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Abstract

Purpose A limit on developing new treatments for a number of central nervous system (CNS) disorders has been the
inadequate understanding of the in vivo pathophysiology underlying neurological and psychiatric disorders and the
lack of in vivo tools to determine brain penetrance, target engagement, and relevant molecular activity of novel drugs.
Molecular neuroimaging provides the tools to address this. This article aims to provide a state-of-the-art review of new
PET tracers for CNS targets, focusing on developments in the last 5 years for targets recently available for in-human
imaging.

Methods We provide an overview of the criteria used to evaluate PET tracers. We then used the National Institute of
Mental Health Research Priorities list to identify the key CNS targets. We conducted a PubMed search (search period 1st
of January 2013 to 31st of December 2018), which yielded 40 new PET tracers across 16 CNS targets which met our
selectivity criteria. For each tracer, we summarised the evidence of its properties and potential for use in studies of CNS
pathophysiology and drug evaluation, including its target selectivity and affinity, inter and intra-subject variability, and
pharmacokinetic parameters. We also consider its potential limitations and missing characterisation data, but not specific
applications in drug development. Where multiple tracers were present for a target, we provide a comparison of their
properties.

Results and conclusions Our review shows that multiple new tracers have been developed for proteinopathy targets,
particularly tau, as well as the purinoceptor P2X7, phosphodiesterase enzyme PDE10A, and synaptic vesicle glycoprotein
2A (SV2A), amongst others. Some of the most promising of these include '*F-MK-6240 for tau imaging, ''C-UCB-J for
imaging SV2A, ''C-CURB and "'C-MK-3168 for characterisation of fatty acid amide hydrolase, '*F-FIMX for metab-
otropic glutamate receptor 1, and '*F-MNI-444 for imaging adenosine 2A. Our review also identifies recurrent issues
within the field. Many of the tracers discussed lack in vivo blocking data, reducing confidence in selectivity.
Additionally, late-stage identification of substantial off-target sites for multiple tracers highlights incomplete pre-
clinical characterisation prior to translation, as well as human disease state studies carried out without confirmation of
test-retest reproducibility.
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— : , Introduction
This article is part of the Topical Collection on Neurology

Neurological and neuropsychiatric disorders are a major con-
tributor to global disease burden and economic costs [1, 2].
This highlights the importance of identifying the molecular
mechanisms underlying them and evaluating novel therapeu-
tic strategies to combat them.
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times and reduced success rate over non-CNS targets, such as
those for cardiac or gastrointestinal disorders [3]. One contrib-
utor to CNS drug failure is the additional pharmacokinetic
challenge of crossing the blood-brain barrier (BBB) [3].
Peripheral measurement of drug concentration is often a poor
representation of availability within the CNS; therefore,
knowing if a drug has reached the brain in high enough con-
centrations for pharmacological effect is important [4].

Molecular imaging techniques such as positron emis-
sion tomography (PET) have the ability to quantitatively
characterise molecular targets and target occupancy,
within the CNS. PET utilises short-lived isotopes which
decay to emit two gamma photons in approximately
opposite directions. The molecular sensitivity of PET
imaging, and the capacity to selectively image target-
ligand interactions in vivo at tracer doses, gives this
technique the ability to probe CNS targets with high
selectivity and sensitivity in humans [5]. This informa-
tion can be utilised to further the understanding of pa-
thologies and identify new targets for therapeutic inter-
vention, allowing innovative strategies to be designed.
Additionally, molecular imaging has the ability to char-
acterise the pharmacokinetics and selectivity of CNS-
targeted drugs and is now a common strategy in drug
development programmes. This allows greater character-
isation of investigational drugs, potentially reducing the
risk of costly late-stage failure and increasing overall
efficiency of drug development programmes.

PET imaging has an advanced understanding of a
number of neurological and psychiatric conditions.
Some well-known examples include '*F-FDG for imag-
ing alterations in glucose metabolism across disease
states [6, 7], BE_FDOPA to index dopamine synthesis
capacity in Parkinson’s disease (PD) and schizophrenia
[8], '"'C-PIB for tracking the accumulation of amyloid {3
plaques in Alzheimer’s disease (AD) [9], and multiple
tracers for imaging translocator protein in multiple dis-
ease states including AD, PD, and Creutzfeldt-Jakob
disease [10].

The aim of this review is to provide an overview of
recent developments in PET imaging probes for CNS
targets in humans and to evaluate the potential of PET
imaging tools available. A critical assessment of both
the pre-clinical and in-human characterisation of the
novel PET tracers is conducted. For each tracer, we
summarise the evidence of its properties in terms of
criteria for evaluating CNS tracers as tools for the in-
vestigation of pathophysiology or target engagement by
a drug. Whilst these properties are important for the use
of a tracer in drug evaluation, specific applications of
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tracers for drug development are beyond the scope of
this review. Potential confounds of the tracers are
discussed, and areas of in vivo characterisation currently
lacking in the literature highlighted. Where sufficient
data is available, comparisons between tracers are con-
ducted and future potential of both tracer and target
proposed.

The cut-off for ‘recent’ was defined as a first peer-
reviewed publication from the last 6 years (lst of
January 2013 to 31st of December 2018 inclusive).
‘New’ targets were defined as having no in-human PET
tracers published for that target prior to this timeframe,
or where the tracer(s) published within this timeframe
were judged to represent a significant advance over
tracers published prior to this period.

Criteria for evaluating CNS PET tracers
and outcome parameters

This section gives an overview of what is required for a CNS
PET tracer and highlights the challenges to overcome in the
development of a successful tracer. For an in-depth compre-
hensive review on criteria for CNS PET tracers, refer to the
review by Victor Pike (2016) [11].

Ability to accumulate within the CNS

An obvious requirement for a CNS PET tracer is the
accumulation within the CNS; however, achieving this
in tracer design is non-trivial. Multiple factors play a
key role in determining the success or failure of a tracer
in this facet. Some published ‘rule of thumb’ criteria for
passive diffusion into the brain are highlighted in Box 1
[11, 12]. High-molecular-weight compounds often strug-
gle to cross the tight junction in the blood-brain barrier
leading to no or very slow accumulation within the brain
and rendering them unsuitable for PET imaging [11]. The
lipophilicity of a compound is essential for accumulation
and availability within the brain. This is often determined
from the partition coefficient between octanol and aque-
ous phases at physiological pH, quantified as the
LogD5; 4. If the LogD74 is too low, then the tracer will
be unable to passively cross lipid membranes preventing
accumulation in the brain, unless there is active trans-
port. However, if it is too high, the compound will pref-
erentially remain within lipid bilayers, increasing non-
specific binding and decreasing the availability and dy-
namic range.
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Molecular weight <500 kDa
LogD,, between 1 and 5
pK, of most basic site <9.5

No. hydrogen bond donors <3

Box 1. Published ‘rule of thumb’ criteria for CNS PET radiotracers.

No. heteroatoms (O, N, S, P, or halogen) <9

Topological polar surface area < 90 A

Other parameters such as charge and polarity play a part
in the lipophilicity, but have also been linked to increasing
susceptibility for being efflux transporter substrates [13,
14]. Efflux transporters are responsible for the inability of
a large proportion of drugs and pharmaceuticals to accu-
mulate in the brain, shuttling the compounds back into the
bloodstream too fast to allow accumulation [11]. These
efflux transporters, which include P-glycoprotein (P-gp),
multidrug resistance—associated protein (MDR), and breast
cancer—resistant protein (BCRP), vary considerably be-
tween species and often render substrates useless for
CNS applications [15].

Suitable pharmacokinetics and selectivity

The ability to cross the BBB is an essential criterion for
all CNS PET tracers, but the pharmacokinetics and se-
lectivity ultimately determine a PET tracer’s usefulness.
Factors impeding or reducing its ability to accurately
report on its target can severely limit its applicability or
render it unusable. Some of these key parameters are
listed in Box 2.

High (or adequate) target selectivity

High dynamic range

Suitable metabolic profile

Biologically relevant target

Box 2. Pharmacokinetic and selectivity criteria for a successful CNS PET tracer

High affinity for target: usually nanomolar- sub nanomolar affinity

Kinetic profile suitable for mathematical modelling

Absence of brain penetrant metabolites

Low variability both inter- and inta-subject
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While an ideal PET tracer would be outstanding in all
of the criteria listed in Box 2, in practice, this is often
unachievable. Fully characterising the limitations of a
tracer allows informed decisions on its applicability to
answer the proposed question, and importantly when it
is not. For example, consider a hypothetical tracer which
has overall good properties, but shows additional high
off-target binding within the brain. In brain areas where
both target and off-target sites are present, this will often
render the tracer unable to answer the desired question.
However, in brain regions with low or no off-target site, it
may be possible to accurately quantify the target and gain
an accurate answer. Therefore, if the off-target site is
known and well-characterised, then a tracer with off-
target binding in some brain regions may, nevertheless,
be useful for studies where the focus is the regions with
low off-target binding.

Common outcome parameters

To effectively interpret the results presented in this review,
an understanding of the various outcome parameters used
in these studies is necessary. Below is an overview of some
of the most common outcome parameters used in PET
studies, both pre-clinically and in-human, summarised in

(Table 1). For a comprehensive review, see reference [11]
or refer to the Turku PET centre website (http://www.
turkupetcentre.net).

SUV arger 18 the standardised uptake value of the target re-
gion, SUV,q,, is the standardised uptake value of other re-
gions, Cr is the concentration of PET tracer in tissue, Cp is
the concentration of PET tracer in plasma, V1 (issue) 1S the
tissue volume of distribution, V1 (np) is the non-displaceable
volume of distribution, BPnp (baseline) 18 the non-displaceable
binding potential at baseline, BPnp (drug) 1 the non-
displaceable binding potential at after drug administration,
OP, is the outcome parameter measurement from an initial
test scan, OP, ¢ i the outcome parameter measurement from
a repeated scan, SD is standard deviation, BSMSS is between
subject mean sum of squares, WSMSS is the within-subject
mean sum squares, K, in this case, is the number of repeated
observations.

The most simplistic outcome measures quote the pro-
portion of radiotracer in the target region at a designated
time, such as the percentage injected dose per gram of
tissue (%ID) or the injected dose corrected for subject
weight, standardised uptake value (SUV). Ratios of uptake
between areas (SUVr) provide easy to obtain and useful
outcome parameters in early characterisation of a PET trac-
er and can be justified in human studies when assumptions

Table 1 Basic description of common outcome parameters used in PET imaging studies

Outcome parameter Full name Equation Description

%ID Percentage injected dose % Percentage of injected radiotracer per unit
volume (or weight) of tissue

SUvV Standardised uptake value % Weight corrected parameter of %ID

SUVr Relative SUV ZUUVL“":“ Ratio between SUV values between target
and other regions

Vr Volume of distribution %;T Ratio of tracer concentration between tissue
and plasma at equilibrium

DVR Distribution volume ratio ‘;TT(;(':‘? Ratio of Vr between tissue and non-displaceable

i tissue component (often given by reference

region when available)

BPyp Binding potential ‘:/TT%":[‘?— Normalised DVR; when

nOn-diSplaCeable VT (tissue) = \_/T (ND)s BPND =0
BPD (bascline) BPND (drug .

RO Receptor occupancy W x 100% % of receptors occupied, usually by drug
administration

TRV Test-retest value % x 100% Average variation of OP from two scans on
the same subject without intervention

cov Coefficient of variance o x 100% Average variation of OP within a group

ICC Intraclass correlation coefficient BSMSS—WSMSs Comparison of reliability of within-subject

BSMSS+(K—1)x WSMSS

variability to between-subject variability
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can be made regarding constant radiotracer delivery and
brain non-displaceable binding. However, for many tracers
and applications in humans, they do not provide sufficient
characterisation of the target to be useful. A useful param-
eter is the ratio of tracer in a target region in comparison
with the tracer in the blood plasma. For reversible tracers,
this ratio becomes constant at equilibrium and is quoted as
the volume of distribution, V1 [16]. V1 is commonly used
as an outcome parameter in human studies of reversible
tracers. As a parameter, V1 is a measure of both specific
(displaceable) and non-specific (non-displaceable) signal
and, as such, can be insensitive to change or differences,
especially if background signal is relatively high (where a
large change in target availability/density may only cause
small changes in observed Vr). Additionally, to calculate
V1, blood sampling, and metabolite correction is required,
increasing the time, effort, and invasiveness of PET proce-
dures. Correcting for background non-specific binding
(non-displaceable binding seen upon blocking the target,
denoted ND) across the brain allows a more sensitive mea-
sure of target alterations.

Often for a given tracer, regions of the brain contain no or
negligible quantities of the target protein and represent only
non-specific binding. This region can thus serve as a reference
region to account for non-specific binding in the region of in-
terest. As non-displaceable binding is generally assumed to be
constant across the brain, the very useful ratio of V4/Vxp
(DVR) can be easily obtained when a reference region is pres-
ent. The SUVr between the region of interest and the reference
region at equilibrium gives DVR (and BPynp) without the ne-
cessity of plasma input methods (as plasma component cancels
out) [16]. However, this calculation should always be initially
validated against full plasma input methods in humans to deter-
mine suitability and bias. DVR and BPyp are parameters which
are more sensitive to alteration of target availability/density for
reversible tracers than other outcomes, with a decrease of 100%
BPyp representing full block of the target. As DVR or BPyp
are intrabrain comparison outcomes, they give no information
on the overall brain uptake of a tracer.

An important parameter to consider in the design of studies
is the variability of the measurement, as this influences the
sample size required to sufficiently power a study.
Variability can be considered as within-subject (measured by
test-retest value (TRV)) and between-subjects, which is often
expressed as the coefficient of variation (COV). For tracers
where these values are high, delineating small alterations in
outcome parameters becomes increasingly more difficult as
measurement variability obscures effects. As a rule of thumb,
alterations in outcome parameters similar or less than inherent
variability will not be accurately quantified on small-scale
studies. The intraclass correlation coefficient (ICC) is a mea-
sure of reliability comparing intra- and inter-subject
variability.

Lastly, it is important to remember that multiple factors may
contribute to the alteration of an outcome parameter in vivo.
Some of these include differences in target expression, alteration
in target affinity (i.e. high or low-affinity states), internalisation of
a target, and changes in endogenous occupancy [17].

Box 3 Abbreviations

TRV Test retest value

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

Aop Adenosine 2A

«7-nAChR -7 subtype of the nicotinic acetylcholine receptor
BBB Blood-brain barrier

Biax Target density

BPnp Binding potential (non-displaceable)
cAMP Cyclic adenosine monophosphate
CBD Corticobasal degeneration

cGMP Cyclic guanosine monophosphate
CN Cognitively normal

CNS Central nervous system

Cov Coefficient of variance

COX Cyclooxygenase

DLB Dementia with Lewy bodies

DVR Distribution volume ratio

FAAH Fatty acid amide hydrolase

FDA Food and Drugs Administration
GABA Y-aminobutyric acid

GBq Gigabecquerel

HC Healthy controls

HD Huntington’s disease

ICC Intraclass correlation coefficient
I2BS Imidazoline 2 subtype binding site
KO Knockout

LBD Lewy body disorders

M Molar

MAO Monoamine oxygenase

MCI Mild cognitive impairment
mGluR Metabotropic glutamate receptor
MRI Magnetic resonance imaging

MS Multiple sclerosis

NFT Neurofibrillary tangles

NHP Non-human primate

OLR Opioid-like receptor

OR Opioid receptor

PD Parkinson’s disease

PDE Cyclic nucleotide phosphodiesterase
PET Positron emission tomography
PSP Progressive supranuclear palsy
RO Receptor occupancy

SPECT Single-photon emission computed tomography
SRTM Simplified reference tissue model

SUvV Standardised uptake value

SUVr Relative standardised uptake value
SV2A Synaptic vesicle glycoprotein 2A
TCM Tissue compartment model
TDP-43 TAR DNA-binding protein
TRPV1 Vanilloid receptor

TSPO Translocator protein

VAChT Vesicular acetylcholine transporter
Vr Volume of distribution

K-OR Kappa opioid receptor

5-HT Serotonin

%1D Percentage injected dose
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Methods
Search strategy

The list of tracer and target systems was based on the national
institute of mental health research priorities list (https://www.
nimh.nih.gov/research-priorities/therapeutics/cns-radiotracer-
table.shtml) and supplemented by hand-searching of refer-
ences, including of recent review articles [18, 19]. PET tracers
with the first-in-human peer-review publication between 2013
and 2018 were considered. This was refined with further in-
clusion criterion of PET tracers for targets that had not previ-
ously been imaged in man, or where the tracer(s) published
within this timeframe represented a ‘significant advancement’
over those published prior to 2013. A significant advancement
was defined as the potential of a tracer to answer questions
about the targets that were previously unobtainable or with
much greater accuracy. Additionally, PET tracers with first-
in-human studies reported at conference between 2013 and
2018, but without associated first-in-human peer-review pub-
lication, were also included if other PET tracers for that target
met the inclusion criterion of the article.

PubMed literature search terms including (CNS and PET),
(brain and PET and first in human), (‘target’ and PET), and
(‘target’ and imaging) were used to identify tracers translated into
human. Tracers meeting selectivity criteria were systematically
reviewed via PubMed literature search of all articles containing
the [‘tracer’] term, including previous names and isotopologues,
including non-radioactive molecule. The published literature for
each in-human tracer was collated and compared with other
tracers using the evaluation criteria outlined below.

Evaluation criteria

In-human tracers were assessed via two categories of criteria:
the selectivity of the tracer in vivo and its pharmacokinetic
profile. Selectivity was primarily assessed from in vivo
blocking and occupancy data. In vitro techniques were also
considered, especially in cases where specific off-target sites
were investigated. Where a known off-target specific binding
site was found for a tracer, discussion of the potential impact
on quantification of the desired target is also conducted.

In vitro studies were deemed insufficient to extrapolate to
proof of in vivo selectivity. Self-blocking and structurally dis-
similar heterologous blocking with selective agents in vivo al-
low assessment of total specific binding and total selective
binding, respectively, at full occupancy. Tracers were deemed
to have proven high specificity or high selectivity if the out-
come parameter approached saturation value upon relevant
blocking experiment. At full occupancy, theoretical alteration
of BPyp=0, DVR=1, SUVr=1, RO=100%. For situations
where full occupancy is unobtainable, i.e. due to toxicity,
Lassen plots can provide a suitable alternative; however, they
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become less accurate at lower occupancies [20]. For parameters
without correction for non-displaceable binding, such as Vrand
SUYV, the magnitude of decrease depends on the proportion of
non-displaceable binding present and therefore is expected to
show lower relative alterations than other outcome parameters.

Studies which specifically investigate off-target binding were
also investigated and potential impact on tracer assessed.
Compounds which bind to sites other than the target site can
be used in blocking studies to determine if the tracer also binds
to these off-target sites. Additionally, self-blocking experiments
where a reduction in signal is observed in regions where no
specific signal is expected (i.e. in brain regions where no target
is present, in target knockout models, or in healthy controls (HC)
tissues not expressing the target of interest) highlight areas of off-
target specific binding which can perturb target quantification.

The pharmacokinetic profile of a tracer encompasses mul-
tiple parameters essential for tracer performance in vivo. The
ability to efficiently cross the BBB is fundamental to a CNS
PET tracers’ success. Outcome measures related specifically
to brain signal, such as SUV or V, were assessed for evidence
of this. Further observation of a PET tracers’ regional brain
distribution provides circumstantial evidence of selectivity
when correlating with known distribution of the target.

The accuracy and reliability of modelling techniques to
produce outcome parameters depend partially on the kinetics
of a tracer. Slow kinetics generally requires longer scan times
and produces more variable outcome measures, reducing the
usefulness of a tracer.

The dynamic range of a tracer is the proportion of signal
alteration that can occur under a perturbed system (i.e. during
an occupancy study or altered expression in disease state). A
high dynamic range allows smaller alterations in a system to
be accurately detected, thus increasing sensitivity. Tracers
with low dynamic range (for example due to high non-
specific binding) may not be able to accurately determine even
large alterations in target availability, rendering the tracer in-
capable of quantifying target accurately.

The presence of a reference region, an area of the brain with
no or very low specific signal, allows simplified calculation of
outcome parameters such as DVR and BPyp without invasive
arterial input functions. This allows a simplified scanning pro-
cedure, reducing invasiveness and potentially improving the
accuracy of outcome parameters. A reference region was
deemed validated if there was evidence of a strong correlation
between the outcome parameters calculated from full arterial
input function and reference tissue methods. Any evidence of
consistent bias of reference region models compared to plas-
ma input methods was reported (Tables 2, 3, and 4).

The metabolism of a tracer can play a key role in the suc-
cess or failure of a tracer. Rapid metabolism in vivo reduces
the availability of tracer to bind to the target, reducing signal
magnitude. Additionally, the presence of radiometabolites
within the brain can have a huge impact on the quantification
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of the desired target. Evidence relating to rapid metabolism,
radiometabolite formation within the brain, or peripheral for-
mation of brain penetrant metabolites is discussed along with
potential impact on tracer performance.

Intra- and inter-subject variability was assessed from pub-
lished in human data quoting TRV and ICC or COV, respec-
tively. Higher variability reduces the usefulness of a PET trac-
er, requiring larger sample size studies to delineate alterations
between populations. Therefore, the clinical utility of tracers
with moderate to high variability is more limited than those
with low variability. TRV <10%, COV <10%, and ICC >0.8
were deemed as low variability and a high intraclass correla-
tion coefficient, respectively.

Lastly, the radiochemical parameters of the PET tracer can
also have an impact on outcome parameters. For human studies,
it is assumed that high radiochemical purity is a minimum re-
quirement and is not discussed within. However, the ratio of
radioactive tracer to non-radioactive isotopologue can vary sub-
stantially between tracers and individual syntheses. The com-
mon measurements of this are either specific activity, with units
of GBg/ug or molar activity GBg/umol [153]. As a directly
comparable term between tracers and targets, molar activity is
used throughout this article. Low molar activity can result in
high injected mass of non-radioactive compound and can cause
non-negligible self-blocking, with a magnitude dependant on
tracer and target.

Review format

The CNS targets are discussed in three sections:
proteinopathies, which focusses on imaging of misfolded pro-
tein aggregates; receptors and transporter proteins; and enzy-
matic targets. The evidence for tracer selectivity and pharma-
cokinetic parameters is summarised in tables at the beginning
of each section along with a short summary of the current
advantages and disadvantages of each tracer. Within this table
blocking study, results are quoted from the region of highest
alteration, at the largest target occupancy dose. Studies with
highly structurally related blocking agents are included within
homologous blocking studies due to the high likelihood of
displacing the tracer from all specific binding sites.
Reference regions listed have been validated in humans unless
otherwise stated.

Each target is introduced and its relevance in human dis-
ease state is summarised. The in-human tracers for the target
are discussed collectively, outlining the evidence for selectiv-
ity followed by pharmacokinetic suitability. Where tracer lim-
itations or lacking evidence is apparent, this is also highlighted
within these sections. When available, results from in-human
disease states are also succinctly summarised. Overall evalu-
ation of the target and the available tracers’ applicability for
imaging it is summarised in the final discussion section of
each target.

Targets for proteinopathies

Proteinopathy is the abnormal accumulation of misfolded
protein. These insoluble aggregates are commonplace in
neurodegenerative diseases such as AD and PD and are
thought to be the driving factors in pathology [154].
Three major forms of protein aggregates known to con-
tribute to proteinopathy in the human brain are amyloid
3 plaques, tau, and o-synuclein [154, 155]. There have
been a number of well-established PET tracers used for
detection of amyloid in humans for well over a decade
[156], and as such, amyloid tracers fall out of the scope
of this review. In contrast, to date, «-synuclein has no
promising in-human PET tracers. The field of tau imag-
ing, however, has erupted in the last 5 years with the
emergence of the first widely successful tau tracers and
the highest number of tracers progressing into human
studies of any CNS target within that time.

Tau imaging

The aggregation of tau proteins into neurofibrillary tangles
(NFTs) is widely associated with AD as a pathologic hall-
mark [154]. Its accumulation has been shown to correlate
with the disease progression and symptoms of the disease
[154], with the ‘Braak staging’ of AD based on the spread
of NFTs across the brain [157]. Therefore, there is a large
dynamic alteration in NFT accumulation from cognitively
normal, through to high risk asymptomatic, mild cognitive
impairment, and demented patients. As an example, the
first published PET study involving autosomal dominant
AD showed cognition correlated strongly with tau imag-
ing, while amyloid 3 concentration increased significantly
over cognitively normal controls approximately 15 years
prior to the onset of disease, highlighting the importance of
both proteinopathies in the AD pathology [158].

Multiple other neurodegenerative diseases besides AD
show characteristic accumulation patterns of tau, often re-
ferred to collectively as tauopathies. For neuroimaging of
AD and other tauopathies, tracers targeting tau are very attrac-
tive for diagnosis and staging. However, until recently, no tau
imaging agents were available.

The first tracers investigated, including ''C-PBB3 and '®F-
FDDNP, showed an array of restricting issues including low
brain uptake, brain-penetrating metabolites, and amyloid 3
binding, respectively, hindering wide-scale use in humans
[159-162]. Since then, from 2013 to 2018, we identified 7
tracers with first-in-human studies, and a further 5 have clin-
ical trials initiated or initial in-human results presented at con-
ferences (Table 2) Of these, 18F_AV-1451 and the '*F-THK
series are the most widely studied [163].
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All tracers reported in peer-reviewed journals have shown
significant differences between AD and non-AD controls in
brain arecas associated with tau aggregation (Table 2).
Additionally, significant direct correlations with cognitive
scores have been reported for '®F-AV-1451 (in multiple stud-
ies) [25, 29-32, 158, 164], '*F-THK5351 [53], and '*F-MK-
6240 [55] (Table 2), bringing these tracers to the forefront for
disease staging purposes. Both '®F-AV-1451 and '®F-
THKS5351 have been studied in disease states and tauopathies
other than AD. Significant differences in 8E_AV-1451 distri-
bution between patients with PD and progressive supranuclear
palsy (PSP) [27] and AD and dementia with Lewy bodies
(DLB) [28] have been shown.

"8F_-THK5351 has shown significant response in both PSP
and corticobasal syndrome in comparison with that in controls
[51, 52]. In PSP, the SUVy of the midbrain, with cerebellum
as the reference region, showed the most pronounced differ-
ence from controls and was inversely correlated to cognitive
scores [51].

Selectivity studies for tau agents
In vivo

Very limited in vivo blocking data are available for tau
tracers (Table 2). Homologous block data has been pre-
sented for only two tracers, 8F_AV-1451 and '®F-MK-
6240, and heterologous block only reported for 'SF-
THKS5317, with a non-tau agent (probing off-target bind-
ing). For 'SF-AV-1451, self-block in healthy non-human
primate (NHP), showed a large decrease in signal.
Healthy NHPs are devoid of NFT. Therefore, all displace-
able signal from a self-block experiment represents spe-
cific binding to off-target sites. The large decrease ob-
served for '®F-AV-1451 in healthy NHP suggests substan-
tial off-target binding, which may perturb signal quantifi-
cation in disease groups [22].

For '"®F-MK-6240, the decrease upon self-block was
minimal and showed the proportion of displaceable off-
target binding is small in healthy NHP [22]. '®F-
THKS5351 has been pursued as the leading tracer of the
THK series due to favourable pharmacokinetics [50]; how-
ever, recent in vivo evidence of off-target binding has
emerged. In vivo imaging in mild cognitive impairment
(MCI) and AD patients after 10 mg of selegiline, used
clinically as an irreversible monoamine oxidase (MAO)
inhibitor, reduced brain uptake of '*F-THK1351 by 37—
52% compared with baseline. The greatest decrease was
observed in regions expected to have high MAO-B con-
centrations, and signal loss was maintained during the third
scans 9-28 days later [48]. A substantial portion of signal
in AD and MCI patients therefore appears to be specific
off-target binding to MAO.

@ Springer

In vitro

In vitro and ex vivo binding to tau has been reported in peer-
reviewed journals for all published tracers [40, 163, 165].
However, further in vitro blocking studies have also indicated
potential off-target binding sites for many of the in-human tau
tracers.

Multiple studies have found potential off-target binding
sites for '®F-AV-1451 including indications that off-target
binding may be linked to iron accumulation [34], evidence
for off-target binding of '®F-AV-1451 to neuromelanin-
and melanin-containing cells in the substantia nigra[33]
and compelling evidence of high affinity and moderate
affinity binding to MAO-A and MAO-B, respectively,
using *H-AV-1451 [35]. The latter case is interesting as
cold AV-1451 showed no inhibition of MAO-A or MAO-
B at a 1-uM concentration during initial screening [166].
This example highlights an important subtlety in PET trac-
er development, where lack of inhibition or activation (i.e.
high ICs, value) does not necessarily equate to a lack of
binding (i.e. high Kp).

For the leading compound of the THK series, '°F-
THKS5351, a study was carried out on the brain tissue of
patients who had received a '*F-THK5351 scan while
alive. The post-mortem autoradiography study on these
brains using *H-THK5351 showed concordant uptake be-
tween PET scan and autoradiography data but also showed
that the vast majority of *H-THK5351 signal was blocked
with MAO-B inhibitor lazabemide [54]. This study is con-
sistent with the in vivo data discussed above and provides
strong evidence of off-target binding to MAO-B. MAO-B
is prevalent across the entire brain, increases with age, has
been proposed as a biomarker for astrocytosis (frequently
observed at sites of degenerative lesions), and can have
variable availability, such as decreased availability due to
tobacco inhalation [167, 168]. Therefore, the prevalence of
MAO-B in brain regions central to NFT formation coupled
with the high degree of "®F-THK5351 binding to it will
limit the use and interpretation of this tracer for tau imag-
ing in vivo. Results from other derivatives have yet to be
published and may suffer similar MAO binding.

A very recent candidate for tau imaging in humans is
8E_R0-948 (also referred to as '*F-R06958948). It was
deemed to be the lead candidate of three potential tracers
during initial translation into humans (18F—RO6958948,
"C-R0O6931643, and ''C-R0O6924963) [58]. In vitro data
showed a good indication of distribution in post-mortem
AD brain regions expected to contain tau, with in vitro AV-
1451 blocking studies showing large displacement.
However, RO-948 is structurally similar to AV-1451,
which has evidence of multiple off-target binding sites.
Therefore, '®F-RO-948 may display similar off-target
binding.
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Pharmacokinetic profiles of tau tracers

'"SF-AV-1451, "®F-THK5351, '*F-MK-6240, and '*F-RO-
948 all showed rapid brain delivery and fast kinetics
suitable for imaging, with '®F-THK5351 having the
fastest washout from the cerebellum of the THK series
[21, 47, 55, 58]. Where results have been published,
inter- and intra-subject variability reported is low
(Table 2), meaning the repeatability of the outcome pa-
rameter(s) of these tracers within patients is high, and the
differences in uptake across HC subjects is low.
Additionally, the cerebellum appears a suitable reference
region for tau imaging and is validated as such for mul-
tiple tau tracers (Table 2).

Retention in areas of the brain not expected to contain
tau or in HC can indicate off-target binding and perturb
quantification of tau in vivo. '®F-AV-1451 shows sites of
high uptake in HC with the most prominent being the basal
ganglia, mid-brain, and choroid plexus [163]. Initial com-
pounds of the THK series '*F-THK523 and '®F-THK5117
showed high white matter retention in HC [40, 42], but this
was progressively improved over the series, through '*F-
THK5317 and finally '®F-THK5351 [45, 47]. For '*F-MK-
6240, the ethmoid sinus, clivus, meninges, and substantia
nigra had increased uptake, outlining these as sites of off-
target binding, as well as some skull uptake, indicative of
de-fluorination [55]. Sites with reported off-target binding
of '®F-R0-948 include the substantia nigra, cerebellar ver-
mis, meninges, and in the retina [58]. The presence of
tracer retention in brain areas of HC raises issues of tracer
quantification. A high off-target signal will reduce the rel-
ative dynamic range of the tracer in that area and may
differ in magnitude between individuals or patient groups,
making correction for off-target binding difficult. In ex-
treme cases, signal from areas adjacent to sites of high
off-target binding may be perturbed due to partial volume
effect. Therefore, for example, white matter retention is a
substantial barrier to quantification due to widespread dis-
tribution and variability between patients. However, for
areas removed from expected distribution and spread of
tau, such as the retina, or regions of uptake which remain
constant across study groups may not present substantial
quantification issues.

Several additional tau tracers have been translated into
humans and presented at conference including '*F-GTP-1
[61], "®F-P1-2620 [169] (replacing weaker candidate 'F-
MNI-815, which has also been translated into humans
[60]), '*F-AM-PBB3, and '®F-PM-PBB3 (also known as
'8 F-MNI-958) (Table 2) [62]. The initial presented data
from these tracers appears promising. However, no
in vivo data have been published in peer-reviewed
journals, preventing objective comparison with the more
established tracers. Therefore, the field eagerly awaits the

emergence of clinical trial data and associated
publications.

Conclusions and outstanding issues for tau imaging

The large number of recent tracers for tau highlights the im-
petus associated with the development and translation of tau
PET probes within the medical imaging community. The abil-
ity to distinguish AD patients from HC and people with MCI
on the basis of tau load has been shown in multiple studies.
Expansion of tau imaging into other disease states and clinical
populations is well underway. Over 60 ‘PET + tau’ clinical
studies are currently active or recruiting to investigate tau load
in many disease states including dementias, motor neuron
diseases, traumatic brain injury, and depression, amongst
others (clinicaltrails.gov, data obtained 30 October 2018).
There are currently no promising in-human tau-based thera-
peutics. The ability to track tau load within human subjects is
of huge importance for tau-based drug development
programmes. Assessment of an anti-tau drugs effect on tau
load in vivo, and direct comparison to cognitive
performance/disease progression, would provide invaluable
information of a drug’s efficacy and the merits of tau reduction
as a therapy in humans.

Of all in-human tau tracers, 18F_MK-6240 is currently the
most promising. The selectivity profile, to date, is the most
robust, with minimal off-target specific binding apparent in
NHP, and strong correlation to cognitive scores in AD report-
ed. However, for this, and all tau tracers published, there are
still many open questions to be addressed. In the following
section, we discuss the issues that would be useful to address.

Tau has multiple targets

Pathologic accumulation of tau into paired helical filaments
and subsequently NFTs initially provide distinct targets.
However, intracellular NFTs can be varied in composition
and form. Different isoforms of NFT tau are associated with
different disease states, predominantly 3R tau in Pick’s dis-
ease, 4R in PSP, corticobasal degeneration (CBD) and
argyrophilic grain disease, and a 1:1 mix of 3R and 4R in
AD [170]. Additionally, the morphology of the NFT is altered
between disease states, with AD being characterised by flame-
shaped NFT and neuropil threads [170]. As such, different
binding sites, and the affinities of tau tracers for them, may
vary substantially between isoforms and morphologies of tau.
For example, multiple studies have reported that the binding
affinity for '®F-AV-1451 may be substantially lower for non-
AD type tau, restricting its use in imaging other tauopathies
[33, 36-38]. Therefore, categorisation of tracers as ‘tau imag-
ing agents’ may be misleading. Screening across diverse
tauopathies in vitro would allow assessment of tracers’ affinity
across different tau isoforms and the disease states they are
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most suited to image. For example, '*F-AV-1451 may be more
aptly described as a ‘3R + 4R tau’ imaging agent.

In-depth characterisation of tracers pre-clinically

The current leading tau tracers in terms of published re-
search and inclusion in clinical trials are '®F-AV-1451 and
"8E_THK5351. The rapid translation into clinical trials of
these tracers appears to have left a vacuum of in vitro and
in vivo data, which is only now catching up. As such, the
selectivity profile for these tracers, and all tau tracers
discussed, is far from complete. Critical selectivity data
for '®F-AV-1451 and '"®F-THK5351 has only emerged after
the commencement of multiple large-scale trials. For '®F-
THKS5351, MAO-B binding appears a major confound giv-
en the extent of in vivo binding and distribution of MAO
and may severely restrict the use of '*F-THK5351 as a tau
imaging agent. Off-target binding in '®F-AV-1451 appears
to present issues also, however, appears less substantial
than for '"®F-THK5351.

Conducting in vivo blocking studies in disease models
and HC is standard practice for CNS PET tracer develop-
ment as a measure of selectivity. For proteinopathies, pre-
clinical models rely on a transgenic mouse to induce pro-
tein dysfunction. Unfortunately, many current models fail
to replicate the type of tau observed in human diseases,
with tracers showing much lower binding to murine
models [40, 171]. The higher cost of transgenic strains
and the caveats of these models may be contributors to
the lack of published data available in this area.

Blocking studies in HC, as well as in more representative
tau-accumulating disease models, would be a substantial ad-
dition to the knowledge of tracer selectivity and dynamic
range.

Lack of selective compounds

Currently, there are no well-characterised, highly selective
compounds available for use in competitive binding stud-
ies, preventing the determination of a tracer’s tau specific
signal and dynamic range. Development of such agents
would allow more robust characterisation of selective tau
agents and allow determination of binding site(s) occupied
by tracers.

Addressing these challenges is vital for the research effort
into imaging of tau and to support research of AD and other
tauopathies.

Receptor, transporter, and synaptic targets

Many neuropsychiatric conditions are thought to be due to or
characterised by dysfunction in neuroreceptors, transporters,

@ Springer

or synaptic proteins [172]. Additionally, multiple targets with-
in this section are linked to degenerative neurological disor-
ders. PET tracers for these targets are therefore of great im-
portance for characterisation of a wide range of diseases, di-
agnosis, and drug development programmes [173]. Table 3
highlights the recent tracers for receptor, transporter, and syn-
aptic targets that have been translated into humans from 2013
to 2018.

Cholinergic targets

The cholinergic system has been widely related to cogni-
tive decline in disorders including AD, PD with dementia,
and Lewy body disorders (LBD), often in tandem with
dopaminergic dysfunction [174]. In AD, initial post-
mortem data lead to the cholinergic hypothesis which pro-
poses a causal role of reduced acetylcholine synthesis in
disease propagation. As a consequence, multiple
cholinergic-based treatment strategies to reduce neuropsy-
chiatry symptoms have been developed, with some, but
limited, effects [175]. While this hypothesis has fallen in
popularity, in place of the amyloid and tau hypotheses,
imaging studies have shown a link between the cholinergic
system and these pathologies in vivo [174, 176]. Recent
MRI studies have provided evidence that basal forebrain
pathology precedes and predicts both entorhinal pathology
and memory impairment in AD, implicating cholinergic
neuronal loss as an early indicator of the disease [177,
178].

As with many neurotransmitters, there are multiple po-
tential targets for cholinergic imaging. Recently, PET
tracers for the cholinergic targets of vesicular acetylcholine
transporter (VAChT) and alpha-7 subtype of the nicotinic
acetylcholine receptor («7-nAChR) have been reported
and characterised.

VACHT activity has been seen as a purer indication of
presynaptic cholinergic terminal density than other targets
[179] and is distinct from the therapeutic site of cholines-
terase inhibitors. ['*IJIBVM is well-established for imag-
ing and has been utilised in humans for decades [180, 181].
The recently translated '*F-FEOBV and '®*F-VAT potential-
ly offer the inherent benefits of PET tracers over
established SPECT tracers, such as higher resolution. For
18F—FEOBV, authors claim it allows quantification of
VAChT in smaller brain regions, infeasible with '*’I-
IBVM [65].

The a7-nAChR is a cholinergic receptor of great inter-
est across multiple fields. It has been associated with de-
creased expression in post-mortem schizophrenia tissue
[182—184], in traumatic brain injury models [185, 186],
and the hippocampus of post-mortem AD tissue [183], as
well as increased expression in perirhinal cortex and
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hippocampus of bipolar post-mortem tissue [187]. Multiple
PET tracers have been developed for this target but have
failed to perform either pre-clinically or in human studies
[188, 189]. The recent translation of '®*F-ASEM into
humans represents the first promising «7-nAChR imaging
agent for this target with encouraging performance both
pre-clinically and in clinical trials.

Selectivity data for cholinergic tracers

The lack of in vivo blocking data represents a major drawback
for the confidence of selectivity for '*F-FEOBYV in vivo. In
rodents, dose escalation of homologous blocking studies was
deemed unethical due to adverse effects of blocking VAChT
in vivo; therefore, only a partial self-block was achieved [66].
No heterologous blocking studies have been reported for '*F-
FEOBV in vivo.

In contrast, large displacement of '*F-VAT was observed
upon administration of vesamicol in NHP (Table 3) [69,
70]. Vesamicol is not selective for VAChT with well-
known binding to sigma receptors [71] and therefore rep-
resents a non-selective block. The in vitro characterisation
of '®F-VAT determined high selectivity of VAT over sigma
receptors [69], but this cannot be assumed to translate into
in vivo selectivity of a radiotracer, as discussed with 18F_
AV-1451 above. Nevertheless, substantial binding to sigma
seems unlikely as no decrease in SUV was observed in the
cerebellum upon blockade, where sigma receptors are
prevalent, as well as showing contradictory distribution
[190].

For imaging a7-nAChR with '®F-ASEM, substantial re-
duction in uptake upon heterologous a7-nAChR specific
block, with DXMB-A and SSR180711 in rodent and NHP
respectively has been shown [74, 191], and no response to
multiple negative control blocking studies in rodents [74].
These studies imply high selectivity and dynamic range of
"F_ASEM for «7-nAChR in vivo.

Pharmacokinetic properties of cholinergic tracers

'SE_-FEOBYV, '®F-VAT, and '"®F-ASEM all show good peak
brain activity, heterogeneous distribution in line with target
distribution, and moderate to fast kinetics in most brain
regions [65, 73]. The exception is the slow kinetics of
"8E_FEOBYV in basal ganglia structures requiring long scan
durations or delayed scanning protocols for quantification
in this region [65]. Outcome parameter variability
interpatient was moderate for '*F-FEOBV and '®F-
ASEM, as well as moderate intrapatient variability report-
ed for '®F-ASEM (Table 3). Peer-reviewed in-human, '*F-
VAT data is not yet available.

As «7-nACh is present across the entire brain, there is no
available reference region for ISF—ASEM, and therefore, full

plasma input methods will be required for accurate quantifi-
cation. For 'SF-FEOBYV, the cerebellar grey matter has been
validated as a suitable reference region and provided lower
variability than arterial input measures, with high correlation,
however, had a lower dynamic range [65]. In NHP, the cere-
bellum may also provide a reference region for '*F-VAT quan-
tification [70].

Conclusions and outstanding issues for recent
cholinergic tracers

"F_FEOBV and '®F-ASEM both show pharmacokinetic
profiles suitable for imaging and have been successfully
utilised in disease state imaging. '*F-FEOBV was shown
to have the highest sensitivity compared with both '*F-
FDG (metabolism) and ' F-NAV4694 (amyloid) for
distinguishing between HC and AD patients in a small-
scale study [67]. '"®F-ASEM Vr was found to be signifi-
cantly decreased in schizophrenia patients in some brain
regions, although an outlier was excluded in order to
achieve this [75]. Additionally, an occupancy of up to
49% was determined when schizophrenic patients were
treated with «7-nAChR selective agonist DXMB-A. The
significant alteration observed with these tracers in disease
state clinical trials shows the prospective applicability of
these cholinergic targets in disease state imaging.

The lack of reference region available for «7-nACh in-
creases the practical complexity of scanning with '*F-
ASEM as quantification will require full arterial input
function. The slow kinetics of '*F-FEOBYV in the basal
ganglia structures may result in higher demands on equip-
ment for quantification in these regions, due to long scan
duration. The in vivo selectivity data for '*F-ASEM ap-
pears comprehensive and robust, whereas further work is
required for '*F-FEOBV.

Adenosine A,p

A large number of human CNS disease studies have implicat-
ed adenosine 2A receptors (Aj,), including schizophrenia
[192], Pick’s disease [193], MCI [194], bipolar disorder
[195], and HD [196], and additionally in pre-clinical models
of AD [197], addiction [198], aging [199], attention deficit
hyperactivity disorder [200], epilepsy [201], hyperoxia
[202], multiple sclerosis (MS) [203], PD [204], restless leg
syndrome [205], and tauopathy [206], amongst others. For
in-depth reviews, refer to Waarde et al. [207] and Cheffer
et al. [208].

Multiple tracers have been developed for A, 4 within the
CNS, and until recently, the most suitable were e TMSX
and ''C-SCH442416 [209, 210]. Although these tracers
are able to cross the BBB and bind to A,A, both suffer
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from high levels of background non-specific binding in
human and therefore have a low dynamic range for recep-
tor occupancy studies. As such, studies investigating alter-
ations in A, availability in the striatum, where A,, is
highest, have shown significant alterations [210].
However, studies interested in other regions of the brain
are likely to be severely impaired due to the low specific
signal to background ratio. The recent development of '*F-
MNI-444 represents a welcome development with the po-
tential to allow improved characterisation of this interest-
ing target across brain regions.

Selectivity data of '®F-MNI-444

Blocking experiments in NHP with two A, antagonists,
preladenant (structurally similar to '®*F-MNI-444) and
tozadenant (structurally dissimilar to 18F—MNI—444), showed
a dose-responsive decrease in SUV, with TAC in striatal re-
gions similar to that of the cerebellum at maximum dose for
both blocking agents (RO = 100%) [77]. This represents ap-
proximately full blockade of specific signal in these regions
providing strong evidence of high A, 4 selectivity. Preladenant
was treated as a homologous block due to the high structural
similarity to '*F-MNI-444.

Pharmacokinetic properties of '®F-MNI-444

In both NHP and human brains, '*F-MNI-444 distribution is
heterogeneous and matched that of known A, receptor dis-
tribution [76, 77], with high retention in the striatum and fast
washout in the cerebellum, where the concentration of A, 4 is
very low [211]. A limitation is the relatively slow kinetics
which may require long scan durations. In blocking studies,
a small (< 15%), non-dose-responsive decrease in cerebellar
activity was observed, making this a non-perfect reference
region. However, comparison between arterial input function
and reference region analysis methods showed a high correla-
tion, indicating cerebellum may be able to be used as a refer-
ence region in both human and NHP, with minimal error [76,
77]. Utilising this method, high intrapatient repeatability was
observed [76].

Conclusions and outstanding issues for '°F-MNI-444

There are currently no published results in patients with '*F-
MNI-444. However, it appears superior for imaging A, in
the CNS to the other evaluated tracers, with a robust selectiv-
ity profile and suitable pharmacokinetics for imaging Aja.
Further studies with 'SF-MNI-444 are currently underway
and will help determine its full potential.

Synaptic vesicle glycoprotein

The emergence and now widespread use of effective anti-
epilepsy medications, such as Brivaracetam [81], which
modulate the function of the synaptic vesicle glycoprotein
2A (SV2A) protein, identified this protein as an interesting
target. The ubiquitous expression of SV2A in synaptic ter-
minals throughout the brain also brings additional interest
as a marker for synaptic density. As such, although this
protein is of primary interest to epilepsy, it may also be
of use in neurodegenerative diseases where synaptic loss
is associated with cognitive impairment [212, 213] and
other diseases, such as schizophrenia and depression,
where regional synaptic alterations have been implicated
[214, 215].

The recent emergence of successful radiotracers for SV2A
occurred with the publication of ''C-UCB-J and '"*F-UCB-H
in 2014 [216].

Selectivity data for SV2A tracers

Both '®F-UCB-H and ''C-UCB-J show a substantial reduc-
tion in Vy upon heterologous block experiments in rat and
NHP, respectively, with similar reduction observed with ho-
mologous blocking of ''C-UCB-J (Table 3). Additionally,
screening of ‘cold” UCB-H and UCB-J showed no activity
(<50% eftect or inhibition at 10 uM) across a wide range of
brain receptors, transporters, enzymes, and ion channels
in vitro [79, 83]. This data supports a high degree of SV2A-
specific binding and large dynamic range for both '*F-UCB-H
and ''C-UCB-J in vivo.

Pharmacokinetic profile of SV2A tracers

Due to the near-ubiquitous nature of SV2A across the
brain, no suitable reference region is clearly established,
although the centrum semiovale is being evaluated as a
pseudo-reference region [217]. Both 'C-UCB-J and '®F-
UCB-H have fast kinetics. However, ''C-UCB-J has a
higher dynamic range and significantly higher BPyp in
NHPs and human and has calculated target density (Bax)
and Ky closely matching that of ex vivo data [81, 82]. As
such, ""C_UCB-T has been pursued as the lead tracer in this
series and showed high stability of V1 in HC test-retest
scans, although ICC values were low indicating high
interpatient variability (Table 3) [84].

Conclusions and outstanding issues for SV2A tracers
Of the two tracers, ''C-UCB-J appears to be the superior
SV2A tracer, with higher affinity in vivo. However, for

distribution purposes, the longer half-life of 8F will make
"8E_UCB-H the option available to sites without an on-site
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cyclotron. One disease state imaging proof of concept
study with the SV2A tracers has been carried out.
Patients with medically refractory temporal lobe epilepsy
showed higher levels of ''C-UCB-J asymmetry (>50%) in
the hippocampus compared with that usually observed for
"8E_FDG (<20%), with controls showing little asymmetry
[82]. Direct head-to-head studies on larger cohorts are re-
quired; however, this is a very promising initial study into
the use of ''C-UCB-J in epilepsy. Multiple investigations
are ongoing into other diseases using SV2A B, as an
index for synaptic density. While a decrease in ''C-UCB-
J signal may represent a loss in synaptic density, it is im-
portant to remember that alterations in synaptic vesicle
concentration or SV2A regulation or availability may also
cause alterations in signal without necessarily correlating
to synaptic density and will need to be explored.

Nevertheless, SV2A imaging is one of the most exciting
new areas for CNS imaging with scope in many disease states.
Clinical trials are currently active in AD and addiction
(clinicaltials.gov, accessed 07 November 2018) as well as
schizophrenia [218].

Imidazoline 2 binding site

Imidazoline 2 subtype binding site (I2BS) is distributed across
the brain and has been studied in relation to multiple disease
states. I2BS has been implicated in rodent models of depres-
sion [219, 220], as well as post-mortem reports of significant
alteration in AD, heroin addicts, and suicide victims, com-
pared with HC [221-223]. However, the use of non-
selective drugs and tracers (such as clonidine and idazoxan)
were used for these studies. A post-mortem study on PD and
HD tissue with a selective I12BS agonist, 3H-2-BFL found
significant increase and decrease in receptor density, respec-
tively [224].

Elucidation of the biology behind these alterations of the
I2BS remains an unmet challenge. The development and
translation into man of the first 2BS-specific PET tracer
"'C-BU99008 this year may provide a powerful tool in drug
development and studies of this target in neuropsychiatric
disorders.

Selectivity data for ''C-BU99008

Ex vivo and in vivo studies with, structurally dissimilar,
I2BS selective ligand BU224 showed large decrease in
SUV of *H-BU99008 in rats and ''C-BU99008 in NHP
[86, 87]. The spatial colocalisation and reported affinity
of imidazoline ligands for MAO identify this as a poten-
tial high-risk site for off-target binding [225]. No

@ Springer

significant alteration was observed in NHP when treated
with MAO-A and MAO-B ligands, suggesting off-target
binding to MAO is negligible [87]. The majority of sig-
nal in NHP appears to be due to specific binding to
12BS.

Pharmacokinetic profile of ''C-BU99008

Distribution of ''C-BU99008 within the brain followed simi-
lar patterns throughout species with basal ganglia structures >
cortex > cerebellum, in line with 12BS expression [85]. The
kinetics of the tracer are relatively slow, requiring long scan
durations in humans, with greater implications to image qual-
ity for a ''C-labelled tracer due to the shorter half-life. Partial
blockade with non-selective 12BS in humans reduced SUV
across all brain regions showing lack of available reference
region [85].

Test-retest variability in humans showed some discord
with variation ranging from 5 to 25% across regions with
higher variations found in high uptake regions [85]. The
authors postulated the slow kinetics of ''C-BU99008 and,
therefore, high V could be a contributing factor. Another
possible factor could be the relatively low and highly var-
iable molar activity used (quoted as 35.3+£17.5 GBq/
pmol), with test scans having over twice the injected mass
on average than re-test (3.8+3.2 pg and 1.8+ 1.1 pg, re-
spectively) [85]. A study in rats investigated the effect of
''C-BU99008 molar activity, finding significant increase
(+28%) in hypothalamus SUV area under curve integrals
using ultra-high molar activity ''C-BU99008
(>5000 GBg/umol) in comparison with standard molar
activity samples (55-220 GBq/pmol) [226]. Therefore,
the high variability test-retest, and higher average uptake
in the retest scans, may be due in part to the molar activity
of the radiotracer range used. It should be noted that the
method used to produce ultra-high molar activity ''C-
BU99008 had an order of magnitude lower radiochemical
yield than conventional methods.

Conclusions and outstanding issues for 12BS imaging

'1C-BU99008 appears to be a selective tracer for 2BS with
appropriate properties for imaging in vivo. However, fur-
ther studies on the dynamics of the tracer, the biology of
the target, and relevance in disease states are required.
Factors which may improve the reproducibility of V mea-
surements include higher (and more consistent) molar ac-
tivity of "'C-BU99008, a tracer with faster kinetics, or a
'8F-labelled tracer.
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Metabotropic glutamate receptor 1

As the major neurotransmitter at excitatory synapses within
the brain, glutamate and glutamate receptors are of high inter-
est across many neuropsychiatric fields. The metabotropic
subclass of glutamate receptors is further categorised into 8
known receptor targets (mGIluR1-8). Of these, mGIuR5 has
multiple tracers reported in the literature prior to the scope of
this review [227]; mGluR1 has 2 reported successful tracers
translated into man (“C—ITMM and 18F—FIMX, discussed
herein), but the other 6 subtypes lack tracers for human use
to date.

Post-mortem expression of mGluR1 has been reported to
be significantly altered in DLB (+61%) [228] and schizo-
phrenic hippocampus (—33%) [229], as well as multiple mu-
tations to the mGluR1-encoding gene found regularly in
schizophrenia [230, 231]. Negative allosteric modulators of
mGluR1 have received recent interest as therapeutics showing
efficacy in pre-clinical in vivo models including addiction
[232], epilepsy [233], neuropathic pain [234], depression
[235], and PD [236].

Selectivity data for mGluR1 tracers

"'C-ITMM and '"®F-FIMX are the two PET tracers success-
fully translated into humans for mGluR1 and are structur-
ally related. Pre-clinical characterisation provides strong
evidence of selectivity for both tracers, with large decrease
in signal and removal of brain heterogeneity upon both
heterologous (JNJ-16259685 [237]) and homologous
blocking protocols [89, 95]. Additional characterisation
of ""C-ITMM in mGIuR1 KO mice showed substantial
decrease in uptake compared with wild-type, although only
whole-brain data of knockouts, rather than individual re-
gions, were reported [89]. No decrease in uptake of '*F-
FIMX upon administration of mGIuRS5 selective ligands
was observed, showing a lack of specific binding to this
site [95].

The robust pre-clinical characterisation of ''C-ITMM and
"E-FIMX shows a high level of selectivity for mGluR1
in vivo and gives confidence in these tracers for subsequent
studies.

Pharmacokinetic profile of mGluR1 tracers

Both ''C-ITMM and '®F-FIMX show brain distribution in
humans concordant with mGluR1 expression; however,
pharmacokinetic profiles of the tracers differ substantially.
"'C-ITMM has relatively slow kinetics, requiring long scan
times, relatively low brain uptake, and slow metabolism
[88]. In contrast, 18E_FIMX has higher brain uptake, fast

kinetics, and much faster decrease in plasma parent frac-
tion [94]. Currently, neither tracer has published TRV, al-
though for '®F-FIMX, it has been outlined as an outcome
of a current clinical trial (clinicaltrials.gov, trial identifier:
NCT02230592). The pons and the medulla are areas of low
mGluR1 expression and have been proposed for use in
reference region models [93], although no reference
region has been validated in humans to date.

An ultra-high molar activity study with ''C-ITMM in
rodents saw a significant increase in SUV and V' compared
with standard molar activity, highlighting molar activity as
a potential risk for introducing variability [238]. A study
investigating the relationship of ''C-ITMM V; with age
and gender reported increases in Vr in older controls
[92]. However, due to significantly higher molar activity
of tracer in the older population (average increase of 50%
over young controls, P<0.01) and significantly lower
injected activity, the Vgt alterations quoted in the paper
could be influenced by the lower injected dose of ITMM
in older HC, in line with the pre-clinical work.

Conclusions and outstanding issues for mGluR1
tracers

"C-ITMM and "*F-FIMX have shown excellent performance
in pre-clinical characterisation studies for imaging of
mGluR 1. The higher uptake, faster kinetics, and longer half-
life of "*F-FIMX suggest it will provide higher quality images
and better quantification of mGIuR1 in patients over ''C-
ITMM, although further studies are required to verify this.
Significant alterations of ''C-ITMM in ultra-high molar activ-
ity rodent studies highlight molar activity as a potential con-
found in clinical studies.

So far, ""CITMM has shown promise for cerebellar ataxia,
where it has been shown to have a larger dynamic range than
MRI methods and potentially more sensitive than '*F-FDG
[90, 93]. However, no other disease states have been investi-
gated with either tracer. Given the current interest in the glu-
tamatergic system, studies are expected to emerge on a variety
of disease states over the next few years.

K opioid receptor

In the brain, there are four subtypes of opioid receptors
(OR), u, 9, k, and opioid-like receptor (OLR-1). Non-
selective opioid PET tracers have been known and used
in man for many years. However, for use in disease models
and receptor occupancy studies, subtype selective tracers
are required. For n-OR, selective tracers have been well-
characterised, with ''C-carfentanil commonly used
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clinically [239]. Additionally, J-OR and OLR-1 selective
tracers have been translated into humans, prior to the scope
of this review [240, 241].

%-ORs are the most abundant in the human brain [242] and
have been linked to multiple disease states, including depres-
sion, stress, addiction, and pain response, as well as AD
[243-247]. "'C-GR103545 and ''C-LY2795050 have recent-
ly been translated into man with the aim of selectively imaging
k-OR.

Selectivity data for k-OR tracers

Both "'C-GR103545 and ''C-LY2795050 showed promis-
ing in vitro selectivity over p- and 0-OR [99, 248]. As an
agonist tracer for k-OR, ''C-GR103545 is expected to
have low dose tolerance before negative pharmacological
effects are observed. As such, self-blocking protocols are
very limited, with changes in Vt values obtained in NHP
too low for an accurate Lassen plot to be constructed [97].
Brain distribution of ''C-GR103545 was reported to align
with expected x-OR density in NHP [96]. Blocking with
naltrexone showed substantial decreases in V1 in human
studies; however, naltrexone is known to bind to -, -,
and 0-OR [99, 249].

C-LY2795050 is an antagonist tracer for x-OR. In vivo
blocking studies showed good response to both homologous
block and heterologous block, with the non-selective opioid
ligand naloxone reducing BPyp to approximately 0 in NHP,
showing approximately all specific binding signal is opioid-
related [99]. Further studies in NHP were conducted where
non-radioactive LY2795050 was used to block the signal of
"C-LY2795050 and ;:-OR tracer ' C-carfentanil to determine
the selectivity of LY2795050 for x-OR over pu-OR. The
in vivo results showed 7.6 fold selectivity for xk-OR over pu-
OR, much lower than the reported in vitro selectivity of 36
fold [102].

Pharmacokinetic profile of k-OR tracers

In humans, the kinetics of "'C-GR 103545 are slow, leading to
complications in the calculation of kinetics and outcome pa-
rameters, compounded by the use of ''C. This will most likely
be a substantial factor in the moderate-high degree of variabil-
ity observed, with TRV on average 41% for the highest uptake
region [96].

For ''C-LY2795050, the in-human pharmacokinetic prop-
erties observed are good. It had relatively high initial brain
uptake and fast kinetics suitable for accurate kinetic model-
ling, although no reference region is available in humans [98].
Occupancy studies largely removed regional uptake
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differences showing almost full occupancy of receptor [98],
and the test-retest repeatability was good [101].

Conclusions and outstanding issues for k-OR tracers

"'C-GR 103545 suffers from a number of drawbacks including
lack of in vivo selectivity studies, due to target related toxicity
and poor pharmacokinetics in humans. The binding affinity of
"'C-GR103545 determined in vitro was very high, with a K; of
0.02 nM [248]. As discussed by the authors of this work, a
lower affinity derivative may have faster kinetics and be more
suitable for imaging in vivo, highlighting that too high affinity
can hinder kinetic analysis.

The moderate selectivity of ''C-LY2795050 for x-OR
over 4-OR in vivo is a manageable limitation of this tracer.
In vivo, the vast majority of signal is expected to arise from
k-OR due to the moderate selectivity and higher natural
abundance of x-OR, especially in regions of high xk-OR
to p-OR density. ''C-LY2795050 appears the more prom-
ising of the two tracers due to its larger dynamic range of
occupancy reporting and lower variability. However, ex-
periments must be carefully designed in order to reduce,
or control for, potential perturbation of signal by u-OR
alterations. There is therefore a scope for more selective
tracers to make an impact on this field.

Serotonin 5-HT,R

The serotonergic system is one of the major signalling
pathways in the brain and as such is relevant to a broad
range of disease states [250]. PET tracers have been eval-
uated in humans from four of the seven serotonin receptor
sub-families (S-HTlA, S-HT]B, 5‘HT2A, 5-HT4, and 5-
HTyg) as well as the serotonin transporter (SERT) [251].

Imaging of the 5-HT,4R subtype is well established
through antagonist tracers such as '®F-seperone and '*F-
altanserine, with differences in receptor density identified
in patients with obsessive-compulsive disorder [252],
Tourette’s syndrome [253], schizophrenia [254], and AD
[255]. However, while able to report on receptor density, 5-
HT,, antagonist tracers are unable to distinguish between
the high- and low-affinity states of 5-HT,, and are rela-
tively insensitive to endogenous neurotransmitter concen-
tration [256, 257]. As such abnormalities related to the 5-
HT,A high/low-affinity ratio or serotonin levels are unable
to be identified using these tracers. The recent develop-
ment and translation of ''C-Cimbi-36 represent the only
clinical 5-HT,R agonist tested in man and with it the pos-
sibility of imaging high-affinity 5-HT, 4 receptor.
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Selectivity data for ''C-Cimbi-36

In vitro characterisation showed high binding affinity to all
three 5-HT,R subtypes (A—C) [258]. In NHP, selective
blocking of 5-HT,cR was achieved with SB 242084 and
showed approximately 100% decrease in BPyp in areas of
high 5-HT,cR density such as the choroid plexus [104]. In
both human and NHP blocking, studies with 5-HT,R an-
tagonist ketanserin (non-selective between 5-HT, subcate-
gories A—C) showed significant reduction across the brain
(Table 3) [103, 104]. Pre-clinical studies have shown a
significant response to pharmacologically increased and
decreased levels of serotonin in vivo in NHP and rodents
respectively showing the potential sensitivity of ''C-
Cimbi-36 to endogenous neurotransmitter concentration
[257, 259].

Pharmacokinetic profile of 'C-Cimbi-36

In humans, the uptake of ''C-Cimbi-36 was relatively high in
cortical regions although the kinetics were moderately slow.
Metabolism of the tracer was relatively fast; however, the
reported metabolites were more polar than ''C-Cimbi-36
and are not likely to cross the BBB. The lack of signal alter-
ation upon blocking in the cerebellum highlights this as a
suitable reference region, although a consistent negative bias
was found when using this, and the human test-retest showed
very low variability across brain regions [104].

Conclusions and outstanding issues for ''C-Cimbi-36

C-Cimbi-36 is the first 5-HT,R agonist PET tracer translated
into man with pharmacokinetics acceptable for in-human im-
aging. While it appears not to be selective for 5-HT,R sub-
types, the distribution of these within the brain is substantially
different. 5-HT,gR is expressed in low concentrations in the
human brain and is therefore unlikely to significantly contrib-
ute to observed signal [260]. For 5-HT,,R and 5-HT,cR,
regional distribution differences may allow selective determi-
nation of subtype signal due to some areas of high 5-HT,5R
being almost devoid of 5-HT,cR and vice-versa (i.e. cortical
regions and choroid plexus, respectively). Therefore, in these
regions, ketanserin can be treated as a pseudo-selective block
in HC. However, caution must be expressed when interpreting
results from regions of subtype colocalisation or disease
states.

Further studies comparing agonist and antagonist tracers
will hopefully provide a more comprehensive report on the
role the 5-HT, receptor plays in neuropsychiatric disorders.

P2X7

The role inflammation plays in the initiation, progression,
and symptoms of neuropsychiatric conditions is currently
a key research question in medicine. However, imaging
inflammation is not straight forward. Pro-inflammatory
cells such as Ml-activated microglia are upregulated at
sites of inflammation and provide a range of possible
targets [261]. One of the most successful strategies to date
is tracers for translocator protein (TSPO) which is upreg-
ulated on activated microglia [262]. The most well-known
is ''C-PBR28. While multiple studies have shown prom-
ising results, there are various confounds with TSPO im-
aging (e.g. reviewed in Marques et al. [263]). An in-depth
discussion is beyond the scope of this review; however,
some of the major drawbacks include common TSPO
polymorphisms giving rise to distinct high/low-affinity
binding groups, low concentration of TSPO even in neu-
rodegenerative disease states, and poor selectivity be-
tween pro-inflammatory M1 microglia and anti-
inflammatory M2 microglia [262]. These confounds have
given rise to the emergence of other targets for inflamma-
tion, both receptor and enzymatic.

One such target is ionotropic purinoceptor P2X7. In vitro
and in vivo work has shown upregulation of P2X7 in activated
microglia, with P2X7 agonists increasing and antagonists de-
creasing the release of pro-inflammatory markers, in models
of inflammation [262, 264, 265]. These results have led to the
proposition that P2X7 may be a selective marker for the pro-
inflammatory M1 subpopulation of microglia, over the anti-
inflammatory M2 subpopulation [262, 266]. However, cur-
rently, there is little evidence to support the lack of expression
of P2X7 on the M2 subpopulation, with multiple studies con-
tradicting this hypothesis [267, 268]. Nevertheless, P2X7 re-
mains a target of interest both for microglial imaging and for
therapeutic indications.

PET tracers for P2X7 are under current clinical evaluation,
representing the first in vivo P2X7 evaluation in human. One
tracer, '8F-JNJ-64413739, has initial human data published in
peer-review. In-human work is currently being carried out on
other tracers including ''C-JNJ-54173717 (*'C-JNJ717) and
C.GSK 1482160, which have human data presented at con-
ference [108, 110], and "'C-SMW 139, which is currently be-
ing evaluated in PD patients (www.clinicaltrialsregister.eu,
EudraCT Number: 2018-000405-23).

Selectivity data for P2X7 tracers
Pre-clinical selectivity data on the current P2X7 tracers is

limited. No small animal selectivity studies are published
for "8F-JNJ-64413739; however, slides on pre-clinical data
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are available online (www.nas.edu). While the data
available appears promising, in-depth review of this must
wait until peer-review publications are available.

"C-JNJ-54173717 and ''C-SMW139 have both been
characterised with a viral vector model which causes ex-
pression of human P2X7 in one brain hemisphere of rats,
with control viral vector injected into the other. Both
tracers showed increased uptake in the hemisphere with
human P2X7 expressing viral vector and homogeneity up-
on blocking with P2X7 antagonists [107, 109]. For ''C-
IJNJ-54173717, the block compound was structurally sim-
ilar whereas for ''C-SMW139, this was structurally dis-
similar. Further studies in NHP with ''C-JNJ-54173717
showed a substantial decrease in observed SUV upon
self-block and blocking with chemically distinct P2X7 an-
tagonist (JNJ-42253432) [109].

"1C-GSK 1482160 has been characterised in a lipopoly-
saccharide model of inflammation where V1 was signifi-
cantly increased upon treatment, with 97% of the in-
creased signal displaced in lipopolysaccharide and homol-
ogous block—treated animals [111]. The in vivo selectivity
profile for ''C-GSK 1482160 is currently lacking heterol-
ogous P2X7 blocking data. In vitro response to P2X7
expressing cells and correlation to expression of P2X7
and activated microglia in an ex vivo multiple sclerosis
rodent model both increase confidence in selectivity [111,
112], but are not in themselves proof of P2X7 binding
in vivo.

Pharmacokinetic profile of P2X7 tracers

'®F-INJ-64413739, ''C-INJ-54173717, and ''C-SMW139
appear to have relatively fast kinetics and high brain up-
take suitable for imaging in the species investigated [106,
107, 109]. ''C-GSK 1482160, however, has slow kinetics
in rodent and NHP making accurate quantification more
difficult. In rodents, ''C-SMW139 suffered from
radiometabolites within the brain as well as limited dynam-
ic range. Twenty-one percent of the brain radioactivity was
observed as metabolites at 15 min, increasing to 34% by
45 min [107]. The presence of radiometabolites in the brain
may be detrimental to the accurate quantification of P2X7
in human studies. ''C-JNJ-54173717 studies found no ev-
idence of radiometabolites in rodent brain; however, upon
self-blocking in NHP, an increase in SUV towards the end
of the scan was observed, possibly indicative of brain pen-
etrant metabolites, although this increase was not present
in other protocols [109].

Human pharmacokinetics of '*F-INJ-64413739 showed
moderate TRV and high ICC suitable for PET imaging studies,
although high COV indicates intrapatient variability may be
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high [106]. No data is available for metabolites of '*F-JNJ-
64413739.

Conclusions and outstanding issues for P2X7 tracers

The rapid translation of P2X7 tracers into humans signifies
both academic and commercial interest in the area. Publication
of pre-clinical and clinical data on these recently developed
tracers will allow comparison and critical analysis and allow
advancement of the quickly progressing P2X7 imaging field.
For '"F-JNJ-64413739 and ''C-GSK 1482160, the lack of
published, heterologous blocking studies is a limitation in
confidence going forward. Additionally, brain penetrant me-
tabolites may be a constraint to one or multiple of the
discussed tracers.

Enzymatic targets

Dysfunction of enzymes within the CNS may substantial-
ly perturb neurochemical balance in neuropsychiatric and
neurological disorders. From a therapeutic perspective,
modulating enzymatic targets may allow more physiolog-
ical modulation of neurotransmitter systems than alterna-
tives such as receptor antagonists, with potentially lower
risk of side effects and drug tolerance issues [269], mak-
ing PET tracers for enzymatic targets highly desirable in
drug development programmes. Table 4 outlines the re-
cent tracers translated into man for enzymatic targets
within the CNS.

Cyclooxygenase-1

The inhibition of cyclooxygenase-1 (COX-1) and COX-2 en-
zymes underlies the anti-inflammatory response caused by a
number of non-steroidal anti-inflammatory drugs, such as as-
pirin and ibuprofen [270]. They are present in the human brain
in activated microglia and are, therefore, targets for inflamma-
tion imaging. No PET tracer has shown promise for COX-2 in
human CNS to date. However, a very recent candidate for
imaging COX-1 has emerged in ''C-PS13, which was the
most promising candidate of a series of COX-1 tracers evalu-
ated pre-clinically.

Selectivity data for ''C-PS13

Self-block and blocking with Me-KTP-ME (prodrug selective
for COX-1 over COX-2) in NHP both showed similar de-
creases in Vy (®—55%), compared with baseline scans
[114]. A negative control blocking study with a COX-2
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selective compound (MC1) showed no significant alterations
in uptake. Additionally, in vitro screening found K; constants
of > 10 uM for a wide range of human recombinant receptors,
indicating potential selectivity against those tested [114]. To
date, no in-human data has been published in peer-reviewed
journals; however, initial scans are currently being carried out
in a clinical trial (www.clinicaltrial.gov, trial identifier:
NCT03324646). Some of the early scan data has been
presented at the Society of Biological Psychiatry conference
(2018) [113].

Pharmacokinetic profile of ''C-PS13

In NHP, 'C-PS13 had the highest brain uptake and Vi values
of'the series tested, as well as suitable kinetic profile, although
there appears to be no suitable reference region [114]. The
proportion of non-specific binding in the NHP brain is rela-
tively high and free fraction in plasma low, reducing the dy-
namic range of the tracer. Early data presented on human brain
distribution appears similar to that observed in NHP, although
more comprehensive analysis will have to wait until peer-
reviewed publication [113].

Conclusions and outstanding issues for ''C-PS13

The most apparent disadvantage of ''C-PS13 is the high pro-
portion of non-specific binding in the NHP brain. This is most
likely related to the relatively high lipophilicity of ''C-PS13
(LogD =4.3). Therefore, future tracers may reduce this with
less lipophilic derivatives. However, the data presented so far,
while limited, appears promising and may mark the first suc-
cessful ligand for COX translated into humans.

Mitochondrial complex 1

Mitochondria play a crucial role as the major producers of
adenosine triphosphate, ATP, in eukaryote cells. The largest
of the proteins in this process is mitochondrial complex 1.
Dysfunction in mitochondrial complex 1 has been linked to
multiple disease states including PD, Leigh syndrome, and
encephalopathy [271, 272]. Although other mitochondrial
complex 1 tracers exist, such as '*F-Flurpiridaz used in cardi-
ac imaging [273], only 'SF-BCPP-EF has been successfully
used for imaging of mitochondrial complex 1 in the brain.

Selectivity data for '®F-BCPP-EF

Early pre-clinical characterisation of '*F-BCPP-EF showed
moderate response upon dosing with selective mitochondrial
complex 1 inhibitor, rotenone, in both rodents and NHP.

However, due to the cardiac toxicity of rotenone, only very
low doses were administered in vivo [116]. In vitro studies on
rat brain slices allowed higher doses of rotenone and signal
intensity of '*F-BCPP-EF was decreased by 96% upon max-
imum block, implying a larger dynamic range and greater
selectivity than shown in vivo [118]. The moderate reduction
of V1 in NHP upon blocking with rotenone may allow the
estimation of Vyp and occupancy using a Lassen plot analysis,
therefore giving greater information on dynamic range
in vivo.

Pharmacokinetic profile of '®F-BCPP-EF

High uptake and fast kinetics were observed in rat and NHP
brain. Due to the ubiquitous nature of mitochondrial complex
I, no reference region is available for this target.
Implementation of 'F-BCPP-EF for use in humans has re-
cently been undertaken and 8 HC scanned. Initial data pre-
sented at conference showed high brain uptake with V1 values
around 30 in the striatum [115].

Conclusions and outstanding issues for '®F-BCPP-EF

'"®F_-BCPP-EF is the first tracer to measure the availability of
any mitochondrial complex within the CNS and may also
have potential as a reporter for mitochondrial density. Since
its discovery, multiple preclinical studies have used '*F-
BCPP-EF and shown significant alterations in mitochondrial
complex 1 availability in models of ischemic injury and PD
[119, 121], as well as showing negative correlations with age
and amyloid load in NHP [120]. However, no in-human pa-
tient data are currently available. The toxicity of mitochondri-
al complex 1 inhibitors is a drawback of the field, as full
in vivo blockade is unfeasible.

Histone deacetylase

Thehistone deacetylase (HDAC) family of enzymes are tran-
scription regulators and frequently implicated in epigenetic
mechanisms, biomedical processes which alter gene expres-
sion as aresult of environmental interactions with an individ-
ual’s genome [124]. They have been implicated in multiple
disease states both in the periphery and CNS, including AD,
HD, cancers, and immune disorders, amongst others [274].
Forimaging of HDACs in humans, multiple PET tracers have
been developed; however, most are unsuitable for CNS imag-
ing due to poor brain penetration or the presence of brain pen-
etratingmetabolites[275]. "' C-Martinostatis the only HDAC
tracerevaluated inhumanssuitable forimaging HDAC within
the CNS.

@ Springer


http://www.clinicaltrial.gov

Eur J Nucl Med Mol Imaging (2020) 47:451-489

474

JuedlyIuSIs ‘oxeydn ureiq ySiy [471

gxall

uonesLeIeyd [ed1uId-a1d Jsnqoy

[zz1]suowamsesws LA Suisn Aijiqerea juonediojur SOVAH
10431y ‘Sonoury MO[S "9[qB[IBAR UOIFAI 90UIIJAI ON
Trer-er1]

s[opouw oseasip [edrurjoard ojdnnur ur
asuodsax

JuedolIusIg *[811] oniA ur o3uer

orureudp o81eT “[L11] JHN UI sonoury

-9yep 03 paysiqnd
ejep uewny-ur ma1Ad1 109d oN 211 ‘911]

Jo uoneoynuenb SN I0J SSEIO UI ISIT.] V/N

K)19TX0) 0} ANP OAIA UI S[QE[IBAL JOU OPENI0[q [[N]  9[qeyns ‘axeydn ureiq ySIy "Sse[o ur JsIig V/N

‘uewa Ojul paje[sueny I1den 1-X0OD
A[uQ “[H11] 0AIA U UMOYS T-X OO 10A0

Ty11] ureiq dHN
ur Surpuiq d[qeadedsip-uou Y3y A[oAne[a1
pue uonoely 92y ewse[d MOT "9[qR[IBAR BJRD PIUIT

[-XOD

10J AJIAT)OQ[AS [00[q SnodudFOWoY

pue snosuagorey
Kq osuodsar poo3 A[oAne[oy

V/N

[zz1] (wnpgox
IA) (o Tw 81

[sr1]
(wmgerns <A) wo/Tu g7

VIN

[ze1] %61-11 ‘AOD

JRISOUIBIN-D) |

VN dd-ddDg-dg,

VN €1Sd-Dy,

(uor3ar ‘1o30urered)

(suor3ar) anfea :oW0ONO

suoneIwI | SoZejuBApPY  UOIZAI 90UIJY ayeydn )say3iyg Ayiqerrea juanediayug Iooel],
[os1]
[zs1l vz > (suewny LA) 906 —< [1ST] (dHN ‘ANS) %0S —= [ost] 810 891€-MN-D;,
[8¥1]
[8t1]o8e10AR UO %01 > (uewny *€yY) %06 —< [Lt1] (B “ANS) %98 - lov1] €10T (r69gdN) GIND-Dy; HVVA 9SE[OIPAY dpIWE PIdk Ane,]
[ev1] %01 > [s¥1] (dHN “A) %Ly — [#71] (dHN *A) %08 — [er1]9t10T €LLLDy,
lov1] %01 > [ov1] (dHN ‘0¥ %18 [1#1] (dHN *A) %6 — lov1] v10T 989764V I-D,,
[9¢1]
[LE€1] %TT [9€1] (dHN *A) %L9— (31d *T-IANS) %001 —= [oc1] 10T LOT-VINI-D,,
[zet] %01> [e€1] (uewny TA) 9/ — V/IN [zetl vioz 659 ININ-g,
[ze1] %0t VN VN [ze1l v10 7S9-ININ-dg,
[6Z1] (esnow
[0 1]ee10AR UO %01 > O3 ‘T-IANS) %001 —= [6z1] (er1 “[-IANS) %68 — [sz1l €10t TST6STTYINI-dg; voraad
[L21] (dHND
[oz1] %01> V/IN LA Terens ur 9seardop 9z¢ [oz1l 910 0€70L7S0-dd-dg; zdad Sose10)saIpoydsoyd
[€z1] (er ‘ur 9
1e oxyerdn 03 pasifeuLiou (21 ‘eci] (dHN “A)
[ze1]l %01 > axeidn 9) 956¢ — %08 — [zeilotoz TEISOUNIRIN-D || €1 OVAH SOSE|AJ00BAP QUOISIH
[L11] (dHN “A) %0t~
VN [911] GBI ‘ANS) %SE— VN [s11]1 (VD) 810C A9-ddOd-dg, IO SoXa[dwod [eLPUOYOONIA
[#11] (dHN *A) [c11] (VD)
SwosuQ [#11] (dHN “A) %SS - %BLS — 810C €1Sd-Dy, [-x0D X0)
(sa10ads ‘1o)owrered) (soroads ‘1o)owrered)
AL uewny 3[00[q SNOS0[0IAY OAIA U] 300[q SNOFO[oWOoY OAIA U] uewny ur JsIj J90RI], 10518] Aquueg

suewny ur s}oS1e) SWAZUS SN MU IO SISBHOIPLI [HJ JO sIojowered  § ajqel

pringer

Qs



475

Eur J Nucl Med Mol Imaging (2020) 47:451-489

PjeIS ASIMIdYIO Sssoun sarFojopoyiow jndur ewserd [[nJ jsurede pajepijeA uadq sey uonesynuenb uor3ar 90uIdJY “DHH ul suordar pajrodar ur oowered pajonb oy Jo oFeroae )sadie oy syussaidor
anea oyeydn 3soySIH -erme1d)I] Surpuodsariod o) 19§ar ased[d ‘uone[nofed HOI Jo poypow ogrdads 10, parels ssofun armeId) | Jurpuodsariod Yy ur pajonb suordar [[e jussardor sanea DI Pue AL
"Jooojoxd osuodsar 1sayeals oy ur paAIasqo uonealfe 1sayS1y Jo uordar ayp juasardar sarpmys Suryoo[q OAIA Ul J0j pajonb sanjeA [opou Jnosoou| Jo5Ie) St Oy D[qe[reAe sI ejep paysijqnd ou seyedIpur /A

es1] vordar
douarajar pasodord ur Junyoorq uodn [eusis
ur 9sea109(] [0S 1] WsIjoqelou Jsej ‘Sonoury Mo[S
‘[6%1] swsiydiowAjod Hyv,{ uowos uo doudpuadop
Ayurgge o1qIsso ‘[941] sonjea £yy MO (M USAD
[euS1s punoidyoeq urelq 93Ie[ ‘SONAULY [QISIOAL]
Tr1 “€p1] INLYS Jo osn Sunuasaid
urelq uewny pue JN ur Surpuiq ogroads 1031e)-[50O
‘[o1] soneuny mo[S ojjoqejowr Sunenouad
urelq 1oj [enuejoq ‘suewny ur paysiqnd

eiep LA wmjeqaied oN ‘[1#1] JHN Ul spoypour
ndur ewised yim s1om9 a31e[ sey LA wN[[oqaIn)

Tog1] s1eoen vo1aad 1oyio uey) INgg 10m07]

‘paysiqnd eyep ANANOI[AS OAIA Ul [eIIUI[o-a1d JO 3or]
‘[z€1] sonouny Jomofs pue ayeidn Jomof
‘AYL 10YS1Y] 0) A0P GEIININ -y, OF JOHJUI PIUISA(]

‘Tog1] amoqerou
Sunenouad ureiq o[qissod [0g1] oxyerdn ureiq mo
"OAIA U Y90[q
SN0J0[010)aY 9SIAAIP A[ermonns oN ‘[£z1] Suryoolq
uodn pasearour AJIANOR WN[9QID ‘UTeIq el Ul
So)ToqEIdW JO 00udsaId ‘[LZT] urelq JHN ur Surpuiq
ogroads-uou a31eT "[97[] suewny ur Jg pue L4 mo

15T “05T]
JHN Ppue suewny ut sarpnys Suryoojq o3
umoys

osuodsar poo3 A1oA [z61] o1qIs1ondy

‘AL
MO "[8F1 “Li1] Juspor pue uewmny
uJ se1pmys 3ur{oo[q 03 asuodsar poo3 A1oA

‘AL 407 [¢p1] uonenouad urerq yStH

‘AL 207 “[zy1] swuened
eruarydoziyos ur asuodsar jueoyTusig

‘Tovr1] INgg ySiy ‘vonenosuad urerq ySiH
'S9)B)S 9SLASIP UewNy Jo oFuel
1SopIM
uo pas “[6€T ‘8€1] Ad Pue qH Ul
osuodsax
Jueorustg "[9¢ 1] sonourjooeureyd
S[qeing

‘Toc1] Ananosyes feorurjoad pood A19A
AL MO [T “pET] H wt
PAAISSqO
osuodsar jueogu3ig ‘[ze1] INgg
ysiy

‘sonouny 1sej ‘sonounjooeulreyd djqenng

‘[ze1] suewny ur ANgg pue L4 ySig
AL 207 [1¢1] syuoned
H ut umoys osuodsar jueoyrugig
T6z1] Ananoajes [eoruroaid poos K1oA

‘AL MOT 10061 ZAd uewny-ur A[u0
[sz1]
‘syuaned oruarydoziyos ur osuodsar

J[qe[IEAL SUON

J[qe[IeA SUON

J[qe[IeAR QUON

[op1] wnypRgo1)

[Le1] umppger)

[ze1] wnypge1)

[ze1] wmppger)

locT]
X91109 [BJUOL]

lozil
(parepirea
J0U) WN[3GaId)

[osT1]

(paugopun “LA) wo/ W 67

[91] (snurereyy
YY) WO/ TW LT°0
[t¥1]

(uowrepnd LA ) LU0/ T 6°G

[2p1] (uoweind “ANgg) 679

[8¢1] (uoweind “ANgq) 7°Z

[ze1] (snpryred

snqo[3 A) o/ §°g

[zer]

(wmyerns <A) wo/Tu Gy

[ocT]

(uowreind <Lp) SO/ TW Q']

[9z1]

(uowreind <Lp) SO/ TW €]

V/N

[8%1] 68°0-S5°0 “D0I

[ep1] s8°0< “D0OI

[or1] %07 > ‘AOD

[Le1] (suorBax

1630 68) %01 > ‘A0D

[ze1l 080< D01

VIN

[og1] s8'0< D01

[921] (vowreynd)
€2°0 ‘(uourend

3daoxa suor3ar pajrodor

1) 06'0-99°0 D01

89TE-MND,,

(694N
€AND0,,

€LLIDy,

989268V N1,

LOT-VINI-Dy,

659 INIA-,

PSOININ-dg,

TST6STTHINI-dg,

0E0LTS0-Ad-dg,

suonewI |

sagejueApY

UOI391 90UAIYY

(uor3ar ‘103owered)
ayeidn 3oy

(suoIgar) anfeA :9WoNNo
Anqiqerea juanediayuy

I00®1],

(ponunuoo)  dJqeL

pringer

Qs



476

Eur J Nucl Med Mol Imaging (2020) 47:451-489

Selectivity data for ''C-Martinostat

"'C-Martinostat is reported to bind with high affinity to
HDAC 1, 2, and 3 and to a lesser extent 6, from in vitro assays.
In vivo self-block of ''C-Martinostat largely reduced Vi in
NHP (Table 4), showing high level of specific binding in this
species [123, 124]. In rodents, similar decreases in ‘% whole
brain uptake normalised to uptake at 6 min’ was observed for
both self-blocking at 2 mg/kg and pre-treatment of CN54, a
structurally dissimilar HDAC inhibitor [123]. In vitro screen-
ing revealed that at 50 nM of Martinostat resulted in 24%
inhibition of dopamine transporter, highlighting this as a po-
tential off-target binding site. However, additional studies
using dopamine transporter tracer ''C-B-CFT showed no al-
teration of signal upon dosing with Martinostat (1 mg/kg)
showing that Martinostat does not compete to measurable
quantities with ''C-B-CFT in vivo [123].

Pharmacokinetic profile of ''C-Martinostat

"'C-Martinostat has been shown in all investigated species to
have high brain uptake, but slow kinetics [122—124]. Upon
self-blocking protocol in NHP, ' C-Martinostat was decreased
in all brain regions, highlighting the lack of reference region
available [123]. In HC, intrapatient reproducibility via test-
retest was high and the interpatient variability was moderately
high for V1 measurements. Interpatient variability was im-
proved using SUVgg.90 as an outcome parameter; however,
to be applied to patient populations would require validation
against arterial input methods. In a comparison with ''C-
Martinostat uptake in schizophrenic and schizoaffective co-
horts compared with HC, SUVR was used as an outcome
parameter. The activity in each region was referenced to the
activity in the whole brain. This method showed significant
alterations in schizophrenic patients in multiple regions; how-
ever, the use of SUVR in this way requires validation in pa-
tient populations with arterial input functions, as highlighted
by the authors [125].

Conclusions and outstanding issues
for ''C-Martinostat

C-Martinostat represents the first HDAC tracer to be useable
for brain imaging in humans. The pre-clinical selectivity data
for this compound appears robust, with good response to
blocking protocols. The slow kinetics of the tracer is a disad-
vantage; however, for the purposes of determining brain pen-
etration and occupancy of HDAC-targeted drugs, this tracer
appears suitable. From the two published in-human studies,
two different outcome parameters were proposed in SUV .9
and SUVR (using the whole brain uptake as a reference re-
gion). Both of these methods would require further validation
in patient populations. Standardisation of outcome parameter
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in future studies would allow direct comparison between
results.

Phosphodiesterase

Cyclic nucleotide phosphodiesterases (PDE) are intracellular
enzymes which inactivate the secondary messenger molecules
cyclic adenosine monophosphate (CAMP) and/or cyclic gua-
nosine monophosphate (cGMP). Dysfunction of PDEs can
impact multiple cell processes regulated by these messengers,
including proliferation, metabolism, inflammation, and apo-
ptosis [276]. As such, PDEs are of interest in many disease
states, including schizophrenia, depression, and degenerative
diseases [276, 277]. Ofthe 11 currently known PDE subtypes,
pre-clinical PET tracers have been reported for PDE2, 4, 5, 7,
and 10. Of these, tracers for PDE2, 4, and 10 have been
assessed in man, with PDE4 tracers well-characterised prior
to the scope of this review [278].

PDE2A

PDE2A is one of three isoforms of PDE2 and is highly
expressed in limbic structures and basal ganglia of the brain
and is concentrated in glutamate synapses [127]. Pre-clinical
data has shown links to synaptic plasticity and cognition with
PDE2A inhibitors having being investigated predominantly as
treatments for schizophrenia and migraine, but they are also of
interest in degenerative diseases [279-281]. '*F-PF-05270430
is the only PDE2A-specific tracer, thus far, to be translated
into man.

Selectivity data for '®F-PF-05270430

In NHP, brain distribution concordant with PDE2A expres-
sion was found, and occupancy studies in NHP with PDE2A
inhibitor PF-05180999 showed a decrease in V1 0f 32% and a
maximum BPyp reduction of 72%, in high-binding regions
(Table 4) [127]. However, in lower uptake regions (including
the cerebellum as the reference region), Vr increased upon
blocking, with no hypothesis from the authors discussed
[127]. Due to high structural similarities, PF-05180999 would
be expected to act as a homologous block. In vitro screening
of PF-05270430 indicates selectivity over other PDE and
CNS targets; however, no heterologous blocking studies have
been reported with structurally diverse PDE2A ligands
in vivo, reducing confidence in selectivity.

Pharmacokinetic profile of '3F-PF-05270430

Pre-clinical characterisation '*F-PF-05270430 showed high
uptake, fast kinetics, and low TRV in NHP [127]. In rodents,
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low levels of non-parent brain metabolites (5—7%) were ob-
served indicating potential for BBB penetrant metabolites in
clinic [127]. The occupancy and decrease in Vy reported indi-
cate that the Vrsignal is predominantly non-displaceable bind-
ing, restricting its dynamic range. Moreover, the metabolism
of '®F-PF-05270430 varied substantially between NHP sub-
jects. The percentage of '*F-PF-05270430 in plasma was very
variable, ranging from approximately 10 to 45% across the
three NHP subjects at 120 min post-injection in baseline
scans. The percentage of '*F-PF-05270430 in plasma for
intra-animal metabolism rate remained constant under test-
retest conditions and upon blocking [127].

In the only published human data on '*F-PF-05270430,
similar brain distribution to pre-clinical studies was observed,
suggesting binding to PDE2 and low test-retest variability
across brain regions reported [126]. For this study, the cere-
bellum was used as a reference region, although additional
studies are required to validate this. Both V1 and BPyp were
low, decreasing dynamic range and reducing signal-to-noise
ratios [126].

Conclusions and outstanding issues
for '°F-PF-05270430

From the data presented to date, '*F-PF-05270430 may be
adequate for some applications; however, it appears non-
optimal for imaging PDE2A in humans and is lacking critical
selectivity data. Therefore, while '*F-PF-05270430 may rep-
resent the first PDE2A tracer to be translated into humans,
there is the need to develop new, more specific tracers in this
field.

PDE10A

PDEI1OA is a dual substrate PDE, degrading both cAMP and
cGMP. It is localised primarily in medium spiny neuron cells
of the striatum and other basal ganglia structures, with negli-
gible levels in other brain regions [276]. The last 5 years have
seen the emergence of multiple tracers for PDE10A success-
fully translated into humans. The first, 18R_INJ42259152, was
published in humans in 2013 [128], with four more the sub-
sequent year, ' F-MNI-654, '*F-MNI-659, ''C-IMA 107, ''C-
Lu AE92686, and lastly ''C-T-773 in 2016 [132, 136, 140,
143]. Since publication, these tracers have been used for the
study of PDE10A in HD, PD, and schizophrenia [131, 138,
282].

Selectivity data for PDE10A ligands
The selectivity data for the in-human tracers of PDEI0A

(Table 4) generally show a high degree of selectivity across
tracers, with the exception of 18F—MNI—654, for which no data

are available, and "C_T-773 which shows substantial off-tar-
get, specific binding. Two blocking studies have been pub-
lished with '"'C-T-773 in NHPs, both using female rhesus
monkeys. The first used structurally dissimilar, PDE10A se-
lective, MP-10 which showed a moderate decrease in striatal
region Vy (caudate —36%, putamen —47%), indicating bind-
ing to PDE10A in these regions, with little effect on other
regions investigated including the cerebellum [145]. The sec-
ond used a structurally related drug candidate (TAK-063)
which showed large decreases in Vt across the whole brain
(approximately 75% on average) [144]. The large reduction of
Vr in areas of negligible PDE10A concentration with TAK-
063 that showed no response when blocked with PDE10A
selective compound MP-10 strongly indicates that ''C-T-773
has substantial off-target specific binding to the unknown
site(s) across these regions. There is therefore no reference
region for this tracer and interpretation of results is complicat-
ed by potential alteration in off-target site expression/
availability.

'®F_JNJ42259152 is a structural derivative of selective
PDE10A ligand MP-10; studies using this inhibitor are ex-
pected to act as a self-block. In the mouse KO model used
for "8F-JNJ42259152 characterisation, homogenous brain dis-
tribution was observed, giving confidence of a high level of
selectivity in the mouse. All other tracers are structurally dis-
similar to MP-10 and utilised this compound in selectivity
studies across a number of species, showing promising results
(Table 4). For ''C-IMA107, structurally related compound
IMA102 was used assumed to act as a self-block.

Pharmacokinetic profile of PDE10A tracers

Kinetic profiles of the PDE10A PET tracers were generally
reported to be suitable for PET imaging in human. '*F-
JNJ42259152 showed similar brain distribution as pre-
clinical models; however, V1 and BPyp values were globally
low with max Vrapproximately 1.5 in the putamen and < 1 for
other regions [130]. Contrasting to the other PDE10A tracers,
the frontal cortex was used as a reference region due to con-
sistently showing the lowest uptake across brain regions. For
all remaining tracers, the cerebellum was validated as an ap-
propriate reference region (Table 4), with the exception of
"C-T-773 for which no reference region is available.

"8E_MNI-654 displayed slower kinetics, higher variability,
and lower uptake than '®F-MNI-659 and was therefore
deemed an inferior PDE10A tracer [132]. All other reported
tracers showed low to moderate inter- and intrapatient vari-
ability where reported (Table 4).

From preclinical characterisation, two tracers have evi-
dence of brain penetrant radiometabolites. '*F-JNJ42259152
showed high quantities of radiometabolite in brain tissue of
rats (53% of cerebellum activity, 60 min), which could make
quantification of this tracer difficult. However, the identified
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metabolite is not expected to bind to PDE10A and authors of
human studies claim this does not impact the quantification of
PDE10A with '®F-JNJ42259152 [130]. 'C-Lu AE92686
underwent fast metabolism in NHP, with slow increase in
cerebellum Vp observed throughout the scan, indicating a
brain-penetrating metabolite may be present in small quanti-
ties [141]. The cerebellum V7 increase over time has not yet
been reported in human, preventing the assessment of the
possibility of brain-penetrating metabolite accumulation.

Research in HC with'*F-MNI-695 have investigated map-
ping PDE10A, showing a significant negative correlation of
striatal BPNp with age, as well as increased BPyp in women
over men [135, 283]. " F-MNI-659 has also been successfully
applied to receptor occupancy studies [133, 135].

Disease state imaging with PDE10A tracers

The first investigation into PDE10A in human disease was a
pilot study with "®F-INJ42259152. Significant decrease in
BPnp (alongside MRI volume) was observed in the putamen
and caudate nucleus of HD patients compared with controls
[131]. No significant correlation with disease severity was
observed, although due to the small sample size (n=>5), this
is unsurprising. BPyp images published did, however, hint at
a trend towards significance.

In HD, '®F-MNI-659 BPyp of the basal ganglia structures
was around 50% of HC and showed a strong inverse correla-
tion to both genetic burden (burden of pathology) and clinical
disease rating (motor subscale score) [134]. Additionally,
while both studies had small cohorts, and further studies are
required, these results imply PDE10A is a major feature in HD
pathology. They also support the applicability of '*F-MNI-
659 for PDE10A imaging in HD.

In a cohort of 12 early premanifest HD patients, predicted
several years until onset, ''C-IMA 107 BPyp was significantly
decreased in multiple areas, with the largest in the sensorimo-
tor striatum (—33.0% caudate, —30.5% putamen) as well as
substantial increase in motor thalamic nuclei (+34.5%) com-
pared with HC [139]. Significant correlations between ratios
of motor thalamic nuclei BPyp/striatal BPyp compared with
predicted disease onset [139]. The authors claim this to be the
strongest correlation with risk of symptomatic HD conversion
of any technique, and the earliest in vivo pathophysiological
mechanism identified. No comment was published on corre-
lation directly between striatal BPyp and risk of symptomatic
HD conversion. The motor thalamic nucleus has BPyp values
substantially lower than close proximity structures of the basal
ganglia. As a region, this may, therefore, be susceptible to
partial volume correction errors and show substantial differ-
ences dependent on the analysis method used. Nevertheless,
this study correlates well with that published for '*F-MNI-
659, discussed above, with PDE10A emerging as a potential
therapeutic target and ''C -IMA107 as a suitable tool for
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tracking it in clinical trials. Longitudinal studies will, howev-
er, be required to assess the predictive power of PDE10A
imaging in symptomatic conversion.

In 24 PD patients, a significant reduction in ''C -IMA107
BPyp was found in multiple basal ganglia regions, with the
largest decreases observed in caudate (—28.4%) and putamen
(—25.5%) compared with that in HC [138]. Significant inverse
correlations were found between ''C -IMA107 BPyp, com-
pared with disease duration and severity of motor symptoms
[138]. As the only published PET study of PDEI10A in PD
patients, this work provides substantial justification for further
investigations into the role of PDE10A in PD.

In a study investigating the role of PDE10A in schizophre-
nia, "'C -IMA107 showed no significant difference between
patients and HC in any brain region, with all average differ-
ences within the variability of the tracer from previous test-
retest data [282]. In contrast, ''C-Lu AE92686 showed signif-
icantly lower BPyp in the putamen and caudate nucleus com-
pared with that in HC, but no correlation to symptoms was
found [142].

Conclusions and outstanding issues for PDE10A
tracers

Multiple tracers appear suitable for imaging PDE10A in
humans; therefore, the selection of lead tracer to use in studies
is not straightforward.

No head-to-head studies have been carried out on the
tracers in humans (except MNI-654 and MNI-659), so con-
clusions on the applicability of tracers are subjective.
However, comparison of the HC data collected so far allows
forerunners for clinical imaging purposes to be identified. Due
to its slow kinetics and high variability, '*F-MNI-654 appears
unsuitable for clinical imaging. ''C-T-773 has the highest
quoted Vrin HC, fastest kinetics, and low test-retest variabil-
ity. However, the presence of an unknown off-target binding
site, and the unsuitability of the cerebellum as a reference
region, may restrict use in preference of other available
tracers. ''C-Lu AE92686 also shows high brain uptake and
low variability in high PDE10A regions. The kinetics of ''C-
Lu AE92686 are slower than ideal and the indication of a
possible brain-penetrating metabolite, confounding cerebel-
lum V7, is the drawback of this tracer. Of the remaining tracers,
'SF-INJ42259152, '*F-MNI-659, and ''C-IMA107 all have
appropriate kinetics for clinical imaging, have suitable test-
retest, and have successfully been applied for disease state
imaging. Of the three, '®F-MNI-659 has the highest Vi and
BPnp values; however, it currently has no self-bock in vivo
data available. '*F-JNJ42259152 and ''C-IMA107 both have
convincing selectivity data from in vivo pre-clinical studies.
The low brain uptake of '*F-JNJ42259152 results in low Vi
values, potentially complicating quantification, although
BPynp values remain moderately high. The reverse is the case
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with "'C-IMA107 which shows moderate V1 values but the
lowest BPyp values of the in-human tracers discussed. None
of the in-human tracers is without flaws; however, multiple
tracers appear suitable for clinical studies, with the current
forerunners being '*F-INJ42259152, ''C-IMA107, and '°F-
MNI-659.

FAAH

Fatty acid amide hydrolase (FAAH) breaks down fatty acid
ethanolamide signalling molecules across the brain. These
molecules act on a variety of receptors, including cannabinoid
and vanilloid (TRPV1) receptors. Inhibition of FAAH in-
creases endogenous levels of fatty acid ethanolamide, increas-
ing the activity of associated receptors, potentially without the
observed side effects of direct agonists [269]. Clinical trials
have been instigated to examine FAAH inhibitors as potential
therapeutics for pain, addiction, and Tourette syndrome
(www.clinicaltrials.gov). Two FAAH tracers have been
translated clinically to aid in studies of this enzyme, one
which binds irreversibly, ""C_.CURB, and one reversibly,
"'C-MK-3168.

Selectivity data for FAAH tracers

Both FAAH tracers showed promising pre-clinical
blocking profiles in pre-clinical models and humans. Ex
vivo data from rats showed ''C-CURB had regional het-
erogeneity in accordance with the known distribution of
FAAH with high uptake in the cerebral cortex, cerebellum,
and hippocampus, compared with that in the hypothalamus
[147]. A high degree of specific binding was found in the
regions investigated upon blocking with cold reference
compound (also known as URB694) and the highly struc-
turally related compound URB597 [147]. In humans, stud-
ies with the structurally dissimilar and selective FAAH
inhibitor PF-04457845 showed an excellent response, de-
creasing the outcome parameter, Ak; (see further explana-
tion below), by over 90% and removing heterogeneity of
this parameter across the brain, giving further evidence to
the selectivity of the tracer [148].

"C-MK-3168 is the other FAAH tracer to be evaluated in
humans and binds reversibly. Pre-clinical data show good
brain uptake and response to blocking with a compound of
the same series, as well as high occupancy with the structur-
ally dissimilar FAAH inhibitor JNJ-42165279 [150, 151].
Additionally, an occupancy study in humans, with JNJ-
42165279, showed high FAAH occupancy, correlating with
dose, and decreased the V1 of C.MK-3168 by over 90% in
multiple brain regions [150].

Pharmacokinetic profile of FAAH tracers

Both tracers showed high brain uptake and distributions in
line with FAAH distribution and similar TRV. With the
different binding pharmacokinetics, analysis methods and
outcome parameters for the two tracers are substantially
different. Modelling of ''C-CURB revealed an irreversible
two-tissue compartment model (2-TCMi) gave the most
accurate fit, giving the outcome parameter of scans as Ak;
[146]. Here, ks is the rate constant into the irreversibly
bound compartment and A is K/k,, equivalent to the equi-
librium distribution volume of the ligand in the free and
non-specifically bound compartment. ''C-MK-3168 has
the more intuitive outcome parameter of V measurements,
but suffers from slow kinetics at baseline and rapid metab-
olism in humans (< 5% parent after 30 min), with no pub-
lished data on the nature of the metabolites. However, from
the occupancy data reported, this does not appear to cause
issue. Originally, white matter was proposed as a reference
tissue for ''C-MK-3168 but a decrease in white matter
signal was associated with blocking (< 15%) and poorer
repeatability reported [152]. Additionally, no reference tis-
sue method was used in the subsequent clinical trial
employing ''C-MK-3168 [150]. These observations sug-
gest that white matter is not a suitable reference tissue for
''C-MK-3168.

The binding of ''C-CURB has been found to be linked to
variation in a common nucleotide polymorphism on the
FAAH gene (C385A, associated with increased risk of addic-
tion); the Ak; of ''C-CURB was found to be significantly
lower (—23%) in those with the A allele (A/C+A/A) than
those with the C/C alleles [149]. While the authors suggest
the change may represent a decrease in Biy,.x, the possibility of
decreased ''C-CURB binding affinity has not been ruled out,
especially as the polymorphism alters a nucleotide close to the
catalytic site [149]. Either way, controlling for this polymor-
phism in further studies employing ''C-CURB will be neces-
sary. A further study by the group investigated the effect of
cannabis and found significantly lower (—14% ''C-CURB
Mgy values) in cannabis users vs HC, and a negative correla-
tion with clinical impulsiveness scale assessments [284]. In
both reported studies, one subject with the A/A polymorphism
was included and had the lowest Ak; value from each cohort,
implying an A-allele dose-response may be present. For ''C-
MK-3168, no work has been published on the effect of C385A
polymorphisms on binding properties.

Conclusions and outstanding issues for FAAH tracers
These two tracers represent the first successful strategies to
image FAAH in humans, proving feasibility of PET studies

for this target. While the kinetics of ''C-MK-3168 are rela-
tively slow, reversible tracers are preferred as quantification is
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easier and outcome parameters are more intuitive than their
irreversible counterparts, such as for ""C.CURB.
Nevertheless, both tracers have shown repeatability of their
outcome parameters in humans and appear suitable for occu-
pancy studies. The effects of the C385A polymorphism are a
complicating factor for "'C_CURB studies; however, charac-
terisation of the polymorphism impact will now be expected
for all FAAH tracers.

Overall limitations and future directions

Substantial progress has been made in multiple areas; howev-
er, many important targets have no suitable tracers in human.
Misfolded proteins, such as «-synuclein which generates high
interest in PD research and transactive response DNA-binding
protein (TDP-43), emerging as a key molecular target in
amyotrophic lateral sclerosis (ALS) and frontotemporal de-
mentia [285], have proven to be difficult targets for
radioligand development. Glutamate is the major excitatory
neurotransmitter within the CNS, yet despite some success
in the development of metabotropic glutamate receptor PET
ligands, there are no useful radioligands for the major inotro-
pic glutamate receptors, including direct targeting of AMPA,
or any NMDA or kainate subtypes. Likewise, for y-
aminobutyric acid (GABA), the most widely distributed in-
hibitory neurotransmitter in the CNS [286], the majority of
subunits of GABAR (the major type found in the CNS) are
lacking selective PET tracers, with none available for
GABAgR or GABACR.

Tracers able to image different aspects of targets are also
desirable. Investigating the downstream effects of drugs on
other CNS systems, by imaging of targets other than those
directly bound by the drug, is becoming increasingly impor-
tant to unpick the complex cascade processes within the brain
[287]. The availability of PET tracers responsive to the recep-
tor occupancy of endogenous neurotransmitters allows these
effects to be explored, as has been the case for dopamine [288,
289]. Recent developments have provided evidence for the
feasibility of imaging endogenous opioids [290], acetylcho-
line [291], and 5-HT [292] and this is an area that has the
potential of expanding into other neurotransmitter systems.
Allosteric modulators are an area of high interest in drug de-
velopment programmes, with candidates binding away from
the active site of the target. These in themselves provide dis-
tinct binding sites for PET tracers, enabling characterisation of
target and allosteric ligand binding.

The development of PET tracers for new targets is chal-
lenging, with intensive screening processes required in devel-
opment phases. Drug development campaigns in industry
generate large compound libraries with associated screening
data not available in the literature. These data provide impor-
tant information on selectivity for PET tracer development
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programmes. Thus, one strategy to aid efficient PET tracer
development could be precompetitive partnering with indus-
try and academia to share data to identify and characterise the
best tracers. This, in turn, could provide valuable new PET
tools for industry to use in development and clinical trial
programmes

Overall conclusions

Our review identified 40 new tracers across 16 different
CNS targets available for imaging in humans. The high
number of CNS PET tracers for tau, P2X7, and PDE10A
translated into humans within this timeframe shows the
impetus for developing imaging tools to explore new tar-
gets in vivo. The selectivity and pharmacokinetic data we
have summarised allow tracers to be compared and in-
formed choices on which tracer to be selected for future
studies made, as well as identifying information that needs
to be determined to fully characterise some tracers. Many
of the discussed tracers have the potential to make substan-
tial contribution to the characterisation of diseases and
drug development programmes, with some already having
multiple in-human results published.

There are also, however, a number of recurrent issues that
emerge throughout the review.

Lack of pre-clinical in vivo blocking studies

Of the 40 tracers discussed, less than half have robust pre-
clinical blocking studies published (defined as analogous
and heterologous block in vivo corresponding to high RO).
In vitro selectivity profiles, while useful for screening, are
insufficient to prove in vivo selectivity but are repeatedly
quoted as proof of tracer selectivity. Multiple tracers discussed
have been used in clinical studies where the validity of find-
ings may therefore be compromised due to the lack of char-
acterisation, as seen in the tau imaging field.

High and consistent molar activity

It is well known that ‘low’ molar activity will cause occupa-
tion of the target site due to self-block, effecting outcome
parameters. However, the quantity of injected mass that would
cause a non-negligible self-block is dependent on multiple
factors including the target density and affinity of tracer for
the target and is often not well characterised in humans.
Therefore, the validity of results from studies using poor mo-
lar activity, or significantly different injected masses between
groups, may be questioned, reducing confidence in results.
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Characterisation of off-target sites

Multiple tracers discussed have evidence of off-target binding
sites. For some, such as 'C-LY2795050 and ''C-Cimbi-36,
off-target sites are known and characterised, allowing assess-
ment of when this limitation will and will not impede study
outcomes. For others, however, the off-target site(s) are un-
known, preventing informed decisions on potential outcome
parameter impact, raising concerns on biological outcomes,
and ultimately reducing tracer usefulness.

Addressing these issues will increase the chances of devel-
oping useful PET tracers for the CNS and help prevent late-
stage issues arising. Notwithstanding these issues, the large
number of tracers for new CNS targets identified in this re-
view indicates there is considerable potential to advance un-
derstanding of brain function across disorders and informs the
development of new therapies.
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