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Abstract

Abnormal proteins deposited in the brain exemplified by amyloid-beta and tau lesions are
pathognomonic hallmarks of neurodegenerative disorders. Increasing evidence suggests that
these abnormal proteins have pivotal roles in the disruption of the brain environment, leading to
the onset of neurodegenerative diseases. The resulting accumulation of abnormal proteins in the
brain is considered to represent important target molecules for both diagnostic and therapeutic
purposes. In recent years, the development of PET imaging technology for visualizing abnormal
brain proteins has been remarkable. Amyloid PET is a most successful imaging technique, and
the technology has already matured sufficiently to a practical level to become an indispensable
technology in the fields of dementia research and drug discovery. Following amyloid PET, tau
PET was developed as a practical pathological imaging technique. Partly because tau lesions
are thought to be more closely related to neurological deficits than amyloid-beta deposition,
and partly because they are observed in many dementias other than Alzheimer's disease, they
are expected to be a game changer in dementia research and drug discovery. In this review, I
will focus mainly on tau PET imaging, and especially with PBB3 and PM-PBB3, which were
originally developed by our institute, and introduce the current status of their technology
development, the characteristics of each tau PET ligand, and the latest findings from clinical
PET research. Furthermore, the role and future potential of neuropathological imaging in

clinical research and drug discovery for dementia will be discussed.
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I. Introduction

As the population ages, the number of patients
with dementia, which is common among the elderly,
continues to increase, making it an issue requiring
urgent attention. Excluding dementia caused by
cerebrovascular diseases, the majority of dementias are
thought to be caused by neurodegenerative dementias
such as Alzheimer's disease. The pathological feature
of neurodegenerative dementia is the accumulation
of various abnormal proteins in the brain. Recently,
diseases featuring such abnormal protein accumulations
in the brain have been collectively called proteinopathies.
Since abnormal proteins in the brain are thought to be
deeply involved in the pathogenesis of neurological
diseases, they are considered to be important target
molecules for diagnosis and treatment.

Attempts to visualize abnormal proteins in the
brain have been made since the 1990s, and the most
practical method is amyloid imaging using positron
emission tomography (PET) and specific ligands.
Since the introduction of ''C-Pittsburgh compound-B
(PiB) in 2004[1], many '*F-labeled ligands have
been developed and have become indispensable
technologies for dementia research and drug discovery.
On the other hand, tau PET imaging for visualizing
the brain accumulation of abnormal tau protein, a
component of neurofibrillary tangles that characterizes
brain pathology along with amyloid-# in Alzheimer's
disease, has been in practical use since around 2013.
With accumulating evidence that tau protein lesions are
more closely associated with neurological diseases than
amyloid-f3, tau imaging is now being used not only in
Alzheimer's disease but also in many non-Alzheimer's
diseases without amyloid-§ accumulation. Tau imaging
technology has become a standard-bearer for elucidating
the pathogenesis of neurodegenerative dementias as well
as for driving drug discovery.

In 2013, we reported the development of a first-
generation tau PET ligand, "'C-PBB3[2]. Since then,
we have been conducting clinical PET studies using this
ligand to investigate the etiology of neuropsychiatric

disorders. In addition, we recently developed *F-PM-

PBB3 (also known as "®F-APN1607), a versatile tau
PET ligand with improved drug properties of ''C-PBB3,
and reported its preclinical and clinical characteristics
[3]. T will introduce the development history and
background of '"F-PM-PBB3 as well as the results of
clinical trials using '*F-PM-PBB3, and discuss its future

prospects.

Il. History of tau PET ligand development

The development of tau PET ligands has a long
history, with a PET ligand called ""F-FDDNP already
being developed in the 1990s[4], and clinical studies
using this ligand were still being conducted in 2021
[5]. Nonetheless, it has also already been demonstrated
that this ligand has low affinity for tau lesions and is not
selective for binding to tau lesions because it also shows
binding affinity for amyloid-f lesions. Therefore, this
ligand is not currently regarded as a tau PET ligand, and
caution should be exercised in interpreting reports that
feature this PET ligand.

A long time has now passed since the appearance of
"E-FDDNP, and it was not until 2013 that a practical
tau PET ligand was developed. The so-called “first
generation” tau PET ligands reported during the same
period include flortaucipir (also called FTP, AV1451,
and T807), which was developed by Siemens and later
patented by Eli Lilly and Company[6], and "'C-PBB3
and "*F-THK series developed by Tohoku University
(THK-5351, -5117, -5105, -523, etc.) [7]. With
the advent of these tau PET ligands, research on the
brain pathogenesis of Alzheimer's disease and other
dementias has progressed rapidly. On the other hand,
with the progress of tau PET imaging studies, it has also
become clear that the first-generation tau PET ligands
have various drawbacks that need to be improved.
Those early tau PET ligands share the common feature
of accumulation around the striatum increasing with
age, even in healthy individuals, independent of tau
accumulation (off-target binding). These ligands
respectively showed a variety of off-target binding sites,
including monoamine oxidase (MAO)-A, MAO-B,

melanin neurons, choroid plexus, and sagittal sinus,
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in addition to the striatum[8-10]. For example, in the
brains of patients with neurodegenerative diseases,
gliosis including reactive astrocytes and activated
microglia is observed, and MAO-B is highly expressed
in reactive astrocytes. Some first-generation tau PET
ligands, such as '°F-THK5351, have binding affinity
for MAO-B and may detect gliosis in addition to tau
accumulation[10].

Because of these properties of first-generation tau
PET ligands, several “second-generation” (or next-
generation) tau PET ligands have been developed in
recent years: Merck's ""F-MK-6240[11], Piramal's "*F-
PI-2620[12], Roche’s *F-R0O-963[13], Genentech’s
BE-GTP1[14], and Janssen's "*F-JNJ-64326067[15].
"F-PM-PBB3 (also known as "*F-APN1607) [3]is
a second-generation tau PET ligand developed by the
National Institutes for Quantum Science and Technology
(QST) of Japan to improve the unfavorable drug
properties revealed using the first-generation tau PET
ligand "'C-PBB3[2].

. Development concept of 'C-PBB3 and

its drug properties

In order to understand the development concept of
"C-PBBS3, it is necessary to understand the properties

of tau protein and the abnormal aggregation of tau
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protein (tau lesions) observed in various diseases. Tau
protein itself is also expressed in the brain of healthy
individuals, and it is thought to possess the function of
binding to and stabilizing microtubules in neurons. Tau
protein is encoded by the microtubule-associated protein
tau (MAPT) gene on chromosome 17, and selective
splicing produces a total of six isoforms: three 4-repeat
tau and three 3-repeat tau. Thus, tau lesions are found
in the brains of not only Alzheimer’s disease but also
of many other neurodegenerative dementias, and the
molecular species that constitute the tau lesions vary
depending on the disease (Fig. 1). It has been reported
that tau lesions composed of different molecular species
have different 3D structures[16]. Therefore, a ligand
with high binding affinity for tau lesions in Alzheimer's
disease may not necessarily have good binding affinity
for tau lesions in tauopathies other than Alzheimer's
disease. In fact, all tau PET ligands, whether first-
or second-generation, have some degree of binding
affinity for tau lesions in Alzheimer's disease and do
not interfere with in vivo imaging evaluation; however,
binding affinity for tau lesions in non-Alzheimer’s
disease tauopathies varies from ligand to ligand. In
preclinical and clinical studies, flortaucipir, °F-MK-
6240, and "*F-RO-948 have all been reported to have
low binding affinity for tau lesions in non-Alzheimer's
disease tauopathies[11,12,17,18]. Although there are

m I
| w R1R2AR3 IR 4-repeat tauopathy
PSP
| m R1JR2NR3NR4 CBD
| R1NRZIR3IR2
L 4-repeat tau | 6-isoform tauopathy
e Alzheimer’s disease
e
—
| 3-repeat tauopathy
3-repeat tau Pick’s disease
\ )

Fig. 1 Molecular species constituting tau lesions in diverse tauopathies. MAPT, microtubule-associated protein tau; PSP,

progressive supranuclear palsy; CBD, corticobasal degeneration; PART, primary age-related tauopathy
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preclinical and clinical reports claiming the usefulness
of "*F-PI-2620 for non-Alzheimer’s disease tauopathies
[19,20], there are also reports that the binding
affinity of "*F-PI-2620 for tau lesions in progressive
supranuclear palsy is lower than that for tau lesions in
Alzheimer's disease, and caution should therefore be
exercised in the interpretation of these reports[21].

"'C-PBB3 is a tau PET ligand that was developed
based on the concept of visualizing various tau lesions
in vivo, regardless of the molecular species that
make up the tau lesion. Both amyloid-§ protein and
tau lesions have a higher-order structure called the
cross- ff-sheet structure, and the amyloid PET ligand
is a small-molecule compound with binding affinity to
the cross- ff-sheet structure of amyloid- f protein. Since
amyloid PET ligands cannot visualize tau lesions with
the same cross- [f-sheet structure, it is assumed that
there is some structural difference between tau lesions
and amyloid- § protein, which leads to the difference
in binding selectivity for both. In order to visualize
tau lesions, PET ligands need to show higher binding
selectivity for tau lesions than for amyloid- /5. Therefore,
we first prepared several compounds with different
lengths of the basic skeleton as candidate drugs, using
the amyloid PET ligand PiB as a lead compound. Next,
we evaluated the binding affinity and selectivity of
these candidate drugs for tau lesions by directly reacting
them with human brain tissue sections. As a result,
we found that there is an optimal molecular length for
the molecular structure to show high binding affinity
and selectivity to tau lesions. We confirmed that PBB3
has the best intracerebral transferability, selectivity to
tau lesions, and in vivo stability among the five PBB
analogues we prepared, and ''C-PBB3 was then applied
to human clinical studies.

In preclinical studies using human brain tissue
sections and mouse models, PBB3 was found to have
high binding affinity for both Alzheimer’s disease
and non-Alzheimer's disease tauopathies, as well as
for tau lesions in a tau-overexpressing mouse model.
In subsequent human clinical trials, ''C-PBB3 has
been shown to visualize characteristic tau lesions in

Alzheimer's disease and various non-Alzheimer's

disease tauopathies[22-26]. On the other hand, as
mentioned above, we also found the following: 1) off-
target binding was observed in the striatum, sagittal
sinus, choroid plexus; 2) the detection contrast of tau
lesions in non-Alzheimer’s disease tauopathies was
lower than that in Alzheimer's disease; and 3) it is not
always easy to determine whether there is an increase in
accumulation in individual cases of early-stage elderly or
non-Alzheimer's disease patients. In addition, 'C-PBB3
has been reported as the rare ''C-labeled tau PET ligand.
PET ligands labeled with "'C have a short half-life
of about 20 minutes, which is convenient for clinical
studies because they can be tested on the same day as
different PET ligands such as amyloid PET and FDG.
On the other hand, PET scan using ''C-labeled ligand
can only be performed at facilities that have cyclotrons
and PET drug labeling and synthesis technology, and
thus the versatility of the test has been a controversial

issue.

IV. Development of "*F-PM-PBB3 and drug

properties of various tau PET ligands

During the process of human clinical trials using
"'C-PBB3, it became clear that there were issues, as
described above. In particular, we found that the low
detection contrast in non-Alzheimer's disease may have
been due to the low metabolic stability of PBB3 and the
fact that a large portion of PBB3 is metabolized even
within a few minutes in vivo. The findings from the
clinical trials were quickly fed back to basic research in
order to improve the metabolic stability of PBB3, which
led to the development of "°F-PM-PBB3.

In preclinical evaluation using postmortem brain and
mouse models, PM-PBB3 inherited the characteristics of
PBB3, the lead compound in development, and showed
high selectivity and binding affinity for various tau
lesions including Alzheimer's disease, non-Alzheimer's
disease tauopathies, and mouse models. Based on these
results, we decided to use *F-PM-PBB3 for human
clinical research by radiolabeling PM-PBB3 with "°F,
which has a longer half-life than ''C, to improve its

versatility in clinical practice.
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Details of the results of human clinical studies
using '°F-PM-PBB3 will be introduced in the next
section, but before that, I would like to summarize the
characteristics and differences of each ligand (Table
1), which have become difficult to understand due
to the emergence of many tau PET ligands. Various
first- and second-generation tau PET ligands have
been developed; however, the only obvious difference
between them is simply the contrast in detection of
tau lesions in Alzheimer's disease when compared to
healthy subjects. Comparing the ratio of the degree
of accumulation of each ligand in the brain of healthy
subjects and Alzheimer’s disease patients, the second-
generation ligands have higher ratios than the first-
generation ligands (about 1.2-1.8 vs. 2.0-3.0), and the
difference between the two is easy to discern even at
the individual level for the second-generation ligands.
In terms of off-target binding to the striatum, MAO-A,
MAO-B, etc., most of the second generation ligands,
are less obvious; however, some second generation
ligands show off-target binding to melanin neurons
("*F-MK-6240[11], ""F-P1-2620[12], etc.) and

choroid plexus (**F-PM-PBB3[3], etc.). Although
all of the recently reported tau PET ligands have
sufficient binding affinity for visualizing tau lesions in
Alzheimer's disease, few ligands have sufficient binding
affinity for non-Alzheimer's disease tauopathies, and
only "'C-PBB3 and "*F-PM-PBB3 have been shown to

visualize tau lesions in mouse models[2,3].

V. Human clinical study using “F-PM-PBB3

In a human clinical study using '°F-PM-PBB3,
pharmacokinetic analysis using arterial blood samples
showed that "*F-PM-PBB3 has significantly improved
metabolic stability and increased bioavailability in the
brain compared to ''C-PBB3. In addition to model
analysis such as the 2-tissue compartment model
using dynamic imaging data for 150 minutes after
drug administration, we also showed that the Standard
Uptake Value Ratio (SUVR) using static imaging
data for 20 minutes, from 90 to 110 minutes after drug
administration, can be used for quantification.

Representative tau PET images with '°F-PM-PBB3

Table 1 Properties of tau PET ligands

. Contrast Non-AD Model e L g
PET ligands (AD vs. HC) tauopathy mouse non-specific binding
c 1o, : 4 repeat Low binding to MAO
._g C-PBB3 Lzl 3 repeat O Low binding to CP (< 60min)
@©
o  8F-AV1451 13-16 4 repeat MAO-A
S (FTP) : : (low contrast) CP
o0
- MAO-B
ol 18F-THK5351 14-138 4 repeat Low binding to CP
4 repeat Low binding to
18F_P|- _
FEFAFY =2 (low contrast) MAO & CP
c Low binding to
o 18F-GTP1 2.0-3.0
._g MAO & CP
= Low binding to
% 15F-R06958948] 2.0 2.5 ey
o0
) B Low binding to
c:\l 18F-MK-6240 20-3.0 MAO & CP
'8F-PM-PBB3 4 repeat Low binding to MAO
(APN-1607) 2'0 - 2'5 3 regeat O CPg

AD, Alzheimer's disease; HC, healthy control; MAO, monoamine oxidase; CP, choroid plexus
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are shown in Figure 2. In healthy subjects with negative medial temporal lobe, and is pathologically termed
amyloid PET, off-target binding to the choroid plexus Primary Age-related Tauopathy (PART)[27]. In
is observed in some cases, but there is no obvious patients with Alzheimer's disease, a cross-sectional
abnormal accumulation in the brain parenchyma. In study has shown that in mild and early stage cases,
the elderly, however, hyperaccumulation reflecting hyper-accumulation is mainly observed in the medial

age-related tauopathy may be seen, mainly in the temporal lobe, whereas in advanced cases with severe
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4,

W)
vy

Wild type mouse PSP
o %
-\ 2
- -

Fig. 2 Representative tau PET image with "F-PM-PBB3. Arrowheads represent off-target binding to the choroid plexus. HC,
healthy control; PSP, progressive supranuclear palsy; CBD, corticobasal degeneration; Tg, transgenic
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due to AD
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Fig. 3 Association between disease severity and tau PET accumulation. In patients with advanced PSP, remarkable uptake
of PM-PBB3 was observed in the cerebral cortex as well as in subcortical regions (red arrowhead). Yellow arrowheads indicate
off-target binding to the choroid plexus. HC, healthy control; AD, Alzheimer's disease; MCI, mild cognitive impairment; PSP,
progressive supranuclear palsy
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cognitive impairment, ligand accumulation is spread
over a wider range of brain regions and the degree of
accumulation is more pronounced (Fig. 3). Although
there are differences in the degree of accumulation and
non-specific accumulation depending on the ligand,
similar accumulation patterns have been reported for all
tau PET ligands[7,29,30]. The extent of accumulation
of tau PET ligands is very similar to the hypothesized
developmental pattern of tau lesions proposed in
pathological studies, but some cases do not follow this
typical developmental pattern.

Not only in Alzheimer’s disease, but also in
non-Alzheimer's tauopathies, the areas of accumulation
expand in disease-specific regions. In Pick’s disease,
three-repeat tauopathy, high accumulation of PM-
PBB3 was found in the inferior frontotemporal lobe.
In progressive supranuclear palsy and corticobasal
degeneration, four-repeat tauopathies, high accumulation
of PM-PBB3 was observed in the brainstem, subthalamic
nucleus and striatum, and also in the neocortex in cases
with prominent cortical symptoms or in severe cases.
The degree of elevated accumulation of PM-PBB3 in
disease-specific brain regions correlated well with the
clinical severity of cognitive and motor dysfunction.
As a result of the significant improvement in detection
contrast compared to ''C-PBB3, it was possible to
discriminate between healthy subjects and patients with
high sensitivity and specificity by assessing the degree
of elevated ligand accumulation in individual cases.

Histological examination using biopsy or postmortem
autopsy was also performed in some of the cases
for which PET imaging was performed. The results
showed that in cases pathologically diagnosed as
non-Alzheimer's disease tauopathies including Pick’s
disease, progressive supranuclear palsy, and corticobasal
degeneration, tau lesions characteristic of each discase
were found in brain regions with high accumulation of
"F-PM-PBB3 PET.

VI. Conclusion - Future Prospects

The development history and concept of the novel
tau PET imaging ligand '*F-PM-PBB3, as well as its

characteristics in preclinical and clinical studies, are
reviewed. Tau lesions have been implicated in the
pathogenesis of various neuropsychiatric disorders,
including neurodegenerative dementia, and drug
discovery research has already been conducted targeting
tau lesions as a therapeutic target. Looking back at the
involvement of amyloid imaging in the development of
anti-amyloid- § antibody drugs, it is clear that biomarker
technology for early diagnosis, severity assessment,
and therapeutic evaluation based on the assessment of
brain pathology is required as a fundamental technology
for the development of new therapeutic drugs targeting
accumulated proteins in the brain. Since "*F-PM-PBB3
has high binding affinity and selectivity for various tau
lesions, it is expected to contribute to the differential
diagnosis and staging of individual cases. In addition,
"F-PM-PBB3 has a long half-life (approximately
110 minutes) and can be delivered from the factory to
hospitals, making it a highly versatile tau PET ligand
that can be easily tested at facilities with only PET
imaging devices. Clinical studies and clinical trials using
'®F-PM-PBB3 are currently being conducted in Japan
and overseas, and it is expected that further progress in
dementia research will be made and that '*F-PM-PBB3
will be introduced into clinical practice in the near

future.
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