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Abstract

The purinergic P2X7 receptor (P2X7R), an ATP-gated non-selective cation channel, is emerging as
a gatekeeper of inflammation that controls the release of pro-inflammatory cytokines. As a key
player in initiating the inflammatory signaling cascade, the P2X7 receptor is currently under intense
scrutiny as a target for the treatment of different pathologies, including chronic inflammatory
disorders (rheumatoid arthritis and osteoarthritis), chronic neuropathic pain, mood disorders
(depression and anxiety), neurodegenerative diseases, ischemia, cancer (leukemia), and many
others. For these reasons, pharmaceutical companies have invested in discovering compounds able
to modulate the P2X7R and filed many patent applications.

This review article presents an account of P2X7R structure, function, and tissue distribution,
emphasizing its role in inflammation. Next, we illustrate the different chemical classes of non-
competitive P2X7R antagonists reported by highlighting their properties and qualities as clinical
candidates for treating inflammatory disorders and neurodegenerative diseases. We also discuss the
efforts to develop effective Positron Emission Tomography (PET) radioligands to progress the
understanding of the pathomechanisms of neurodegenerative disorders, to provide evidence of drug-

target engagement, and to assist clinical dose selection for novel drug therapies.
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1. Introduction

The purinergic P2X7 receptor (P2X7R) belongs to the purinergic receptor family that includes the
purine and pyrimidine receptors: the P1 adenosine receptors (A1, A2a, A2b, and A3), and the P2
family, which is further divided into the P2X (ionotropic) and P2Y (metabotropic) receptors. The
ionotropic P2X receptor subfamily comprises seven subtypes of ATP-gated ion channels, termed
P2X1-7 receptors [1, 2]. P2X7R is a non-selective cation channel activated by extracellular
adenosine triphosphate (ATP) and it is expressed in the immune, peripheral, and central nervous
systems and is implicated in ATP-mediated cell death and inflammation.

Over the last decade, tremendous efforts have been made by research groups from both industry and
academia to develop structurally distinct P2X7R-specific antagonists as therapeutic agents [3, 4].
Much of the early efforts focused on treating diseases related to peripheral inflammation.
Subsequently, there has been a shift toward developing brain penetrant antagonists for treating the
chronic inflammatory status associated with neurological disorders [5], resulting in the

identification of several clinical candidates, of which none has reached the market.

2. P2X7R molecular structure and activation mechanisms

The P2X7R is encoded by the P2RX7 gene and it was first cloned and characterized in 1996 [6-8].
The gene encoding the P2X7R has been reported in at least 55 species. The P2X7R has been
characterized in humans and six mammalian species, including macaque, dog, panda, mouse, rat,
and guinea pig. The P2X7R of these species share 77-85% sequence identity with human P2X7R,
while the sequence identity of the human P2X7R with non-mammalian species, such as the
zebrafish, is below 40% [9]. The human P2X7R is highly polymorphic, and more than 150 single-
nucleotide polymorphisms have been identified in the extracellular loop and the C-terminal domain
[10-13], leading to diverse unpredictable functional consequences.

P2X7R is widely distributed in the mammalian body. Initially, it was thought that P2X7R

distribution was restricted to hematopoietic lineages cells, such as macrophages, monocytes,
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lymphocytes, and dendritic cells. Later, it became evident that P2X7R 1is also expressed by cells
from other lineages, including fibroblasts, osteoblasts, endothelial cells, and epithelial cells.
Moreover, P2X7R is expressed in the central and peripheral nervous system cells, such as
microglia, astrocytes, oligodendrocytes, and Schwann cells [14]. P2X7R has also been reported in
some populations of neurons, including those from the spinal cord, cerebellum, hypothalamus, and
substantia nigra [15, 16].

Like other P2XRs, P2X7R forms trimeric assemblies of three identical subunits [17, 18]. Each
subunit of the human P2X7R is a 595 amino acid-long protein [19] with a general architecture
presenting a hydrophilic extracellular domain, two transmembrane helices (TM1 and TM2), and an
intracellular part composed of the C-terminal and N-terminal regions [20, 21]. P2X7R has a
carboxy-terminus much larger than other P2X family members with possible implications in
regulating receptor function, including signaling pathways activation, cellular localization, protein-
protein interactions, and post-translational modification [22].

The tridimensional structure of the P2X7R subunits resembles the shape of a dolphin, in which the
extracellular part constitutes the dolphin body (with head and fins), whereas TM1 and TM2
constitute the dolphin tail. The structure consists of 8 alpha helices and 14 beta strands and it is
stabilized by five conserved disulfide bonds (Fig. 1).

The assembly of the trimer forms the three ATP-binding pockets made of residues belonging to two
complementary subunits (Fig. 2). The orthosteric binding pocket of P2X7R contains a high fraction
of positively charged arginine and lysine, which is characteristic of the ATP binding sites on
proteins. Between the two neighboring monomers, allosteric binding sites have been characterized
so far [23-25] that can bind different compounds with inhibitory allosteric properties on the P2X7R
activity (Fig. 2) [26]. Unlike the orthosteric binding site, the allosteric pockets are mainly formed by
hydrophobic amino acids. A detailed description of the allosteric binding pocket is reported below.
P2X7R is activated by very high ATP concentrations (ECso> 100 pM) [27, 28], differently from the

other P2XRs that show ECso ~ 10 uM [29]. Under physiological conditions, when ATP



concentration is low, P2X7R exists in the closed state. After a tissue insult or damage, the ATP
concentration reaches high values (> 100 pM) in the milieu [30, 31], and three molecules of ATP
bind to P2X7R, leading to receptor activation and consequent passage of Ca®*, Na*, and K* across
the plasma membrane causing an inward current and membrane depolarization [27, 32, 33].
Prolonged ATP stimulation does not cause receptor desensitization, as in other receptors, but
induces cell death by opening membrane pores. The subsequent increase of membrane permeability
allows the entrance into the cell of large hydrophilic molecules (900 Da) to hydrophilic solutes that
impair homeostasis [34]. ATP hydrolysis and consequent decrease in concentration promote the

closure of the pores [35].

3. P2X7R role in inflammation and related diseases

Activation of P2X7R by ATP leads to the activation of cell-type specific signaling pathways that
include calcium mobilization, actin polymerization, chemotaxis, mediators release, cell maturation,
cytotoxicity, and cell death [36]. One of the most studied signaling pathways associated with the
P2X7R activation is the processing and externalization of the pro-inflammatory cytokine
interleukin-1f (IL-1pB) and its related family member interleukin-18 (IL-18). The cationic efflux
through P2X7R, particularly the drop of intracellular K* concentrations, induces inflammasome
complex assembly and subsequent pro-caspase-1 maturation into caspase-1 through the NOD-like
receptor protein (NLRP3) [34, 37]. Caspase-1 plays a prominent role in the cleavage of pro-1L-1
and pro-IL-18 to form mature IL-1 and IL-18, respectively, which in turn play a pivotal role in the
nitric oxide synthase (NOS) and cyclooxygenase-2 expression, as well as in the tumor necrosis
factor-alpha (TNF-a) production (Fig. 3) [38, 39].

The activation of P2X7R is also involved in the generation of reactive oxygen species (ROS) in
macrophages [39], microglia [40], and erythroid cells via the nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase 2 [41]. There is also evidence that P2X7R can enhance mitochondrial



ROS production via ATP [42, 43]. ROS contributes to inflammasome aggregation and IL-1f3
release [44, 45].

Therefore, based on the P2X7R distribution in immune cells, the overexpression in inflammatory
processes, and the activation of intracellular pathways leading to the release of pro-inflammatory

cytokines, P2X7R has been proposed as one of the key players in inflammation [34].

P2X7R in chronic neurological disorders

As discussed above, P2X7R is expressed by several cell types in the Central Nervous System
(CNS) and it is activated by massive release of ATP during acute harmful events such as
mechanical damage, ischemia, status epilepticus, or in chronic neurodegenerative diseases, such as
Alzheimer’s Disease (AD), Parkinson Disease (PD), Multiple Sclerosis (MS), amyotrophic lateral
sclerosis (ALS), and neuropathic pain. P2X7R activation is responsible for the release of
neurodegeneration-inducing bioactive molecules such as pro-inflammatory cytokines, chemokines,
proteases, reactive oxygen and nitrogen species, as well as the excitotoxic glutamate/ATP causing
cellular damage.

The involvement of P2X7R in inflammatory responses in AD has been supported by several in vitro
and in vivo studies. Microglial activation by $-amyloid (AP) requires P2X7R expression because
AB-induced release of ATP and IL1- was observed only in microglia from wild-type mice and not
from P2X7R-deficient mice [46]. P2X7R overexpression induced by A} oligomers increased
synaptic failure and neuronal dyshomeostasis in different cellular models of AD [47]. The
overexpression of P2X7R has been confirmed in various animal models of AD [48] and in the brain
of AD patients. In human AD brain, P2X7R is expressed in association with AP plaques and
localized in immunoreactive microglia [49]. Finally, administration of the P2X7R antagonist
Brilliant Blue G (BBG) in animal models of AD was able to reduce plaque loads in the

hippocampus, neuroinflammatory response, and improve cognition [50].



P2X7R is also upregulated in PD patients’ brains, contributing to excessive microglial activation
and chronic neuroinflammation [51]. a-Synuclein binds to P2X7R in microglia and stimulates
P2X7R transcription [52]. In the 6-OH-DOPA-lesioned rat model of PD, the administration of
P2X7R antagonists BBG or A-438079 attenuates microgliosis and mitochondrial dysfunction, as
well as motor and memory impairments [53, 54].

P2X7R plays different roles in ALS depending on the stage of the disease, being neuroprotective in
the early stage, then progressing toward a neurodegenerative role in the middle and late stage [55].
In transgenic SOD1-G93 A mice, the best-characterized animal model of ALS, the ablation of
P2X7R induced more severe disease progression, increased gliosis, upregulation in inflammatory
markers, and decreased motor neuron survival [40]. Moreover, in SOD1-G93 A mice, the activation
of P2X7R just before the onset of the pathological neuromuscular phenotype prevented denervation
and atrophy of skeletal muscles and improved innervation and metabolism of myofibers [56].
P2X7R is upregulated on activated microglial cells in post-mortem spinal cord tissue of ALS
patients [57], and high levels of extracellular ATP have been observed in cerebrospinal fluid
samples from advanced ALS patients [58]. Activating P2X7R with benzoylbenzoyl ATP (BzATP),
an ATP synthetic analogue, in SOD1-G93 A mice microglia enhanced the oxidative stress with
increased ROS production. These effects can be ameliorated by using the antagonists BBG, A-
430879, and A-839977 [40]. Moreover, P2X7R activation initiated a neurotoxic phenotype in
SOD1-G93A astrocytes, leading to motor neuron death in co-culture [59]. Finally, P2X7R
contributed to ALS progression by modulating autophagic flux. Sustained P2X7R activation in
SOD1-G93A microglia induced an increase in autophagy markers, and these effects could be
ameliorated by using the antagonist A-804598 [60].

The involvement of P2X7R in MS is based on the observation that high expression levels of this
receptor have been reported in activated microglia and astrocytes in the spinal cord and brain of MS
patients [57]. P2X7R ablation suppressed the development of experimental autoimmune

encephalomyelitis (EAE) in rats, which is considered a reliable model of MS. Consistently,
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administration of BBG in EAE rats decreased astrogliosis and demyelination, leading to the
amelioration of neurological symptoms [61]. Moreover, in EAE rats, the elevated expression of
P2X7R in oligodendrocytes in normal-appearing axon tracts suggests that abnormalities in P2X7R
expression are likely to precede the emergence of clinical symptoms and may be an early risk factor

associated with early lesions formation in this disease [62].

P2X7R in autoimmune diseases

P2X7R is involved in innate and adaptive immunity. In innate immunity, the role of P2X7R is
mainly related to the activation of the NLRP3/ASC/caspase-1 inflammasome and the production of
pro-inflammatory cytokines. In adaptive immunity, P2X7R is involved in the proliferation and
activation of T cells. In particular, activation of P2X7R inhibits the differentiation of T cells into
regulatory T cells (Treg), an anti-inflammatory phenotype, and promotes the conversion of Treg in
helper T cells (Th17), a pro-inflammatory phenotype. Dysregulation of innate and adaptive immune
responses is responsible for autoimmune diseases such as inflammatory bowel disease (IBD),
Crohn’s Disease (CD), systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and
systemic sclerosis (SSc) and, thus P2X7R antagonists can be helpful in the treatment of such
diseases [63].

Elevated P2X7R levels in peripheral blood mononuclear cells and synovial fluid have been detected
in RA patients and an arthritis rat model [64-66]. During the inflammation process in RA, several
cytokine-independent pathways mediated by P2X7R are crucial, such as the P2X7R-cathepsin
pathway. P2X7R antagonists AZ10573295 and AZ11648720 abolished the ATP-induced cathepsin
release in macrophages from wild-type mice and the ATP-induced cathepsin release was not
observed in macrophages from P2X7R ™ [67].

The balance between Th17 and Treg cells regulated by P2X7R activation is a crucial pathogenic
mechanism in IBD. In CD patients, besides the elevated expression of P2X7R, higher levels of IL-

17 and lower levels of IL-10 were detected compared to controls, which were mainly produced by



Th17 and Treg cells, respectively [68]. In SSc, the activation of P2X7R could promote collagen
production, a-smooth muscle actin expression, cell migration, and connective tissue growth factor
release in LPS-primed fibroblasts from SSc patients, leading to pro-fibrotic effects. This effect was
completely reversed by P2X7R antagonists or ERK1/2 inhibition, indicating a novel cytokine-

independent pathway in P2X7R-induced fibrosis [69].

P2X7R in cancer

P2X7 is involved in the regulation of tumor cell growth in a complex manner. P2X7R is
overexpressed in various malignancies, including pancreatic, breast, prostate, and colon cancers and
neuroblastoma. Compared with normal tissue, the tumor microenvironment is characterized by
higher ATP concentrations that activate P2X7R [30]. Therefore, depending on the intensity of ATP
stimulation, P2X7R can promote cell growth or can induce cytotoxicity.

P2X7Rs promote cell growth under conditions of low-intensity ATP stimulation through
modulation of mitochondrial metabolism and enhancing oxidative phosphorylation and aerobic
glycolysis [70, 71]. In addition, P2X7R activates multiple intracellular growth-promoting pathways
and it can also trigger a massive release of vascular endothelial growth factor (VEGF) [72], matrix
metalloproteinases [73], or other tissue factors that promote tumor progression. In colorectal cancer
cells, P2X7R activation promotes proliferation by activating the Akt and NF-kB signaling pathways
[74]. In pancreatic cancer cells, ATP-activated P2X7R promotes proliferation and growth through
JNK and ERK1/2 signaling pathways [75]. In prostate cancer cells, P2X7R activation promotes
invasion and metastasis by regulating the expression of epithelial-mesenchymal transition (EMT)-
related genes and activating the PI3K/Akt and ERK1/2 signaling pathways [76]. Several studies
have demonstrated that reducing P2X7R activity by using antagonists or negative allosteric
modulators can reduce cancer cell growth and a number of preclinical studies have demonstrated
that small-molecules antagonists [77] as well as anti-P2X7 antibodies [78] can be effective in the

treatment of a variety of cancers. P2X7R induces cytotoxic effects when the stimulation with high
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doses of ATP is associated with vacuolation, changes in membrane permeabilization, loss of
mitochondrial potential, cell swelling, and an increase in mitochondrial Ca?* [70]. High doses of
ATP reduce the viability of acute myeloid leukemia cells through the activation of P2X7R but have
no cytotoxic effect on normal hematopoietic stem cells [79]. In colon cancer cells, activation of
P2X7R by extracellular ATP triggers apoptosis through the Akt/PRAS40/mTOR signaling pathway
[80, 81]. In the GL261 glioma cell line, BZATP induces cell death and this effect is blocked by

P2X7R antagonists [82].

4. P2X7R antagonists

Over the years, the search for selective P2X7 antagonists has been pursued by research groups from
pharmaceutical companies and from academia. A variety of biological endpoints to monitor P2X7R
function have been used, including measurement of channel activity using cation flux (usually
calcium flux), exploitation of the pore-forming properties by measuring the uptake of fluorescent
DNA binding dyes (ethidium bromide or Yo-Pro), and measurement of inflammatory readouts by
monitoring the release of IL-1p (the reader can find more details in ref. [1]). For clarity, the
functional assay used to assess the activity of each class of compounds is detailed to allow a proper
comparison of different antagonists.

The first generation of P2X7R antagonists represented by the Brilliant Blue G (BBG) [83] and the
tyrosine derivative KN-62 [84] showed preferential activity at the rat and human P2X7R,
respectively (Fig. 4) [85]. Although KN-62 is one of the most potent non-competitive antagonists
for human P2X7R (hP2X7R), it is not suitable for therapeutic purpose because of the high
molecular weight, high lipophilicity, and the presence of metabolically labile sulfonate groups.
Therefore, the studies have been focused on the development of P2X7R antagonists characterized
by high potency (hP2X7R pA: or pICso > 7), low molecular weight (MW < 450), acceptable
lipophilicity (clogP < 3.0) with associated higher solubility, in vitro metabolic stability,

bioavailability and in vivo good species cross-over (i.e., the same level of activity across species,
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including humans). This latter aspect is particularly important because some series of P2X7R
antagonists show poor species cross-over, making troublesome the translatability of the results from
rodents to humans and vice versa. When available, the activity data at human P2X7R (hP2X7R) and
rat P2X7R (rP2X7R) have been included to support the discussion of this relevant aspect.

Several second-generation antagonists, such as A-438079 [86], A-740003 [87], and GSK-314181A
[88] (Fig. 4), are valuable pharmacological tools with suitable drug-like properties for in vivo
studies. Their discovery marked the beginning of research efforts for the development of novel
chemotypes as P2X7R antagonists [89, 90].

Mutagenesis and computer-aided docking studies indicated that A740003 and A438079 acted as
P2X7R negative allosteric modulators. This was confirmed by the crystal structures of the
complexes of the giant panda P2X7R bound to five structurally diverse compounds, including
A740003, showing that the compounds were bound to a binding pocket distinct from the ATP
binding pocket [91]. Karasawa et al. deposited five ligand-bound crystal structures of giant panda
P2X7R with the compounds A-740003, A-804598, GW-791343, INJ-47965567, and AZ-10606120
[26]. The crystal structures indicate that all the compounds, even though structurally diverse,
interact with the same allosteric binding pocket, adopt similar orientations in the P2X7R allosteric
site, and form contacts with a similar set of amino acids (Fig. 5). The compounds A-740003 (PDB
code: Sulu) and A-805498 (PDB code: 5ulv), which share similar chemical structures, are also
characterized by similar ligand-protein contact patterns. In both cases, the quinoline moiety is
oriented towards the upper side of the binding pocket, making interactions with the same set of
residues, PHES8, MET105, PHE108, LYS110, and TRP167 (in the case of A-805498, quinoline
also forms contact with ILE310, whereas for A-740003 this amino acid interacts with amino groups
located in other parts of the molecule). The dimethoxy phenyl moiety of A-740003 makes contact
with PHE95, PRO96, TYR295, and ALA296, whereas the phenyl ring of A-805498 interacts with
TYRO93, THR94, PHE9S, PHE103, PHE293, and TYR295. In the ligand-receptor complex of

compound GW-791343 (PDB code: 5Suly), 1-benzylpiperazine moiety contributes to a slightly
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different location of the co-crystallized compound in the binding pocket. In fact, the piperazine ring
interacts with SER85 and GLU305, whereas the benzyl moiety makes contacts with PHESS,
PHE108, and LYS110. Acetamide and difluorophenyl moieties interact with the same amino acids
as the respective parts of A-740003 and A-805498. As for JNJ-47965567, the crystal structure
(PDB code: 5ulx) evidenced that the compound is located similarly to other compounds in the
binding cavity, with the phenylsulfanylpyridine moiety sticking out of the binding pocket and the
phenylpiperazine located deep in the pocket. Finally, AZ-10606120 (PDB code: Sulw) is
characterized by the highest structural diversity compared to the other compounds with the
adamantyl and quinoline moieties in the same structure. The adamantyl moiety points to the deeper
side of the pocket and forms contact with ALA91, TYR93, THR94, PHE9S5, PHE293, TYR295, and
VAL312. On the other hand, the hydroxymethyl amino group occupies the upper region of the
PX7R binding site. Thus, the analysis of the crystal structures evidenced crucial interactions
represented by a hydrogen-bonding donor group (amide or cyanoguanidine) forming contacts with
ASP92 and two adjacent areas, one more lipophilic that points to the inner part of the receptor that
accommodates adamantane or different phenyl rings, and one less lipophilic area pointing towards
the extracellular side of the receptor that can accommodate more polar portions such as “pyridine-
like” rings or the ethylenediamine substituent.

As several review articles on P2X7R antagonists have been published so far [92], in this
manuscript, we analyze both patent and journal literature issued by 2010 dealing with medicinal
chemistry efforts in the identification of P2X7R antagonists. An attempt is made to group
structurally related compounds and to highlight common issues in the development of effective
pharmacological tools or clinical candidates. The approaches adopted in the optimization process

have been discussed.

Arylamides
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This class of compounds originated from the adamantane amides first described by Astra Zeneca
and it is exemplified by compound 1 (Fig. 6) [93]. Early examples of these compounds suffered
from high lipophilicity and the consequent low aqueous solubility and poor metabolic stability [92].
The structure-activity relationship (SAR) studies evidenced the importance of an ortho-substituent
(preferably -Cl) on the phenyl ring linked to the amide function, which causes a twist in the
orientation of the benzamide that is necessary for potent P2X7R antagonism and of a lipophilic
group linked to the amide function. Therefore, numerous potent arylamide-based P2X7R
antagonists were developed by relying on these two pharmacophoric features.

Kassiou and colleagues explored the chemical space around compound 1 by replacing the
adamantane nucleus with other polycycles, such as the cubane and different carboranes (compounds
2 and 3, Fig. 7). In vitro data evidenced that the potency of such compounds was related to the
dimensions of the lipophilic cage, i.e., the larger the cage, the higher the activity. However, larger
lipophilic cages significantly contributed to the high lipophilicity of the compounds that were
poorly bioavailable in vivo. In fact, only the compounds showing ligand-lipophilicity efficiency
higher than 5 were active in animal models of depression [94]. To overcome the metabolic liability,
the benzene ring of compound 1 was isosterically replaced with pyridine, pyrimidine, or pyridazine.
This approach was unsuccessful because the azabenzamides were less potent than 1. Therefore, the
fluorine-for-hydrogen substitution on the adamantane cage was implemented as an alternative
strategy to improve metabolic stability because the polar covalent C-F bond reduces lipophilicity
and blocks metabolically sensitive sites. In addition, the small atomic radius of fluorine mimics the
hydrogen atom, ensuring that no steric bulk is added to the molecule. The fluorinated derivatives
showed antagonism at human P2X7R in the nanomolar range, suggesting that the fluorine-for-
hydrogen substitution was well tolerated. In particular, the compound 4 (also known as SMW139,
Fig. 7), featuring three fluorine atoms on the adamantane cage, showed the best combination of

activity, in vitro metabolic stability, and in vivo bioavailability [95]. However, as already reported
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for other adamantane amide derivatives [92], these fluorinated compounds showed poor cross-over,
being less potent at mouse P2X7R (mP2X7R) than at human P2X7R.

Pfizer explored the 2-chlorobenzamide template starting from compound 5 (Table 1) [96], which
showed potent hP2X7R antagonist activity, acceptable physicochemical properties, but low
microsomal stability. The first structural modification was focused on the replacement of the
metabolically liable methyl substituent on the pyridine ring with other substituents (OMe, CN, F,
Cl), leading to compounds displaying a wide range of antagonist potency and metabolic stability.
The best combination of properties was shown by compound 6 (Table 1), bearing a 5-
fluoropyrimidyl ring, which also showed promising in vivo CNS exposure but a relatively short
half-life (0.6 h). The carbocycle ring was identified as the main soft spot for metabolism; thus, it
was further modified by reducing the size of the ring from seven to five methylene units. The size
of the carbocycle had an effect on hP2X7R antagonism: the introduction of the cyclohexane ring
gave a slight increase in metabolic stability but also a slight reduction of potency. Next, the
fluorination of the cyclohexyl ring further improved metabolic stability leading to compound 7
(Table 1), which showed good hP2X7R antagonist potency, low clearance in human microsomes
(CLint < 8.8 mL/min/kg), and acceptable permeability ratio in MDCK cells. /n vivo pharmacokinetic
(PK) studies confirmed that the improved in vitro pharmacokinetic properties of compound 7
resulted in acceptable CNS exposure [97].

Pfizer developed another series of 2-chlorobenzamide derivatives starting from compound 8 (Fig.
8), bearing a 2-ethyl-1-hexyl chain as the lipophilic moiety. Compound 8 had moderate P2X7R
antagonist activity in the IL-1f assay (ICso= 0.8 uM), relatively low molecular weight but quite
high lipophilicity. The first structural modification focused on the alkyl substituent linked to the
amide function to improve potency and reduce lipophilicity. The SAR studies evidenced that the
potency was related to the size of the alkyl substituent that had to fill properly the lipophilic pocket
of the binding site, i.e., the same pocket region which was occupied by the adamantane nucleus in

compound 1. The replacement of the alkyl substituent with a benzyl group or a higher homolog led
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to a complete loss of activity. The replacement of the 2-ethyl-1-hexyl chain with the 1-
hydroxycycloheptyl substituent in compound 9 substantially improved potency (ICso= 0.083 uM)
and lipophilicity. In addition, compound 9 was predicted as a low-clearance compound in human
liver microsomal and hepatocyte studies. Next, it was evidenced that the N3 proton of the 6-
azauracil ring was not necessary for activity. Therefore, different substituents were linked at such a
position. The introduction of the (R)-1-hydroxy-2-methoxyethyl group (compound 10, also known
as CE-224535, Fig. 8) provided the best combination of potency (ICso= 1.4 nM) and lipophilicity,
and in vivo PK properties in rats. However, like other benzamide derivatives, CE-224535 showed
poor species cross-over. In addition, the 6-azauracil series was also characterized by low
distribution volume (V) in dogs and monkey resulting in a short predicted half-life in humans [98].
Therefore, the 6-azauracil ring was replaced with different azolyl or azinyl rings leading to the
identification of several potent hP2X7R antagonists with a wide range of metabolic stability
(compounds 11-13, Fig. 9). Compound 12 showed the best combination of potency and microsomal
stability, but poor species cross-over. Therefore, this class of compounds was not further developed
[99]. The 6-azauracil derivative CE-224535 (Fig. 8) was progressed to a phase II clinical trial
(NCT00628095) to assess efficacy and safety in patients with active rheumatoid arthritis and
inadequate response to methotrexate. CE-224535 was not as efficacious as compared to placebo
even though it demonstrated acceptable safety and tolerability profile [100].

AstraZeneca filed two patent applications covering arylamide derivatives [101, 102], the most
potent compounds being 14 and 15 (Fig. 10) with pICso values of 8.4 and 8.1, respectively, in THP-
1 cells. In this series, the arylamide moiety is a quinoline-5-carboxamide nucleus bearing a chlorine
at 6-position that mimics the chlorine in ortho-position of benzamide 1, and an hydroxycycloalkane
as the lipophilic moiety. The quinoline ring was substituted in 2-position with polar groups,
reducing the lipophilicity and improving PK properties.

Starting from the antagonists 14 and 15, Xiao et al. further explored the 6-chloroquinoline-5-

carboxamide motif by introducing structural diversity at 2-position of the quinoline ring and the
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lipophilic substituent linked to amide function [103]. The SAR analysis confirmed that the 2-
position of the quinoline ring tolerated a wide range of substituents. In fact, the introduction of polar
side chains or heterocycles increased potency compared to the unsubstituted counterpart (see 16 and
17 vs. 18, Table 2). However, the compounds showed low metabolic stability, low cell
permeability, and a high efflux ratio (compound 18). To improve such properties, the basic moieties
introduced in the 2-position were substituted with fluorine atoms or, as an alternative, the number of
hydrogen bond donors in the 2-substituent was reduced (compound 19, Table 2). Compound 19
(Table 2) showed the best combination of potency at hP2X7R, low liver microsomal clearance, and
efflux ratio. However, compound 19 showed poor species cross-over that was not improved by the
structural modifications performed on the cyclohexane ring (compounds 20-22), thus limiting the
possibility of further developing this class of compounds [103].

Using a high-throughput screening (HTS) approach, Janssen identified the N-
(cyclohexylmethyl)benzamide as a scaffold to deliver P2X7R antagonists, in which the
cyclohexylmethyl moiety represents the lipophilic moiety required for interaction with the
hydrophobic pocket of the binding site. The most promising compounds were the 2-methyl-N-
1,2,3,4-tetrahydroisoquinoline JNJ-42253432 (compound 23, Fig.11) and the 2-(phenylthio)-
nicotinamide JNJ-47965567 (compound 24, Fig. 11) [104]. Both compounds were potent
antagonists at hP2X7R and rP2X7R, able to penetrate into CNS and occupy rP2X7R after
subcutaneous administration. Despite the promising activity profile, both compounds were not
developed further because of the lack of selectivity towards other biological targets, such as
serotonin and dopamine transporters. In addition, high metabolic liability made these compounds
not suitable for oral administration [104].

Lundbeck disclosed two series of ortho-substituted benzamides (Table 3 and 4) in which the
lipophilic adamantane nucleus of compound 1 was replaced by an arylcycloalkyl moiety [105, 106].
Also, for these compounds, the presence of an ortho-Cl substituent on the benzamide ring was

preferred for high antagonist potency (see compounds 25-29 in Table 3 and compound 30 in Table
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4). Electron-withdrawing substituents, such as -F or -CF3, were inserted on the cycloalkyl moieties
to limit metabolic liability.

Researchers at Lundbeck investigated a series of 2-(pyrimidin-2-yl)-4-(trifluoromethyl)thiazole-5-
carboxamides (Fig. 12) loosely resembling the P2X7R antagonists listed in Table 4 [107]. The
installation of a biphenyl-like system bearing the bulky CF3 substituent close to the amide function
provided high P2X7R antagonist potency, as in the case of racemic compound 33 (Fig. 12) [108].
The resolution of the enantiomers enabled the evaluation of the S-enantiomer, which was more
potent than the R-enantiomer (ICso= 12 nM and 89 nM, respectively) (Fig. 12). In addition, S-
enantiomer provided a robust species cross-over (hP2X7 ICso= 12 nM, rP2X7 ICso= 2.2 nM,
mP2X7 ICso= 22 nM) [108]. §-33 (also known as LuAF27139) had good oral bioavailability, CNS
permeability, and no relevant safety issues. When orally administered in rats or mice, S-33 reduced
IL-1P release induced by intracerebroventricular administration of LPS [108].

The replacement of the lipophilic moiety linked to the amide group with a simple cycloalkane group
has been also explored for quinoline carboxamide derivatives. Rech and coworkers reported a series
of quinolinecarboxamides in which the amide function was linked to the 2-[2-
(trifluoromethyl)pyrimidin-5-yl]ethyl group [109, 110]. SAR analysis evidenced that the 2-position
of the quinoline moiety allowed the incorporation of a variety of functional groups (small alkyl,
alkoxy, aliphatic rings) via an amine linkage giving a wide range of hP2X7R potency. In particular,
compounds 34 and 35 (Table 5) had good potency at both human and mouse P2X7Rs. Notably, the
chiral center in the substituent linked in the 2-position of the quinoline ring affected hP2X7R
potency (compounds 34 and 35, Table 5). Compound 34 was stable in mouse and human whole
blood assay and attenuated the IL-1p release in both species. A tissue distribution study in the
mouse showed that compound 34 had good peripheral bioavailability and rather good CNS
exposure. Therefore, it was proposed as a tool to study the role of P2X7R in peripheral

inflammation. However, in a mouse spared nerve injury model of tactile allodynia compound 34 did
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not induce an effect on analgesic or anti-inflammatory response, suggesting that the blockade of

peripheral P2X7R was not sufficient in this animal model of pain and inflammation [109, 110].

Rigidified arylamides

Several research groups have studied arylamides in which the amide function is completely or
partially embedded in a cyclic system. The general formula of a large set of compounds is reported
in Fig. 13. The SAR showed that the preferred substitution pattern on ring A was 2-Cl, 3-CF3, or
2,3-diCl and that various Ar— were tolerated at ring D. The most sensitive part of the scaffold in
terms of potency was ring B, in which the introduction of an alkyl substituent gives rise to a
stereocenter that can greatly affect compound activity. On ring C, the topology of one or more aza
groups influences the potency and species cross-over.

GlaxoSmithKline (GSK) disclosed in a patent application more than two hundred 5,6,7,8-
tetrahydro-[1,2,4]triazolo[4,3-a]pyrazines as antagonists at hP2X7R. The SARs evidenced that the
substitution pattern of the benzamide ring was important for antagonist potency, being the 2-Cl,3-
CF3-substitution preferred. In addition, the presence of an aromatic substituent in 3-position of the
triazolopyrazinyl nucleus improves potency (Table 6) [111].

Janssen Pharmaceutical further evaluated compound 48 and confirmed potent antagonist activity at
hP2X7R but found low potency at rP2X7R (compound 49, Table 7) [112]. Compounds 51 and 52,
that are analogs of 49, also showed this characteristics. Therefore, the pyrazine core (ring B, Fig.
13) was decorated with a methyl group to investigate if this structural modification affected amide
bond conformation and possibly improved potency and species cross-over. The introduction of
methyl in 5-, 6-, or 8-position of the triazole-pyrazine core of compound 52 led to compounds 53-
55, respectively (Table 7). This structural modification was well tolerated with respect to hP2X7R
potency, also leading to a 40-fold gain in potency at rP2X7R in the case of 6-methyl derivative
compound 54. Considering the importance of species cross-over, the authors investigated the effect

of stereochemistry in various 6-methyl derivatives, exemplified by compound 56, whose S-
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enantiomer was 200-fold more potent than the R-enantiomer at hP2X7R and did not show species
cross-over being equipotent at rP2X7R (Table 7). Various optically active 6-methyl derivatives
were investigated, including compound S-54 and compound 57 (JNJ-54173717) showing high
potency at both human and rat P2X7R [112].

In addition, JNJ-54173717 was labeled with ''C for developing a PET radiotracer to assess the
potential of P2X7R antagonism in preclinical models of CNS disorders (see PET radioligands
Paragraph).

Continuing the investigation of the 1,2,4-triazolopyrazine core, it was found that when a phenyl was
introduced in 8-position, functionalities as small as H in 3-position could provide excellent activity
at hP2X7R but very low at rP2X7R activity (compound 58, Table 8) [113]. The introduction of a
larger substituent in 3-position, such as cyclopropyl, increased potency at rP2X7R (compound 59,
Table 8). However, these compounds were P-glycoprotein (Pgp) substrates, probably because of the
relative basicity of the triazole ring. Thus, electron-withdrawing substituents were introduced to
reduce basicity, as in the case of 3-CF3 derivative 62 (Table 8), which was characterized by an
efflux ratio below 2, good in vivo PK properties, and high receptor occupancy in autoradiography
studies [113].

Janssen Pharmaceuticals further explored ring B and ring C (Fig. 13), targeting the 1,2,3-
triazolopiperidine core (Table 9), as in the case of compound 63 that had nanomolar activity at
hP2X7R but 700-fold lower potency at rP2X7R [114]. In addition, compound 63 was rapidly
metabolized by human and rat microsomes. In an attempt to improve metabolic stability, the authors
designed compounds characterized by lower lipophilicity. Thus, the N-1 phenyl substituent was
replaced with several heteroaromatic rings, and this left the activity at hP2X7R unchanged, while
significantly improving potency at rP2X7R (compounds 64 and 65, Table 9). This structural
modification also contributed to improving metabolic stability. The optimization of the substitution
pattern of the benzamide ring evidenced that 2,3-disubstitution was preferred, for the 2-Cl1,3-CF;

derivative 66, and the 2,3-diCl derivative 67 (Table 9). However, the in vivo PK properties were
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quite poor [114]. In a subsequent paper, the effect of the introduction of a methyl substituent on the
piperidine ring was explored. It was found that this structural modification led to an improvement of
pharmacokinetic properties and CNS partitioning of the molecule and that the preferred
configuration at chiral carbon was R. Among the studied compounds, JINJ-54175446 (Fig.14) was
selected as clinical candidate and is currently under investigation for the treatment of major
depressive disorders (NCT 04116606) [115].

An additional modification of ring B and ring C (Fig. 13) is represented by the compounds listed in
Table 10, featuring an imidazopyridine core [116]. This replacement left the activity at human
receptor unchanged, but it was detrimental to activity at rP2X7R (ICso >500 nM) and metabolic
stability as well (compare compounds 50 and 51, Table 7 vs. compounds 68 and 69, Table 10).
Next, the same strategy for the 1,2,4-triazolopyrazine derivatives was applied, i.e., a methyl was
introduced in 4-position of the imidazopyridine core. This structural modification significantly
improved metabolic stability but had little or no effect on rP2X7R activity (compounds 70 and 71,
Table 10). Compounds R-71 and R-72 (Table 10) were active at both human and rat P2X7R,
metabolically stable, and did not block CYP450 or hERG. Compound R-71 (JNJ-54166060)
showed high oral bioavailability (F > 50%) in rats and a percentage of receptor occupancy in
agreement with the ICso value in vitro [116].

A subsequent study evaluated a set of pyrido-pyrimidines that might be considered higher homologs
of the previously presented imidazopyridines (compounds 73 and 74, Fig. 15) [117]. This structural
modification had little effect on hP2X7R activity but greatly reduced rP2X7R activity. Yet, the
good metabolic stability of these compounds made them worthy of further investigation. The first
structural modifications were oriented at lowering lipophilicity by replacing the phenyl ring in 4-
position with heteroaromatic rings (Table 11). Only compound 75 (Table 11) showed an acceptable
overall profile with an improvement of both rP2X7R activity and metabolic stability. As observed
in the other series of rigidified benzamides discussed above, the introduction of a methyl substituent

close to amide nitrogen (6-position) provided a substantial improvement of rP2X7R activity while
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maintaining hP2X7R potency and metabolic stability (compound 77, Table 11). The optimization of
the substitution pattern of the benzamide ring evidenced that the 2-F-4-Cl-disubstitution led to
potent hP2X7R and rP2X7R antagonists, as in the case of compound 78 (Table 11). This set of
benzamides showed high bioavailability (¥ > 80%) and high brain receptor occupancy after oral
administration [117].

Researchers at Janssen also evaluated the shifting of the carbonyl function of the amide bond, as
can be seen comparing compounds 50 and 79 (Fig.16), thus obtaining a series of N-benzyl lactam
derivatives (Table 12) [118]. Actually, the formal shift of the carbonyl function caused a loss of
activity but the introduction of a methyl in 6-position of the triazolo-pyrazine (compounds 80, Fig.
16) led to a >100-fold improvement in potency for both human and rat P2X7R.

Separation of the enantiomers of compound 80 led to the S-enantiomer compound S-80 (Table 12),
which was more potent than the R-enantiomer. The exploration of the substituent pattern of the
benzyl ring showed that the 2-Cl,3-CF;-disubstitution was preferred to obtain potent P2X7R
antagonists. Variation of the substituent linked to 3-position of the triazole ring indicated that 5- or
6-membered heteroaromatic rings were well tolerated yet led to a slight loss of potency at rP2X7R
(compounds S-80-5-83, Table 12). This series was characterized by good metabolic stability and
acceptable water solubility, even though several compounds were P-gp substrates. Compound S-80,
which had suitable efflux ratio in Caco-2 cells, was further evaluated in vivo, demonstrating high
receptor occupancy in rat brain after oral administration [118]. Compound S-83 was radiolabeled
with tritium, leading to [°PH]INJ-54232334 (Fig. 17), a valuable radioligand for labeling P2X7R in
brain with high degree specific binding in rat hippocampus [118].

Many research studies focused their attention on the substitution of the amine function or the phenyl
ring of the benzamide with a bioisostere. Abbot covered a series of compounds where a tetrazole
core replaced the amide function [119] and a series with a triazole core [120] already discussed by
Guile and coworkers [92]. Fig. 18 shows the tetrazole derivative 84 (A-438079) and the triazole

derivative 85, both with nociceptive activity in a rat model of neuropathic pain.
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La Roche developed a series of retroamides as P2X7R antagonists [121]. This class of compounds
originated from the 1,4-dihydropyridinone derivative 86 (Fig. 19), identified by an HTS campaign,
which had good antagonist potency at hP2X7R (ICso= 104 nM) and high metabolic liability. Thus,
the insertion of an additional nitrogen led to the corresponding ureas, exemplified by compounds
87-89 (Fig. 18) characterized by higher hP2X7R antagonist potency as compared to 86 and
improved metabolic stability [121]. Further profiling of the urea derivatives evidenced low stability
of the urea function in human plasma and the formation of glutathione (GSH) adducts, suggesting
potential safety issues. Therefore, the urea linkage was modified and the 1,4-dihydropyridinone
core was modified to a 1,2-dihydropyridinone system (compound 90, Fig. 19). This structural
modification proved to be successful because compound 90 maintained the P2X7R potency, it was
stable in human and rat plasma and the GSH adducts formation was very low. Interestingly,
position 5’ of the scaffold could accept a variety of substituents allowing the modulation of
physicochemical properties. The 1,2-dihydropyridinone derivatives were also potent at inhibiting
the release of IL-1p in a human whole blood assay. However, most of the 1,2-dihydropyridinone
derivatives were positive for the Ames test because of the formation of the corresponding anilines.
To overcome this issue, fluorine was inserted in the aniline ring (compound 91, Fig. 19), obtaining
compounds with reduced mutagenic activity and retained potency against hP2X7R. Unfortunately,
the 1,2-dihydropyridinone derivatives showed poor species cross-over, and, thus, any further
development was discontinued. When these compounds were tested in vivo in rat the activity was

lost as previously reported for 1,2-dihydropyridinone derivative [121].

Aliphatic amides

GSK identified through a HTS 122screening campaign the compound 92 as a valuable starting point
for its good in vitro potency (hP2X7R pICso = 7.4; rP2X7R pICso = 7.0) [122, 123]. The SAR
studies evidenced that a di-substitution pattern on the benzyl moiety was preferred over

monosubstitution or no substitution. In particular, 2,3- and 2,4-disubstitution led to an improvement
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of hP2X7R potency. Structural modification of the amide linker evidenced that the secondary amide
was preferred over tertiary amide or bioisosteric replacement with heterocycles, suggesting that the
presence of an H-bond acceptor was pivotal for the interaction with the receptor. Similarly,
replacing the pyrazole ring with other 5-membered heterocycles was not tolerated, except for the
imidazole ring. The substitution of the phenyl ring linked to pyrazole with an electron-withdrawing
group improved the metabolic stability. The removal of the phenyl ring led to a substantial increase
in hP2X7R potency and metabolic stability (compound 93, Fig. 20) [124].

Compound 93 was then selected for further optimization of the biological profile. The substitution
pattern of benzyl moiety was explored, confirming that 2,3- and 2,4-disubstitution was preferred. In
particular, the 2,4-dichloro and 2-Cl1-3-CF3- derivatives (compounds 94 and 95, Table 13) exhibited
hP2X7R potency in the nanomolar range.

The manipulation of the pyrazole ring had a different impact on antagonist potency (compounds 96-
98, Table 13). The replacement of methyl groups with alkyl substituents larger than ethyl was not
tolerated as well as the isomeric replacement of the pyrazole ring. Only the insertion of a CF3 on the
pyrazole ring led to an improvement of the antagonist potency. However, these structural
modifications increased the lipophilicity with a consequent reduction of the metabolic stability of
the compound [125]. Compound 94, which showed the best potency, metabolic stability, and
solubility, was then progressed to in vivo studies. The compound showed acceptable in vivo PK
properties and anti-hyperalgesic effects in a model of inflammatory pain [125]. A subsequent study
investigated the replacement of the pyrazole with an imidazole. The SARs paralleled those observed
in the pyrazole series. The N-methyl group of the imidazole ring had a major impact on rP2X7R
potency as increasing the dimension of this substituent was detrimental to antagonist potency.
Compound 99 (Fig. 21) showed the best combination of potency, selectivity, and PK properties
[126].

In vivo studies evidenced that compound 94 is prone to time-dependently inhibit CYP3A4 isozyme

due to the oxidation of the methyl substituents. Considering the pivotal role of pyrazole methyl
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groups in the interaction with P2X7R, alternative classes of P2X7R antagonists were searched. HTS
screening led to the identification of compound 100, which shared some pharmacophore features
with compound 94 [127]. The superimposition of the two molecules indicated that the carbonyl
oxygens of the acyclic amide groups as well as the pyrazole nitrogen and the oxygen atom of the
carbonyl in the pyridone ring, respectively, could interact with the same putative H-bond donor
feature of the P2X7R. Thus, using a fingerprint-based similarity search based on compounds 94 and
100 and applying the filter of at least two H-bond acceptors, which should be present in the
compound structure, the virtual screening campaign led to the identification of pyrrolidinone 101 as
a new potential hit (Fig. 22) [127].

The exploration of the SARs on the pyrrolidinone moiety of compound 101 evidenced that: 1) the
(S)-enantiomer was the most active enantiomer (compound S-101, Table 14); ii) the replacement of
N-isopropyl substituent with smaller alkyl groups was beneficial for P2X7R potency (compounds
102 and 103, Table 14); iii) the removal of the cyclic carbonyl group led the loss of activity
(compounds 104, Table 14); iv) expanding the 5-membered ring to a 6-membered ring was
tolerated (compounds 105, Table 14) [128]. As for the substitution pattern of the benzyl ring, it was
once more noted that 2,3- or 2,4-disubstitution were preferred, being the 2-CI-3-CF3- and the 2,4-
diCl derivatives the most potent compounds (compounds 106 and 107, Table 14). The combination
of such structural features led to compound 108, also known as GSK-1482160, that exhibited
nanomolar activity at hP2X7R and acceptable activity at rP2X7R (pICso= 6.5), good in vitro and in
vivo PK properties, including brain penetration. GSK-1482160 also had good efficacy in animal
models of inflammatory and neuropathic pain [127]. Based on the results of preclinical studies,
GSK-1482160 was progressed to a first-in-human study to assess the pharmacokinetics,
pharmacodynamics, safety, and tolerability in healthy subjects. The effect of increasing doses (up to
1 g) of GSK-1482160 on ex-vivo IL-1f production in blood was selected as PK/PD model to assess
the efficacy of the compounds. Although the compound did not show relevant safety or tolerability
issues, the dose regimen required to achieve the desired level of IL-1f inhibition (> 90%) was not
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compatible with the safety margin in a steady-state model. Therefore, GSK-1482160 was not
further studied [128].

The main limitation of GSK-1482160 was the short in vivo half-life in dogs and monkey and, thus,
possibly in humans. Therefore, the molecular scaffold of GSK-1482160 was further modified to
block the most vulnerable sites of metabolism, i.e., the carbon atoms of the pyrrolidinone ring and,
especially, the position adjacent to the carbonyl function (compounds 109-114, Table 15) [129,
130]. The best result in terms of both hP2X7R activity and intrinsic clearance in rat microsomes
was obtained when the a-carbon was replaced by a methylated nitrogen (compound 109). On the
other hand, difluorination of the a-carbon (compound 110) or replacement with oxygen (compound
111) increased the intrinsic clearance in rat microsomes suggesting the involvement of alternative
metabolic routes. Replacement of the methyl group with larger substituents featuring a basic group,
such as the ethylmorpholino (compound 114), did not improve P2X7R potency and had a negative
effect on P-gp interaction. On the other hand, the removal of the methyl group provided the potent
P2X7R antagonist 112. Compound 115 (Fig. 23) emerged as the front runner in this series due to
the selectivity profile, the high exposure after oral administration, and the excellent efficacy in

animal models of chronic inflammatory pain [129, 130].

Other structures

Cyanoguanidines analogues

The potent and selective cyanoguanidine P2X7R antagonist A-740003 (hP2X7 ICso = 44 nM;
rP2X7 1Cso = 18 nM, Fig. 4) developed by Abbot Laboratories provided an attractive starting point
for the design of novel agents [97]. A subsequent study described a series of more lipophilic
cyanoguanidine piperazines, exemplified by compounds 116 and 117 (Fig. 24) [131, 132]. The
cyanoguanidine piperazines showed good activity and good species cross-over, but poor
physicochemical properties. More recently, Patberg and colleagues bioisosterically replaced the

cyanoguanidine linker of compound 116 with bioisosteres such as the squaric acid diamide that can
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form the H-bond interactions required for P2X7R interaction. Compound 118 showed acceptable
activity at hP2X7R (pICso= 6.65) but poor overall solubility. Therefore, the phenyl ring linked to
the piperazine ring was removed with the aim of improving molecular flexibility and, consequently,
solubility, leading to a marginal loss of potency (compound 119, pICso= 6.52, Fig. 23). The
optimization of the aromatic moiety linked to the squaric amide and the substitution pattern of the
carbamoyl aromatic ring led to the identification of compound 120 (Fig. 24), which showed
hP2X7R activity (pICso= 7.62) in the same range as compound 116, acceptable solubility and
metabolic stability [133].

The group of Kassiou also reported a series of adamantyl cyanoguanidines developed starting from
compound A-804598 (Fig. 25), a truncated analog of A-740003, having potent P2X7R antagonist
activity in calcium flux, IL-1p release, and dye uptake assays. The design of the compounds relied
on incorporating the adamantane core as the hydrophobic portion of the molecule connected to
variously substituted aryl rings through the cyanoguanidine linker, as in compound 121 (Fig. 25)
[134]. The SARs emerging from the data in Table 16 evidenced that the presence of a methylene
group (linker L) between the adamantane core and the cyanoguanidine moiety was pivotal for
P2X7R activity (compounds 121-123, Table 16). In contrast, the insertion of methylene as linker L,
led to a decrease in activity. As for the substitution pattern of the phenyl ring, the 2-substitution was
preferred when L, was absent (compounds 125 and 126, Table 16), whereas the 4-substitution led to
a reduction of P2X7R activity (compounds 127 and 128, Table 16). The authors hypothesized that
the high potency of the 2-substituted derivatives when L, was absent was due to a steric clash with
the cyanoguanidine linker, leading to a twisted conformation of the aryl ring resembling the effect
of the ortho-substitution observed in the 2-substituted benzamides derivatives. Consistently, when
L, was a methylene group, the activity dropped by one order of magnitude (compound 129, Table
16). A different trend was observed when the aromatic moiety was a pyridyl ring: the 2-pyridyl
derivative 130 was inactive (L was absent, Table 16), whereas the 3-pyridyl derivative 131 (Table

16) had activity in the nanomolar range. It was speculated that the formation of an intramolecular H
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bond between the pyridine nitrogen and the cyanoguanidine moiety stabilized an inactive
conformation of compound 130. The 5-quinoline derivative, compound 132 (Table 16) was the
most potent compound within the series. The increase in potency was explained considering the 5-
quinoline moiety as a constrained conformation of the 3-pyridyl ring in compound 131, resulting in
a more favorable conformation in the binding site. The adamantyl cyanoguanides also had good
physicochemical properties, and compound 131 was selected for in vivo evaluation because of more
favorable value of lipophilic efficiency (LiPE= 3.68) than compound 132 (LiPE= 3.06). Compound

131 acted centrally as it produced an antidepressant phenotype in the forced swim test [134].

Purine derivatives

To develop P2X7R antagonists endowed with optimal blood-brain barrier (BBB) penetration
Calzaferri and coworkers designed a series of compounds connecting a purine-like heterocycle with
a halobenzene through a non-complex spacer (Table 17). The halobenzene substructure was
selected because this moiety usually afforded potency and selectivity within the family of
benzamide P2X7R antagonists. The purine-like heterocycles would be favorable for BBB
penetration [135].

The SARs evidenced the combination when a purine scaffold/acetyl spacer led to a substantial
inhibition (63% at 10 uM) of dye uptake in hP2X7-HEK?293 cells stimulated with 30 uM BzATP
(compounds 133, 134, and 138, Table 17). An effective combination was theophylline ring/sulfonyl
spacer (compounds 139, Table 17). The lipophilicity of the substituents on the heterocycle ring
impacted the antagonist potency as the polar substituents led to a substantial decrease in activity
(compounds 136 and 137, Table 17).

The most potent compounds 134 and 139 were further characterized. Both compounds reduced IL-
1B release in murine peritoneal macrophages stimulated with LPS, were selective against rat P2X1,
P2X2, and P2X4 receptors, and showed acceptable permeability properties in parallel artificial
membrane permeability assay (PAMPA) [135].
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1,4-Naphthoquinones

Faria and coworkers developed a class of 1,4-naphthoquinone with the aim of identifying a new
scaffold for P2X7R antagonists (Table 18) [136]. The potency of antagonist activity at P2X7R
depended on the presence of a substituent in position 2 of the 1,4-naphthoquinone ring (R3). When
Rs=H, the compound is devoid of activity, while when R3 is iodine or phenyl, the activity is in the
nanomolar range. Of note, the introduction of substituents on the phenyl ring of compound 143
causes a dramatic reduction of activity (compounds 144 and 145). Molecular docking studies
suggested that R3 substituent can form n-stacking interaction with an aromatic residue of the
binding site, which is important for the activity. The increase of substituent volume might hinder
this interaction. Compounds 142 and 143 showed promising stability in mouse and human liver
microsomes and inhibited dose-dependently the carrageenan-induced paw edema in mice [136]. A
subsequent study described six 8-hydroxy-2-(1H-1,2,3-triazol-1-yl)-1,4-naphthoquinones, in which
compounds 146 and 147 (Table 18) potently reduced P2X7R-mediated dye uptake and had good
pharmacokinetic and toxicological profile but poor BBB penetration [137].

Pislyagin and coworkers developed a series of 1,4-naphthoquinone thioglycosides such as
compounds 148 and 149 and the corresponding tetracyclic derivatives compounds 150 and 151,
respectively (Fig. 26) [138]. These compounds were tested for P2X7 activity (calcium influx assay
and dye uptake assay), cytotoxicity, and neuroprotective activity in neuroblastoma N2a cells at
different concentrations providing a nonlinear dose-dependent activity. The maximal effects were
observed at 5 uM for Ca?" efflux and at 10 uM for dye uptake. Compounds 148 and 150 were the

most effective of the group.

KN-62 conformers
KN-62, a first generation P2X7R antagonist endowed with potent and specific antagonism of ATP-
induced IL-1p release and suppression of MAPK pathways, has served as a template for the
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development of P2X7R antagonists. Park and colleagues have reported a series of 2,5-
dioxoimidazolidine derivatives as rigid conformers of KN-62, developed by analyzing the low
energy conformation of KN-62, which contains the backbone of L-tyrosine [139]. Once the
distances between the hydroxy group, carboxyl group, and the a-nitrogen of the tyrosine backbone
in the low-energy conformation of KN-62 were calculated, the 2,5-dioxoimidazolidine was
identified as a constrained mimetic scaffold suitable for extensive decoration (Fig. 27). Compound
152 (Fig. 27) showed promising hP2X7R antagonist activity in dye uptake assay (ICso= 1.97 uM)
and it was selected as the lead compound for further modifications. Removal of R; substituent and
replacing the Boc group (R2) with a benzoyl moiety was beneficial for the activity, thus suggesting
that substitution on the piperidine nitrogen was pivotal for P2X7R antagonism (compound 158,
Table 19). A further variation of the nature of the substituent of the piperidine nitrogen evidenced
that the presence of aliphatic hydrophobic groups was preferred over aromatic groups and that the
presence of a carbonyl function between the piperidine nitrogen and the hydrophobic ring improved
hP2X7R antagonism (compounds 154, 156, 157, Table 19), confirming that the presence of an H-
bond acceptor function favors the interaction with the binding site. The di-halo substituted benzoyl
group linked to the piperidine nitrogen was also beneficial for antagonist activity (compounds 160-
162, Table 19). Compound 161 (hP2X7 ICso= 70 nM) also displayed potent inhibitory activity in an
ex vivo model of LTP-induced pain signaling in the spinal cord and significant anti-inflammatory
activity in in vivo models of inflammatory pain [139].

In a subsequent paper, the 2,5-dioxoimidazolidine ring was expanded to a pyrimidine-2,4-dione to
which piperazine was linked. The SARs evidenced that the presence of di-substituted benzoyl rings
or polycycloalkylcarbonyl groups linked to N4 piperazine nitrogen led to potent hP2X7R

antagonists, as in the case of compound 163 (hP2X7 ICso= 27 nM, Fig. 28) [140].

Miscellaneous
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Researchers at Merck identified compound 164 (Table 20) as a new lead compound through an
HTS screening campaign [141]. The compound exhibited low micromolar activity towards human
and rat P2X7R (hICso= 248 nM; rICso= 233 nM) and low potency on IL-1[ release in human whole
blood assay (ICso= 3372 nM). In addition, the PK of compound 164 was quite poor and not suitable
for chronic administration. It was found that an isopropyl group at C-7 of 164 could effectively
replace the spiroindane system and that the C-2 benzyl group could be replaced with a 4-
fluorophenyl ring (compound 166, Table 20). Keeping unchanged the substitutions at C-2 and C-7,
the effect of other structural modifications was studied: the insertion of an electron donating group
in 4-position of the N-1 benzyl ring was detrimental for activity (compound 167), whereas the
introduction of a 3,4-diF-benzyl substitution slightly improved the activity (compound 168). When
the phenyl ring in C-2 position (R1) was replaced by a heteroaryl substituent (i.e., compound 169) a
substantial increase in activity was observed. Compound 169 displayed the best overall profile and
it was evaluated in an osteoarthritis rat model and a chronic neuropathic pain model, capable of
reducing inflammatory pain but not neuropathic pain in vivo [141].

Mahmood and coworkers designed a series of adamantane-1-carbonyl thiourea derivatives (Table
21) formally derived from the adamantane benzamide 1, by varying the substituted aromatic ring.
Most of the compounds were active at other P2XR, including P2X4R, P2X2R, and P2X5R. The
most potent and selective P2X7R antagonists were the 2-chloro-3-pyridinyl 174 and the 8-

quinolinyl 175. No data on PK properties or activity in preclinical studies are available [142].

5. P2X7R PET radioligands

During the last decade, P2X7R has become an interesting molecular imaging target, considering the
key role played in inflammation. P2X7R has been and it is still actively studied as a target for
imaging of neuroinflammation. Advanced biomedical imaging techniques such as positron emission
tomography (PET) provide a sensitive noninvasive imaging technique to study and quantify

receptor and enzyme expression in vivo. The availability of a tracer labeled with positron emitting
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radionuclides, such as carbon-11 ('!C) or fluorine-18 (*3F) able to bind a protein expressed during
neuroinflammation would allow in vivo detection and quantification of neuroinflammation in the
early stage of disease and could facilitate the development and evaluation of specific treatments
[143]. The development of a successful PET radioligand for brain imaging requires the fulfillment
of several requirements, including high affinity and selectivity for the target, suitable specific
binding versus non-specific binding, high binding potential, ability to permeate the blood-brain
barrier with low or negligible interaction with the efflux pumps [144].

P2X7R has been proposed as a target for in vivo imaging of neuroinflammation as an alternative to
the translocator protein 18 kDa (TSPO) because TSPO radioligands have shown several limitations
in terms of low receptor binding, high inter-subject variability of binding affinity, nonspecific
binding in human brain due to TSPO polymorphism [145].

Following the above-discussed criteria, several P2X7R antagonists have been labeled with !'C or
8F and evaluated in different models of neurodegenerative disorders characterized by
neuroinflammation.

The first P2X7R PET radioligands were the cyanoguanidine ['!C]A-740003 and the benzamide
[M'CISMW64-D16 (Fig. 29), which showed only marginal brain uptake in rodent models of
inflammation despite the high in vitro affinity for the receptor [146]. Next, a series of fluorinated
analogs of SMW64-D16 were designed to improve brain uptake and in vivo metabolic stability.
[''CISMW139 (Fig. 29) showed high metabolic stability in rat plasma and brain uptake in a rat
model overexpressing hP2X7R. However, autoradiography studies did not show a significant
difference in binding of ['!C]SMW 139 between post-mortem brain of AD patients and healthy
individuals [147]. On the other hand, more interesting results were obtained in a first-in-human
study, as ['!C]SMW 139 demonstrated increased volume of distribution and binding potential in
active relapsing remitting MS patients as compared to healthy individuals, thus suggesting that the

radioligand can be used as a marker of neuroinflammation in MS [148].
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Another 'C-labeled P2X7R antagonist is [''C]GSK 1482160 (Fig. 29), with nanomolar affinity for
hP2X7R in HEK293 cells stably transfected with the receptor (Kq= 1.15 nM). In vivo
pharmacokinetics in LPS-treated mice showed that [''C]GSK 1482160 accumulated into the brain
with higher uptake in LPS-treated mice as compared to vehicle-treated mice. The binding of the
radioligand was blocked by an excess of unlabeled GSK 1482160 [149]. Based on such promising
data, [''C]GSK 1482160 was studied in non-human primates showing high retention and
homogenous distribution in the brain. Moreover, in experimental autoimmune encephalomyelitis
rats, a model of MS, [''C]GSK 1482160 uptake in the lumbar spinal cord strongly correlated with
P2X7R expression, activation of microglia, and disease severity [150]. However, in vivo
pharmacokinetics of [''C]GSK 1482160 in humans evidence the presence of only 2% of the injected
dose in the brain [151]. Due to this relevant drawback, other potential PET radioligands were
developed based on the scaffold of GSK 1482160, exemplified by [!!C]JIUR-1802 and ['!C]IUR-
1803, that showed in vitro affinity comparable or even higher than [''C]GSK1482160. No in vivo
studies on these radioligands have been reported so far [152].

Janssen R&D and KU Luven have reported the radiosynthesis and biological characterization of
[M'C]INJ-54173717 (Fig.29). Preclinical evaluation evidenced that the radioligand bound hP2X7R
and rP2X7R with nanomolar affinity and specifically accumulated in the brain with fast elimination
kinetics, suggesting that the radioligand was suitable for quantifying P2X7R expression in the brain
[153]. However, in a first-in-human study, ['!C]INJ-54173717 did not show significant differences
in the total volume of distribution between PD patients and healthy controls and, thus, it was not
possible to assess the validity of ['!C]INJ-54173717 as a marker of neuroinflammation in PD’s
[154].

The first reported P2X7R '8F-radioligand was the cyanoguanidine ['*F]EFB (Fig. 30), which
showed very low brain uptake in LPS-treated rats and, thus, was not developed further [155].
['8F]INJ-64413739 (Fig. 30) has been recently developed by Janssen R&D. Preclinical evaluation

in LPS-treated rats and in non-human primates evidenced that the radioligand was able to
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specifically label P2X7R in the brain. Moreover, in healthy human individuals, ['*F]INJ-64413739
was demonstrated to be useful in studying receptor occupancy [156, 157]. In a mice model of status
epilepticus, ['*F]INJ-64413739 uptake strongly correlated with seizure severity during status
epilepticus in brain structures such as cerebellum and ipsi- and contralateral cortex, hippocampus,
striatum and thalamus. Elevated ['®F]INJ-64413739 uptake was also observed in brain sections
from patients with temporal lobe epilepsy when compared to control, thus suggesting a correlation
between P2X7R expression and seizure severity [158].

Finally, Fu et al. a potential P2X7R PET radioligand to image peripheral inflammation, namely
['8F]-PTTP (Fig. 30) that showed nanomolar affinity for P2X7R in vitro and could specifically label

the receptor in inflamed tissues [159].

6. Conclusions

Over the last decade, huge efforts have been made in the field of P2X7R that have led to the
identification of new chemical classes of antagonists, increased understanding of receptor
pharmacology, and reports about the therapeutic potential of P2X7R based on preclinical and
clinical studies.

In the quest for small molecule antagonists, several chemical classes have been identified or
disclosed and, among these, the amide series firstly disclosed by Astra Zeneca is the most prevalent.
The studies of the structure-activity relationships have resulted in the identification of new
derivatives having improved drug-like properties as compared to the early lead compounds. The
high lipophilicity is a common feature in several potent P2X7R antagonists and the medicinal
chemistry programs have been oriented towards the improvement of drug-like properties. This have
led to the identification of promising clinical candidates that are currently investigated in clinical
trials for the treatment of CNS disorders or effective PET radioligands that have allowed not only
the imaging of P2X7R in neurodegenerative diseases but also the evaluation of drug target

engagement.
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An important aspect in the development of P2X7R antagonists is the poor species cross-over, which
can greatly hamper the translability of the results from in vitro to in vivo studies and from
preclinical to clinical studies. With this respect, improving the chemical diversity of P2X7R
antagonists can offer the possibility to reduce the attrition in the development of effective P2X7R
antagonists. High-throughput screening can provide a rich source of leads for this target and the
availability of several crystal structures of ligand-receptor complex, which have allowed to define
the nature of the allosteric binding site and the crucial interactions, can speed the identification of
structurally diverse P2X7R antagonists.

While rheumatoid arthritis was the front-running indication in the first clinical studies with P2X7R
antagonists, in the last years the interest has been shifting towards CNS disorders and cancer based
on the encouraging results of preclinical studies highlighting a pivotal role of the receptor in these
pathologies. Ongoing clinical studies will allow to understand the translability of these results. In
fact, it is perplexing that a considerable number of available P2X7R antagonists failed to enter into
clinical development.

We believe that several hurdles, such as a full comprehension of P2X7R in human pathologies,
species differences or receptor polymorphism, still hamper the full exploitation of the therapeutic
potential of P2X7R. Nonetheless, the availability of drug-like antagonists as well as a better

understanding of P2X7R biology would contribute to overcome these limitations in the near future.
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Fig. (1). Dolphin-like shape of the single subunit of the P2X7 receptor, sequence coloring refers to
the respective dolphin parts. Pink and cyan rectangles indicate the ATP-binding site formed at the

interface of two different subunits.
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Fig. (2). The general architecture of P2X7 homotrimer, a) apo form: SUIL, b) & c¢) ATP (cyan)-

and ligand (magenta)-bound form: SU2H crystal, d) ligand-protein interaction matrix for different

giant panda crystals (for simplicity, each crystal is depicted in different color).
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Fig. (3). Downstream pathway triggered by P2X7R activation leading to inflammasome NRLP3

activation and consequent IL-1f and IL-18 release.
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Fig. (4). First and second generation of P2X7R antagonists (data taken from references 84-88).
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Fig. (5). Interaction of the co-crystallized ligands with the P2X7R in different crystal structures;
coloring in the ligand-protein complexes and in the ligand-protein interaction matrix indicates
amino acids which make contacts with the corresponding parts of the ligands; for simplicity, ligands

in the presented complexes are depicted in gray and coloring of its respective parts is shown beside.
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Fig. (6). Structure of a representative adamantane amide described by Astra Zeneca [93]
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Fig. (7). Chemical structures of policyclic benzamides 2-4 [94, 95]
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Fig. (8). The activity of 6-azauracil benzamides 8-10, assessed as hIL-1p release inhibition derived

from monocytes stimulated by ATP [98]
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Fig. (9). Azinyl- and azolylbenzamides as hP2X7R antagonists

uptake inhibition assay [99]
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Fig. (10). 6-Chloroquinoline-5-carboxamides patented by AstraZeneca [101, 102]
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Fig. (11). Potent brain penetrant P2X7 antagonists. pICso values were measured in a Ca?* flux assay
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Fig. (12). Thiazol-5-carboxamide derivatives [108]

u E u E Mo

33 (S)-33 (R)-33
hP2X7R ICsp = 32 nM hP2X7R ICso =12 nM hP2X7R ICsq = 89 nM

Fig. (13). General formula of rigidified benzamides

ring A ring D
Ar
R 7
|\\ ﬁ /Y\X
s |T,N N
0] ring B|| ring C

X, Y, Z=CHorN

64



Fig. (14). Structural formula and activity data of compound JNJ-541754446 [115]
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Fig. (15). Structural formulas and activity data of compounds 73 and 74 [117]
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Fig. (16). Design of benzyl lactam derivatives 79 and 80 [118]
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Fig. (17). Structural formula of P2X7R radioligand [*H]INJ-54232334
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Fig. (18). Tetrazole and triazole amide isosteres [119, 120]
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Fig. (19). Activity data of dihydropyridinone P2X7R antagonists. ICso values were determined

using a FLIPR Ca?* flux assay using 1321N1 cells expressing hP2X7R [121]

H
o N__O
a CH
/ (0] Br H BH |
N N
N T I
~ (0] R1 0 I::> Cl 5
(@] o) 0
o] ™ 1
Rz on T

~
86
hP2X7R IC50= 104 nM 87 Ry=Cl; Ry= H hP2X7R IC50= 33 nM 90
HLM CLj; = 168 uL/min/mg 88 Ry=Cl; Ry= F hP2X7R IC50= 37 nM hP2X7R ICgo= 23 nM
RLM CL;; = 548uL/min/mg 89 Ry=F; Ry=F hP2X7R IC5p= 33 nM positive to Ames test

ﬂ

|
N__O
CHj H |
N
E (0]
_ 0]
\N/N\ F

91
hP2X7R IC5y= 8 nM
negative to Ames test

67



Fig. (20). SAR summary of aliphatic amides related to compound 92 [124]
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Fig. (21). Structural evolution from pyrazole to imidazole derivatives [124, 126]
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Fig. (22). Development of P2X7R antagonists with pyrrolidinone structure [127]
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Fig. (23). Structure of the 2-oxoimidazolidine-4-carboxamide derivative 115 [129]
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Fig. (24). Squaric acid diamide derivatives. pICso generated using the YO-PRO-1 uptake assay
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Fig. (26). 1,4-Naphthoquinones thioglycosides derivatives [138]
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Fig. (28). Structure of compound 163. The activity was assessed using the EtBr dye uptake

inhibition assay [140]
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Fig. (29). !'C-labeled P2X7R PET radioligands
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Fig. (30). '8F-labeled P2X7R PET radioligands
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Table 1. Activity data of CNS-penetrant 2-Cl-benzamides 5-7 [97]

Ccl O
N2
H
Ry
Compd R, R; hP2X7R ICs (nM)a
~CHs
s xy * e
N HO
¢ N/\TF \AO 16
. *
A N HO
- F
N
7 |T . /QLF 27
)\N/ ~
OH

4ICso values were determined from dye uptake inhibition assay in HEK-293 and THP-1 cells.
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Table 2. Quinoline-based arylamides analogs 16-22 [103]

o N
-
cl “
N" R,
ICso (nM)?
MDR-
Compd R R; hP2X7R | rP2X7R | mP2X7R l‘gglﬁf
ratio
F
16 /@F H 230 - - -
N
F "
17 /OLF '\D 37 - - -
N
F
N
18 /Q\F \}N\H 10 - - 114
™ OH
F "
19 /O\F N‘\/>F 8.2 5100 | 2040 | 0.69
N
F N
0 | /OLF NQF 4.9 - 2000 1.8
~
F__F ]
AN
21 vij DF 19 4300 4830 8.7
OH
N
22 Ho, DF 4.5 640 1400 43

4ICso values were determined using YO PRO dye uptake inhibition assay
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Table 3. Benzamides derivatives 22-26 [105]

0
N
FF
Compd R hP2X7R ICsy (nM)?
25 2,3-diCl 0.28
26 2-Cl-5-CHj 0.76
27 2,5-diCl 23
28 2,3-diF 290
29 2,3-diF 1500

4ICso values were determined from dye uptake inhibition assay in HEK-293 cells.

Table 4. Activity data of benzamide derivatives 30-32 [106]

O
CF
NN °
ea
= A
N
CF3
Compd R hP2X7R ICso (nM)?
30 2-Cl 0.09
31 2,3-diCl 10
32 2-F 430

4 Cso values were determined from dye uptake inhibition assay in HEK-293 cells.
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Table 5. P2X7R activities of 6-chloro-quinoline-5-carboxamide derivatives 34-36 [110]

o o /N]/CFs
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N~ |
L F™OF
Compd R hP2X7R ICsy (MM)* | mP2X7R ICso (nM)?
34 N A 35 80
1OH
35 Dﬁ 151 NDb
OH
36 ~N 25 103
L_o

[Cs values were determined using a FLIPR Ca?* flux assay. °ND = Not Determined.
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Table 6. Activity at hP2X7R of rigidified arylbenzamides developed by GSK [111]

6.5< pICs50< 7.0 pICso > 8.0
Compd Structure Compd Structure
37 43 N
/N NN
F Cl F Cl
X
| @\,N N
O O
° N N & Cl g
N\)QN' (\N \N
o N\)QN’
O
39 (O 45
CF3 N) CF3
Cl
o] ﬁN/gN @ \W
N sy NN
0 O
40 CF3 46 CF3 Br
cl cl A
N N
| (\N S (\N Sy
AN sy N =y
0] 0]
41 Br 47 N\__F
Cl Cl /
K\N/\< CF =N
N
| N
cl O AN =y
O
42 7N\ 48 7N
=N Cl =N




Table 7. 1,2,4 Triazole-5,6-dihydropyrazine benzamides 49-57 [112]

ICso (Iﬂ\/[)a
Compd Structure hP2X7R rP2X7R
7N
=N
49 (\N ¥ 7.9 4430
cl N A=y
Cl O
50 N 2.1 92
'Y
CF4 =N
Cl
N =N
0]
51 [N 9.7 1310
=N
K\N Y
FsC NV‘QN
Cl O
52 F 13.5 6390
K\N’ \%N
FaC N Ay
Cl O
53 F 10 7450
N(\N\‘ \%N
FsC N
Cl O
54 F 29 160
\‘/\N i\ \
FaC N Asy
Cl O
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55 1370 1176
| AN
FoC
Cl
56 14 1230
C'QY”$
Cl
$-56 7.7 8.8
C'Q\(
Cl
R-56 1560 2240
C'Q\W
Cl
S-54 8.7 14
F5C ; i
Cl
57 7.7 10
INJ-54173717
C'QY
Cl O

[Cso values were measured in a FLIPR Ca?" flux assay
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Table 8. Activity data of 1,2,4 triazole-5,6-dihydropyrazine-based arylamides 58-62 [113]

Ro
1Cso (nM)?
Compd R R: hP2X7R rP2X7R Efflux ratio
58 H \© 13 3065 -
59 . %] \© 12 43 .
60 —<] CH; >10000 >10000 -
61 CH: \© 2.7 27 5.10
62 CF; \© 8.8 82 0.75

[Cso values determined in a FLIPR Ca?* flux assay
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Table 9. Activity data of 1,2,3-triazolopiperidine derivatives 63-67 [114]

R O
FsC N
SRS
N
Ar
ICs0 (nM)?

Compd R Ar hP2X7R rP2X7R

63 cl \© 2.7 1900

* N
64 Cl \ﬁj 42 6.8
s

N
* N\
65 cl D 2.1 30
F
* N
66 F \ﬁj 22 258
N_ =
* N
67 CH; \ﬁj 22 349
N_ =~

[Cso values were measured in a FLIPR Ca?" flux assay
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Table 10. Activity data of imidazopyridine derivatives 68-72 developed by Janssen [116]

CF; Ar
Cl N
@,&
O R

ICs0 (nM)?
Compd R Ar hP2X7R rP2X7R
* N\
68 H | 4 609
=
* N\
69 H \[ /] 9 1782
N
70 CH; \Q 78 1182
F
* N\
71 CH3 | 14 592
P
F
* N\
R-71 CH3 | 4 115
P
F
* N\
R-T2 CH; | 15 116
=

[Cso values were measured in a FLIPR Ca?" flux assay
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Table 11. Activity data of pyrido-pyrimidines 75-78 [117]

O
R—@AN 01
1|/ /N

R2

Ar

ICs0 (nM)?
Compd R: R: Ar hP2X7R P2X7R
. H
75 2-C1-3CF; H | N\N 8.5 1104
7
H
N\
76 2-C1-3CF; H LN 110 21
FsC
. H
77 2-C1-3CF; CH; | N\N 11 10
Y/
. H
78 2-F-4Cl CH; | N\N 19 17
Y/

[Cso values were measured in a FLIPR Ca?" flux assay
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Table 12. Activity data for N-benzyl lactam derivatives S-80-S-83 [118]

Cl 0
FSC\©/\NK)%N\N
NNy
R
ICs0 (nM)?
Compd R hP2X7R rP2X7R
* N\
S-80 \[ /] 0.7 79
N
S5-81 | 0.5 350
=
* N
S-82 \ENH 0.6 7.1
* N
5-83 \ﬁj 0.5 32
N__~

[Cso values were measured in a FLIPR Ca?" flux assay
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Table 13. Activity data of compounds 94-98 [125]

NN
Y
Compd R Ar hP2X7R ICso (nM)*
94 2,4-diCl Y 8.1
N
H
95 2-C1,3-CF; I\,(N 8.6
N
H
96 2-CL4-F | N 8.0
N
H
97 2-CL4-F I\<N 7.9
F,C~ N
H
98 2-CL4-F N 6.8
\N’

4 Cso values were determined by using an ethidium bromide release assay.
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Table 14. P2X7R activity data for aliphatic amide derivatives 101-108 [128]

L
AN
Rk ] R
=
hP2X7R hP2X7R
Compd R: R: Compd R: R:
pICso? pICso®
101 | 2-CLA-F ,Q 7.0 105 | 2-CLAF *\«‘(D«\O 7.5
1% N
102 | 2-CLA-F ,Q 7.5 106 | 2-CLA-F N 8.2
~ ~
0 0
103 | 2-CLA-F N 7.0 107 | 2-C1,3-CF; N 8.6
e ~
O 0]
. 108
104 | 2-CLAF O <6 GSK- | 2-CL3-CF; N 8.5
~_N d
1482160 0

aplICso values were determined by using ethidium bromide uptake assay.
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Table 15. SAR data for 2-oxoimidazolidine-4-carboxamide derivatives 109-114 [129]

Cl

@)

@)

hP2X7R Rat CLjn¢ hP2X7R Rat CLjn¢
Compd R Compd R
pICs¢* | (mL/min/g) pICso* | (mL/min/g)
109 * NT 9.2 0.5 112 * NH 8.4 0.6
N . < . N . .
N ) ~\§O
) F
110 \QF 8.4 0.7 13 | o 76 4.4
/ 0 °
111 o 7.8 14 | SOn 0 8.4 0.9
. _— N . .
/N% N

aplICso values were determined by using ethidium bromide uptake assay.
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Table 16. Activity data for cyanoguanidines 121-132 [134]

NG
hP2X7R hP2X7R
Compd L1 L Ar ICso Compd L1 L Ar ICso
(nM)*? (nM)*?
* * \
121 | CH | - \© 100 127 | cm| - | 174
=
F
122 N \© 2455 | 128 |CH,| - \CL 562
OCH,
123 | (CHs| - \© >10000 | 129 | CH, | CH» j@ 501
F
124 | CH, |CH, \© 407 130 | CHy| -- O >10000
N~
* * N
125 | CH, | -- \/© 51 131 | CH, | CH, B 69
H3CO N
126 CH; - j@ 58 132 | CH,| -- ® 18
F —
N

4 Cso values were determined by using YO-PRO-1 dye uptake assay
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Table 17. Activity data of compounds 133-139 [135]

N=2\
& N -
\N_J N/y—SpaCer \ /\/R
N7 —
Compound | & N\ Spacer ) hP2X7R (%)*
Nl D \_7 R
cl
x| |
133 7
k\N N AN cl
cl
Cry | | L
134 ] 63
Cl)\\N '\{ * cl Cl
OCHj
N7 >SN © ’
135 N L2 \)]\ j@\ 25
N "{ cl cl
NHCH,
L 0L
136 ] 2
Cl/k\N '\{ * Cl Cl
cl
CrS R L
137 . 4
HzN)\\N "{ * cl Cl
cl
N7 N o, 0 *
138 ] D Prig 17
N N * * CI
\*
o
~N N o, 0 )
139 BN D s 52
0” >N~ N Cl

% inhibition at 10 uM of YO-PRO-1 dye uptake in hP2X7-HEK?293 cells stimulated with BzZATP
(30 uM)
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Table 18. Activity data of 1,4-naphthoquinone derivatives 140-147 [136,137]

Ry O
L
Rs
o)
Compd R, R, R; hP2X7R mP2X7R
ICs0 (nM)? ICso (nM)?
140 H OH H - >10000
141 H OH Br 412 712
142 H OH I 71 48 .4
143 H OH Ph 22 23.1
144 H OH 4-CHs-Ph - >10000
145 H OH 3-F-Ph - >10000
N<
*~—~N =N
146 OH _ H 230 -
N.
*~—N =N
147 OH \9&/\ H 103 -

4 Cso values were determined by using dye uptake assay
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Table 19. Activity data of KN-62-inspired rigid analogs 153-162 [139]

N= H\\//o
/ 0 N
oA
_s7 N.
O/S‘o R
Comnd R hP2X7R Comnd R hP2X7R
om om
P ICso (uM)? P ICso (uM)?
0
153 H NAP 158 *)‘\© 0.574
o )o Cl
154 PN 1.7 159 . ‘\@ 0.7
O
O Cl
155 )k)\ 49 160 )ﬁ 0.07
Cl
0
Cl
156 % 2.3 161 )J\C[ 0.07
CF4
0 9 -
157 /“ﬂ 0.02 162 )J\@[ 0.217
F

[Cs values were determined using EtBr dye uptake inhibition assay. "NA= Not Active
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Table 20. Structural modifications of the N-1 and C-2 position of arylamide guanine-based

compounds [141]

0 7 N 0
N N )H/I N\ — PN N | N\>_
R
N N\ N )\N N 1
N \_
\\© - R2
H
164
hP2X7R L-1p
Compd R R
omp ! 2 ICso (nM)? ICso (nM)®
165 \/© \© 439 NAC
F
166 \©\ \© 141 2752
F
167 \Q \CL NA NA
F OCHj3
168 \©\ \Q - 29 295
F F
169 | P \@ . 50 82
CF, [

Cso determined using FLIPR Ca?* flux assay. °ICso determined using human whole blood assay.

°NA= Not Active.
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Table 21. Activity data and selectivity for adamantane-1-carbonyl thiourea derivatives [142]

S O

i
H H
Compd Ar hP2X7R ICso (uM)?
(% inhibition)
170 @( 1.474
OH
171 ©/ (19%)
OH
172 ©/ 1.395
HO
173 ; 0.699
O=g
& NH,
\ *
174 (I 0.099
N Cl
175 N 0.073
~ I

A[Cso determined using a FLIPR Ca?" flux assay.
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