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Abstract

The translocator protein 18kDa (TSPO) is expressed in the outer mitochondrial membrane and

is implicated in several functions, including cholesterol transport and steroidogenesis. Under
normal physiological conditions, TSPO is present in very low concentrations in the human brain
but is markedly upregulated in response to brain injury and inflammation. This upregulation is
strongly associated with activated microglia. Therefore, TSPO is particularly suited for assessing
active gliosis associated with brain lesions following injury or disease. For over three decades,
TSPO has been studied as a biomarker. Numerous radioligands for positron emission tomography
(PET) that target TSPO have been developed for imaging inflammatory progression in the

brain. Although [11C]PK 11195, the prototypical first-generation PET radioligand, is still widely
used for /n vivo studies, mainly now as its single more potent /R-enantiomer, it has severe
limitations, including low sensitivity and poor amenability to quantification. Second-generation
radioligands are characterized by higher TSPO specific signals but suffer from other drawbacks,
such as sensitivity to the TSPO single nucleotide polymorphism (SNP) rs6971. Therefore, their
applications in human studies have the burden of needing to genotype subjects. Consequently,
recent efforts are focused on developing improved radioligands that combine the optimal features
of the second generation with the ability to overcome the differences in binding affinities across
the population. This review presents essential principles in the design and development of TSPO
PET ligands and discusses prominent examples among the main chemotypes.
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1. INTRODUCTION

The translocator protein 18kDa (TSPO), formerly known as the peripheral-type
benzodiazepine receptor (PBR), is mainly located at the outer mitochondrial membrane [1].
TSPO is an evolutionary well--conserved and tryptophan-rich 169-amino acid protein and
consists of five transmembrane a-helices, each composed of 21 residues that span the entire
membrane bilayer with a carboxyl terminus located outside the mitochondria and an amino-
terminal inside. Li et a/. first described a cholesterol recognition amino acid consensus
sequence (CRAC) in the carboxyl terminus of TSPO [2]. TSPO generally functions as a
monomer [3], but forms oligomers with itself (homo-oligomers) or other proteins, such as
the voltage-dependent anion channel (VDAC), adenine nucleotide translocase (ANT), and
steroidogenic acute regulatory protein (StAR), thus forming what has become known as the
mitochondrial permeability transition pore (MPTP) [4].

In recent years, structural information on TSPO has been obtained by different methods.

In 2014, Jaremko et al. determined the three-dimensional high-resolution structure of
mouse TSPO (mTSPO) in complex with its high-affinity ligand (/)-PK11195 (Fig. 1)

by means of NMR spectroscopy [5, 6]. In the structure of the complex, PK11195 is
strongly bound to a hydrophobic cleft within the helical bundle. When complexed with
PK11195, the structure of mTSPO appears very rigid; however, by contrast, mTSPO showed
conformational flexibility when the same analysis was performed in the absence of a high-
affinity ligand [7]. Soon after this study, crystal structures of TSPO homologues from two
bacteria, Rhodobacter sphaeroides (RsTSPO) [8] and Bacillus cereus (BcTSPO) [9], were
resolved by X-ray crystallography. They confirmed that monomeric TSPO produces dimers
in the membrane, with each monomer composed of 5 TM helices.

TSPO plays a pivotal role in the rate-limiting step of steroidogenesis, namely the
translocation of cholesterol across the outer to the inner mitochondrial membrane. Here,
cholesterol is converted by the cytochrome P450 side-chain cleavage enzyme (P450ssc)
into pregnenolone, which is the first precursor for all neurosteroids and which exerts
potent antidepressant, anxiolytic, sedative, anticonvulsant, amnesic, and analgesic effects,
mostly by positively modulating the y-aminobutyric acid type A receptor (GABAAR)

in an allosteric manner. Furthermore, the generated neurosteroids exert neurotrophic,
neuroprotective, antiapoptotic, and anti-inflammatory activities in several animal models
of cerebral ischemia, traumatic brain and spinal cord injury, peripheral neuropathy, and
neurodegenerative pathologies [10-12]. In addition, TSPO takes part in a wide breadth
of physiological processes such as immunomodulation, mitochondrial metabolism and
function, apoptosis induction, cell respiration, and oxidative processes, cell growth and
differentiation, and regulation of immune functions [13-16].

Under physiological conditions, TSPO is widely distributed among most peripheral organs
including the heart, kidney, lungs, nasal epithelium, and adrenal glands with the highest
concentration in steroid-producing tissues. Lower expression is observed in the liver and in
resting microglial and neurons of the healthy brain [17].
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TSPO expression is altered in a variety of human diseases [18, 19]. In the central

nervous system (CNS), TSPO is largely upregulated in microglia cells by inflammatory
stimuli. Moreover, reactive astrocytes have been found to overexpress TSPO. High TSPO
expression in glial cells is implicated in several neurodegenerative and neuroinflammatory
diseases including Parkinson’s disease, Huntington’s disease, dementia, amyotrophic lateral
sclerosis, Alzheimer’s disease, multiple sclerosis [20], and some psychiatric disorders [21].
Overexpression of TSPO has been also observed in some neoplastic diseases including
breast, colorectal, hepatocellular cancers, as well as glioma and adenocarcinoma. A
correlation between TSPO levels and the metastatic potential of human breast cancer and
brain gliomas has been supposed. Moreover, alterations in TSPO levels have been observed
in patients with generalized anxiety (detected in lymphocytes and platelets), schizophrenia
[22], panic, post-traumatic stress [23], and obsessive-compulsive disorders [24]. Changes in
TSPO expression have been also observed during ischemia-reperfusion injury [25]. Finally,
TSPO might also serve as a potential imaging marker for brown adipose tissue (BAT) mass,
because of its distinctly high abundance in mitochondria [26].

Because of TSPO overexpression is associated with several pathological conditions, this
protein represents an especially valuable biomarker that could assist diagnosis, predict
clinical outcomes, and quantify response to therapeutic interventions for various diseases, in
particular neurodegenerative [27-29] and neuropsychiatric disorders [30] but also cancer
[31] and inflammatory pathologies [32]. These findings supported considerable efforts
toward the design of radioligands for the /n vivo imaging of TSPO by positron emission
tomography (PET).

In this review, we will briefly elucidate concerns with regard to the imaging of TSPO with
PET and the basic principles behind the development of adequate radioligands. We will
focus on the medicinal chemistry that has led to the design and development of the various
TSPO PET radioligands that have appeared in the literature.

2. BINDING OF TSPO LIGANDS AS AN INDIRECT INDEX OF NEURONAL

DAMAGE

Because of its non-invasive nature and its ability with suitable radioligands to measure
selected proteins at low concentrations, PET can provide quantitative /n7 vivo biological
information and play an important role in disease diagnosis and progression and in therapy
assessment [33].

Molecular imaging by PET may allow detection and quantification of brain inflammatory
status and, therefore, may be a useful tool for diagnosis, therapy monitoring, and for

the development of novel putative treatments. In this context, TSPO is the prototypical
imaging target in neuroinflammation. PET imaging using TSPO as a biomarker has provided
important insights into the progression of an expanding list of neurodegenerative and other
diseases. However, after almost 4 decades of research, it is recognized that TSPO as
inflammatory biomarker has some important limitations. Also, there are some surrounding
misperceptions of TSPO pervading the scientific community. Recently, research is focused
on the exploration of new targets and tracers for PET imaging of microglial activation.
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Other receptors and enzymes are altered during neuroinflammation such as P2X7 receptors,
monoamine oxidase-B (MAO-B), cyclooxygenase-2 (COX-2), cannabinoid receptor type 2
(CB2) and tissue transglutaminase (TG2). For these targets, some PET radiotracers have
already been developed and evaluated in preclinical and clinical models. Discussion about
these emerging targets and the advantages/disadvantages of using specific ligands as PET
tracers in neuroinflammatory-based diseases can be found in recent reviews [34-36].

The measurement of neuroinflammation by TSPO PET imaging and reliable correlation
with brain pathology is quite complex. /n7 vitro experiments, using receptor autoradiography
or receptor binding assays, validate TSPO to be a marker of neuroinflammation. The
experimental conditions are regulated and maximized to obtain the best signal-to-noise ratio
and increases in radioligand binding to TSPO in the regions affected by neuroinflammation
are easily detected and compared to the very low levels of TSPO in healthy areas. By
contrast, the /n7 vivo application of TSPO as a biomarker to quantify inflammation and
correlate it with disease progression has raised important warnings that require consideration
to avoid misinterpreting PET-imaging results. Firstly, in living animal models or humans,

a complex environment composed of different kinetic compartments has to be considered.
In addition, critical parameters including blood circulation, permeability through the blood-
brain barrier (BBB), metabolism, and excretion need to be considered. Furthermore, TSPO
is abundantly expressed in peripheral organs and most of the injected TSPO radioligand
will bind in these areas. Although most human studies have demonstrated statistically
significant increases of TSPO binding in areas of injury expressing activated glial cells,

the amount of signal varies amongst the different neurological diseases and their different
stages. Representative results of TSPO PET imaging in inflammatory models or diseases, as
well as a detailed discussion of obstacles in the identification of neuroinflammation by use
of TSPO PET imaging can be found in recent reviews [34, 36, 37].

3. TSPO RADIOLIGAND PROPERTIES THAT INFLUENCE IMAGE QUALITY

IN PET

A crucial aspect of TSPO PET imaging is to establish which radioligand to use. The ideal
PET radioligand has to fulfill criteria other than those that apply to drug molecules, and
different aspects have to be considered when developing lead compounds into either drugs
or PET ligands. The prototypical radioligand [11C](#)-PK11195 (Fig. 1), developed as its
racemate in 1984, is still the most widely used PET radioligand to localize TSPO and
visualize changes in its expression level changes /n vivo. Nevertheless, this radioligand has
several limitations that have encouraged the search for better ones. Several new classes

of ligands have been developed but, unfortunately, to date no one radioligand meets all
requirements to be ideal for imaging TSPO. This section discusses the main issues to be
considered in the design of a TSPO PET ligand, while the different compound classes and
their members will be reviewed in the subsequent section.

3.1. Affinity and Selectivity

In general, for PET ligands, high affinity is particularly crucial for obtaining a target-
specific signal. TSPO in the brain is expressed at very low levels, and it is mandatory
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for a radioligand to show a very high affinity in the low nanomolar to the subnanomolar
range. In fact, the required affinity for a successful PET ligand is related to the maximum
concentration of available target binding sites (Bmax) in a brain region. Therefore, the lower
the expression level, the higher the affinity required for a radioligand to show /n vivo
specific binding. It has been suggested that an adequate radioligand should have an /n vivo
Bmax! Kq value greater than ten [38], even if there are some notable exceptions. Similarly,
high selectivity for TSPO is essential to avoid specific interactions with other targets.
Moreover, the selectivity required for the radioligand is related to the level of expression and
distribution of TSPO across brain regions.

In contrast to bioactive drugs, high-affinity TSPO radioligands usually need to be
administered in low microgram or sub-microgram amounts to avoid saturating target binding
sites with the non-radioactive ligand. Compliance with the ‘tracer principle’, namely lack of
perturbation of the biological system by the radioligand, must also be ensured by low mass
injection.

3.2. Lipophilicity

In the design of a TSPO radioligand, the lipophilicity of the molecule has to be taken into
major consideration, as it will influence the extent of nonspecific binding and the ability to
cross the BBB. Nonspecific binding results from the ability of a compound to bind without
specific or saturable interactions with membranes, proteins, lipids, or other cell components.

Undesirable lipophilicity is one of the main factors why a high-affinity radioligand may
have major limitations for PET imaging. In fact, lipophilicity is one of the main features
that make [11C](R)-PK11195 an inadequate TSPO radioligand. In practice, nonspecific
binding may be evaluated in a TSPO blocking experiment and is often found to correlate
with radioligand lipophilicity [39, 40]. Conversely, lipophilicity strongly influences the
ability of a compound to penetrate the BBB. Like all small druglike molecules, PET
ligands usually exploit only passive diffusion to cross the lipid bilayer of the BBB from
plasma into the brain. As predicted by Lipinski’s Rule-of-Five and Jorgensen’s Rule-of-
Three, passive diffusion is favored for compounds with a molecular weight below 500 Da
and having suitable lipophilicity. Therefore, while very high ligand lipophilicity induces
excessive nonspecific binding, low lipophilicity reduces BBB permeability. The log D value
at physiological pH of 7.4 for a brain PET radioligand should be in the range of 1 to 4

with the optimal value of log D being around 2.2 [41]. It is worth mentioning that there are
other important physical and chemical properties that influence brain entry; for example,
some compounds may be recognized by one or more efflux transporters that decrease brain
uptake. All these issues should be considered in the design of a PET radioligand [42-44].
Prediction models to define the optimal physical and chemical properties for radioligand
design are now available [45].

3.3. Appropriate Radionuclide

Two radionuclides that are commonly used to label TSPO PET radioligands are carbon-11
(1C) and fluorine-18 (18F). The main appeal of 18F is its longer half-life (t;, = 109.8 min)
relative to that of 11C (ty/, = 20.4 min). This may permit commercial radioligand distribution
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of 18F-labeled ligands to clinical PET centers that lack radiochemistry facilities. In addition,
fluorine-18 can give PET images with somewhat higher spatial resolution than carbon-11
due to its lower positron energy, although this is rarely a major consideration [46-47].
Short-lived carbon-11 cannot be transported to remote facilities and the final radiotracer has
to be in close proximity to the site of synthesis. However, an advantage of carbon-11 for
local use is that one subject may be injected more than once on the same day with the

same radioligand, where injections are separated by a period allowing almost full radioactive
decay after the first injection (/.e. 10 half-lives or 3.3 hours). This can be convenient to
obtain a baseline experiment followed by an experiment in which some pharmacological or
other challenge is made on the same subject. In general, the fast decay of carbon-11 means
that the radiation burden on the subject is well within approved limits [48].

Whereas fluorine atoms are not common constituents of biomolecules, carbon is
ubiquitously present and the isotopic replacement of natural abundance carbon with 11C
does not affect the physicochemical and biochemical properties of the molecule. As will

be explained in detail below, almost all TSPO radioligands developed so far have a tertiary
N-methyl amido position that is usually readily labeled by 11C-methylation. Even if fluorine
is usually absent in a TSPO ligand, in many ligands fluorine might be inserted at a
hydrogen position which is one of the most common bioisosteric replacements in medicinal
chemistry [49]. The replacement of hydrogen for fluorine in an organic molecule induces
only minimal steric perturbation as the van der Waal’s radii of fluorine and hydrogen

are similar (1.35 and 1.20 A, respectively), but more significantly increase molecular
weight. The strong electron-withdrawing property of fluorine is reflected in the dipole
moment of the carbon-fluorine bond and this could alter the electronic properties of the
molecule and consequently the biological behavior. The replacement of a hydrogen atom
with fluorine would be expected to modestly increase the lipophilicity of a molecule based
on the rt coefficient of 0.14 determined for fluorine [50, 51]. However, fluorination of

a molecule does not necessarily lead to an increase in lipophilicity and this bioisosteric
substitution reduces the overall lipophilicity in some structural environments. Therefore,
labeling with fluorine-18 usually results in modification of the physicochemical properties
and biological activity of known ligands. In addition, the exchange of hydrogen by fluorine
is a well--validated approach in medicinal chemistry to modulate metabolism, because the
electron-withdrawing properties of fluorine and the high strength of the carbon-fluorine
bond render the latter chemically resistant under most biological conditions. Nevertheless,
almost all PET radioligands undergo appreciable metabolism over the time course of a PET
scan, sometimes generating radiometabolites that are able to cross the BBB and affect brain
radioligand quantification. It is to be pointed out that 18F-labeled ligands may be subject

to peripheral radiodefluorination resulting in [18F]fluoride ion in plasma that will be taken
up in bone. If the radioactivity in the skull becomes appreciable, the accurate measurement
of radioactivity in brain regions near the skull, such as in the neocortex, will be markedly
compromised. Although it is not possible to anticipate the susceptibility of an 18F-labeled
compound to be radiodefluorinated in human subjects, in general, fluorine-18 atoms bound
to carbons in benzene or pyridine rings are generally expected to show strong resistance to
metabolic defluorination. It is well known that radioligands labeled with fluorine-18 in an
aryl methoxy group are susceptible to radiodefluorination, while fluorine-18 present at the
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terminus of a straight saturated alkyl chain of two or more carbons is usually more resistant
to defluorination in human subjects.

In TSPO radioligand development, the preparation of 18F-labeled ligands is often
concomitant with the synthesis of 11C-labeled analogues. Fluorine-18 is frequently inserted
at a benzene ring, in an A-methyl or A-ethyl position, or at the end of an aryl fluoroalkoxy
groups. A discussion of the common methods for the incorporation of carbon-11 or
fluorine-18 into small organic compounds such as TSPO ligands is outside the scope of
this review, but a summary of common methods may be found in reference [41].

3.4. Metabolism and Site of Labeling

In the design of any brain radioligand, the selection of the molecular position for the
label needs to be carefully considered. The easiest and most obvious way of labeling a
molecule may not be the optimal solution, because the metabolism of the PET ligand
needs to be considered. Since PET cannot discriminate between signals from different
radioactive compounds, one or more radiometabolites might severely compromise the
outcome measures from PET experiments. Therefore, in the preliminary evaluation of the
value of a putative TSPO radioligand, it is essential as far as possible to verify that the
radiometabolites that are formed during data acquisition do not harm the PET signal.

PET ligands should not undergo any significant metabolism within the brain and should

not be metabolized excessively fast in the periphery during the PET scan. Notwithstanding,
peripheral metabolism of a radioligand without generation of radiometabolites that enter the
brain can be beneficial in clearing radioligand from plasma and hence also for clearing
nonspecific binding from the brain because of the rapid dynamic equilibrium of free
radioligand that will exist between plasma and brain.

Lowering the nonspecific binding increases the signal-to-noise ratio (binding potential,

BP). If the metabolism occurs only in the periphery and not within the brain, an effective
strategy for avoiding radiometabolite entry into the brain is to judiciously position the

site of labeling. If the metabolism yields radiometabolites with high lipophilicity, they
might be able to cross the BBB and thereby add to the combined PET image with the

parent radioligand. On the other hand, if radioligand metabolism produces only hydrophilic
radiometabolites that are not able to enter the CNS, there is likely no contamination of

the final images [43]. Therefore, in the development of PET radioligands, it is not unusual
to design and synthesize radioligands that differ only in the molecular position of the
radiolabel. This strategy may not only result in better radioligands but may also allow

a useful test of whether radiometabolites contaminate the PET signal. If changing the

site of labeling in the same ligand furnishes identical signals, it is very likely that there

is no contamination by radiometabolites; if the outcomes are different, the presence of
radiometabolites is an issue for at least one version of the radioligand [41]. Further evidence
of whether radiometabolites contaminate the signal in the brain can be obtained by assessing
the stability of the measured volume of distribution (V4), (or preferably after correction of
this parameter for the free fraction of radioligand in plasma 7)), over the period of data
acquisition during a PET scan at baseline. V4 increases with an increase in specific binding
and is an important output measure from a baseline scan. V4 is composed of the sum of the
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volume of distribution of specific binding (V5) and the volume of distribution of nonspecific
binding (Wp). Ingress of radiometabolites into the brain will likely increase W p and
therefore V4. Values of V4/#5 (or V4) that show time instability suggest radiometabolite
contamination in the brain.

Nucleotide Polymorphism in the TSPO Gene

In 2008, during the development of [*1C]PBR28 (see Section 4.3), clinical PET studies that
were aimed at evaluating the ability of this new ligand to quantify TSPO in the human

brain revealed that a small percentage (~14%) of healthy subjects presented no significant
specific binding of [11C]PBR28 in the brain and peripheral organs. This was a remarkable
finding because non-binding to TSPO had never been reported with [11C](R)-PK11195,
despite its use for decades [52]. The reason for this finding was not initially understood and
various hypotheses were considered. Nevertheless, this observation paved the way for one
of the most important discoveries in the TSPO radioligand field, the influence of a single
nucleotide polymorphism (SNP) in the TSPO gene. Later studies revealed similar findings
for other TSPO radioligands. Together, these findings suggested the existence of three
different human subject categories, now called high-affinity binders (HABS), low-affinity
binders (LABSs), and mixed-affinity binders (MABSs) [44, 53]. It was then demonstrated

that the TSPO bhinding affinity category correlates with the presence of a SNP (rs6971)

in the TSPO gene that leads to an amino acid substitution (Alal47Thr, A147T). HABs

are homozygous for wild-type TSPO, whereas MABs are heterozygous, and LABs are
homozygous for the Alal47Thr TSPO [54]. Thus, individuals with the same TSPO density
but different genotypes will produce different PET signals. Crystal structures of TSPO

from Rhodobacter sphaeroides and a mutant that mimics the human A147T polymorphism
suggested that this substitution alters the structure of TSPO, including decreasing the
distance between the second and fifth transmembrane domains and that this change in
conformation impacts the binding of almost all reported TSPO ligands, which bind the
mutant TSPO with lower affinity [8]. The relevance of the SNP rs6971 in TSPO to the
interpretation of clinical PET data is evident. Although each radioligand has a unique level
of sensitivity, as depicted in the next section, studies with TSPO radioligands must take SNP
rs6971 into account by doing TSPO genotyping before imaging. This task is an unwelcome
extra burden in any PET study. Often LABs must be excluded because the brain has too little
uptake to quantify and studies that include HABs and MABs need a suitable correction for
binding levels across genetic groups [55]. It is not surprising, therefore, that recent efforts in
TSPO radioligand design have focused on the development of ligands with low SNP rs6971
sensitivity.

4. CHEMICAL CLASSES OF TSPO RADIOLIGANDS

To date, several dozen TSPO radioligands have been synthesized and have undergone
preclinical or clinical evaluation to image the expression of TSPO, principally in the
brain. Considering the aforementioned properties, TSPO radioligands are conventionally
classified into three generations. First-generation TSPO PET radioligands include only
the benzodiazepine [11C]R05-4864 (Section 4.1, Fig. 2 and, above all, the isoquinoline
carboxamide [11C](R)-PK11195 (Section 4.2, Fig. 1). Even if the latter is still the most
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widely used PET radioligand to localize TSPO and visualize its expression level changes

in vivo, [11C](R)-PK 11195 has a relatively moderate receptor affinity, is highly lipophilic,
and has a low brain uptake. Second-generation TSPO PET radioligands comprise almost

all those developed to circumvent the limitations of [11C](R)-PK11195. They have arisen
from different structural classes, feature higher affinity and lower lipophilicity, and therefore
have improved TSPO specific signals and superior imaging characteristics compared to
[11C](R)-PK11195. However, unlike [11C](R)-PK11195, the second-generation radioligands
suffer from sensitivity to SNP rs6971, with the ratio of affinity for the two alleles varying
considerably across different radioligands. Third -generation TSPO radioligands were
developed with the aim to combine the high TSPO specific signals of second-generation
ligands and the low sensitivity to SNP of [11C](R)-PK11195. To date, only two compounds,
namely [18F]GE180 (Section 4.5) and [11C]ER176 (Section 4.2), are included as lowly
rs6971 sensitive third-generation TSPO PET ligands.

TSPO radioligands will be described in detail in this section. Table 1 summarizes
the chemical classes of TSPO radioligands, representative compounds, and the leading
properties to be considered in the early stages of development.

Although these compounds belong to different chemical classes, almost all share common
structural characteristics. Indeed, they exhibit a central aromatic planar core featuring an
acetamide function, which is a crucial requirement for efficient binding to the receptor. In
addition, the central planar skeleton is directly linked to an aromatic ring [56].

4.1. Benzodiazepines

The benzodiazepine R05-4864 (Fig. 2) has a nanomolar affinity for TSPO and a 1000-fold
lower affinity for central benzodiazepine receptors and was the first compound reported

as a specific TSPO ligand. Therefore, it was speculated that radiolabeled derivatives could
be useful tools for nuclear imaging of neuroinflammation. However, early PET studies
performed with [11C]R05-4864 in human subjects with gliomas failed to demonstrate
higher radioactivity levels in gliomas than in healthy brain regions. Similar disappointing
results were obtained /n vitro, [11C]R05-4864 exhibited little binding in surgically removed
samples of human gliomas [57]. These poor results could be ascribed to different reasons,
such as nonspecific lipophilic and electrostatic interactions between the radioligand and
brain tissue and a species-dependent binding [58]. Substitution of iodine for chlorine at
either the 7- or 4'- position of Ro5-4864 resulted in only a small decrease in binding
affinity for TSPO. Thus, an iodo-ana-log of R05-4864 was radiolabeled to yield a potential
SPECT ligand [59]. /7 vivo binding of [1251]R05-4864 to TSPO located in C6 glioma
tissue was used to image the tumor by autoradiography. However, no successful SPECT
imaging was reported. The limitations of benzodiazepines as tools for TSPO PET imaging
and the concomitant discovery of the isoquinolinecarboxamide class as more effective TSPO
ligands, have rendered this class of compounds unworthy of further development.

4.2. 3-Isoquinolinecarboxamides, Quinoline-2-Carboxamides, and Quinazolines

The 3-isoquinolinecarboxamide [11C]PK11195 (Fig. 1) was synthesized in the same year
as [11C]R05-4864 [60] and immediately shown to be superior. Indeed, [11C]PK11195
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displayed higher overall uptake and higher specific binding in gliomas than [11C]R05-4864
[57]. Initially used as a racemate (K = 9.3 nM), further /in vivo studies revealed that the (R)-
e-nantiomer was retained to a significantly greater extent than the (S)-enantiomer in sites
enriched in TSPO binding sites. These results agreed with /n vitro binding experiments that
showed that the (R)-enantiomer has 2--fold greater affinity for TSPO binding (Kj = 2.9 nM,
human) than the (S)-enantiomer [61]. [11C](R)-PK11195 represents the prototypical first-
generation TSPO radioligand and has been used for decades to image TSPO in neurological
and psychiatric disorders. Even if [11C](R)-PK11195 is in several aspects inferior to newer
radioligands, it has still been widely used in clinical trials to assess the role of activated
microglia in cognitive impairment [62], amyotrophic lateral sclerosis [63], psychosis [64],
fibromyalgia and complex regional pain syndrome [65], Creutzfeldt-Jakob disease [66]

and other neurodegenerative disorders. However, [11C](R)-PK11195 suffers from critical
limitations that reduce its value as a PET imaging agent. One of the main concerns is

its high lipophilicity (logDy4 = 3.97), which leads to a high level of nonspecific binding.
This, in combination with its only moderately high affinity, results in a poor signal-to-noise
ratio and low specificity in PET imaging. Other issues are high plasma protein binding and
low brain permeability, which further complicate its accurate quantification [67, 68]. For
these reasons, the reduced ability to detect subtle changes in TSPO density makes [11C](R)-
PK11195 unsuitable for nuclear imaging in some diseases [69]. Despite these limitations,
[*1C](R)-PK11195 shows remarkably low sensitivity to SNP rs6971 Jn vitro, although it may
have some sensitivity /n vivo [44].

An analogue of PK11195 with the longer-lived fluorine-18 label has been prepared, namely
[18F]PK 14105, (Fig. 3). This radioligand showed a slight decrease in binding affinity with
respect to PK11195 /n vitro and no advantages in preliminary studies /n vivo [70, 71].

Several quinoline-2-carboxamides have been designed as conformationally restrained
analogues of PK11195 (Fig. 4). The highest affinity representatives of this class, VC193M
(/G50 = 2.1 nM), VC198M (/G50 = 2.9 nM), and VC195M (/Csp = 2.1 nM), were labeled
with carbon-11 to assess their potential for TSPO imaging [72]. At first, they were evaluated
for imaging microglia activation in neurodegenerative processes [73]. Only [11C]VC195
gave results comparable to those obtained with [11C](/)-PK11195. The fluoromethyl
derivative [11C]VC701 showed an /Cs value of 0.11 nM corresponding to about 20 times
more potency than PK11195. Biodistribution experiments in animals showed higher tissue-
to-plasma ratios for [11C]VC701 than for [L1C]VC195, suggesting a lower interaction of this
compound with plasma proteins [74]. Moreover, VC701 was labeled with fluorine-18 for
evaluation of its kinetics and pharmacologic properties in animals. VC701 was found to be
a specific TSPO ligand [75]. However, no studies on the sensitivity of [18F]VC701 to SNP
rs6971 have been reported.

With the aim to improve the signal-to-noise ratio of [11C](R)-PK11195, several 4-
phenylquinazoline-2-carboxamides were designed as TSPO ligand azaisosteres of PK11195.
The replacement of one carbon in the central planar core by a nitrogen atom was anticipated
to confer better druglike character, because of higher hydrophilicity and water solubility
than their quite lipophilic isoquinoline counterpart [76, 77]. Some of these new ligands
were labeled with carbon-11 and evaluated as candidate PET ligands for imaging brain
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TSPO. [11C]ER176 (Fig. 5), the direct 4-azaisostere of [11C](R)-PK11195, was particularly
promising because it offers many radioligand properties that are superior to those of the
parent compound. Indeed, [11C]ER176 was found to have higher binding affinity (rat &;

= 3.1 versus 9.3 nM) and lower lipophilicity (logD; 4 = 3.55 versus 3.97) than [*1C](R)-
PK11195. Moreover, [11C]JER176 exhibited excellent brain kinetics and high TSPO specific
signal in PET studies of monkey [78] and human brains [79]. Remarkably, [\1C]ER176
shows low /n vitro sensitivity to SNP rs6971 as its ratio of binding affinity in HABs to

that in LABs was only 1.3 to 1, a ratio comparable to that of [11C](/)-PK11195. Even if

it displays some sensitivity to SNP rs6971 in vivo, [L1C]ER176 still nevertheless allows
quantitation in LABs and gives high binding potentials for all genotypes compared to
second-generation radioligands [80]. This allows individuals with all TSPO polymorphisms
to be included in PET imaging studies, although binding measurements must still be
corrected for genotype. A study comparing four 11C-labeled TSPO radioligands, [11C](R)-
PK11195, [11C]PBR28, [11C]DPA713, and [11C]ER176, confirmed that [11C]ER176 had

a high signal-to-noise ratio and was least likely to generate radiometabolite that could
penetrate BBB [81]. For these reasons, [M1C]ER176 is, at present, considered the first third-
generation TSPO ligand and is regarded as the best performing radioligand for imaging and
quantifying TSPO [34, 82]. A preferred method for producing this radioligand for human
studies in a CGMP level laboratory has recently been described in detail [83].

Recently efforts have been made to develop an 18F-labeled version of ER176. Six potential
candidates, comprising the o-, m-, and p- fluoro and trifluoromethyl deschloro-phenyl
analogues of ER176, were prepared and labeled in the A-methyl group with carbon-11. All
six radioligands have high TSPO affinity, acceptable lipophilicity, and quite a low genotype
sensitivity /n vitro. They performed well in mice, with the mfluoro ligand concluded to be
marginally superior on the basis of the estimate of the ratio of TSPO specific to nonspecific
binding in mouse brain, which was comparable to that from [1LC]ER176. This ligand,
dubbed FS51 (Fig. 5), was labeled with 18F and gave similar results to the 11C version in
mice [84]. [18F]F-S51 (rat kidney K; = 5.17 nM; logD = 3.09) warrants further evaluation in
higher species.

4.3. Phenoxyarylacetamides

The formal opening of the azepine ring of R05-4864 resulted in phenoxyphenylacetamides
as TSPO ligands (Fig. 6). They generally feature high affinity and specificity. The first
11C-labeled representative of this class was [L1C]DAA1106 [85, 86]. This displayed high
affinity for TSPO in mitochondrial fractions of rat (Kj = 0.043 nM) and monkey (K =
0.188 nM) brains and acceptable lipophilicity (logD = 3.65). After intravenous injection
into mice, [11C]DAA1106 accumulates in high TSPO density brain regions. In rat models
of neuroinflammation [*1C]DAA1106 binds to microglia with higher affinity than [11C](R)-
PK11195 [87]. Several studies confirmed that this second-generation radioligand may be
reliable for PET scanning /7 vivo [88]. In a study to quantify TSPO receptors in patients
with Alzheimer's disease, [11C]DAA1106 showed increased uptake in multiple brain regions
in patients versus age-matched healthy controls [89]. Moreover, [11C]DAA1106 has been
used in PET studies in patients with chronic schizophrenia to verify the involvement of the
glial reaction process in the pathophysiology of the disease [90] and, recently, in healthy
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volunteers to confirm that smokers have impaired inflammatory functioning compared with
nonsmokers. That is smokers have less radioligand binding than non-smokers [91, 92].

Along with the development of [11C]DAA1106, [18F]DAA1106 and other 18F-labeled
analogues were also synthesized and evaluated. [18FJFMDAA1106 was obtained by the
bioisosteric replacement of hydrogen by fluorine in the methoxy group of the parent
compound and [18F]FEDAA1106 was designed by homologation (lengthening the methoxy
chain by CH,) of [28FJFMDAA1106 [93]. As anticipated, [18F] FMDAA1106 displayed
binding affinity similar to the parent compound, while substituting the OCHsz group with
OCH,CH,F was favorable; the K; value (0.078 nM) of [18F]FEDAA1106 was 2-fold higher
than that of [11C]DAA1106, and 10-fold higher than that of [11C]PK11195. However,
[18F]FMDAA1106 was rapidly metabolized by defluorination in mouse plasma and brain.
The PET image of this radioligand in the monkey brain also showed radioactivity in the
bone, indicating that it was not a useful PET ligand because of defluorination /n vivo.

By contrast, its superior homologue [*8FJFEDAA1106 was metabolized in the mouse

by debenzylation to a polar radiometabolite in the plasma and no radiometabolites were
detected in the brain. [18FJFEDAA1106 displayed a high uptake in the monkey brain,
especially in the occipital cortex, with a radioactivity level 1.5 times higher than that

of [11C]DAA1106 [94]. A quantitative analysis of [18F]FEDAA1106 binding to TSPO in
human brain has been reported [95], but a study in control subjects and Alzheimer's disease
patients indicated that TSPO imaging with this radioligand does not enable the detection of
microglial activation in this neurodegenerative disease [96]. With the aim to further reduce
metabolism and defluorination, the position of the label was completely changed and the
[18F] A-fluoroacetyl derivative [18F]PBRO6 (also known as [18F]FBR) was prepared and
evaluated as a PET radioligand [97]. PBR06 showed higher binding affinity than PK11195
but with interspecies variability; the affinity for human tissue was somewhat lower (K =
1.0 nM) than for monkey (K = 0.32 nM) and rat (K; = 0.18 nM). Moreover, it has high
lipophilicity (logD = 4.01) which may improve brain penetration but increase nonspecific
binding. Nevertheless, in the monkey brain, the specific binding of [18F]PBR06 was greater
than 90% of its total uptake. Biodistribution data in humans showed that this radioligand
had negligible defluorination. High levels of radioactivity were observed in organs of
metabolism and excretion, such as the liver and gallbladder. These relatively high doses to
organs of metabolism and excretion must be considered in the clinical use of this radioligand
[98, 99]. Nevertheless, [18F]PBRO6 has been widely studied in many neurological disease
models, such as Huntington’s disease [100] and stroke-associated neuroinflammation [101].

On the basis of the classical bioisosteric equivalence of phenyl and pyridinyl groups,
phenoxypyridinylacetamides have also been developed as less lipophilic derivatives of
phenoxyphenylacetamides (Fig. 7). [11C]PBR28 exhibited high affinity for TSPO in rat
(K; = 0.68 nM), monkey (K;j = 0.94 nM), and human (K = 2.5 nM) mitochondria and, as
expected by carbon-nitrogen replacement, showed lower lipophilicity (clogD = 2.95) than
[11C]IDAA1106 (clogD = 4.28) [102]. Brain and whole-body imaging in monkeys showed
that [11C]PBR28 had high levels of specific binding in the brain, about 80-fold higher
than that of [11C](R)-PK11195 [44, 103]. This radioligand has been used in humans to
study disease progression in several disorders that involve microglia activation, such as
Alzheimer's disease [104, 105], multiple sclerosis [106], autism spectrum disorders [107],
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Huntington's disease [108], rheumatoid arthritis [109] and others. [11C]PBR28 was also used
to compare brain TSPO levels in tobacco smokers and non-smokers [110]. However, several
studies proved that [11C]PBR28, compared with other second-generation ligands, is very
sensitive to SNP rs6971 [111]. Indeed, the differences in affinity between HABs and LABs
are about 50-fold with [11C]PBR28, and greater than about 17-fold with [18F] PBR06, and
4-fold with [11C]JDAA1106. Therefore, all clinical studies performed with this radioligand
without determination of genetic polymorphism must be considered with very high caution
[54].

[18F]FMPBR28 is the fluoromethyl derivative of [11C]PBR28. As expected from the
bioisosteric replacement of fluorine for hydrogen in the methoxy group, its binding affinity,
measured in human leukocyte membranes, is similar to that of PBR28 (/G5 = 8.28 nM
versus 8.07 nM). The two compounds also exhibited comparable lipophilicity (logD = 2.85
versus 2.82). Although these two radioligands have almost identical TSPO affinities /n
vitro, they exhibit different pharmacokinetic profiles. In a rat model of neuroinflammation,
[18F]FMPBR28 performed better than [11C]PBR28 [112]. However, in a rat model of
experimental autoimmune myocarditis, [18w, [28F]CB251 (Section 4.4) provided a more
specific TSPO uptake in the inflammatory heart [113].

The replacement of the fluoromethyl moiety in [18F]FMPBR28 with fluoroethyl, gave
[18F]FEPPA, a phenoxypyridinylacetamide radiofluorinated ligand that has a somewhat
higher affinity for TSPO (K; = 0.07 nM) than either [18F]FMPBR28 or [11C]PBR28,
reduced metabolism, and greater brain penetration in rats than the parent inferior homologue
[114]. Quantification of TSPO binding in the human brain showed [18F]JFEPPA to be a
promising PET ligand to measure neuroinflammation in the human brain [115], but, as
expected, it was very sensitive to polymorphism [116]. [18F]FEPPA has been exploited

to evaluate the role of neuroinflammation in patients affected by neurodegenerative

diseases or psychiatric disorders such as Parkinson’s disease [117], Alzheimer’s disease
[118], schizophrenia, and psychosis [119]. Another 18F-labeled phenoxypyridinylacetamide,
[18F]6F-PBR28 has been prepared and evaluated as a putative radioligand, but it has not
been further investigated [120].

4.4. Nitrogen-containing Bicyclic Compounds: Imidazopyridines and Bioisosteric

Structures

These ligands share with quinazolinecarboxamides a few common structural characteristics
such as the nitrogen-containing heterocyclic core linked to an acetamide function and

an aromatic ring. The first radiolabeled molecules of this class were the imidazo[1,2-
dlpyridines (Fig. 8). Their design was inspired by the structure of alpidem, a compound
that binds both TSPO and central benzodiazepine receptors. [F1C]CLINME represents

the first radioligand of this class to be labeled with carbon-11. [M1C]JCLINME compares
favorably with [11C](/)-PK11195 in PET imaging of rodents with induced local acute
neuroinflammation, exhibiting a higher contrast between the TSPO expressing lesion site
and the intact side [121]. Structurally related derivatives were labeled with iodine-123 for
use in SPECT imaging and /in vitro pharmacological studies [122]. [11C]PBR170 [123]
and [11C]CB148 [124] are other representative examples of 11C-labeled imidazopyridines.
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[11C]CB148 shows higher binding affinity (4; = 0.20 nM) than ["C](#)-PK11195 (K; =
4.26 nM) and distribution studies in mice show its accumulation in TSPO rich regions of

the brain. Further studies have focused on structurally related fluoroethyl and fluoropropoxy
derivatives that could be labeled with longer-lived fluorine-18. Compounds [*8F]PBR102,
[18F]PBR111 [125], and [18F]CB251 [126] show nanomolar inhibition constants for

TSPO, high selectivity and improved signal-to-noise ratio relative to [11C](R)-PK11195.
[18F]PBR111 appears to be the most promising radiofluorinated ligand of this class; it has

a good binding affinity (Kj = 3.7 nM) and adequate lipophilicity (logP = 3.2), showing

a better pharmacological profile for brain imaging TSPO expression in neurodegenerative
disorders [127]. [18F]PBR111 has been used in several preclinical experiments and evaluated
in clinical studies [128]. However, the SNP rs6971 has a strong effect on the binding affinity
of [8F]PBR111 to TSPO in human tissue /n vitro and this result was confirmed in studies
on healthy humans, as appreciable differences were observed between HABs, MABs, and
LABs [129]. Recent studies tested the selectivity of [18F]CB251 to SNP rs6971. /n vitro
experiments demonstrated that this radioligand has high binding affinity (Kj = 0.27 nM),
adequate lipophilicity (logD = 3.00) coupled with a lower genotype sensitivity (ratio of
LAB/HAB /Csg = 1.14) than other TSPO radioligands [130]. However, [18F]CB251 still
showed different uptakes in HABs and LABs in human PET studies, as previously reported
for [L1C]JER176. This radioligand needs further evaluation.

Pyrazolo[1,5-a]pyrimidine ligands were derived by bioisosteric nitrogen for carbon
replacement in the imidazopyridine class (Fig. 9). The first compounds developed were
[*1C]DPAT713 (K; = 4.7 nM) [131] and [18F]DPA714 (K; = 7.0 nM) [132] which specifically
localize neuroinflammatory sites /n vitro with a similar signal-to-noise ratio. Both have
the same logD value (2.44), which is lower than that of PK11195 (3.35). In a rodent
model of ischemic stroke, [11C]DPA713 performed better than [18F]GE180 (Section 4.5)
in the identification of acute and chronic inflammation in infarcted brain tissue [133]. In
the human brain, [11C] DPA713 showed a signal-to-noise ratio 10 times higher than that
of [11C](A)-PK11195 in HABs. However, [11C]DPA713 showed sensitivity to SNP rs6971
in the brain, and LABs needed to be excluded from clinical studies. Moreover, there was
evidence of radiometabolite accumulation in the brain [134].

The fluoro derivative [18F]DPA714 seems to be the most promising in the
pyrazolopyrimidine class of TSPO radioligands. In an /n vivo rat model of acute
neuroinflammation, [18F]DPA714 performed better than [11C]DPA713 and [*1C](R)-
PK11195, with the highest ratio of ipsilateral to contralateral uptake and the highest

binding potential [135]. [18F]DPA714 has recently been used as a TSPO radioligand for
neuroinflammation. For instance, /n vitro autoradiography experiments assessing radioligand
binding specificity showed a strong relationship between [18F]DPA714 uptake and activation
level of glioma-associated myeloid cells [136]. [L8F]DPA714 was successfully used in a
mouse model of human orthotopic glioma to identify specific reactive areas of myeloid

cell infiltration in the tumor microenvironment [137]. In humans, [18F] DPA714 has been
used to image neuroinflammation in patients with Alzheimer’s disease [138] and multiple
sclerosis [139]. [8F]DPA714 has also been exploited to monitor BAT activity in tumor-
bearing mice Jn vivo [140]. However, [18F]DPA714 also has some drawbacks. As for all
second-generation radioligands, genotyping of subjects is a prerequisite for quantification of
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[18F]DPA714 PET images [141]. In addition, [18F] DPA714 shows defluorination as primary
metabolism /n vivo[142].

To improve on the instability of [L8F]DPA714 towards radiodefluorination, [18F]FDPA was
prepared. In this derivative, the ethoxy linker between the label and the aromatic ring was
removed and the 18F was placed directly on the aromatic ring, a position that is expected

to be resistant to defluorination [143]. [8F]FDPA showed a good TSPO binding affinity
(K; 1.7 nM) and in preclinical evaluation demonstrated higher metabolic stability compared
to [18F]DPA714 [144]. [*8F]FDPA was evaluated in a mouse model of Alzheimer's disease
[145, 146].

With the aim to obtain new TSPO radioligands with greater affinity and potentially

more robust PET imaging, the pyrazolopyrimidine scaffold of DPA714 was optimized.
Specifically, to explore the effects of substituents that varied in steric bulk, a focused

library of 5,6,7-substituted pyrazolopyrimidines was developed. These substituents included
hydrogen, methyl, ethyl, chloro, and 2-propanone and were cross--matched. SAR analysis
revealed an improvement in affinity by replacing methyl with ethyl at 5- and 7- positions of
the pyrazolopyrimidine core. Subnanomolar affinity was observed for derivative VUI1S1008
(K; = 0.18 nM), which represents a major 36-fold enhancement in binding affinity over

the parent compound DPA714 (K; = 9.27 nM). As expected, replacing methyl with ethyl
resulted in increased lipophilicity (log# s = 2.84 versus 2.12), which is still suitable for

in vivoimaging [147]. In preclinical PET studies in healthy mice and glioma-bearing rats
[18F]VUI151008 exhibited improved tumor-to-background ratio and higher binding potential
in tumors than [18F]DPA714 [148]. On the other hand, in a model of cerebral ischemia in
rats, [8F]VU11S1008 did not exhibit better performance than the parent compound [149].

Increasing the substituent at the 7-position of the pyrazolopyrimidine core to a bulkier
n-butyl group, yielded derivative VUIIS1018A, which features an exceptionally high binding
affinity (/Gsg = 16.2 pM), 700-fold higher than DPA714. However, the introduction of the
longer alkyl chain also increased lipophilicity over that of DPA714 (logD = 3.7 versus

2.4), which is slightly outside the optimal value [150]. Nevertheless, in animal models,
[18F]VUIIS1018A exhibits lower accumulation in healthy brain, an improved tumor--
to-background ratio, and a higher specific to nonspecific binding than [18F]DPA714 and
[18F]VU11S1008 [151].

4.5. Indoles

Indole was found to be a valuable scaffold for the central aromatic planar core to develop
potent and selective TSPO ligands. Indeed, as early as 1993, a novel series of 2-arylindole-3-
acetamides were published and SAR studies defined the structural features required for
high-affinity binding to TSPO [152].

The reduction of structural flexibility of the indole-3-acetamides derivatives yielded 2-
phenylindole glyoxylamides as TSPO ligands, which were endowed with nanomolar to
the subnanomolar affinity for TSPO and complete selectivity with respect to the central
benzodiazepine receptor (Fig. 10) [153, 154]. The AX-methyl-2-(4’-nitrophenyl)indol-3-
yl)glyoxylamide (NMPIGA) displayed high affinity (K = 5.7 nM) and acceptable
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lipophilicity (clogP = 3.95) and was selected and developed as a 11C-labeled probe.

After intravenous injection, [1ICJNMPIGA readily entered the monkey brain giving a high

proportion of reversible specific binding to TSPO. However, this new chemotype showed a

certain sensitivity to SNP rs6971, having a different affinity for the three forms of TSPO.

In particular, [L1CINMPIGA displayed similarly high affinity for HABs (K; = 1.57 nM) and
MAB:S (Kj = 1.82 nM) and a lower affinity for LABs (Kj = 9.53 nM) [155].

Taking into account the indole-3-acetamide scaffold, the fusion of the indole moiety

with a pyridazyne ring yielded the pyridazino[4,5-6]indole-5-acetamides as a new class
of potent and selective TSPO ligands (Fig. 11). SSR180575 has proven to be the most
promising ligand, with high affinity (K; = 0.83 nM) and selectivity. Moreover, SSR180575
was found to be able to promote neuronal survival and regeneration in animal models

of axotomy and neuropathy, effects that are mediated by local synthesis of neurosteroids
[156]. Later, SSR180575 was labeled with carbon-11 and evaluated /n vitroand /in vivoin
a rodent model of acute neuroinflammation demonstrating high specific TSPO binding.
In vitro autoradiography and /17 vivo brain PET imaging evidenced a higher uptake

of [11C]SSR180575 in the ipsilateral striatum, characterized by an increase of TSPO
expression, with respect to the intact tissue of the contralateral one. Also in non-human
primates, [11C]SSR180575 displayed encouraging PET imaging properties [157, 158].

Starting from SSR180575, a series of compounds functionalized at AB-position with groups
suitable to be substituted with fluorine-18 was developed. Several compounds were found to
be very potent, with K; values comparable to those of the parent SSR180575. The derivative
with a 3-fluoro-2-pyridyl moiety in place of the phenyl ring (FPSSR180575) was selected to
be labeled. When evaluated in glioma-bearing male Wistar rats by means of PET imaging,
[18F]FPSSR180575 showed higher accumulation in tumor brain tissue with respect to the
contralateral, non-tumor brain, leading to excellent imaging contrast between tumor and
contralateral tissue [159].

Tetracyclic indole has also proven to be a suitable central scaffold for the development

of TSPO ligands [160]. Starting from this pharmacophore, the tricyclic 2,3,4,9-tetrahydro-
carbazole-4-carboxamide derivative [18F]GE180 was developed (Fig. 12) [161]. Initially
identified and evaluated as a racemate, further studies of the resolved enantiomers revealed
that the (S)-enantiomer had a higher affinity (K; = 0.87 nM, rat; K; = 9.2 nM, human)

for TSPO than the (R)-enantiomer (K = 3.87 nM, rat; Kj = 14.1 nM, human) and higher
uptake and specificity for TSPO-rich regions. Furthermore, [18F]GE180 had also been
shown to be enantiomerically stable /in vivo, with no observed conversion of the eutomer
to the distomer [162]. This radioligand initially seemed very promising and has been used
in several preclinical and clinical studies. In a LPS-induced model of neuroinflammation,
[*8F]GE180 was able to identify sites of activated microglia in both gray and white matter.
A comparison between [18F]GE180 and [*1C](/)-PK 11195 revealed that [18F]GE180
performed significantly better for imaging TSPO associated neuroinflammation due to its
improved binding potential and its longer half-life [163]. Similarly, in a preclinical rat model
of stroke, [18F]GE180 demonstrated a better signal-to-noise ratio than [11C](/)-PK11195
[164]. In another preclinical study of Alzheimer's disease, [18F]GE180 was found to be
useful for imaging TSPO expression changes in response to neuroinflammation during
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normal aging and in pathogenesis in Alzheimer's disease transgenic mice [165]. First, PET
studies in healthy humans evidenced that [18F]GE180 had a low first-pass extraction (about
1%) and gave low total distribution volume (V) estimates. More importantly, although
[18F]GE180 displays a 15-fold affinity difference between HAB and LAB in vitro, in

human studies it was shown to be quite insensitive to SNP rs6971 compared to other second-
generation TSPO PET tracers in humans and this property led to the informal classification
of [*8F]GE180 as a third-generation TSPO radioligand [166, 167].

[18F]GE180 was successfully used in patients suffering from relapsing-remitting multiple
sclerosis and was able to detect areas of focal microglia/macrophage activation in lesions
not associated with the patient’s genotype. Indeed, high focal uptake was observed not
only in HAB and MAB patients, but also in LAB patients [168]. In addition, [*8F]GE180
was used for imaging in patients with glioblastoma and provided remarkably high tumor-to-
background contrast, showing high uptake even in areas without contrast enhancement on
magnetic resonance imaging [169-171]. A subsequent human study [172], in patients with
histologically validated glioma, evidenced a clear association between [18F]GE180 uptake
and WHO grades, with the highest uptake in WHO grade IV glioblastoma, in line with
previous histopathological studies reporting a correlation between TSPO expression and
WHO grade [173].

However, a recent study of head-to-head comparison between [18F]GE180 and [11C]PBR28,
established that [28F]GE180 has a low brain penetration from the vascular compartment and
a low signal-to-background ratio in diseases where the BBB is not broken [174]. Therefore,
even if [18F]GE180 at first has received great enthusiasm, it seems now to be far inferior to
the second- and third-generation TSPO ligands. Therefore, several research groups do not
advise the use of this radioligand [34, 82, 175].

Recently, the introduction of a benzyl moiety in place of the ethyl substituent in
[18F]GE180, yielded the compound [18F]GE387. Also, in this case, the (S)-enantiomer

has a high affinity for TSPO in vitro. This radioligand also shows low sensitivity to SNP
rs6971 as its LAB/HAB affinity ratio was determined to be 1.3, and similar to that of [11C]
(R)-PK11195. In addition, PET scans in wild-type healthy rats evidenced the ability of the
racemic analogue of [18F]GE-387 to enter the brain [176]. To date, no further studies on the
biological evaluation of [18F]GE387 have been reported.

4.6. 8-Oxodihydropurines

8-Oxodihydropurines TSPO ligands have common structural characteristics with previous
classes, namely, a nitrogen-containing bicyclic aromatic skeleton, an acetamide function,
and an aromatic ring directly attached to their central core (Fig. 13).

AC5216 has a sub-nanomolar affinity for TSPO (K = 0.2 nM) and adequate lipophilicity
(logD = 3.3), as necessary for high uptake and low nonspecific binding in the brain. AC5216
has been labeled with carbon-11 [177]. In studies aimed to image microglial activation
triggered by amyloid lesions in mouse models of Alzheimer's disease, [11C]AC5216 enabled
PET imaging of glial TSPO with high contrast and performed better than [18F]FEDAA1106
[178]. It is to be noted that the unlabeled AC5216 (XBD-173), also known as emapunil,
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is a TSPO ligand able to promote neurosteroid synthesis and decrease inflammation; it has
completed phase 2 trials for anxiety disorders treatment [179] and gave promising results in
a mouse model of parkinsonism [180]. The binding of AC5216 was significantly affected by
SNP rs6971 (ratio of LAB/HAB K = 12.5) and this could have important implications for
the clinical outcomes of this compound [181].

The binding affinity of [LLC]DAC is similar to that of [11C]JAC5216. However, it has lower
lipophilicity (logD = 3.0 versus 3.5) [182]. It has been used to measure the slight TSPO
expression elevation in ischemic rat brains [183].

18F__abeled oxopurine analogues of [11C]AC5216 were also evaluated as radioligands.
[18F]FEAC (K; = 0.5 nM), [*8F]JFEDAC (K; = 1.3 nM) and [18F]FAC (K; = 0.55 nM)
showed potent /n vitro binding affinity for TSPO but lower than the parent compound.

In a rat model of neuroinflammation, [*8F]JFEAC and [*F]JFEDAC gave high uptake of
radioactivity in a kainic acid-infused striatum, a brain region where TSPO expression was
augmented [184]. Investigation of [18F]JFEAC and [18F]JFEDAC kinetics in the monkey brain
and PET imaging of TSPO in the infarcted rat brain showed that each 18F-labeled ligand

had uptake and distribution patterns in the monkey brain similar to those of [11C]AC5216.
However, after injection into the monkey, the uptake of each 18F-labeled ligand in the

brain decreased over time whereas that of [11C]AC5216 did not. The relatively rapid
kinetics may be due to the lower binding affinity of both 18F-labeled ligands. As far as
metabolism was concerned, the percentage of unmodified radioligand was up to 80% in the
brain homogenate of mice 15 min after injection. The monkey plasma metabolite analysis
confirmed the adequate stability of [18F]FEAC and [18F]FEDAC [185]. [\8F]FEDAC
enabled the visualization of active inflammation sites in arthritic joints in a collagen-induced
arthritis model by targeting TSPO expression in activated macrophages [186].

4.7. Benzoxazolones

Replacement of the oxodihydropurine core with a benzoxalone scaffold yielded a novel
class of TSPO ligands (Fig. 14). The first compound evaluated as a candidate radioligand
was [1ICIMBMP. It has a high affinity (K; = 0.29 nM) and specificity and shows

higher binding potential than [11C](/)-PK11195. However, this new radioligand has no
important advantages over second-generation radioligands. More importantly, at 60 minutes
after intravenous injection of [LIC]MBMP, more than 30% of radioactivity in the mouse
brain was radiometabolite, a value remarkably higher than for other TSPO radioligands.
Because this drawback would likely prevent the clinical use of [LXC]JMBMP, no further
evaluation has been performed [187]. To surmount this issue, ligands [8FJFEBMP and
[18F]FPBMP were prepared as superior homologues. Both compounds had lower binding
affinity than [11ICJMBMP (K; = 3.9 nM) in rat brain homogenates, with the fluoroethoxy
derivative [18F]FEBMP (K; = 6.6 nM) more active than the fluoropropoxy analogue
[18F]FPBMP (K; = 16.7 nM). [18F]FEBMP (logD = 3.4) showed suitable lipophilicity

for brain permeability, the same as [1LCJMBMP, and was selected for further evaluation
[188]. /n vitro autoradiography on post-mortem human brains suggested that binding sites
of [18F]JFEBMP were little affected by SNP rs6971. However, the analysis showed rapid
metabolism in plasma and radiometabolites in the brain (>20% of radioactivity at 60
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minutes after injection). Therefore, [\8F]FEBMP did not yield a substantial improvement

in metabolic stability relative to [11CJMBMP [189]. With the aim to decrease lipophilicity
and, putatively, to obtain more rapid brain kinetics and reduced nonspecific binding in
target tissues, a series of benzoxazolones derivatives with a pyridine in place of the benzene
ring was designed. The alkoxy linker between the label and the aromatic ring was also
removed, placing fluorine-18 directly on the aromatic ring, a position that was expected to
be more metabolically stable. 2-(5-(6-Fluoropyridin-3-yl)-2-oxobenzo[d]-oxazol-3(2 H)-yI)-
N-methyl-N-phenylacetamide (FPyBMP) exhibited adequate TSPO binding affinity (K =
13.4 nM) and moderate lipophilicity (logD = 1.92). [18F]FPyBMP gave better brain kinetics
than the previously developed benzoxazolones radioligands and provided a clear tumor
image in a glioma-bearing rat model. At 30 minutes after injection, 93% of unchanged
[*1C]FPYBMP was found in the ischemic rat brain, even if the compound was rapidly
degraded in plasma [190]. To date, there are no data either on the effect on the binding by
SNP rs6971 or on /n vivo studies.

CONCLUSION

Increasing evidence shows that TSPO expression is altered in a variety of human diseases
such as in cancer and in various neurological and psychiatric disorders. In particular,

TSPO expression in the brain is considered a reliable marker of neuroinflammation

and is correlated with pathophysiology in brain disorders such as Alzheimer’s disease,
Huntington’s disease, multiple sclerosis, amyotrophic, lateral sclerosis, epilepsy, stroke and
others. Therefore, TSPO quantification would allow the staging of the disease severity and,
putatively, the evaluation of therapeutics and the measurement of neuroinflammation by PET
imaging is becoming increasingly important.

After the development of the prototypical radioligand [*1C](/)-PK11195, various second-
generation TSPO radioligands have been developed to overcome many of the limitations

of this radioligand. Radioligands such as [8F]JFEPPA, [11C]PBR06, [18F]PBR111,
[11C]AC5216 and [18F]PBR28 feature high affinity and selectively, better physicochemical
properties and adequate pharmacokinetic characteristics. However, even if they are
extensively studied as PET ligands for the quantification of TSPO in humans, the second-
generation radioligands are sensitive to SNP rs6971 in the TSPO gene. This obstacle can be
addressed by doing TSPO genotyping before imaging (to exclude low-affinity binders) and
by including binding affinity as a statistical covariate.

To make TSPO imaging more useful in clinical settings, current efforts are focused on

the development of TSPO specific radioligands that have the ideal characteristics of second-
generation compounds but which are insensitive to the SNP rs6971. The first of these
third-generation ligands is [11C]JER176. It exhibits a high signal-to-noise ratio, proper
pharmacokinetic properties, and, above all, is sufficiently insensitive to the SNP rs6971

to allow reliable TSPO measurement in low-affinity binders. Thus, evidence suggests that,
to date, [11C]ER176 is the best available TSPO radioligand for reliable quantification of
neuroinflammation by PET imaging.
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Overall, the availability of new radioligands renders TSPO imaging a quite remarkable
method to define differences between patients and healthy humans. Nevertheless, an ideal
TSPO radioligand does not yet exist; there is additional room for improvement.
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[''C](R)-PK11195

Fig.(1).
Structure of [11C](R)-PK11175 (left panel) and detailed view of its positioning in the

binding cavity (residues forming the binding cavity are shown in a stick representation,
transmembrane helices are color coded) (right panel); reproduced and adapted from [5] with
permission. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).
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Structures of benzodiazepines as TSPO radioligands.
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Fig. (3).
Structure of [18F]PK14105.
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Fig. (4).
Structures of quinoline-2-carboxamides as TSPO radioligands.
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Fig. (5).
Structures of the quinazoline TSPO radioligands [*1C]ER176, [11C]FS51, and [*8F]FS51.
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Fig. (6).
Structures of the phenoxyphenylacetamides TSPO radioligands.
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Fig. (7).
Structures of the phenoxypyridinylacetamides TSPO radioligands.
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Fig. (8).
Structures of the imidazo[1,2-a]pyridines TSPO radioligands.
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Fig. (9).

Structures of the pyrazolo[1,5-&]pyrimidine TSPO radioligands.
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Structure of the 2-phenylindole glyoxylamide TSPO radioligand [1ICINMPIGA.
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Fig. (11).
Structures of the pyridazino[4,5- f]indole-5-acetamides TSPO radioligands.
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Fig. (12).
Structures of the 2,3,4,9-tetrahydro-carbazole-4--carboxamide TSPO radioligands.
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Fig. (13).
Structures of the 8-oxodihydropurines TSPO radioligands.
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Fig. (14).
Structures of the benzoxazolones TSPO radioligands.
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