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Abstract

The emission tomographic imaging of activated microglia in the brain moves
into the focus of neuroscientific research with increasing recognition of con-
tributions of early inflammatory processes to neurodegenerative, traumatic,
cancerous and infectious diseases of the brain. Whereas the mitochondrial
isoform of the 18 kDa translocator protein (TSPO1) has been the main cellu-
lar target for positron emission tomography (PET) of this type of cells for
decades, alternative marker proteins in the plasma membrane of microglia
challenge efforts in ligand development, recently. The present report includes
PET approaches using the chemokine receptor CX3CR1 and the FR2 folate
receptor in parallel to small molecule PET tracers available for in vivo visuali-
zation of the “classical” target TSPO1. It compares first and second generation
of TSPOL1 ligands as well as new compounds like the tetrahydrocarbazole
['*F]GE-180 and the quinazoline [''C]ER176 presumed to reduce polymor-
phism-related inter-subject variations, with allosteric ligands for the chemokine
receptor CX3CR1 and with radio labelled folate conjugates targeting the folate
“cargo” receptor FR1 and the FR2 receptor characteristic for anti-inflammatory
M2 microglia.
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1. Introduction

The imaging of microglia as a marker of inflammation in traumatic, degenera-

tive, neuropsychiatric and infectious brain diseases has been already for years a

*Brain PET of activated Microglia
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surrogate method for the monitoring of cerebral disorders [1]. The rest-
ing/surveying microglia in healthy tissue (resident macrophages of the brain)
communicates with adjacent neurons and glia cells [2]. Cross talk between mi-
croglia and neurons is presumed to play an important role for synaptic plasticity
[3] [4] [5] [6] [7]. Microglia can be activated by diverse molecules released during
pathological alterations and reacts adopting different activated phenotypes [2] [8]
[9] [10] [11]. Recently, microglial activation is regarded as one of the initial factors
turning early acute metabolic and structural alterations into chronic processes.

Microglia acts as immune cell by survey of environmental and micro-environmental
factors [5] [12] [13] [14]. The two extreme, functional kinds of possible pheno-
types of activated microglia are M1 cells (classically activated, inflammatory)
and M2 cells (alternatively activated, anti-inflammatory) [9] [15].

For immunological approaches, such polarization of the functionality of mi-
croglia corresponds to the actions of the subsets of T helper cells (CD4 cells),
Thl and Th2 lymphocytes releasing the respective Th1-type and Th2-type cyto-
kines as pro-inflammatory or anti-inflammatory response [10] [15] [16].

Microglia accounts for 5% - 10% of total glia cells of the human brain [10]
[16] [17] and up to 20% in other mammalian species [18] [19] with lower per-
centage in the cortex and higher in corpus callosum. 30% - 50% of cells in gli-
oma are microglial cells; and glioma and astrocytoma are the most common
brain tumors [20].

Investigations of typical microglial cells are limited in vitro, because the
source of this cell population in the brain is, as widely accepted, the yolk sac re-
leasing a wave of primitive macrophages as progenitor cells of microglia during
the early embryonal development [21] [22] [23] [24]. Microglial population co-
lonizes the whole CNS and maintains itself by local proliferation [23] [24].

A postnatal supplement of the resident cerebral microglial population by ma-
crophages from the circulation is not very probably but also not completely out
of discussion [24] [25]. As the normal functional state of microglia is accepted
the resting (surveying) state [5].

Currently, a multitude of structural markers is known allowing immunohis-
tological phenotyping of microglia of different shapes, functions and locations
[26] in vitro or ex vivo.

For in vivo imaging, one of the main targets investigated with PET or SPECT
in microglial cells has been for many years mitochondrial TSPO1 (translocator
protein 18 kDa), the former peripheral benzodiazepine binding sites (PBR) [27],
overexpressed in activated microglia.

Recently, efforts of developing PET tracers move also to markers of the plas-
ma membrane, particularly, to the chemokine receptor CX3CR1, which plays a
central role in the cross talk between neurons and microglia [6] [28] [29], as well
as to the FR2 subtype of the folate receptor (see Figure 1) [30].

First compounds investigated as TSPO ligands potentially useful as PET tracer
were benzodiazepines [27], followed by non-benzodiazepines of several genera-

tions.
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Mitochondrial TSPO1: 18 kDa translocator protein with five-transmembrane-domain structure
(5TM) [66] [67] involved in transport of cholesterol, porphyrine, proteins and ions and closely re-
lated to several proteins belonging to the mitochondrial permeability transition pore (mPTP) [34]
[35]. TSPO2: 5TM structure without binding site for isoquinoline; increasingly expressed on plasma
membrane during differentiation of erythrocytes, which influences porphyrine transport in erythro-
cytes infected with plasmodium falciparum [66]. Microglial CX3CR: G; protein-coupled receptor
[50] involved in developmental pruning and adult hippocampal neurogenesis [142] [143] Folate re-
ceptor FR2: GPI anchored globular receptor [57] [58] responsible for capture and internalization of
folic acid; potentially specific for M2 subtype of microglia [30].

Figure 1. Subcellular localization of the isoforms of the 18 kDa translocator protein
(TSPO), of the chemokine receptor CX3CR and of the folate receptor FR2.

The target TSPOLI is a protein of the outer mitochondrial membrane [31]
[32], more precisely, it is located at the contact sites between the outer and in-
ner membrane [33]. Functional tasks of TSPO1 have been presumed in por-
phyrine transport, protein import, cholesterol transport, steroid biosynthesis,
ion transport, cell proliferation and differentiation [34] [35] [36]. TSPO is
found, especially, in cells with steroid synthesis. The evolutionary conserved
protein is constituent of species from bacteria to mammals upstairs [37]. A
3D-crystal structure of bacterial as well as of mammalian TSPO has been pub-
lished, recently [33] [38] [39] [40]. The mitochondrial protein TSPO1 is close-
ly associated with the voltage-dependent anion channel (VDAC) and further
parts of the mitochondrial permeability transition pore (mPTP) involved in
apoptotic and anti-apoptotic processes [31] [32] [41] [42] [43].

Potency as biomarkers of microglia and imaging targets promise also the in-
tegrins CD18 and CD68 [37] [44], the chemokine receptor CX3CR1 [45] [46]
[47], and the folate receptor subtype FR2 [48]. The latter two membrane recep-
tors and their expression in the brain gained rising attention by the PET com-

munity during the last decade.
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CX3CRI1 (Fractalkine receptor) is a G; protein-coupled receptor able to inte-
ract with fractalkines (FKN, neurotactin) [45] [49], its endogenous polypeptide
ligand (373 a.a.r.) produced predominantly in endothelial cells and neurons, in
CNS, kidney, lungs, heart, liver, intestines and placenta [46]. CX3CR1 has been
observed in neurons and microglia. Its expression in activated microglial cells
can be enhanced 10fold [46] [47].

Proposals initiating synthesis of first small molecule CX3CR1 ligands came
predominantly from high throughput screening experiments and revealed, espe-
cially, thio-thiazolo pyrimidine derivatives as potential lead structures for imag-
ing agents [50] [51] [52]. For structural studies is employed, currently, the che-
mokine receptor homolog US28 with 38% homologies to CX3CRI1 [53].

Folate receptors attracted originally attention because of their overexpres-
sion in tumors and as a potential cargo receptor for the transport of cytostatic
drugs and antimetabolites for therapeutic purposes. FR1 has been observed
also in epithelial cells of the choroid plexus but FR2 folate receptor (=F/ folate
receptor) [54]-[59] has been shown to be overexpressed in activated micro-
glia,especially, in the anti-inflammatory M2 cells. The site specific presence of
M2 cells in rheumatoid arthritis and inflammatory processes in cardiovascular
diseases suggests diagnostic potential of folate receptor ligands [54] [55] [59].

The present study regards the current availability of small-molecule TSPO1
ligands, their clinical advantages and disadvantages as well as the present expe-
riences with CX3CRI ligands and FR2 substrates as potential PET tracers for

brain imaging.

2. TSPO as PET Target

Already, during the 70 ties and 80 ties of the last century was recognized the 18
kDa translocator protein (TSPO; originally classified as peripheral benzodiaze-
pine receptor = PBR) [32] is not restricted to peripheral organs, but also present
in CNS, glial and ependymal cells. Although the densities of TSPO in the brain is
a magnitude below that in kidney, heart, testis, ovary and uterus its increased
expression in pathophysiological conditions like multiple sclerosis (MS), amyo-
trophic lateral sclerosis (ALS) and Alzheimer’s disease (AD) suggested a suitabil-
ity as a biomarker of early stages of pathogenesis in inflammatory diseases or in-
flammation-related disorders [60] [61].

In subcellular fractions of brain extracts, the mitochondrial localization of
TSPO1 was revealed [62] [63] [64] [65]. Later reports described a TSPO2 iso-
form in the plasma membrane during differentiation of erythrocytes [66].

TSPO2 has been presumed also in nuclear membranes or close to nuclear
membranes and in endoplasmic reticulum [35]. In contrast to TSPO1, it lacks in
birds and mammals the isoquinoline-binding site [42].

For evaluation of potential structure-activity-relationships (SAR) of TSPO1,
close relations can be important with further mitochondrial proteins involved in

energy production and mitochondrial homeostasis as part of the mPTP complex
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[31] [32] [67] [68] [69] or of the recently introduced transduceosom [70] [71].
Even if the role of mPTP is in part controversial [67] and not completely un-
derstood, it is presumed to be a key structure in several pathophysiological
processes related to reperfusion injury, amyotrophic lateral sclerosis, Alzhei-
mer‘s disease, alteration following traumatic injury and myopathies [67] [68].
Currently, the first reports on the 3D structure of TSPO1 [40] promise also new
insight on the oligomeric structures of the protein and potential relationships to
other structures of the mitochondrial membrane.

Some TSPO ligands are supposed to bind rather to the multi protein complex
than to single sub-proteins forming it.

An interesting contribution to understanding of subcellular compartmenta-
tion of TSPO has been provided, recently, by Yasin et al [72] with investigations
in U118MG glioma cells. The first generation—TSPO ligand PK11195 is known
to interact with TSPOI1 by opening of the transition pore. The authors [72]
demonstrated PK11195 prompts the cell to dislocate the binding places of the li-
gand from localizations widely spread within the cell (ie. to mitochondria) to
such located close to the nucleus [72]. This suggests a role of TSPO also in the
promotion of interactions between mitochondria and nucleus by an influence on
subcellular compartmentation of mitochondria.

A special challenge for imaging with small molecule TSPO ligands was the
identification of high affinity binders (HABs), low affinity binders (LABs) and
mixed affinity binders (MABs) among the participants of clinical studies, due to
presence of a rs6971 polymorphism [73] [74] [75] causing the exchange or par-
tial exchange of Alal47 by threonine. The percentage of LABs among the study
participant has been reported between 9% and 30% [74] [75] and can influence
imaging results by different extent also depending from the structure of the li-

gand applied.

2.1. TSPO-Ligands

2.1.1. First Generation

1) Benzodiazepine compounds

An early work by Basile and Skolnick [27] using the diazepam derivative
Ro5-4864 [Figure 2, (2)] and the benzodiazepine antagonist flumazenil
(Ro15-1788) [Figure 2, (4)]), revealed different binding patterns of the two li-
gands for various subcellular fractions (For Ro-4864: 1.132 fmol/mg protein in
mitochondria; 302 fmol/mg protein in synaptosomes and for Ro15-1788: 1.136
fmol/mg protein in synaptosomes; 583 fmol protein/mg in mitochondria).
Meanwhile, it is well known, by far, not only benzodiazepines can bind at the
former peripheral “benzodiazepine” receptor (PBR) and the 5TM-protein is
distinct from the CBR (central benzodiazepine receptor) corresponding to the
GABA, receptor in some structural features [26] [77] [78] [79]. Awad & Ga-
vish described only few years later Ro5-4864 as a rather inappropriate PET
tracer. This was, especially, due to a high non-specific binding of 90% of total in
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1 5-(2-chlorophenyl)-7-nitro-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one; 2 7-chloro-1-methyl-
5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one; 3 7-chloro-5-(4-chlorophenyl)-1-methyl-
1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one; 4 Ethyl 8-fluoro-5-methyl-6-o0xo0-5,6-dihydro-4H-
benzol[f]imidazo[1,5-a][1,4]diazepine-3-carboxylate; 5 6-(4-methoxyphenyl) benzo[b]pyrrolo[1,2-d][1,4]
thiazepin-8-yl acetate; 6 6-phenyl-benzo[b]pyrrolo[1,2-d][1,4]oxazepin-8-yl diethylcarbamate; 7 N-
((R)-sec-butyl)-3-ethyl-4-(2-fluorophenyl)-N-(methyl-"'C)quinoline-2-carboxamide; 8 N-(sec-butyl)-
1-(2-chlorophenyl)-N-(methyl-"'C)isoquinoline-3-carboxamide; 9 N-(sec-butyl)-1-(2-(fluoro-'*F)-5-
nitrophenyl)-N-methylisoquinoline-3-carboxamide; ChemDraw (http://www.cambridgesoft.com/)
was used for verification of [IUPAC names.

Figure 2. First generation TSPO ligands.

membranes of human cerebral cortex. They, observed with PK11195 lower
B...« values (255 + 23 fmoles/mg protein), but the potency of displacement of
[PH]PK11195 was with unlabelled PK11195 two orders of magnitude higher
than with unlabelled Ro5-4864 [78]. The change from benzodiazepine lead
structure to isoquinoline and quinoline promised markedly higher specificities.

2) Non-benzodiazepine, first generation ligands

The isoquinoline R-PK11195 [Figure 2; (8)] was the first non-benzodiazepine
ligand of TSPO1 introduced in PET. The enantiomeric active form of the mole-
cule is now the most frequently used TSPO PET tracer [1]. A multitude of inves-
tigations has been published with patients suffering from Parkinson’s disease,

Huntington’s disease, multiple sclerosis, Alzheimer’s disease and dementia [1]
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[80] [81]. However, yet relatively high non-specific binding and low sig-
nal-to-noise ratio, as well as high plasma protein binding and low brain per-
meability have been described as drawbacks also for the in vivo observations
with the compound [73] [74].

PK14105 [Figure 2, (9)], a structurally similar candidate suitable as '*F-labelled
tracer with promising properties, was early ranged in minor position, especially,
because of somewhat weaker binding affinity [82] [83].

In spite of drawbacks in specificity, clinical investigations with ["'C]PK11195
revealed some interesting items on inflammatory processes in brain diseases.

Zhang [73] reviewed investigations using [''C]PK11195 in frontotemporal
dementia which is a neurodegenerative disease of people <65 years of age. The
observations suggested accumulation in brain regions contralateral to the
atrophic site of the brain and indicated early activations of microglia with po-
tency to start neurodegenerative processes. Zhang [73] regarded the early activa-
tion of microglia, far from the later place of tissue degeneration, as signal of
processes preceding the well-known degenerative alteration on the end stage of
the diseases. An early detection might open a window for preventive treatment
with the aim of delay or suppression of severe consequences of diseases.

Scott et al. [84] demonstrated maintenance of thalamic inflammation even 17
years after traumatic brain injury. Inflammation was observed also at a place far
from the original traumatic injury and along axonal connections between in-
itially injured area and late inflammatory processes. The role of connectivity and
impairment of axonal structures and functions becomes now an issue of neuro

research questioning.

2.1.2. Second Generation Compounds

The small molecule TSPO ligands of the second generation, like FEPPA, FEMPA
and DPA-714, AC5216 [Figure 3, (14)-(17)], DAA1106, FEDAA1106 [Figure 3,
((10), (11))], PBRI111, vinpocetine or PBR06 and PBR28 [Figure 3; ((12), (13))]
show lower non-specific binding than the first generation compounds [34] [35]
[83] [84] [85] [86].

Many of the second generation structures comprise three separate ring sys-
tems which promise differences in binding behavior in comparison to the first
generation structures by innate conformational conditions in contrast to first
generation structures. First studies with the crystal structure of TSPO included
the first generation compound PK11195 [33] [39] as well as the second genera-
tion compound DAA1106 [40] and proposed for both substances the same
binding site as for porphyrine. That supports rather the presumption that the
change in the basic scaffold of the ring systems was less important for the bind-
ing properties of the compounds than the kind of substituents.

Some compounds, like FEDAA1106 and PBR06, form metabolites which can
be a problem for the correct detection of microglial activation [73] [87].

Moreover, the inter-subject variations of these ligands are higher than for the

first generation [72]. Responsible for these variations can be the rs6971 poly-
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10 N-(2,5-dimethoxybenzyl)-N-(5-(fluoro-'*F)-2-phenoxyphenyl)acetamide; 11 N-(5-fluoro-2-phe-
noxyphenyl)-N-(5-(2-(fluoro-'*F)ethoxy)-2-methoxybenzyl)acetamide; 12 N-(2-(methoxy-''C)benzyl)-
N-(4-phenoxypyridin-3-yl)acetamide; 13 N-(2-((fluoro-'*F)methoxy)benzyl)-N-(4-phenoxypyridin-
3-ylacetamide; 14 N-(2-(2-(fluoro-'*F)ethoxy)benzyl)-N-(4-phenoxypyridin-3-yl)acetamide; 15 N-
(2-(2-fluoroethoxy)-5-methoxybenzyl)-N-(2-(4-methoxyphenoxy)pyridin-3-yl)acetamide; 16 N,N-
diethyl-2-(2-(4-(2-(fluoro-'*F)ethoxy)cyclohexa-1,5-dien-1-yl)-7-methyl-5-(p-tolyl)pyrazolo[1,5-
a]pyrimidin-3-yl)acetamide; 17 N-benzyl-N-ethyl-2-(7-(methyl-"'C)-8-0x0-2-phenyl-7,8-dihydro-9H-
purin-9-yl)acetamide.

Figure 3. Second generation TSPO ligands.

morphism resulting in three functional classes of participants (HABs, LABs,
MABSs) during clinical studies [73] [74] [87].
These observations are a challenge to genotypic selection of patients for re-

spective diagnostic imaging probes. Additionally, prerequisites for the use of
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reference tissue methods had to be developed for second generation tracers.
Functional consequences of polymorphisms can make it necessary to develop
tissue reference methods for each condition ie. high affinity binders or mixed
affinity binders.

Furthermore, many second generation TSPO ligands bind not only to grey
matter but to vascular tissues, too. Avoidance of complicate pharmacokinetic
approaches as well as shortening of the general acquisition time would contri-
bute to a better clinical feasibility of the method.

Currently, blood sampling necessary for creation of the input function for ki-
netic analysis; radioactivity time-activity curve (TAC) and plasma radioactivity
curve and, especially, the necessity of arterial sampling complicates clinical in-
vestigations. For the example of TSPO-labelling with ["*F]FEPPA in AD patient,
Mabrouk et al. [88] estimated that, to date, no reference region with negligible
binding has been identified in the brain. Similar problems are reported for other
ligands of the second generation [87].

Suridjan et al published [89] [90] an investigation in 21 AD patients and 21
control participants (47 - 82 years of age) with the second generation TSPO1 li-
gand [*F]FEPPA [Figure 3, (14)]. They found the ["*FJFEPPA accumulation in
AD patients with a two-compartment model significantly higher in grey matter
than in white matter. The HABS identified genotypically showed higher binding
than MABs in all ROIs [90].

Mabrouk ef al [88] and Koshimori ef al [91] could identify trends of different
['*F]FEPPA binding in HABs and MABs among PD patients. However, these
trends could not be confirmed after corrections for the partial volume effect
[92].

Higher ["*F]FEPPA binding in HAB-PD and MAB-PD patients compared to
controls remained [88].

Varrone et al. reported [87] a clinical evaluation of ["*FJFEDAA11106 [Figure
3, (11)] in seven AD patients (68 * 3 years of age) and eight controls (69 * 4
years) using, similar to Mabrouk’s approach, a two-compartment model and
Logan’s analysis.

Possibly, the low size of the groups allowed no further evaluation and differen-
tiation of HAB, MAB and LAB participants. The authors classified ['*FJ[FEDAA1106 as
an inappropriate in vivo measure of microglia activation in the early course of
AD. However, results of MMSE (Mini-Mental-State-Examination) correspond-
ing only to mild cognitive impairment were not very different between the
groups investigated by Varrone ef al (MMSE: 29 * 1 in controls and 25 + 3 in
AD patients) [88] whereas in the reports by Suridjan [89] [90] and Mabrouk [88]
were included also people with severe cognitive impairment.

In postmortem tissue of frontal cortex of AD patients and controls, Venneti et
al. [93] demonstrated a good correlation between CD68 as immune-histological
marker of activated microglia and microglial labelling with [PH]DAA1106
[Figure 3, (11)] (Spearman’s correlation coefficient r: 0.8904; p < 0.0002) and
with [PH]PK11195 [Figure 2, (8)] (r: 0.7933, p < 0.0062).
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Also in transgenic mice models (e.g. six month old 5XFAD mice vs. wild type)
could be demonstrated in vivo with the second-generation tracer [''C]PBR28
[Figure 3, (12)] a marked enhancement of TSPO labelling [94]. Moreover, Mir-
zaei et al. [94] described a good coincidence of binding of ['H]PBR28 [Figure 3,
(12)] in 5XFAD animals with the localization of TSPO demonstrated immuno-
chemically (Ibal).

2.1.3. Third Generation Compounds and Recent Developments
Wadsworth ef al [95] and Chau ef al [96] investigated three further classes of
compounds for their suitability as PET tracers of TSPO: diaryl anilides, tetracyc-
lic and tricyclic scaffolds. As a first candidate compound among the tricyclic
structures, was investigated GE-180 [Figure 4 ((18), (19))] [36] [96].

With this compound started a generation of non-azepine tri and tetracyclic
compounds of TSPO ligands.

GE-180 was subjected to first clinical safety tests in healthy volunteers, re-
cently [36] [97]. The racemate was analysed for the functional roles of its enan-
tiomers, kinetics of uptake, elimination as well as metabolization [97]. The enan-
tiomer S-GE-180 [Figure 4, (19)] was shown to be the pharmacodynamically
most suitable structure in the tricyclic carbazole class, with good metabolic sta-
bility in comparison to its R-enantiomer. With a log D of 2.95 at pH 7.4 the sub-
stance showed an appropriate lipophilicity in preclinical investigations. The au-
thors recommended a reversible two-tissue-compartment model for the imaging of
TSPO. A study using a one-compartment model as well as two-compartment mod-
els for this tracer in healthy volunteers was published in the same year by Feeney et
al [97]. Feeney et al. [97] used the cortical grey matter as pseudo-reference region
based on observations by Owen et al [98]. The latter described a negligible
binding of [''C]PBR28 in this region using the Lassen plot method with the pu-
rine derivative emapunil/XBD173 as TSPO inhibitor [99]. The results of these
tests showed a relatively low uptake of ["*F]GE-180 into the brain which could
not be explained by the structure of the compound or its physicochemical prop-
erties, finally. The authors [97] discussed a possible role of Pgp or other multi-
drug resistance proteins. Further information on phase I, II and III metabolism
are not available at the moment. Differences between rs6971 genotypes in the
investigated group of healthy volunteers were not observed. The authors re-
marked such differences might gain importance for investigations in diseased sub-
jects. Finally, ["*F]GE-180 remains a candidate imaging tracer.

Already 2004, Okubo et al (Taisho Pharmaceuticals Co) [100] reported on
structure-activity investigations in tetracyclic compounds derived from the scaf-
fold of FGIN-1-27.

Two series of compounds were compared for their affinities to PBR/TSPO1
(ICs, in mitochondrial preparation of rat cerebral cortex).

First series were thiochromenoindoles with two favorite compounds (12e and
12f) [Figure 4, ((20), (21))] showing IC,, (with PK11195) of 0.44 nM and 0.37
nM. The other series were benzoimidazo-isoquinolines with 42 nM (cmpd. 34a)
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T8 18F

18 19

25

18 N,N-diethyl-9-(2-(fluoro-'*F)ethyl)-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-4-carboxamide;
19 (S)-N,N-diethyl-9-(2-(fluoro-'*F)ethyl)-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-4-carboxamide;
20 N,N-diethyl-6,11-dihydrothiochromeno[4,3-b]indole-6-carboxamide; 21 N,N-dipropyl-6,11-
dihydrothiochromeno[4,3-b]indole-6-carboxamide; 22 N,N-dihexyl-5,6-dihydrobenzo[4,5]imidazo
[2,1-a]isoquinoline-6-carboxamide; 23 N,N-diethyl-11-((fluoro-"*F)methyl)-8-methoxy-6,11-dihydro-
thiochromeno([4,3-b]indole-6-carboxamide; 24 N,N-diethyl-11-(2-(fluoro-'*F)ethyl)-9-methoxy-6,11-
dihydrothiochromeno[4,3-b]indole-6-carboxamide; 25 N,N-diethyl-11-(2-(fluoro-'®F)-ethyl)-2-
hydroxy-6,11-dihydrothiochromeno([4,3-b]indole-6-carboxamide.

Figure 4. Third generation of TSPO ligands and tetracyclines.

[Figure 4, (22)] and 74 nM (compound 34c) as the best IC;, achieved with
PK11195. The benzoimidazoles, originally developed to reduce the lipophilic-
ity of the potential tracers, showed, however, lower affinities and higher lipo-
philicity than the favored compounds of the first series [100].

O’Shea et al. (GE-Healthcare) [101] presented in 2013 some further structures
derived from the pharmacophores of the thiochromenoindol series revealed,
originally, by Okubo et al with appropriate affinities but high lipophilicities
[Figure 4, ((23), (24))].

A novel structural variation, different from the third generation scaffolds, was
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introduced by Fancelli et al [68] with several series of derivatives of cinnamic
acid and analogues of cyclosporine A, known as inhibitor of cyclophilin D. The
compounds were designed by modification of the cinnamic phenyl ring, the ani-
line ring and the central linker of the cinnamic anilido scaffold [68]. Among
these, the authors favored (E)-3-(4-fluoro-3-hydroxyphenyl)-N-naphthalen-1-
yl-acrylamide [Figure 5, (26)].

A potential breakthrough related to the limitations due to genotypic differ-
ences in TSPO1 was announced with the first in vitro data published by Ikawa et
al. [102] about a new analogue of the first-generation TSPO ligand PK11195. For
the synthesis of [''C]ER176 [Figure 5, (27)], the isoquinoline moiety of the par-
ents compound was changed into a quinazoline moiety. The comparison of the
affinity ratios of HAB versus LAB genotypes resulted for ["'C]ER176 [Figure 5;
(27)], PK11195 [Figure 2; (8)] and PBR28 in human tissues in vitro in ratios of
1.3:1; 0.9:1 and 55:1, respectively, [102] indicating a low value of the new sub-
stance in comparison to the second generation tracer.

Ikawa et al [102] reported that with the measurements with ER176, similarly
like also for other tracers, differences in binding affinities related to genotypic
subtypes were not revealed in control groups. One reason for the absence of dif-
ferences could be the small size of the groups investigated. Another reason could
be that the differences become visible only during the pathophysiological
processes. In this case, PET would be able to supply a positive marker of in-
flammatory processes but cannot exclude it in case of negative result of labelling.

Briefly, all generations of TSPO ligands provided also representatives with
appropriate binding affinities to the mitochondrial target protein. While the first
generation radiotracers showed, especially, in the group of azepines yet high
non-specific binding and limited selectivity, these drawbacks were reduced in
the second generation TSPO ligands. However, genetic polymorphism became
in vivo and clinically important and resulted in increasing inter-subject differ-
ences of PET-measurements.

Whether third generation tri and tetracyclic compounds meet the expecta-
tion on reduction of variations by genetic polymorphisms has to be finally elu-
cidated.

O  CHg
N ~ CH
(e} \\HJ\N/\/ 3
= HCH;
~

26 27

26 (E)-3-(4-fluoro-3-hydroxyphenyl)-N-(naphthalen-1-yl)acrylamide; 27 (R)-N-(sec-butyl)-4-(2-
chlorophenyl)-N-(methyl-''C)quinazoline-2-carboxamide.

Figure 5. New TSPO ligands.
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3. Plasma Membrane Targets
3.1. CX3CR1 Chemokine Receptor

Most chemokine receptors are attributed to the G protein-coupled receptors
(GPCR) while a few are atypical chemokine receptors (AKRs) which are not in-
teracting with G-proteins [51] [103] [104].

CX3CR, potentially useful in diagnostics, belongs to a minor family among
four subfamilies of GPC-chemokine receptors [53] [103] [104] [105] [106] cha-
racterized by the position of cysteines in the N-termini of their endogenous li-
gands. In the CX3R ligand fractalkine (FKN), two cysteines are separated by
three other a.a.r.s. in the N-terminus.

CX3CR is highly expressed in the plasma membrane of activated microglial
cells [107] [108] [109]. CXR3R1 (GPCR 13) has been found in spleen, brain
(neurons and microglia) and subpopulations of leukocytes ie. monocytes, ma-
crophages, as well as osteoclasts, dendritic cells, neutrophils. Moreover, lym-
phocyte populations like T-cells are known to express CX3CR [105] [109] [110].

A high increase in expression of CX3CR [103] and high increase of CX3CR
mRNA has been demonstrated in models of neuronal injury [110]. Like other
chemokine receptors, CX3CR regulates trafficking of leukocytes to places of in-
flammatory reactions in the tissue [103] [104] [105].

In difference to other chemokine receptors and TSPO, is known only one en-
dogenous CX3CRI ligand.

The CX3CR ligand FKN is a 373 a.a.r. membrane-bound polypeptide [49],
which is anchored in the cell membrane and supports the scavenging of leuko-
cytes. The extracellular domain can be separated by tumor necrosis factor a
converting enzyme (TACE) and is then present as a globular, extracellular poly-
peptide. By this way FKN is supposed to act as signaling peptide with inflamma-
tory and homeostatic action as well.

The search for potential small molecule ligands of CX3CR1 has been realized
by docking studies in homology models using the cytomegalovirus-encoded
chemokine receptor homolog US28 [50], however, to date with limited success.

Maciejewski-Lenoir et al [111] demonstrated in rat cell cultures expression/
release of FKN by astrocytes and neurons but not by microglia cells.

The role of CX3C receptors in microglia is not completely clear, today, although
it, without doubt, plays a role in the diapedesis of cells. The information about a
toxic or protective role are similar ambivalent like for microglial cells [110].

Steen ef al [112] made the promiscuity of chemokine receptors for several
peptide ligands responsible for the difficulties to develop effective small-molecule
therapeutics targeting chemokine receptors. With regard to only one endogen-
ous ligand, the CX3CRI receptor provides better prerequisites than the most

other chemokine receptors.

3.2. Small Molecule Ligands of CX3CR1

The use of microglial plasma membrane proteins as markers of activation or

DOI: 10.4236/wjns.2018.81006

62 World Journal of Neuroscience


https://doi.org/10.4236/wjns.2018.81006

M. Pissarek

proliferation earns not only attention because it could be applied to patients
which are PET-negative due to TSPO polymorphisms.

A well accessible marker protein of the plasma membrane could allow also
kinetics and dynamics of potential ligands with better feasibility for imaging
purposes than an intracellular target like TSPOL.

The small molecule ligands reported as potential PET tracers for CX3CRI, to
date, are allosteric ligands with non-competitive displacement of FKN from the
receptor.

Karlstrom et al. (Astra Zeneca) [109] published 2013 two series of thio-thiazolo
pyrimidines and analysed the consequences of diverse substitutions of these lead
structures. A first small molecule ligand, AZD8797 [Figure 6; (28)], was synthe-
sized for the treatment of multiple sclerosis. The substance is an orally available
CX3CR ligand. The K; (for the displacement of ['*’I]fractalkine) was 3.9 £+ 0.0
nM and the selectivity compared to CXCR2 was 760fold. Malmquist e a/ had
published 2012 several methods for labelling of this compound with carbon-11
[113].

In 2015, Mease et al. [52] provided synthesis and first data of a '*F-labelled PET
tracer using AZD8797 as parent compound. FBTTP [Figure 6; (29)] is the fluo-
rine-18 labelled AZD8797 derivative [52] with a K; of 23 nM and 18fold selectivity

CHs,

HsC

OH

28

CH, CHs

HaC HsC

OH OH

HN
s
S— 2y o % | AN CHs
H2N\<\ | )\
N N =
N N S/j@ H N S

18

F

29 30

28 2-((2-amino-5-((1-phenylethyl)thio)thiazolo[4,5-d]pyrimidin-7-yl)amino)-4-methyl-pentan-1-ol;
29  2-((2-amino-5-((2-fluoro-18F)benzyl)thio)thiazolo[4,5-d]pyrimidin-7-yl)amino)-4-methylpentan-
1-ol; 30 7-((1-hydroxy-4-methylpentan-2-yl)amino)-5-((2-phenylpropan-2-yl)thio)thiazolo[4,5-d]
pyrimidin-2(3H)-one.

Figure 6. Potential CX3CR ligands.
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compared to CXCR2. Pomper ef al 2016 [114] described in patent application a
series of further radio-fluorinated 7-amino-5-thio-thiazolo[4,5-d]pyrimidines as
possible candidates for PET imaging.

The second series of CX3CR ligands revealed by Karlstrom et al. were thio
thiazolo pyrimidine-2-ones [109]. The favored compound [Figure 6; (30)]
showed a 80fold selectivity in comparison with CXCR2 receptors at a K; (vs.
['*I]fractalkine) of 5.8 + 0.4 nM.

Finally, there are several high-affinity small molecules with good selectivity to
CX3CRI1. The lipophilicity > 3.5 could be an obstacle for the use of these sub-
stances as PET tracers. However, the compounds are regarded as potentially
useful drugs in multiple sclerosis and provide lead structures for development of

potential PET tracers with better pharmacokinetic properties.

3.3. Folate Receptors

Antifolates play a key role in therapies of cancer and rheumatic diseases since
many decades. Folic acid is an essential part of the carbon-one metabolism. Be-
cause it is not synthesized in mammalian cells, it has to be obtained as Vitamin
B9 dietary compound.

Four membrane proteins have been described to be involved into the uptake
of folate [Figure 7, (31)] and of 5-methyltetrahydrofolate (5-MTHEF) occurring
in the liver after intestinal uptake of folic acid [115].

The proton-coupled folate transporter (PCFT) [116], highly expressed in small
intestinum, is responsible for uptake of folate into the epithelium at low pH. A low
affinity carrier (reduced folate carrier; RFC: K, 0.3 - 0.4 umol/l for SMTHF and K,
100 - 200 umol/l for folic acid) has been described as a transmembrane protein
with ubiquitary distribution [117] [118]. The channel is the preferred entry of folic
acid in the normal cell [119]. The second folate uptake system comprises the folate
receptors which are cysteine rich, glycosyl-phosphatidylinositol (GPI) anc-
hored proteins with high affinity (K, 0.3 nM) to folic acid and 5-MTHF. Four
isoforms of the receptor (FRa = FR1; FRS = FR2; and FRy = FR3 and FR4)
have been described [120], which should be of relevance when folic acid de-
creases to nanomolar concentrations in blood serum [118]. Homologies be-
tween the receptor isoforms are high with only small differences in the phar-
macodynamically relevant structures. However, FR3 is a soluble receptor and,
recently, a role of FR1 was described as a transcriptionally relevant protein,
which may interact with nuclear structures following internalization [121]
[122].

Blockage of the cerebral folate receptors and of the uptake across the blood
brain barrier is known to cause marked folic acid deficiency in the brain [123]
resulting in epileptic symptoms, which can be, potentially, reversed by folic acid
application.

FR1, is localized in epithelial cells, kidney, lung and also in the choroid plexus.
It is the most widely distributed subtype of the folate receptors. However, its
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31 4-(((2-amino-4-oxo-3,4-dihydropteridin-6-yl)methyl)amino)benzoyl)-L-glutamic acid; 32 N2-(4-
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(4-(4-(fluoro-"*F)butyl)-1H-1,2,3-triazol-1-yl)butyl)-L-glutamine.

Figure 7. Folate receptor ligands.

density is low, with exception of high expression in some tumors [117]. In gen-
eral, folate receptor expression is typical for cells with functions in embryonic
development [58].

FR2 is expressed in the cells of the hematopoetic system, in placenta, in spleen
and thymus [117] [120] and has been mentioned as overexpressed with some

specificity in anti-inflammatory macrophages/microglia [124] [125].
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In consequence, folate receptors advanced to candidates for use in targeted
therapy and imaging approaches, for instance, as a cargo system for folate con-
jugates with cytotoxic substances in the treatment of tumors [54] [55] [56] [57]

[58] and to potential markers of glial activation in inflammatory diseases.

3.4. Potential FR2 Ligands for PET Tomographic Imaging

To date, most efforts for the development of ligands at FR2 receptors suitable for
radio-imaging have been reported on SPECT tracers [126]. One report poten-
tially interesting also for the analysis of cerebral microglia has been provided by
Jager et al [126] using [*™Tc]folate for investigation of polarized macrophage
subtypes in atherosclerotic plaques of cardiovascular patients [126], ex vivo. The
authors identified, successfully, M1 and alternatively activated M2 macrophages
with cytoflowmetric methods by detection of the M1 marker CD86, the M2
markers CD163 and FR2 receptors confirmed by polymerase chain reaction. The
study could demonstrate high M2 levels in the plaques were consistent with high
capacity for the uptake of [*™Tc]folate. This observation should be of relevance
also for the discrimination of M1 and M2 microglia in vivo and, potentially, in
the brain.

FR2 enhancement is involved in the pathogenesis of arthritis but also of many
other inflammatory diseases e.g. Crohn disease, diabetes, lupus erythematodes,
glomerulonephritis [117] [127].

Overexpression of FR2 in the prefrontal cortex of rats was demonstrated, re-
cently, in a model of acute and chronic stress [48] in parallel with other M2 mi-
croglial markers.

Brain uptake of folic acid, 5SMTFH and methotrexate was first suggested by
the results of a study by Spector and Lorenzo 1975 [128]. Since this time, it is
known choroid plexus binds the major part of folic acid achieving its cells.
Spector and Lorenzo [128] observed 5SMTHEF can also leave the cells of the cho-
roid plexus in direction of the cerebrospinal fluid. Release of folate from FR1
protein is possible by interaction with the PCFT [129]. The key role of FR1 re-
ceptor became clear also from investigations on autoimmune diseases due to an-
tibody blockade of FR1. FR ligands/substrates for PET are available, similar to
SPECT tracers, predominantly, as diagnostics for tumors [55] [56] [130] where,
however, especially the FR1 receptor plays a key role, while FR2 has been pro-
posed rather as a target for imaging in arthritis and rheumatic diseases [54]
[127].

Gent et al [54] compared 2013 PET detection of subclinical synovitis using
['*F]fluoro-PEG-folate or the TSPO-first generation non-benzodiazepine PK11195
in KB cells (nasopharyngeal epidermal carcinoma cells) and in a rat model of
mBSA induced arthritis [54]. Starting point of the study was the test of the novel
PEG-folate tracer as potential label of FR2 overexpressed by macrophages during
early stages of arthritis. The affinities of folic acid to FR1 and FR2 receptor are
comparable (K; ~1 nM) [54] [131] [132]. ["*F]PEG-folate showed in KB cell cul-
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ture an affinity to the folate receptor 1.8fold lower than folic acid and 3fold
higher in comparison to SMTHF [131] [132] [133] [134] [135].

The ex vivo analysis showed a better contrast for the detection of inflamma-
tory regions with [**F]fluoro-PEG-folate than with ["'C]PK11195, what the au-
thors attributed to the faster clearance from blood and a lower periarticular up-
take of the folate derivative in bones [54].

Synthesis of folate conjugates using diverse prosthetic groups was the method
of choice, already years ago, because direct fluorination of folic acid was not
possible.

Bettio et al [130] synthesized a folate tracer using 4-fluorobenzylamine (FBA)
as prosthetic group with region selective linkage to the a-and to the y-carbonyl
group of folic acid [Figure 7, (31)]. Both compounds showed affinities compa-
rable to that of folic acid at FRs expressed in KB31 cell cultures. Moreover, high
resolution PET of mice bearing KB31 cell tumors in the shoulder region showed
high accumulation of the folate-FBA-regioisomers in the tumors in difference to
negligible accumulation of ['*F]FDG.

Ross et al. report in 2008 [132] similar results comparing a and y-["*F]FBA-
folate and ["*F]-Click folate [Figure 7, (32)] in KB cells and a rat model of KB
tumor in vivo, where Click folate, however, showed no sufficient pharmacoki-
netic properties [136] with convincing improvements in comparison to the
FBA-folates.

At least, there is no small molecule ligand, at the moment, binding to FR2 at a
motif of the protein which allows selective distinction from FR1. The majority of
available ligands are folate conjugates [59] with exception of 2-["*F]fluorofolic
acid [136] which is regarded with a K; of 1.8 nM as a promising PET tracer for
tumors. If folate-based tracer can be efficient also in monitoring microglial acti-

vation in the brain with intact blood brain barrier remains to be elucidated.

4. Summary and Conclusions

Visualization of microglial activities as a key factor in pathogenesis and progres-
sion of neurodegenerative diseases [1] [5] [8] [9] [14] [15] [16] [28] [137] is in-
creasingly included in the development of new in vivo-strategies of brain imaging.
The target preferred in clinical investigations remains, currently, the well-known
mitochondrial TSPO1. But during the last decade also proteins of plasma mem-
brane became potential binding sites for PET tracer.

Overexpression of TSPO in brain tissue subjected to inflammatory diseases has
been confirmed by postmortem studies [93] as well as in animal experiments.
Three generations of small molecule TSPO ligands have been proposed as PET
tracers: 1) azepines and quinolones; 2) predominantly, compounds with three
separate non-azepine and non-isoquinoline ring systems 3) tri- and tetracyclic
compounds. The third generation of TSPO ligands was expected to reduce the in-
ter-subject variations caused by the presence of three different binding types of

study participants due to the rs6971 polymorphism. ['*F]GE-180 as the first of the
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third generation structures showed, generally, appropriate pharmacokinetic prop-
erties with exception of a low uptake into the brain. In first clinical tests with
healthy volunteers, no differences between the binding types were observed.
However, an influence of the various genotypes in patients is yet not excluded.

The broader clinical experience with second generation compounds suggests
that the tracers among these with the best properties, like ['*F]JFEPPA or
["'C]PBR28 and its fluorinated analogue remain on the schedule of clinical trials
[138] [139] [140].

New insights on protein-ligand interactions and protein-protein relationships
in the mitochondrial membrane can be expected now also from molecular dy-
namics studies using the crystal structure of TSPO [38] [39] [40]. This should
offer not only new information on the physiological and pathophysiological role
of TSPO in inflammatory diseases but also on potential protective mechanisms
in infectious diseases like malaria [66].

For the PET targets on the plasma membrane, CX3CR1 and FR2, polymor-
phisms of relevance for the imaging results, similar to that of second generation
ligands of TSPO, are not known, currently.

CX3CRI1 ligands proposed recently by Karlstréom et al [109] showed appro-
priate binding affinities and selectivity. Their high lipophilicity was a tribute to
their original purpose as an orally applicable therapeutic in multiple sclerosis.
With regard to the application as a PET tracer it is rather a drawback. AZD8797
as well as related derivatives open a door for further modifications of potential
lead structures.

Hitherto, small molecule ligands or folate conjugates binding to FR1 and FR2
specifically are not available. A PET labelling of folate receptors in inflammatory
processes becomes specific for the FR2 subtype only by the distribution of the
FR2-expressing M2 subtype of activated microglia.

On the other hand, distribution of FR1 and FR2 as well as their contributions
to the cerebral uptake of folate through the epithelial cells of the choroid plexus
and from the ventricular or spinal cerebrospinal fluid raise new questions also
for potential imaging applications apart from tumor diseases. Additionally, the
time course of such processes and their role in comparison to a direct transfer of
folate, folate conjugates and analogues across the blood vessels would be an im-
portant item for the estimation of a potential diagnostic value of FR ligands in
clinical PET imaging methods. Moreover, the recognition that the permeability

of the blood brain barrier increases with rising age earns some attention [141].
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Abbreviations

a.a.r. Amino acid residues

AKR Atypical chemokine receptors
ANT Adenine nucleotide transporter
CD Cluster of differentiation

CBR Central benzodiazepine receptor
CNS Central nervous system

CX3CR Subgroup of chemokine receptors characterized by presence of three

other a.a.r. between to cysteines in the N-terminus of the receptor

GPI Glycosyl-phosphatidylinositol

FAD Familial Alzheimer’s disease

FBA Fluorobenzylamine

FR Folate receptor

FKN Fractalkine

HAB High affinity binder

KB31cells  Nasopharyngeal epidermal carcinoma cells
LAB Low affinity binder

MAB Mixed affinity binder

5MTFH 5-Methyltetrahydrofolate

mPTP Mitochondrial permeability transition pore
PBR Peripheral type benzodiazepine receptor
PCFT Proton-coupled folate transporter

PD Parkinson disease

PEG Polyethylenglycol

PET Positron emission tomography

REC Reduced folate transporter

SPECT Single photon emission tomography

5TM Five transmembrane domains

TACE Tumor necrosis factor alpha converting enzyme
TSPO Translocator protein 18 kDa

VDAC Voltage-dependent anion channel
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