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Abstract

In this chapter, we provide a review of the challenges and advances in developing successful
positron emission tomography (PET) imaging agents for three major types of aggregated amyloid
proteins — amyloid-beta (Ap), tau, and alpha-synuclein (a-syn). These three amyloids are involved
in the pathogenesis of a variety of neurodegenerative diseases, referred to as proteinopathies or
proteopathies, that include Alzheimer’s disease, Lewy body dementias, multiple system atrophy,
and frontal temporal dementias among others. In the Introduction, we briefly discuss the history of
amyloid in neurodegenerative diseases and describe why progress in developing effective imaging
agents has been hampered by the failure of crystallography to provide definitive ligand-protein
interactions for rational radioligand design efforts. Instead, the field has relied on largely
serendipitous, trial and error methods to achieve useful and specific PET amyloid imaging tracers
for Ap, tau, and a-syn deposits. Because many of the proteopathies involve more than one
amyloid protein, it is important to develop selective PET tracers for the different amyloids to help
assess the relative contribution of each to total amyloid burden. We utilize Pittsburgh Compound B
(PiB) to illustrate some of the critical steps in developing a potent and selective AR PET imaging
agent. Other selective Ap and tau PET imaging compounds have followed similar pathways in
their developmental processes. Success for selective a-syn PET imaging agents has not been
realized yet, but work is ongoing in multiple laboratories throughout the world. In the tau sections,
we provide background regarding 3-repeat (3R) and 4-repeat (4R) tau proteins and how they can
affect the binding of tau radioligands in different tauopathies. We review the ongoing efforts to
assess the properties of tau ligands, which are useful in 3R, 4R or combined 3R/4R tauopathies.
Finally, we describe in the a-syn sections recent attempts to develop selective tracers to image a-
synucleinopathies.
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Introduction

The human genome codes for approximately 20,000 proteins (1). This chapter focuses on
imaging three proteins in the brain that are prone to aggregation - amyloid-beta (AB), tau,
and alpha-synuclein (a-syn). These proteins are associated with a variety of
neurodegenerative diseases including Alzheimer’s disease (AD), cerebral amyloid
angiopathy (CAA), Pick’s disease (PiD), corticobasal degeneration (CBD), primary
supranuclear palsy (PSP), chronic traumatic encephalopathy (CTE), Parkinson’s disease
(PD), dementia with Lewy bodies (DLB), Parkinson’s disease with dementia (PDD), and
multiple system atrophy (MSA) (Figure 1) (2-5). Aggregated proteins not discussed in this
chapter include huntingtin found in Huntington’s disease, prions found in Creutzfeldt-Jakob
disease (sCJD, fCJD, vCJD), Gerstmann-Straussler-Scheinker syndrome, fatal familial
insomnia, Kuru, and Alpers syndrome, and proteins comprising a variety of systemic
amyloidoses (6-10).

Under normal physiological conditions, protein production, incorporation, degradation, and
clearance are in homeostatic equilibrium. A variety of diseases can perturb these equilibria
and impair cellular functions (11-13). Amyloids comprise a group of proteins of varying
cellular origin, size, concentration, and function, and they are characterized by their
propensity to self-aggregate into oligomeric species that progressively form fibrillar beta-
pleated sheet structures (14) (Figure 2). These extended beta-sheet structures are the
distinguishing feature of amyloids (15). “Amyloid” derives from the Greek “amulon”
meaning starch and was first used by the German botanist Matthias Schleiden to describe
starch-like plant extracts that he identified using a crude staining method employing iodine
and sulphuric acid (16). In the medical literature, the term amyloid was first used by German
pathologist Rudolph Virchow to describe abnormal hyaline cerebral inclusions, which he
termed corpora amylacea, that are often associated with astrocytes in the aging brain.
Virchow noted that these deposits were stained by the same crude iodine-based method used
by Schleiden, leading him to conclude that they were cellulose or starch-like in composition
(17), when in fact they are composed of polysaccharides and variable amounts of protein
(18). Friedreich and Kekule correctly identified the protein content in amyloids four years
later (19). Today, the term amyloid denotes extracellular protein aggregates that are
congophilic (avidly stained by the dye Congo red, see below) and exhibit birefringence
when viewed with polarized light (10). Tau and a-syn were considered “intracellular
amyloid” or “amyloid-like” proteins for many years because of their intracellular locations,
but the Nomenclature Committee of the International Society of Amyloidosis (ISA)
recommended reclassification of tau and a-syn as full-fledged amyloids in 2016, as they can
also form extracellular amyloid deposits upon cell death (10). Thus, the ISA currently lists
36 different amyloid proteins, among which are A, tau, a-syn, huntingtin, prions, and
many systemic amyloids.

Amyloid aggregations found in human tissues have proven difficult to fully characterize at
the structural level because they do not form regular crystal lattices readily amenable to
conventional crystallography techniques (20). The lack of detailed structural data has
complicated the rational design of ligands intended to interact selectively and with high
affinities with different amyloids, as the specific amino acids most involved in the ligand-
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protein interactions cannot be readily determined and modeled. For more than a century,
investigators have noted empirically the selective interactions of different compounds with
amyloids in synthetic model systems and postmortem human tissues and used these
compounds to detect and quantify amyloids. Using the Bielschowsky silver staining method,
Alois Alzheimer observed Ap plaques and tau-containing neurofibrillary tangles (NFTs) in a
postmortem brain in 1907 (21). More recently, neuropathologists have utilized small-
molecule dyes such as Congo red, thioflavin-S and thioflavin-T to microscopically visualize
amyloid deposits in tissue sections from autopsy brains (Figure 3). Further advances in the
field have been made studying synthetic amyloid fibrils with solid state NMR structural
assignment techniques (22-26). A limitation of these NMR methods is their reliance on
synthetic amyloids that may not be truly representative of post-translationally modified
native amyloids. Post-translational modifications can affect protein aggregation propensity
and secondary and tertiary structures (27-29). In vitro seeding methods using native human
amyloids to initiate synthetic fibril formation may overcome some of the inherent limitations
of synthetic fibrils (30-35), but seeded synthetic fibrils do not incorporate extensive post-
translational modifications. While synthetic amyloid fibrils have proven useful for some
purposes, such as convenient model systems for 3D structural studies and high throughput
screening assays requiring large amounts of screening substrate, the native amyloids found
in the human neurodegenerative diseases are the final arbiters to definitively and
quantitatively assess various ligand-amyloid interactions.

Radioligands for Amyloids

Successful positron emission tomography (PET) brain amyloid imaging radioligands should
possess many of the properties of successful PET neuroreceptor radioligands (36, 37). Some
of the important requisite properties are listed in Table 1 and are well established in the field
of PET radiopharmaceutical development. The radioligand should bind selectively,
reversibly, and with high affinity to the amyloid targets in the brain. Target selectivity is an
important criterion, although the degree of selectivity required depends on many factors such
as the relative affinities of the radioligand to target and non-target sites, as well as the brain
distribution and the relative concentrations of the target and non-target sites. It is possible for
high-capacity, low affinity (high Bhax and Ky) interactions to obscure low-capacity, high-
affinity (low Bmax and Ky) interactions at early times post-injection, so the relative
concentrations, affinities, and brain distributions of the target and non-target binding sites
should be considered. An equilibrium dissociation binding constant (Ky) in the range of 1
nM reflects relatively slow and reversible off-rates coupled with relatively high on-rates (Kq4
= kofi/Kon), and is needed for use with short-lived PET radionuclides such as 11C (ty, = 20.3
min) and 18F (t;, = 109.8 min). A low nanomolar Ky value helps ensure that the
radioligand-amyloid target complex remains bound sufficiently long for non-specific binding
to clear, permitting specific binding signal to be more readily determined. For effective
blood-brain barrier (BBB) penetration via passive diffusion, candidate agents should be
relatively small (<700 Da) and moderately lipophilic with an octanol-water partition
coefficient logP value in the range of 1-3 at pH 7.4 (logD7 4). Standardized uptake values
(SUV) in the brain greater than 1.0 within a few minutes of intravenous injection are a
hallmark of nearly all successful PET neuroreceptor radioligands, and represent a reasonable
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goal for brain amyloid imaging agents. While large molecules, antibodies, and nanobodies
can penetrate the brain, attainment of an SUV value greater than 1.0 a few minutes after
injection has proven to be disqualifying for large species labeled with short-lived
radionuclides. The clearance of non-bound radioligand from brain tissues should be
relatively rapid so that specifically bound radioligand in the brain can be accurately
quantified; most successful neuroreceptor radioligands demonstrate brain non-specific
clearance half-times of 30 min or less. It is also desirable that the radiotracer not produce
radiometabolites that cross the BBB and that radiometabolites are not produced in brain
tissues, thereby confounding pharmacokinetic assessments, as PET imaging follows the
radionuclide distribution without regard to its chemical composition.

From a non-invasive imaging perspective, aggregated amyloids are a logical target for
radioligand development. Pathologists have employed small-molecule dyes, such as Congo
red, thioflavin-S, and thioflavin—T, to selectively detect and visualize the density of extended
beta-pleated sheet species in tissues for many years (38—41). One approach would be to
develop radioligands that bind selectively to the beta-sheet structures of amyloids in a
manner analogous to well-known fluorescent dyes (Figure 4). These dyes bind less avidly to
monomeric and oligomeric amyloid species than to the extended beta-sheet structures of
aggregated amyloids found in amyloid fibrils and larger deposits such as Ap plaques, NFTs,
and Lewy bodies. Aggregation concentrates amyloid protein molecules into macroscopic
extended beta-sheet fibrils which deposit in the brain with regional concentrations in the
high nanomolar to low micromolar range in advanced AD cases, making non-invasive
tomographic detection feasible. Small-molecule dyes initially used to detect the beta-sheet
structure of amyloids in postmortem tissues were found to bind non-selectively to different
amyloids. Hence, Congo red, chrysamine-G, thioflavin-S, thioflavin-T are pan-amyloid dyes
that avidly bind beta-sheets of different amyloids with widely diverse amino contents.
However, radioligands possessing binding selectivity for one type of amyloid could be
important in many neurodegenerative disease imaging applications, as variable amounts of
more than one amyloid are frequently present. Prime examples (Figure 1) are AD, with high
levels of AR plaques and NFTs, and Lewy body variant of AD (LBVAD), with high levels of
Lewy bodies (a-syn), A plagues, and NFTs. Other neurodegenerative diseases such as PD,
DLB, PDD and some non-AD tauopathies contain varying amounts of a-syn, tau, and Ap
aggregates. Non-selective amyloid agents cannot readily distinguish the different amyloids
present in these diseases, which might prove to be important for disease detection, disease
staging, and assessing responses to different anti-amyloid therapies. 18F-FDDNP was the
first pan-amyloid PET imaging agent reported in human studies, and it has been utilized for
AB, tau, huntingtin, and prion PET imaging applications (42-46). Approximately 20 years
ago, the Pittsburgh group developed fluorescent pan-amyloid agents: X-34, which has been
used to image amyloids in vitro in tissue sections (Fig 3) (47-49), and methoxy-X04, which
has been used widely for in vivo multi-photon amyloid imaging studies in transgenic mice
(50-55). Until the discovery of the first selective amyloid imaging agent for Ap, Pittsburgh
Compound B (PiB) (56, 57), it was not clear if successful development of selective small-
molecule amyloid imaging agents was feasible. It is instructive to outline some of the key
steps in the development of PiB (58), as many of these principles have been applied
subsequently to the development of other selective amyloid imaging agents.
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Selective AB Imaging Agents

The synthesis and evaluation by the Pittsburgh group of several hundred Congo red and
chrysamine-G derivatives led to the “X” series of pan-amyloid imaging agents that displayed
nanomolar binding affinities (K values) for aggregated Ap, tau, a-syn, and prions.
However, many of these compounds were charged species at physiological pH and did not
achieve high brain penetration levels (>1 SUV) a few minutes after intravenous injection
(59, 60). The Pittsburgh group changed direction and began the examination of thioflavin-T
(Th-T) derivatives (Figure 5). Removal of the methyl group (and the positive charge) from
the nitrogen in the benzothiazole ring led to a series of neutral, lipophilic compounds
(termed benzothiazole anilines or BTAS) that readily entered rodent brain (Figure 6) (61,
62). Fortunately, these compounds exhibited much greater affinity for synthetic A fibrils
than did the parent compound, Th-T (Figure 7). Subsequent derivatization of the 6-position
of the benzothiazole ring and variation of the degree of methylation of the aniline nitrogen
provided a series of BTA compounds with low nanomolar affinities for A fibrils (Table 2).
Importantly, these BTA compounds readily entered and rapidly cleared from normal rodent
brain, indicating the potential to provide radioligands with low non-specific binding in vivo
(Table 3). One compound stood out from the others with a very rapid normal brain clearance
half-time of 6 min. That compound was the 6-hydroxy, monomethylated aniline derivative
that became known as PiB. For a history and discussion of Pittsburgh Compound A (PiA),
interested readers are referred to a recent review (58). Subsequent binding assays
demonstrated that PiB bound with very low affinity to aggregated tau, with a relative binding
ratio of tau-to-Ap (K;@%/K;"P) greater than 100-fold (63). Histopathology studies confirmed
that PiB predominantly labeled Ap in plagues and CAA, but very weakly labeled tau in
classic NFTs (64, 65). Additional binding analyses demonstrated that PiB bound to a-syn-
containing Lewy bodies with very low affinity as well (66, 67). It is interesting to note that
PiB bound with high affinity to synthetic a-syn fibrils, but not to Lewy body inclusions of
a-syn in human brain (66, 67). As mentioned in the Introduction, radioligand binding to
synthetic amyloid fibrils may differ from binding to endogenous amyloid deposits in human
brain. Another example of binding differences was noted with PiB binding to synthetic Ap
fibrils vs. Ap plaques in human brain homogenates (56, 68). PiB bound to Ap1_4¢ and
AB1_42 synthetic fibrils (the two most prevalent forms of AB) and to human plagues with
similarly high affinity (Kgq ~2 nM), but the Byhax Value was about 500-fold higher for Ap
plaques than for synthetic AB fibrils. Many Ap transgenic mice models displayed a similarly
low Bhax Value for PiB binding as well (68), highlighting the need to critically evaluate the
fidelity of the amyloid model system relative to amyloid found in the authentic human
disease.

The peripheral radiometabolites of PiB found in animal and human blood were highly polar
and did not readily cross the BBB (56, 69). However in rat brain, PiB was rapidly
metabolized to polar species (i.e., 6-O-sulfate and others) that built up over time and
complicated pharmacokinetic analyses (70, 71). Fortunately, the intracerebral metabolism of
PiB appeared to be unique to rats, as mouse, non-human primate, and human brain did not
produce radiometabolites of PiB (70). These findings reinforce the need to carefully assess
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and evaluate potentially confounding inter-species differences in all aspects of
radiopharmaceutical development.

The pharmacokinetics of PiB in human subjects have been thoroughly evaluated over the
past 15 years (57, 69, 72—74). In general, the in vivo kinetics of PiB are relatively rapid and
amenable to accurate quantitation within the constraints of the 20.3 min half-life of 11C. PiB
late-time regional brain SUV ratios (SUVRS) relative to cerebellar grey matter (which is
typically devoid of fibrillar AB) are known to be biased (5-25%) relative to arterial input
function-derived specific binding outcomes (73, 75, 76). Yet SUVRs have proven useful and
practical by eliminating long scanning times and the need to sample and process arterial
blood for input function assessments. An example of SUVR PiB images in an elderly
cognitively normal subject and an AD subject acquired 40-60 min post injection is shown in
Figure 8. While this example demonstrates large differences in specific signal between an
ApB-negative control and an Ap-positive AD subject, the most promising and useful
application of AB imaging is in subjects who are not demented but are at risk for developing
AD by virtue of being Ap-positive (77-88). These subjects can be followed longitudinally
and assessed using PiB (or another AP imaging agent) to determine whether they go on to
develop AD, and, importantly, whether different therapeutic interventions can prevent or
delay the onset of AD in non-demented AB-positive subjects (89-92).

While PiB continues to be very useful in research settings in close proximity to a production
cyclotron, its clinical utility is limited by the short half-life of the 11C radiolabel. As a

result, 18F-labeled AB imaging agents have been developed and make use of

commercial 8F-FDG cyclotron production and distribution networks. The structures of
three agents approved for clinical studies in the US, Europe, and Asia are shown in Figure 9.
All three compounds are highly selective for binding aggregated Ap in the brains of human
subjects (93-96). As with PiB, these 18F-labeled AB imaging agents are used to detect the
presence of AP deposits in brain for diagnostic purposes and in conjunction with drug
therapy clinical trial studies (97-100). Appropriate use criteria for these agents have recently
been established (101-105), and Procedure Standards and Practice Guidelines have been
recommended by the Society of Nuclear Medicine and Molecular Imaging and the European
Association of Nuclear Medicine (106).

Tau Protein in Disease

Although neurofibrillary pathology was first recognized and associated with senile dementia
more than one hundred years ago (21, 107), knowledge of the origin and composition of
what is recognized as one of the pathologic hallmarks of AD would not be elucidated for
many decades. Electron microscopy studies in the 1960s revealed that the dense, fibrous
argyrophilic inclusions termed NFTs, frequently observed in specific populations of neurons
from AD brain tissue, were comprised mainly of paired helical filaments (PHFs) of a then
unknown composition (108). It would later be demonstrated that the major constituent of
PHFs is a hyperphosphorylated and insoluble form of the microtubule-associated protein
(MAP) tau (109-111). Microtubules are filamentous intracellular structures assembled from
heterodimers of a- and B-tubulin protein that are a major constituent of the eukaryotic
cytoskeleton. The dominant functional role of physiologic MAPs is to interact with tubulin
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to promote the assembly and stability of microtubules (112, 113). Abnormal
hyperphosphorylation of positively-charged tau promotes its aggregation into insoluble
PHFs and ultimately NFTs, although the mechanisms that drive this process are not fully
described. Nevertheless, the relationship of pathologic tau deposits to the progressive
cognitive symptoms of dementia is well established in AD (114-121). More generally,
pathological aggregations of tau protein are a defining characteristic of a broader class of
neurodegenerative diseases, termed tauopathies, which also include PSP and CBD.
Additionally, some types of frontotemporal lobar degeneration (FTLD) are considered
primary tauopathies, notably PiD and some rare hereditary forms (Table 4) (28, 122, 123).

Tau is encoded by the MAPT gene, located on chromosome 17 at position 17g21.31 and
spans 133.9 kb with 16 exons. Rare inherited mutations in the domain of MAPT are known
to give rise to hereditary forms of FTLD (e.g., FTDP-17). Developmentally regulated
alternative RNA splicing of exons 2, 3, and 10 gives rise to six different tau isoform proteins
expressed in the adult human brain that range between 352 to 441 amino acids in length
(Figure 10). These six isoforms are differentiated by either 3 or 4 repeat (3R, 4R) regions of
a highly conserved, positively-charged microtubule (MT) binding domain in the carboxy-
terminus of the protein and the insertion of zero, one, or two 29-amino acid inserts (ON, 1N,
2N) in the amino terminus (124-126). In the adult human brain, all six isoforms are
expressed with roughly equivalent amounts of 3R and 4R species. Tau isoforms with two
amino inserts (2N) comprise only ~10% of total tau (123, 127). Interestingly, in the fetal
brain only the shortest isoform (ON3R) is expressed, indicating developmentally regulated
expression of tau isoforms (124, 128, 129). It is important to note that the 3R and 4R regions
of the hyperphosphorylated tau molecule aggregate to form the extended beta-sheet structure
of tau amyloids (Figure 2), and, because the amino acid content of these regions can vary
significantly, one might expect differing binding properties of radioligands to different
aggregated 3R and 4R isoforms (Figure 4). Hence, the important features of the 3R and 4R
tauopathies are discussed in some detail in this review to highlight the potential complexities
of radioligand-tau fibril interactions.

Post-translational modifications of tau are numerous and further diversify tau species at a
molecular level. Phosphorylation of tau is a post-translational modification and is of
particular relevance to the disease process (28, 122, 130). The tau protein contains numerous
phosphate acceptor sites associated with serine, threonine, and tyrosine residues, with as
many as 85 present in the largest (2N4R) tau isoform. Phosphorylation of tau at a subset of
preferred residues appears to be a highly regulated process that provides a dynamic
mechanism for regulating its microtubule-stabilizing activity (131, 132). Phosphorylation of
tau is also developmentally regulated, with a high degree of phosphorylation present in
infancy and decreasing thereafter (133, 134). Hyperphosphorylated tau is a characteristic of
pathologic tau aggregates, which in AD contains several-fold more phosphate per mole of
protein than soluble cytosolic tau (135). The conversion from physiologic to pathologic
species of hyperphosphorylated tau likely involves the dysregulation of tau protein kinases
and phosphatases (122, 136). Hyperphosphorylation of tau adversely affects its binding to
microtubules, leading to increased concentrations of unbound tau, and hyperphosphorylation
helps to neutralize positive-charges, thereby promoting aggregation. Non-fibrillar tau
accumulation in cells, called pre-tangles, is detectible in early disease phases, while
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continued accumulation of tau leads to conformational changes that promote beta-sheet
formation and ultimately self-aggregation of tau into larger filaments (131, 137). While
NFTs are a common form of pathologic tau fibrils observed in AD brain, a diverse
morphology of neurofibrillary pathology is observed, including neuropil threads in dendritic
processes of neurons, straight filaments (SF), twisted ribbons (TR), and dystrophic neurites
associated with classic Ap plaques (138-140). All six tau isoforms occur in PHFs and are
present in a hyperphosphorylated state (127, 141). In AD, neurofibrillary pathology consists
of a roughly equal balance of 3R and 4R species (141), whereas in other tauopathies the
isoform composition can be skewed such that either 3R isoforms (e.g., PiD) or 4R (e.g., PSP
and CBD) isoforms dominate the insoluble tau fraction (142-146). In AD and other mixed
3R/4R tauopathies (e.g., Down syndrome, CTE, and FTDP-17), NFTs consist mainly of
PHFs, although SF are often a minor constituent (147). Conversely, in 3R or 4R dominant
tauopathies, neurofibrilliary pathology consists mainly of SF, suggesting that the presence of
both 3R and 4R species is required for PHF assembly. Tauopathies may also be
distinguished by their cellular distribution, which can be predominantly neuronal (e.g., AD
and PiD), predominantly glial (e.g., age-related tau astrogliopathy (ARTAG)), or mixed
neuronal/glial (e.g., PSP and CBD) (148). It is not known how and why these diverse tau
morphologies arise, or whether conversion from one tau morphology to another is possible.
It is also noteworthy that some evidence implicates soluble aggregates of oligomeric tau as
an additional, if not a primary, substrate for tau-mediated neurotoxicity (149-151).

In AD, tau pathology evolves following a fairly predictable and well-defined pattern of
regional involvement that is typically described in terms of pathological stages such as those
defined by Braak (152). The earliest pathologic tau deposits are observed in the
transentorhinal region of the medial temporal lobe, followed by the entorhinal region as a
result of trans-synaptic or other processes (153-155). It is noteworthy that in these early
stages (Braak I/11), tau positive neurons in the medial temporal lobe are a common
pathologic finding in elderly subjects who are cognitively normal or exhibit only mild
symptoms of cognitive impairment. Such cases may indicate an age-related process, termed
primary age-related tauopathy (PART), characterized by mild to moderate NFT pathology in
the medial temporal lobe (156). In intermediate Braak stages (I11/1V), tau pathology
becomes more pronounced in transentorhinal and entorhinal regions and infringes upon the
hippocampus, while in most severe Braak stages (V/VI) NFTs are found in neocortical
association areas. Paralleling the development of more extensive and pronounced neocortical
pathology, progressive cognitive abnormalities assume a more characteristic presentation
that is indicative of AD.

Non-AD Tauopathies

Tauopathies are a class of more than 20 neurodegenerative diseases and disorders
characterized by the presence of abnormal tau-positive neuropathology, albeit of variable
morphology and distribution (148). Hyperphosphorylation, somatodentric sequestration,
fibrillization, and aggregation of insoluble tau in neurons and glial cells appear to be
common factors leading to the development of disease-specific pathologies. Tauopathies are
subclassified as either primary or secondary, depending on the degree to which tau
pathology occurs independently of other proteopathies (e.g., Ap, a-syn, TDP-43). FTLD is a
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collection of non-AD neurodegenerative disorders affecting primarily the frontal and
temporal lobes (157). FTLD can be further divided into three histological subtypes based
upon the predominant proteopathy: FTLD-tau, FTLD-TDP, and FTLD-FUS (158). The
FTLD-tau subtype includes most primary tauopathies, such as PSP, CBD, and PiD. These
neurodegenerative diseases have in common the presence of abnormal neuronal and/or glial
tau inclusions, although they are clinically and pathologically heterogeneous (159).
Secondary tauopathies include AD, Down syndrome, and dementia with Lewy bodies
(DLB), and are characterized by tau pathology in association with other proteopathies (e.g.,
AB and a-syn).

Need for Both AB and Tau Imaging Agents

The development of PET AP imaging agents was strongly motivated by the body of
empirical evidence supporting the amyloid cascade hypothesis as an early and perhaps
initiating event in the pathologic cascade of AD (160), and furthermore for its potential
utility as a surrogate marker of brain Ap burden for assessing the efficacy of experimental
anti-Ap therapeutics. Similarly, the close association between the stage of cerebral tau
pathology and the severity of clinical dementia symptoms suggests that tau imaging
biomarkers could be useful indices of disease progression in AD and primary tauopathies,
aid challenging differential diagnoses, and support the development of novel therapeutic
approaches targeting tau deposits. Although histological analyses of post-mortem tissues
remain the standard for recognizing Ap and tau pathology in AD, they do not permit
longitudinal progression follow-up, and are therefore of more limited value for determining
causality and evaluating treatment efficacy.

Much evidence has been gathered in support of the amyloid cascade hypothesis, most
importantly the observation that rare dominantly-inherited mutations in the genes encoding
amyloid precursor protein (APP), presenilin-1 (PSEN1), and presenilin-2 (PSEN2) lead to
increased AP production and result in an early-onset form of AD that is phenotypically
indistinguishable from the common sporadic form (161-164). However, evidence from
clinical pathological studies suggests that deposition of A in its insoluble, fibrillar form
may be a necessary but insufficient phase in the development of sporadic AD. Several key
observations support this view. First, post-mortem studies show a poor association between
brain AB load and the severity of cognitive symptoms in AD, which have been shown to be
more tightly associated with NFT pathology (114, 116, 118-120). Secondly, cross-sectional
and longitudinal studies using PET AP imaging agents suggest that a plateau in A load is
reached in early AD, in spite of progressive cognitive decline (165, 166). Thirdly, significant
AP deposits are frequently observed in cognitively normal elderly (77, 79, 83, 85, 87, 167—
170), including those of very advanced age (82), and often in the absence of other abnormal
biomarkers of neurodegeneration. Finally, primary tauopathies are sometimes associated
with cognitive symptoms that resemble those that are characteristic of AD (148). In pure
tauopathies, such abnormalities develop in the absence of any other notable pathologic
feature, suggesting that tau-mediated processes alone have the capacity to promote
neurodegeneration (171, 172). Although the associations between AP and tau are not
completely understood in AD, the emerging picture is one in which A and tau likely
assume synergistic roles in the pathophysiology of AD. In this view, Ap deposition is the
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initiating pathological event that triggers or facilitates increased tau aggregation and
ultimately NFT formation (79, 173-177). Complicating this view somewhat are recent
reports indicating that, in a subset of cognitively normal elderly subjects, detectible
abnormalities in biomarkers of neurodegeneration (e.g., hippocampal atrophy) antecede
abnormalities in AB biomarkers. Jack and colleagues suggest that this observation may
indicate a parallel disease trajectory in AD that is initiated by non-Ap processes (178).
Another explanation is that this neurodegeneration-first trajectory arises due to distinct co-
morbid processes associated with aging and AD. Indeed, medial temporal lobe atrophy is a
gross pathologic feature that is closely associated with, but not unique to, AD. Tau
pathology restricted to the medial temporal lobe in brains lacking any significant Ap
deposits is a frequent autopsy finding in non-demented elderly (PART) and a possible cause
of medial temporal lobe atrophy (156). It is not known with certainty whether or not PART
represents a prodromal phase of a parallel AD disease trajectory or merely one that occurs
frequently in the elderly, approximately 20-25% of whom will develop detectible Ap
deposits by age 65 (179). In any case, tau imaging agents, in concert with other biomarkers
of neurodegeneration and clinical assessments, will almost certainly lead to a greater
understanding of the evolution of tau pathology in AD and primary tauopathies.

Development of Tau Imaging Agents

In addition to satisfying the general criteria for a PET neuroimaging agent, the development
of a successful tau agent faces additional challenges. Unlike extracellular A plaques and
cell surface receptors, tau aggregates are mainly intraneuronal, and thus a tau imaging agent
must penetrate the cell membrane or be otherwise transported into the cell in order to bind to
tau pathology. Passively delivered CNS tracers have crossed the BBB in order to access the
brain parenchyma, and the neuronal cell membrane likely presents no more impedance to
passage than presented by the BBB. The different isoforms, conformational states, and
ultrastructural forms (e.g., PHF or SF) of tau pathology across the spectrum of tauopathies
present a complex environment for imaging agent development. The relatively large size of
tau compared to Ap (~400 amino acids vs. ~40) provides a greater number of potential
binding sites and opportunities for polymorphisms to arise that are associated with tau
morphology and pathogenicity. Indeed, several known MAPT polymorphisms have been
associated with increased risk for sporadic tauopathies such as PSP (180) and CBD (181,
182). Numerous post-translational modifications to tau, which include but are not limited to
phosphorylation, yield an even greater diversity of molecular states. Both tau and A
aggregates form B-sheet conformations, presenting a complication for tau agent discovery, as
it can be reasonably expected that candidate molecules will exhibit a considerable degree of
cross-reactivity for both tau and AP aggregates. A high level of tau selectivity is desirable
for AD imaging applications due to the relative abundance of Ap compared to tau in many
cortical regions, particularly in more advanced disease where there is considerable overlap
of the pathologies. Importantly, selectivity must be determined at ligand concentrations
representative of the application. A typical PET neuroimaging study at routinely achievable
radiotracer specific activities introduces a total ligand mass (labeled+unlabeled) of a few
micrograms, yielding low nanomolar concentrations in the adult brain. High-affinity binding
interactions dominate at these concentrations. At higher ligand concentrations, lower-affinity

Semin Nucl Med. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mathis et al.

Page 11

binding sites may also contribute to the specific signal. It is noteworthy that PiB and its close
structural analogues bind to tau at micromolar concentrations but not at nanomolar
concentrations (63).

Competitive in vitro assays are performed using synthetic tau fibrils, human tissue sections,
or tissue homogenates to screen candidate ligands for binding characteristics such as affinity
and selectivity. Synthetic tau PHFs are readily available, although a drawback of synthetic
tau fibrils is that they are typically composed of a single 3R or 4R isoform that lacks the
diversity of post-translational modifications characteristic of native PHF-tau. Binding
experiments performed with synthetic PHF-tau cannot be expected to fully recapitulate the
binding to native pathology (183). Brain tissue homogenates are less readily available, but
do not suffer from this limitation, although there may be considerable variability in the
pathology within the brain regions and also between donors.

Tau imaging in Alzheimer’s Disease

Until recently, it was possible to visualize tau pathology only using histologic dyes or
immunohistochemical methods with post-mortem tissue. Biochemical measurements of CSF
concentrations of total tau and phospho-tau may indicate the presence of cerebral tau
pathology but not the extent and location of its distribution in brain. Clearly, a technique able
to visualize and quantitatively assess tau burden in the living brain would be an important
advancement, mirroring earlier developments in targeted AP probes. Despite the many
obstacles to the successful development of a selective tau imaging agent (e.g., its
intracellular location, lower brain concentration relative to Ap in AD, presence of six
isoforms, differing conformational states, and post-translational modifications), the field has
recently realized considerable success. Several classes of compounds have been identified as
potential radioligands for imaging tau pathology in AD (Figure 11). Lead candidates for
further characterization and development were identified from preclinical evaluations
assessing criteria such as binding affinity (often to synthetic PHFs), selectivity for PHFs
over other amyloids (e.g., AB and a.-syn), co-localization of autoradiographic signal with
NFT pathology, lipophilicity, and brain uptake and clearance parameters. Several of these
lead agents have advanced to the stage of clinical investigations in human subjects to assess
their suitability for assessing tau burden in AD and other tauopathies. Parallel efforts to
refine the tools and techniques for tau imaging are ongoing, with new tau agents
approaching the threshold of human subject experimentation (184, 185). This review will
focus on the development of tau imaging agents that have advanced to human research
studies published in the scientific literature.

Developed initially as an AB imaging agent, 18F-FDDNP was the first non-invasive imaging
agent to label fibrillar tau deposits in vivo (42), as suggested by fluorescence confocal
microscopy studies showing detectable labeling of FDDNP to NFTs (186). In vivo 18F-
FDDNP imaging studies showed patterns of retention that reflected the cortical distribution
of AR, except for the medial temporal lobe where the retention of Ap imaging agents such as
PiB is relatively low (42). Based on correlations between in vivo 18F-FDDNP imaging and
post-mortem histology, evidence suggests that in vivo 28F-FDDNP binding reflects
contributions from both A and NFTs (187). As it is not possible to differentiate the
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contributions of the respective pathologies to the in vivo signal, 18F-FDDNP is of limited
utility as a tau imaging agent in AD where there is often significant overlap in the brain
distribution of Ap and NFTs in more advanced stages. In pure tauopathies where mixed
binding to AB and tau is not as great a concern, 18F-FDDNP may be appropriate. Indeed,
reports of its use in PSP suggest possible utility for imaging tau deposits (45, 46), although
its specific binding signal is quite low.

From a screen of a large number of candidate small-molecules, a series of quinoline
derivatives with high affinity and good selectivity for tau were identified with the potential
to be exploited as tau imaging agents (188). The first member of this class to be described
was 18F-THK-523 (Figure 11), which showed excellent affinity for synthetic tau fibrils (Kq
~1.7 nM) and approximately 10-fold binding selectivity for tau relative to A fibrils.
Autoradiograpic and fluorescence microscopy studies of THK-523 in AD hippocampal
sections demonstrated robust labeling of NFTs with no detectible binding fibrillar AB, even
at high concentrations (100 pM)(189). Despite these promising preclinical findings,

human 18F-THK-523 studies revealed high white matter retention that complicated visual
interpretation of images and severely confounded quantification of grey matter signal (190).
For this reason, development of 18F-THK-523 was halted in favor of other lead agents
identified from this class.

Like 18F-THK-523, the 2-arylquinoline derivatives 18F-THK-5105 and 18F-THK-5117
(Figure 11) were identified based upon in vitro binding to synthetic tau fibrils,
autoradiography on AD brain tissue, and mouse brain uptake studies (191, 192). Initial
human studies using these agents demonstrated small but significant increases in radiotracer
retention in AD subjects relative to controls in regions where NFT pathology is expected
(e.g., medial temporal lobe) (193, 194). 18F-THK-5117 was also used to illustrate the
evolution of tau pathology in longitudinal studies of AD subjects, which showed
significantly increased annual increases in 18F-THK-5117 binding relative to healthy
controls. A potential confound for their use was the observation of significant non-specific
white matter retention in all subjects with the potential to contribute spill-in to adjacent
NFT-rich grey matter structures. Significant off-target binding was observed in the putamen
and brain stem (193, 194). These agents were soon eclipsed by another 2-arylquinoline
derivative, THK-5351, the S-enantiomer of a pyridine derivative of THK-5117 (195). 18F-
THK-5351 was shown to have improved signal-to-background characteristics and low white
matter retention compared to 18F-THK-5105 and 18F-THK-5117, which the authors
attributed to its optical purity and lower lipophilicity. Like other tau radiotracers, significant
off-target binding in the basal ganglia was observed (196). While investigating the source of
the off-target binding of 18F-THK-5351 in basal ganglia, it was discovered that the in vivo
binding of 18F-THK-5351 was vulnerable to pretreatment with selegiline, a potent inhibitor
of monoamine oxidase B (MAO-B). Pretreatment with a single oral dose of selegiline (10
mg) resulted in 30-50% reductions in 18F-THK-5351 retention across the cortical and
subcortical regions examined (197). Although it appears that 18F-THK-5351 binds to both
PHFs and MAO-B with high affinity, the overlapping brain distribution of NFT pathology
and MAO-B expression presents a serious confound complicating the interpretation of 18F-
THK-5351 images. A further complication is the observation of significant increases in brain
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MAO-B availability (~9% per decade) with increasing age (198), superimposing an age
effect upon neurodegenerative disease processes.

Xia and colleagues described a candidate tau radiotracer from a series of benzimidazoles
showing high affinity for tau and good binding selectivity for tau versus Ap (25:1) (183).
Designated initially as 18F-T807 (later renamed 18F-AV-1451 and flortaucipir F18),
autoradiographic studies reported that 18F-AV-1451 signal is strongly associated with mature
NFT pathology comprised of PHF-tau in AD brain (199, 200). These and other properties
indicated 18F-AV-1451 to be a potentially useful tau imaging agent to advance to human
studies.

Initial 18F-AV-1451 proof-of-concept human imaging studies were reported in AD, mild
cognitive impairment (MCI), and healthy control subjects (201). Late-scan (80—100 min)
SUVRs were employed relating the radioactivity concentrations in target regions to the
cerebellum, which is characterized by low pathologic tau burden. 18F-Av-1451 SUVR
values were highest in the medial temporal, lateral temporal, and parietal lobes of the AD
and MCI subjects relative to controls, consistent with more advanced Braak stages.
Importantly, SUVR values did not approach a constant value after 100 min of acquisition in
AD and MCI subjects, suggesting that SUVR outcomes could be influenced by the
measurement interval. Although promising, additional studies were warranted to further
characterize 18F-AV-1451 as a robust and reliable index of cerebral aggregated tau burden.

The early findings of Chien et al. (201) would soon be confirmed and extended by

larger 18F-AV-1451 studies involving AD, MCI, and cognitively normal elderly subjects
(202—205). These studies in general showed a correlation between 18F-AV-1451 specific
signal and disease severity, as well as concordance between patterns of 18F-Av-1451
retention and the expected brain distribution of NFT pathology in AD described by Braak.
Further 18F-AV-1451 studies demonstrated the pattern of 18F-AV-1451 retention to differ in a
predictable way across a spectrum of clinical AD phenotypes (e.g., amnestic variant, visual
variant, and language variant), showing increases in clinically affected regions and also
strong inverse associations with indices of cerebral glucose metabolism (206).

An unexpected finding in these larger studies were areas of markedly increased 18F-AV-1451
retention in brain regions not associated with significant NFT burden in AD, often involving
the choroid plexus, basal ganglia, and midbrain (Figure 12). These off-target signals are
frequently observed in elderly subjects regardless of diagnostic status and are generally
unremarkable or altogether absent in younger subjects, suggesting that the phenomenon is
related to normal aging processes and not dementia. Although the source of off-target
binding is unknown, histological and autoradiographic studies suggest a possible association
with tau in choroid epithelial cells (207) and neuromelanin in some brain regions such as the
substantia nigra (199, 200). However, the absence of neuromelanin-containing cells in the
basal ganglia and the presence of significant off-target binding of 18F-AV-1451 suggest that
the source of off-target binding is potentially multi-factorial. Off-target binding is a
particular concern for in vivo assessments of tau burden in some brain regions with
relevance to dementia such as the hippocampus, which has the potential to be contaminated
by spill-in from signal from the adjacent choroid plexus. It is important to carefully assess
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region-of-interest definition strategies to minimize the potential confound of off-target
binding on assessment of tau burden, particularly in medial temporal lobe structures.

PBB3 (Figure 11) is a highly fluorescent compound that was identified as a lead candidate
tau radiotracer based on preclinical tissue studies and also in PS19 transgenic mice bearing a
specific FTDP-17 MAPT mutation that promotes fibrillar tau pathology in the brainstem
(208). Confocal fluorescence microscopy studies reported selective labeling of tau pathology
in tissue sections of AD brain, PiD (a 3R tauopathy), and PS19 mice, whereas real-time two-
photon microscopy in transgenic mice demonstrated in vivo labeling of intraneuronal tau
inclusions by PBB3 in transgenic mouse brain. In vitro and ex vivo autoradiography

using 11C-PBB3 in AD and transgenic mouse brain tissue showed increased
autoradiographic signal in a manner consistent with the distribution of tau pathology. In vivo
microPET 1C-PBB3 imaging in PS19 mice also showed increased retention in the
brainstem where histology indicated abundant fibrillar tau pathology (208). However in both
humans and mice, 11C-PBB3 was observed to rapidly decompose to a radiolabeled
metabolite, with less than 10% unmetabolized in human plasma after 3 min. The major
radiometabolite was identified to be a sulfated conjugate of 11C-PBB3 mediated by a
sulfotransferase enzyme (209). Analysis of mouse brain tissue revealed that the labeled
metabolite entered brain and accounted for approximately 40% of brain radioactivity at 5
min after injection (210). Exploratory in vivo 11C-PBB3 studies in human brain showed
modest increases in signal retention in the medial temporal lobe of AD subjects that
contrasted sharply with comparative PiB scans indicating AB load (208). Interestingly, 11C-
PBB3 exhibited minimal white-matter retention, and the pattern of off-target binding in
basal ganglia and brain stem characteristic of 18F-AV-1451 was not observed.

A larger human study in healthy elderly control (HC), MCI, and AD subjects

employing 11C-PBB3 and PiB as complementary indices of tau and AB burden showed
significant positive correlations in a composite cortical region, suggesting widely
overlapping brain distributions of Ap and tau pathologies (177). Indeed, widespread cortical
tau pathology is a feature of late-stage (Braak V/VI) AD (204). The study also found tau
burden to be positively correlated with age in PiB-negative HC subjects. These associations
were driven primarily by elevated 11C-PBB3 retention in the medial temporal lobe,
consistent with the pathological description of PART. Voxel-based analyses showed retention
of 11C-PBB3 to be tightly associated with MR-based assessments of brain atrophy in the
medial temporal lobe of AD spectrum subjects (AD and PiB-positive MCI), whereas PiB
retention was not (177). Despite the shortcomings of low specific signal and a
radiometabolite that enters brain, these studies demonstrated that 11C-PBB3 was able to
recapitulate the most important features of tau pathology in AD and normal aging.

This review focuses on published peer-reviewed reports of tau imaging agents in human AD
PET imaging studies (Figure 11). A number of second generation tau PET imaging agents
are under active development, and recent reviews summarize the status of promising new
agents that are beginning to enter human research studies such as 18F-R069558948, 18F-
MK-6240, 18F-GTP1, and 18F-N-methyl-lansoprazole (184, 185).
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PET imaging in Non-AD Tauopathies

Although the current tau imaging agents were developed in the context of detecting tau
deposits in AD, continued investigation of tau imaging agents as putative tools for indexing
tau burden across the spectrum of tauopathies is ongoing. As described earlier, primary
tauopathies differ from AD in terms of the tau isoform composition, tau fibril morphology,
and the brain distribution of tau pathology. Given the heterogeneous nature of tau pathology
in different tauopathies, it is reasonable to expect some heterogeneity in the binding
properties of prospective tau agents to these diverse pathologies. For instance, although 18F-
AV-1451 PET appears to be a useful index of tau burden in AD, where the hallmark
pathology are NFTs comprised of a mixture of 3R and 4R tau isoforms arranged in PHFs, an
early report comparing in vivo 18F-AV-1451 PET images and post-mortem histology from
cases of suspected non-AD tauopathies suggested that AV-1451 binding characteristics may
be dependent upon the dominant tau isoform, conformational state, or specific post-
translational modifications (211). Examined in this report were two pathologically
confirmed PSP cases and a familial FTLD-17 case (MAPT P301L), all of which were
characterized by a preponderance of 4R tau species. In vivo 18F-AV-1451 imaging showed
the highest retention in basal ganglia and brainstem in all three subjects. Lower 18F-Av-1451
signal was observed in some cortical areas and also cerebellar dentate nuclei in PSP
subjects. Autoradiographic imaging of tissue sections using 18F-AV-1451 consistently
showed no detectible autoradiographic signal in cortical and subcortical regions shown by
immunohistochemistry to contain characteristic and abundant tau inclusions in these cases.
Interestingly, no autoradiographic signal was detected in basal ganglia, despite this being a
consistently prominent feature in the in vivo 18F-AV-1451 images attributed to off-target
binding. These findings are in stark contrast to autoradiographic imaging of AD brain tissue
sections using AV-1451, which showed a robust signal in NFT-rich regions (199, 212).
Furthermore, in vivo 18F-AV-1451 indices of tau load showed no significant associations
with either in vitro measures of [3H]AV-1451 binding site density (pmol/g tissue) or tau
burden determined by PHF-1 immunostaining. A broader autoradiographic survey of 18F-
AV-1451 specific signal in primary tauopathies provides additional support for the view
that 18F-AV-1451 performs much better as a marker for AD tau pathology than for non-AD
tau pathology (199, 211, 212), although some preliminary evidence suggests 18F-Av-1451
may be capable of discriminating tau pathology in specific FTLD-17 MAPT mutations
(213). The phenomenon of specificity for NFTs does not appear to be unique to AV-1451.
THK-523 readily labeled NFTs and neuropil threads in AD tissue specimens, but failed to
label tau pathology in non-AD tauopathies (214).

The concept that the binding of prospective tau imaging agents may depend on the specific
tau conformational states and strain variations was illustrated by a recent work (215). Using
autoradiography and fluorescence microscopy, the authors demonstrated that while both
PBB3 and AV-1451 strongly labeled NFTs and ghost tangles in AD, PBB3 also strongly
labeled neuropil threads and PHF-positive plaque-associated neurites whereas AV-1451 did
not. In 4R tauopathies such as PSP, CBD, and FTLD-17 (N279K mutation), differential
labeling of tau pathology was even more distinct, where PBB3 consistently showed robust
labeling of neuronal and glial tau inclusions in contrast to comparatively weak labeling by
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AV-1451. These observations were supported by radioligand binding studies in AD and PSP
brain, which showed vastly more binding sites for 11C-PBB3 compared to 18F-AV-1451,
and, moreover, that the binding sites for these radioligands were distinct (215).

More recent investigations of non-AD tauopathies involving larger subject cohorts have
shown mixed results. Several published reports in PSP have failed to demonstrate a
clinically useful 18F-AV-1451 specific signal in regions characterized by abundant tau
inclusions (216-218) or a correlation between 18F-AV-1451 outcomes and measures of
clinical disease severity (216). This conclusion is not universal, however, with at least

one 18F-AV-1451 study concluding that the radiotracer exhibited a characteristic pattern of
retention in PSP, consistent with the expected distribution of tau pathology, that was
distinguishable from controls and AD (219). Studies in PSP and CBD have also been
reported using other putative tau agents, namely 18F-THK-5351 (220, 221) and 18F-FDDNP
(46), which suggest potential utility in these and other non-AD tauopathies. A complication
in part is that tau pathology in PSP is often most remarkable in the basal ganglia and
midbrain, a pathological distribution that overlaps with regions in which high off-target
binding of 18F-AV-1451 has been described (222) and also for which MAO-B expression is
maximal (197, 198). A definitive statement regarding the utility of these agents and other
agents under development in non-AD tauopathies will likely require correlational studies
between imaging and histological measures of tau burden and very much remains a work in
progress at this time.

a-Synucleinopathies

Alpha-synuclein (a-syn) is an abundant 140 amino acid protein found in human brain and
comprises ~1% of the total protein content in brain cytosol (223). The a.-syn protein was
first identified as the non-amyloid-g component (NAC) of AB plaques in postmortem brain
tissues of AD subjects (224). The exact functions of a-syn are unknown, but it is believed to
play a role in maintaining synaptic vesicles in presynaptic terminals. The protein has also
been suggested to be involved in regulating the release of the dopamine in controlling
voluntary and involuntary movements. The a-syn protein is concentrated in the presynaptic
terminal regions of neurons and is found to a lesser extent in glial cells (225). a-Syn has
three distinct structural domains (Figure 13): the N-terminal region (residues 1 to 60)
containing four imperfect 11 amino acid repeats including the sequence KTKEGV, which is
important in a-helix formation; the central hydrophobic region (residues 61 to 95)
containing the NAC region including residues 71-82, which are highly involved in beta-
sheet formation and generate insoluble aggregates that comprise Lewy bodies (LBs) and
Lewy neurites (LNSs) (226); and finally, the C-terminal region (residues 96 to 140), which is
highly acidic and proline rich. LBs are found in the cell bodies of neurons located mainly in
the brain stem and subcortical regions in early disease stages and spread to neocortical
regions later (227), and are composed of a dense core of a-syn aggregates (228). LNs are
abnormal neuronal processes (axons or dendrites) that contain a-syn aggregates with a more
diffuse a-syn morphology than LBs. LBs and LNs are the primary pathological features of
the Lewy body diseases (LBD) (229, 230). In addition, aggregated a-syn is also a major
constituent of oligodendrocyte glial cytoplasmic inclusions (GCls) found in MSA (231).
Together, LBD and MSA comprise the neurological disorders termed a-synucleinopathies
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(Figure 1). LBD is a classification which includes PD, PDD, and DLB subjects. While PD is
primarily a movement disorder characterized by extrapyramidal symptoms (EPS), PDD and
DLB also involve severe cognitive deficits (dementia) and visual hallucinations (232). There
are no neuropathological features that clearly distinguish PDD and DLB. Instead,
classification distinction is made on clinical grounds: in PDD, EPS precedes dementia onset
by 12 months or more; and in DLB, EPS occurs in close time proximity to or after dementia
onset (232).

The aggregated proteins distinguishing some of the clinical groups in Figure 1 may not be as
distinct as indicated in the Venn diagram. Different aggregated proteins can co-exist in brain,
with or without clinical manifestations associated with the individual pathologies (230). For
example, LBs and LNs are found in ~40% of AD patients who come to autopsy (233), A
pathology is found in over 80% of a-synucleinopathies (LBD and MSA), and Braak stage
I11 or greater (relatively frequent NFTs and neuropil threads containing aggregated tau) is
found in more than 50% of a-synucleinopathies (234). In LBD, AP deposits are present in
~85% of cases with dementia (234, 235) and tau pathology is found in ~30% of LBD cases
in high Braak stages (V/V1) (234). Subjects with combined DLB and AD pathologies can be
neuropathologically diagnosed as mixed dementia AD/DLB (or Lewy body variant AD
(LBVAD) in Figure 1). Hence in LBD, the frequent existence of mixed pathologies makes
the development and application of selective a-syn, AP, and tau radiotracers necessary to
help identify overlapping pathologies in vivo.

Several pathogenic roles have been proposed for oligomeric and aggregated a.-syn including
involvement in mitochondrial and proteasomal dysfunctions and abnormal vesicular
trafficking within presynaptic dopaminergic neurons that adversely affects dopamine release
(236). While dopamine-replacement therapy is effective in treating the motor symptoms of
PD, efficacious therapies to halt disease progression in LBD and MSA are not available.
Early stage patients with minimal dopaminergic cell loss might benefit the most from
treatments that reverse, halt, or slow down disease progression (237). Braak PD staging
indicates that significant dopaminergic loss occurs at stage 111 or later, which is well after the
appearance of LBs and LNs (238, 239). Sensitive and specific a-syn imaging might detect
pre-symptomatic PD earlier than current dopaminergic or vesicular (VMAT2) imaging
approaches, as dopamine cell loss appears to be downstream of a-syn deposition. Early
imaging of a-syn load will be important in disease-modifying LBD and MSA therapeutic
trials. Anti-synuclein clinical trials are currently underway and are aimed at slowing down or
reversing neurodegenerative damage caused by oligomeric or fibrillar a-syn species (240,
241). As the AD therapy community has learned, it will be important to accurately diagnose
and identify a-syn patients for early treatment. The use of a PET radiotracer to image
concentrations of insoluble a-syn deposits at treatment entry, during treatment, and in
follow-up studies will be critical in a-syn clinical trials (242).

PET Imaging Agents for a—Synucleinopathies

PET radiotracers for imaging aggregated a.-syn in LBs, LNs, and GCls should meet the
criteria listed in Table 1, and several important features of these targets should be noted.
First, the amount of insoluble a-syn protein in LBD and MSA brain is 10-fold or more
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lower than the amount of Ap in AD brain, and is in the range of 50-200 nM in brainstem
and subcortical regions in advanced cases (243). Like NFTs, LBs are intraneuronal and GCls
are intraglial, and the tracer must readily pass through the BBB as well as the cell membrane
to access the binding target. Like NFTs, post-translational modification of a-syn is prevalent
(244). The most common post-translational modification of a-syn is phosphorylation, which
occurs mainly at serine residues S129 and S87 and at tyrosine residues Y125, Y133 and
Y135. In DLB brains, approximately 90% of insoluble a-syn is phosphorylated at S129
compared with only 4% in soluble cytosolic a-syn (245). The second most common post-
translational modification is ubiquitination, which is the attachment of ubiquitin to a-syn at
lysine residues (mainly K6, K10 and K12). Another common post-translational modification
is nitration, which is the attachment of a nitro group to a-syn at tyrosine residues (mainly
Y39, Y125, Y133 and Y136). While all of the post-translational modifications could affect
radioligand-target binding interactions, those in the hydrophobic central region (residues 61—
95) that form the amyloid beta-sheet structure likely would be most affected. Finally as
described previously, a-syn is often co-localized with other amyloids, and high binding
specificity of the radioligand for a-syn is critical for imaging assessments of regional brain
a-syn pathology.

a-Syn PET Radioligands

BF227 (Table 5) was among the first PET radioligands evaluated as a potential a-syn
imaging agent (246). BF227 was known to have high affinity for aggregated Ap and low
affinity for NFTs (247), and its in vitro binding properties with a-syn fibrils and human
brain tissues from AD, DLB with AB, pure DLB (no Ap), and age-matched control subjects
were evaluated (246). 18F-BF227 bound with high affinity to synthetic a.-syn fibrils and
DLB (Ap+), but resulted in no detectable specific binding to pure DLB (a-syn+ and Ap-)
and control brain (a-syn- and Ap-) tissues (Table 5). Staining of a-syn-containing Lewy
bodies within PD substantia nigra tissues with highly fluorescent BF227 at 100 uM
demonstrated that BF227 bound to LBs in substantia nigra at high concentrations. Despite
its non-selective binding with high affinity to Ap and low affinity to a-syn in LBs, the
authors suggested that BF227 warranted further evaluation as a PD diagnostic marker. To
overcome potential interpretation issues with mixed LBD pathologies, the Tohoku
University group evaluated BF227 in MSA (a relatively pure a-synucleinopathy) (248).
They found that 100 pM BF227 stained GCls in vitro in the pontine base of MSA, and also
found that high specific activity 11C-BF227 accumulated in GCl-rich brain regions
(subcortical white matter, putamen, posterior and anterior cingulate cortices, globus pallidus,
primary motor cortex, and substantia nigra) in higher concentrations in MSA patients than in
normal control subjects.

The Washington University group reported a series of phenothiazine derivatives (Table 5)
that bound with moderate affinities and selectivity to a-syn fibrils and PD brain (249-251).
The binding affinities of SIL5 and SIL26 for a-syn in PD brain likely are not sufficiently
strong to merit imaging studies in human LBD and MSA patients. More recently, the
Washington University group examined a series of 3-(benzylidene)indolin-2-one derivatives
(Table 5) of which 18F-WC-58a is a lead candidate (252). The affinity and selectivity of 18F-
W(C-58a for synthetic a-syn fibrils over A and tau fibrils was promising, but the compound

Semin Nucl Med. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mathis et al.

Page 19

proved to be too lipophilic (logP=4.18) to conduct meaningful human PD brain tissue
homogenate binding assays and cleared very slowly from non-human primate brain in vivo
in microPET imaging studies (253).

Attainment of a high affinity, selective PET radioligand to image a-syn in vivo in human
subjects remains elusive. Groups throughout the world continue to work in this research
area, and accounts of the evaluation of potential lead compounds likely will result in useful
a-syn PET imaging agents in the future.

Future Directions in PET Tracers for Imaging Proteinopathies

The development of selective PET radioligands for fibrillar AR has been realized with three
FDA-approved agents — Amyvid, Neuraceq, and Vizamyl. Efforts in this area to develop Ap
agents more sensitive to lower levels of fibrillar Ap found in diffuse plaques are ongoing
(254). The successful development of PET radioligands to image Ap oligomers in brain is
hampered by their low concentration (<1 nM) and the relatively high concentration of
fibrillar AB which complicate the development of a selective agent for oligomeric Ap. In the
tau area, the development of PET tracers selective for tau has recently advanced with several
promising agents and other agents in the later stages of development. The binding properties
of all of the tau radioligands for the different tau isoforms remain to be fully characterized,
and it is important to sort out their abilities to image different 3R and 4R tauopathies. The
development of selective and potent PET a-syn radiotracers requires new lead compounds
for structural modification and subsequent evaluation, and work in this area is ongoing. A
need exists to develop selective PET radioligands for other proteopathies not discussed in
this chapter, such as TDP-43, prions, and huntingtin, and much work remains to achieve
useful tracers for these aggregated protein targets.
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Figure 1.
Venn diagram of the three aggregated amyloid proteins discussed in the chapter and their

associated neurodegenerative diseases. Abbreviations: cerebral amyloid angiopathy (CAA);
Alzheimer’s disease (AD); AD Parkinson’s disease (PD); dementia with Lewy bodies
(DLB); Parkinson’s disease with dementia (PDD); multiple system atrophy (MSA); Lewy
body variant Alzheimers’s disease (LBVAD); chronic traumatic encephalopathy (CTE);
frontal temporal dementia with parkinsonism-17 (FTDP-17); corticobasal degeneration
(CBD); and progressive supranuclear palsy (PSP).
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Figure 2.
Secondary structures of proteins showing alpha-helix (A) and beta-pleated sheet (B)

configurations. Hydrogen bonding between an amide nitrogen (blue) and an amide oxygen
(red) in beta-pleated sheet structures takes place at the interfaces between two protein
strands (edge-on-edge interactions), which is very different than the intramolecular hydrogen
bonding of alpha-helix proteins. Note that the R groups on the a-carbons are either above
the beta-sheet or below the beta-sheet. This presents sites for potentially different binding
interactions with ligands on the two sides of the beta-sheet. Figure 4 displays the R group
orientations from a different perspective.
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AB plaques

Figure 3.
Fluorescent images of consecutive paraffin sections from the frontal cortex of an

Alzheimer’s disease brain stained with: (A) the pan-amyloid dye X-34 (100 uM), which
binds to both Ap-containing plaques and cerebral amyloid angiopathy (CAA) and tau-
containing neurofibrillary tangles (NFTs); and (B) the AB-selective dye 6-CN-PiB (10 uM),
which is a highly fluorescent, close structural analogue of PiB with identical binding
properties. Note that X-34 stains AP plaques and CAA as well as NFTs while 6-CN-PiB
stains only Ap-containing plaques and CAA. Panels C and D are high magnification images
of the area boxed in A and B, respectively. Bar =50 pm in C.
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Hypothetical binding orientation of thioflavin-T (A) to a beta-sheet structure (B) resulting
from interactions with R groups oriented above the plane of the fibril’s long axis. PanelC
shows multiple thiofavin-T molecules binding to the fibril. (adapted from (14))

Figure 4.
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Figure 5.
Structure of cationic thioflavin-T and three neutral thioflavin-T analogues resulting from the

removal of the quaternary methyl group on the benzothiazole nitrogen. The resulting
compounds were termed benzothiazole anilines or BTAs and possessed different degrees of

N-methylation (denoted by the trailing number).
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Figure 6.
Relationship of normal mouse whole brain uptake and logP¢1g (logarithm of the octanol-

water partition coefficient estimated by relative HPLC retention on a lipophilic C1g column)
of different 11C-labeled-BTA compounds at 2 min following intravenous tail-vein injection.
Note that the brain uptake SUV of most BTAs exceeded 1.0. (adapted from (56)).
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Figure 7.
Competition binding plot of three neutral BTA analogues shown in Fig. 5 and thioflavin-T

(Th-T) for AB1_4g fibrils with [BH]BTA-1. All three BTA analogues demonstrated much
higher affinity for Ap1_4q fibrils than thioflavin-T.
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Figure 8.
Pittsburgh Compound B (PiB) standardized uptake value ratio (SUVR) images relative to

cerebellar grey matter in an Ap-negative (AB-) cognitively normal elderly subject (top row)
and an AB-positive (Ap+) Alzheimer’s disease (AD) subject (bottom row) determined 40-60
min post injection. Retention of PiB in the cognitively normal subject is primarily a result of
non-specific binding in white matter while the AD subject shows extensive tracer retention
in frontal cortex, posterior cingulate, and parietal regions.
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Figure 9.
Structures of three 18F-labeled AB imaging agents approved for clinical scanning in the US,

Europe, and Asia. Vizamy! is an 18F-labeled derivative of PiB, and Amyvid and Neuraceq
differ in structure by one atom in the central ring (N or C).
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Diagrammatic representation of the six isoforms of tau varying in length from 352 to 441
amino acids. Three isoforms contain 3-repeats (3R) and three isoforms contain 4-repeats
(4R) in the critical microtubule binding region that is prone to aggregation and subsequent

beta-sheet formation.
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Page 42

"c-PaBa cu,
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Structures of tau PET imaging tracers reported in human research studies in the scientific
literature. 18F-FDDNP is a pan-amyloid imaging agent, while the other compounds are
relatively selective for tau over other amyloids. THK-5351 has been shown recently to bind
with high affinity to MAO-B. The relative binding affinities of all tau PET imaging tracers

for 3R and 4R tauopathies remain to be clearly defined.
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Figure 12.
[18F]AV-1451 standardized uptake value ratio (SUVR) images in a tau-negative (tau-)

cognitively normal elderly subject (top row) and a tau-positive (tau+) Alzheimer’s disease
subject (bottom row) determined 80-100 min post injection. These are the same subjects
shown in Fig. 8. Retention of [18F]AV-1451 in the cognitively normal subject shows elevated
retention in basal ganglia (indicated by arrow) that is representative of off-target binding in
elderly subjects. The AD subject also exhibits [18F]AV-1451 off-target binding in basal
ganglia, but also high levels of radiotracer retention in the lateral temporal lobes.
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Figure 13.
Diagrammatic representation of the 140 amino acid a-synuclein molecule. The amphipathic

repeat region contains both hydrophilic and hydrophobic sub-regions, and the NAC (non-
amyloid-B component) is involved in beta-sheet formation. Some of the important post-
translational modification amino acid sites are shown.
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Figure 14.
Co-localization of a-synuclein immunoreactivity and X-34 fluorescence in the amygdala

from a case of dementia with Lewy bodies. A 10 um thin paraffin section was first processed
using anti-a.-synuclein antibody LB509 immunohistochemistry with hematoxylin
counterstain to visualize cell bodies (panel A). The section was cleared of chromogen using
potassium permanganate, overstained with the pan-amyloid dye X-34 (100 pM), and re-
imaged (panel B). Arrows point to Lewy bodies double-labeled with LB509 antibody and
X-34.
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Table 1

Some Amyloid PET Radioligand Properties

. Selectively binds amyloid

. High affinity for amyloid (Kq ~1 nM)

. Reversible binding to amyloid in vivo

. Molecular weight <700 Da and logD = 1-3
. Crosses the blood-brain barrier well

20.4%ID/qg in rat brain or 24.0% ID/g in mouse brain
2100 (%ID/g)*g body mass = 1 SUV unit (species independent)

. Rapid brain clearance of compound not bound to target brain clearance t;, <30 min in rodents

. No radiolabeled metabolites in brain
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Binding affinities (K; values in nM) of different BTAs for AB1_ag fibrils in competition with [BH]BTA-1.

Table 2

Rg S
R L)
y/ 4
Ki (nM)
R,
NH, NHCH, N(CHs),
CH,4 9.5 10 64
H 37 10 4.0
Re
HO 46 43 4.4
CH;0 7.0 49 1.9
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Table 3

Clearance of different 11C-labeled BTAs from mouse brain (ratio of 2 min brain concentration to 30 min brain
concentration). The 6-OH-BTA-1 compound (PiB) demonstrated the highest clearance ratio of 11 indicating a
clearance half-time of ~6 min.

Rg S

/4 R4
N

Ratio of 2’-t0-30" mouse brain uptake

R4’
NH, NHCH; N(CH3),
CH; - 2.7 05
H - 7.6 25
Re
HO - 11 3.0
CH30 3.8 3.2 11
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