in the static
image taken after 1 h p.i of ['*F]27 above. Reproduced from Ruivo

1.43

et al.”” with permission from Elsevier.

In vitro stability of [**F]27 was assessed in saline at
37°C, with 90.3 + 4.4% of the parent compound found
intact after 2 h of incubation, with small amounts of iso-
merisation to the CCO observed.*® With [**F]27 demon-
strating promising in vitro stability, a biodistribution and
metabolite study was performed in healthy BALB/c nude
mice. At 15 min p.i., 67.7 + 0.43% of the parent molecule
remained intact in plasma, reducing to 51.9 + 5.16% after
60 min pi** As expected, the major radiometabolite
observed was the CCO. Due to the fast reaction kinetics
of the IEDDA reaction, the authors postulated that ['*F]
27 will be consumed before isomerisation can occur;
therefore, the in vivo performance of this radiolabelled
TCO should be unaffected.*® Biodistribution revealed that
['®F]27 was excreted through both hepatobiliary and
renal pathways with low bone uptake seen showing that
the [®Flaluminium fluoride complex was stable to
defluorination. Poor blood clearance was also observed,
reducing from 1.22 + 0.18% ID/g at 15min p.i. to
0.98 + 0.59% ID/g at 60 min p.i., which could complicate
in vivo PET image analysis due to high background.
Finally, the authors investigated the performance of ['*F]
27 in a pretargeted preclinical PET experiment. LS174T
tumour-bearing mice were initially treated with either an
anti-TAG-72 mAb CC49 tagged with a methyl tetrazine
previously developed by the group or an untagged anti-
TAG-72 mAb CC49.** Following a 24 h pre-distribution
period, [*®F]27 was administered, and after 60 min, a
static PET scan was performed (Figure 6). Visualisation
of the tumour was only seen in mice treated with the
CC49 tetrazine conjugate. This was confirmed through
ex vivo biodistribution, which showed a tumour uptake
of 0.67 + 0.16% ID/g in mice treated with the CC49 tetra-
zine conjugate compared to 0.16 + 0.08% ID/g for the
untagged CC49 control.** Nevertheless, high accumula-
tion of activity was present in the abdominal cavity,
which could make quantification in this region difficult.
Relatively low tumour uptake also needs to be improved
for this radioligand to find further use.

More recently, an undisclosed novel TCO scaffold
was explored by Adhikari et al.*> and reported in a con-
ference abstract. From a library of fluorinated d-TCOs, a
promising d-TCO was identified and radiolabelled. The
d-TCO was radiolabelled from a tosylate precursor using
[*®F]fluoride in dimethylformamide (DMF) at 100°C for
10 min yielding the ['®*F]d-TCO with a d.c RCY of 5.5%
from EOB and radiochemical purity of >98%. Lipophili-
city was assessed through the shake flask method, which
gave a log D of 0.59 + 0.07, suggesting that the [**F]d-
TCO would be less likely to pass the BBB. Finally, the
plasma stability of the radiolabelled TCO was assessed in
mouse plasma with approximately 30% of the parent mol-
ecule observed after a 2-h incubation period.*’
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FIGURE 7 Structures®® of the first reported tetrazines reported by Herth et al.*’

radiolabelled with fluorine-18, [**F]28 and [*®F]2.

2.2 | Radiolabelled tetrazines

As mentioned above, Li et al.** reported the first radio-
labelled tetrazine, [**F]2 (Figure 7). Initially, attempts
were made to radiolabel a 3,6-diaryl-tetrazine using
nucleophilic aromatic substitution from the correspond-
ing nitro precursor using either ["*F]KF.K222®+K,COs;
or ["*F]TBAF-TBAHCOj3; however, only trace quantities
of ['®F]28 were observed. Radiolabelling was then
attempted on a mono-aryl tetrazine bearing a mesylate at
the benzylic position. The mesylate precursor was reacted
with ["®F|TBAF at 85°C for 15 min and gave ['*F]2 in a
non-decay corrected RCY (n.d.c RCY) of ~1%.>?

The above highlighted the poor stability of the tetra-
zine core under typical Sy2 nucleophilic substitution con-
ditions with [*®F]fluoride, that is, prolonged heating
under basic conditions, and thus represents the biggest
challenge in radiolabelling tetrazines.'”*** More
recently, Bratteby et al.*® have reported a method for the
radiolabelling of base sensitive tetrazines using polyanio-
nic preconditioning agents for the quaternary ammo-
nium ion exchange cartridges used for ['®F]fluoride
trapping and weak bases as ['*F]fluoride eluents. Under
these conditions, radiolabelled tetrazines that were pre-
pared in low RCY using ‘standard’ ['*F]fluoride prepara-
tion conditions were successfully radiolabelled in up to
23% RCY, offering a new route to '®F- radiolabelled tetra-
zines that were previously inaccessible.

2.3 | Brain penetrant tetrazines

In 2013, Herth et al.*’ reported the synthesis of a carbon-
11 radiolabelled tetrazine, [**C]30, as seen in Scheme 10.
The phenol precursor 29 was methylated with [*'C]Mel
in tetrahydrofuran, with NaOH as a base, at 80°C over
2 min. Tetrazine [*'C]30 was isolated with a d.c. RCY of

33 + 5% (n =5) from EOS, a radiochemical purity of
>98% and molar activity of 40-80 GBq/pmol in a total
time of 60 min. The logD of ['C]30 was determined by
ultra-high performance liquid chromatography and
found to be 3.37.

The in vivo properties of [''C]30 were not investi-
gated until 2019 by Steén et al.*® The occasional forma-
tion of a suspected radiolysis impurity in the synthesis
performed by Herth et al. led Steén et al. to modify the
radiosynthesis of [*'C]30. Through the replacement of
MeCN with EtOH in the HPLC eluent, a molar activity of
50-350 GBq/pmol was achieved whilst maintaining the
radiochemical purity of >97%.*° The group then inves-
tigated the in vitro and in vivo properties of [*'C]30 in
both mice and pigs. A pretargeted experiment was
explored, whereby a TCO-tagged polyglutamic acid was
directly administered into the tumour of CT26 tumour-
bearing BALB/c mice. After 60 min, [''C]30 was
administered to the mice, and preclinical PET scans
were performed. No specific tumour uptake was
observed, and high radioactivity uptake was observed in
the liver and bladder. The authors hypothesised that the
highly reactive bis-pyridyl tetrazine core was unstable
in vivo and therefore unable to react with the pre-
injected TCO. Stability studies in mice confirmed that
[**C]30 had poor in vivo stability with just 47% of intact
[**C]30 observed after 1 min p.i. by radio-HPLC, decreas-
ing to 27% after 5 min. With potential applications of the
IEDDA in the brain in mind, the group also investigated
whether [''C]30 was able to cross the BBB in both mice
and pigs. In mice, brain uptake was observed, but it was
unclear if this was the parent molecule [''C]30 or a
radiometabolite. Not deterred by this result, and encour-
aged by the observation of interspecies differences in
BBB transport, [''C]30 was then investigated in pigs.”' In
pigs, brain uptake was observed, with a peak SUV in the
range of 2.5-3, followed by fast washout. [''C]30 was also
found to be metabolised in pigs although degradation
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was much slower over the initial 10 min period. Further
studies are therefore required to elucidate if [''C]30 has
promise for pretargeted imaging within the brain. There
is also a need to establish if BBB penetrative metabolites
are responsible for the observed brain uptake seen
in mice.

Karver et al.”" evaluated the reactivity, stability and
solubility of 12 tetrazines, as seen in Table 1. Initially,
the reaction kinetics of each tetrazine was evaluated
against a norbornane, ((15,25,4S)-bicyclo[2.2.1]hept-5-en-
2-ylacetic acid) at 37°C. Second-order rate constants were
calculated from pseudo-first order rate constants,
highlighting that tetrazines bearing stronger electron
withdrawing groups, such as 34, demonstrated the fastest
reaction kinetics. H-tetrazines were also found to display
faster reaction kinetics than expected. Therefore, factors
such as steric hindrance were also suggested to influence
the rate of reaction. The stability of each tetrazine was
then evaluated after 14 h of incubation in PBS (pH 7.4) at
37°C. As expected, tetrazines bearing stronger electron
withdrawing groups were less stable than their more

1.14

tetrazines, 31-39, were then further evaluated. A
stopped-flow spectrophotometer was used to assess the
reaction kinetics of the remaining tetrazines against a
TCO in PBS at pH 7.4 at 37°C, a more relevant dienophile
for pretargeted imaging. Tetrazine 39 demonstrated the
fastest reaction kinetics, displaying a second order rate
constant of 30,000 + 3,000 M s, outperforming 31,
33, 34 and 38, which had faster reaction kinetics when
reacted with the norbornane. Steric hindrance was again
suggested as the potential cause for this observation. Sta-
bility in foetal bovine serum at 37°C was then assessed
after a 10 h incubation period. This identified that more
electron-rich tetrazines had greater stability. The authors
concluded that H-tetrazines displayed the best balance
between reactivity, stability and solubility.

Drawing the experience of Karver et al,'* Denk
et al.>* developed ['*F]45 as seen in Scheme 11. First, the
authors assessed the plasma stability of 45 with 99% of
the parent molecule observed after 12 h of incubation at
37°C. Encouraged by this promising plasma stability,
['®F]45 was radiolabelled from a tosylate precursor, 46,

electron-rich  counterparts. The most promising  with ["*F]KF+K222®+K,CO; in MeCN at 90°C for 5 min,
Tetrazine Core Tetrazine number R' R® TABLE1 Structures of the 12
tetrazines evaluated by Karver et al."*
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FIGURE 8

Summed PET/MRI images from 0-5 min (left) and
5-120 min (right) confirming that ['®*F]45 was able to cross the BBB
in BALB/c mice. Reproduced from Denk et al.>* with permission

from Wiley.

affording [*®F]45 with d.c. RCY of 16 + 2%. The synthesis
was then automated giving [**F]45 in d.c. RCY of 5.2%,
although this procedure was not optimised.

In vivo dynamic preclinical PET scans were per-
formed in female BALB/c mice and confirmed that [**F]
45 was able to cross the BBB with a peak SUV of ~3 after
2 min, as shown in Figure 8.*>** Upon completion of the
preclinical PET scan (120 min), mouse plasma was ana-
lysed by radio-TLC, to assess the metabolic stability of
['®F]45. Approximately 85% of the parent molecule was
observed, showing that ['®F|45 possessed good in vivo
mouse plasma stability. To explore the reactivity of ['*F]
45 further, in vivo experiments were performed in female

['8F145

Synthesis of radiochemical precursor 46 and reference standard 45, and radiochemical synthesis®” of ['*F]45.

BABL/c mice. ['®*F]45 was initially administered to the
mice, and after 20 min, an STCO was administered. At
selected time points, blood samples were drawn from the
mice. To prevent tetrazine ['®F]45 from reacting further
with the STCO during analysis, excess STCO was seques-
tered with a more reactive mono aryl tetrazine.
Unreacted [*®F]45 was quantified by radio-TLC, and [**F]
45 was found to be completely consumed within 30 min.

Continuing with their research, Denk et al.>* then
radiolabelled a low molecular weight tetrazine with
carbon-11. The precursor was synthesised over two steps
to give a free amine, 48. This was methylated with [*'C]
methyl triflate at 75°C for 5 min in MeCN to afford [*'C]
49, seen in Scheme 12. [''C]49 was synthesised with a
d.c. RCY of 52 + 6% and a radiochemical purity of >95%
in a total synthesis time of 30 min.

The biodistribution of [*C]50 was investigated in
female BALB/c mice in preclinical PET/MR scans over
60 min, and following completion of the scan, ex vivo
biodistribution was performed. [''C]50 was able to cross
the BBB with high uptake observed in the brain within
the first 5 min. Ex vivo biodistribution confirmed that
[*'C]50 crossed the BBB with an SUV of 1-1.5 observed
after 60 min p.i.”® The in vivo stability of [*'C]50 was
then explored in both plasma and urine as [*'C]50 was
excreted through the renal pathway. In urine, 50% of the
parent molecule was seen after 60 min p.i, whereas in
plasma, [*'C]50 was metabolised more quickly, with only
38% of the parent molecule seen at the same time point,
determined by radio-TLC. In both urine and plasma, two
main metabolites were observed. The group then
explored [''C]50 in vivo click capabilities in female
BALB/c mice. Initially, an s-TCO was administered to
the mice. After 5 min, [''C]50 was administered. Blood
was then analysed and showed that after 5 min, 98% of
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FIGURE 9 Structures of the four tetrazines [**F]51-54 synthesised by Schlein et al.>* for use in pretargeted imaging of amyloid beta.

[''C]50 had been converted to the clicked product. This
then led to the investigation of [*'C]50 in a pretargeted
experiment. Mesoporous silica nanoparticles, which were
known to accumulate in the lungs, were tagged with
either TCOs or s-TCOs and administered to female
BALB/c mice. After 5 min, [*'C]50 was administered to
the mice. When compared to the biodistribution of [*'C]
50, a threefold increase in activity concentration in the
lungs was observed when mice were pretreated with the
TCO nanoparticles. TCO-nanoparticles also outper-
formed the more reactive s-TCO-nanoparticles, which
was attributed to poorer in vivo stability of s-TCOs. This
highlighted the fine balance between reactivity and sta-
bility and reiterates the importance of the careful consid-
eration of the properties of tetrazines and TCOs when
selecting the reactive handle conjugated to the targeting
molecule.”

In a conference abstract, Schlein et al.”” reported the
synthesis of four '®F-radiolabelled tetrazines for use in
pretargeted imaging of amyloid-beta. First 6-[**F]fluoro-
nicotinic acid tetrafluorophenyl ester was synthesised on
a solid support and then coupled to amine or aminooxy
bearing tetrazines to give ['®F]51-54 as seen in Figure 9.
The tetrazines were synthesised with radiochemical

1.54

purities of >93% and in radioactivity yields (590
+ 330 MBq) suitable for preclinical PET scans in both
transgenic (tg-ArcSwe) and wild-type mice. Each tetra-
zine was able to cross with BBB with peak SUVs between
1.5 and 2 decreasing to 0.29-0.59 at 60 min p.i. for the
methyl-tetrazines, [**F]52 and ['®*F]54.>* Further evalua-
tion is currently underway in order to assess how effec-
tive these tetrazines are for use in pretargeted imaging.

2.4 | Attempts at pretargeted imaging of
the brain

Shalgunov et al.” reported the synthesis of a library of
18 tetrazines based on a 3-fluorophenyltetrazine core,
exploring whether calculated physiochemical properties
could be used as predictors for improving the perfor-
mance of tetrazines for pre-targeted imaging within the
brain. Various parameters (clogP, clogD,,, topological
polar surface area, central nervous system multipara-
meter optimization scores and BBB scores) were calcu-
lated for each tetrazine.>*>® All 18 tetrazines were
radiolabelled with fluorine-18 from the corresponding
stannane precursors through copper-mediated
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Structures of tetrazines ["*F]56-60, chosen for further in vivo evaluation. Peak uptake, in vivo image contrast (cortex (Cor)

to cerebellum (Cer) ratio determined from autoradiography) and washout (quantified as peak uptake/area under the curve) provided a

criteria for further analysis.>®

radiofluorination as seen in Scheme 13. All 18 tetrazines
were synthesised in d.c RCYs in the range of 9-19%,
radiochemical purities of >92% and molar activities of
70-210 GBq/pmol. Fifteen of the radiolabelled tetrazines
underwent further evaluation, whilst the remaining three
were found to be unstable in the formulation buffer.

The radiolabelled tetrazines were assessed for their
performance in pretargeted imaging using a combination
of in vitro autoradiography and in vivo dynamic PET
scans. Autoradiography experiments were performed
with brain sections from amyloid-beta (Af) expressing
Tg-ArcSwe mice, which were pre-treated with an anti-Ap
TCO-bearing antibody. Each tetrazine was evaluated and
ranked according to the contrast between a high Ap
expressing area (cortex) and low AP expressing area (cer-
ebellum). Dynamic PET scans were performed with
healthy Long Evans rats. The ratio of peak uptake and
area under the curve from time activity curves was used
as a proxy to evaluate the washout of each tetrazine.
From the tetrazines examined, ['*F]58, [*F]59 and [**F]
60 were the highest ranking, whilst ['*F]57 was the worst
performing tetrazine. As such, these were selected for fur-
ther in vivo click evaluation, along with [**F]56, which
was selected to represent tetrazines, which had interme-
diate performance. The selected tetrazines are shown in

Figure 10.
In a proof-of-concept experiment to explore whether
these radiolabelled tetrazines, ['®*F]56-60, would

o SNy 18F
H
N \l\ll

N._N

[1 SF] 56

FIGURE 11 In vivo PET image of ['*F|56 showing that [*F|56
was successfully clicked to the TCO-tagged PeptoBrush in the right
striatum, with minimal uptake in the untreated left striatum.
Reproduced from V. Shalgunov et al.,>® with permission from the
Royal Society of Chemistry.

successfully undergo an in vivo click reaction, the right
striatum of Long-Evans rats was injected with TCO-
tagged PeptoBrush polymer, before each of the selected
'8F labelled tetrazines were administered to the rats. All
five tetrazines accumulated in the right striatum at the
point of PeptoBrush injection, as shown for [**F]56 in
Figure 11, suggesting that the in vivo click reaction was
successful with all the examined tetrazines. The group
examined the relative contrast (ratio of uptake in treated
right striatum to uptake in untreated left striatum) and
absolute contrast (difference of uptake in treated right
striatum to uptake in untreated left striatum) as key
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parameters for assessment. Unexpectedly, this showed
that [*®*F]56 and [**F]57 outperformed the predicted best
tetrazines from the first round of evaluation, with [**F]56
found to show the optimal combination of relative and
absolute contrast of all the radiolabelled tetrazines
assessed.

Finally, the in vivo metabolism of each tetrazine was
assessed after 90 min. [®*F]58 and [**F]60 showed poor
stability with, 5% of the parent molecule observed. ['*F]
56 showed improved stability, with 30% of the parent
observed. ['*F]57 and ['®F]59 had the greatest stability,
with 50% of the parent molecule recovered. Hydrophilic
metabolites were seen in all tetrazines but were not
expected to cross the BBB. The authors concluded that
['®F]56 showed the best balance of properties for pre-
targeted imaging, which would not have been predicted
by their initial model, highlighting the value of in vivo
evaluation of novel tetrazines. Ultimately, the group has
described a useful model for further assessing radio-
labelled tetrazines for in vivo pre-targeting applications.

One of the first attempts at pretargeted imaging of the
brain was reported by Cook et al.>” An absorption, distri-
bution, metabolism and excretion (ADME) study led to

the identification of F-537-Tz, 61 as a promising tetrazine
for pre-targeted imaging in the brain. The metabolic pro-
file of 61 was assessed by mass spectrometry in hepato-
cytes from rat, cynomolgus monkeys and human cell
lines. Two major metabolites were observed, the reduced
dihydrotetrazine, 62 and an oxadiazole derivative, which
was thought to occur through oxidation of the dihydrote-
trazine intermediate to form 63 as seen in Scheme 14.

However, as the two metabolites are unable to react
with TCOs, 61 was taken forward and radiolabelled with
fluorine-18. First, [**F]fluoroethyl azide was synthesised
from a tosylate precursor, 64 reacting with ['*F]
KF«K222®:K,CO; in MeCN at 105°C for 5 min, before
being reduced to the amine ['®F]66 with triphenylpho-
sphine in DMF at 80°C for 15 min. The amine, [**F]66,
was then reacted with the NHS ester of
2-(4-[1,2,4,5-tetrazin-3-yl|phenyl)acetic acid at 37°C for
12min, to give [®F|F-537-Tz ([**F]61), seen in
Scheme 15. [*®F]61 was synthesised with d.c. RCY of 6%
and radiochemical purity of >95% in a total time of
100 min.

The aim of the study was to develop a radiolabelled
tetrazine, which was able to explore the biodistribution

@) 0)
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N N N
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- —_—
' N 2
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HN ~ N N ~ N N=
F-537-Tz
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SCHEME 14 The two major metabolites were identified through either reduction, 62 or oxidation, 63 of the parent molecule and 61
in vitro.
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SCHEME 15 Radiosynthesis®” of
['®F]61 via the intermediate [**F]
2-fluoroethylamine [**F]66.
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of antisense oligonucleotides (ASOs) post administration.
As a model, an ASO targeting Malat1 (a highly conserved
target with high CNS expression) was coupled to a TCO
via a linker, and both the tetrazine and TCO were investi-
gated for their in vitro and in vivo properties such as sta-
bility, cell uptake and specific binding. In vitro
autoradiography was performed, whereby Sprague-
Dawley (SD) rats were intrathecally dosed with the TCO-
tagged Malatl ASO to bypass the BBB. The rats were
sacrificed 24 h later and brains sectioned, and tissue
slices were then incubated with either ['*F]61 or a
250-fold excess of 61, followed by [**F]61. The highest
accumulation of radioactivity was observed in the menin-
ges around the brain, with some binding also observed in
the cortical regions. Pretreatment with 61 confirmed that
binding was specific. The pharmacokinetics of ['*F]61
was then assessed in naive SD rats confirming brain
uptake, but this identified that [**F]61 was slow to wash-
out of the brain, an unfavourable property, which can
reduce image contrast.

Nevertheless, the authors were able to show that in
rats that were intrathecally pre-administered with differ-
ent doses of Malatl ASO, a dose dependent increase in
uptake was observed after administration of [**F]61. The
results in rats led the authors to explore both the '*F-
labelled tetrazine and TCO-tagged Malatl ASO in non-
human primates (NHP). Slower washout of [**F]61 from
the brain was observed in the NHP compared to rats.
Furthermore, the poor washout of [**F]61 led to inade-
quate image contrast when tested in a pre-targeted exper-
iment, where, despite intrathecal pre-treatment with the
Malat-1 ASO, no statistically significant increase in
uptake of the radiotracer was observed in the brain. This
led to the conclusion that the in vivo properties of [**F]61
were unsuitable for transition to the clinical setting as
slow brain clearance impacted the contrast of the PET
image. This study does however provide the first steps
into pretargeted imaging within the brain.

3 | CONCLUSIONS AND FUTURE
OUTLOOK

PET imaging of pathology in the brain has largely relied
on the use of small lipid soluble ligands, which passively
diffuse across the BBB or polar molecules that mimic
endogenous molecules and exploit active transport sys-
tems to cross the BBB. Pretargeting has the potential to
greatly expand the scope of PET imaging agents available
for interrogation of diseases that affect the brain, and as
described above, this has largely focussed on the IEDAA
reaction between activated tetrazines and TCOs.>'**®
Pretargeting efforts in the oncology space are now
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reaching clinical trial stage in humans®>’; however, we
are still waiting to see similar successes with pretargeting
in the brain. There is an abundance of potential targets
in the brain that have remained intractable or very chal-
lenging to develop radiotracers for using small-molecule
based PET probes (e.g., alpha-synuclein,®* Huntingtin®*°*
and AMPA receptors®®). Imaging these targets using a
pretargeting approach with selective and specific mono-
clonal antibodies or antibody fragments would greatly
facilitate understanding of both the healthy and diseased
brain. Towards this goal, the focus has been the prepara-
tion of tetrazines and TCOs, which are able to cross the
BBB. Perhaps unexpectedly, it has proven challenging to
find either a TCO or a tetrazine labelled with either
fluorine-18 or carbon-11, which displays all the desirable
properties required of such an agent for imaging in pre-
targeting, including

« Good chemical (and radiolytic) stability

« Good in vivo stability

« Lack of formation of BBB penetrant metabolites
« Fast reaction kinetics

« High radiochemical yielding, simple synthesis

« High initial brain uptake and fast washout

Recent developments in understanding the drivers of
reactivity and stability of tetrazines, as well as the devel-
opment of more mild reaction conditions for the '®F-
radiolabelling of tetrazines, will spur the development of
new radiolabelled tetrazines.'>*® These new tetrazines
would be expected to show superior properties (e.g., RCY
and in vivo stability) to those that have already been
studied. Shalgunov et al.”> have recently reported tetra-
zine [*®F]56, which shows many of these ideal properties.
The same group has also recently reported the determina-
tion of the minimum concentration of TCO-labelled anti-
bodies required for successful pretargeting in the brain
and showed that this concentration can be achieved
using antibodies transported across the BBB using the
transferrin receptor.®® The community eagerly awaits fur-
ther validation of their system in a more complex, disease
relevant pretargeting model.

PET radiochemists are well suited for the radio-
labelling and preliminary evaluation of radiolabelled
TCOs and tetrazines for pre-targeting imaging in
the brain. However, this still leaves a gap to find
suitable methods for transporting large biomolecules
(e.g., antibodies or ASOs) across the BBB. To date, those
applied for PET imaging have exploited direct injection
of a reactive TCO into the brain for validation of the reac-
tivity of '®F-labelled tetrazines or direct injection of the
TCO-targeting fragment into the cerebrospinal fluid as
described in the last example discussed above.’>*” Other
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approaches for PET imaging with radiolabelled anti-
bodies or antibody fragments in the brain have used
receptor mediated transcytosis (RMT) and the transferrin
receptor shuttle system to transport a bifunctional
antibody, targeted to the transferrin receptor and
amyloid-beta, or smaller bifunctional Tribodies across
the BBB.°®®” This approach has not as yet been applied
to pre-targeted PET imaging in the brain.

Over the last 5 years, there has been increased focus
on using pretargeted PET imaging in the brain, and it
appears that the imaging tools are now reaching the stage
where they show favourable in vivo properties. From the
examples described above, there is still no simple,
well-tested, generally applicable tool to transport large
biomolecules across the BBB in amounts suitable for PET
imaging. Even well-explored systems like the transferrin
shuttle require significant optimization of conditions to
work well in the PET imaging context.® Without a gen-
eral protocol, researchers are still required to optimise
each case individually. There are many methods for
transporting biological molecules into the brain, which
are yet to be applied to pretargeted PET imaging, and sev-
eral excellent reviews offer many opportunities for explo-
ration of this paradigm.®® In the near future, the use of
pretargeted PET imaging will no doubt revolutionise the
imaging of targets in the brain, which have thus far
proven challenging to image using small molecule
ligands, and with the rapid growth of publications in this
area, it appears to be only a matter of time before this
approach becomes common practice.
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