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ARTICLE INFO ABSTRACT

Keywords: The mouse model of beta-amyloid (Ap) deposition, APP/PS1-21, exhibits high brain uptake of the tau-tracer (S)-
Alzheimer’s disease ['8F]THK5117, although no neurofibrillary tangles are present in this mouse model. For this reason we inves-
AP/ PSI'Z? tigated (S)-['®F]THK5117 off-target binding to Ap plaques and MAO-B enzyme in APP/PS1-21 transgenic (TG)
E}[e/;ag?;nylmd mouse model of Ap deposition. APP/PS1-21 TG and wild-type (WT) control mice in four different age groups
(S)-[*®FITHK5117 (2-26 months) were imaged antemortem by positron emission tomography with (S)-[*®F]THK5117, and then
Tau brain autoradiography. Additional animals were used for immunohistochemical staining and MAO-B enzyme

blocking study with deprenyl pre-treatment. Regional standardized uptake value ratios for the cerebellum
revealed a significant temporal increase in (S)—[lsF]THKsl 17 uptake in aged TG, but not WT, brain. Immuno-
histochemical staining revealed a similar increase in Ap plaques but not endogenous hyper-phosphorylated tau or
MAO-B enzyme, and ex vivo autography showed that uptake of (S)-[lSF]THK5117 co-localized with the amyloid
pathology. Deprenyl hydrochloride pre-treatment reduced the binding of (S)-[ISF]THK5117 in the neocortex,
hippocampus, and thalamus. This study’s findings suggest that increased (S)-[\®FITHK5117 binding in aging
APP/PS1-21 TG mice is mainly due to increasing Ap deposition, and to a lesser extent binding to MAO-B enzyme,
but not hyper-phosphorylated tau.

1. Introduction

Tau and beta-amyloid (Ap) aggregations are the main neuropatho-
logical hallmarks of Alzheimer’s disease (AD) (LaFerla and Oddo, 2005).
Tau is primarily expressed in neuronal axons and to a less extent in
somas and dendrites, but is also present in astrocytes and oligodendro-
cytes (Simi¢ et al., 2016). In AD, abnormally phosphorylated tau (p-tau)
aggregates into paired helical filaments (PHFs) and straight filaments,
both of which assemble neurofibrillary tangles (NFTs) in neuronal cell
bodies and neuropil threads (NTs) in axons and dendrites (Hasegawa,
2016). NFT and NT aggregation and distribution correlates closely with

AD progression (Braak et al., 2006) and clinical symptoms (Bierer et al.,
1995), respectively. This evidence referred to a significant role of tau
pathology in AD and created strong interest in developing a positron
emission tomography (PET) tracer for imaging tau pathology in vivo. A
validated tau PET tracer could assist in early diagnosis of AD and the
evaluation of disease-modifying therapeutics in clinical development.
To date, several tracers have been developed to image tau pathology
(Okamura et al., 2014); (Okamura et al., 2018). However, extensive
characterization of the first generation tau-targeting tracers, including
the most commonly used [18F]ﬂortaucipir (formerly known as [*8F]
AV1451 and T807) (Xia et al., 2013), ['C]PBB3 (Maruyama et al.,
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2013), and THK tracer family ([*®F]THK523, ['®F]THK5105, ['8F]
THK5117, [‘®F]THK5317, [‘®FITHK5351) (Harada et al, 2016)
revealed undesired tracer characteristics, such as off-target binding,
mainly to Ap plaques in the case of [18F]ﬂortaucipir and [“C]PBB3, and
monoamine oxidase B (MAO-B) enzyme in the case of the THK tracer
family (Leuzy et al., 2019) (Saint-Aubert et al., 2017). Thus, second
generation tau tracers have been developed and are currently being
evaluated in clinical settings: [‘®FIMK6240 by Merck (Betthauser et al.,
2019), [*®F]R0948 by Roche (Kuwabara et al., 2018), and [*®F]GTP-1
by Genentech (Sanabria Bohorquez et al., 2019).

One of the first generation tau tracers in the THK family, [*8F]
THK5117, binds to tau PHFs based on their B-sheet structure (Harada
et al., 2015), labeling intracellular and extracellular NFTs and NFTs
located in dystrophic neuritis (aka neuritic plaques), but not pre-tangle
formations (Harada et al., 2016);Okamura et al. (2013)yLemoine et al.
(2015). [*®F]THK5117 first reported to have high brain uptake and fast
wash-out in healthy mice, and high in vitro binding affinity to synthetic
tau protein aggregates and tau-rich AD brain homogenates (Okamura
et al., 2013). Although the brain distribution of ['®F]ITHK5117 differ-
entiates AD patients from healthy subjects, and cortical tracer binding
highlights regions of NFTs with high p-tau (Harada et al., 2015), sub-
stantial non-specific binding to white matter is a main drawback of [*8F]
THKS5117 (Harada et al., 2016). The pure S-enantiomer of the THK
tracer family, ((S)-['®F]THK51 17), had presented faster washout,
improved in vivo binding affinity, and reduced non-specific white matter
binding compared to the racemic form (Tago et al., 2016a, 2016b).
However, the improved version, (S)—[18F]THK5117 (also referred to as
['8F]THK5317), still suffers from off-target binding to MAO-B enzyme as
shown in in silico and in vivo studies (Murugan et al., 2019). Thus, the
clinical applications of (S)-['®F]THK5117 are diminished, especially
with the arrival of the second-generation tau-targeting tracers.

This present cross-sectional imaging study was initiated to investi-
gate the off-target binding properties of the proposed tau-tracer, (S)-
[*8FITHK5117, towards Ap plaques and MAO-B enzyme in vivo, and
tracer’s pharmacokinetic properties in the APP/PS1-21 transgenic (TG)
mouse model of Ap deposition (Radde et al., 2006) and wild type (WT)
littermates. No NFTs are present in the APP/PS1-21 mouse model, and
there is only a minor presence of mouse endogenous p-tau within
dystrophic neurites in the vicinity of the Ap plaques (Radde et al., 2008).

As NFTs and AP plaques share similar p-sheet structures (Kirschner
et al., 1986), we hypothesized that (S)-['®FITHK5117 binds Ap plaques
in the APP/PS1-21 mouse model of Ap deposition.

2. Materials and methods
2.1. Production of (S)-['F]THK5117

(S)-['8F]THK5117 (6-[(3-[18F]ﬂuoro-2-hydroxy)propoxy]-2-(4-
methylaminophenyl)quinoline) was produced in the Radiopharmaceu-
tical Laboratory at the Turku PET Centre using a previously described
method (Okamura et al., 2013) with slight modifications. A detailed
description of the synthesis is in the Supplementary data. For the 11
synthesis batches of (S)-[ISF]THK5117, the radiochemical yield was 11
+ 5%, molar activity 840 + 410 GBq/pmol, radiochemical purity >
98%, and shelf-life 6 h.

2.2. Animals and ethical statement

This study was performed with APP/PS1-21 TG mice from C57BL/6J
background (n = 40; 13 females; weight 30.0 &+ 4.9 g), and C57BL/6J
and littermate WT control mice (n = 25; 9 females; weight 39.0 + 8.4 g;
Supplemental Table 1). PET imaging, brain autoradiography, bio-
distribution and radiometabolite analysis were performed with TG and
WT mice aged 2-26 months. Different groups of mice were selected for
immunohistochemical staining between 3 and 23 months of age, and at
10 months for the MAO-B enzyme blocking study. This study was
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approved by the Animal Experiment Board of the Province of Southern
Finland (ESAVI/4660/04.10.07/2016), and performed in accordance
with the European Ethics Committee (decree 86/609/CEE) and ARRIVE
guidelines.

The APP/PS1-21 TG mouse model of Ap deposition, a hallmark of
AD, co-expresses human APP and PSEN1 with KM670/671NL and L166P
mutations, respectively, driven by the neuron-specific mouse Thy1 gene
fragment on a C57BL/6J background. Starting at 2 months, this mutant
phenotype progressively develops Ap plaques, which are associated with
strong gliosis (Radde et al., 2006). APP/PS1-21 mice were originally
provided by KOESLER (Rottenburg, Germany) and further bred with
C57BL/6Cn mice and housed in the Central Animal Laboratory of Uni-
versity of Turku according to the guidelines of the International Council
of Laboratory Animal Science (ICLAS). Three to four mice of the same
gender were housed in each ventilated cage under the following stan-
dard conditions: temperature 21 + 3 °C, humidity 55 + 15%, 12-h light
cycle (7:00 to 19:00 light), aspen wood bedding, and ad libitum access to
soy-free chow (RM3 (E) Soya Free, 801710, Special Diets Service, Essex,
UK) and tap water.

2.3. In vivo PET/CT imaging and analysis of PET imaging data

PET imaging was performed in TG (n = 23; 6 females) and WT (n =
20; 6 females) mice at 2-3, 6-10, 12-16, and 19-26 months using an
Inveon Multimodality PET/CT scanner (Siemens Medical Solutions,
Knoxville, TN). Two mice were imaged simultaneously. First, mice were
anesthetized by inhaled isoflurane (300 mL/min 3.5% isoflurane/Ox for
induction and 2% for maintenance) and computed tomography (CT)
scan was performed for anatomic reference and attenuation correction.
Immediately after an intravenous bolus injection of (S)—[lsF]THKSI 17
(injected dose 6.0 + 0.8 MBq, injected mass 154 + 88 ng/kg, injected
volume < 200 pL), dynamic PET was performed for 40 min. During the
scans and while under anesthesia, the mice were laid prone on a heating
pad and an ophthalmic gel (Oftagel, Santen Oy, Tampere, Finland) used
to protect the eyes from drying. After the PET scans, the mice were
sacrificed for the ex vivo studies.

The 3D list mode PET data were rebinned into 2D sinograms with a
Fourier rebinning algorithm, and then reconstructed with a 2D-filtered
back-projection algorithm (final voxel size 0.78 x 0.78 x 0.80 mm).
Data were divided into 49 time frames (30 x 10, 15 x 60, 4 x 300 s).
Data were decay-corrected to the injection time. PET images were
analyzed using Inveon Research Workplace analysis software v. 4.2
(Siemens Medical Solutions). A dynamic PET image was co-registered by
rigid transformation and rotation with the corresponding reference CT
image and a 3D magnetic resonance imaging (MRI) mouse brain tem-
plate (MRM NAt Mouse Brain Database, McKnight Brain Institute) as an
anatomical reference. Brain uptake of (S)-['8F]THK5117 was analyzed
in the frontal cortex (FC), striatum (STR), thalamus (THA), hypothala-
mus, hippocampus (HIPPO), neocortex (NC), and cerebellum (CB) on
the fused CT image and MRI template. The volumes of interest (VOIs)
were drawn for each mouse separately with the help of an MRI template.
Almost identical volumes were always used for the analyzed brain re-
gions. Additionally, unintentional bias by the data analyser was avoided
as the PET image was used only for the co-registration step of CT image
and MRI template and eliminated before the VOIs were drawn. From the
VOIS, the regional '®F-radioactivity concentration was acquired as time-
activity curves (TACs), and CB-normalized standardized uptake value
(SUV) ratios (SUVR¢p) for the 20-40 min time frame were calculated.
Steady-state (S)-['®F]ITHK5117 binding was achieved approximately 20
min after injection.

2.4. Ex vivo brain autoradiography and analysis of digital
autoradiography images

Ex vivo brain autoradiography was performed in TG (n = 15; 5 fe-
males) and WT (n = 16; 7 females) mice at 2-3, 6-7, 12-16, and 19-26
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months. Forty minutes after (S)-[lsF]THKSI 17 injection, mice were
sacrificed by cardiac puncture under deep isoflurane anesthesia, fol-
lowed by transcardial perfusion with saline. The brains were dissected,
frozen, and sliced as described previously (Takkinen et al., 2017).

Brain sections were cut on the level of the FC, STR, parietotemporal
cortex (PTC), HIPPO, THA, HYPO, pons, and CB. In each mouse, 32
sections were cut from each mentioned region of interest (ROI). Digital
autoradiographs were analyzed using Aida Image Analyser v. 4.5
(Raytest Isotopenmessgerdte GmbH, Straubenhardt, Germany). ®F-
radioactivity intensity profiles, expressed as background-erased photo-
stimulated luminescence per pixel, were drawn manually on > 7 sec-
tions/ROI/mouse. Regional uptake of (S)—[IBF]THK5117 was evaluated
by calculating the mean ROI,;,/ROIcp intensity binding ratios.

2.5. MAO-B enzyme blocking study

To evaluate the off-target binding of (S)-[*8F]THK5117 to MAO-B
enzyme, separate groups of 10-month-old TG mice (n = 5 males) were
used. The pre-treated group (n = 3) received an intraperitoneal injection
(10 mg/kg, 600 pL) of a selective, irreversible inhibitor of MAO-B, (R)-
(—)-deprenyl hydrochloride (Selegiline hydrochloride, Sigma-Aldrich),
diluted in saline 24 and 1 h before the scans (MacGregor et al., 1985).
The control group (n = 2) did not receive any injections. Mice were
imaged and sacrificed for ex vivo brain autoradiography and immuno-
histochemical staining as described above.

2.6. Immunohistochemical staining

Separate groups of TG (n = 12; 7 females) and WT (n = 5; 3 females)
mice were used to provide supporting histopathological data to the in
vivo and ex vivo imaging studies by immunohistochemical staining.
Staining was performed at 3, 7-9, 11-14, and 23 months. Fixed-frozen
brain sections were stained for the presence and spatial distribution of
Ap plaques, p-tau, and MAO-B. In addition, fresh-frozen brain sections
obtained from mice used in the MAO-B enzyme blocking study were
examined for the presence and co-localization of MAO-B and Ap plaques
using immunohistochemical and immunofluorescent double staining.
The antibodies and staining protocols are described in Supplemental
Table 2.

Stained brain sections were digitized using the Panoramic 250 Flash
and Panoramic Midi digital slide scanners (3DHistech, Budapest,
Hungary). Images were examined and captured using Case Viewer v. 2.1
(3DHistech). The amount of regional Ap plaques and p-tau but not MAO-
B were quantified in the NC and THA using 2 sections from each mouse.
The count of 6E10 or AT8-positive objects/mm? as average values for
ROI/mouse were calculated using QuPath (Bankhead et al., 2017).

2.7. Ex vivo organ biodistribution

The TG (n = 13; 4 females) and WT (n = 15; 6 females) mice were
sacrificed 40 min after injection and cardiac blood (~500 pL) immedi-
ately collected in gel-lithium heparin tube (Terumo Europe, Leuven,
Belgium). Subsequently, organs of interest were dissected, individually
weighed, and measured for ®F-radioactivity. The tail was measured to
ensure success of the injection. All measurements were decay-corrected,
background radioactivity subtracted, and '®F-radioactivity in each
organ quantified as the percentage of injected dose (ID) per gram of
tissue (%ID/g).

2.8. Metabolism and radiometabolite analysis

Plasma and brain homogenates were analyzed by radio-thin-layer
chromatography (radioTLC) at set time points after (S)-['®FITHK5117
injection: 5 min (n = 4; 4 WT; 4 females), 15 min (n = 8; 5 WT; 1 female;
3 TG; 1 female), 30 min (n = 3; 3 WT; 3 males), 45 min (n = 4; 4 WT; 4
females), and 60 min (n = 4; 4 WT; 3 females). The detailed protocol is
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described in the Supplementary data. Using Aida Image Analyser v. 4.5,
the percentage of non-metabolized (S)-[lsF]THK5117 was calculated
from the total '®F-radioactivity in the samples.

2.9. Data analysis and statistical methods

For all data sets, results are reported as mean + standard deviation
(SD). The comparison of (S)-[ISF]THK5117 brain uptake between TG
and WT mice in each age group was performed using the non-parametric
Mann-Whitney U test. Differences were considered significant when p <
0.05. Statistical analyses were performed in GraphPad Prism v. 5.01
(GraphPad Software, San Diego, CA).

3. Results
3.1. Invivo PET/CT imaging

The averaged SUV TACs of (S)—[ISF]THK51 17 showed that (S)—[lsF]
THK5117 crossed the blood-brain barrier and peaked 2 min after in-
jection. In addition, the TACs showed a similar uptake and washout
levels in both genotypes, but higher retention in the NC of TG mice
compared to WT controls at 12-16 months. (S)-['®F]THK5117 uptake
reached specific binding equilibrium after approximately 20 min.
Therefore, the time frame 20-40 min was used for the SUVR¢g calcu-
lation. Similar results were obtained in the FC, STR, THA, and HIPPO at
6-10 and 19-21 months. (Fig. 1A and B).

The regional SUVRcg of (S)-[!®FITHK5117 was significantly higher
in the NC, HIPPO, FC, STR and THA (p = 0.0012; Fig. 2 and Supple-
mental Fig. 1), and HYPO (p = 0.0414, Supplemental Fig. 1) of 6-10 mo
old TG mice (n = 7) compared to their age-matched WT controls (n = 6).
In 12-16 and 19-26 mo old groups (n = 6/group) the SUVRs were
significantly higher in TG than WT mice in NC (p = 0.0022), HIPPO (p =
0.0022), FC (p = 0.0303), STR (p = 0.0022) and THA (p = 0.0022)
(Fig. 2 and Supplemental Fig. 1) but not in the HYPO (12-16 monthsp =
0.6212, and 19-26 months p = 0.0931). (S)-[!*FITHK5117 uptake
seemed to reach its highest level at 12-16 months, plateauing thereafter.
SUVRcg remained ~1 in WT controls. The SUVs in the CB of both TG and
WT mice indicated minimal uptake, with no significant difference be-
tween the genotypes. Therefore, CB was used as a reference region
(Supplemental Fig. 2). Regional SUVRcp and corresponding p values are
reported in Supplemental Table 3.

3.2. Ex vivo brain autoradiography

Consistent with the in vivo PET results, increased (S)-[®F]THK5117
binding in the cortical and subcortical brain regions was demonstrated
in coronal brain sections from APP/PS1-21 mice compared to control
mice. Non-specific binding to white matter was low, as expected due to
using the S stereoisomer of [*8F]THK5117 (Fig. 3A). Furthermore,
region-to-CB binding ratios showed significantly (p = 0.0043) higher
(S)—[18F]THK5117 uptake in TG mice (n = 6) compared to their age-
matched WT controls (n = 5) at 12-16 months in the PTC, HIPPO, FC,
STR, THA and PONS (Fig. 3B and C and Supplemental Fig. 3A, B, C and
E). In the PTC (p = 0.0043), HIPPO (p = 0.0159), FC (p = 0.0095), STR
(p = 0.0043), and THA (p = 0.0079) the region-to-CB binding ratios
were significantly higher in TG (n = 5) than WT (n = 6) mice at 19-26
months (Fig. 3B and C and Supplemental Fig. 3A, B, and C). In the PONS
(p = 0.5368, Supplemental Fig. 3E), the ratios at 19-26 months did not
reach the significance. In the HYPO, the region-to-CB ratios in TG and
WT mice did not differ significantly in any studied age group (Supple-
mental Fig. 3D and Supplemental Table 4). A notable (S)-[\®FITHK5117
uptake in the ventricular structures including 3rd and lateral ventricles
was detected. Interestingly, Brendel and colleagues have noticed similar
phenomenon using the [*8F]THK5117 tracer in a tau mouse model
(Brendel et al., 2016).
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Neocortex

Time after injection (min)

Fig. 1. Invivo (S)-['®F]THK5117 uptake in transgenic APP/PS1-21 (TG) and wild-type (WT) mouse brain at 12-16 months. (A) Representative PET/CT images of (S)-
[*8F]THK5117 uptake in coronal and axial views summed over 20-40 min. Higher ($)-[*®FITHK5117 uptake is seen in the fore and midbrain regions of the TG mouse
compared to age-matched WT controls at 15 months. No similar uptake pattern was noted in the hindbrain regions, which suggests the cerebellum as a reference
region. (B) Averaged SUV time activity curves of (S)-[*®F]THK5117 in the neocortex of TG mice (n = 6) and age-matched WT controls (n = 6). Note the higher
retention in the TG mice. Data are expressed as mean + standard deviation. SUV = standardized uptake value.
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Fig. 2. Invivo (S)-['®F]THK5117 binding analyzed as SUVegion/SUVcerebellum (SUVRg). Significantly higher (8)-['®F1THK5117 binding was seen in the neocortex (A)
and hippocampus (B) of transgenic APP/PS1-21 (TG) mice compared to age-matched wild-type (WT) controls starting from 6 to 10 months of age. Each symbol
represents a different animal. Mann-Whitney U test was used to compare intergroup differences between age-matched TG and WT mice: **p < 0.01.

3.3. MAO-B enzyme blocking study and immunohistochemical staining

Tracer off-target binding revealed that (S)-['8F]THK5117 bound to
MAO-B enzyme in the brains of APP/PS1-21 TG mice. Pre-treatment
with irreversible MAO-B inhibitor, deprenyl hydrochloride, reduced
the binding of (S)-[1®F]THK5117 in the NC, HIPPO, and THA by 18.2%,
17.3%, and 14.7%, respectively, compared to untreated TG mice of the
same gender and age (Fig. 4A). Regional SUVRcp values and corre-
sponding percentage changes in binding are reported in Supplemental
Table 5.

Immunohistochemical staining of brain sections from mice used in
the MAO-B blocking study revealed similar expression levels of MAO-B
enzyme in the deprenyl pre-treated and untreated groups (Fig. 4B) and
age-matched WT mice (Supplemental Fig. 4). MAO-B immunoreactivity
consistently seemed to appear as either scattered dots or a mild typical
astrocyte star-shape in all stained sections. As expected, stained Af
plaques were abundant in both treated and untreated groups (Fig. 4B),
and exhibited similar visual patterns as the brain sections from ex vivo
brain autoradiography. In addition, fluorescent double staining of Ap
plaques and MAO-B enzyme on the same brain sections used for auto-
radiography showed the plaques visualized in the autoradiography
image (Fig. 4C). Negative control staining was used to verify the anti-
bodies (Supplemental Fig. 4).

3.4. Immunohistochemical staining

In agreement with the imaging results, immunohistochemical
staining demonstrated a difference between TG and WT mice in terms of
the presence of Ap plaques and endogenous mouse p-tau in dystrophic
neurites. Ap plaques were detected in the brains of TG mice, in the NC
starting at 3 months and increasing in abundance with distribution to all
other brain regions up to 23 months. P-tau was detected in cortical and
subcortical regions of brains from TG mice starting at 7 months, with
mild abundance and no increase relative to Ap plaques (Fig. 5 and
Supplemental Fig. 5). However, NFTs were absent in this TG mouse
model.

Quantification of Ap plaques in NC and THA revealed an increase in
plaques count as the TG mice aged with great difference compared to
their age-matched WT controls. On the contrary, quantifying p-tau in the
same mice revealed a much less prominent increase in p-tau count with
aging in TG mice and a very minor difference to their age-matched WT
controls (Supplemental Fig. 6). Taken together, the abundance, distri-
bution and quantification of Af plaques, but not p-tau, exhibited a
similar pattern to (S)- [*8F]THK5117 PET brain uptake as seen in the PET
imaging and autoradiography studies (Figs. 2, 3 and 5 and Supplemental
Fig. 6).

3.5. Ex vivo organ biodistribution

The biodistribution of (S)-[lsF]THK51 17-derived 18F-radioactivity
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Fig. 3. Exvivo (S)-[*®FITHK5117 binding in APP/PS1-21 transgenic (TG) and wild-type (WT) mouse brain. (A) Representative coronal brain section autoradiographs
obtained from 12-month-old TG and WT mice 40 min after (S)-['®F]THK5117 injection. Autoradiographs are adjusted to a similar color scale. (B) Parietotemporal
cortex (PTC)-to-cerebellum (CB) ratios are higher in TG mice at 12-16 and 19-26 months than in age-matched WT mice. (C) Hippocampus-to-CB ratios are higher in
TG mice than in WT mice at 12-16 and 19-26 months. No change in uptake ratios was seen in WT mice. Each symbol represents a different animal. Mann-Whitney U
test was used to compare intergroup differences between age-matched TG and WT mice: **p < 0.01.

in both TG and WT mice revealed the highest uptake in the liver (6.96 +
3.32 %ID/g), small intestine (48.94 + 25.80 %ID/g), eyes (10.25 + 3.31
%ID/g) and Harderian glands (2.61 + 1.18 %ID/g), but low in parietal
bone (0.19 + 0.09 %ID/g (Supplemental Table 6).

3.6. Metabolism and radiometabolite analysis

Chromatograms of plasma samples from TG and WT mice (n = 23,
2-26 months) revealed that (S)-[\®F]THK5117 plasma metabolism was
fast and increased as a function of time. Thirty minutes after injection (n
= 3, male, WT mice), 45 + 10.3% of the total plasma 18F—radioactivity
originated from unchanged (S)-['®F]THK5117. In the same mice, after
30 min, 92.7 + 4% of the total ‘®F-radioactivity in the brain originated
from unchanged (S)-[*8F]THK5117.

The plasma sample shows one polar radio-metabolite of (S)-['®F1
THK5117, whereas the brain sample shows minor peak that could
originate from the remaining blood in the brain after the animal is
sacrificed (Fig. 6 and Supplemental Fig. 7).

4. Discussion

This study was initiated after we observed high (S)-[lgF]THK5117
brain uptake in the APP/PS1-21 TG mouse model of A deposition,
though an absence of NFTs was previously reported in this model (Radde
et al., 2008). Thus, in this cross-sectional imaging study, we investigated
the binding selectivity and pharmacokinetic properties of (S)-[*®F]
THKS5117 in TG mice and their WT littermates.

A clear temporal increase in (S)—[18F]THK5117 in vivo uptake was
present in the brains of TG mice as they aged. A similar phenomenon was
not seen in the WT mice. In vivo SUVRcp demonstrated higher regional
(S)-[*®FITHK5117 binding in TG mice compared to their age-matched
WT mice. Immunostaining revealed that regional uptake of (S)-['®F1
THK5117 was associated with Ap plaques. Antibody 6E10, which rec-
ognizes amino acid residues 1-16 of Ap, immunostaining in the brain of

aging TG mice showed a similar temporal increase in Af plaques,
whereas AT8, which recognizes amino acid residues Ser202/Thr205 of
p-tau, immunostaining did not show a similar increase in endogenous p-
tau in dystrophic neurites (Supplemental Fig. 6). In addition, ex vivo
brain (S)-['®F]THK5117 autoradiographs of TG mice brain showed
similar plaque-like aggregates co-localizing with Ap plaque staining.
Amyloid pathology is already present at 2 months of age in APP/PS1-21
mice and increases with aging (Radde et al., 2006). We also observed
this in the present study. The immunohistochemical staining showed
that P-tau level in the APP/PS1-21 brain is very low, and was only
detected starting at 7 months and remained constant when the animals
aged.

Having several age groups allowed us to closely follow the binding
trend of (S)—[18F]THK5117 with age. APP/PS1-21 mice at 2-3 months
had similar (S)-['®F]THK5117 binding as age-matched WT controls,
which can be explained by the low level of amyloid pathology at this
age. In addition, APP/PS1-21 mice >12 months old had either plateaued
or decreased (S)-[®FITHK5117 binding. This was unexpected consid-
ering that a temporal increase in amyloid pathology with aging was
reported in this mouse model up to 19 months (Radde et al., 2006). This
phenomenon is most likely related to individual variation between the
mice. Previous research with the APP/PS1-21 mouse model showed that
when mice are aging there is a plateau and variability in the detection of
AD-pathology using PET tracers (Lopez-Picon et al., 2018).

Invivo SUVs, autoradiographs, and immunohistochemical staining in
brains from TG and WT mice demonstrated that CB is a suitable refer-
ence region for calculating (S)-['®F]THK5117 regional SUVR. These
results are in line with Af plaque pathology development in this mouse
model (Radde et al., 2006). Furthermore, an Af plaque radiotracer, [*8F]
AV-45, has been reported to not exhibit specific binding in the CB of
APP/PS1-21 TG mice (Poisnel et al., 2012). As expected, when using the
pure (S) stereoisomer of the tracer, autoradiography images revealed
low (S)-['®FITHK5117 off-target binding in the white matter.

Development of (S)-[*®FITHK5117 for imaging tau pathology
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Fig. 4. MAO-B enzyme blocking study. (A) (S)-['®FITHK5117 uptake as SUV¢egion/SUVcerebellum (SUVRcg) in the neocortex (NC), hippocampus (HIPPO), and thal-
amus (THA) of deprenyl -treated (n = 3, 10 mg/kg, i.p.) and untreated (n = 2) age-matched transgenic APP/PS1-21 (TG) mice. (B) Immunohistochemical staining of
beta-amyloid (Ap) plaques and MAO-B in the same TG mice. Ap plaques and MAO-B were stained in consecutive brain sections. (C) Brain autoradiography (ARG)
section reveals (S)-['®F]THK5117 binding to the Ap plaques. Fluorescent double staining of Ap plaques and MAO-B enzyme was performed on the same brain section
as ARG. Scale bars = 1000 pm for the hemisphere brain section image, 50 pm for the cortical image. Image enhancement as colour brightness and contrast ad-
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focused on in vitro binding assays and autoradiography (Lemoine et al.,
2015), and the tracer has been used in patients and healthy subjects
(Okamura et al., 2014); Ishiki et al., 2015). Our study is the first to
investigate (S)-[1®F]THK5117 binding selectivity in an AD mouse model
expressing only Ap pathology. Two PET studies with the ['®F]THK5117
tracer have been published with mouse models of tau pathology. In the
first study, SUVRcg revealed higher ['®F]THK5117 binding in the brains
of TG tau mouse models compared to WT controls in vivo, and the results
correlated with ex vivo and in vitro [*®F]ITHK5117 autoradiography, as
well as tau AT8 immunohistochemical staining (Brendel et al., 2016). In
the second study, [18F] THK5117 was compared longitudinally with
[*8F]T807 in a tau TG mouse model. Although [*8F]THK5117 showed
less sensitivity to tau pathology than [18F] T807, [lSF]THK5117 revealed
fast brain washout and higher SUVR(g in tau TG mice compared to WT

controls, which also correlated with tau AT8 immunohistochemical
staining (Brendel et al., 2018).

The main obstacle to developing a tau-selective radiotracer is in vivo
binding selectivity, considering that both p-tau and AP plaques are
predominantly made of and share similar p-sheet structures, and (S)-
[18F]THK5117 binding to NFTs depends only on the f-sheet structure,
not the tau isoform or the phosphorylation state (Harada et al., 2016).
Moreover, in human AD brain, A plaques and NFTs co-localize with a 5
to 20-times higher concentration of A plaques (Agdeppa et al., 2001).
Different AD mouse models are known to develop Ap deposits that differ
relative to each other, to human Ap, and to their ability to bind Ap
-targeted PET ligands, such as [C]PiB (Snellman et al., 2013). There-
fore, we could speculate that the differences observed in the binding
specificity of (S)-[*®F]THK5117 in humans and the APP/PS1-21 mouse
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Fig. 6. Fraction of unchanged (S)-['®FITHK5117 as a percentage of total '8F-
radioactivity in plasma and brain samples from both transgenic APP/PS1-21
(TG) and wild-type (WT) mice (n = 23) measured by radio-thin-layer chro-
matography (radio-TLC) 5, 15, 30, 45, and 60 min after (S)-[®F]THK5117 in-
jection (n > 3/time point). Data are expressed as mean =+ standard deviation.

model used in this study could be due to differences in the structure of
the Ap deposits expressed in AD patients and APP/PS1-21 mice.
MAO-B is a ubiquitous enzyme expressed on the outer mitochondrial
membrane of astrocytes and serotonergic neurons (Levitt et al., 1982).
In the course of AD, MAO-B level can be elevated as part of the neuro-
inflammatory response (Carter et al., 2012). Previous work with the
tritium-labeled THK5117 referred to MAO-B off-target binding. In an in
vitro autoradiography study on AD brain sections, [*H]THK5117 and
[*Hldeprenyl exhibited similar binding patterns, which were further
validated by immunohistochemical staining. However, the same study
revealed minor competition between [3H]THK5117 and unlabeled
deprenyl, as well as [*H]deprenyl and unlabeled THK5117, which sug-
gests that THK5117 does not bind MAO-B (Lemoine et al., 2017a).
Another related study showed that THK5117 competed with [?H] dep-
renyl in an in vitro binding assay on AD brain homogenate. The authors
attributed this discrepancy to differences in technique between in vitro
autoradiography versus binding assay with the homogenate having
more binding sites exposed for binding (Lemoine et al., 2017b). We
wanted to investigate whether part of the (S)—[ISF]THK51 17 in vivo
signal belongs to MAO-B off-target binding in a pharmacological
blocking study. To the best of our knowledge, the present study is the
first to assess (S)-['®F]THK5117 in vivo off-target binding to MAO-B
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enzyme in an AD animal model. Previous PET studies have shown
irreversible MAO-B inhibition following administration of a single dose
of 1!C-labeled MAO-B inhibitors clorgyline and L-deprenyl (Fowler
et al., 1987). Our results show that pharmacological blocking of MAO-B
enzyme with deprenyl hydrochloride in TG mice was feasible and
resulted in reduced (S)-[ISF]THK5117 binding, which confirms the
off-target component towards MAO-B enzyme. In addition, (S)-['®F1
THK5117 binding was high in TG brain regions with known high level of
MAO-B enzyme expression, such as the HIPPO, THA, and cortex. This
could be attributed to upregulated MAO-B enzyme expression and
increased activity in the APP/PS1-21 mouse model (Jo et al., 2014).
Another tracer in the THK family, [18F]THK5351, also demonstrates in
vivo off-target binding to MAO-B enzyme in the human brain; deprenyl
(Selegiline) pre-treatment reduced SUV brain uptake by 36.7-51.8% in
various brain regions and was confirmed with autoradiography in a
previous study (Ng et al., 2017).

The high brain uptake and fast clearance observed in our study were
in line with previous findings using [‘®FITHK5117 in normal ICR mice
(Okamura et al., 2013). The biodistribution of (S)-['®F]THK5117 indi-
cated high peripheral uptake of ®F-radioactivity in the gallbladder and
intestine, suggesting excretion via the hepatobiliary route. Low
18p_radioactivity in the parietal bone 40 min after injection revealed that
the '8F-labeling position is stable and no defluorination occurred in vivo.
After 60 min p.i. about 60% of total radioactivity originated from the
parent compound in plasma and 95% in brain tissue. Thus, the metabolic
rate in mice is of the same order of magnitude as Mairinger et al. found
in male rats and faster than that found in female rats (Mairinger et al.,
2020). Thus, contrary to Mairinger et al. we found no difference in the
metabolic rate between sexes.

The study has some limitations that should be considered when
interpreting our results. First, the low number of animals (n = 2-7/ge-
notype/age group) limited more robust statistical analyses of the in vivo
PET and ex vivo brain autoradiography data. Second, tau staining was
not possible with the same fresh frozen brains used for autoradiography
to allow a comparison of (S)-[lSF]THK5117 binding and p-tau expres-
sion on the same sections. However, another set of mice was used in
which brains were dissected following perfusion fixation with 4% PFA to
gain this information.

5. Conclusion

In this study, we showed that increased (S)-[*8F]THK5117 binding in
aging APP/PS1-21 mice is mainly due to increasing Ap plaques, and to a
lesser extent due to binding to MAO-B enzyme, but not p-tau. Addi-
tionally, we can conclude that there are limitations in utilizing (S)-['®F1
THK5117 for in vivo visualization and quantification of NFTs. Further
studies in other mouse models of amyloid deposition are needed to
confirm the binding selectivity of (S)-['®FITHK5117 to Ap plaques. Our
finding highlights the importance of preclinical in vivo evaluation of
novel PET tracers when the investigated pathology present in animal
models resembles that of diseased human brain.
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