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ABSTRACT: Microglia, the innate immune cells of the central
nervous system (CNS), act as first responders to brain injury. Their
ability to switch between di erent neuroprotective and neurotoxic
phenotypes, plays a central role in maintaining brain homeostasis.
Recently, the P2Y12 receptor (P2Y12R) has been identified as a
promising molecular biomarker for microglia activity, as its
expression level is dependent on microglia phenotype and function.
P2Y12R positron emission tomography (PET) might be a valuable
diagnostic tool, however, tracers with su cient brain retention have
not been reported so far. Herein, we report a brain-permeable
P2Y12R PET tracer for in vivo imaging of P2Y12R-positive
microglia. Nicotinate [*®F]12 exhibited nanomolar a nity and

specificity for the target receptor and showed a reduced uptake in microglia-depleted (PLX) mice, in comparison to WT and Trem?2
knockout (Trem2~/~) mice. Ex vivo immunohistochemistry (IHC) and PET data revealed a strong correlation between microglia

abundance, P2Y12R expression levels and tracer uptake.

I INTRODUCTION

Microglia are the resident immune cells of the central nervous
system (CNS) and play an important role in the protection,
homeostasis and surveillance of the brain parenchyma."~* Thus,
a broad spectrum of functions and abilities can be attributed to
them, like the constant scanning of the surrounding brain tissue,
the secretion of inflammatory cytokines or reactive oxygen
species, the removal of cellular debris and de- and remyelination
of neurons.*~® This versatility is a result of the ability to switch
between di erent phenotypes, each with its own cell
morphology, gene expression and function.”® Thus, microglia
can respond rapidly to injury or pathogens through a dynamic
and reversible shift from homeostatic to activated microglia,
which initiate an acute inflammatory reaction and subsequent
neuroprotective care. Transcriptome analysis indicates that the
aging process a ects the active interplay of damage and repair,
resulting in a reduction of homeostatic microglia throughout the
lifespan.”~** In the onset and progression of neurodegenerative
diseases, such as Alzheimer's disease (AD), this natural e ect is
drastically amplified, leading to a microglia polarization toward
chronic activation and neuroinflammation."*** So far, it has
proven challenging to obtain su cient and satisfactory in vivo
data that reflect the heterogeneous spectrum of microglia
phenotypes and activation states. However, this real-time
information would be necessary to develop new therapeutic
approaches for neurodegenerative diseases, based on the
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manipulation of microglia polarization in order to prevent or
reverse maladaptive activation.*** Positron emission tomog-
raphy (PET), a noninvasive and highly specific imaging method,
represents a particularly suitable tool for imaging dynamic and
complex processes in vivo, such as neuroinflammation. At
present, PET is employed in clinical research to assess microglia
activation. The most prevalent target to image activated
microglia is the 18 kDa translocator protein (TSPO), although
the biomarker is subject to several limitations. PET data
interpretation is demanding since TSPO is expressed not only
on microglia but also on endothelial cells and astrocytes.
Furthermore, at elevated expression levels, it is not possible to
distinquish between neuroprotective and neurotoxic pheno-
types.”®*’ Genetic polymorphism in humans can also result in
low and high binding of PET tracers, creating ademand for more
specific and universal imaging targets. While this exemplary
biomarker and others are commonly used in research related to
the activated phenotype, there are currently no PET tracers
available for clinical use in imaging homeostatic microglia.*® In
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Figure 1. Published P2Y12R radioligands.>~%°
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Figure 2. Lead compounds 5 (AZD1283) and 6 and derived variable fragments for structure modification. In vitro bindinga nity (1Cs) for the P2Y12
receptor in Chinese hamster ovarian cell membranes;*® Ar;, (Hetero)Aryl 1; aze, 3-azetidinyl; paz, 4-piperazinyl; pip, 4-piperidinyl; Ar,, Aryl 2.

this context, the G-protein coupled purinergic 2Y type 12
receptor P2Y12R has emerged recently as a promising molecular
target. In case of brain injury, P2Y12R detects extracellular
nucleotides such as ADP and ATP, released from damaged
neurons and glia cells and microglia activation is subsequently
initiated.*>?° The morphological and functional changes of
microglia from anti-inflammatory to pro-inflammatory states are
associated with a distinct and rapid P2Y12 receptor down-
regulation.”?* This contrast emphasizes P2Y12R as a promising
surrogate for the dynamic and complex neuroinflammation
process. The receptor has a clear functional involvement in
microglia activation and is found specifically on microglia within

the CNS.? In the periphery, it is found on platelets, where it
plays an essential role as ADP receptor in the signaling pathway
to platelet aggregation.’*** To date, several radiotracers
targeting P2Y12R have been developed (Figure 1). However,
the reported compounds have only poor brain uptake and are
therefore unsuitable for in vivo brain imaging. Van der Wildt and
co-workers published two potent thienopyrimidine-based
ligands, [**C]1 and [*®F]2, which turned out to be substrates
for e ux transporters, hindering their brain accumulation.?®
Most recently, the same group published another highly a ne
P2Y12R PET tracer 3, based on a pyrazolidine-3,5-dione
derivative. Unfortunately, this tracer demonstrated low in vivo
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Figure 3. Molecular docking of AZD1283 5 and 6. (A) Predicted binding mode of AZD1283 5 to the P2Y12R (PDB: 4NTJ). (B) 2D interaction
diagram for AZD1283 5. (C) Predicted binding mode of compound 6 to the P2Y12R (PDB: 4NTJ). (D) 2D interaction diagram for 6.

stability and brain uptake.?® Other attempts focused on the
development of small molecules based on the structure of the
P2Y12R antagonist and platelet aggregation inhibitor AZD1283
5, but the compounds [*'C]4 and ElC]S were unable to cross
the blood-brain barrier (BBB).?' 2

Nevertheless, the development process of AZD1283 5 has
yielded interesting progenitor compounds, like compound 6,
that promise better brain accessibility while retaining a rather
low level of a nity for the target receptor (Figure 2).*°** On the
basis of these structures, a set of 16 new compounds (7—22) was
designed, synthesized and validated, aiming to provide a novel
PET tracer candidate. The intent was to discover high a nity
compounds while maintaining asu cient brain permeability by
varying substituents or linkers. Compound 12 was subsequently
selected for further examination as a specific and brain-
compatible PET tracer, due to its high target a nity and
promising physicochemical properties. The compound was
radiolabeled with fluorine-18 and tested in a set of in vitro and in
vivo studies to confirm brain uptake and specificity. This work
presents a further step toward P2Y12R imaging in the CNS by
means of brain-permeable radiotracers, which could facilitate
the characterization of P2Y12R expression and activity in the
context of neuroinflammation.

B results

Molecular Design and Docking. Among the three crystal
structures for P2Y12R provided by the protein data bank
(PDB), the4NJTstructure was chosen for docking experiments,
since it is cocrystallized with AZD1283 5.2 The quaternary
structure of the receptor is characterized by a group of 7
transmembrane helices (TM), with the AZD1283 binding
pocket located between TMIV and TMVII (Figure 3A). To

analyze the structure—activity relationship between ligand and
receptor, AZD1283 was formally divided into three fragments:
the (hetero) aryl fragment Ar,, the amino linker and the aryl
fragment Ar, (Figure 2). Using these substructures, we
identified central interactions such as hydrogen bonding or
nm—" stacking using the drug discovery platform molecular
operating environment (MOE) (Figure S1). In order to
preselect the most promising structures for use as PET tracers,
the proposed structures were limited to those that could be
radiolabeled with fluorine-18. For docking experiments a set of
potential P2Y12R ligands was generated, based on reported
examples from literature as well as new motifs and substructures
generated from scratch using MOE’s Sca old Replacement tool.
The tracer candidates need to be able to cross the BBB in
su cient amounts. Thus, we used two di erent algorithms, the
CNS MPO Score® and the BBB Score,* to assess the likelihood
of brain permeability of the respective compound. In total, a set
of 55 structures was tested in silico in docking studies (Table S1).
From these structures, compounds 5-22 were selected for
structure—activity relationship (SAR) analysis, based on the
docking score S and SAR results from literature (Table 1). Also,
they all exhibit promising BBB or CNS MPO scores for
successful application as CNS drug. The 2D interaction diagram
of the binding pocket shows tight hydrogen bonds for the ethyl
6-aminonicotinate backbone with the residues Tyr105, Tyr109,
Asn159 and Cys194 (Figure 3A,B). The docking scores for the
compounds 9/11/12 (—9.23 vs —9.79 vs —10.03), and 15/17/
18 (—9.66 vs —10.15 vs —10.44) revealed a superior a nity for
the nitrile over chloride and hydrogen in position 5 of the
pyridine ring.**** However, nitrile substituents exhibit a higher
topological polar surface area (TPSA), which is ultimately
reflected in lower BBB scores. Thus, chloride or hydrogen

https://doi.org/10.1021/acs.jmedchem.5c00457
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Table 1. In Silico Data and 1Csg, Values for Compounds 5—22%
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@BBB and CNS MPO score calculated with Marvin JS v23.11; S score calculated with MOE; 1Cs, values calculated with GraphPad Prism v8.4.3
based on experimentally measured inhibition values (triplicates, mean); red color indicates high values for CNS MPO, BBB and S scores and low
IC4, values, yellow color vice versa. PExperimentally measured inhibition values from three independent experiments (each in triplicate) expressed

as mean = SD. °nd, not detected.

substituents at position 5 were still added to the set of test
compounds to increase the likelihood of brain permeability. The
series 10/11 and 16/17 indicated that a methyl group at
position 2 may foster higher docking scores. The highest S values
were obtained with compounds 13 and 19, which have an aryl
sca old instead of the pyridine ring. A pyridine-fused lactone
was introduced in 8 and 14, to account for an increased
microsomal stability and a nity.*® The lactones also displayed
higher CNS scores than comparable nicotinates, presumably
due to their reduced molecular weight and decreased flexibility.
However, the lactones displayed the lowest docking scores,

15546

although a beneficial e ect on brain permeability can be
expected. Variations on the amino linker were made including
piperazinyl (6—8), piperidinyl (9—19), or azetidinyl (20—22)
residues, corresponding to the selection made by Bach and co-
workers from a wide range of di erent nitrogen-heterocycles.*
A comparison of the S scores for the duplets 6-7, 10 and 12 and
21-22 show that the amino linker exerts a minor influence on the
predicted a nity value of the ligand. Whereas the usage of the
azetidine fragment results in higher CNS scores, the S score is
similar to the piperazine and lower than the piperidine residue.
The sulfonyl amide of AZD1283 5 displays a particularly strong

https://doi.org/10.1021/acs.jmedchem.5c00457
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Scheme 1. Synthesis of Amine Building Blocks 25 and 31—33%

®Reagents and reaction conditions: (a) 4-FBNnNCO, THF, rt, 16 h; (b) 4 M HCI, dioxane, rt, 4 h; (c) 4-fluorobenzylamine or 2-(4-
fluorophenyl)ethan-1-amine, HBTU, DCC, DIPEA, DCM, rt, 16 h; pip, piperidinyl; aze, azetidinyl.

Scheme 2. Synthesis of AZD1283 Analogues 6-7, 9—12, 15—18, 20—22°

@Reagents and reaction conditions: (a) 25, TEA, EtOH, 72 °C, 16 h; (b) 31, TEA, EtOH, 72 °C, 16 h; (¢) 32, TEA, EtOH, 72 °C, 16 h; (d) 33,

TEA, EtOH, 72 °C, 16 h.

interaction with the residues Lys280 and Arg256 (Figure 3A,B).
A comparison with the predicted interaction profile of 6 in the
binding pocket reveals that the omission of the sulfonyl amide
group leads to weaker hydrogen bonds for these residues (—8.8
and —5.3 vs —3.6 and —4.2 kcal/mol) (Figure 3C,D) reflecting
the di erence in ICy, values of both compounds (Figure 2).%%%*
Nevertheless, a substitution of the sulfonyl amide with a less
polar group is essential, because brain accessibility is severely
limited by the strong hydrophilic nature of the sulphonyl group.
Replacing the sulphonyl group in 5 with a methylene group and
prolonging the carbon chain toward the aryl residue led to a
significant decrease in hydrophilicity in compound 18 compared
to 5, while maintaining a high docking score (—10.63 vs
—10.44). In general, compound 15—-19 (—9.66 to —11.03)
exhibited higher docking scores than the corresponding

homologues 9—13 (—9.23 to —10.58) supporting the
hypothesis that the methylene group replacement is beneficial
for receptora nity. The aryl moiety o ers a feasible position for
radiofluorination by means of nucleophilic aromatic substitu-
tion. Experiments with di erent substituents on the aromatic
ring of AZD1283 demonstrated, that the addition of a fluorine
substituent in position 4 had only aminore ectonthea nity.*

Chemistry. The synthesis of compound 6-22 is based on the
“reverse method” described by Bach et al. reacting 6-
chloronicotinates with the corresponding amine building
block.*® The Boc-protected N-heterocycles piperazine 23,
isonipecotic acid 26 and 3-azetidinecarboxylic acid 27 were
used as starting materials to synthesize amine building blocks for
the amino linker (Scheme 1). Boc-protected piperazine 23
reacted with 4-fluorobenzyl isocyanate to amide 24 in 53% yield,

https://doi.org/10.1021/acs.jmedchem.5c00457
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Scheme 3. Synthesis of AZD1283 Analogues 8 and 142

@Reagents and reaction conditions: 25 or 31, TEA, EtOH, 72 °C, 16 h; paz, piperazinyl; pip, piperidinyl.

Scheme 4. Synthesis of AZD1283 Analogues 13 and 19%

@Reagents and reaction conditions: (a) H,SO,, EtOH, 72 °C, 8 h; (b) Propyl bromide, K,CO, MEK, 80 °C, 48 h; (c) NCS, rt, 16 h; (d) 31 or 32,

K,COs, DMSO, 120 °C, 24 h.

Scheme 5. Synthesis of Precursor 452

@Reagents and reaction conditions: (a) 4-BpinBn-NH,, HBTU, DCC, DIPEA, DCM, rt, 16 h; (b) 4 M HCI, dioxane, rt, 4 h; (c) 44, TEA, EtOH,

72 °C, 16 h.

followed by Boc-deprotection with HCI in dioxane to give the
free amine 25 in 68% yield. 26 and 27 were activated with
HBTU and DCC and treated with 4-fluorobenzylamine or 2-(4-
fluorophenyl)ethan-1-amine to give the corresponding amides
28-30. Subsequent Boc-deprotection with HCI in dioxane
yielded amine 31-33 (86, 35 and 72% yield over two steps). The
AZD1283 analogues 6-7, 9-12, 15-18 and 20-22 were prepared
by treating 6-chloronicotinates 34—37 with the respective amine
building blocks 25 or 31—33 (15—95% vyield) (Scheme 2).
Compounds 8 and 14 with a fused lactone moiety, were
synthesized according to Scheme 3. After the preparation of 38
according to a literature procedure, the amine building blocks 25
and 31 were used to obtain 8 and 14 in 23 and 22% yield.*’
Compounds 13 and 19 contain a benzene ring instead of the
pyridine motif and were synthesized based on the commercially
available 4-fluorsalicylic acid 39 (Scheme 4). Fisher esterifica-
tion of 39 with conc. H,SO, in EtOH gave 40 in 65% vyield,
which was then alkylated with propyl bromide to obtain 41 in

96% vyield. Chlorination in position 4 with NCS yielded
compound 42 (33% vyield). Reaction with amine 31 and 32
gave the AZD1283 analogues 13 and 19 in 34 and 17% yield.
Precursor 45 was prepared for radiolabeling experiments
(Scheme 5). Boc-protected isonipecotic acid 26 was transferred
to amine 44 through an amide coupling with 4-borpinacol ester
benzyl amine and subsequent deprotection (27% yield over two
steps). 6-Chloronicotinate 37 was treated with 44 to obtain the
precursor 45 (85% yield).

In Vitro Competitive Binding Assay. The inhibitory e ect
of compounds 5-22 on the P2Y12R was determined utilizing a
competitive radioligand binding assay following a modified
protocol by Dupuis et al. with [**P]2-MeSADP, a commercially
available P2Y12R radioligand, as competitor (Table 1 and
Figure S2).* Compounds 5 and 6 were included to compare
IC5, values with reported values from literature (Figure 2).
Many compounds show a good to moderate a nity for the
receptor, with the most potent ligand being AZD1283 5 (IC5, =

https://doi.org/10.1021/acs.jmedchem.5c00457
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Scheme 6. Synthesis of radioligand [*®F]12®

@Reagents and reaction conditions: [*®F]F~, Cu(OTf),Py,, NBu,OTf, DMI, n-BuOH, air, 110 °C, 10 min.

Figure 4. (A) Representative average PET/CT images of [**F]12 in a WT mouse 0—2 min and 25—60 min p.i.; B, brain; BI, bladder; H, heart; I,
intestine; K, kidney; L, liver; Lu, lung. (B) Average liver, kidney and bladder TACs and (C) Average whole brain TAC of [*®F]12 in WT mice under
baseline and blocking conditions. (D) Ex vivo biodistribution including brain and blood (n = 12), plasma, heart, lung, spleen, pancreas, kidney and liver

(n=2).

51 nM) directly followed by 12 (ICs, = 79 nM) and 14 (I1Cs; =
199 nM). Compounds with a nitrile substituent were morea ne
than the compounds with chloride or hydrogen substituents,
which confirms the prediction from previous docking experi-
ments. Compounds 13 and 19 with the highest predicteda nity
for the receptor in silico, showed the weakest interaction in the

binding assay (17,750 and 27,140 nM). Thus, replacing the
pyridyl with an aryl was not suitable given the observed
reduction in a nity, although a potential interfering contribu-
tion of the propoxy group at position 4 has to be taken into
account. High docking scores could be achieved by elongating
the carbon chain of the 4-fluorbenzyl group in compounds 15-
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